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miR-101-3p has been identified as a tumor suppressor in several cancers, but its exact role in gastric adeno-
carcinoma is still largely unknown. In this study, we found that, compared with the RGM-1 human normal 
gastric epithelial cells, miR-101-3p was significantly downregulated in all six human gastric adenocarcinoma 
cell lines, including BGC-823, MNK-45, MGC-803, SGC-7901, AGS, and HGC-27. Overexpression of miR-
101-3p suppressed both the proliferation and invasion of AGS gastric adenocarcinoma cells, and knockdown 
of miR-101-3p displayed the opposite effect. In addition, miR-101-3p could directly target and suppress 
the expression of the serum response factor (SRF) gene, which is a transcription factor of HOTAIR, a well- 
characterized tumor promoter lncRNA. miR-101-3p negatively regulated SRF-mediated transcription of HOTAIR. 
Moreover, silencing of either SRF or HOTAIR could counteract the promotion of gastric adenocarcinoma cell 
proliferation and invasion by miR-101-3p inhibition. Our findings indicate that miR-101-3p suppresses HOTAIR-
induced proliferation and invasion through directly targeting SRF in gastric carcinoma cells.
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INTRODUCTION

Gastric cancer has the third highest mortality of all 
malignant tumors worldwide, and it is even worse in East 
Asian countries such as China and Japan1. Although the 
incidence of gastric cancer has declined slightly in recent 
years in China, the trend for younger patients with gas-
tric cancer makes it more threatening. Gastric carcinoma, 
accounting for about 95% of malignant gastric tumors, 
has posed an enormous clinical challenge because most 
gastric carcinoma cases are diagnosed in the advanced 
stages, when prognosis is poor and treatment options 
are limited2. Moreover, its pathogenesis is still not clear. 
Therefore, it is urgent to investigate the regulatory net-
works in the initiation and development of gastric carci-
noma and excavate potential therapeutic targets.

Noncoding RNAs (ncRNAs) are a large collection 
of RNA transcripts that are not able to encode proteins. 
They are categorized in a few groups, including “age-old” 

ribosomal RNAs (rRNAs) and transfer RNAs (rRNAs), 
and recently discovered microRNAs (miRNAs), small 
nucleolar RNAs (snoRNAs), Piwi-interacting RNAs 
(piRNAs), and long ncRNAs (lncRNAs). In recent years, 
the interaction between ncRNAs and coding genes has 
aroused much interest in researchers studying the patho-
genesis of many diseases. Among the ncRNAs, lncRNAs 
and miRNAs are two of the most representative groups 
of regulatory ncRNAs. lncRNAs exhibit large differ-
ences in length and are famous for their complex regu-
latory manners3, whereas the molecular size of miRNAs 
is about 20 nucleotides, and their regulatory manner is 
relatively simple4. lncRNAs and miRNAs may interact 
directly or indirectly with each other in the regulatory 
networks of progression in a number of diseases, includ-
ing gastric carcinoma5,6.

HOX transcript antisense RNA (HOTAIR) is a rela-
tively well-characterized lncRNA and is the first example  
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of an RNA transcribed from one chromosome but influ-
ences transcription on another chromosome7. HOTAIR 
has been closely linked to cancer progression. It was dem-
onstrated that high levels of HOTAIR were strongly asso-
ciated with metastasis, poor prognosis, and recurrence 
in multiple cancers, including breast cancer, esoph ageal 
cancer, colorectal cancer, pancreatic cancer, and liver can-
cer8–12. HOTAIR was also dysregulated, and a higher level 
of HOTAIR has been linked to more capacity for prolifera-
tion, metastasis, and drug resistance in gastric cancer13,14. 
Overexpression of HOTAIR definitely increases gastric 
cancer carcinogenesis, invasion, and drug resistance, 
whereas knockdown of HOTAIR suppresses its prolifera-
tion and invasion15–17. HOTAIR has been regarded to be a 
therapeutic target for gastric cancer.

miR-101-3p has been reported to be a tumor suppressor 
miRNA in hepatocellular carcinoma, gastric adenocarci-
noma, salivary gland adenoid cystic carcinoma, and pan-
creatic cancer18–21. However, the exact role of miR-101-3p 
in the progression of gastric adenocarcinoma is almost 
unknown. In this study, the effect of miR-101-3p on cell 
proliferation and invasion in gastric adenocarcinoma was 
explored. Furthermore, we investigated whether this effect 
is associated with HOTAIR.

MATERIALS AND METHODS

Cell Culture

RGM-1 human normal gastric epithelial cell line and 
six human gastric adenocarcinoma cell lines, including 
BGC-823, MNK-45, MGC-803, SGC-7901, AGS, and 
HGC-27, were purchased from Shanghai Institutes for 
Biological Sciences (Shanghai, P.R. China). The cells 
were cultured in RPMI-1640 medium containing 4.5 g/L 
glucose and 4 mmol/L L-glutamine (Invitrogen, Carlsbad, 
CA, USA) and supplemented with 10% fetal bovine 
serum (FBS; Invitrogen). The cells were incubated in a 
humidified incubator with an atmosphere of 95% air– 
5% CO2 at 37°C until adhesion.

Transfection

Oligo miR-101-3p mimics, antagomirs, and relative 
negative controls (NCs) as well as single-strand siRNAs 
against serum response factor (SRF) and HOTAIR were 
synthesized and confirmed to be effective by Ribobio 
Company (Guangzhou, P.R. China). The pcDNA-SRF 
expression and pcDNA3.1 empty vectors were constructed 
by GenScript Company (Nanjing, P.R. China). For trans-
fection, cells were seeded into six-well plates at a den-
sity of 105/cm2. On reaching 70% confluence, 60 nM 
miR-101-3p mimics, 60 nM miR-101-3p antagomirs, 
60 nM relative NCs, 40 nM siRNAs, or 2 µg of vectors 
was transfected into the cells with Lipofectamine 3000 
(Invitrogen) according to the manufacturer’s instructions. 

The medium was changed after 24 h, and after incubation 
for another 48 h, the cultures were applied in the follow-
ing assays.

Cell Proliferation and Invasion Analysis

Cell proliferation was evaluated using the cell counting 
kit-8 (Sigma-Aldrich, St. Louis, MO, USA) assay that was 
carried out according to the manufacturer’s instructions.

Cell invasion was detected with the Transwell cell 
invasion assay. Following treatment, cells were incubated 
in serum-free medium for 24 h, and trypsin was then 
added to stimulate the retraction of cytoplasm and dis-
connection of cell-to-cell adhesion. Cells were collected 
by centrifugation and seeded into the plate at a concentra-
tion of 105/well. Transwell chambers (Corning, Corning, 
NY, USA) precoated with 1:8 Matrigel (Sigma-Aldrich) 
were filled with serum-free medium (up to 0.2 ml/well). 
Serum-containing medium was then added into each lower 
chamber, followed by 12-h incubation at 37°C. Cells on 
the surface of the upper chamber were removed by scrap-
ing with a cotton swab. The cells that invaded through 
the membrane were fixed in 4% paraformaldehyde for  
30 min and stained with 0.1% crystal violet for 30 min. 
The cells that crossed the membrane were counted under 
a light microscope (Olympus, Tokyo, Japan).

Real-Time Quantitative PCR

Total RNA was isolated using TRIzol reagent (Invi-
trogen). Real-time quantitative PCRs (qPCRs) were car-
ried out in a final volume of 25 µl using SYBR Premix 
Ex Taq (TaKaRa, Dalian, P.R. China), 0.4 mM of each 
primer, and 200 ng of a cDNA template. miR-101-3p 

Figure 1. miR-101-3p was significantly downregulated in 
human gastric adenocarcinoma cell lines. The expression of 
miR-101-3p was detected in RGM-1 human normal gastric epi-
thelial cell line and in six human gastric adenocarcinoma cell 
lines, including BGC-823, MNK-45, MGC-803, SGC-7901, 
AGS, and HGC-27. *p < 0.05, **p < 0.01 versus RGM-1.
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stem-loop primer and quantitative primers, as well as U6 
RNA primers, were designed and produced by Ribobio 
Company. The primers for HOTAIR were designed and 
produced by GenScript Company. Each individual sam-
ple was run in triplicate wells. PCR amplification cycles 
were performed using iQ™5 Multicolor Real-Time PCR 
Detection System (Bio-Rad, Hercules, CA, USA). The 
reactions were initially denatured at 95°C for 1 min fol-
lowed by 35 cycles of 95°C for 15 s, and 60°C for 60 s. 
The data were calculated using the 2−DDCt method. Enrich-
ment of the RNAs was normalized to the U6 RNA.

3′-UTR Luciferase Reporter Assay

The cDNA fragment corresponding to the 3¢-UTR of 
SRF mRNA that contains the binding site of miR-101-3p 
was cloned into psiCHECK™-2 Vectors (Promega, 

Madison, WI, USA) between the XhoI and NotI sites. 
The constructs were confirmed by sequencing. HEK293T 
cells (104)/well were seeded into 96-well plates. After 
24 h, transfections were performed using Lipofecta-
mine 3000 Transfection Reagent (Invitrogen). Constructs 
(100 ng) and either 50 nM of miR-101-3p mimics or NC 
were included in each well. Cells were harvested 48 h 
after transfection, and luciferase activity was measured 
using the DualGlo Luciferase Assay System (Promega).

Western Blotting

Protein (25 µg) from each sample was separated by 
12% SDS-PAGE and electrotransferred to PVDF mem-
brane (Millipore, Boston, MA, USA) for immunoblot-
ting analysis. The SRF rabbit polyclonal antibody (1:400; 
Abcam, Cambridge, MA, USA) was used to incubate with 

Figure 2. miR-101-3p directly targeted serum response factor (SRF) mRNA at the 3¢-UTR region and suppressed SRF expression. 
(A) The output of the TargetScan online server about the binding of miR-101-3p with the 3¢-UTR region of SRF mRNA. The bold 
letters represent the miR-101-3p seed sequence and its binding site. (B) Wild-type (WT) and mutated (MUT) SRF mRNA 3¢-UTR 
sequences. The bold letters represent the WT and MUT sites. (C) miR-101-3p mimic suppressed the luciferase activity of the WT 
vector but not the MUT vector. The mimic-NC and mimic-101-3p were, respectively, cotransfected with a WT or mutant 3¢-UTR 
luciferase vector into HEK293 cells. After incubation for 48 h, the luciferase activity in each group was measured. (D) miR-101-3p 
negatively regulated the expression of SRF. The 60 nM miR-101-3p mimics, miR-101-3p antagomirs, or relative negative controls 
were transfected into AGS cells. After incubation for 48 h, the level of SRF protein was detected with Western blotting. *p < 0.05.
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the membrane at 4°C overnight. b-Actin was used as the 
internal reference. After incubation with the appropri-
ate HRP-conjugated secondary antibody, the enrichment 
of the proteins was detected using a ChemiDoc XRS 
Imaging System (Bio-Rad).

Statistical Analysis

Data were obtained from four independent experi-
ments in every assay. Values were expressed as means ±  
SEM. Multiple comparisons were assessed by one-way 
ANOVA followed by Dunnett’s tests with SPSS 22.0 
software. Differences between groups were considered to 
be statistically significant with a value of p < 0.05.

RESULTS

miR-101-3p Was Downregulated in Human Gastric 
Adenocarcinoma Cell Lines

To investigate the role of miR-101-3p in the progres-
sion of human gastric adenocarcinoma, we first detected 
the levels of miR-101-3p in the RGM-1 human normal 
gastric epithelial cell line and in six human gastric ade-
nocarcinoma cell lines, including BGC-823, MNK-45, 
MGC-803, SGC-7901, AGS, and HGC-27. Real-time 
qPCR analysis showed that the levels of miR-101-3p 
in the six gastric adenocarcinoma cell lines were all 
decreased by more than 60% compared with that in the 
RGM-1 cells (Fig. 1). It is worth mentioning that the 

Figure 3. miR-101-3p overexpression decreased the proliferation and invasion of AGS gastric adenocarcinoma cell lines. (A) miR-
101-3p expression was distinctly increased by the miR-101-3p mimic transfection. (B, C) The miR-101-3p mimics and SRF siRNA 
both reduced the proliferation and invasion of AGS cells. The 60 nM mimic-NC or miR-101-3p mimics were transfected into AGS 
human gastric adenocarcinoma cell lines. As a comparison, a ctrl-siRNA and a specific siRNA against SRF were also transfected into 
AGS cells. After incubation for 48 h, miR-101-3p expression was detected with real-time quantitative PCR (qPCR). Cell proliferation 
was detected with the cell counting kit-8 (CCK-8) assay, and cell invasion was detected with the Transwell invasion assay. *p < 0.05, 
**p < 0.01 versus mimic-NC or ctrl-siRNA.
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decrease in miR-101-3p level was nearly 90% in AGS 
cells (Fig. 1). These results suggest that miR-101-3p 
might be negatively associated with the progression of 
gastric adenocarcinoma.

miR-101-3p Directly Targeted SRF and Negatively 
Regulated the Proliferation and Invasion in Human 
Gastric Adenocarcinoma Cells

We searched the target genes of miR-101-3p, and the 
output from the online bioinformatic tool TargetScan 
showed that the seed sequence of miR-101-3p completely 
matched with seven continuous bases at the 3¢-UTR of 
SRF mRNA (Fig. 2A). Wild-type (WT) SRF-3¢-UTR 
and mutated (MUT) luciferase reporter vectors were, 

respectively, constructed (the mutated site is shown in 
Fig. 2B) and applied in the following luciferase reporter 
gene assay. The results showed that miR-101-3p signifi-
cantly suppressed the luciferase activity of the WT SRF-
3¢-UTR luciferase reporter gene but could not change 
that of the MUT SRF-3¢-UTR (Fig. 2C). Western blot-
ting analysis showed that overexpression of miR-101-3p 
dramatically decreased and knockdown of miR-101-3p 
increased the expression of SRF protein (Fig. 2D). SRF 
was suggested to promote the progression of gastric can-
cer via multiple pathways, so miR-101-3p is likely to 
play a negative role in gastric adenocarcinoma progres-
sion. Gain- and loss-of-function experiments were per-
formed in AGS gastric adenocarcinoma cells. The results 

Figure 4. Inhibition of miR-101-3p increased the proliferation and invasion of AGS cells. (A) miR-101-3p level was sharply decreased 
by the anta-miR-101-3p transfection. (B, C) The anta-101-3p and SRF overexpression both significantly promoted the proliferation 
and invasion of AGS cells. The 60 nM control antagomir or miR-101-3p antagomirs were transfected into AGS human gastric adeno-
carcinoma cell lines. As a comparison, an empty pcDNA3.1 vector and a pcDNA-SRF expression vector were also transfected into 
AGS cells. After incubation for 48 h, miR-101-3p expression was detected with real-time qPCR. Cell proliferation was detected with 
the CCK-8 assay, and cell invasion was detected with the Transwell invasion assay. *p < 0.05, **p < 0.01 versus anta-NC or Vector.
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showed that miR-101-3p mimics mediated overexpres-
sion of miR-101-3p and suppressed the proliferation and 
invasion of AGS cells (Fig. 3A–C). Similar to the effect 
miR-101-3p mimics, siRNA-mediated SRF silencing 
suppressed the proliferation and invasion of AGS cells 
(Fig. 3B and C). In contrast, miR-101-3p antagomirs 
mediated the inhibition of miR-101-3p and promoted 
the proliferation and invasion of AGS cells (Fig. 4A–C),  
which was consistent with the results from SRF over-
expression (Fig. 4B and C).

miR-101-3p Decreased Expression of SRF-Mediated 
HOTAIR Expression

It was recently revealed that SRF is a transcription 
factor of lncRNA-HOTAIR. We subsequently investi-
gated the effect of miR-101-3p on HOTAIR expression. 

The results showed that miR-101-3p overexpression and 
SRF knockdown suppressed HOTAIR expression in AGS 
cells (Fig. 5A). In contrast, miR-101-3p inhibition and 
SRF overexpression could both increase HOTAIR expres-
sion (Fig. 5A). These data indicated that miR-101-3p 
functions as a negative regulator in HOTAIR expression 
via suppression of SRF in AGS cells.

Silencing SRF or HOTAIR Can Counteract 
the Promotion of Gastric Adenocarcinoma Cell 
Proliferation and Invasion by miR-101-3p Antagomirs

Finally, we researched whether the suppressive effect 
of miR-101-3p on gastric adenocarcinoma cell prolifera-
tion and invasion was associated with HOTAIR. The miR-
101-3p antagomirs were cotransfected with SRF-siRNA 
or HOTAIR-siRNA. Cell proliferation and invasion assays 

Figure 5. The suppression of miR-101-3p on gastric adenocarcinoma cell proliferation and invasion was associated with SRF-mediated 
HOTAIR expression. (A) miR-101-3p negatively regulated SRF-mediated HOTAIR expression. Upon reaching 70% confluence, AGS 
cells were transfected with 60 nM miR-101-3p mimics, 60 nM miR-101-3p antagomirs, 60 nM relative NCs, 40 nM siRNAs, or 2 µg of 
vectors. After incubation for 48 h, HOTAIR expression was detected with real-time qPCR. (B, C) Silencing of either SRF or HOTAIR 
counteracted the promotion of gastric adenocarcinoma cell proliferation and invasion by the miR-101-3p antagomirs. The miR-101-3p 
antagomirs were transfected alone or cotransfected with SRF siRNA or HOTAIR siRNA into AGS cells. After incubation for 48 h, cell 
proliferation and invasion were detected. *p < 0.05 versus mimic-NC, ctrl-siRNA, anta-NC, or Vector.
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showed that silencing of either SRF or HOTAIR could 
counteract the promotion of gastric adenocarcinoma cell 
proliferation and invasion by the miR-101-3p antago-
mirs (Fig. 5B and C). These data suggest that the sup-
pressive effect of miR-101-3p on gastric adenocarcinoma 
progression is associated with SRF-mediated HOTAIR 
expression.

DISCUSSION

miR-101-3p has been identified as a tumor suppressor 
in several cancers, but its exact role in gastric adenocar-
cinoma is still largely unknown. A recent study revealed 
that miR-101 expression in gastric cancer tissues was sig-
nificantly downregulated compared to matched normal 
tissues, and miR-101 exhibited a proapoptotic function 
in gastric cancer cells22. In our study, we found that miR-
101-3p was significantly downregulated in all six human 
gastric adenocarcinoma cell lines compared with the 
normal gastric epithelial cells. Overexpression of miR-
101-3p suppressed both the proliferation and invasion of 
AGS gastric adenocarcinoma cells, and knockdown of 
miR-101-3p displayed the opposite effect. Our findings 
indicate that miR-101-3p is also a tumor suppressor in 
gastric adenocarcinoma.

The function of miRNAs is basically dependent on 
the roles of their target genes. Existing reports indicate 
that miR-101-3p is able to directly target several tumor- 
promoter genes. For example, in triple negative breast  
cancer, mir-101-3p directly targets adenosine 5¢-mono-
phosphate (AMP)-activated protein kinase (AMPK) and 
regulates tumor metabolism19. mir-101-3p could also 
directly target and suppress the expression of the proto-
oncogene enhancer of zeste homolog 2 (EZH2)20 and pre-
mature initiation of mitosis (Pim-1)21. In this study, SRF 
was identified as a novel target gene of miR-101-3p. SRF 
is a widely expressed transcription factor that has been 
involved in the progression of multiple cancers. In gas-
tric cancer, high levels of SRF were associated with inva-
sion and metastasis23. In addition, SRF could promote 
gastric cancer metastasis via a couple of pathways24,25.  
In this study, we also showed that SRF overexpression and 
miR-101-3p antagomir-mediated upregulation of SRF 
both promoted the proliferation and invasion of gastric 
adenocarcinoma cells, while SRF knockdown and miR-
101-3p-mediated downregulation of SRF displayed the 
opposite effect.

As a representative lncRNA, HOTAIR emerges with 
a wealth of regulatory manners. It can bind with poly 
r(C)-binding protein (PCBP) 1 to form an RNA–protein 
complex26, or function as a competing endogenous RNA 
(ceRNA) to interact with several tumor suppressor  
miRNAs27–30. However, the regulation of HOTAIR expres-
sion in cancer progression has been poorly studied. 
Quite recently, it was reported that SRF regulated the 

transcription of lncRNA-HOTAIR through binding the 
CArG-box at the promoter region of HOTAIR gene in 
breast cancer cells31. Our data show that SRF overexpres-
sion and miR-101-3p antagomir-mediated upregulation  
of SRF both promoted the expression of HOTAIR in gas-
tric adenocarcinoma cells, while SRF knockdown and 
miR- 101-3p-mediated downregulation of SRF suppressed 
HOTAIR expression. Moreover, miR-101-3p antagomir-
mediated promotion of gastric adenocarcinoma cell pro-
liferation and invasion could both be counteracted by 
SRF and HOTAIR knockdown.

In conclusion, miR-101-3p suppresses the expression of 
HOTAIR and promotes the proliferation and invasion in 
gastric carcinoma cells through directly targeting SRF.
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