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Abstract. Cancer stem cells (CSCs) are undifferentiated 
cancer cells with a high tumorigenic activity, the ability 
to undergo self-renewal, and a multilineage differentiation 
potential. Clinical evidence suggests that CSCs in a tumor 
mass are the cellular determinants to promote cancer inva-
sion and metastasis. MicroRNAs (miRNAs) have emerged 
as important modulators of cancer stem cell characteristics. 
Unveiling the candidate miRNAs that regulate CSCs may 
provide novel therapeutic targets against cancer. We analyzed 
the miRNA expression profiles regulating the cancer stem-like 
cell characteristics in gastric cancer. Gastric cancer stem cells 
(GCSCs) were sorted using the stem cell marker CD44 by 
fluorescence-activated cell sorting. Functional studies revealed 
that CD44(+) cells formed more sphere colonies and showed 
higher invasiveness than CD44(-) cells. miRNA microarray 
analysis revealed that miR‑196a‑5p was significantly upregu-
lated in CD44(+) cells than CD44(-) cells. Suppression of 
miR‑196a‑5p led to decreased colony formation and invasion 
of GCSCs. miR‑196a‑5p decreased the expression of Smad4 by 
targeting 3'-UTR of the mRNA. The expression of Smad4 in 
gastric cancer tissues was correlated with differentiation state 
of tumors, TNM stage and depth of invasion. The stimulation 
of epithelial-mesenchymal transition (EMT) by miR‑196a‑5p 
in cancer stem-like cells was abolished by overexpression of 
Smad4. Collectively, these data demonstrate that miR‑196a‑5p 
has a key role in EMT and invasion by targeting Smad4 in 
GCSCs. miR‑196a‑5p may serve as a potential target for 
gastric cancer therapy.

Introduction

Gastric cancer is one of the most aggressive malignancies. It 
has the second highest mortality rate among cancers and is 

the fourth most common cancer in the world (1,2). Over the 
past decades, numerous efforts have been made in improving 
the treatment of gastric cancer, but unfortunately the outcome 
has been disappointing (3). Emerging evidence suggests that 
the existence of cancer stem cells (CSCs) could play pivotal 
roles in cancer progression and treatment resistance in gastric 
cancer (4,5). CSCs, being the small proportion of cancer 
cells, have powerful self-renewal capacity and the poten-
tial to differentiate into any cells in the tumor population, 
and are responsible for the resistance to chemotherapy and 
radiation (6). Additionally, CSCs are considered to be the most 
important source of tumor invasion and metastasis.

CSCs have been successfully identified in a variety of 
cancers including breast, brain, colon, and gastric cancer (7-10). 
Consequently, numerous therapeutic approaches targeting 
CSCs have been proposed (11-15). One of the effective strate-
gies for the identification and elimination of CSCs is to target 
several cell surface markers overexpressed in CSCs (16,17). 
Elevated expression of these cell surface markers including 
CD44, CD133, CD123, EpCAM (CD326) (18-20) was corre-
lated with different clinical significance such as clinical 
phenotype and prognosis. CD44 is a transmembrane glycopro-
tein and used to isolate CSCs in various cancers, especially in 
gastric cancer (21,22).

Epithelial-mesenchymal transition (EMT) plays critical 
roles not only in tumor metastasis but also in recurrence. 
In the EMT process, the expression of E-cadherin is down-
regulated, while the expression of the mesenchymal molecules 
such as vimentin and N-cadherin are upregulated. In addition, 
increasing evidence implicates that EMT-type tumor cells share 
various biological characteristics with CSCs. Importantly, 
microRNAs (miRNAs) can serve as the key molecule in the 
EMT and some other biological and pathologic processes.

miRNAs are endogenous and small non-coding RNA 
molecules (~22 nt) that negatively regulate gene expression by 
targeting mRNAs posttranscriptionally. miRNAs bind to the 
partially complementary target sites in 3'-untranslated region 
(3'-UTRs) of mRNA, inducing mRNA degradation or trans-
lational inhibition. To date, abnormal expression of miRNAs 
has been identified in various kinds of malignancies, which 
can function as either oncogenes or tumor suppressor genes. 
Moreover, miRNAs play an important role in modulating 
CSCs properties such as self-renewal capacity, migration 
and invasion (23,24). miR‑200c overexpression inhibits 
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chemoresistance, invasion and colony formation in pancreatic 
CSCs (25). The miR‑106b family is overexpressed in several 
tumors including gastric cancer, which could regulate CSC 
properties, particularly EMT characteristics through the 
TGF-β signaling pathway (26). miR‑19b/20a/92a regulates the 
self-renewal ability and proliferation of GCSCs (27).

In this study, we have identified CSCs phenotypes in 
CD44(+) stem-like cells in gastric cancer. Then we analyzed 
the miRNA expression profiles between CD44(+) and CD44(-) 
gastric cells to explore molecular mechanisms related to 
CSCs characteristics. Our data demonstrated that upregulated 
miR‑196a‑5p markedly promoted invasion and contributed 
to stem cell-like phenotypes in GCSCs by targeting Smad4 
and mediating TGF-β-induced EMT. As a novel miRNA, 
miR‑196a‑5p can modulate gastric cancer stem cell-like 
characteristics and may be a potential target for gastric cancer 
therapy.

Materials and methods

Cell lines and cancer stem cell culture. The human gastric 
SNU-5 and BGC-823 cell lines were purchased from the 
Chinese Academy of Sciences Cell Bank. SNU-5 gastric cancer 
cells were maintained in RPMI-1640 medium (Thermo Fisher 
Scientific, USA) supplemented with 10% FBS (Thermo Fisher 
Scientific), 1% L-glutamine (Gibco, Grand Island, NY, USA) 
and 1% penicillin-streptomycin sulfate (Thermo Fisher 
Scientific). BGC-823 gastric cancer cells were maintained in 
DH medium (Thermo Fisher Scientific) supplemented with 
10% FBS (Thermo Fisher Scientific), 1% L-glutamine (Gibco) 
and 1% penicillin-streptomycin sulfate (Thermo Fisher 
Scientific).

The serum-free medium (SFM) was composed of 
DMEM/F12, 20 µl/ml B27 supplement (Life Technologies), 
20  ng/ml basic fibroblast growth factor (bFGF, Gibco), 
10 ng/ml EGF (Gibco) and LIF (Gibco). GCSCs were isolated 
from SNU-5 or BGC-823 cell line by using SFM. These cells 
can form sphere-like cell aggregates in less than 7 days. All 
cultures were maintained in a 37˚C incubator supplemented 
with 5% CO2.

Flow cytometry analysis and fluorescence-activated cell 
sorting. GCSCs were isolated from SNU-5 or BGC-823 cell 
line by using SFM in less than 7 days. The cells were stained 
with a 400-fold dilution of anti-CD44-FITC (BD Biosciences) 
and incubated for 1 h at 4˚C. Then the cells were washed with 
PBS. Finally, they were analyzed and sorted immediately 
with fluorescence-activated cell sorting (FACS) AriaIII 
(BD Biosciences).

miRNA microarray. Total RNAs of CD44(+) and CD44(-) 
SNU-5 cells were prepared using TRIzol reagent (Invitrogen) 
according to the manufacturer's instructions. Microarray 
was performed using the Affymetrix GeneChip miRNA 2.0 
platform (CapitalBio Technology, China). The comparative 
analysis between the CD44(+) sample and CD44(-) sample 
was carried out using fold-change, and miRNA with 2-fold 
change in expression were considered differentially regulated. 
Hierarchical cluster analysis was performed using complete 
linkage and Euclidean distance as a measure of similarity.

Quantitative real-time PCR (qRT-PCR). The first-strand 
cDNA was synthesized using iscript cDNA synthesis kit 
(Bio-Rad, USA) according to the manufacturer's instruc-
tions. Quantitative real-time PCR analyses were carried out 
with a PCR mixture containing 1 µmol/l of each primer and 
EvaGreen Supermix (Bio-Rad). The amplifications were 
performed at 95˚C for 15 sec and at 60˚C for 30 sec using 
a StepOnePlus real-time PCR system (Applied Biosystems). 
Each sample was examined in triplicate and the mRNA level 
of GAPDH was used as an internal control. Primer sequences 
are listed in Table I.

To confirmed expression of miR‑196a‑5p, real-time qPCR 
was performed. Total RNA was extracted from culture cells 
using mirVana miRNA isolation kit (Ambion). miRNAs 
expression was measured using Bulge-Loop miRNA 
qRT-PCR Primer Set (Ribobio Co., Guangzhou, China) and 
qRT-PCR Starter kit. The amplifications were performed 
at 95˚C for 20 sec, followed by 40 cycles of amplication at 
95˚C for 10 sec, 60˚C for 20 sec and 70˚C for 10 sec using 
an ABI7500 real-time PCR system (Applied Biosystems). The 
relative miRNA expression level was calculated from three 
different experiments. The fold-change for miRNA relative to 
U6 was determined by the formula 2-∆∆Ct.

Sphere colony formation assay. Gastric cancer cells were plated 
in each well of ultra-low-attachment 24-well plates (Corning 
Life Sciences, Corning, NY, USA) at low density (500 cells per 
each well) with 0.8% methyl cellulose (Sigma, USA) supple-
mented with 20 µl/ml B27 supplement (Life Technologies), 
20  ng/ml basic fibroblast growth factor (bFGF, Gibco), 
10 ng/ml EGF (Gibco), LIF (Gibco), 1% L-glutamine (Gibco) 
and 1%  penicillin-streptomycin sulfate (Thermo Fisher 
Scientific). Every 3 days, each well was examined using light 
microscopy.

Invasion assay. Twenty-four-well, 8.0 µm Transwells  (BD 
Biosciences) were coated with diluted Matrigel (BD 
Biosciences) in PBS and dried for 1 h. For the invasion assay, 
cells were suspended in medium without serum, and then 
2x105 cells were seeded in the top chamber. Medium supple-
mented with 10% FBS was used as a chemoattractant in the 
bottom chamber. The cells were incubated for 8 h in a 37˚C 
incubator supplemented with 5% CO2. The non-invasive cells 
on the top chambers were removed with cotton swabs. The 
invaded cells on the lower membrane surface were fixed in 
100% methanol for 15 min and washed in PBS three times, then 
stained with 4,6-diamidino-2-phenylindole (DAPI). Invaded 
cells were counted under a microscope. Three independent 
experiments were conducted and the data are presented as the 
mean ± SEM.

miRNA inhibitor transfection. miR‑196a‑5p inhibitor 
and the negative control were obtained from Ribobio Co. 
FACS‑sorted CD44(+) cells and CD44(-) cells were respec-
tively seeded into 6-well plates at a density of 1x105 cells/
well in antibiotic-free medium and incubated overnight. They 
were transfected with miRNA inhibitor or the negative control 
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer's instructions. The final concentration of miRNA 
inhibitor was 60 nM. The transfected cells were incubated for 
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4 h, and nomal media was added. The cells were harvested for 
the extraction of the RNA and protein after cultured for 72 h.

Target prediction. The prediction of the target Smad4 3'-UTR 
as a miRNA binding target was performed using Targetscan 
(www.targetscan.org), microRNA (www.microrna.org) and 
PicTar (pictar.mdc-berlin.de). miRNAs that were positively 
predicted by all these programs were selected for this study.

Luciferase reporter assay. The 3'-UTR of Smad4 containing 
miR‑196a‑5p seed binding sites was cloned into the psiCHECK-2 
vector to construct the wild-type (WT) vector (psicheck-SMAD4-
WT1 and psicheck-SMAD4-WT2). A mutant 3'-UTR of Smad4 
was synthesized by PCR and cloned into the psiCHECK-2 vector 
to construct the mutation type (MuT) vector (psicheck-SMAD4-
MUT1 and psicheck-SMAD4-MUT2). SNU-5 sphere-like cells 
were seeded into 24-well plates (1x105 cells/well) and transfected 
with psicheck-SMAD4-WT/MUT and miR‑196a‑5p mimics/
NC. Luciferase activities were measured by the dual-luciferase 
reporter assay system (Promega).

Plasmid construction and transfection. The coding domain 
sequence of Smad4 was synthesized and the DNA fragment 
was digested with BamHⅠ and EcoRⅠ. The resulting frag-
ment was subcloned into the BamHⅠ and EcoRⅠ sites of the 
pcDNA 3.1(+) vector (Invitrogen). The cell transfection was 
carried out with FuGENE HD reagent (Roche) according to 
the manufacturer's instructions.

Protein extraction and western blot analysis. Cultured 
cells were harvested after washing twice with ice-cold PBS. 
Protein was extracted from collected cells by Subcellular 
Protein Fractionation kit (Thermo Scientific Pierce). The 
protein concentration was detected using a BCA protein assay 
kit (Thermo Scientific Pierce). The same amount of protein 
was boiled at 95˚C after adding isometric bromophenol blue 
(Amresco). Samples were loaded in 12% SDS-PAGE gels for 
Sox2, Oct4, Nanog, Smad4, Vimentin, Slug, and Snail and in 
6% SDS-PAGE gels for E-cadherin and N-cadherin, and blotted 
onto PVDF membranes. After blocking, nitrocellulose blots 
were incubated for 1 h with primary antibodies diluted in TBS/
Tween-20 (0.075%) containing 3% Marvel. Mouse monoclonal 
antibody directed against SMAD4 (Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA, USA) was diluted at 1:1,000. Rabbit 
monoclonal to CD44 (Abcam, USA) was diluted at 1:5,000. 
Rabbit polyclonal anti-Sox2 (Cell Signaling Technology, 
USA) was used at 1:1,000 as was Oct4, Nanog, E-cadherin, 
N-cadherin, Vimentin, Slug, and Snail. Peroxidase-conjugated 
affinipure goat anti-mouse and anti-rabbit antibodies were used 
as secondary antibodies correspondingly. After five washes in 
TBS/Tween-20, membranes with PBS were developed using 
the enhanced chemiluminescence system for the detection of 
antigen. Protein was visualized with ECL-chemiluminescent 
kit (Thermo Fisher Scientific).

Immunohistochemistery. Paraffin-embeded tissue samples 
were  sectioned and stained for routine histology (Fuzhou 
Maixin Biotech Co., Ltd.). The sections were dewaxed in xylene 
and dehydrated in alcohol. Antigen retrieval was achieved by 
microwaving in citric acid buffer for 15 min. After the peroxi-
dase activity had been blocked with 3% H2O2-methanol for 
15 min. The sections were incubated with 10% normal goat 
serum in PBS to block non-specific protein binding, followed 
by incubation with primary antibody against SMAD4 (1:300; 
Santa Cruz Biotechnology, Inc.) at 4˚C overnight. After rinsing, 
the sections were incubated with biotinylated secondary anti-
body for 60 min at room temperature. SMAD4 expression 
was visualized by 3,3'-diaminobenzidine tetrahydrochloride 
(DAB) staining, followed by counterstaining with hematoxylin.

Statistical analysis. All experiments were repeated at least 
three times. All data were summarized and presented as 
means  ±  SD. Statistical analyses were performed using 
SPSS  13.0 software (SPSS, Inc., Chicago, IL, USA). The 
differences between two groups were analyzed using a 
Student's t-test, and more than two groups were compared by a 
one-way analysis of variance (ANOVA). Data were considered 
significant at P<0.05 or P<0.001.

Results

Isolation and characteristics of human GCSCs. To isolate 
GCSCs, SNU-5 and BGC-823 cells were subjected to FACS 
sorting by anti-CD44 antibody. CD44(+) and CD44(-) cells 
were differentially isolated. After growing under serum-free 
conditions for 1-2 weeks, CD44(+) cells formed more and 
larger spheroid colonies than CD44(-) cells in both SNU-5 and 
BGC-823 cell lines (Fig. 1A). To determine stem cell charac-
teristics of CD44(+) GCSCs, real-time PCR and western blot 

Table I. Primers used for the real-time PCR analysis.

Gene	 Direction	 Primer sequences (5'-3')

CD44	 F	 GCTATTGAAAGCCTTGCAGAG
	 R	 CGCAGATCGATTTGAATATAACC

Sox2	 F	 AACCAAGACGCTCATGAAGAAG
	 R	 CTGCGAGTAGGACATGCTGTAG

Oct4	 F	 GACAACAATGAAAATCTTCAGGAGA
	 R	 TTCTGGCGCCGGTTACAGAACCA

Nanog	 F	 GTCCCAAAGGCAAACAACCC
	 R	 GCTGGGTGGAAGAGAACACA

Smad4	 F	 GCTGCTGGAATTGGTGTTGATG
	 R	 AGGTGTTTCTTTGATGCTCTGTCT

E-cadherin	 F	 TGCTTGGTTCACCAGTGGAT
	 R	 TTTTGTTGAGCAAGGCAACC

N-cadherin	 F	 AACTCCAGGGGACCTTTTC
	 R	 CAAATGAAACCGGGCTATC

Vimentin	 F	 GAGAGGAAGCCGAAAACACC
	 R	 GCTTGGAAACATCCACATCG

Slug	 F	 CTTCCTGGTCAAGAAGCATT
	 R	 TGAGGAGTATCCGGAAAGAG

Snail	 F	 GGCCTTCAACTGCAAATACT
	 R	 TTGACATCTGAGTGGGTCTG

GAPDH	 F	 TGCACCACCAACTGCTTAGC
	 R	 GGCATGGACTGTGGTCATGAG
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analysis were used to evaluate mRNA and protein expression of 
stem cell markers Sox2, Oct4, Nanog in CD44(+) and CD44(-) 
cells. The results indicated that the mRNA and protein expres-
sion of Sox2, Oct4 and Nanog were both significantly higher in 
CD44(+) cells than CD44(-) cells in both SNU-5 and BGC-823 
cell lines (Fig. 1B).

CD44(+) cells show an increased invasion capacity and EMT 
characteristics compared with CD44(-) cells. CSCs have 
higher invasion and migration capacity, which is considered 
as the crucial characteristic to facilitate tumor metastasis and 
growth. Matrigel invasion assay was used to compare the 
invasion abilities of CD44(+) and CD44(-) cells. CD44(+) cells 
possess higher invasion capacity than CD44(-) cells (Fig. 2A).

EMT is a widespread developmental program that regulates 
cell migration in many tissues and organs. Growing evidence 

reveals that EMT contributes to the invasion and metastasis 
of CSCs. We then detected several well-known EMT markers 
at both mRNA and protein level. The epithelial marker 
E-cadherin was downregulated in CD44(+) cells. On the other 
hand, the expression of N-cadherin, vimentin, slug and snail 
were higher in CD44(+) SNU-5 and BGC-823 cells (Fig. 2B).

miR‑196a‑5p is upregulated in CD44(+) cells in microarray 
analysis. Microarry analysis revealed a series of miRNAs 
upregulated in CD44(+) cells compared with CD44(-) cells 
(Fig.  3A). Real-time PCR validated that the expression 
of miR‑196a‑5p, miR‑122-5p, miR‑155-5p, miR‑30a-5p, 
miR‑30b-5p and miR‑30c-5p in CD44(-) cells was less than 
that in CD44(+) cells (Fig. 3B).

In our pre-screening studies, miR‑196a‑5p showed the 
most significant biological functions on GCSCs among the 

Figure 1. CD44(+) cells show increased ability for sphere formation and upregulated cancer stem cell marker expression. (A) Sphere formation ability in 
CD44(+) and CD44(-) SNU-5 and BGC-823 cells were identified. The upper panel shows photographs of spheres in CD44(+) and CD44(-) BGC-823 cells. The 
graphs show the average number of spheres in triplicate. (B) mRNA expression of stem cell markers Sox2, Oct4, Nanog in CD44(+) and CD44(-) SNU-5 and 
BGC-823 cells was measured by real-time PCR (left panel). Protein expression of these markers was analyzed by western blotting (right panel).
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upregulated miRNAs identified aforementioned. Additionally, 
there is still no relevant research on miR‑196a‑5p in the field 
of GCSCs. This prompted us to carry out further study on the 
regulatory mechanism of miR‑196a‑5p on cancer stem-like 
cell characteristics.

miR‑196a‑5p regulates the self-renewal capacity and 
invasion ability in CD44(+) cells. To evaluate the effect of 
miR‑196a‑5p on the self-renewal capacity, we initially carried 

out sphere colony formation assay of CD44(+) and CD44(-) 
cells transfected with miR‑196a‑5p inhibitor. As shown in 
Fig. 4A, miR‑196a‑5p knockdown significantly decreased the 
sphere colony forming capacity of CD44(+) cells (Fig. 4A). 
The expression of CD44 and cancer stem cell markers at 
mRNA and protein levels were determined by real-time 
PCR and western blot analysis respectively. Compared with 
CD44(+) cells transfected with the negative control, the 
expression of these genes were relatively downregulated in 

Figure 2. CD44(+) cells show mesenchymal characteristics compared with CD44(-) cells. (A) Cell invasion capacity was identified by Matrigel invasion assay. 
The upper panel shows photographs of invasion cells in CD44(+) and CD44(-) BGC-823 cells. The graphs show the average number of invasive cells in both 
SNU-5 and BGC-823 cells in triplicate. (B) The expression level of EMT markers was measured by real-time PCR (left panel) and western blotting (right 
panel). The expression of N-cadherin, vimentin, slug and snail were higher in CD44(+) than SNU-5 and BGC-823 cells, but the epithelial marker E-cadherin 
was downregulated in CD44(+) cells.
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the CD44(+) cells transfected with miR‑196a‑5p inhibitor to 
similar levels in CD44(-) cells (Fig. 4B). These data indicate 
that the miR‑196a‑5p expression may promote the self-renewal 
ability of GCSCs.

Next, we investigated the role of miR‑196a‑5p in regulating 
invasion ability of GCSCs. After 48 h, the number of invading 
cells in each group was counted. The results illustrate that 
the number of invasive CD44(+) cells markedly decreased 
after miR‑196a‑5p was inhibited (Fig.  5A). Moreover, the 
effects of miR‑196a‑5p on EMT were studied. As measured 
by real-time PCR and western blotting, E-cadherin was 
upregulated, whereas N-cadherin, vimentin, slug and snail 
were downregulated in miR‑196a‑5p inhibitor-transfected 
CD44(+) cells (Fig. 5B). Collectively, these data demonstrate 
that miR‑196a‑5p promotes EMT and invasion of GCSCs.

Smad4 is a direct and specific target of miR‑196a‑5p in GCSCs. 
To determine how miR‑196a‑5p may regulate EMT and inva-
sion, we applied three bioinformatic algorithms (TargetScan, 
PicTar and miRanda) to search for potential targets of 
miR‑196a‑5p. Based on the bioinformatics prediction, there 
are two conserved binding sites, 867-888 and 5304-5324, in the 
3'-UTR region of the Smad4 mRNA targeted by miR‑196a‑5p 
(Fig. 6A). To validate the results of computational analysis, we 
used real-time PCR and western blotting to compare Smad4 
expression in CD44(+) and CD44(-) cells isolated from two 
human gastric cancer cell lines which were transfected with 
or without miR‑196a‑5p inhibitor. As shown in Fig. 6B, Smad4 

mRNA and protein expression were significantly increased 
after inhibition of miR‑196a‑5p (Fig. 6B).

To obtain further direct evidence that miR‑196a‑5p alters 
Smad4 expression, we performed luciferasre reporter assays. 
Remarkably, luciferase analysis showed that miR‑196a‑5p 
mimics repressed the activities of psicheck-SMAD4-WT1 and 
psicheck-SMAD4-WT2. In contrast, psicheck-SMAD4‑MUT, 
in which the binding sites of miR‑196a‑5p are mutated, showed 
higher luciferase activities than psicheck-SMAD4‑WT. 
Additionally, transfection of miR‑196a‑5p mimics had no 
suppression or activation of psicheck-SMAD4-MUT1 and 
psicheck-SMAD4-MUT2 (Fig. 6C). Thus, the expression of 
miR‑196a‑5p is inversely correlated with Smad4, indicating 
that Smad4 may be a direct and specific target of miR‑196a‑5p 
for regulatory functions in GCSCs.

Overexpression of Smad4 decreases GCSCs invasion ability. 
To further characterize the function of Smad4 in GCSCs, we 
examined the effects of Smad4 overexpression on the inva-
sion capacity of GCSCs. Overexpression of Smad4 markedly 
decreased the invasion ability of CD44(+) GCSCs (Fig. 7A). 
After Smad4 overexpression in CD44(+) SNU-5 cells, the 
expression of N-cadherin, vimentin, slug and snail were 
downregulated, whereas E-cadherin was upregulated. Similar 
results were observed in BGC-823 cells (Fig. 7B).

Correlation between the expression of Smad4 and 
pathological parameters in gastric cancer patients. To 
investigate the clinical significance of Smad4 in gastric 
cancer development, the expression of Smad4 was analyzed 

Figure 3. miR‑196a‑5p is upregulated in CD44(+) cells. (A) miRNAs upregu-
lated in CD44(+) cells are listed in the table (fold change >2). (B) Expression 
of miR‑196a‑5p was confirmed using real-time PCR.

Table II. Relationship between Smad4 expression and patho-
logical parameters in 95 gastric cancer patients.

	 Smad4 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 n	 Negative	 Positive	 P-value

Age (years)
  <60	 26	 23	   3	 0.206
  ≥60	 69	 53	 16

Gender
  Male	 70	 54	 16	 0.244
  Female	 25	 22	   2

Differentiation
  PD	 80	 69	 11	 0.001a

  MD	 13	   7	 6
  WD	   2	   0	 2

TNM stage
  Ⅰ+Ⅱ	 27	 16	 11	 0.001a

  Ⅲ+Ⅳ	 68	 60	   8

Depth of invasion
  T1 + T2	 31	 21	 10	 0.038a

  T3 + T4	 64	 55	   9

PD, poorly differentiated; MD, moderately differentiated; WD, well differen-
tiated. aSignificantly different at P<0.05.
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by immunohistochemistry (IHC) staining in 95 gastric cancer 
cases and paired adjacent non-tumorous tissues. IHC staining 
confirmed that the downregulation of Smad4 in gastric cancer 
tissues compared with adjacent non-tumorous tissues (Fig. 8). 
Next, we detected the relationship between pathological 
characteristics and Smad4 expression levels in gastric cancer 

patients. No significant association between Smad4 expression 
levels and the patient age, and sex was detected in 95 gastric 
cancer cases (Table II). However, the levels of Smad4 were 
significantly correlated with differentiation state, TNM stage 
and depth of invasion (Table II). Importantly, Smad4 expression 
was negatively correlated with differentiation of tumors.

Figure 4. Inhibition of miR‑196a‑5p expression suppresses the self-renewal capacity in CD44(+) cells. (A) Sphere colony formation in CD44(+), CD44(-) cells 
transfected with negative control and CD44(+) cells transfected with miR‑196a‑5p inhibitor in SNU-5 and BGC-823 cells were identified in a low-attachment 
plate with serum-free media. The photograghs show colony formation in BGC-823 cells (upper panel). The graphs show the average number of spheres in 
triplicate (lower panel). (B) The cancer stemness gene expression was detected by real-time PCR and western blotting. NC, negative control; miR‑196a‑5p 
INH, miR‑196a‑5p inhibitor.
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Discussion

RNA is probably the first macromolecule evolved in life and 
may play a crucial role in regulating the cell functions. In 
addition to the well recognized members of tRNA, mRNA, 
and rRNA related to the genetic central dogma, several types 
of small RNAs, such as miRNAs, have been recently identi-
fied responsible for the tight regulation of gene expression 
and cellular function. In the present study, we have associated 

the relationship between miR‑196a‑5p and gastric cancer, and 
further narrowed the possible target Smad4 in affecting the 
characteristics of gastric cancer stem cells.

There is increasing evidence that tumors are composed 
of phenotypically and functionally diverse populations 
of neoplastic cells. Furthermore, the subpopulations with 
stem cell properties, the CSCs are closely related to cancer 
development, metastasis and resistance to therapy. CSCs are 
characteristic of self-renewal and differentiation capacity, high 

Figure 5. Inhibition of miR‑196a‑5p expression suppresses the invasion ability in CD44(+) cells. (A) The invasion ability was identified using Matrigel-coated 
invasion assay. Invaded cells were counted and converted to the graph. (B) Real-time PCR and western blotting were used to investigate EMT marker expres-
sion in the above-described groups. NC, negative control; miR‑196a‑5p INH, miR‑196a‑5p inhibitor.
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tumorigenesis and invasiveness, resistance to chemotherapy 
and radiation, genetic and epigenetic changes. Numerous ther-
apeutic approaches for eradicating CSCs have been proposed. 
Generally, the core idea can be envisaged: eliminating the 
CSCs themselves by either killing or differentiating them, and 
disruption of niche signaling. According to ClincalTrials.gov, 
some anti-CSCs compounds have been already completed 
different phases of testing and successfully entered human 
clinic trials. Therefore, therapeutic approaches targeting CSCs 

bring new hope for future antitumor treatment. As the crucial 
regulator of gene expression in cell cycle, miRNAs act as 
oncogenes or tumor suppressor genes in cancer development. 
Additionally, aberrantly expressed miRNAs play a major role 
in the biological properties of CSCs. Therefore, miRNAs have 
been identified as the attractive target for anti-CSC therapies.

In this study, several stem cell surface markers were tested 
in order to select the appropriate marker for GCSCs isolation, 
such as CD44, EpCAM and CD133. More than 99% of SNU-5 

Figure 6. miR‑196a‑5p targets Smad4 by binding to its 3'-UTR. (A) Putative miR‑196a‑5p binding sequences in the 3'-UTR of Smad4 mRNA. (B) The expres-
sion of Smad4 was examined by real-time PCR and western blotting after transfection of miR‑196a‑5p inhibitor in SNU-5 and BGC-823 cells. (C) SNU-5 
cells were cotransfected with miR‑196a‑5p mimics and luciferase reporters containing either the predicted miRNA target site or its corresponding mutant 
form.
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and BGC-823 cell populations expressed the above markers 
except CD44 (data not shown). Similar results have been 
reported previously (28-30). Based on our previous studies, 
CD44 was successfully selected as a surrogate marker of 
GCSCs. Compared with CD44(-) cells, FACS-sorted CD44(+) 
cells showed many cancer stem-like cell charateristics. First, 

the self-renewal capacity of cells was examined by sphere 
formation ability. CD44(+) cells form more sphere colonies 
than CD44(-) cells in SNU-5 and BGC-823 cell lines. The 
expression of stem cell markers was upregulated at the mRNA 
and protein levels. Second, CD44(+) cells possess stronger 
invasive ability than CD44(-) cells. In terms of molecular 

Figure 7. Overexpression of Smad4 decreased GCSC invasion ability. (A) The invasion ability was detected in CD44(+) after transfection of Smad4 plasmid or 
negative control. (B) The expression level of EMT markers were measured by both real-time PCR and western blotting in the above groups.
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expression and phenotype of EMT properties, CD44(+) cells 
manifested a biological transformation toward mesenchymal 
cell types. However, CD44(+) alone cannot be used as an 
exclusive marker of CSCs since CD44(-) can also show 
sphere formation in culture and develop cancer in animals. 
Our miRNA microarray data documented that miR‑196a‑5p 
was significantly upregulated in CD44(+) cells compared 
with CD44(-) cells. Although there were other miRNAs over-
expressed in CD44(+) cells, miR‑196a‑5p was firstly selected 
to further study according to the following two facets. First, 
miR‑196a‑5p is a newly reported miRNA relevant to multiple 
cancers, but there is still no report on its role in CSCs. Second, 
miR‑196a‑5p had the most significant effects on cancer stem-
like cell charateristics in our pre-screening studies.

The present study provided evidence indicating that 
the newly found target gene of miR‑196a‑5p is Smad4, 
which functions as Co-Smad in TGF-β/Smad signaling 
pathway. When TGF-β1 binds to its receptor, Smad2/3 is 
phosphorylated and binds with Smad4 to form multimers 
and translocate to the nucleus to drive the transcriptional 
regulation of several target genes (31-34). Emerging evidence 
suggests the TGF-β signaling pathway has a major role in 
EMT resulting in tumor metastasis and recurrence. Our data 
also showed that miR‑196a‑5p regulated EMT through the 
TGF-β/Smad signaling pathway. Interestingly, the stimulation 
of epithelial-mesenchymal transition (EMT) by miR‑196a‑5p 
in cancer stem-like cells was abolished by overexpression 
of Smad4. Collectively, the expression of Smad4 in gastric 

cancer tissues was correlated with differentiation state of 
tumors, TNM stage and depth of invasion.

Based on the above-mentioned data, it is strongly 
suggested that miR‑196a‑5p markedly modulates gastric 
cancer stem cell characteristics by targeting Smad4. Hence, 
it is necessary and valuable to transform this observation to 
clinical therapeutics. There are important aspects for our 
future clinical studies. First, we will measure the miR‑196a‑5p 
expression level in gastric cancer patients and analyze the 
relationship between the miR‑196a‑5p expression level and 
clinical characteristics, particularly metastasis, invasion 
of gastric cancer. Additionally, the aforementioned studies 
can also be observed in other types of cancer to confirm 
the general role of miR‑196a‑5p in affecting the phenotypes 
of cancers. Lastly, we will strive to develop miR‑196a‑5p-
based therapeutic agents by various technologies including 
nanocapsules and nanocarriers, liposomes and PEGylated 
vesicles.

On the basis of the current state of knowledge, it is reason-
able to suggest that miRNAs-based approaches may represent 
one of the novel and promising therapeutics. Currently, several 
therapeutic strategies targeting miRNAs have been used 
in the clinic. Growing evidence indicates that miRNAs 
regulate cancer development in a traditional manner by regu-
lating signaling pathways and factors. On the other hand, a 
non-conventional mechanism of cancer regulation by stem 
cell reprogramming via a regulatory network consisting of 
miRNAs that could modulate stem cell properties of CSCs.
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