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Overexpressed miR-301a promotes cell proliferation and invasion
by targeting RUNX3 in gastric cancer
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Abstract

Background MicroRNAs can promote or suppress the

evolution of malignant behaviors by regulating multiple

targets. We aimed to determine the expression of miR-301a

recently screened in gastric cancer, to investigate the bio-

logical effects of miR-301a and to identify the specific

miR-301a target gene.

Methods Quantitative real-time RT-PCR was used to test

miR-301a expression. Functional effects were explored by

a water-soluble tetrazolium salt assay, a colony formation

assay in soft agar, a migration assay, an invasion assay and

cytometry used to determine apoptosis and cell cycle. Nude

mice were inoculated subcutaneously by retrovirus-medi-

ated stably expressed SGC-7901 cells. The target gene was

determined by bioinformatic algorithms, dual luciferase

reporter assay and Western blot.

Results Firstly, we found that miR-301a was significantly

upregulated both in cells and tissues of gastric cancer. The

expression level of miR-301a was inversely correlated with

tumor differentiation of gastric cancer tissues. Secondly,

miR-301a promoted cell growth, soft agar clonogenicity,

migration, invasion, and decreased cell apoptosis induced

by cisplatin in vitro, while blockage of miR-301a reduced

the percentage of G2/M phase cells via flow cytometry in

gastric cancer cells. Ectopic expression of miR-301a

enhanced the subcutaneous tumorigenesis in vivo. Finally,

miR-301a directly downregulated RUNX3 expression post-

transcriptionally in gastric cancer.

Conclusion Our results demonstrate that miR-301a plays

important roles in the development of gastric cancer.

Keywords miRNA � Proliferation � Invasion � RUNX3 �
Gastric cancer

Introduction

Gastric cancer is the fourth most common cancer with the

second highest mortality rate worldwide [1]. It is generally

accepted that the development of gastric cancer, like other

cancers, involves multiple steps, including the accumula-

tion of genetic and epigenetic changes [2, 3]. However, the

precise mechanism underlying gastric carcinogenesis

remains unclear. MicroRNAs (miRNAs) are small non-

coding RNAs that act as post-transcriptional regulators by

targeting mRNAs for translational repression or cleavage

[4–6]. A great number of studies have demonstrated that

various miRNAs function as potential oncogenes or tumor

suppressor genes during the initiation and progression of

cancer [7]. Previous studies have identified numerous

cancer specific miRNAs in various cancer types, such as
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colorectal cancer [8, 9], B cell chronic lymphocytic leu-

kemia [10], breast cancer [11], lung cancer [12], papillary

thyroid cancer [13], and hepatocellular carcinoma [14].

By comparing the miRNA expression profile, we found

that miR-301a was one of the most significantly upregu-

lated in gastric cancer cells and tissues, compared with its

non-tumor tissues. The miR-301a is processed from the

first intron of SKA2 transcript located at 17q22–23 in the

human genome. Overexpression of miR-301a has been

previously demonstrated in hepatocellular carcinoma,

pancreatic tumor tissue, and small cell lung cancer com-

pared with adjacent benign tissues [15–17]. However, the

biological processes and molecular mechanisms underlying

miR-301a remain unclear in gastric cancer. In this study we

aimed to investigate the expression, biological functions

and mechanisms of miR-301a in gastric cancer.

Materials and methods

Cell lines

The gastric cancer cell lines SNU-1, SNU-16, and KATO

III were purchased from American Type Culture Collection

(ATCC; Manassas, VA, USA). The SGC-7901, NCI-N87,

MKN-28, BGC-823, MKN-45 and AGS were purchased

from Shanghai Institutes for Biological Sciences, Chinese

Academy of Sciences. The immortalized normal gastric

mucosal epithelial cell line (GES-1) was a gift from Prof.

Feng Bi (Sichuan University, PR China). The embryonic

kidney cell line 293T was preserved in our institute. Cells

were grown in RPMI-1640 or Dulbecco’s modified Eagle’s

medium (DMEM; Sigma, St Louis, MO, USA) supple-

mented with 10 % fetal bovine serum at 37 �C in a

humidified atmosphere with 5 % CO2.

Tissue samples

Primary tumor tissues and their adjacent non-tumor tissues

were collected from patients with gastric cancer undergo-

ing radical gastrectomy at the Department of Surgery,

Ruijin Hospital, Shanghai Jiao Tong University School of

Medicine. Tissue samples were immediately snap-frozen in

liquid nitrogen and stored in a deep freezer at -80 �C. All

samples were collected with patients’ informed consent

and confirmed by the pathological examination.

RNA isolation and qRT-PCR

Total RNA was extracted from tissue samples or cell lines

using Trizol Agent (Invitrogen, Carlsbad, CA) according to

the manufacturer’s instructions. The expression level of

miRNAs were assessed by the TaqMan stem-loop RT-PCR

method (Applied Biosystems, Foster city, CA). The U6

small nuclear RNA (RNU6B; Applied Biosystems) was

used for normalization. The relative expression ratio of

miR-301a in each paired tumor and non-tumor tissue was

calculated by the 2-DDCT method. The miR-301a expres-

sion level was defined as upregulated when the relative

expression ratio was [1, and defined as down-regulated

when the relative expression ratio was \1. The mRNA

expression level of RUNX3, Bim, MMP9 and SKA2 were

measured by qRT-PCR and normalized using the GAPDH

mRNA level. The expression level of RUNX3 mRNA

relative to GAPDH mRNA was calculated using the

2-DDCT method. Primers for qRT-PCR were as follows:

RUNX3 F 50-AGCACCACAAGCCACTTCAG-30, R 50-G
GGAAGGAGCGGTCAAACTG-30, Bim F 50-TAAGTTC

TGAGTGTGACCGAGA-30, R 50-GCTCTGTCTGTAGG

GAGGTAGG-30, MMP9 F 50-TGTACCGCTATGGTTAC

ACTCG-30, R 50-GGCAGGGACAGTTGCTTCT-30, SKA2

F 50-GCCGCATTTGTGCTACTGTG-30, R 50-CTCTGCCG

CAGTTTTCTCTT-30.

Transient transfection

Oligonucleotide hsa-miR-301a mimics (miR-301a), nega-

tive control (miR-control), hsa-miR-301a inhibitors (anti-

miR-301a), inhibitor negative control (anti-miR-control)

and siRNA for RUNX3 were purchased from GenePharma

(Shanghai, PR China). Transfection of cells with oligonu-

cleotides was performed using Lipofectamine 2000

Reagent (Invitrogen, Carlsbad, CA, USA) at a final con-

centration of 100 nM. Transfection efficiency was moni-

tored by qRT-PCR.

Cell proliferation assay

Cell proliferation was measured by the colorimetric water-

soluble tetrazolium salt (WST) assay with a Cell Counting

Kit-8 (Dojindo, Kumamoto, Japan). The cells were seeded

onto 96-well plates (2 9 103 cells/well) 24 h post-trans-

fection, and cell proliferation was examined every 24 h for

fourdays. The number of viable cells was determined by

measurement of the optical density difference between 450

and 600 nm using a Safire2 microplate reader (TECAN,

Switzerland).

Soft agar colony formation assay

Cells were resuspended with 0.3 % soft agar 24 h post-

transfection with oligonucleotides (100 nM) and layered

onto 0.6 % solidified agar in RPMI 1640 containing 10 %

FBS in 6-well plates (2 9 103 cells/well). The plates were

then incubated for two weeks. Colonies that contained a

minimum of 50 cells were counted under a microscope.
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Apoptosis, cell cycle analysis and cell synchronization

Cells were collected following the addition of trypsin and

washed with PBS 48 h post-transfection with oligonucle-

otides. For apoptosis analysis, cells were resuspended in

Binding Buffer (Annexin V-FITC Apoptosis Detection Kit

I; BD Pharmingen, San Diego, USA) at a concentration of

1 9 106 cells/ml. Next, 5 ll of FITC AnnexinV and 5 ll

Propidium Iodide (BD Pharmingen) were added to 100 ll

of the cell suspension. After incubation for 15 min in

the dark, 400 ll Binding Buffer was added. Apoptosis

was analysed by flow cytometry (FACS Calibur, Becton–

Dickinson, Franklin Lakes, NJ, USA) using Cell Quest

software (Becton–Dickinson). Apoptotic cells with Annexin

V-FITC-positive and PI-negative label were detected.

For cell cycle analysis, the cells were fixed with 70 %

ethanol and stored at 4 �C overnight. The following day,

the fixed cells were washed with PBS, treated with RNase

A (50 lg/ml), and stained with PI (50 lg/ml) for 30 min in

the dark. Then the stained cells were analyzed by flow

cytometry (FACS Calibur, Becton–Dickinson). At least

10,000 cells in each sample were analyzed to obtain a

measurable signal.

For synchronization experiments, SGC-7901 cells were

synchronized in early S phase by a double thymidine block

(2 mM) for 12 h and subsequently released for 10 h in fresh

medium. The SGC-7901 cells were synchronized in M phase

by colchicine (0.1 ll/ml) and released into G1 phase.

Migration and invasion assay

Migration of the cells was assessed using 8 lm, 24-well

format transwell chambers (Corning, NY, USA) according

to the manufacturer’s instructions. For the invasion assay,

the insert membranes were coated with diluted Matrigel

(BD Biosciences, San Jose, CA, USA). Cells (3 9 104) in

300 ll serum-free medium were added to the upper

chamber and cultured for 72 h. Finally, the insert mem-

branes were stained with 0.04 % crystal violet.

Construction of the reporter gene system containing

RUNX3 30UTR

The wild-type Runx3 30-UTR containing the predicted miR-

301a binding site was synthesized using the following

sequences: 50-ctagtATGGAGCTGGGTGGAAACTGCTTT

GCACTATCGTTTGCTTGGTGTTTGTTTTa-30 (forward)

and 50-cgcgtAAAACAAACACCAAGCAAACGATAGTG

CAAAGCAGTTTCCACCCAGCTCCATa-30 (reverse). The

mutant Runx3 30-UTR construct was designed to mutate

three intermittent nucleotides complementary to the miR-

301a seed-region. The mutant sequences were: 50-ctagtA

TGGAGCTGGGTGGAAACTGCTTaGgAgTATCGTTTG

CTTGGTGTTTGTTTTa-30 (forward) and 50-cgcgtAAAAC

AAACACCAAGCAAACGATAcTcCtAAGCAGTTTCCA

CCCAGCTCCATa-30 (reverse). Both strands were annealed

and cloned into the SpeI-MluI sites of the pMIR-REPORT

miRNA expression reporter vector (Applied Biosystems).

Luciferase activity assay

The 293T cells were cultured in 24-well plates and trans-

fected with 0.2 lg of either wild-type or mutant pMIR/

RUNX3 plasmid containing firefly luciferase, together with

0.01 lg of the pRL-TK vector (Promega, Wisconsin, USA)

containing renilla luciferase and 1 lg oligonucleotides.

Transfection was performed using Lipofectamine 2000

reagent (Invitrogen). Relative luciferase activity was cal-

culated 36 h post-transfection by the Dual Luciferase

Reporter Assay (Promega).

Western blot analysis

The RUNX3 protein level were quantified by standard

western blotting procedures, using rabbit anti-human

Runx3 antibody (Bioworld, Atlanta, Georgia, USA). Pro-

tein level were normalized to total GAPDH, using a rabbit

monoclonal anti-GAPDH antibody (Abcam, UK).

Retrovirus production

A *400 bp genomic region that included the primary

transcript of miR-301a was cloned into the EcoRI–XhoI

site of the modified pMSCV-GW-RfA-PGK-EGFP retro-

viral vector. Negative control vectors had no insert. For

each cultured 293T plate (10 cm), a plasmid mixture

containing 10 lg of miR-301a retroviral vector, 10 lg of

gag/pol vector and 10 lg of VSVG vector was co-trans-

fected with 90 ll FuGENE6 transfection reagent (Roche,

Basel, Switzerland) added directly to 0.6 ml of serum-free

medium. The plasmid/medium/FuGENE6 mix was added

drop-wise to the cultured 293T plate. After 12 h, a 15 ml

viral collection medium was added to the transfected cells.

We then harvested the virus twice a day for two days. Then

SGC-7901 cells were transfected by the retrovirus.

Tumor xenograft model and tumorigenicity assay

SGC-7901 cells (1.5 9 105 cells/mouse) stably transfected

with retrovirus-miR-301a (SGC-7901/retro-miR-301a) or

retrovirus-control vector (SGC-7901/vector) were subcu-

taneously injected into 4-week-old male BALB/C-nu/nu

nude mice (Shanghai Laboratory Animal Center of China).

The mice were raised for 28 days following injection, and

tumors were measured every four days.
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Statistical analysis

The relationship between the miR-301a expression level

and clinicopathologic parameters was analyzed using the

Pearson Chi-square test. When comparisons were made

between two different groups, statistical significance was

determined using the Student’s t test. All statistical anal-

yses were performed using SPSS15.0 software (SPSS Inc.,

USA). A two-tailed value of p \ 0.05 was considered to

indicate a statistically significant result.

Results

miR-301a is aberrantly overexpressed in gastric cancer

and is inversely associated with tumor differentiation

To explore miR-301a expression, quantitative real-time RT-

PCR (qRT-PCR) analysis was performed. We found that miR-

301a was greatly upregulated in nine gastric cancer cell lines

compared with GES-1 (Fig. 1a). We also found an average of

2.29-fold overexpression of miR-301a in gastric cancer tis-

sues compared with adjacent non-tumor tissues (p \ 0.001,

45 of 51 patients; Fig. 1b and Online Resource S1).

We then investigated the relationship between an abnor-

mal expression level of miR-301a and clinicopathologic

factors in 51 patients. Based upon relative expression ratios

of miR-301a/U6 [ 3, the cases were divided into two

groups: miR-301a high-expression group (n = 34) and

miR-301a low-expression group (n = 17). The miR-301a

high-expression group exhibited significantly lower tumor

differentiation (p = 0.009). However, the miR-301a

expression level did not show any relationship with age,

gender, tumor site, local invasion, lymph node metastasis,

and TNM stage (Table 1).

miR-301a promotes growth and clonogenicity of gastric

cancer cells in vitro

Considering next overexpression and knockdown of miR-

301a and a high oncogenicity in vivo, SGC-7901 cells were

selected for further investigation. To investigate the bio-

logical function of miR-301a in the development and

progression of gastric cancer, we transfected SGC-7901

cells with miR-301a mimic (SGC-7901/miR-301a) or anti-

miR-301a (SGC-7901/anti-miR-301a) and confirmed that

the expression of both was effectively altered (Online

Resource S2 and S3). We next examined the effects of

miR-301a overexpression or knockdown on gastric cancer

Fig. 1 miR-301a Expression in gastric cancer cell lines and tissues.

a miR-301a expression in nine gastric cancer cell lines versus GES-1.

b miR-301a expression in gastric cancer tissues versus adjacent non-

tumor tissues. *p \ 0.05, **p \ 0.01, ***p \ 0.001

Table 1 MiR-301a expression and clinicopathological features in

gastric cancer patients

Clinicopathologic

parameters

miR-301a expression p value

Low

(n = 17)

High

(n = 34)

Age (years)

B60 5 18 0.111

[60 12 16

Gender

Male 13 27 1

Female 4 7

Differentiation

High, middle 9 6 0.009

Low, undifferentiation 8 28

Location

Distal third 8 14 0.689

Middle third, proximal

third

9 20

Local invasion

T1, T2 2 7 0.697

T3, T4 15 27

Lymph node metastasis

No 4 8 1

Yes 13 26

TNM stage

I, II 5 11 0.831

III, IV 12 23
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cell proliferation. Using a WST assay, we observed that

overexpression of miR-301a increased the growth rate of

SGC-7901 cells compared to miR-control transfected cells

at the third and fourth days following transfection

(p = 0.033 and p = 0.002, respectively), whereas anti-

miR-301a reduced cell growth activities at the same time

points (p = 0.001 and p = 0.005, respectively; Fig. 2a).

To examine the effect of miR-301a on long-term and

independent growth activity of SGC-7901 cells, we per-

formed a colony forming assay in soft agar. The colony

number of SGC-7901/miR-301a was higher compared

with SGC-7901/miR-control (109 ± 11 vs. 154 ± 11, p =

0.002), whereas SGC-7901/anti-miR-301a showed lower

colony-forming ability compared with SGC-7901/anti-

miR-control (94 ± 8 vs. 50 ± 10, p = 0.003; Fig. 2b, c).

These findings indicate that miR-301a promotes the

colony-forming ability of gastric cancer cells.

miR-301a affected the apoptosis of gastric cancer cells

treated with CDDP, while miR-301a inhibition induced

cell cycle arrest in G2/M phase

Given cancer cell growth is affected by apoptosis or cell

mitosis, we examined the effects of miR-301a on apoptosis

or cell mitosis. Apoptosis of cancer cells can be induced by

cisplatin (CDDP), a first-line chemical for gastric cancer

treatment. Considering rare spontaneous apoptosis in SGC-

7901 cells, SGC-7901 transfected with oligonucleotides

was treated with 5 ng/ml CDDP. We found that the ectopic

expression of miR-301a inhibited the apoptosis of SGC-

7901 cells induced by CDDP, whereas knockdown of miR-

301a augmented the apoptosis of SGC-7901 cells induced

by CDDP (Fig. 3a, b).

The miR-301a is located at the first intron of SKA2 whose

depletion affects cell cycle by metaphase-like delay [18].

Therefore, we hypothesized that the cell cycle might regulate

miR-301a expression. To further elucidate the mechanism of

miR-301a-mediated growth promotion in gastric cancer

cells, cell cycle analysis was then performed (Fig. 3c, d). The

results showed that, when miR-301a was knockdowned, the

percentage of cells in G2/M phase was increased from 21.7 to

30.37 % (p = 0.013), whereas the percentage of cells in S

phase and G0/G1 phase was decreased from 78.3 to 69.63 %.

However, there was no significant difference in the per-

centage of cells in the G2/M phase when miR-301a is

overexpressed in SGC-7901 cells. Furthermore, to examine

whether mitosis affects miR-301a expression, miR-301a

expression level was measured in diverse phases in the cell

cycle of SGC-7901 cells (Online Resource S4). The results

showed that miR-301a expression in S phase at 0 h, M phase

and G1 phase was about two times higher than the lowest

value in S phase at 8 h. It suggests that cell cycle affects miR-

301a expression as well.

miR-301a promotes the migration and invasion

of gastric cancer cells

To detect cell invasion abilities, cell migration and

invasion assays were performed. Ectopic expression of

miR-301a led to significantly enhanced cell migration

Fig. 2 Effects of miR-301a on

growth activity of SGC-7901

cells. a Proliferation of SGC-

7901 cells detected by WST

assay. b, c Long-term growth

activity of SGC-7901 cells

detected by soft agar colony

formation assay. The colonies

were counted and identified.

*, #p \ 0.05, **, ##p \ 0.01
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(SGC-7901/miR-301a group vs. control group is 168 ± 8

vs. 85 ± 6 cells per field; p = 0.008) and invasion (SGC-

7901/miR-301a group vs. control group is 132 ± 7 vs.

71 ± 6 cells per field; p = 0.031) (Fig. 4a–c), Whereas

knockdown miR-301a significantly inhibited cell migration

(SGC-7901/anti-miR-301a group vs. control group is

41 ± 4 vs. 80 ± 5 cells per field; p = 0.016) and invasion

(SGC-7901/anti-miR-301a group vs. control group is

41 ± 5 vs. 70 ± 6 cells per field; p = 0.034).

miR-301a promotes tumorigenicity in vivo

We further examined whether altered expression of miR-

301a could affect tumor growth in vivo. Retrovirus-medi-

ated SGC-7901/retro-miR-301a cells were verified to

express miR-301a approximately 16-fold higher than SGC-

7901/vector (p = 0.007; Online Resource S5). Then these

two cell lines were injected subcutaneously into nude mice,

and tumour formation was monitored every four days.

Tumors grew faster in the SGC-7901/retro-miR-301a

group than that in the group of the SGC-7901/vector. The

average tumor volume in mice inoculated with SGC-7901/

retro-miR-301a at day 28 was significantly larger than that

in the mice inoculated with SGC-7901/vector (2.63 ± 0.98

vs. 1.45 ± 0.92 cm3; p = 0.029) (Fig. 5a, b).

RUNX3 is at least one of target genes of miR-301a

that directly inhibits the expression of RUNX3 through

its 30UTR

To explore how miR-301a functions, we searched for its

candidate target genes by bioinformatics analysis. Pre-

dicted miRNA targets were determined using the Target-

Scan, PicTar, and Miranda algorithms. We noticed that the

tumor suppressor RUNX3 is a potential target gene of miR-

301a in gastric cancer cells (Fig. 6a). To investigate whe-

ther the 30UTR of RUNX3 mRNA is a functional target of

miR-301a in gastric cancer cells, we first evaluated the

Fig. 3 miR-301a regulates

apoptosis and cell cycle of

SGC-7901. a, b FACS analysis

of apoptosis by propidium

iodide and annexin V-FITC

staining of SGC-7901 cells

treated by CDDP for 24 h.

Reduced cell apoptosis was

observed in miR-301a

compared with control and vice

versa. c, d Knockdown of miR-

301a increased the percentage

of G2/M phase SGC-7901 cells,

but the G2/M phase did not

change in the overexpressed

miR-301a cells in FACS

analysis. *p \ 0.05,

**p \ 0.01, ***p \ 0.001

1028 J Gastroenterol (2013) 48:1023–1033

123



reporter activity in 293T cells which co-transfected miR-

301a (or miR-control), Luc-RUNX3 plasmid (or Luc-

RUNX3-mut plasmid) and pRL-TK plasmid (containing

the Renilla luciferase gene as an internal control). As

shown in Fig. 6b, 293T cells co-transfected with miR-301a

demonstrated a significant decrease of luciferase activity

compared to the miR-control group. However, 293T cells

co-transfected with miR-301a with Luc-RUNX3-mut

plasmid and pRL-TK plasmid showed no significant

difference in reporter activity as compared with cells

co-transfected with miR-control group. Likewise, anti-

miR-301a increased the luciferase activity of wild-type

Luc-RUNX3, but had no effect on the mutant (Fig. 6c).

miR-301a downregulates RUNX3 expression

post-transcriptionally

To identify how miR-301a regulates RUNX3, Western blot

and qRT-PCR analysis were performed. Forty-eight hours

after transfection, we examined the RUNX3 protein level

in SGC-7901 cells using Western blot analysis. The

RUNX3 protein level was greatly suppressed in SGC-7901/

miR-301a, whereas it was upregulated in SGC-7901/anti-

miR-301a (Fig. 6d). Despite the effect of miR-301a on the

RUNX3 protein level, no effect on the RUNX3 mRNA

level was detected by qRT-PCR analysis (Online Resource

S6). In addition, we examined expression of the RUNX3

protein in SGC-7901/retro-miR-301a or SGC-7901/vector

derived from subcutaneous tumors of nude mice by western

blot analysis, the RUNX3 protein level in SGC-7901/

Fig. 4 miR-301a promotes

migration and invasion of SGC-

7901 cells. a Representative

fields of SGC-7901 cells in the

migration and invasion assays.

b, c Average number of

migration and invasion cells per

field from three independent

experiments. *p \ 0.05,

**p \ 0.01

Fig. 5 miR-301a promotes tumorigenesis in vivo. a Tumorigenesis

curves. Rapid tumor growth was observed in the SGC-7901/retro-

miR-301a group. b Photographs of tumors derived from SGC-7901/

retro-miR-301a or SGC-7901/vector cells in nude mice
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retro-miR-301a demonstrated downregulation compared

with that in SGC-7901/vector (Fig. 6e). These results

strongly suggest that miR-301a negatively regulates

RUNX3 expression post-transcriptionally.

Overexpression of miR-301a downregulates Bim

and upregulates MMP9 and SKA2

During CDDP-induced apoptosis, one of the major targets

for transcription regulation by RUNX3 is the apoptotic

activator Bim [19]. Reduced expression of Bim was

observed 72 h after transfection of SGC-7901 cells with

miR-301a mimics with the addition of CDDP compared

with control (p = 0.025; Fig. 6f). The opposite effect on

Bim gene expression was observed when SGC-7901 cells

were transfected with miR-301a inhibitors (p = 0.019).

Moreover, as another major target of RUNX3, MMP9

plays important roles in invasion and metastasis [20]. We

found that overexpressed miR-301a upregulates mRNA

expression level of MMP9 (p = 0.014). In contrast,

knockdown of miR-301a in SGC-7901 cells resulted in

significant reduction of MMP9 (p = 0.018). These results

suggests that transfection of miR-301a mimics or inhibitors

indirectly regulates the expression of Bim and MMP9. In a

previous work, it was reported that miR-301a feedback

regulated the expression of its host gene SKA2 in lung

cancer A549 cells [21]. Next, we verified whether miR-

301a regulated SKA2 in gastric cancer. As shown in

Fig. 6g, knockdown of miR-301a significantly reduced the

expression level of SKA2 (p = 0.024), but no significant

change of SKA2 expression was observed in SGC-7901

cells of miR-301a overexpression (p = 0.157).

Fig. 6 miR-301a binds to

30UTR of RUNX3 and post-

transcriptionally repressed

protein expression. a Putative

binding site of miR-301a in the

RUNX3 30UTR region (detected

by RNAhybrid). b miR-301a

down-regulated luciferase

activities controlled by wild-

type RUNX3 30UTR, but did

not affect luciferase activity

controlled by mutant RUNX3

30UTR. c Anti-miR-301a up-

regulated luciferase activities

controlled by wild-type RUNX3

30UTR, but did not affect

luciferase activity controlled by

mutant RUNX3 30UTR.

d RUNX3 protein in SGC-7901

cells was detected by Western

blot at 48 h post-transfection

with miR-control, miR-301a,

anti-miR-control, anti-miR-

301a (100 nM). GAPDH was

used as an internal loading

control. e RUNX3 protein was

detected in SGC-7901/vector or

SGC-7901/miR-301a cells from

subcutaneous tumor in nude

mice. f qRT-PCR was

performed to analyze the

mRNA expression of Bim and

MMP9 in SGC-7901 cells of

transfection of miR-301a

mimics or inhibitors. g The

mRNA expression of SKA2 was

analyzed in SGC-7901 cells

with transfection of miR-301a

mimics or inhibitors using qRT-

PCR. *p \ 0.05, **p \ 0.01
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miR-301a-induced proliferation and invasion depends

on the expression of RUNX3

To validate that miR-301a promotes cellular proliferation

and invasion via the expression of RUNX3, RUNX3 was

greatly downregulated by siRNA and miR-301a or negative

control (NC) was co-transfected (Online Resource S7). As

expected, NC ? si-RUNX3 transfected SGC-7901 cells

grew faster than miR-301a ? NC transfected cells at the

third day following transfection (p = 0.027). However,

there was no significant difference between the NC ?

si-RUNX3 group and the miR-301a ? si-RUNX3 group. It

suggested that when downstream RUNX3 was depleted,

the proliferation-promoting effect of miR-301a was largely

compromised (Fig. 7a). Similar results were observed in

the cellular invasion assay (Fig. 7b, c).

Discussion

Accumulating evidence has indicated that aberrant

expression of miRNAs may be a common mechanism

involved in the development of various cancers [22–24].

Investigation of cancer-specific miRNAs and their targets

is necessary for further elucidation of their role in the

pathogenesis of tumors, and may be important for the

design of novel therapeutic targets [10, 25, 26].

Overexpression of miR-301a has been previously

reported in various types of human cancers, including

hepatocellular carcinoma, pancreatic tumors, small cell

lung cancer, and breast cancer [15–17, 27], indicating that

miR-301a potentially plays an important role during the

development of cancer. Indeed, it has been reported that

miR-301a acts as an NF-jB activator in pancreatic cancer

cells [28] and promotes proliferation and invasion in breast

cancer. Furthermore, overexpression of miR-301a has been

reported to be strongly associated with the recurrence of

lymph nodal or distant metastasis and associated with

worse disease-free survival (DFS) in lymph node negative

(LNN) invasive ductal breast cancer [27]. In this study, we

detected miR-301a expression in nine gastric cancer cells

and the tumor tissues and its adjacent non-tumor tissues by

qRT-PCR. We found that miR-301a was overexpressed in

gastric cell lines and tissues. We also found that miR-301a

expression demonstrated a strong association with tumor

differentiation (p = 0.009), but did not show an association

with lymph node metastasis. And as a target gene of miR-

301a, RUNX3 play an important role in gastric epithelial

cells transdifferentiating into intestinal-type cells and car-

cinogenesis [29]. Thus, because miR-301a is frequently

overexpressed in gastric cancer, it could potentially be a

biomarker for predicting clinical behaviors of gastric

cancer.

The miR-301a and its host gene SKA2 play important

roles in the cell mitotic index. Depletion of either miR-

301a or SKA2 leads to a strong increase in the mitotic

index [18]. Considering depletion of miR-301a reducing

SKA2 expression [21] and depletion of SKA2 arresting the

mitosis in a M-phase-like state [18], we speculated that

miR-301a regulated the mitotic index through SKA2 via M

phase delay. This speculation was partially confirmed in

our work that the inhibition of miR-301a arrested SGC-

7901 cells in G2/M phase for cytometry, which contributed

to the miR-301a knockdown-induced growth inhibition. As

a centromere protein, enhanced SKA2 expression did not

affect mitosis in the M phase. For this reason, when

Fig. 7 miR-301a-induced

proliferation and invasion

depends on the expression of

RUNX3. a Proliferation of

SGC-7901 cells detected by

WST assay. b Average number

of invasive cells per field from

three independent experiments.

c Representative fields of SGC-

7901 cells in the invasion assay.

*p \ 0.05, **p \ 0.01
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miR-301a was overexpressed, as we observed, SGC-7901

cells in G2/M phase remained constant. We found that

miR-301a expression was not constant, but fluctuates with

the cell cycle. It implied that miR-301a might take part in

the cell cycle through alteration of miR-301a expression

levels. The specific mechanism needs further study.

One miRNA potentially targets different mRNAs. The

miR-301a has been reported to target MEOX2 in lung

cancer [21], and to target FOXF2, BBC3, PTEN, and

COL2A1 in breast cancer [27]. The expression level of

miR-301a exhibits an association with RUNX3 protein

level in eight gastric cancer cell lines (p = 0.001) [30].

Interestingly, a discrepancy is shown between RUNX3

mRNA and protein level in the above work. The absence of

mRNA–protein correlation suggests that the relation

between mRNA and protein is not strictly linear, but has a

more complex and intrinsic dependence. Different regula-

tion mechanisms (such as post-transcriptional regulation of

genes, synthesis and degradation rates), affect the amount

of the two molecules differentially. We further demon-

strated that RUNX3 is a potential target gene of miR-301a

according to bioinformatics algorithms. RUNX3 is a cru-

cial tumor suppressor in gastric cancer, and appears to be

principally prominent in epithelial cells of the adult gas-

trointestinal tract and in hematopoietic cells. The RUNX3

is frequently downregulated in human gastric cancer [31].

The gastric mucosa of RUNX3-null mice develop gastric

epithelial hyperplasia because of increased cell prolifera-

tion and suppressed apoptosis [32]. It has been shown that

targeted restoration of RUNX3 expression in gastric cancer

cells inhibits tumor growth and prevents metastasis [31]. In

humans, RUNX3 controls the growth and differentiation of

gastric epithelial cells [33]. Our study demonstrated that

miR-301a potentially functions as an oncogene; based on

our experimental evidence, we also demonstrated that miR-

301a-induced proliferation and invasion depends on the

expression of RUNX3 in the manner of directly post-

transcriptional downregulation in gastric cancer. Therefore,

we consider that RUNX3 should be at least one of target

genes of miR-301a.

In conclusion, our findings indicate that miR-301a is up-

regulated in gastric cancer and affects the proliferation and

metastatic potential of gastric cancer cells, partially

through the regulation of RUNX3. Thus, the identification

of the role of miR-301a as an oncogene through targeting

RUNX3 in gastric cancer helps us to further elucidate the

potential molecular mechanisms of gastric cancer devel-

opment, and could potentially have diagnostic as well as

therapeutic value in the future.
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