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Abstract. Epigenetic modifications serve important roles in 
non‑small cell lung cancer (NSCLC) tumorigenesis; however, 
the role of DNA methyltransferase 1 (DNMT1) in lung cancer 
progression remains unclear. In the present study, the expres-
sion of DNMT1 in the human NSCLC cell lines 95D (high 
invasive ability) and 95C (low invasive ability) was analyzed by 
western blotting. The results demonstrated that the expression 
of DNMT1 in 95D cells was significantly higher, compared 
with in 95C cells and small airway epithelial cells. To further 
define the role of DNMT1 in tumor migration and invasion in 
NSCLC cells, RNA interference was used to silence DNMT1 
expression. Depletion of DNMT1 significantly inhibited 
95D cell invasion and migration. In addition, treatment with 
DNMT1 small interfering RNA resulted in compact cell 
morphology and significantly increased epithelial marker 
E‑cadherin expression whilst also decreasing the expression 
of certain mesenchymal markers, including vimentin and 
fibronectin. Suppression of DNMT1 increased cytoplasmic 
β‑catenin levels while downregulating nuclear β‑catenin and 
Snail, an important regulator of EMT. The results from the 
present study suggest that the inhibition of DNMT1 reverses 
the epithelial‑mesenchymal transition partly via the inhibi-
tion of the Wnt/β‑catenin signaling pathway, and therefore 

inhibits cell migration and invasion. These results indicate 
that targeting DNMT1 may inhibit tumor metastasis and that 
DNMT1 is a promising target for the novel treatment of lung 
cancer.

Introduction

Lung cancer is the principal cause of cancer‑associated 
mortality worldwide, with an estimated 600,000 individual 
succumbing to the disease annually; the annual mortality rate 
is predicted to reach 1 million by 2025 in China (1). Non‑small 
cell lung cancer (NSCLC) accounts for >85% of all diag-
nosed cases of lung cancer and patients typically have a poor 
prognosis (2). At present, surgical resection remains the only 
curative treatment for localized tumors confined to the lung; 
however, 80‑85% of patients present with un resectable disease 
at diagnosis (3). Distant metastasis leads to the majority of 
human cancer‑associated mortalities (4). Therefore, it is 
important to identify sensitive and specific biomarkers for the 
development and progression of lung cancer.

Tumor metastasis is comprised of multiple steps. Cell inva-
sion and migration are hallmarks of malignant transformation. 
Epithelial‑mesenchymal transition (EMT) refers to the process 
whereby epithelial cells lose their epithelial phenotype and 
obtain a mesenchymal phenotype, which is responsible for 
tumor metastasis (5). During the EMT process, epithelial 
cells gradually lose their epithelial structures, including 
E‑cadherin protein‑mediated intercellular interactions, whilst 
also obtaining mesenchymal characteristics, including the 
upregulation of vimentin and fibronectin (6). The expression 
of Snail, a key transcriptional repressor of E‑cadherin that can 
induce EMT, is controlled by a number of signaling pathways 
including the Wnt pathway (5).

Epigenetic changes refer to functional changes to the 
genomic DNA that affect gene expression but do not alter 
the nucleotide sequence (7). Examples of epigenetic altera-
tions include histone modifications, DNA methylation and 
microRNA (miRNA/miR) expression. Epigenetic alterations 
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have been proposed to be targets for cancer treatment due to 
their vital roles in human carcinogenesis (8). DNA methylation 
is a type of epigenetic modification that affects gene expression 
by adding a methyl group to cytosine nucleotides across the 
genome at cytosine‑phosphate‑guanine sites (9). Deregulation 
of DNA methylation has been reported to cause abnormal gene 
regulation, leading to anomalous embryonic development and 
diseases (10,11). In addition, a number of regulators of the Wnt 
signaling pathway that are modulated by DNA methylation 
have been reported to be involved in the regulation of tumor 
metastasis (11,12). DNA methylation is typically mediated 
by DNA methyltransferases (DNMTs) The DNMT family 
consists of four members: DNMT1, DNMT2, DNMT3A and 
DNMT3B (13). Among the DNMT family members, DNMT1 
is primarily responsible for maintaining DNA methylation. 
DNMT1 mRNA expression has been reported to be elevated 
in NSCLC, and the elevated mRNA levels of DNMT1 occur 
more frequently in poorly differentiated, as compared with in 
well and moderately differentiated, tumor cells. In addition, 
elevated mRNA levels of DNMT1 were negatively associated 
with the overall survival time in patients with NSCLC (14).

Previous studies have demonstrated that the inhibition of 
DNMT1 mediates growth arrest and apoptosis in lung cancer 
cells (15). DNMT1 knock down induces Cyclin‑dependent 
kinase inhibitor 1A and B‑cell lymphoma 2 interacting killer 
gene expression via an underlying mechanism independent 
of DNA methylation. Reduction of DNMT1 expression may 
prevent epigenetically mediated gene silencing and provide a 
novel clinical strategy to target tumor cells (16).

DNA methylation may be involved in the EMT process. 
For example, E‑cadherin, a gene involved in cell adhesion and 
signaling that serves a key role in EMT, is suppressed by DNA 
methylation during EMT (17). The critical Smad signaling 
pathway that regulates EMT serves an important role in 
maintaining the epigenetic silencing of target genes (18). 
Furthermore, it has been reported that certain therapeutic 
agents, including mithramycin A, are able to repress tumor 
metastasis via demethylation mechanisms by inhibiting the 
protein expression of DNMT1 (19). Although a number of 
studies have suggested that DNMT1 is implicated in cancer 
progression, its role in tumor migration, invasion and EMT 
remains unclear.

Thus, in the present study, the expression of DNMT1 in 
NSCLC cells in vitro was investigated, in addition to the 
effects of small interfering (si)RNA‑mediated knockdown of 
DNMT1 expression on tumor migration and invasion, and on 
the EMT of NSCLC cells. In addition, the effects of DNMT1 
siRNA on the matrix metalloproteinase (MMP)2 and Wnt 
signaling pathways were investigated in order to explore the 
underlying molecular mechanisms of the effect of DNMT1 on 
lung tumors.

Materials and methods

Cell lines. Two invasive lung cancer cell lines, 95C (low inva-
sive ability) and 95D (high invasive ability), were purchased 
from The Cell Bank of Type Culture Collection of Chinese 
Academy of Sciences (Shanghai, China). Clonetics™ human 
small airway epithelial cells (SAECs) were obtained from 
Lonza (Basel, Switzerland). All the cells were cultured in 

RPMI‑1640 medium supplemented with 10% fetal bovine 
serum (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) in a humidified atmosphere at 37˚C with 5% CO2.

Plasmid construction and transfection. 95D cells were seeded 
in 24‑well plates (1.5x105 cells/well) and incubated for 24 h 
in a humidified atmosphere at 37˚C with 5% CO2. Negative 
control (NC) siRNA was purchased from Ambion (Thermo 
Fisher Scientific, Inc.). DNMT1 siRNA was constructed as 
described previously (20). NC siRNA and DNMT1 siRNA 
were transfected into the cells using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. Following incubation for at 37˚C 
for 48 h, 95D cells transfected with NC siRNA or DNMT1 
siRNA were analyzed by reverse transcription‑polymerase 
chain reaction (RT‑PCR) and western blotting to validate the 
siRNA knockdown.

Immunofluorescence. 95D cells at a concentration of 1.0x104 
per coverslip were seeded onto sterile coverslips and subjected 
to immunofluorescence analysis following NC or DNMT1 
siRNA transfection. Cells were fixed with 4% paraformal-
dehyde at room temperature for 10 min, permeabilized using 
0.3% Triton‑X‑100 and then washed with PBS, followed by 
incubation with specific primary antibodies (anti‑fibronectin; 
cat. no. F3648; 1:400 dilution; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany; anti‑E‑cadherin; cat. no. 24E10; 1:600 
dilution; Cell Signaling Technology, Inc., Danvers, MA, USA; 
anti‑vimentin; 1:200 dilution; cat. no. 5741; Cell Signaling 
Technology, Inc.) at 4˚C overnight Then the cells were incu-
bated with fluorescein isothiocyanate‑conjugated secondary 
antibodies (cat. no. ZF‑0314; 1:100 dilution; Beijing Zhongshan 
Golden Bridge Biotechnology, Co., Ltd., Beijing, China) at 
37˚C for 1 h. The cell nucleus was counterstained with DAPI 
(Invitrogen; Thermo Fisher Scientific, Inc.). Images of the 
stained cells were captured with a fluorescence microscope.

Western blot analysis for DNMT1 and EMT markers. RIPA 
lysis buffer was used for cell lysis, and a BCA Protein Assay 
kit (Beyotime Institute of Biotechnology, Haimen, China) was 
used to determine the protein concentration. Equal amounts 
of protein were loaded into each well for SDS‑PAGE, sepa-
rated by electrophoresis and transferred onto polyvinylidene 
fluoride membranes (EMD Millipore, Billerica, MA, USA). 
The membranes were blocked with 5% fat‑free milk at 
room temperature for 1 h. Then the membranes were probed 
with anti‑DNMT1 (1:1,000 dilution; cat. no. sc‑271729), 
anti‑MMP2 (1:2,000 dilution; cat. no. sc‑13594), anti‑Snail 
(1:2,000 dilution; cat. no. sc‑28199), anti‑β‑catenin (1:2,000 
dilution; cat. no. sc‑133239), anti‑GAPDH (1:1,000 dilu-
tion; cat. no. sc‑47724) (all Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA), anti‑E‑cadherin (1:2,000 dilution), 
anti‑vimentin (1:1,000 dilution) and anti‑fibronectin (1:1,000 
dilution) overnight at 4˚C, followed by incubation with 
horseradish peroxidase‑conjugated secondary antibodies 
(ZB‑2301; 1:3,000; ZSGB‑Bio, Beijing, China) for 1 h at 
room temperature. The protein bands on the membranes were 
visualized using an Enhanced Chemiluminescence Detection 
kit (Beyotime Institute of Biotechnology). GAPDH served 
as the loading control. The relative amount of protein in the 
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bands was quantified by densitometry using ImageJ software 
(version 1.46; National Institutes of Health, Bethesda, MD, 
USA).

RT‑PCR. Total RNA was isolated from the 95D cells using the 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
and reverse transcribed into cDNA using a PrimeScript™ RT 
Reagent kit (Takara Bio, Inc., Tokyo, Japan), according to the 
manufacturer's protocol. The sequences of the PCR primers 
employed in the current study were as follows: DNMT1 
forward, 5'‑ACA GAC AGC GTT TGG TTG AC‑3' and reverse, 
5'‑TAG GGA ACA GAA GGC AAG GG‑3'; β‑actin forward, 
5'‑CGG GAA ATC GTG CGT GAC‑3' and reverse, 5'‑TGG 
AAG GTG GAC AGC GAG G‑3'. PCR was conducted under the 
following conditions: 95˚C for 30 sec, 30 cycles of 94˚C for 
45 sec, 59˚C (DNMT‑1) or 54˚C (β‑actin) for 40 sec and 72˚C 
for 1 min, followed by 10 min at 72˚C. All the PCR reactions 
were run in triplicate. β‑actin served as an internal control. 
The intensity of each band amplified by RT‑PCR was analyzed 
using ImageJ software.

In vitro invasion assays. For the Matrigel® invasion assay, 8‑µm 
pore size Transwell migration chambers coated with Matrigel 
(BD Biosciences, San Jose, CA, USA) were used to assess 
the cell invasion ability. Briefly, 95D cells (5x104 cells/insert) 
transfected with NC or DNMT1 siRNA were seeded into the 
Matrigel‑coated chambers of the 24‑well plates and incubated 
at 37˚C for 48 h. After 48 h of incubation, non‑invasive cells 
were removed with cotton swabs. Invaded cells were fixed 
in 100% methanol at room temperature for 10 min and then 
stained with 1% crystal violet at room temperature for 10 min, 
rinsed with PBS and then subjected to microscopic inspection. 
The number of invaded cells was manually counted under 
an inverted microscope (magnification, x200, five random 
fields/well).

Wound healing assay. 95D cells (2x105 cells/well) were seeded 
into 24‑well plates and grown to ~95% confluence. A scratch 
was created in the cell monolayer using a 200 µl sterile pipette 
tip. Serum‑free RPMI‑1640 medium was used to remove the 
floating cells and debris. Images of the wound were captured 
at 0 and 48 h. The percentage of the wound healing was 
calculated as (the width of wound at 0 h‑the width of wound at 
48 h)/(the width of wound at 0 h), which was used to evaluate 
cell migration ability as previously described (21). Wounds 
were evaluated using Adobe Photoshop (version 7.0; Adobe 
Systems, Inc., San Jose, CA, USA) to measure the wound 
distance at 0 and 48 h. Representative images from three 
independent experiments conducted in duplicate are presented 
in Fig. 2A.

Gelatin zymography of MMP enzyme activity. 95D cells at 
2.0x105 cells per well were cultured in RPMI‑1640 without 
serum at 37˚C for 24 h, and subsequently centrifuged at 
1,000 x g for 10 min at 4˚C. The supernatants were collected 
and subjected to electrophoresis using 10% SDS‑PAGE with 
1 mg/ml gelatin. The electrophoresis was ended when the 
bromophenol blue reached the bottom of the gel. The gel was 
transferred into a beaker and washed by gentle agitation with 
an eluent (2.5% Triton‑X‑100) for 45 min. After rinsing twice 

for 45 min with double distilled water, the gels were transferred 
into Incubation Buffer (50 mmol/l Tris‑HCl, 5 mmol/CaCl2, 
1 µmol/lZnCl2, 0. 02% Brij‑35, pH 76) and incubated for 
42 h at 37˚C. The gel was then stained with 0.5% (w/v) 
Coomassie brilliant blue R‑250 for 2 h at room temperature. 
Finally, the gel was discolored using destaining solution A 
(methanol concentration, 30%; acetic acid concentration, 
10%), destaining solution B (methanol concentration, 20%; 
acetic acid concentration, 10%) and destaining solution C 
(methanol concentration, 10%; acetic acid concentration, 5%) 
for 0.5, 1 and 2 h, respectively. MMP activity was visual-
ized as white bands on the blue background using Quantity 
One® software (version 4.6.2; Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA). The results were quantified using ImageJ 
software (version 1.47). Experiments were repeated ≥3 times.

β‑catenin reporter luciferase assay. 95D cells transfected with 
NC or DNMT1 siRNA were co‑transfected with TOPflash or 
FOPflash plasmids (Upstate Biotechnology, Inc., Lake Placid, 
NY, USA), along with β‑galactosidase expression plasmid 
pRL‑SV40 (Promega Corporation, Madison, WI, USA), 
using Lipofectamine® 2000 reagent. After 48 h of incuba-
tion at 37˚C, the cells were lysed and the luciferase activity 
was determined as described previously (22). The luciferase 
activity of each sample was normalized against Renilla lucif-
erase activity to monitor transfection efficiency. 200 nM NC 
or DNMT1 siRNA were co‑transfected with the TOPflash or 
FOPflash reporter. After 48 h, luciferase activity was evaluated 
using the Dual‑Luciferase® Reporter Assay system (Promega 
Corporation) normalized to Renilla luciferase activity.

Statistical analysis. Data are presented as the mean ± standard 
deviation. Experiments were repeated ≥3 times. Comparisons 
between the control and treated groups were performed using 
a Student's t‑test. The one‑way analysis of variance test was 
used for multiple comparisons. All the data were analyzed 
using SPSS software (version 13.0; SPSS, Inc., Chicago, IL, 
USA). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

DNMT1 siRNA downregulates DNMT1 expression in 95D 
cells. To determine whether DNMT1 was associated with 
tumor invasion and metastasis, the protein expression levels of 
DNMT1 in 95C (low invasive ability) and 95D (high invasive 
ability) cells were compared using western blotting. The two 
cell lines exhibited significantly higher expression of DNMT1 
compared with the SAEC cells (P<0.01; Fig. 1A); however, 
the expression level of DNMT1 in 95D cells was significantly 
higher compared with that in 95C cells (P<0.01). Thus, the 
result indicated that DNMT1 expression level may be posi-
tively associated with the in vitro invasiveness of human 
NSCLC cells and the NSCLC malignancy grade. To deter-
mine whether DNMT1 may be implicated in the invasiveness 
of 95C and 95D cells, DNMT1 siRNA was transfected into 
95D cells, which has higher DNMT1 expression levels and 
in vitro invasiveness. After 48 h of transfection, RT‑PCR and 
western blot analysis demonstrated that DNMT1 levels in the 
95D cells transfected with DNMT1 siRNA were significantly 
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lower than those in the 95D cells transfected with NC siRNA 
or the untreated control cells (P<0.01; Fig. 1B and C).

Downregulation of DNMT1 by DNMT1 siRNA suppresses the 
migration and invasion of 95D cells. To determine the role 
of DNMT1 in the migration and invasion of 95D cells, 95D 
cells transfected with NC or DNMT1 siRNA were subjected to 
wound healing and Matrigel invasion assays. The motility and 
invasiveness of 95D cells transfected with DNMT1 siRNA was 
significantly lower compared with the control groups, which 
included an untreated control group and a group transfected 
with NC siRNA (P<0.01; Fig. 2A and B). To detect MMP2 
enzyme activity, gelatin zymography was performed. MMP2 
activity in the serum‑free medium collected from 95D cells 
transfected with DNMT1 siRNA exhibited significantly lower 
enzyme activity, as compared within the NC siRNA trans-
fected and untreated groups (P<0.01; Fig. 2C). These results 
suggest that the inhibition of DNMT1 can attenuate MMP2 
activity, which then inhibits tumor invasion.

Downregulation of DNMT1 reverses EMT in 95D cells. To 
evaluate the role of DNMT1 on EMT, morphological alterations 
in cells transfected with NC or DNMT1 siRNA were examined 
by fluorescence microscope. The results demonstrated that the 
cells become more compact compared with those of the control 
groups (Fig. 3A). EMT‑associated markers and the principal 

regulator transcriptional factors Snail and MMP2 were also 
detected by western blot analysis. The results demonstrated 
that E‑cadherin expression was significantly increased in 
the DNMT1 siRNA group compared with in the NC siRNA 
and untreated groups (P<0.01; Fig. 3B). However, the expres-
sion levels of vimentin, fibronectin, MMP2 and Snail were 
significantly lower in the DNMT1 siRNA group than in NC 
siRNA and control groups (P<0.01). To confirm these results, 
immunofluorescence staining was used to detect E‑cadherin, 
vimentin and fibronectin expression. Concordant with the 
results of the western blot analysis, E‑cadherin expression was 
markedly increased in the 95D cells transfected with DNMT1 
siRNA, as compared with in the untreated 95D cells and 95D 
cells transfected with NC siRNA. These results suggest that 
the inhibition of DNMT1 can reverse EMT, and that DNMT1 
promotes lung cancer metastasis by inducing EMT.

Inhibition of DNMT1 inhibits the Wnt signaling pathway. To 
elucidate the involvement of Wnt signaling in the anti‑EMT 
effect of DNMT1 siRNA, the influence of DNMT1 siRNA on 
T‑cell factor/lymphoid enhancer factor (TCF/LEF)‑dependent 
transcriptional activity was examined using a dual‑luciferase 
reporter assay. DNMT1 siRNA inhibited TCF/LEF‑dependent 
transcriptional activity in 95D cells (Fig. 4A). Since β‑catenin is 
an essential mediator of the Wnt/β‑catenin signaling pathway, 
the expression of β‑catenin in 95D cells transfected with NC 

Figure 1. DNMT1 expression is significantly higher in 95D cells, compared within 95C and SAEC cells. (A) Western blot analysis of DNMT1 expression in 
95D, 95C and SAEC cells. GAPDH served as the loading control. (B) RT‑PCR and (C) western blot analysis of DNMT1 expression in untreated 95D cells 
(control) and 95D cells following transfection with DNMT1 or NC siRNA. **P<0.01, compared with the NC siRNA group. DNMT1, DNA methyltransferase 1; 
siRNA, small interfering RNA; NC, negative control; RT‑PCR, reverse transcription‑polymerase chain reaction.
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or DNMT1 siRNA was examined. The results demonstrated 
that cytoplasmic β‑catenin expression is significantly higher 
in 95D cells transfected with DNMT1 siRNA, compared 
within the NC siRNA and untreated groups (P<0.01; Fig. 4B). 
Nuclear β‑catenin expression in 95D cells transfected with 
NC siRNA was significantly lower compared with that in 95D 
cells transfected with NC siRNA or untreated groups (P<0.01). 
In addition, expression of cyclin D1 was significantly lower 
in the 95D cells transfected with DNMT1 siRNA group, 
as compared with in the control groups (P<0.01; Fig. 4C). 
These results demonstrate that the inhibition of DNMT1 can 
reduce tumor cell EMT through inhibiting the Wnt/β‑catenin 
signaling pathway.

Discussion

Lung cancer is the most common type malignancy and has 
a high incidence worldwide (23). The majority of patients 
with lung cancer present with distant metastatic lesions at 
the time of diagnosis; therefore, metastasis is a major cause 
of cancer‑associated mortality. Tumor metastasis is a complex 
event involving extracellular matrix degradation and cell 
migration. Cell migration and invasion is a critical step of 
tumor metastasis (24). Therefore, it is necessary to identify 

specific molecules and protein that may inhibit cell invasion 
and migration.

MMPs serve critical roles in a number of cellular processes, 
including cell apoptosis, adhesion, migration and invasion. 
MMP2 is a 72‑kDa type IV collagenase that degrades the 
extracellular matrix, including the basement membrane (25), 
and is therefore associated with angiogenesis and cell migra-
tion in lung cancer progression (26,27). The results of the 
present study demonstrated that DNMT1 siRNA significantly 
attenuates the motility and invasion ability of 95D cells. 
MMP2 activity was decreased in 95D cells transfected with 
DNMT1 siRNA compared with in the NC siRNA‑treated or 
un‑transfected 95D cells. This suggests that the suppression 
of 95D cell invasion observed following DNMT1 siRNA 
treatment is mediated via the inhibition of MMP2.

EMT has been reported to be an initial step in tumor 
metastasis (28). During EMT, polarized epithelial cells 
undergo a number of molecular changes, leading to the 
acquisition of a mesenchymal cell phenotype and subsequent 
increased motility and invasion. Results from the present study 
demonstrated that treatment with DNMT1 siRNA leads to 
the cells becoming more compact and to the upregulation of 
E‑cadherin. In addition, the expression of Snail, the transcrip-
tional suppressor of E‑cadherin, and vimentin and fibronectin 

Figure 2. Depletion of DNMT1 inhibits cell migration and invasion, and MMP2 activity. (A) Wound healing assay using untreated 95D cells (control) and 95D 
cells transfected with NC or DNMT1 siRNA. (B) Transwell invasion assay with untreated 95D cells (control) and 95D cells transfected with NC or DNMT1 
siRNA. (C) Gelatin zymography was used to examine MMP2 expression in untreated 95D cells (control) and 95D cells transfected with NC or DNMT1 
siRNA. The results are representative of three independent experiments performed in duplicate. **P<0.01, compared with the NC siRNA group. DNMT1, DNA 
methyltransferase 1; siRNA, small interfering RNA; NC, negative control; MMP, matrix metalloproteinase.
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was downregulated by DNMT1 siRNA. These results suggest 
that DNMT1 siRNA can inhibit cell migration and invasion by 
reversing the EMT process. However, the molecular mecha-
nisms by which DNMT1 regulates EMT remain unclear.

The Wnt signaling pathway can be divided into the 
canonical β‑catenin‑dependent pathway and the non‑canonical 
β‑catenin‑independent pathway. Previous studies have 
demonstrated that deregulation of the Wnt signal transduc-
tion pathway contributes to EMT, cell migration, invasion and 

metastasis (29,30). β‑catenin, a central molecule in the Wnt 
signaling pathway, is a multifunctional protein involved in 
cell‑cell adhesion, signal transduction, cellular differentiation 
regulation and proliferation. Previous studies have indicated 
that β‑catenin serves a role in the onset and progression of EMT; 
active β‑catenin is translocated to the nucleus, where it activates 
downstream target genes involved in EMT (31,32). Data from the 
present study demonstrated that, in addition to the attenuation 
of cell invasion and migration, treatment with DNMT1 siRNA 

Figure 3. Downregulation of DNMT1 inhibits the epithelial‑mesenchymal transition. (A) Light microscope images of untreated 95D cells (control) and 95D 
cells transfected with NC or DNMT1 siRNA. Magnification, x100. (B) Western blot analysis of E‑cadherin, vimentin, fibronectin, Snail and MMP2 expression 
in untreated 95D cells (control) and 95D cells transfected with NC or DNMT1 siRNA. GAPDH served as an internal control. (C) Immunofluorescence staining 
of E‑cadherin, vimentin, and fibronectin in untreated 95D cells (control) and 95D cells transfected with NC or DNMT1 siRNA. The green signal represents 
staining of the indicated proteins and the blue signal represents nuclear DNA staining by DAPI. Magnification, x100. The results are representative of ≥3 inde-
pendent experiments.**P<0.01, compared with the NC siRNA group. DNMT1, DNA methyltransferase 1; siRNA, small interfering RNA; NC, negative control.
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significantly decreased the levels of activated β‑catenin and 
cyclin D1 while promoting the increase of inactivated β‑catenin. 
As demonstrated by the dual‑luciferase assay, the activity of the 
Wnt pathway was inhibited by DNMT1 siRNA. These results 
indicate that the Wnt/β‑catenin signaling pathway mediates the 
effects of DNMT1 siRNA on Snail‑dependent EMT.

A number of molecules and proteins implicated in the 
Wnt signaling pathway that are mediated by DNMT1 have 
previously been investigated as targets for the diagnosis 
and treatment of malignant tumors. Downregulation of 
Wnt inhibitory factor1 (WIF‑1) has been revealed to be due 
to the cooperative activity of DNMT1 and DNMT3B (33). 
WIF‑1 is a secreted antagonist of the Wnt signaling pathway. 
In addition, WIF‑1 has been demonstrated to inhibit tumor 
metastasis (34). Inhibition of DNMT1 restores WIF‑1 

expression (20); therefore, the inhibition of DNMT1 may 
prevent metastasis by restoring the expression of certain 
anti‑metastatic genes that are the target genes of the Wnt 
pathway. Snail and Slug have each been defined as transcrip-
tional repressors (35).

In the present study, knockdown of DNMT1 inhibited 
NSCLC cell invasion and migration and downregulated 
β‑catenin and MMP2 expression. Downregulation of nuclear 
β‑catenin and MMP2 inhibited the Wnt signaling pathway 
and decreased the expression of its downstream target gene 
cyclin D1. In addition, Snail, an important inducer of EMT, was 
inhibited by DNMT1 siRNA. Therefore, the downregulation 
of DNMT1 leads to the downregulation of β‑catenin, MMP2 
and cyclin D1, and inhibits Wnt signaling pathway‑dependent 
tumor cell migration and invasion.

Figure 4. Downregulation of DNMT1 inhibits the Wnt signaling pathway. (A) Relative luciferase activity representing β‑catenin/TCF‑dependent transcription 
in untreated 95Dcells (control) and 95D cells transfected with NC or DNMT1 siRNA. Cells were transfected with TOPflash or FOPflash along with pRL‑SV40. 
FOPflash served as a specificity control for TOPflash activity. The luciferase activity was normalized against Renilla activity. Experiments were repeated 
three times. (B) Western blot analysis of cytosolic and nuclear β‑catenin expression in untreated 95D cells (control) and 95D cells transfected with NC or 
DNMT1 siRNA. (C) Western blot analysis of the expression of the β‑catenin target cyclin D1 in untreated 95D cells (control) and 95D cells transfected with 
NC or DNMT1 siRNA. GAPDH served as a loading control. **P<0.01, compared with the NC siRNA group. The results are representative of ≥3 independent 
experiments. DNMT1, DNA methyltransferase 1; siRNA, small interfering RNA; NC, negative control.
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In conclusion, the results of the present study indicate a 
novel biological function for DNMT1 in the promotion of 95D 
cell invasion and migration. In addition, targeting DNMT1 
may represent an effective anti‑invasion and anti‑migration 
strategy for the treatment of NSCLC, as DNMT1 may 
contribute directly or indirectly to tumor metastasis. However, 
the underlying mechanisms by which DNMT1 inhibits tumor 
invasion and migration remain unclear. The present study 
indicated that depletion of DNMT1 reverses the EMT process, 
as E‑cadherin expression increased, whereas vimentin and 
fibronectin expression decreased following DNMT1 siRNA 
treatment. In addition, the data from the present study indi-
cated that DNMT1 suppression inhibits tumor migration and 
invasion by reversing the EMT process via inhibition of the 
Wnt signaling pathway. Thus, a DNMT1 inhibitor may be a 
novel treatment used to prevent tumor metastasis; however, 
in vivo studies are required to validate the results of the 
present study.

Reduced miR‑148a expression inhibits the metastasis 
of non‑small cell lung cancer tumors by depleting DNMT1 
expression (36), and miR‑342 inhibits colorectal cancer cell 
proliferation and invasion by directly targeting DNMT1 (37). 
These findings support further evaluation of DNMT knock-
down strategies for cancer therapy. Experiments in vitro 
demonstrated that DNMT1 serves a key role in the migration 
and invasion of lung cancer cells; however, alteration sin 
DNMT protein expression have not yet been demonstrated 
in patients with cancer, to the best of our knowledge; 
therefore, further studies in vivo are required to confirm 
the findings from the present study and to elucidate the 
molecular mechanisms by which DNTM1 mediates tumor 
metastasis.
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