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Abstract. Mineral dust-induced gene (mdig) can inhibit the 
invasion and metastasis of A549 cells. The main purpose of 
this study was to explore the molecular mechanism underlying 
the inhibitory effect of mdig on cell invasion and metastasis. 
Mdig-knockdown and mdig-overexpressing A549 cells and 
an mdig-overexpressing human umbilical vein endothelial 
cell (HUVEC) line were constructed using lentiviral vectors, 
and western blot analysis was performed to verify the silencing 
and overexpression of the mdig protein. A Transwell invasion 
assay was used to detect the invasive abilities of each experi-
mental group, and Transwell migration and scratch assays 
were used to detect cell migration ability. Western blotting 
was subsequently conducted to detect the major biochemical 
indices of the GSK-3β/β-catenin pathway and the protein 
expression levels and modifications of epithelial‑mesenchymal 
transition (EMT) transcription factors, as well as changes 
in the expression levels of EMT molecular markers and 
intercellular adhesion proteins. The results indicated that 
overexpression of mdig in A549 cells inhibited cell invasion 
and metastasis, while silencing of mdig increased the invasive 
and metastatic properties of cells. The molecular mechanism 
underlying the effects of mdig downregulation on A549 cell 
invasion and metastasis was found to involve the inhibition 
of GSK-3β phosphorylation, which in turn promoted the 
phosphorylation and destabilization of β-catenin. This was 
associated with downregulation of the downstream transcrip-
tion factors slug, snail and ZEB1, thus leading to increased 
expression levels of epithelial cell markers and upregulation 
of the intercellular adhesion molecules E-cadherin, claudin‑1, 
ZO‑1, integrin β1 and integrin β4, which was accompanied by 
downregulation of the mesenchymal cell markers vimentin 
and N-cadherin. The HUVECs were used to validate the 

aforementioned molecular mechanisms and the same conclu-
sions were obtained. The present results indicate that mdig 
can inhibit the phosphorylation of GSK-3β and promote the 
phosphorylation and destabilization of β-catenin, in order to 
suppress the expression of slug, snail, and ZEB1 and the occur-
rence of EMT, and thereby inhibit the invasion and metastasis 
of non-small cell lung cancer (NSCLC).

Introduction

Mineral dust-induced gene (mdig; which is also known as 
MYC-induced nuclear antigen, mina53 and NO52) is a novel 
tumor‑related gene that has been discovered in the alveolar 
macrophages of coal miners (1). Many substances can induce 
mdig expression, such as arsenic (2) and mineral dust (3), among 
others. It has been reported that mdig is a proto-oncogene that 
is highly expressed in a variety of tumor cells, where it not 
only serves as an independent factor leading to tumor forma-
tion, but also as a promoter of tumor cell proliferation (1,4-6). 
Mdig/mina53 is a downstream target gene of the transcrip-
tion factor c-Myc, and is located on chromosome 3 (3q12.1). 
The full length mdig gene is composed of 1,510 bases and 
contains 10 exons that encode 465 amino acids, which amount 
to a 53-kDa nucleoprotein (1,7). The mdig/mina53 protein 
contains a conserved JumonjiC (Jmjc) domain that regulates 
the expression of certain genes in histones through the action 
of demethylases (8). In a study by Komiya et al, NIH-3T3 cells 
transfected with mdig/mina53 were analyzed using a gene 
chip technique, which indicated that 125 genes were upregu-
lated and 129 genes were downregulated as a result of mdig 
overexpression; among the altered genes, 17 were associated 
with growth factors, 12 were associated with cell prolifera-
tion and the cell cycle, 59 were involved in cell invasion and 
metastasis, 34 were associated with transcriptional regulation, 
and 20 genes were associated with metabolism (9). It also has 
been observed that mdig plays an important role in the regula-
tion of cell invasion and metastasis. Our previous study found 
a contradictory phenomenon: compared with a control group, 
the expression of mdig in A549 cells increased the ability of 
the cells to proliferate, while the invasive and metastatic prop-
erties of the cells were significantly reduced (6), indicating that 
mdig can promote the proliferation of tumor cells, but inhibit 
cell invasion and metastasis; however, the exact mechanism 
underlying these contradictory findings is not clear.
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Epithelial-mesenchymal transition (EMT) is not only a 
key mechanism in the formation of multi-germ layers and the 
maintenance of tissue integrity during embryonic develop-
ment, but is also a key mechanism underlying the invasion and 
metastasis of tumor cells, the formation of tumor stem cells 
and tumor resistance (10‑14). EMT in tumor cells is primarily 
characterized by a decrease in intercellular connections, a 
disappearance of cell polarity and an elongated spindle-like 
cell morphology, which enables cells to detach and become 
mobile, and ultimately promotes the occurrence of cell inva-
sion and metastasis (10,15,16). The molecular mechanisms 
of EMT mainly manifest as a gradual loss of epithelial cell 
markers (E-cadherin, ZO‑1, and claudin‑1), a reduction in the 
expression of cell adhesion proteins (integrin β1, and inte-
grin β4), and an increase in the expression of mesenchymal 
cell markers (N-cadherin, and vimentin)  (10). Previous 
studies have confirmed that the GSK-3β/β-catenin pathway 
is an important signal transduction pathway in the regula-
tion of EMT occurrence in cells. Notably, GSK-3β has been 
reported to phosphorylate β-catenin, while phosphorylation 
of GSK-3β (P-GSK-3β) inhibits its ability to phosphorylate 
β-catenin  (17,18); non‑phosphorylated β-catenin can then 
translocate into the nucleus and promote the expression of the 
downstream transcription factors snail, slug and ZEB1, thereby 
promoting the occurrence of EMT and tumor cell invasion and 
metastasis (12,19).

The present study demonstrated that mdig can inhibit the 
phosphorylation of GSK-3β (P-Ser9-GSK-3β) and promote 
the phosphorylation and destabilization of β-catenin (P-Ser33, 
Ser37, and Thr41-β-catenin), in order to suppress the expres-
sion of slug, snail and ZEB1 and the occurrence of EMT, and 
thereby inhibit the invasion and metastasis of non‑small cell 
lung cancer (NSCLC).

Materials and methods

Cell culture. The human NSCLC cell line A549 was purchased 
from the Chinese Academy of Sciences (Shanghai, China). 
A549 is a tumor cell line originating from alveolar epithe-
lium, with a typical epithelial cell morphology and adherent 
growth. As a human lung adenocarcinoma cell, A549 cell 
has been applied widely in EMT study. The human umbilical 
vein endothelial cells (HUVECs) were purchased from the 
Peking University Cancer Institute (Beijing, China). HUVEC 
is an epithelial origin cell line, with a typical epithelial cell 
morphology, cobblestone appearance with large dark nuclei 
and adherent growth. This cell line is susceptible to transfec-
tion and often used as a tool cell. The cells were cultured 
in RPMI‑1640 culture medium (Hyclone, USA) containing 
10% fetal bovine serum (FBS; Hyclone) in a 5% CO2 cell 
incubator (Thermo Fisher Scientific, Inc., USA) at 37˚C.

Lentivirus transfection. An mdig overexpression lentiviral 
vector (LV‑mdig; GenBank accession NM_032778), an empty 
control lentiviral vector (vector), mdig silencing lentiviral 
vectors (LV‑mdig‑RNAi 1, sequence: 5'-GGGTGATTTGTT 
GTACTTT-3'; LV‑mdig‑RNAi 2, sequence: 5'-AACGATTCA 
GTTTCACCAA-3') and a control lentiviral vector (LV‑con, 
sequence: 5'-TTCTCCGAACGTGTCACGT-3') were purchased 
from GeneChem (Shanghai, China). The day before transfection, 

5 ml (5x104 cells/ml) of the target cells were inoculated into a 
T25 flask (Corning, USA), and when cell confluence reached 
30-50%, the cells were incubated with lentivirus concentra-
tions equivalent to the target cell infection index 
(MOI: A549-50, HUVEC‑20). After 16 h, the medium was 
replenished with 5 ml fresh complete medium and the cells 
were incubated for a further 48 h. The cells were subsequently 
analyzed under an inverted f luorescence microscope 
(Observer A1; ZEISS, Germany), and the transfection effi-
ciency was expressed as the percentage of GFP-positive cells 
identified with a GFP fluorescence module (excitation, 
BP470/40; beam splitter, FT495; emission, BP525/50).

Transwell invasion assay. A matrix gel (Matrigel matrix; 
Corning) was diluted at a 1:3 ratio and spread evenly 
onto the bottom of 24‑well Transwell inserts. A549 cells, 
and A549  cells transfected with LV‑con, LV‑mdig and 
LV‑mdig‑RNAi were digested and counted during the loga-
rithmic growth phase, and a cell suspension (1x106 cells/ml) 
was prepared with serum‑free RPMI‑1640 cell culture broth. 
Cell suspension  (150 µl) was added to each chamber in a 
24‑well Transwell plate (Corning), and 600 µl RPMI‑1640 
medium containing 20% FBS was  added to each lower 
chamber. Subsequently, the upper chambers were inserted into 
the lower chambers and placed in a 5% CO2 incubator at 37˚C 
for 24 h. The upper chambers were then removed and fixed 
in 4% paraformaldehyde prior to crystal violet staining. Cells 
were counted in randomly selected visual fields of an inverted 
fluorescence microscope at x400 magnification.

Transwell migration assay. A549 cells and A549 cells transfected 
with LV‑con, LV‑mdig and LV‑mdig‑RNAi were digested and 
counted during the logarithmic growth phase, and a cell suspen-
sion (5x105 cells/ml) was prepared with serum-free RPMI‑1640 
cell culture broth. Cell suspension (150 µl) was added to each 
chamber in a 24‑well Transwell plate (Corning), and 600 µl 
RPMI‑1640 medium containing 20% FBS was added to each 
lower chamber. Subsequently, the upper chambers were inserted 
into the lower chambers and placed in a 5% CO2 incubator at 
37˚C for 16 h. The upper chambers were then removed, fixed 
in 4% paraformaldehyde and stained with crystal violet. Cells 
were counted in randomly selected visual fields of an inverted 
fluorescence microscope at x400 magnification.

Wound healing assay. The day before the experiment, A549 cells 
transfected with LV‑con, LV‑mdig and LV‑mdig‑RNAi were 
digested and counted during the logarithmic growth phase. The 
cells (5x105 cells/ml) were incubated in 6‑well plates (Corning) 
for 24 h, and then the cell monolayer was scratched with a 
200-µl pipette tip (Coring) positioned at a perpendicular angle 
to the plate to keep the scratch width consistent. The medium 
was subsequently removed and the cells were washed three 
times with PBS (Hyclone), then incubated with serum‑free 
RPMI‑1640 medium in a 5% CO2 incubator at 37˚C. After 
0, 12 and 24 h, GFP fluorescence was visualized and the 
cells were imaged with an inverted fluorescence microscope. 
ImageJ software (ImageJ 1.51J8, Wayne Rasband, National 
Institutes of Health, USA) was used to measure the scratch 
area and calculate the percentage of scratch healing, and the 
scratch healing areas of the different groups were compared.
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Western blotting. After 4 passages, total protein was extracted 
from transfected cells with RIPA buffer containing 10% PMSF, 
and total protein concentration was measured using a BCA 
Protein assay kit (Thermo Fisher Scientific, Inc.). The protein 
samples (30 µg) were subjected to SDS-PAGE (Bio‑Rad, USA) 
and then transferred onto Immobilon-P PVDF membranes 
(0.45 and 0.22 µm), which were then blocked at room tempera-
ture for 2 h with 5% non-fat dried milk. The membranes 
were subsequently washed with TBST, then incubated with 
primary antibodies (rabbit mAbs) against mina53 (#173573) 
(1:1,000; Abcam, USA), phospho-GSK-3β (#5558), integrin β4 
(#14803), integrin β1 (#9699), non‑phospho (active) β-catenin 
(non‑phospho-Ser33/37/Thr41) (#8814), vimentin (#5741), 
N-cadherin (#13116), claudin‑1 (#13255), β-catenin (#8480), 
ZO‑1 (#8193), snail (#3879), anti-slug (#9585), ZEB1 (#3396), 

E-cadherin (#3195) and GAPDH (#5174) (1:1,000; Cell 
Signaling Technology, USA) at 4˚C overnight. After another 
TBST wash, the membranes were incubated with secondary 
antibody (#7074) (anti‑rabbit IgG; 1:3,000, Cell Signaling 
Technology) at room temperature for 2 h. Immunoreactive 
bands were detected with an ECL western blotting system 
(Clarity Western ECL Substrate; Bio‑Rad). The gray scale 
densities of the bands were measured with ImageJ software, 
and the density ratio of each protein band to that of GAPDH 
was calculated and expressed as a percentage relative to the 
normal control group.

Statistical analysis. The data were expressed as the 
mean ± standard deviation (SD). Comparisons between groups 
were performed by a one-way analysis of variance (ANOVA). 

Figure 1. Mdig knockdown and overexpression in A549 cell lines. Transfection efficiency and cell morphology were observed under an inverted fluorescence 
microscope (for the same field: bright field, x100 magnification; GFP field, x100 and x400 magnification). Western blotting was performed to detect the 
expression of mdig protein in each group. GAPDH was used as a protein loading control. (A) Stable mdig-silenced A549 cells; the LV‑mdig‑RNAi 1 and 
LV‑mdig‑RNAi 2 groups were compared with the LV‑con and A549 groups (**P<0.01). (B) Stable mdig-overexpressing A549 cells; the LV‑mdig group was 
compared with the vector and A549 groups (**P<0.01). Representative images from experiments performed three times.
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P<0.05 was considered to indicate a statistically significant 
difference. Statistical analyses were performed with SPSS 22.0 
software for Windows (IBM Corp., Armonk, NY, USA). All 
experiments were repeated ≥3 times.

Results

Construction of mdig-knockdown and mdig-overexpressing 
A549 cell lines. Fourth generation A549 cells transfected 
with lentivirus were observed under the bright field of an 
inverted fluorescence microscope at x100 magnification. The 
same fields of view were analyzed for GFP fluorescence at 
x100 and x400 magnification. All the cell groups exhibited 
a high cell viability and high transfection efficiency (Fig. 1). 
In the mdig silencing experiment, cells in the LV‑con group 
exhibited a cobblestone-like cell morphology, while cells in 
the LV‑mdig‑RNAi 1 and LV‑mdig‑RNAi 2 groups exhibited 
more elongated spindle-like shapes. In addition, mdig protein 
expression was significantly decreased in the RNAi groups 
when compared with normal A549 cells and the LV‑con group 
(P<0.01) (Fig. 1A). The LV‑mdig‑RNAi 1 group was used in 
the subsequent Transwell assays. In A549 cells overexpressing 
mdig, the morphology of cells in the LV‑mdig group appeared 
rounder than the cobblestone morphology of cells in the vector 
group, and mdig protein expression was significantly increased 
in the LV‑mdig group when compared with normal A549 cells 
and the vector group (P<0.01) (Fig. 1B).

Construction of an mdig-overexpressing HUVEC line. 
Inverted fluorescence microscopy was used to visualize fourth 
generation HUVECs transfected with lentivirus as above. 

All the cell groups exhibited a high cell viability status and 
high transfection efficiency. There were no marked differ-
ences in the morphologies of cells between the LV‑mdig and 
vector groups. However, the expression of mdig protein in the 
LV‑mdig group was significantly upregulated when compared 
with the normal HUVEC and vector groups (P<0.01) (Fig. 2).

Effect of mdig on the invasion and migration of A549 cells. In 
this study, Transwell assays were performed to determine the 
effect of mdig on the invasion and migration of A549 cells. 
In the invasion assay, there was no significant difference in 
the number of cells in the matrix layer between the A549 
and LV‑con groups. By contrast, the number of cells in the 
LV‑mdig group was significantly lower than that in the LV‑con 
and A549 groups (P<0.01), and the number of cells in the 
LV‑mdig‑RNAi group was significantly higher than that in the 
LV‑con and A549 groups (P<0.01) (Fig. 3A). The same results 
were obtained in the migration assay (Fig. 3B).

A scratch-wound assay was performed to further verify 
the effect of mdig on the migratory ability of A549 cells. In 
this assay, the LV‑mdig group exhibited a significantly slower 
healing speed than the LV‑con group (P<0.05), while the 
LV‑mdig‑RNAi group exhibited a significantly faster healing 
speed than the LV‑con group (P<0.05) (Fig. 3C).

Mdig regulates the GSK-3β/β-catenin signaling pathway. In the 
mdig-knockdown and mdig-overexpressing cell lines, western 
blotting was performed to analyze the GSK-3β/β‑catenin 
signaling pathway and its downstream regulation of EMT 
transcriptional regulators. In the mdig knockdown experi-
ment, the expression levels of P-GSK-3β, active β-catenin, 

Figure 2. Mdig overexpression in HUVEC line. Transfection efficiency and cell morphology were observed under an inverted fluorescence microscope (for the 
same field: bright field, x100 magnification; GFP field, x100 and x400 magnification). Western blotting was performed to detect the expression of mdig protein 
in each group. GAPDH was used as a protein loading control. Stable mdig-overexpressing HUVECs are shown; the LV‑mdig group was compared with the 
vector and HUVEC groups (**P<0.01). Representative images from experiments performed three times.
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slug, snail and ZEB1 in the mdig-knockdown A549 cell group 
were significantly higher than those in the normal A549 and 
LV‑con groups (P<0.05), while changes in the levels of total 
β-catenin were not significant (P>0.05) (Fig. 4). In the mdig 
overexpression experiment, the expression levels of P-GSK-3β, 
active β-catenin, slug, snail and ZEB1 in mdig-overexpressing 
A549 cells were significantly lower than those in the normal 
A549 and LV‑con groups (P<0.01), while changes in the 
levels of total β-catenin were not significant (P>0.05) (Fig. 5). 
The same results were obtained for mdig-overexpressing 
HUVECs (Fig. 6). These results show that mdig can inhibit 

the phosphorylation of GSK-3β and thus promote the phos-
phorylation of β-catenin. This may reduce the levels of active 
(non‑phosphorylated) β-catenin, leading to a decrease in its 
direct promotion of the EMT‑related factors snail, slug and 
ZEB1.

Mdig regulates major molecular markers of EMT. Western 
blotting was used to detect the expression of major EMT 
markers in the mdig-knockdown and mdig-overexpressing cell 
lines. In the mdig knockdown experiment, the expression levels 
of E‑cadherin, claudin‑1, ZO‑1, integrin β1 and integrin β4 in 

Figure 3. Effect of mdig on the invasion and migration of A549 cells. (A) A Transwell assay was performed to determine the invasive ability of A549 cells; 
the numbers of transmembrane cells in the LV‑mdig and LV‑mdig‑RNAi groups were compared with those in the LV‑con and A549 groups (**P<0.01). (B) A 
Transwell assay was performed to determine the migratory ability of A549 cells; the numbers of transmembrane cells in the LV‑mdig and LV‑mdig‑RNAi 
groups were compared with those in the LV‑con and A549 groups (**P<0.01). (C) A scatch-wound assay was performed to detect the migratory ability of A549 
cells; the percentage of scratch healing in the LV‑mdig‑RNAi and LV‑mdig groups was compared with that in the LV‑con group at 12 and 24 h (*P<0.05; 
**P<0.01). Representative images from experiments performed three times.
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Figure 4. Regulation of the GSK-3β/β-catenin signaling pathway by mdig. Western blotting was used to analyze the GSK-3β/β-catenin signaling pathway and its 
downstream regulation of EMT‑related factors. GAPDH was used as a protein loading control. A549 cell mdig knockdown experiment; the LV‑mdig‑RNAi 1 
and LV‑mdig‑RNAi 2 groups were compared with the LV‑con and A549 groups (*P<0.05; **P<0.01). Representative images from experiments performed three 
times.

Figure 5. A549 cell mdig overexpression experiment; the LV‑mdig group was compared with the vector and A549 groups (**P<0.01). Representative images 
from experiments performed three times.
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mdig-silenced A549 cells were significantly downregulated 
(P<0.01), while those of N-cadherin and vimentin were 

significantly upregulated (P<0.01), relative to the A549 and 
LV‑con groups (Fig. 7). Opposite results were obtained for 

Figure 6. HUVEC mdig overexpression experiment; the LV‑mdig group was compared with the vector and HUVEC groups (**P<0.01). Representative images 
from experiments performed three times.

Figure 7. Regulatory effects of mdig on the expression of major EMT markers. Western blotting was used to detect changes in the expression levels of major 
EMT markers. GAPDH was used as a protein loading control. A549 cell mdig knockdown experiment; the LV‑mdig‑RNAi 1 and LV‑mdig‑RNAi 2 groups 
were compared with the LV‑con and A549 groups (**P<0.01). Representative images from experiments performed three times.
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mdig-overexpressing A549 cells; compared with the A549 and 
LV‑con groups, the expression levels of E-cadherin, claudin‑1, 
ZO‑1, integrin β1 and integrin β4 were significantly upregu-
lated in mdig-overexpressing A549 cells (P<0.01), while those 
of N-cadherin and vimentin were significantly downregu-
lated (P<0.01) (Fig. 8). The results for mdig-overexpressing 
HUVECs were equivalent to those for mdig-overexpressing 
A549 cells (Fig. 9); mdig overexpression was able to upregu-
late the epithelial cell markers E-cadherin, claudin‑1, ZO‑1, 
integrin β1 and integrin β4 (P<0.05), while downregulating 
the expression of the mesenchymal cell markers N-cadherin 
and vimentin (P<0.01).

Discussion

Lung cancer has become one of the world's highest ranked 
malignancies in terms of morbidity and mortality rates, and 
thus is a serious threat to human health and quality of life. 
Smoking, environmental pollution and occupational, physical 
and chemical carcinogen exposure have all been identified as 
risk factors of lung cancer (20,21). It is presently established 
that the occurrence and development of human lung cancer 
is due to a large number of genetic changes. Mdig is a lung 
cancer‑related gene that is highly expressed in lung cancer 
tissues and most lung cancer cell lines, but not in normal 
lung tissues, and can be induced by environmental stimuli in 
alveolar macrophages (1). Previous studies have confirmed 
that mdig is a proto-oncogene that exhibits high expression in 
a variety of tumors, and serves key roles in promoting tumor 

cell proliferation. The main reason for the high mortality rate 
of cancer patients is due to the invasion and metastasis of 
tumor cells; however, current research on mdig regarding its 
potential regulation of cell invasion and metastasis is limited. 
Our previous study found that the overexpression of mdig 
in A549 cells significantly increased cell proliferation, but 
significantly reduced cell invasion and migration (6). These 
data indicated that mdig can promote tumor cell proliferation 
while inhibiting cell invasion and metastasis; however, the 
exact mechanism underlying these contradicting effects is 
not clear. The study also found that the expression levels of 
mdig and the overall survival (OS) rate of lung cancer patients 
were inversely related, with high expression levels of mdig 
indicating a poor prognosis alongside the stimulatory effects 
on cell proliferation. However, when patients were classi-
fied according to the American Joint Committee on Cancer 
(AJCC) staging system for lymph node metastasis status (N), 
we noted that higher mdig expression only predicted a poorer 
OS rate of patients with AJCC N0 (no regional lymph node 
metastasis) and AJCC N1 (possible proximal lymph node 
metastasis), but not for those with AJCC N2 (distant lymph 
node metastasis). Therefore, although these findings were 
statistically insignificant, higher mdig expression appears to 
predict a better, rather than poorer, survival rate for AJCCN2 
patients, which may support the findings that mdig is an inhibi-
tory factor for cell migration and invasion (6). Komiya et al 
also confirmed that mdig/mina53 may be a prognostic indi-
cator of lung cancer; they found that the expression of mdig 
was markedly increased in early squamous cell carcinoma, 

Figure 8. A549 cell mdig overexpression experiment; the LV‑mdig group was compared with the vector and A549 groups (*P<0.05; **P<0.01). Representative 
images from experiments performed three times.
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and that NSCLC patients positive for mdig/mina53 expres-
sion had a better prognosis than mdig-negative patients, which 
indicated that mdig/mina53 may inhibit tumor cell invasion 
and metastasis and promote apoptosis (9). These findings are 
in accordance with our previous study, and suggest that mdig 
has the ability to inhibit tumor cell invasion and metastasis in 
NSCLC; however, the corresponding molecular mechanism 
is not clear.

Tumor cell invasion and metastasis may occur to varying 
degrees during the different stages of EMT. Notably, the 
occurrence of EMT has been associated with NSCLC 
invasion and translocation  (10). Studies have shown that 
morphological changes are induced by EMT in tumor cells; 
when EMT occurs in A549 cells, the morphology of cells 
changes from a cobblestone shape to an elongated spindle-
like shape characteristic of fibroblastoid cells (16). In order 
to investigate the mechanism underlying the regulatory 
effects of mdig on the invasion and metastasis of A549 cells, 
the present study constructed mdig-silenced and mdig-
overexpressing A549  cell lines. It was observed that the 
morphology of mdig-silenced A549 cells changed from a 
cobblestone shape to an elongated spindle-like shape (i.e., 
a fibroblastoid appearance), while the morphology of mdig-
overexpressing A549 cells became rounder in appearance 
compared with the initial cobblestone shape, thus indicating 
that the expression of mdig plays an important role in the 
morphological changes of A549 cells. On the basis of the 
aforementioned findings, Transwell assays were performed 
to determine the effects of mdig silencing and overexpression 

on the invasion and migration of A549 cells. The results of 
the invasion experiment demonstrated that mdig overexpres-
sion significantly decreased the number of cells that invaded 
through the matrix and membrane, while mdig knockdown 
significantly increased the number of cells when compared 
with the normal A549 and control groups. Identical results 
were obtained from the migration experiment. In order to 
further verify the effect of mdig on the migratory ability of 
A549 cells, a scratch-wound assay was performed. Compared 
with the control group, the mdig overexpression A549 cell 
group exhibited a significantly slower healing rate, and 
the mdig knockdown group exhibited a significantly faster 
healing rate. Therefore, mdig overexpression can inhibit the 
invasion and metastasis of A549 cells, and silencing of mdig 
can increase the invasive and migratory properties of cells, 
suggesting that mdig has the ability to inhibit the invasion 
and metastasis of A549 cells.

In order to further explore the mechanism underlying these 
inhibitory effects of mdig, this study examined the effect of 
mdig on the expression of the GSK-3β/β-catenin signaling axis, 
the downstream transcription factors snail, slug and ZEB1, and 
the major molecular markers of EMT. The results showed that 
mdig could inhibit the phosphorylation of GSK-3β at Ser9 
and promote the phosphorylation of β-catenin, which resulted 
in a decrease in the active (non‑phospho at Ser33, Ser37 and 
Thr41) form of β-catenin, leading to a reduction in the direct 
promotion of slug, snail and ZEB1. Our results indicated that 
the regulation of mdig on the signaling pathway was mainly 
post-translational modification. Mdig could also upregulate 

Figure 9. HUVEC mdig overexpression experiment; the LV‑mdig group was compared with the vector and HUVEC groups (*P<0.05; **P<0.01). Representative 
images from experiments performed three times.
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epithelial cell markers (E-cadherin, claudin‑1 and ZO‑1) and 
mediate the expression of integrin β1 and integrin β4, the key 
facilitators of extracellular matrix adhesion, while downregu-
lating mesenchymal cell markers (N-cadherin and vimentin). 
These results suggested that mdig can promote the phos-
phorylation of β-catenin by inhibiting the phosphorylation of 
GSK-3β, in order to suppress the expression of slug, snail and 
ZEB1 and the occurrence of EMT, and thereby inhibit the inva-
sion and metastasis of NSCLC. The present study also used 
HUVEC cells to verify the above molecular mechanisms, and 
the same conclusions were obtained. Collectively, our results 
elucidated the molecular mechanism underlying the inhibitory 
effects of mdig on the invasion and metastasis of NSCLC by 
demonstrating a strong correlation between the expression 
levels of mdig and the examined proteins in tumor cells and 
normal cells, as observed previously (6,9), and supported the 
clinical findings that mdig-positive NSCLC is associated with 
a better prognosis than the mdig-negative form in patients at 
the advanced stage because of mdig inhibiting invasion and 
metastasis of NSCLC (22). The present study focused on the 
regulation of tumor cell biological behavior by mdig, and 
advanced our understanding of the underlying regulatory 
mechanism regarding downstream target genes. However, 
the correlation between the expression levels of mdig and the 
examined proteins in patient samples and whether it is only 
through GSK-3β/β‑catenin pathway for mdig to affect the inva-
sion and migration of NSCLC need to be studied in the future. 
It should be noted that positive mdig expression in other types 
of tumors, such as breast cancer (23), liver cancer (24), gastric 
cancer (25,26), neuroblastoma (27), renal cell carcinoma (28), 
and esophageal squamous cell carcinoma (29,30), is a poor 
prognostic indicator. Mdig expression is not significantly 
associated with the prognosis of some tumors, such as primary 
gingival squamous cell carcinoma (31). However, in general, 
mdig is considered to be an important factor associated with 
important tumor‑related genes, and not only exhibits different 
functions during different tumor stages, but also in different 
tumor tissues (32). Future research should further explore the 
molecular mechanisms of mdig in tumor cell behavior, and 
also focus on the value of mdig in the diagnosis, staging, treat-
ment and prognosis of tumors.
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