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Abstract Long non-coding RNAs (LncRNAs) have been

reported that play important roles in the progression and

metastasis of some carcinomas. In the present study, we

identified a new LncRNA, FRLnc1, from a microarray

analysis in which those LncRNAs were regulated by

FOXM1, an oncogene widely studied in most malignan-

cies. Quantitative real-time PCR (qRT-PCR) results in

gastric cancer cell lines indicated FRLnc1 expression is

positively correlated with FOXM1 level, supporting the

microarray data. Furthermore, the RNA level of FRLnc1 is

upregulated in 49 % (20/41) of cancer samples compared

with neighboring non-cancerous stomach tissues. The

in vitro functional analyses demonstrated that FRLnc1

knockdown by RNA interference suppressed cell migration

in MGC803 and AGS cells, whereas FRLnc1 overexpres-

sion promoted cell migration in BGC823 and SGC7901

cells. Moreover, FRLnc1 could enhance the distant

metastasis of SGC7901 cells by tail vein injection approach

in mice. We also identified TGFb1 and Twist as the

downstream effectors of FRLnc1 in the regulation of cell

migration by qRT-PCR analysis. Taken together, our

findings suggest that FRLnc1 is involved in gastric cancer

cell migration and for the first time set up the link between

FOXM1 and LncRNA in cancer.
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Introduction

A phenomenon discovered by researchers of human gen-

ome project indicates that only about 20,000 human genes

are responsible for protein coding [1]. Approximately 98 %

of the total genes are transcribed into non-coding RNAs

(ncRNAs) [2]. Although the genome portions without

protein-coding capacity were originally believed as junk

DNAs [3], a great deal of evidences support that ncRNAs

may play critical roles in physiology and disease [4]. Ac-

cording to the size, ncRNAs are commonly divided into

two categories: small ncRNAs and long ncRNAs

(LncRNAs) [5]. The former including microRNAs (miR-

NAs), small interference RNAs (siRNAs) and Piwi-inter-

acting RNAs (piRNAs) have been widely studied. The

latter, which are composed of more than 200 nucleotides

[6, 7], are still not well characterized to date.

According to the current knowledge, LncRNAs are

commonly transcribed by RNA polymerase II and are lo-

cated in either nucleus or cytoplasm [8]. Compared to

protein-coding transcripts, LncRNAs have lower levels of

expression and weaker conservation and frequently exhibit

more tissue specificity [9, 10]. Growing evidences have

demonstrated that abnormal expression of LncRNAs is

associated with carcinoma [11]. One of the most well-

known LncRNA HOX Antisense Intergenic RNA

(HOTAIR) is reported to be overexpressed in primary

breast cancer [12], and the expression level of HOTAIR is
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significantly associated with distant metastasis and poor

prognosis [13]. Another study reveals that LncRNA

CCAT1, which is elevated by c-Myc, has a strong ability to

promote primary gastric cancer cells growth and has a

close correlation with lymph node metastasis [14, 15]. In a

recent report, LncRNA-activated by TGFb (LncRNA-

ATB) as a newly discovered type of LncRNA is overex-

pressed in metastases of hepatocellular carcinoma and al-

ways leads to poor prognosis [16, 17]. These increasing

functional LncRNAs are being explored, which might

serve as novel biomarkers for cancer diagnosis and prog-

nosis and have the potential to be considered as new targets

for therapy [18].

Gastric cancer (GC) is one of the most common types of

digestive tumor [19]. It remains a major public-health issue

as it leads to the second most frequent cause of cancer-

related deaths worldwide [20]. Forkhead box protein M1

(FOXM1), a transcription factor characterized by a 100

amino acid winged-helix DNA binding domain, plays im-

portant roles in the regulation of oncogenesis and tumor

progression in diverse malignancies [21]. In the context of

gastric cancer, FOXM1 is significantly overexpressed and

closely correlated with neoplasia and metastasis [22].

Furthermore, FOXM1 overexpression promotes cell

growth and angiogenesis [23], whereas FOXM1 inhibition

leads to cellular senescence which depends on p27kip1 ac-

tivity [24].

A number of downstream target genes of FOXM1 as-

sociated with tumors have been reported [25]. These genes

include Cyclin B1, Cyclin D1, Slug, MMP-2, VEGF, Skp2,

uPA, Caveolin-1 and so on. However, to date, no report is

found whether LncRNAs mediate FOXM1 function in tu-

mor. To investigate the correlation between FOXM1 and

LncRNAs, we performed a LncRNA microarray assay in

gastric cancer cell line MGC803 in which FOXM1 was

knocked down by RNA interference (unpublished data).

Among the LncRNAs downregulated with FOXM1

knockdown, we focused on a novel LncRNA, designated as

FRLnc1 (FOXM1-related LncRNA 1), that its role in tu-

mor is still unclear. FRLnc1 is a long intergenic non-cod-

ing RNA (LincRNA) with the length of 1126 nucleotides.

It is located on chromosome 17 without any intron

(GeneSymbol: RP11-721K1.1). Quantitative RT-PCR

analysis indicated that FRLnc1 expression is changed with

FOXM1 increase or decrease, supporting the previous

microarray data. Biological functions analysis revealed that

FRLnc1 is required for cell migration in vitro and in vivo

and this effect was mediated in part by Twist and TGFb1.
We also provided the expression pattern of FRLnc1 in 41

paired of clinical samples. Our findings suggest that

FRLnc1 is a FOXM1 regulated LncRNA and involved in

gastric cancer cell migration.

Materials and methods

Cell lines and culture conditions

Four human gastric cancer cell lines (MGC803, AGS,

BGC823, and SGC7901) were obtained from Shanghai

Cell Bank of Chinese Academy of Sciences (Shanghai,

China) and cultured in MEM medium supplemented with

10 % fetal bovine serum (FBS, Hyclone) as well as 100 U/ml

penicillin and 100 lg/ml streptomycin. All above cells

were maintained in a humidified incubator at 37 �C with

5 % CO2.

Tissue samples

Fresh gastric cancer tissue samples and neighboring non-

cancerous stomach tissue samples were obtained from 41

patients who underwent primary surgical resection of

gastric cancer at Shanghai East Hospital affiliated to Tongji

University between October 2013 and May 2014. Non-

cancerous tissues were taken from a distance of 5–10 cm

from the primary tumors. After resection, all the samples

were snap-frozen in liquid nitrogen and stored at -80 �C
prior to RNA extraction. Patients who received preop-

erative treatment were excluded from the study. All pa-

tients in this study provided written informed consent. The

protocols involving human samples were conducted in

conformity with the ethical principles of research and ap-

proved by the Human Resources Ethics Committee of

Shanghai East Hospital affiliated to Tongji University.

RNA extraction and quantitative real-time PCR

Total RNA was isolated from tissue samples and cultured

cells using Trizol reagent (Invitrogen, CA, USA) according

to the manufacturer’s protocol. The concentration of ex-

tracted RNA was measured by NanoDrop ND-1000 Spec-

trophotometer (Agilent, CA, USA). RNA was reversely

transcribed into cDNA using the PrimeScript RT reagent Kit

with gDNA Eraser (Takara, China). Quantitative real-time

PCR (qRT-PCR) was performed using the SYBR Prime-

Script RT-PCR kit (Takara, Japan) and ABI 7500 System

(Applied Biosystems, USA). b-actin was measured as an

internal control for cells and tissues. Primers used in quan-

titative real-time PCR analysis were designed as follows:

For FRLnc1, 5-ATGCGTGATTGCAGTCTCTG-3 (For-

ward), 5-TCTTGCAATATTTCCTGTGA-3 (Reverse); For

FOXM1, 5-GGGCGCACGGCGGAAGATGAA-3 (For-

ward), 5-CCACTCTTCCAAGGGAGGGCTC-3 (Reverse);

For TGF-b1, 5-GGAGAGCCCTGGATACCAAC-3 (For-

ward), 5-GCAGGGTCCCAGACAGAAG-3 (Reverse); For

Twist, 5-CAAGTCTGCAGCTCTCGCCA-3 (Forward),
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5-CCAACGGCTGGCGCACAC-3 (Reverse); For b-actin,
5-CCTGGCACCCAGCACAATG-3 (Forward), 5- GGGCC

GGACTCGTCATACT-3(Reverse). The differential ex-

pression level was calculated using 2-DDCt formula. All the

experiments were conducted for at least three times.

Recombinant plasmid construction and RNA

interference

The full-length cDNA of FRLnc1 (GeneSymbol: RP11-

721K1.1) was amplified from human gastric cancer cell

MGC803 cDNA library and cloned into the pCDH-CMV-

EF1-copGFP expression vector to generate pCDH-FRLnc1

expression plasmid. Accurate reading frame insertion was

verified by DNA sequencing. The siRNAs targeting

FRLnc1 were designed and the sequences were as follows:

siFRLnc1-1 (sense 5-CAAGAUUAAAUGCCUAAGAdT

dT-3); siFRLnc1-2 (sense 5-CCAAUAUCAUCCUUUAC

GUdTdT-3). The siRNA targeting FOXM1 was designed

as siFOXM1 (sense 5-CUCUUCUCCCUCAGAUAUAd

TdT-3). The irrelevant nucleotides not targeting any an-

notated human genes were used as negative control: siNC

(sense 5-UUCUCCGAACGUGUCACGUdTdT-3). All the

siRNAs were chemically synthesized by GenePharma,

Shanghai. Cell transfection with plasmids or siRNAs was

conducted using Lipofectamine 2000 (Invitrogen) in ac-

cordance with the manufacturer’s instructions. The

lentivirus overexpressing FOXM1 or FRLnc1 (LV-

FOXM1, LV-FRLnc1) and knocking down FOXM1 or

FRLnc1 (LV-shFOXM1, LV-shFRLnc1) were packaged

and purchased from GenePharma, Shanghai using above

corresponding sequences.

Cell migration assay in vitro

5 9 104 transfected gastric cancer cells in serum-free media

were placed into the upper part of a transwell chamber in a

24-well format with 8 mm diameters (Corning, USA). In

the bottom chamber, 600 ll of normal MEM medium

containing 10 % FBS was added as a chemoattractant and

the chambers were incubated for 24–48 h at 37 �C and 5 %

CO2. The cells on the upper part of the transwell chamber

were removed by the use of a cotton swap, and the cells that

had migrated through the membrane were stained with

0.05 % crystal violet for 2 h. Finally, the migrated cells

were counted in five random fields under a microscope and

the average number of five fields was calculated. All assays

were performed in triplicate and repeated three times.

Wound healing assay

For the wound healing assay, 3.5 9 105 of examined gas-

tric cancer cells were seeded into six-well plates to achieve

90 % confluence. Wounds were created in confluent

Fig. 1 FRLnc1 RNA is

positively correlated with the

FOXM1 levels in gastric cancer

cells. a FOXM1 relative

expression in MGC803, AGS

and SGC7901 cells stably

infected with LV-shFOXM1 or

LV-shNC. The expression

levels of FRLnc1 were declined

after FOMX1 knockdown.

b FOXM1 relative expression in

AGS and SGC7901 cells stably

infected with LV-FOXM1 or

LV-Vector. The expression

levels of FRLnc1 were elevated

after FOXM1 overexpression
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monolayer cells using a plastic tip, cell debris were re-

moved using PBS, and 0.5 % FBS-containing MEM was

added. Then the scratched cells were incubated at 37 �C
with 5 % CO2. The initial scratched gap breadth (0 h) and

the residual scratched gap breadth (48 h) were measured

using the light microscope (Nikon, Japan).

Animal studies

The protocol for animal experiments was viewed and ap-

proved by the Institutional Animal Care and Use Com-

mittee of Tongji University. Male athymic nude mice

(4 weeks old) were obtained from Animal Center of the

Chinese Academy of Science (Shanghai, China) and

maintained in sterile laminar flow cabinets. At the age of

6 weeks old, the mice were randomly divided into four

groups and injected with 1.5 9 106 of MGC803-shNC,

MGC803-shFRLnc1 or SGC7901-Vector, SGC7901-

FRLnc1 through tail vein, respectively. After 5 weeks, the

group received SGC7901 cells were euthanized, while the

group received MGC803 were euthanized 8 weeks after

injection. The lungs were removed and photographed, the

obvious lung metastatic tumor on the surface were calcu-

lated. In addition, the lung tissues were fixed in 4 %

paraformaldehyde and store them in 70 % ethanol, treat

them with paraffin-embedding, sectioning, H&E staining

and histopathological examination.

Statistical analysis

Quantitative data were presented as mean ± SEM. Pa-

rameters of two-tailed, 95 % CI were used for statistical

analysis. Only a P value of less than 0.05 was considered

significant. ‘‘*’’ indicates P\ 0.05; ‘‘**’’ indicates

P\ 0.01.

Results

FRLnc1 expression is regulated by FOXM1

in gastric cancer cells

To verify whether FRLnc1 expression is regulated by

FOXM1, qRT-PCR analysis was performed to detect the

Fig. 2 FRLnc1 expression

pattern in gastric cancer

samples. a FRLnc1 level was

examined by quantitative RT-

PCR in 41 paired gastric cancer

tissues (C) and neighboring

non-cancerous tissues (N). b-
actin was used as an internal

loading control. Data were

shown as the upregulated fold

change (C/N) of FRLnc1 RNA

level. b the percentage of

FRLnc1 expression alteration in

41 paired gastric cancer samples

with ‘‘C1.5’’ indicating

upregulation, ‘‘B0.66’’

indicating downregulation, and

‘‘[0.66 but\1.5’’ indicating no

significant variation. c the

expression of FRLnc1 and

FOXM1 by semiquantitative

PCR analysis in nine paired of

representative gastric cancer

samples
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Fig. 3 FRLnc1 knockdown weakens the migratory capacity of

gastric cancer cells in vitro. a Efficiency of FRLnc1 knockdown

with si-FRLnc1-1 and si-FRLnc1-2 in MGC803 and AGS cells by

qRT-PCR. b Transwell chamber assays were performed to investigate

the change of migratory ability of gastric cancer cells indicated.

cWound healing assays were performed to investigate the mobility of

gastric cancer cells indicated
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FRLnc1 RNA level in a few of gastric cancer cell lines in

which FOXM1 expression was stably upregulated or

downregulated. These stable cell lines were achieved

through infection with lentivirus expressing FOXM1 cod-

ing sequence or short hairpin interference RNA against

FOXM1, respectively. The final data showed that FRLnc1

was decreased with FOXM1 knockdown in MGC803, AGS

and SGC7901 cells (Fig. 1a), while FRLnc1 was increased

with FOXM1 overexpression in AGS and SGC7901 cells

(Fig. 1b). These results demonstrated that FRLnc1 level is

positively correlated with FOXM1 expression, suggesting

FOXM1 may be a transcriptional activator of FRLnc1.

FRLnc1 is frequently increased in gastric caner

To determine whether FRLnc1 is upregulated in gastric

cancer, we explored the relative expression of FRLnc1 in

41 pairs of gastric cancer tissues and neighboring non-

cancerous stomach tissues via qRT-PCR analysis. The data

demonstrated that in 20 of 41 (49 %) cancer samples,

FRLnc1 was upregulated at least 1.5-fold than neighboring

non-cancerous stomach tissues. About 14 of 41 (34 %)

cancer samples were downregulated, and the other seven

paired samples showed no significant difference in FRLnc1

expression. The expression pattern of FRLnc1 in gastric

cancer samples is shown in Fig. 2a, b. We also investigated

FOXM1 expression in nine paired of gastric cancer sam-

ples in which express high levels of FRLnc1. As shown in

Fig. 2c, FOXM1 expression was increased in seven of nine

paired of cancer samples compared with their non-

cancerous counterparts. This implicates the expression

relevance of the two genes in clinical samples. However,

we did not find any correlation between FRLnc1 expression

and gastric cancer metastasis, tumor size, tumor grade, or

other clinicopathological characteristics. This is possibly

attributed to small amount of clinical samples.

FRLnc1 exhibits a significant effect on gastric

cancer cell migration in vitro

Cancer cell migration is a critical aspect of cancer pro-

gression. To investigate whether FRLnc1 had a functional

role in promoting gastric cancer cell migration, two

specific small interference RNAs, siFRLnc1-1, and

siFRLnc1-2 or negative control siNC were transfected into

MGC803 and AGS cells, respectively, the efficiency of

knockdown is shown in Fig. 3a. Transwell migration as-

says indicated that FRLnc1 knockdown led to a significant

decrease in MGC803 and AGS cells migration (Fig. 3b).

Consistent with transwell assay results, MGC803 cells in

which FRLnc1 was knocked down exhibited more slowly

migration rate compared with controls in wound healing

assays (Fig. 3c). These data demonstrated that FRLnc1

downregulation decreases the ability of gastric cancer cell

migration.

On the other hand, we generated two stable cell lines

BGC823-FRLnc1 and SGC7901-FRLnc1 by infecting

FRLnc1 overexpressing lentivirus. qRT-PCR data showed

FRLnc1 was successfully overexpressed in the two cell

lines (Fig. 4a). Transwell assays revealed that the migra-

tory ability was dramatically increased in FRLnc1 over-

expressing cells (Fig. 4b), and would healing assays

indicated obvious migration of SGC7901-FRLnc1 cells

toward the wound blank than that of SGC7901-Vector cells

(Fig. 4c). Collectively, these findings suggested that over-

expression of FRLnc1 promotes cell migration of gastric

cancer cells.

FRLnc1 promotes the formation of pulmonary

metastasis in vivo

To further determine the role of FRLnc1 in formation of

tumor metastasis in vivo, 1.5 9 106 of SGC7901-FRLnc1

stable cells were injected directly into tail veins of nude

mice. 5 weeks after injection, the mice were euthanized,

lungs were removed and photographed, and visible lung

metastatic tumors on the surface were calculated. As shown

in Fig. 5a, b, the tumor on the lung surface from mice

receiving SGC7901-FRLnc1 cells were significantly more

than that of the control cell SGC7901-Vector. Histological

analysis confirmed the presence of metastatic tumors in the

lungs of these mice (Fig. 5c). Furthermore, we established

a subclone of MGC803 cell line, which was stably infected

by a lentivirus expressing shRNA-FRLnc-1 for FRLnc1

knockdown. However, we did not observed any tumor on

the surface of lungs, whether from mice receiving

MGC803-shFRLnc1 cells or control cells (data not shown).

Our overexpression experiment suggested that FRLnc1

could promote pulmonary metastasis in vivo.

FRLnc1 expression levels are associated with TGF-

b1 and Twist

To address the possible mechanism by which FRLnc1

could induce cell migration and promote gastric cancer

metastasis in vivo, we examined a serious of molecule

markers involved in epithelial mesenchymal transition

(EMT) or tumor distant metastasis by qRT-PCR analysis.

Among these genes, we found that the expression level of

bFig. 4 FRLnc1 overexpression enhances the migratory capacity of

gastric cancer cells in vitro. a Efficiency of FRLnc1 overexpression in

BGC823 and SGC7901 cells by qRT-PCR. b Transwell migration

assays were performed to investigate the change of migratory ability

of gastric cancer cells indicated. c Wound healing assays were

performed to investigate the mobility of gastric cancer cells indicated
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TGFb1 and Twist were changed with FRLnc1 increase or

decrease. As shown in Fig. 6a, when FRLnc1 was knocked

down in AGS cells, the two genes were reduced as well; in

contrast, when FRLnc1 was overexpressed in SGC7901

cells, the two genes were also increased (Fig. 6b). These

results demonstrated that Twist and TGFb1 might mediate

the FRLnc1 function in cell migration.

Discussion

FOXM1 functions as an oncogene in diverse of malignan-

cies [26]. Deregulation of FOXM1 affects tumor initiation,

progression, EMT, metastasis, angiogenesis, and drug re-

sistance [27]. The underlying mechanisms by which

FOXM1 promotes these processes are being explored. Re-

ports have revealed some proteins and signaling transduc-

tion factors are downstream targets of FOXM1 [28].

However, there is no report about the correlation between

FOXM1 and LncRNAs to date. LncRNAs, initially con-

sidered as the transcription noise, are playing pivotal roles

in carcinogenesis [29]. In the present study, we identified a

new LncRNA as downstream target of FOXM1 for the first

time. We designated it as FRLnc1 (FOXM1-related

LncRNA 1). By evaluating the expression levels of FRLnc1

in FOXM1 upregulating or downregulating gastric cancer

cells via qRT-PCR, we confirmed FRLnc1 is regulated by

FOXM1. This regulation appears to be indirect for no

FOXM1 binding site is found in the promoter region of

FRLnc1. As for the clinicopathological significance of

FRLnc1 expression in gastric cancer, we should gather

more clinical samples of gastric cancer in future since in the

present samples we did not find any clinical correlation

although FRLnc1 is upregulated in 49 % cancer samples.

Next, we examined the potential role of FRLnc1 in

gastric cancer cell migration by transwell assay and wound

healing assay. The results demonstrate that FRLnc1 pro-

motes gastric cancer cell migration in vitro, in accordance

with the phenotypes of FOXM1 reported. Interestingly,

FRLnc1 did not affect cell growth in four gastric cancer

cell lines examined (data not shown). Considering FRLnc1

is regulated by FOXM1, our results suggest that FRLnc1

might be a mediator of FOXM1 in the regulation of cell

migration, but not cell growth. Furthermore, tail vein in-

jection with gastric cancer cells was performed on nude

mice. The resulting data indicate that FRLnc1 could fa-

cilitate lung metastasis of tumor cells in vivo, supporting

the conclusion in vitro.

Finally, we attempted to explore the potential mechan-

ism by which FRLnc1 promotes cell migration. A number

Fig. 5 FRLnc1 promotes gastric cancer cells metastasis in vivo.

a Lung metastatic tumor nodules observed in lung surface of nude

mice received tail vein injection with SGC7901-Vec or SGC7901-

LFRLnc1 cells. b the mean number of tumor nodules from each

experimental group (n = 5). c the hematoxylin and eosin (HE)

stained lung sections
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of genes associated with cell migration or tumor metastasis

were selected and analyzed by qRT-PCR. These genes in-

clude Slug, Cav-1, Acp5, Snail, uPA, uPAR, TGFb1, ZEB1,
ZEB2, Twist, Vimentin, and E-cadherin. Two molecules,

TGFb1 and Twist, were screened out in the end, of which

expression was regulated by FRLnc1. The two factors are

both well-known responsible for cancer metastasis. TGFb1
is a regulator involved in late stages of tumorigenesis [30].

More than one study has revealed that TGFb1 suppression

can significantly prevent metastasis in different cancer

types [31, 32]. Twist has been considered as an important

inducer for metastatic progression by promoting EMT in

many cell systems [33]. The findings that TGFb1 and Twist
are regulated by FRLnc1 support FRLnc1 involvement in

cancer cell migration from molecular level.

Taken together, FRLnc1 is a FOXM1-related LncRNA

which is increased in gastric cancer tissues. It has a po-

tential to promote gastric cancer cell migration and may

function as a propeller of tumor distant metastasis. Our

findings support that FRLnc1 plays a significant role in the

progression of gastric cancer and has an opportunity to be a

new biomarker for its prognosis. Further studies are needed

to expound the detailed underlying mechanism through

which FRLnc1 contributes to the cell migration in gastric

cancer.
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Fig. 6 TGFb and Twist are

regulated by FRLnc1 in gastric

cancer cells. a TGFb and twist

expression was detected by
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siFRLnc1-1 and siFRLnc1-2.

b TGFb and twist expression

was detected by qRT-PCR in
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