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Abstract: Recently, an increasing number of reports have revealed that long non-coding RNAs (LncRNAs) play impor-
tant roles in a variety of aspects of cell activity, and their aberrant expression is closely associated with multigenetic 
diseases, including carcinoma. In the present study, through microarray analysis, we screened out a new LncRNA 
(LncRNA-AP001631.9), which was regulated by FOXM1, a well-known carcinogenetic factor and aimed to reveal the 
functional roles of this novel LncRNA in gastric cancer development. The data from qRT-PCR confirmed that the 
expression level of LncRNA-AP001631.9 was positively correlated with that of FOXM1. The transwell and wound 
healing assays indicated that LncRNA-AP001631.9 was required for the migration of gastric cancer cells. The down-
regulation of LncRNA-AP001631.9 by small interference RNA suppressed the migratory ability of MGC803 and AGS 
cells, while the overexpression of LncRNA-AP001631.9 promoted the movement of BGC823 and SGC7901 cells. 
Furthermore, a tail vein injection was administered, and the obtained results suggested that LncRNA-AP001631.9 
contributed to the distant metastasis of SGC7901 cells. Moreover, we also collected 36 paired samples of gas-
tric cancer tissues to explore the expression levels of LncRNA-AP001631.9. The qRT-PCR data indicated that the 
LncRNA-AP001631.9 expression was frequently increased in gastric cancer tissues. Taken together, our findings 
established that LncRNA-AP001631.9 plays critical roles in gastric cancer progression and can serve as a potential 
new target for the treatment of gastric cancer. 
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Introduction

Gastric cancer is one of the most common 
digestive malignancies [1]. Although the inci-
dence of GC and the mortality of patients diag-
nosed with this disease have experienced a 
decline over the years, the 5-year overall sur-
vival rate (OS) is still lower than 25% [2, 3]. As a 
result of the lack of specific tumor markers for 
early detection, most patients with GC are diag-
nosed at later stages and have a poor progno-
sis [4, 5]. Apart from the application of conven-
tional histological and molecular biomarkers, 
the identification of novel GC-specific molecu-
lar targets would contribute to a better under-
standing of the pathogenesis of gastric cancer 
[6, 7].

Cancer is a complicated disease involving mul-
tiple phases and steps in the process of tumor 

progression. With the development of biomedi-
cal technology, a serious of protein-coding 
genes have been recognized or identified as 
cancer-specific markers. However, genome 
sequencing indicated that less than 2% of the 
total genes can be transcribed into protein-cod-
ing RNAs, and the others are always transcribed 
into non-coding RNAs (ncRNAs) [8]. The long 
non-coding RNAs (LncRNAs), a subcategory of 
these ncRNAs, are commonly composed of 
more than 200 nucleotides in length [9, 10]. To 
date, many reports have documented that 
LncRNAs play important roles in a variety of 
aspects of cell activity, and their aberrant 
expression is closely associated with multige-
netic diseases, including carcinoma [11-13].

The forkhead box protein M1 (FOXM1), a tran-
scription factor which contains a 100-amino 
acid winged-helix DNA-binding domain, is a val-
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ued member of the forkhead protein family [14, 
15]. This protein is significantly upregulated in 
embryonic and fetal tissues [16, 17] and exerts 
a central influence in cell proliferation and dif-
ferentiation [18]. 

Existing data revealed that the expression of 
FOXM1 is frequently increased in multifarious 
malignancies, including hepatoma, cervical 
carcinoma, colorectal carcinoma, prostatic car-
cinoma, and lung carcinoma [19, 20]. In addi-
tion, the findings of some reports have demon-
strated that the FOXM1 level is significantly 
elevated in gastric cancer tissues and is corre-
lated closely with tumorigenesis and lymph 
node metastases of GC [21].

Until now, only a limited number of studies con-
cerning the correlation between FOXM1 and 
LncRNAs have been conducted. Lately, 
LncRNAs microarray screening was performed 
in MGC803 cells, which were stably transfect-
ed with LV-shNC or LV-shFOXM1. A serious of 
LncRNAs were decreased in MGC803 cells with 
shFOXM1. In the present study, we focused on 
one of them, designated as LncRNA-
AP001631.9, which we previously identified as 
likely to be regulated by FOXM1. LncRNA-
AP001631.9 is an LncRNA located on chromo-
some 17, with a length of 422 nucleotides. The 
qRT-PCR results confirmed that LncRNA-
AP001631.9 was positively regulated by 
FOXM1, which was consistent with the microar-
ray data. The evidence from several in vitro and 
in vivo functional analyses suggested that 
LncRNA-AP001631.9 exhibited significant ro- 
les in cell migration and metastasis. Further- 
more, 36 paired GC tissue samples were col-
lected to explore the expression of LncRNA-
AP001631.9. The data also indicated that 
LncRNA-AP001631.9 was always increased in 
cancer tissues. Thus, our findings suggested 
that LncRNA-AP001631.9, as a FOXM1-reg- 
ulated LncRNA, plays a central role in gastric 
cancer progression and may represent a valu-
able potential biomarker for early diagnosis of 
gastric cancer.

Materials and methods

Cell lines and culture conditions

A total of four human gastric cancer cell lines 
(AGS, MGC803, BGC823, and SGC7901) were 

obtained from the Shanghai Cell Bank of the 
Chinese Academy of Sciences (Shanghai, 
China). They were cultured in MEM medium, 
supplemented with 10% fetal bovine serum, 50 
U/ml penicillin, and 50 U/ml streptomycin at 
37°C in a humidified atmosphere of 5% CO2.

Gastric cancer tissue samples

All gastric cancer samples were obtained from 
patients with gastric cancer who had under-
gone surgery at the Shanghai East Hospital, 
Tongji University. The tissue specimens were 
rapidly frozen in liquid nitrogen and stored at 
-80°C until use. No prior treatment of these 
patients had been conducted, and the tissue 
samples were examined and verified by pathol-
ogists. This study was approved by the Human 
Resources Ethics Committee of the Shanghai 
East Hospital affiliated to Tongji University. All 
patients had provided written informed 
consent.

Plasmid transfection and RNA interference

To elevate the expression level of LncRNA-
AP001631.9, we amplified the full-length cDNA 
of LncRNA-AP001631.9 from human gastric 
cancer cell MGC803 and cloned it into the 
pCDH-CMV-EF1-copGFP expression vector to 
construct a pCDH-LncRNA-AP001631.9 plas-
mid. The accuracy of reading frame insertion 
was confirmed by DNA sequencing. SiRNA for 
LncRNA-AP001631.9 and a negative control 
(siNC) were designed, whose sequences were 
as follows: siLncRNA-AP001631.9 (sense 
5’-CAAGUAUACACCUCAGCCU-3’) and siNC (sen- 
se 5’-UUCUCCGAACGUGUCACGUdTdT-3’). The 
sequence of siRNA specifically targeting FOXM1 
was designed as siFOXM1 (sense 5-CUCUU- 
CUCCCUCAGAUAUAdTdT-3). All the siRNAs used 
in the investigation were obtained from 
GenePharma, Shanghai, China. The cell trans-
fection of the plasmid or siRNA was conducted 
by Lipofectamine 2000 transfection reagent 
according to the manufacturer’s instructions. 
The lentivirus overexpressing FOXM1 or 
LncRNA-AP001631.9 (LV-FOXM1, LV-LncRNA-
AP001631.9) and decreasing FOXM1 or 
LncRNA-AP001631.9 (LV-shFOXM1, LV-shLnc- 
RNA-AP001631.9) were packaged by and pur-
chased from GenePharma, Shanghai, China by 
using the corresponding sequences mentioned 
above. The efficiency of knockdown or overex-
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Figure 1. FOXM1 expression levels. A. FOXM1 expression levels declined in MGC803 and AGS cells infected with 
LV-shFOXM1, while LncRNA-AP001631.9 expression was decreased after FOXM1 knockdown. B. FOXM1 expression 
levels were elevated in AGS and SGC7901 cells infected with LV-FOXM1, whereas those of LncRNA-AP001631.9 
were increased after FOXM1 overexpression.

pression was determined by quantitative real-
time PCR.

Cell migration assay

Gastric cancer cells (3×104) were transfected 
with a plasmid or siRNAs in serum-free media 
and were placed into the upper part of a tran-
swell chamber in a 24-well format with 8 mm 
diameters (Corning, USA). Aliquots (600 µl) of 
MEM medium with 10% FBS were added into 
the bottom chambers as a chemoattractant, 
and the chambers were moved into the 5% CO2 
incubator and kept at 37°C for 48 hours. The 
cells on the upper surface of the chambers 
were removed by cotton-tipped swabs, while 
those that migrated through the membrane 
were stained with 0.05% crystal violet for about 
2 hours. Then, the relocated cells were washed 
in PBS buffer, counted in 5 random fields under 
a microscope, and the average number of the 
cells in the observed 5 fields was calculated. All 

above assays were performed in triplicate and 
repeated three times.

Scratch wounding assay

Transfected cells (3.5×105) were seeded into a 
six-well plate to form a 90% confluent mono-
layer in a 10% FCS-containing medium. The 
confluent monolayer cells were scratched by a 
plastic tip and washed with PBS buffer to 
remove the cell debris. Aliquots of 0.5% FBS-
containing MEM were then added to each well, 
and the scratched monolayer was incubated at 
37°C in a 5% CO2 incubator for 48 h. The initial 
scratched gap breadth (0 h) and the residual 
scratched gap breadth (48 h) were measured 
by using the light microscope (Nikon, Japan).

Tail vein injections into nude mice

Four-week-old male athymic mice were provid-
ed by the Animal Center of the Chinese Academy 
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of Science (Shanghai, China) and raised in lami-
nar flow cabinets under specific pathogen-free 
conditions. MGC803 cells that were stably 
transfected with LncRNA-AP001631.9 or with 
an empty vector and SGC7901 cells stably 
transfected with LncRNA-AP001631.9 or with 
an empty vector were harvested and washed 
with PBS buffer. Then, the transfected cells 
were suspended at a density of 1.5×107 cells/
ml. The mice were randomly divided into four 
groups at the age of 6 weeks and were injected 
with 100 µl cell suspension through the tail 
veins as mentioned previously. Six weeks after 
injection, the mice were euthanized. The lungs 
were removed and photographed, and the visi-
ble tumors on the lung surface were counted. 

The lung tissues were fixed in 4% paraformalde-
hyde and stored in 70% ethanol. Then, the 
specimens were embedded in paraffin, sec-
tioned, stained with hematoxylin and eosin 
(H&E), and subjected to histopathological 
examination. The protocol for the animal experi-
ments was inspected and approved by the 
Institutional Animal Care and Use Committee of 
Tongji University.

Statistical analysis

All data were presented as mean ± SEM, and 
analyzed by Student’s t-test using Graphpad 
Prism 5 software. Only a p value of less than 
0.05 was considered significant. “*” indicates 
P<0.05; “**” indicates P<0.01.

Figure 2. Relative expression levels of LncRNA-AP001631.9 in MGC803 and AGS cells, and numbers of the mi-
grated cells. A. Relative expression levels of LncRNA-AP001631.9 were declined in MGC803 and AGS cells after 
transfection with small interference RNA target LncRNA-AP001631.9. B. The migrated cell number of MGC803 and 
AGS was significantly decreased when LncRNA-AP001631.9 knockdown.
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Figure 3. Relative overexpression of LncRNA-AP001631.9 in BGC823 and SGC7901 cells and the increase in cell 
migration. A. The relative expression of LncRNA-AP001631.9 was upregulated in BGC823 and SGC7901 cells af-
ter the transfection with LncRNA-AP001631.9 overexpression plasmids. B. The number of migrated BGC823 and 
SGC7901 cells was significantly increased when LncRNA-AP001631.9 was overexpressed.

Results

LncRNA-AP001631.9 is positively correlated 
with the FOXM1 levels in gastric cancer cells

To verify the regulatory relationship between 
FOXM1 and LncRNA-AP001631.9, several gas-
tric cancer cell lines upregulating or downregu-
lating FOXM1 were prepared, and q-RT PCR 
analysis was performed to measure the RNA 
levels of LncRNA-AP001631.9 in these cells. 
The data showed that LncRNA-AP001631.9 

RNA rates were decreased in MGC803 and 
AGS cells in which FOXM1 expression was sta-
bly downregulated (Figure 1A). In contrast, the 
LncRNA-AP001631.9 RNA levels were increa- 
sed in AGS and SGC7901 in which FOXM1 lev-
els were stably upregulated (Figure 1B). These 
results suggested that the LncRNA-AP0016- 
31.9 level is positively correlated with the 
FOXM1 expression, indicating that FOXM1 may 
be a transcription activator of LncRNA-AP00- 
1631.9. 
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Figure 4. Results from the wound healing assay in SGC7901 cells. A wound healing assay was performed in SGC7901 
cells transfected with LncRNA-AP001631.9; the mobility capacity was enhanced after the overexpression of LncRNA-
AP001631.9.
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LncRNA-AP001631.9 has a significant effect 
on gastric cancer cell migration 

To determine whether LncRNA-AP001631.9 
had an effect on gastric cancer migration, the 
small interference RNA targeting LncRNA-
AP001631.9 (siLncRNA-AP001631.9) and the 
negative control (siNC) were transfected into 
MGC803 and AGS cells, respectively; the trans-
fection efficiency is depicted in Figure 2A. 
Then, a transwell migration assay was per-
formed, and the final data showed that LncRNA-
AP001631.9 knockdown significantly inhibited 
the migratory ability of MGC803 and AGS cells 
(Figure 2B). In addition, we transfected a pCDH-
LncRNA-AP001631.9 plasmid and an empty 
vector into BGC823 and SGC7901 cells, 
respectively; the transfection efficiency is pre-
sented in Figure 3A. Next, a transwell migration 
assay was conducted, which revealed that 
LncRNA-AP001631.9 overexpression signifi-
cantly promoted the migration capacity of 
BGC823 and SGC7901 cells (Figure 3B). These 
findings suggested that overexpression of 
FRLnc1 enhanced the migration of gastric can-
cer cells.

LncRNA-AP001631.9 promotes the mobility of 
gastric cancer cells

To further verify the functional role of LncRNA-
AP001631.9 in gastric cancer cell transferabil-

ity, a wound healing assay was performed sub-
sequently. Consistently with the transwell assay 
results, the SGC7901 cells transfected with 
pCDH-LncRNA-AP001631.9 exhibited a faster 
movement rate compared with that in the nega-
tive control (Figure 4). However, the AGS cells 
transfected with siLncRNA-AP001631.9 did 
not manifest significant variations in the move-
ment speed, compared with those of the nega-
tive control.

LncRNA-AP001631.9 influences gastric can-
cer cell metastasis in vivo

To investigate in vivo the role of LncRNA-
AP001631.9 in metastasis of gastric cancer 
cells, stable cells (1.5×106) of SGC7901-
LncRNA-AP001631.9 were injected into the tail 
veins of nude mice. Six weeks after the injec-
tion, the mice were euthanized, and their lungs 
were removed and photographed. The meta-
static nodules on the surface of the lungs were 
counted. The number of tumors on the lung sur-
face from the mice receiving SGC7901-LncRNA-
AP001631.9 stable cells was significantly high-
er than that of the control group (Figure 5A and 
5B). The results from the histological analysis 
confirmed the presence of metastatic tumors 
in the lungs of these mice, as shown in Figure 
5C. On the other hand, we did not find any visi-

Figure 5. Lung metastatic tumor nodules, 
their mean values, and the stained lung 
sections. A. Lung metastatic tumor nod-
ules, observed on the lung surface of 
nude mice that received tail vein injection 
with SGC7901-Vec or SGC7901-LFRLnc1 
cells. B. The mean value of tumor nodules 
from each experimental group (n=5). C. 
The hematoxylin and eosin (HE) stained 
lung sections.
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Discussion

Currently, accumulating st- 
udies have indeed demon-
strated that LncRNAs, ini-
tially considered transcrip-
tional noise, play pivotal 
roles in carcinogenesis. A 
part of them are linked with 
the diagnostic and prog-
nostic prediction for cancer 
patients and are gradually 
identified as novel biomark-
ers in a diverse range of 
malignancies [22]. Despite 
the substantial body of 
existing studies have un- 
covered the mysteries of 
many LncRNAs, research 
that has been concentrat-
ed on examination of the 
relationship between Ln- 
cRNAs and FOXM1, as well 
as investigations on their 
functional role in gastric 

ble tumors on the lung surfaces of the mice 
that were injected with MGC803 stably infect-
ed with shRNA-LncRNA-AP001631.9, regard-
less of whether the mice received MGC803-
shLncRNA-AP001631.9 or control cells (data 
not shown). The overexpression experiment 
indicated that LncRNA-AP001631.9 could pro-
mote pulmonary metastasis in vivo.

LncRNA-AP001631.9 is frequently increased 
in gastric cancer samples

By using qRT-PCR, we further investigated the 
expression of LncRNA-AP001631.9 in 36 
paired gastric cancer tissue samples and their 
adjacent non-cancerous tissues. In 15 of 36 
samples LncRNA-AP001631.9 was evidenced 
to be at least 1.5-fold upregulated in compari-
son with the adjacent non-cancerous tissues. 
Approximately 8 of 36 cancer specimens were 
downregulated, whereas the other 13 paired 
samples displayed no significant difference in 
LncRNA-AP001631.9 expression levels. The 
expression pattern is illustrated in Figure 6. 
Altogether, we did not find any correlation 
between FRLnc1 expression and gastric cancer 
metastasis, tumor size, tumor grade, or other 
clinicopathologic characteristics. This can be 
possibly attributed to the small amount of clini-
cal samples.

cancer have never been reported before. The 
deregulation of FOXM1 has been confirmed as 
a substantial factor in the development of car-
cinomas, which is likely achieved through its 
effects on tumor initiation, progression, epithe-
lial-to-mesenchymal transition (EMT), metasta-
sis, angiogenesis, and drug resistance [16].

In the present study, we used a microarray 
assay to screen out a FOXM1-related LncRNA 
(LncRNA-AP001631.9) in gastric cancer  
cell lines. We demonstrated that LncRNA-
AP001631.9 and FOXM1 have a positive corre-
lation. The LncRNA-AP001631.9 expression 
levels in GC cells were in keeping with those of 
FOXM1. We further examined the potential role 
of LncRNA-AP001631.9 in gastric cancer devel-
opment by transwell and wound healing assays. 
The results suggested that LncRNA-AP00- 
1631.9 was a motivator in GC cell migration; its 
overexpression obviously enhanced the migra-
tory ability of GC cells in vitro, whereas silencing 
of LncRNA-AP001631.9 inhibited this pheno-
type change. In addition, after the tail vein 
injection with GC cells was administered in 
nude mice, we found that LncRNA-AP001631.9 
can indeed facilitate lung metastasis in vivo. 
Finally, we evaluated the expression levels of 
LncRNA-AP001631.9 in 36 paired GC tissue 

Figure 6. The FRLnc1 expression pattern in 36 paired gastric cancer samples. 
qRT-PCR was performed to detect the expression level of LncRNA-AP001631.9 
in cancer tissues and their adjacent non-cancerous tissues. β-actin was used as 
an internal loading control. The data are shown as the upregulated fold change 
(C/N) of LncRNA-AP001631.9 expression levels. The values “≥1.5” indicate 
overexpression, “≤0.66” represents underexpression, and “>0.66 but <1.5” 
denotes no significant variation.
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samples by qRT-PCR and established that 
about 42% of the samples had a significant 
increase in LncRNA-AP001631.9.

In conclusion, LncRNA-AP001631.9 is a novel 
FOXM1-related LncRNA, which is frequently 
upregulated in gastric cancer tissues. It exhib-
its a significant effect on gastric cancer cell 
migration, facilitates the mobility of gastric can-
cer cells, and promotes metastasis in vivo. The 
data obtained support the concept that 
LncRNA-AP001631.9 plays a critical role in 
gastric cancer development and progression, 
and it might have the potential to be a novel 
biomarker for gastric cancer diagnosis or prog-
nosis. However, further, more comprehensive 
research is required to uncover the underlying 
mechanism by which LncRNA-AP001631.9 pro-
motes gastric cancer metastasis.
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