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ABSTRACT. MicroRNAs (miRNAs) are small non-coding RNAs 
that regulate the translation of targeted mRNAs. An increasing amount 
of evidence indicates that miRNAs play important role in cancer 
pathogenesis, apoptosis, proliferation, and differentiation as oncogenes 
or tumor suppressors. Recently, miRNA-199a has been shown to be 
involved in many human cancers, although the role of miRNA-199a-
3p in gastric cancer has not yet been evaluated. In the present study, 
the expression of miRNA-199a-3p was found to be significantly 
downregulated in human gastric cancer tissues and cells. miRNA-199a-
3p induced anti-proliferation effects on human gastric cancer cells. 
Furthermore, using quantitative RT-PCR (real-time polymerase chain 
reaction) and luciferase reporter assays, mTOR was identified as a direct 
target gene of miRNA-199a-3p that is downregulated by it. In conclusion, 
our findings suggest that miRNA-199a-3p is associated with human 
gastric cancer through its ability to decrease cancer cell proliferation and 
target the mTOR signaling pathway, and, therefore, may provide a novel 
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therapeutic target for the treatment of human gastric cancer.
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INTRODUCTION

Gastric cancer, one of the most common malignant diseases, remains the second most 
frequent cause of cancer-related deaths in the world (Ichimi et al., 2009; Tsukamoto et al., 
2010; Ueda et al., 2010; Tsujiura et al., 2010). Approximately 7,000,000 people die from 
gastric cancer annually. Although improvements in diagnostic techniques and peri-operative 
treatments have resulted in better clinical outcomes and a decreased mortality rate for patients 
with early gastric cancer, the prognosis is still very poor for patients with advanced disease 
at diagnosis (Martin et al., 2002; Hohenberger and Gretschel, 2003). An understanding of the 
molecular mechanisms of gastric cancer and new therapeutic countermeasures, therefore, are 
critically needed to improve the survival rates of patients with gastric cancer.

Recent studies have found that microRNAs (miRNAs) act as potent oncogenes and tumor 
suppressor genes in human cancers (Kent and Mendell, 2006; Dyrskjøt et al., 2009; Gandellini 
et al., 2009; Su et al., 2009). miRNAs are small non-coding, single-stranded RNA molecules of 
18-25 nucleotides in length that are cleaved from 70-100 nucleotide hairpin pre-miRNA precur-
sors (Bartel, 2004). Mature miRNAs regulate gene expression by binding to the 3ꞌ-untranslated 
region (UTR) of targeted mRNAs, which represses their translation (Bartel, 2004). Bioinformatic 
analysis has revealed that nearly one-third of all human genomic mRNAs are targeted by miRNA 
(Lewis et al., 2005; Garzon et al., 2009). Furthermore, studies have found that miRNAs control 
many cellular processes including development, proliferation, the stress response, apoptosis, cell 
cycle progression, and differentiation (Ambros, 2004; Lim et al., 2005; Engels and Hutvagner, 
2006; Bartel, 2004, 2009). Other evidence demonstrated that miRNAs are aberrantly expressed or 
mutated in many cancers, suggesting that the primary functions of miRNAs are as oncogenes or 
tumor suppressors (Bentwich et al., 2005; Zamore and Haley, 2005). For example, the expression 
of miRNA let-7 is decreased in human lung carcinomas (Iorio et al., 2005). Moreover, the expres-
sion of miRNA-34 is reduced in non-small cell lung cancer (NSCLC) and, conversely, the restora-
tion of miRNA-34 expression inhibits the growth of NSCLC (Hatfield and Ruohola-Baker, 2008). 
The expression of miRNA-143 and -145, on the other hand, is downregulated in colon cancers, 
and transfection of human gastric MKN-1 cells with miRNA-145 results in growth-inhibitory ef-
fects (Takagi et al., 2009). Lastly, miRNA-150 is over-expressed in gastric cancer cell lines and, 
consequently, miRNA-150 inhibitors suppress the growth of the HeLa and A549 cell lines (Wu 
et al., 2010). Alterations in miRNA expression, therefore, are highly associated with the develop-
ment and progression of various human cancers.

Recent investigations have revealed that the expression of miRNA-199a is altered in sev-
eral human cancers (Yanaihara et al., 2006; Lee et al., 2008; Garzon et al., 2009). Specifically, the 
expression of miRNA-199a is increased in ovarian cancer cells, pancreatic adenocarcinomas, and 
cervical carcinomas (Yanaihara et al., 2006; Garzon et al., 2009). Furthermore, miRNA-199a can 
reduce cellular resistance to cytotoxic drugs (Garzon et al., 2009). The expression of miRNA-199a-
3p is, however, downregulated in liver, breast, and bladder cancer, and promotes the proliferation 
and survival of endothelial and breast cancer cells (Brennecke et al., 2003; O’Donnell et al., 2005; 
Jiang et al., 2008). Moreover, the miRNA-199a-3p level is significantly decreased in human os-
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teosarcoma cell lines and, thus, transfection of miRNA-199a-3p mimic into those cells inhibits 
cell growth and migration (Hatfield and Ruohola-Baker, 2008). Ueda et al. (2010) suggested that 
miRNA-199a is one of the most important miRNAs involved in the progression of gastric cancer. 
Owing to these previously described findings, we propose that miRNA-199a-3p functions as a tu-
mor suppressor gene and plays an important role in the clinical pathology of gastric carcinogenesis. 
In the present study, therefore, we investigated the expression and mechanisms of miRNA-199a-3p 
in gastric cancer. We found that miRNA-199a-3p expression was downregulated in both human 
gastric cancer tissues and cells, compared with normal counterparts, and miRNA-199a-3p inhib-
ited the proliferation of human gastric cancer cells. Further, using bioinformatic analysis, we identi-
fied mTOR as a direct target gene of miRNA-199a-3p and confirmed this interaction with a reporter 
construct bearing the 3ꞌ-UTR of mTOR mRNA. Our findings, therefore, suggest that miRNA-199a-
3p plays a critical role in gastric cancer by targeting the mTOR signaling pathway and provides a 
candidate for diagnosis and treatment of human gastric cancer.

MATERIAL AND METHODS

Tissue samples

Gastric tumor and adjacent normal, non-cancerous tissue samples were surgically ob-
tained from 12 patients at the Department of Oncology of the Cancer Hospital, Fudan Uni-
versity. Tissue samples were gathered in the same manner, snap-frozen immediately in liquid 
nitrogen, and stored in a deep freezer at -80°C. The use of these tissue samples for the experi-
ments outlined below was approved by all patients and by the local Ethics Committee of the 
Shanghai Cancer Center of the Fudan University.

Cell culture and transfection

The human gastric epithelial cell line GES-1 and the human gastric cancer cell lines 
AGS and SGC-7901 were purchased from the American Type Culture Collection. Cells 
were grown at 37°C with 5% CO2 saturated humidity, and cultured in Dulbecco’s modi-
fied Eagle’s medium (Gibco, USA) supplemented with 100 U/mL penicillin and 100 µg/mL 
streptomycin, 2 mM glutamine, and 10% fetal bovine serum. The miRNA-199a-3p mimic 
(5ꞌ-ACAGUAGUCUGCACAUUGGUUA-3ꞌ, Ambion, TX, USA), inhibitor (Ambion), and 
negative control (Ambion) were designed and synthesized by Invitrogen (USA). Cells were 
transfected with the miRNA-199a-3p mimic, inhibitor, or individual negative control using 
Lipofectamine 2000 (Invitrogen) according to manufacturer instructions.

Cell proliferation assay

Cell proliferation was determined with the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) assay. GES-1 
and AGS cells transfected with the miRNA-199a-3p mimic or inhibitor were seeded with cul-
ture medium on 96-well culture plates to an optimal density corresponding to 6 or 2 x 103 cells 
per well. After 0, 24, 48, and 72 h of incubation, cells were stained with 20 µL MTS (317 μg/
mL) for 4 h at 37°C. Absorbance at 490 nm was then read with a microplate reader (BioRad, 
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USA). Each experiment was performed in triplicate and repeated for three replicates.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from tissue samples and cells cultured using Trizol reagent 
(Invitrogen) according to manufacturer instructions. Reverse transcription was performed 
with a TaqMan Reverse Transcription Kit (Applied Biosystems, USA). qRT-PCR assays were 
carried out using SYBR Green Real-Time PCR Master Mix (Toyobo, Osaka, Japan) and RT-
PCR amplification equipment (ABI 7500fast), with the specific primers listed in Table 1. The 
expression of genes of interest was determined following the normalization of their cycle 
threshold values to those of the control gene, β-actin. Mature miRNA-199a-3p expression was 
measured using a mirVana qRT-PCR miRNA Detection Kit (Ambion), with U6 as an internal 
control. The optical density of the resultant bands was quantified by the Image-Pro Plus 5.1 
software (Media Cybernetics, MD, USA).

Target gene Primer name Sequence (5ꞌ-3ꞌ)

β-actin	 Sense strand CAATGAAGATCAAGATCATTGCTCCTCC
 Antisense strand TCAAGAAAGGGTGTAACGCAACTAAGTC
mTOR Sense strand ATGCCACGCTCTGGCTACGTG
 Antisense strand CTGGGAGCCCACCTTGAAGGAGT
akt	 Sense strand ATGCCACGCTCTGGCTACGTG
 Antisense strand CTGGGAGCCCACCTTGAAGGAGT
p70 Sense strand ATGCCACGCTCTGGCTACGTG
 Antisense strand CTGGGAGCCCACCTTGAAGGAGT
bcl-2	 Sense strand ATGCCACGCTCTGGCTACGTG
 Antisense strand CTGGGAGCCCACCTTGAAGGAGT
caspase	3	 Sense strand ATGCCACGCTCTGGCTACGTG
 Antisense strand CTGGGAGCCCACCTTGAAGGAGT

Table 1. Primers used in the qRT-PCR.

mTOR 3ꞌ-UTR luciferase reporter assay

Double-stranded oligonucleotides corresponding to the miRNA-199a-3p binding 
site in mTOR 3ꞌ-UTR were chemically synthesized (Sigma, USA). Their sequences 
were as follows: forward: 5ꞌ-CAATGAAGATCAAGATCATTGCTCCTCC-3ꞌ, reverse: 
5ꞌ-TCAAGAAAGGGTGTAACGCAACTAAGTC-3ꞌ. Using Lipofectamine 2000 (Invitrogen) 
according to the protocol provided, AGS cells were transfected on 6-well plates with 2 μg 
mTOR 3'-UTR luciferase reporter psiCHECK plasmid or the control plasmid (Promega, 
Madison, WI, USA) per well. Cells in each well were also co-transfected with 50 nM miRNA-
199a-3p mimic, inhibitor, or negative control. Luciferase assays were performed with the 
Bright-Glo Luciferase Assay System (Promega) 48 h after transfection.

Statistical analysis

All statistical analyses were performed using SPSS 10.0. Data are reported as means ± 
standard deviation. The statistical correlation of data between groups was determined by one-
way analysis of variance and the Student t-test, where results with a P < 0.05 were considered 
to be significant. 
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RESULTS

Differing miRNA-199a-3p expression levels between normal and gastric cancer tissues

To determine the expression of miRNA-199a-3p in gastric cancer tissues, qRT-PCR was 
used to compare the expression of miRNA-199a-3p between 12 cases of normal and gastric cancer 
tissue samples. Each tumor and normal sample was derived from a single patient specimen. The 
expression of miRNA-199a-3p was clearly decreased in gastric cancer tissues when compared with 
the corresponding non-cancerous tissues for the majority of cases (Figure 1A). Only one patient dis-
played increased miRNA-199a-3p expression levels in cancer tissues, while in another the expres-
sion of miRNA-199a-3p did not change between tissue types (Figure 1A). In most cases, therefore, 
miRNA-199a-3p in the cancerous tissue had a lower level of expression than in normal tissue.

Figure 1. miRNA-199a-3p was downregulated in human gastric cancer tissues and cells. A. Expression of miRNA-
199a-3p decreased in human gastric cancer tissue samples compared with the adjacent normal gastric tissues 
measured by qRT-PCR. B. Expression of miR-139a-3p decreased in human gastric cancer cell lines AGS and SGC-
7901 compared with the normal gastric epithelium cell line GES-1 measured by qRT-PCR. U6 was used as an 
internal standard in each group. Data are reported as means ± SD. *P < 0.05, #P < 0.001, compared with GES-1 cells. 

Differing miRNA-199a-3p expression levels in gastric cancer and gastric epithelial cell lines

To verify the observed expression pattern of miRNA-199a-3p in gastric cancer tis-
sues, miRNA-199a-3p expression was also examined in a gastric cancer cell line and normal 
gastric epithelial cells. Our findings revealed that the expression level of miRNA-199a-3p was 
significantly reduced in AGS and SGC-7901 cell lines compared to GES-1 cells (Figure 1B). 
Specifically, miRNA-199a-3p expression levels were 0.26- (P < 0.001) and 0.43-fold (P < 0.01) 
lower in AGS and SGC-7901 cell lines than in the GES-1 cell line, respectively (Figure 1B). 

Anti-proliferation effect of miRNA-199a-3p on a gastric cancer cell line

The observed lower level of miRNA-199a-3p expression in gastric cancer tissues and cell 
lines indicates that miRNA-199a-3p over-expression would be detrimental to cancer development, 
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while miRNA-199a-3p would be favorable. To examine the role of miRNA-199a-3p in cell 
proliferation, MTS assays were performed to determine cell proliferation activity. We transfected 
the AGS cell line with miRNA-199a-3p mimic or negative control, or blocked miRNA-199a-3p 
expression by transient transfection with an inhibitor. Transfection efficiency was confirmed by 
qRT-PCR. The results revealed that the miRNA-199a-3p expression level was 3-fold higher or 
0.5-fold lower in cells transfected with the miRNA-199a-3p mimic or the inhibitor, respectively, 
than in cells transfected with the negative control (data not shown). Cell proliferation was evaluated 
at 0, 24, 48, and 72 h after transfection. The growth of cells transfected with the miRNA-199a-
3p mimic was significantly inhibited compared with cells transfected with the negative control 
or untransfected AGS cells (Figure 2). In contrast, the proliferation of cells transfected with the 
miRNA-199a-3p inhibitor was obviously induced (Figure 2, P < 0.05). Taken together, therefore, 
these data suggest that miRNA-199a-3p has an anti-proliferation effect on the gastric cell line.

Figure 2. Anti-proliferation effect of miRNA-199a-3p on the growth of human gastric cancer cells. Proliferation 
of gastric cancer cell was assessed by MTS assays. The growth of gastric cancer cells was detected after 0, 24, 48, 
and 72 h of incubation. Data are reported as means ± SD. *P < 0.05, compared with untransfected cells or cells 
transfected with the miRNA-199a-3p mimic negative control. #P < 0.05, compared with untransfected cells or cells 
transfected with the miRNA-199a-3p inhibitor negative control.

Identification of the miRNA-199a-3p target

To evaluate the molecular mechanism behind the observed anti-proliferation effect of 
miRNA-199a-3p on a gastric cell line, we subsequently determined the expression of several 
genes likely involved in cell growth or programmed cell death in the AGS cell line, includ-
ing akt, bcl-2, caspase	3, p70, and mTOR, by qRT-PCR. We found that the mRNA level of 
mTOR was significantly reduced in AGS cells transfected with the miRNA-199a-3p mimic 
and enhanced when cells were transfected with the miRNA-199a-3p inhibitor, compared with 
untransfected cells or cells transfected with the negative control (Figure 3E). The mRNA lev-
els of	akt, bcl-2, caspase	3, and p70 did not differ between AGS cells transfected with the 
miRNA-199a-3p mimic or inhibitor (Figure 3A-D).
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Figure 3. Effect of miRNA-199a-3p on gene expression. The mRNA levels of akt (A), bcl-2	(B),	caspase	3 (C), 
p-70 (D), and mTOR (E) were evaluated by qRT-PCR in AGS cells transfected with miRNA-199a-3p mimic or 
inhibitor. Data are reported as means ± SD. *P < 0.001, compared with untransfected cells or cells transfected with 
the miRNA-199a-3p mimic negative control. #P < 0.001, compared with untransfected cells or cells transfected 
with the miRNA-199a-3p inhibitor negative control.
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mTOR is a direct target of miRNA199a-3p

To determine whether or not mTOR was directly targeted by miRNA-199a-3p, 
the TargetScan was first used to identify mTOR as a putative target of miRNA-199a-3p. A 
luciferase reporter gene was then linked to the mTOR 3ꞌ-UTR within the psiCHECK2 vector to 
construct psiCHECK2-mTOR 3ꞌ-UTR. The empty vector psiCHECK2 was used as a control. 
When AGS cells were transfected with miRNA-199a-3p mimic and psiCHECK2-mTOR 
3ꞌ-UTR, luciferase expression was significantly reduced to 50% of that in cells transfected 
with the miRNA-199a-3p mimic negative control and psiCHECK2-mTOR 3ꞌ-UTR or the 
miRNA-199a-3p mimic and psiCHECK2 control vector, indicating that the observed elevated 
expression of miRNA-199a-3p is correlated with a decrease in the luciferase expression level, 
likely owing to the destabilization of luciferase mRNA resulting from the binding of miRNA-
199a-3p to the mTOR 3ꞌ-UTR (Figure 4). Luciferase activity was, however, highest in cells 
transfected with the miRNA-199a-3p inhibitor and psiCHECK2-mTOR 3ꞌ-UTR. In addition, 
there was no significant difference in luciferase activity when cells were transfected with the 
psiCHECK2 control plasmid. 

Figure 4. miRNA-199a-3p negatively regulated mTOR by binding to the mTOR 3'-UTR. mTOR 3'-UTR luciferase 
reporter assay showed that the luciferase activity was significantly reduced in cells co-transfected with miRNA-
199a-3p mimic and enhanced in cells co-transfected with miRNA-199a-3p inhibitor. Data are reported as means ± 
SD. *P < 0.001, compared with cells co-transfected with the miRNA-199a-3p mimic negative control. #P < 0.05, 
compared with cells co-transfected with the miRNA-199a-3p inhibitor negative control.

DISCUSSION

The abnormal expression of various miRNAs has been reported for several leukemias 
and solid cancers (Calin et al., 2005; Iorio et al., 2005; Volinia et al., 2006). Alteration in 
the expression levels of miRNAs is highly associated with the progression and prognosis of 
human malignant diseases (Calin et al., 2005; Schetter et al., 2008). With respect to the func-
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tional mechanism, accumulating evidence indicates that miRNAs behave as tumor oncogenes 
or suppressors and, thus, play essential roles in human cancer (Cho, 2007).

The expression of miRNA-199a-3p has been previously reported to be decreased in 
several human malignancies including bladder, breast, liver, and osteosarcoma (Iorio et al., 
2005; Jiang et al., 2008; Ichimi et al., 2009; Duan et al., 2011). Here, we showed that its 
expression was also significantly reduced in human gastric cancer tissues and cells. We also 
revealed that it can inhibit the proliferation of human gastric cancer cells. 

Identification of cancer-specific miRNAs and their targets is critical for understanding 
their role in tumorigenesis (Iorio et al., 2005). To clarify the mechanism by which miRNA-
199a-3p inhibited the cell growth of AGS cells, we choose to investigate several potential target 
genes. Among them, mTOR has been previously reported to be a key promoter of cell growth 
and a target of miRNA-199a-3p (Fornari et al., 2010). Akt	and bcl-2, which are involved in the 
PI3K signaling pathway, were also studied. Our findings revealed that mTOR is a functional 
target of miRNA-199a-3p in AGS cells. Over-expression of the miRNA-199a-3p mimic 
reduced the expression of mTOR, while specific inhibition of miRNA-199a-3p increased the 
expression of mTOR. Furthermore, the expression of a luciferase reporter containing mTOR 
3ꞌ-UTR was attenuated when miRNA-199a-3p was over-expressed. These data, therefore, 
suggest that the growth-inhibitory effect of miRNA-199a-3p on gastric cancer cells is mediated 
by the suppression of mTOR expression. Our results also imply that the interaction between 
miR-199a-3p and mTOR may play a role in the pathogenesis of gastric cancer. 

CONCLUSION

Our results suggest that miRNA-199a-3p is associated with human gastric cancer 
through its ability to decrease the proliferation of cancer cells by targeting the mTOR signal-
ing pathway. Although the mechanisms behind this targeted inhibition need to be further ex-
plored, our results suggest that the described interaction between miRNA-199a-3p and mTOR 
may have an essential role in gastric cancer development and progression. Taken together, we 
propose that miRNA-199a-3p is a candidate tumor suppressor miRNA in gastric cancer and, 
therefore, may be a potential therapeutic target for the treatment of human gastric cancer.
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