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Abstract. Aberrant methylation of miRNAs is commonly 
observed in cancers. In the present study, we investigated the 
regulation of the miR-200 family and its role in regulating DNA 
methylation events in gastric cancer (GC). We demonstrated 
that miR-200c was aberrantly expressed in GC and associated 
with histologic type and tumor progression. Hypermethylation 
of the promoter region was found to be responsible for the loss 
of miR-200c in GC cells. Demethylation agents led to recovery 
of miR-200c expression in GC cell lines. Moreover, DNMT3a 
knockdown abolished the hypermethylation of the miR-200c 
gene and induced upregulation of miR-200c expression, 
whereas ectopic DNMT3a expression increased miR-200c 
promoter methylation and decreased miR-200c expression. 
Conversely, transfection of miR-200c led to downregulation 
of DNMT3a protein and induced endogenous pre-miR-200c 
and pri-miR-200c re-expression. Luciferase assays confirmed 
miR-200c binding to the DNMT3a 3'UTR. Finally, ectopic 
expression of miR-200c or knockdown of DNMT3a expres-
sion impeded GC cell growth, migration and invasion. Taken 
together, these observations demonstrates a novel epigenetic 
feedback loop between miR-200c and DNMT3a in the carci-
nogenesis and progression of GC.

Introduction

Gastric cancer (GC) is one of the most common malignant 
tumors in China with a high incidence and mortality rate (1). 

Local invasion and distant metastasis are leading causes for 
the dismal outcome of GC patients. Despite recent advances 
in surgical techniques and new chemotherapy regimens, the 
5-year survival rate of GC patients remains low. Therefore, 
investigation of molecular mechanisms underlying GC devel-
opment and progression are urgently needed to develop novel 
diagnostics and therapies for GC.

Aberrant expression of microRNAs (miRNAs) is assumed 
to play an important role in cancer development by regulating 
cell proliferation, differentiation, apoptosis and carcinogen-
esis (2). Previous studies have shown that many miRNAs are 
aberrantly expressed during GC progression (3,4). Although 
the mechanisms underlying miRNA dysregulation in GC 
remain a challenge, recent studies have shown that promoter 
CpG island hypermethylation plays a key role in the silencing 
of numerous miRNAs (5). For example, DNA methylation 
of miR-210 increases the proliferation of gastric epithelium 
during chronic H. pylori infection (6). Moreover, miR-10b 
functions as a tumor suppressor but its hypermethylation 
occurs in GC (7). Thus, aberrant hypermethylation events 
in the regulatory regions of miRNAs may play a key role in 
cancer development. In contrast, miRNAs can also modu-
late epigenetic regulatory mechanisms of gene expression 
by targeting DNA methyltransferase enzymes (DNMT1, 
DNMT3a and DNMT3b). For example, the miR-29 family 
directly targets DNMT3a and DNMT3b in lung cancer, 
thereby protecting against changes in the existing DNA meth-
ylation status and suppressing tumorigenesis (8). Moreover, 
miR-152 can negatively regulate DNMT1 directly by targeting 
the 3'UTR of DNMT1 in breast (9), ovarian (10) and liver 
cancer (11), respectively. These findings indicate an important 
role for miRNAs which target DNMTs during carcinogenesis. 
Collectively, the epigenetic silencing of both the miRNAs and 
miRNAs targeting DNMTs have been described to play a role 
in cancer.

To further explore the underlying molecular mechanisms 
of this interaction in GC, we hypothesized that an interaction 
between miRNA and DNMTs could be contributing to gastric 
carcinogenesis. In a previous study, the miR-200 family was 
proved to function as a tumor suppressor by suppressing 
other genes (12), but frequently silenced by hypermethylation 
in many types of cancers (13-16). Intriguingly, the miR-200 
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family was predicted to target DNMT3a directly, as predicted 
by several in silico methods for target gene prediction (PicTAR, 
TargetScan and MiRanda). Given the fact that the methylation-
sensitive miRNAs and DNMT-targeting miRNAs may have 
the ability to form an epigenetic-miRNA regulatory circuit, we 
hypothesized that a negative feedback loop exists between the 
miR-200 family and DNMT3a in GC.

To test this hypothesis, we specifically investigated: i) the 
expression of miR-200 family and DNM3a in a panel of GC 
tissues; ii) the probable associations between miR-200 family 
levels and the clinicopathological features of patients with GC; 
iii) the probable negative feedback loop between the miR-200 
family and DNA methyltransferase; and iv) the probable roles 
of miR-200c and DNMT3a in cell proliferation and invasion. 
The answer to these questions would provide new insights into 
the molecular mechanisms involved in GC development and 
metastasis as well as provide a new strategy for GC diagnostic 
and treatment.

Materials and methods

Cell culture, 5-Aza-dC treatment and transfection. The 
human GC cell lines NCI-N87 (well-differentiated), SGC7901 
and AGS (moderately differentiated), HGC27 and MGC803 
(poorly differentiated), GES-1 (the human normal gastric cell 
line) were cultured in RPMI-1640 medium (HyClone, Logan, 
UT, USA) supplemented with 10% fetal calf serum and incu-
bated at 37˚C with 5% CO2 in a humidified atmosphere. To 
examine the role of methylation in the regulation of miRNA 
expression, GC cells at 5x105 cells/ml were cultured with 
5-aza-2'-deoxycytidine (5-Aza-dC) (Sigma-Aldrich, St. Louis, 
MO, USA) at 2.5 µM for 72 h. Transfections were performed 
using a Lipofectamine 2000 kit (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer's instructions. A total 
of 100 nM of siRNA against DNMT3a (sc-37757; Santa Cruz 
biotechnology, Santa Cruz, CA, USA), double-stranded 
miR-200c mimics (50 nM), single-stranded miR-200c inhib-
itor (100 nM) (Ribobio, Guangzhou, China) or their relative 
negative control RNAs were introduced into cells.

Primary tissue samples. Cancer and adjacent non-cancerous 
tissues were obtained from 46 GC patients who underwent 
gastrectomy between january 2005 and December 2012 at 
Guangzhou First People's Hospital. Tissue samples were 
immediately embedded in liquid nitrogen and then stored 
at -80˚C until RNA, DNA and protein could be extracted. 
Written consent was obtained from each patient before opera-
tion. The study protocol was approved by the Medical Ethics 
Committee of Guangzhou First People's Hospital.

Plasmids and luciferase activity assays. For DNMT3a overex-
pression, the coding sequence of DNMT3a was PCR-amplified 
(2,739 bp) and cloned into pcDNA3.1+. The primers used were 
as follows: DNMT3a sense, 5'-cgcggatccgccaccATGCCCGC-
CATGCCCTCCAG-3' and antisense, 5'-ataagaatgcggccgc 
TTACACACACGCAAAATACTCCTT-3'. Insertion was 
confirmed by Sanger sequencing. Expression plasmids were 
transfected into MGC803 cells using Lipofectamine 2000 
according to the manufacturer's instructions. For luciferase 
reporter assays, the 3'UTRs of DNMT3a containing an intact 

miR-200c recognition sequence was PCR-amplified (1,303 bp) 
and cloned into psiCHECk™-2 (Promega, Madison, WI, 
USA). A psiCHECk™-2 construct containing the DNMT3a 
3'UTR with mutations in the seed sequence was synthesized 
using a quikChange Site-Directed Mutagenesis kit (Agilent 
Technologies, Santa Clara, CA, USA). All constructs were 
confirmed by Sanger sequencing. The primers used were as 
follows: DNMT3a-wild-type sense, 5'-CCGCTCGAGGGG 
ACATGGGGGCAAACTG-3' and antisense, 5'-CATAAGA 
ATGCGGCCGCTACGTTTTGTATGTTTTTTTATTTG-3'; 
mutant sense, 5'-CCACACAAGACATTTTTCTAGTCATA 
ATCAGGTGCCTACCACACAGG and antisense, 5'-CCT 
GTGTGGTAGGCACCTGATTATGACTAGAAAAATGTC 
TTGTGTGG-3'. SGC7901 cells at 50% confluency were tran-
siently transfected with 0.5 µg of reporter plasmids alone or 
co-transfected with or without miRNA mimics or inhibitors 
using Lipofectamine 2000 according to the protocol. The 
luciferase activities of both firefly and Renilla luciferase were 
quantified by a Dual-Luciferase Reporter Assay System and 
the relative luciferase activity was obtained according to the 
manufacturer's instructions (GloMax Detection System) (both 
from Promega). Independent triplicate experiments were 
carried out for all samples.

RNA extraction and quantitative real-time PCR. RNA was 
isolated using TRIzol (Invitrogen) according to the manufac-
turer's protocol. The expression levels of miR-200b, miR-200c 
and miR-141 were measured by reverse transcription-PCR 
analysis according to the miRCURY LNA™ Universal RT 
microRNA PCR manual (Exiqon, Vedbaek, Denmark). The 
expression of miR-200 family member was normalized to that 
of RNU6b, small nuclear RNA expression.

DNA methylation analysis. The CpG island of the miR-200c 
gene was searched in the miRbase database (release 24 june, 
2013), the UCSC Genome browser on Human Assembly 
(hg 19; release February 2009) and PubMed (17). Genomic 
DNA from patient samples and MGC803 cells were isolated 
by qIAamp DNA Mini kit (qiagen, Germantown, MD, USA). 
Bisulfite conversion of genomic DNA was performed using the 
EpiTect Bisulfite kit (Qiagen) and then amplified by PCR using 
methylation-specific primers. The primers used were as 
follows: miR-200c sense, 5'-GGGGTAGGGGAAGGTGGT 
TTA-3' and antisense, 5'-CACCACCCCAATCCCTAAAAAC 
ACT-3'; the primer used for sequencing was as follows: 
GGGAAGGTGGTTTAGA. We investigated the methylation 
status of GC tissues using pyrosequencing. DNA methylation 
analysis of bisulfite PCR amplicons for all samples was 
performed on the PyroMark q24 instrument according to the 
manufacturer's instructions (qiagen). DNA methylation level 
was defined as the average percent methylation of each indi-
vidual CpG-unit averaged across the regions. We evaluated the 
impact of DNMT3a overexpression or invalidation on the 
methylation status of the miR-200c gene using bisulfite 
sequencing PCR. The primers used for bisulfite sequencing 
PCR were as follows: bSP-miR-200c sense, 5'-TTTTAG 
TATTTATTTTTTGGGGGTAG-3' and antisense, 5'-CAC 
CTTAAATCAAACAACTTCAAAC-3'. The products of 
interest (375 bp) were purified by the DNA Gel Extraction kit, 
ligated into the Pmd19-T vector (Takara, Dalian, China) and 
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transformed into Escherichia coli DH5α competent cells. 
Insertion was confirmed by restriction enzyme digestion, and 
10 clones were chosen for sequencing.

Immunohistochemistry. For immunohistochemistry, 
paraffin sections were deparaffinized and incubated with a 
primary rabbit polyclonal DNMT3a antibody (Santa Cruz 
Biotechnology) at a dilution of 1:150 in a 4˚C moist chamber 
overnight. Immunohistochemistry was independently 
evaluated by two researchers who were blinded to the patient 
outcome. The evaluation was based on the staining intensity. 
Staining intensity for DNMT3a was scored as 0 (negative); 
1 (weak); 2 (moderate); and 3 (strong). The specimens were 
divided into two groups according to their scores: 0 and 1 
were considered as the low expression group; 2 and 3 were 
considered as the high expression group. In the event of a 
discrepancy in scoring, the slides were re-examined by both 
pathologists under a microscope.

Western blotting. To isolate the proteins, cells collected by 6-well 
plates were washed once in phosphate-buffered saline and 
lysed in lysis buffer. Each protein sample (15 µg) was resolved 
by sodium dodecylsulfate-polyacrylamide gel electrophoresis, 
transferred onto a polyvinylidene difluoride membrane, and 
incubated with a monoclonal antibody against DNMT3a 
(1:1,000) (Santa Cruz biotechnology) or GAPDH (1:10,000) 
(kangCheng bio-tech, Shanghai, China). The signals were 
detected by incubation with secondary antibodies (1:20,000 for 
goat anti-rabbit IgG, and 1:10,000 for rabbit anti-mouse IgG; 
Southern biotech) labeled with the ECL detection system.

Cell proliferation, invasion and wound-healing assays. Cell 
proliferation assays were performed using Cell Counting 
kit-8 (beyotime, Hangzhou, China) after transfection of the 
miR-200c mimics or DNMT3a siRNA. Absorbance was 
measured at 450 nm using a microplate reader. Cell invasion 
assays were assessed at 48 h after transfection using Matrigel 
Invasion Chambers (bD biosciences, Franklin Lakes, Nj, 
USA). For the wound-healing assays, cell monolayers trans-
fected with miR-200c mimics or DNMT3a siRNA were 
scratched with a clean pipette tip, and cell migration was 
observed for up to 48 h.

Statistical analysis. All experiments were conducted in tripli-
cate. Differences between groups (continuous variables) were 
analyzed by the Student's t-test. The relationship between the 
expression of miR-200c and clinicopathological factors was 
analyzed by Chi-square tests. All statistical analyses were two-
sided and were performed using SPSS software (version 16.0; 
SPSS, Inc., Chicago, IL, USA), and P<0.05 was considered to 
indicate a statistically significant result.

Results

miR-200c is downregulated in GC tissues. The miR-200 
family can be grouped into two subfamilies in two ways. The 
first way is functionally, according to the presence of two 
types of seed sequences: miR-200a/miR-141 with a common 
sequence of AAcACUG, and miR-200b/miR-200c/miR-429 
with AAuACUG. The second way is genetically, according 

to the location in two gene clusters on two different chro-
mosomes: miR-200b/miR-200a/miR-429 on chr. 1, and 
miR-200c/miR-141 on chr. 12. In the present study, we 
performed most experiments with three miR-200 family 
members: miR-200b, miR-200c and miR-141, since they 
represent members of both subfamilies. As shown in Fig. 1A, 
we analyzed the expression levels of all three miR-200 family 
members in 46 pairs of GC and their corresponding non-tumor 
tissues. In qRT-PCR analysis, miR-200c was significantly 
downregulated in the GC tissues compared with that noted 
in the adjacent non-tumor tissues (P<0.05). There was no 
significant difference in miR-200b (P=0.495) and miR-141 
expression levels (P=0.561) between the GC and non-tumor 
tissues. The high-expression group was defined as cases 
with miR-200c expression above the median value, while the 
remaining cases were included into the low-expression group. 
We further compared the clinicopathological parameters of 
GC according to their miR-200c expression level. As shown 

Table I. miR-200c expression and clinicopathological charac-
teristics of the gastric cancer cases.

 High expression Low expression
Characteristic (n=23) (n=23) P-value

Age, years 59.0±12.3 60.0±6.9 0.725
(mean ± SD)

Gender   0.760
  Male 15 14
  Female 8 9

Histological type   0.018a

  Intestinal 16 8
  Diffuse 7 15

Depth of invasion   0.010a

  T1+T2 11 3
  T3+T4 12 20

Lymph node   0.063
metastasis
  Negative (N0) 11 5
  Positive (N1-N3) 12 18

Organ metastasis   0.710
  Negative (N0) 19 18
  Positive (N1-N3) 4 5

Stage   0.038a

  I+II 14 7
  III+IV 9 16

Tumor site   0.710
  Cardia cancer 5 4
  Non-cardia cancer 18 19

The tumor stage was determined based on the surgical and imaging find-
ings according to the tumor-node-metastasis (TNM) staging system of the 
American joint Committee on Cancer (AjCC). The histological diagnosis 
of each case was doubly confirmed by two experienced pathologists 
independently. The pathohistological classification was based on Lauren's 
system. (aP<0.05).
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in Table I, the diffuse histologic type, deeper invasion and 
advanced stage of GC were all associated with low expression 
of miR-200c.

Hypermethylation of the miR-200c CpG island promoter 
causes downregulation of miR-200c. To determine the meth-
ylation status of the promoter region in the miR-200c gene, 
we analyzed the methylation status at six CpG dinucleotide 
sites of the miR-200c locus (chr12:7072639-7072665) in 
39 pairs of GC and matched adjacent non-tumor tissues. 
Pyrosequencing analysis revealed that the miR-200c promoter 
region was significantly hypermethylated in the GC tissues 
when compared with that in the adjacent non-tumor tissues 
(63.0% for GC tissues vs. 54.6% for non-tumor tissues; P<0.01; 
Fig. 1b). In addition, we treated GC cell lines with the demeth-
ylating agent, 5-aza-dC. Pyrosequencing analysis showed that 
treatment with 5-aza-dC decreased the methylation status of 
the miR-200c promoter region in the SGC7901 cells (80.7% 
for untreated controls vs. 52.3% for 5-aza-dC; P<0.05) and 
in the AGS cells (63.0% for untreated control vs. 37.3% for 
5-aza-dC; P<0.05) (Fig. 1C). Demethylation of the miR-200c 

promoter region resulted in the upregulation of miR-200c in 
the SGC7901 and AGS cells as assayed by qRT-PCR (P<0.01 
for all) (Fig. 1D). Together, these data indicate that DNA meth-
ylation may be involved in miR-200c expression.

DNMT3a upregulation is responsible for the hypermeth-
ylation of the miR-200c gene promoter. Previous studies 
have shown that DNMT3a overexpression contributes to 
gene promoter hypermethylation and is associated with the 
malignant potential and poor prognosis of human cancer. In 
the present study, we found that the expression of DNMT3a 
in five GC cell lines was higher than that in immortal gastric 
epithelial GES-1 cells (Fig. 2A). Consistent with the western 
blot results, the expression of DNMT3a was strongly increased 
in the GC tissues than that noted in the non-tumor tissues by 
immunohistochemistry. In GC, expression of DNMT3a was 
mainly observed in the nucleus. Weak staining was also 
observed in the cytoplasm (Fig. 2b). Among the 46 paired 
samples, DNMT3a high expression was found in 31/46 of the 
GC samples. This was significantly higher compared to that 
noted in the paired control samples (67.4 vs. 34.8%; P<0.01).

Figure 1. Expression levels of the miR-200 family and methylation analysis of miR-200c. (A) Tumor and non-tumor tissue pairs from 46 GC patients were 
examined using reverse transcription-PCR method. The expression levels of candidates were normalized to U6 expression (ΔCt). miR-200c, but not miR-200b 
or miR-141, was significantly downregulated in the GC tissues compared with the adjacent non-tumor tissues. (B) Methylation pyrosequencing analysis 
revealed that the miR-200c promoter region was significantly hypermethylated in the GC tissues compared with adjacent non-tumor tissues in 39 pairs of GC 
tissues. (C) Pyrosequencing analysis showed that treatment with 5-aza-dC decreased the methylation status of the miR-200c promoter region in the SGC7901 
and AGS cells. (D) Reverse transcription-PCR analysis showed that treatment with 5-aza-dC resulted in the upregulation of miR-200c in the SGC7901 and 
AGS cells (*P<0.05, **P<0.01).
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To further explore the role of DNMT3a in regulating the 
expression of miR-200c, using siRNA against DNMT3a, we 

knocked down de novo DNMT3a expression in the AGS cells 
which had higher expression of DNMT3a when compared 

Figure 3. DNMT3a upregulation is responsible for the hypermethylation of the miR-200c gene promoter. (A) knockdown of DNMT3a protein in AGS cells 
following 0, 24 and 48 h of transfection with 100 nM siRNA relative to negative controls. (b) Enhanced expression of DNMT3a protein in the MGC803 cells 
after stable transfection with the DNMT3a expression vector. (C and D) Bisulfite sequencing PCR showed that DNMT3a knockdown decreased the methyla-
tion status of the miR-200c promoter region in the AGS cells, and enhanced DNMT3a expression increased the methylation status of the miR-200c promoter 
region in the MGC803 cells. (E) knockdown of DNMT3a resulted in upregulation of miR-200c expression, whereas enhanced DNMT3a expression resulted 
in decreased miR-200c expression (*P<0.05, ***P<0.001).

Figure 2. Differential expression of DNMT3a in cell lines and tissues. (A) Western blotting showed that the expression of DNMT3a in five GC cell lines was 
higher than that in immortal gastric epithelial GES-1 cells. (b) Immunohistochemistry assays showed that the expression of DNMT3a in GC tissues was 
significantly higher compared to that noted in the adjacent non-tumor tissues (magnification, x200).
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with the other GC cell lines (Fig. 3A), and we enforced 
expression of DNMT3a in the MGC803 cells which had 
lower expression of DNMT3a when compared with the other 
GC cell lines (Fig. 3b). The results showed that DNMT3a 
knockdown abolished the hypermethylation of the miR-200c 
gene (78.9% for untreated controls vs. 38.8% for DNMT3a 
siRNA; P<0.001) (Fig. 3C and D), and induced upregulation of 
miR-200c expression (P<0.05) (Fig. 3E). Conversely, ectopic 
expression of DNMT3a increased methylation levels in the 
miR-200c promoter (78.3% for untreated controls vs. 91.2% 
for DNMT3a overexpression; P<0.001) (Fig. 3C and D), and 
decreased miR-200c expression (P<0.05) (Fig. 3E). Together, 
these data demonstrate that DNMT3a regulates miR-200c 
expression via CpG island promoter hypermethylation.

miR-200c directly targets DNMT3a and induces endogenous 
pre-miR-200c and pri-miR-200c re-expression. As shown in 
Fig. 4A, one potential miR-200c targeting site was found in the 
3'UTR of DNMT3a. Comparative sequence analysis showed 

that the target sequences were evolutionarily conserved in 
different species (Fig. 4b). Total RNA and protein was isolated 
from the SGC7901 and AGS cells collected 48 h after transfec-
tion. DNMT3a protein expression as demonstrated by western 
blot analysis was decreased in the SGC7901 and AGS cells 
transfected with miR-200c mimics (Fig. 4C). Additionally, 
pre-miR-200c and pri-miR-200c expression demonstrated 
by qRT-PCR was increased in the AGS cells transfected 
with the miR-200c mimics (Fig. 4D and E). by means of a 
luciferase reporter assay in the SGC7901 cells, we found that 
the luminescence intensity was significantly decreased in the 
DNMT3a 3'UTR reporter and miR-200c mimic-transfected 
cells than the others, suggesting that miR-200c has a target site 
in the 3'UTR of DNMT3a mRNA (Fig. 4F).

miR-200c mimics and DNMT3a siRNA suppress cell growth 
and invasion. The effects of miR-200c upregulation and 
DNMT3a downregulation on cell growth and invasion 
were determined via several assays in vitro. Transfection of 

Figure 4. miR-200c suppresses DNMT3a expression and induces endogenous pre-miR-200c and pri-miR-200c reexpression. (A) Putative miR-200c binding 
sites within the human DNMT3a 3'UTR are shown. The position of the binding sites was numbered relative to the first nucleotide of the 3'UTR. Mutations 
were introduced into DNMT3a 3'UTR that matched the seed region of miR-200c. (b) Interspecies conservation of putative miR-200c binding sites within the 
DNMT3a 3'UTR are shown. (C) Transfection with miR-200c reduced DNMT3A protein expression, whereas transfection with miR-200c inhibitors increased 
DNMT3A protein expression in the SGC7901 (left) and AGS cells (right). (D and E) Relative expression of pre-miR-200c and pri-miR-200c demonstrated 
by qRT-PCR was increased in the AGS cells following 0, 24 and 48 h transfection with 50 nM miR-200c mimics. (F) Ectopic miR-200c expression inhibits 
wild-type but not mutant DNMT3A 3'UTR reporter activity in the SGC7901 cells. Cells were co-transfected with miR-200c mimics and with either wild-type 
or mutant DNMT3A 3'UTR reporter construct. Luciferase activity assay was performed at 48 h after transfection (*P<0.05, ***P<0.001).
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Figure 5. miR-200c mimics and DNMT3a siRNA suppress cell growth. (A and b) SGC7901 and AGS cells transfected with miR-200c mimics showed 
significantly reduced cellular proliferation compared with the negative control using Cell Counting Kit-8 assay. (C and D) SGC7901 and AGS cells transfected 
with DNMT3a siRNA also showed significantly reduced cellular proliferation compared with the negative control assaying (*P<0.05).

Figure 6. miR-200c mimics and DNMT3a siRNA suppress cell migration and invasion. (A) Representative images of cell invasion assays showed that miR-
200c mimics suppressed cell invasion in the SGC7901 and AGS cells. (b) Statistical analyses showed that miR-200c mimics suppressed cell invasion in the 
SGC7901 and AGS cells. (C) Representative images of cell invasion assays showed that DNMT3a siRNA suppressed cell invasion in the SGC7901 and AGS 
cells. (D) Statistical analyses showed that DNMT3a siRNA suppressed cell invasion in the SGC7901 and AGS cells. (E) Representative images of wound-
healing assays showed that miR-200c mimics suppressed cell migration in the SGC7901 and AGS cells. (F) Statistical analyses showed that miR-200c mimics 
suppressed cell migration in the SGC7901 and AGS cells. (G) Representative images of wound-healing assays showed that DNMT3a siRNA suppressed cell 
migration in the SGC7901 and AGS cells. (H) Statistical analyses showed that DNMT3a siRNA suppressed cell migration in the SGC7901 and AGS cells 
(*P<0.05, **P<0.01, ***P<0.001).
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miR-200c mimics or DNMT3a siRNA significantly reduced 
cell proliferation in the SGC7901 and AGS cells compared to 
the proliferation noted in the control transfections (Fig. 5A-D). 
Upregulation of miR-200c or knockdown of DNMT3a in the 
SGC7901 and AGS cells significantly inhibited cell inva-
sion (Fig. 6A-D). The effects of miR-200c on cell migration 
were determined by wound-healing assays. both SGC7901 
and AGS cells treated with miR-200c mimics or DNMT3a 
siRNA were distinctively less migratory than that noted in 
the negative control cells (Fig. 6E-H). These results indicate 
that upregulation of miR-200c or knockdown of DNMT3a 
suppressed cell growth, migration and invasion of GC cells 
in vitro.

Discussion

Gastric carcinogenesis is a multistep process characterized 
by accumulation of molecular alterations (18). A complicated 
reciprocal repression mechanism between miRNAs and 
epigenetic pathways appears to form an epigenetic-miRNA 
network contributing to gastric carcinogenesis (19). In the 
present study, we found that miR-200c was downregulated 
in GC and was associated with the histologic type in GC. 
Dysregulation of miR-200c in GC has also been observed in 
other studies (20,21), but little is known concerning its expres-
sion in diffuse-type GC. This is the first study to show that 
miR-200c is downregulated in diffuse-type GC.

It is well recognized that miR-200c regulates the 
epithelial-mesenchymal transition (EMT) and cancer cell 
invasion (22,23). Ectopic expression of miR-200 hinders EMT 
by suppressing ZEb1 and ZEb2 expression and enhancing 
E-cadherin expression (24,25). Notably, EMT is an important 
process to form diffuse histology and initiate metastasis by 
enhancing the motility of cancer cells (18). Therefore, reduced 
expression of miR-200c may participate in the genesis of 
diffuse histology of GC by reducing E-cadherin expression 
through ZEb1 and ZEb2.

We next demonstrated that miR-200c expression is regu-
lated by DNA methylation. It is widely accepted that miRNAs 
undergo the same regulatory mechanisms of the protein coding 
gene, including methylation regulation. Generally, DNA meth-
ylation is accomplished by three enzymes: DNMT1, DNMT3a 
and DNMT3b. DNMT1 is responsible for maintaining pre-
existing methylation patterns during DNA replication, whereas 
DNMT3a and DNMT3b are considered to be de novo DNA 
methyltransferase (26). In breast, miR-200c was repressed by 
DNA methylation, whereas the miR-200b-200a-429 cluster was 
silenced primarily through polycomb group-mediated histone 
modifications (27), suggesting that epigenetic control of miRNAs 
may be miRNA-specific and epigenetic effector-specific. The 
increased expression of DNMT3a may play an important role 
in the malignant progression of cancer, leading to aberrant 
methylation in many important tumor suppressor genes (28). 
More recently, Cao et al (29) reported that the expression of 
DNMT3a is an independent poor prognostic indicator in GC. 
Yang et al (30) reported that overexpression of DNMT3a in 
GC tissues was observed in 70.4% of 54 cases, and DNMT3a 
was associated with TNM stage and lymph node metastasis. 
Aberrant expression of DNMT3a may cause upregulation 
of global DNA methylation, decreasing expression of tumor 

suppressor genes that may contribute to aggressive poorly 
differentiated cancer. However, the mechanisms underlying 
aberrant DNMT expression have not been fully elucidated.

Our results showed that miR-200c can target 3'UTR of 
DNMT3a directly; in contrast, DNMT3a can establish and 
maintain miR-200c methylation to suppress its expression. 
Thus, DNMT3a and miR-200c form a negative feedback loop 
in GC cells, and this may plays a key role in gastric carci-
nogenesis. Most investigations which focused on the mutual 
regulation between DNA methylation and miRNAs were 
frequently confirmed in fibrotic disease and cancer research. 
For example, a mutual regulation of miRNAs and DNA meth-
ylation may be involved in the pathogenesis of lung fibrosis (31). 
A regulatory circuit of miR-148a/152 and DNMT1 was found 
to modulate breast cancer cell transformation and tumor 
angiogenesis through IGF-IR and IRS1 (9). Another study also 
demonstrated that miR-152 and DNMT1 interacted with each 
other via a feedback loop involved in NiS-induced malignant 
transformation (32). In esophageal squamous cell carcinoma, 
the DNMT1-miRNA-126 epigenetic circuit was contributed 
to cancer growth via ADAM9/EGFR/AkT signaling (33).
Thus, epigenetic-miRNA loops are widely present in various 
diseases including cancers. Given that both miRNA and 
epigenetic modulations strongly regulate the expression of 
various disease-associated genes (34), controlling the dynamic 
balance of epigenetic-miRNA loops may be of great clinical 
significance.

Regulation of DNMT3a by miR-200c has also been 
described in GC by Tang et al (20), but the mutual regulation 
between DNMT3a and miR-200c has not been confirmed 
in previous studies. The results indicate that DNMT3a is 
a crucial regulator, as its aberrant expression in cancer may 
start a self-enhancing feed forward loop by downregulating its 
own inhibitor miR-200c. It has been reported that a reciprocal 
repression between ZEb1 and the miR-200 family promotes 
EMT and invasion in cancer cells (35), thus, it is plausible 
that aberrant expression of DNMT3a may interact with the 
reciprocal repression between ZEb1 and miR-200c, thereby 
inducing downregulation of miR-200c and upregulation of 
ZEb1, subsequently promoting EMT and invasion in cancer 
cells. Indeed, in vitro invasion and migration assays implicate 
that the loop between miR-200c and DNMT3a is involved in 
promoting EMT and metastasis of GC cells. Future experi-
ments are needed to determine whether both DNMT3a and 
ZEb1 act separately or synergistically as a complex in this 
setting.

In conclusion, miR-200c directly suppressed the expres-
sion levels of DNMT3a. In contrast, overexpression of 
DNMT3a was responsible for the promoter hypermethylation 
of miR-200c. Downregulated expression of miR-200c further 
increased DNMT3a expression by less targeting DNMT3a 
3'UTR. A novel miR-200c-DNMT3a regulatory circuit may 
exist in GC. The discovery of this miRNA-epigenetic regu-
latory circuit would be highly beneficial for deepening our 
understanding of gastric carcinogenesis.
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