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Migration-inducing gene-7 promotes glioma cell proliferation and invasiveness
via activating the MAPK signaling pathway
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Glioma is a highly aggressive primary malignant tumor. Migration-inducing gene-7 (Mig-7) is closely related to tumor
invasion and metastasis. However, the detailed molecular mechanism of Mig-7-mediated promotion of glioma cell invasion
requires further investigation. Therefore, this study aimed to investigate the molecular mechanism by which Mig-7 promotes
invasion and growth of glioma tumor cells. After collecting 65 glioma tissues and 16 non-tumor tissues, the expression
difference of Mig-7 between tumor tissues and non-tumor tissues was analyzed. The molecular mechanism of Mig-7 in
tumor cells was investigated by knockdown or overexpression of Mig-7 in U87MG cells. Specifically, the expression levels of
mitogen-activated protein kinase (MAPK) signaling pathway-related molecules were detected in cells that knocked down
Mig-7. MTT, Transwell, and three-dimensional cell culture assays were used to detect the survival, migration, invasion,
and tube formation of U87MG cells that overexpressed Mig-7 were treated with the MAPK signaling pathway inhibitors
(SP600125, SCH772984, and SB202190). The effect of Mig-7 on the tumorigenic ability of U87MG cells was investigated by
subcutaneous tumorigenic experiment in nude mice. The corresponding results indicated that Mig-7 expression was signifi-
cantly higher in glioma tissues and cell lines compared to that in non-neoplastic brain tissues and normal glial cell lines.
In U87MG cells, downregulation or overexpression of Mig-7 inhibited or promoted the expression of MMP-2, MMP-9,
LAMC?2, EphA2, and VE-cadherin, and phosphorylation levels of ERK1/2, JNK, and p38. Mig-7 overexpression promoted
migration, invasion, cell viability, and tube formation, which were reversed by the MAPK signaling pathway inhibitors.
Mig-7 overexpression promoted subcutaneous tumor growth in mice and upregulated the phosphorylation levels of
ERK1/2, JNK, and p38 and the expression of Ki-67. These effects of Mig-7 overexpression were reversed by MAPK pathway
inhibitors. Overall, these results suggest that Mig-7 may be a novel biomarker and potential therapeutic target for glioma,
with the MAPK pathway playing a key role in the corresponding Mig-7 mechanism of action.
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Glioma is the most aggressive primary brain tumor, with
surgical resection, radiotherapy, and chemotherapy as poten-
tial treatment options. However, the 5-year survival rate
of glioma patients is less than 10%, and the corresponding
recurrence and mortality rates remain high [1-3]. Therefore,
it is necessary to further understand the molecular mecha-
nisms underlying glioma occurrence and progression to
facilitate the development of more effective novel drugs.

Migration-inducing gene-7 (Mig-7) protein is composed
of 207 amino acids and is rich in cysteine [4]. It has been
revealed that Mig-7 mRNA levels increase in embryonic
cytotrophoblast cells and in more than 80% of tumors
[4-6]. Recently, Mig-7-specific sShRNA and anti-Mig-7 (1e9)
polyclonal antibodies were produced; it was reported that
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targeting Mig-7 protein with these inhibitory mechanisms
reduced HEC1A endometrial carcinoma cell chemoinvasion
and MT1-MMP activation [7]. Mig-7 significantly affects
tumor migration and invasion in hepatocellular carcinoma
and osteosarcoma, while it is essential for proliferation and
invasion in ovarian cancer [8, 9]. Further, Mig-7 is overex-
pressed in highly invasive tumors but not in non-invasive
malignant cells [10-13], suggesting an important role in
tumor invasion. Additionally, knocking down Mig-7 atten-
uates the invasiveness of U87MG cells [12]. However, it
remains to be investigated whether Mig-7 affects the prolif-
eration of glioma cells [12].

Previous studies have shown that excessive prolifera-
tion, migration, and invasion of glioma cells are associ-
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ated with the activation of various oncogenic cascades [14];
among these cascades, the mitogen-activated protein kinase
(MAPK) pathway is aberrantly activated in gliomas and is
associated with the resultant proliferation, migration, and
invasion [15, 16]. Three typical subfamilies of MAPKSs exist:
ERKSs, JNKs, and p38s [16]. The MAPK signaling pathway is
a promising target for tumor therapy; therefore, it is impor-
tant to discover novel anti-cancer targets by analyzing this
pathway [17]. Our previous study demonstrated that the
PI3K/AKT/MMP pathway plays an important role in Mig-7-
dependent regulation of glioma invasiveness, including via
the mediation of MMP-2 and MMP-9 [12]. MMP-2 promotes
LAMC2 cleavage, which promotes cytoskeletal recombi-
nation and movement by activating downstream targets
of the epidermal growth factor receptor; further, studies
have shown that the expression of MMP-2 and MMP-9 in
glioma can be suppressed by inhibiting MAPK pathway [8].
In addition, Mig-7 regulates ERK and AKT phosphoryla-
tion levels in endometrial carcinoma and, ultimately, affects
tumor growth [7]. However, it has not been reported whether
Mig-7 can affect the growth of glioma tumors by regulating
ERK, JNKs, and p38 pathways.

Therefore, the aim of this study was to examine the expres-
sion of Mig-7 in glioma tissues and cell lines in comparison
to non-tumorigenic tissues and normal glial cell lines, along-
side elucidating the role of the MAPK pathway in Mig-7-
mediated regulation of glioma cell migration, invasion, cell
viability, and tube formation.

Patients and methods

Cell lines and tissue samples. HA1800, LN-229, US7MG,
and Hs 683 cell lines were purchased from the cell bank of
the Chinese Academy of Sciences (Shanghai, China). All cells
were cultured at 37 °C under 5% CO,in Dulbecco’s modified
Eagle medium (DMEM, catalog number: 11965092, Gibco,
USA) supplemented with 10% fetal bovine serum (FBS,
catalog number: 10099141C, Gibco, Australia), penicillin-
streptomycin (penicillin: 100 U/ml, streptomycin: 100 pg/ml,
catalog number: 15140148, Gibco, USA). The tissue sample
collection and analysis used in this study were approved by the
Ethics Committee of the Second Affiliated Hospital of Fujian
Medical University (Ethics approval number: No.262 [2021]).
In addition, 65 glioma tissues and 16 non-tumor tissues were
collected from the Pathology Department of the Second Afhili-
ated Hospital of Fujian Medical University from 2019 to 2021,
including 6 pairs of glioma tissue and adjacent normal tissue.

Immunohistochemistry (IHC). Immunohistochemical
staining was performed as previously described [18]. Briefly,
paraffin-embedded tissue samples were cut into 5 pm thick
sections using a microtome (HistoCore BIOCUT, Leica
Biosystems, Germany). The sections were blocked with 5%
goat serum for 15 min at 26°C and incubated overnight
with mouse anti-Mig-7 (1:500, catalog number: ab272576,
Abcam Co. Ltd, Cambridge, UK) or rabbit anti-Ki-67

(1:2000, catalog number: 27309-1-AP, Proteintech, Wuhan,
China) at 4°C. After washing with phosphate-buffered
saline (PBS), the sections were incubated with horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (catalog
number: SA00001-1, Proteintech, China) or anti-rabbit
IgG (catalog number: SA00001-2, Proteintech, China) for
20 min at 25°C. The sections were washed once more with
PBS and the colorimetric reaction was developed by diami-
nobenzidine (catalog number: P0203, Beyotime, Shanghai,
China). After counterstaining with hematoxylin (catalog
number: ST2067-5g, Beyotime, China) and dehydration, the
sections were observed and photographed under an optical
microscope (Olympus, Japan) in a bright field (100x or
200x magnification). The percentage of Ki-67-positive cells
was estimated under a microscope, 1,000 tumor cells were
counted randomly, and the Ki-67-positive rate was calculated
(number of positive cells/1000x100%; n=6/group).

RNA extraction and real-time PCR. Total RNA was
extracted from the tissues and cells using TRIzol (catalog
number: 15596026CN, Invitrogen, USA) according to the
manufacturer’s instructions. The absorption value of RNA
solution at 260 nm was measured by ultra microspectropho-
tometer (Implen, model: Nanophotometer NP80, Germany),
and the quality and concentration of RNA were analyzed.
cDNA was synthesized using the obtained RNA and reverse
transcription kit (catalog number: RR036A, TaKaRa, Osaka,
Japan) according to the manufacturer’s instructions. Real-
time PCR was performed on a MiniOpticon Real-Time PCR
detection system (Bio-Rad, USA) with the GoTaq® qPCR
Master Mix (catalog number: A6001, Promega, WI, USA)
using the obtained cDNA. The relevant primers designed by
using DNAMAN software (version 9.0) are listed in Table 1.
Real-time PCR conditions were as follows: initial denatur-
ation at 95 °C for 2 min, followed by 40 cycles of denaturation
for 15s at 95°C and annealing/elongation for 60s at 60 °C.
18S RNA was used for the internal control for normalization.
These results were calculated with the 2722 method [19]. All
samples were run in triplicates.

Western blotting. Total protein from the tissues and cells
was extracted with RIPA lysis buffer (catalog number: 89900,
Thermo Fisher Scientific, Waltham, MA, USA) containing
phenylmethylsulfonyl fluoride (catalog number: ST505,
Beyotime, China) and phosphorylated protease inhibi-
tors (catalog number: G2007-1ML, Servicebio, China), and
quantified with a bicinchoninic acid kit (catalog number:
23250, Thermo Fisher Scientific, China). Next, the proteins
separated in a 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis were transferred to the PVDF membranes
(catalog number: IPVH00010, Millipore, USA) in ice water
for 90 min. During electrophoresis, the initial voltage was
80 V, and when the sample ran to the separation gel, the
voltage was increased to 120 V until the end of electropho-
resis. During membrane transfer, the current was 240 mA for
1h. Next, the membranes were blocked with 5% non-fat milk
and incubated overnight with primary antibodies against
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Mig-7 (1:2000, catalog number: bs-5781R, Bioss Antibodies,
Beijing, China), EphA2 (1:2000, catalog number: 66736-1-
Ig, Proteintech, China), LAMC2 (1:3000, catalog number:
19698-1-AP, Proteintech, China), VE-cadherin (1:2000,
catalog number: 66804-1-Ig, Proteintech), MMP-2 (1:2000,
catalog number: 10373-2-AP, Proteintech), MMP-9 (1:3000,
catalog number: 10375-2-AP, Proteintech), phospho-ERK
(1:1000, catalog number: 4376S, Cell Signaling Technology,
USA), ERK (1:1000, catalog number: 4695S, Cell Signaling
Technology), phospho-JNK (1:1000, catalog number: 92558,
Cell Signaling Technology, JNK (1:1000, catalog number:
92528, Cell Signaling Technology), phospho-p38 (1:1000,
catalog number: 92165, Cell Signaling Technology), p38
(1:1000, catalog number: 92128, Cell Signaling Technology)
and GAPDH (1:1000, catalog number: 2118S, Cell Signaling
Technology) at 4°C. The membranes were then incubated
with HRP-labeled goat anti-mouse IgG (catalog number:
SA00001-1, Proteintech) or anti-rabbit IgG (catalog number:
SA00001-2, Proteintech) at room temperature for 2 h. The
immunoblots were visualized with the ECL Western Blotting
Detection System (Forevergen, China). Image] was used to
analyze the optical densities of the target bands. The target
protein expression levels were normalized using GAPDH as
an internal control.

Overexpression or knockdown of Mig-7 in US7MG
cells. For Mig-7 silencing, we designed small interfering
RNA (siRNA) targeting Mig-7 (si-Mig-7) and the negative
control of si-Mig-7 (si-NC) using the software of Ambion
siRNA Target Finder (Ambion, Inc., USA); these were then
synthesized by GenePharma Company (Shanghai, China).
U87MG cells were seeded into 6-well plates at a density of
5x10° cells/well. When the cell confluence reached 60%,
siRNA (si-Mig-7 or si-NC) was transfected into the cells at
100 pmol/well using Lipofectamine® 2000. Mig-7 silencing

was verified by real-time PCR and western blotting. The
sequences of siRNA are listed in Table 2.

For the stable overexpression of Mig-7, Mig-7 (GeneBank:
DQ080207.2) was inserted into the pcDNA3.3-puro vector
(XIAMEN Anti-HeLa Biological Technology Trade Co., Ltd.,
Xiamen, China) to prepare the lentiviruses. The resulting
plasmid was named Mig-7 OE. The corresponding primer
sequences were designed and synthesized (Table 2).

To prepare the lentiviral particles, 9 pug of Mig-7 OE and
the suitable packaging plasmids (3 pg of pMD2G and 6 pug
of pspax2) were co-transfected into 293T cells (Xiamen
Immocell Biotechnology Co., Ltd.) using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.). After
48h, the supernatant, which contained the lentivirus, was
collected, and then the lentivirus was enriched and the titer
was determined as described previously [20]. In the presence
of 8 ug/ml polypropylene, the lentivirus was transduced into
U87MG cells at a multiplicity of infection of 10. After 48 h,
the medium was replaced with fresh medium, and puromycin
was added at a final concentration of 600 ng/ml. After 14
days, cells were collected for Mig-7 expression analysis.

Inhibitor treatment. 10uM JNKs inhibitor SP600125
(catalog number: S1460, Selleck, USA) [21], 2uM ERK
inhibitor SCH772984 (catalog number: S7101, Selleck) [22],
or 10uM p38 inhibitor SB202190 (catalog number: S1077,
Selleck) [23] were used to treat with U87MG cells stably
overexpressing Mig-7 for 24 h. For cell treatments, the drug
is dissolved in dimethyl sulfoxide (DMSO, catalog number:
ST038, Beyotime, China) and then diluted in the medium
immediately prior to use. The final concentration of DMSO
was less than 0.1%.

Cell viability assay. US87MG cells with stable overex-
pression of Mig-7 and the corresponding control cells were
seeded in a 96-well plate at a density of 5x10° cells/well for

Table 1. The relevant sequence-specific primers used in real-time PCR.

Gene Forward primer (5'-3") Reverse primer (5-3")

EphA2 ACTGCCAGTGTCAGCATCAACC GTGACCTCGTACTTCCACACTC
LAMC2 TACAGAGCTGGAAGGCAGGAT GTTCTCTTGGCTCCTCACCTTG
Mig-7 TGCCAAGTCTGGAATAGTCCTAGT CTCTCCTCGGTCTGTCTTCTTGA
MMP-2 AGCGAGTGGATGCCGCCTTTAA CATTCCAGGCATCTGCGATGAG
MMP-9 CATTCCAGGCATCTGCGATGAG CCCTCAGAGAATCGCCAGTAC
VE-cadherin CGCAATAGACAAGGACAT GCCGTGTTATCGTGATTA
GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG

Table 2. Sequence of siRNA and primers for plasmid construction.

Name Sequence (5°-3")

si-NC TTCTCCGAACGTGTCACGT
si-Mig-7-1 CGTGTGTGTGTGTGTGTGTGT
si-Mig-7-2 CGCTAGACAAAGTCAAGAAGAC
si-Mig-7-3 CGTTGAAAGTGTAGCTGCATC

Mig-7 OE forward primer
Mig-7 OE reverse primer

TAGAGAATTCGGATCCGCCACCATGGCAGCAAGTAGATGCTC
GCTTCCATGGCTCGAGTTACAGTTTAAATGTGAACACTTTTGC
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4h. After cells were treated with SP600125, SCH772984,
or SB202190 for 24 h, 20pl 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, 5 mg/ml, catalog
number: ST316, Beyotime, China) solution was added. After
incubation for 4 h at 37°C, the supernatant was discarded
and DMSO was added to each well. The plates were gently
shaken on a horizontal shaker for 10 min to dissolve crystals.
The optical density value of each well was read at 490 nm
in a microplate reader (BioTek, USA). The experiment was
repeated thrice.

Cell migration and invasion assays. For migration
or invasion assays, U87MG cells with stable overexpres-
sion of Mig-7 and the corresponding control cells in 100 pl
DMEM (without FBS) containing SP600125, SCH772984,
or SB202190 were seeded in the Matrigel-free or Matrigel-
coated upper chambers of the 24-well Transwell plates
(Corning, USA) at a density of 1x10° cells/well, and 500 pl
DMEM with 10% FBS was plated in the lower chambers of
the Transwell plates. After 24 h of incubation at 37°C, the
cells at the back of the upper chamber bottom were fixed in
4% paraformaldehyde (catalog number: P0099, Beyotime,
China) for 30 min and stained in 0.5% crystal violet (catalog
number: C0121, Beyotime) for 30 min. Cells were photo-
graphed under an optical microscope in a bright field (100x
magnification) and counted using ImageJ software.

Three-dimensional cell culture. Matrigel (Becton,
Dickinson and Company, New Jersey, USA) and FBS (Gibco
Inc.) were mixed at a 1:1 ratio, and then 20 pl of this mixture
was immediately added to each well of the 24-well plate and
evenly spread on the bottom. After the gel was coagulated,
1x10° U87MG cells with stable overexpression of Mig-7
and the corresponding control cells in 100 pl DMEM with
SP600125, SCH772984, or SB202190 were added to each
well. After 6 h, the cells were viewed and photographed with
a light microscope in a bright field (40x magnification).
Image] software was used to calculate the formation of tubes.

Tumor formation assay in vive. All animal experiments
took place at the Second Affiliated Hospital of Fujian Medical
University and were approved by the Second Affiliated
Hospital of Fujian Medical University Institutional Ethics
Committee (No.262 [2021]). Four-week-old male BALB/c
athymic nude mice were purchased from the National
Laboratory Animal Center (Beijing, China), and maintained
under specific pathogen-free (SPF) conditions for a week
before the experiment began. Six mice were placed in a cage.
Eighteen mice were divided into three groups with 6 mice in
each group: overexpressing negative control (Ctrl), overex-
pressing Mig-7 (Mig-7 OE), and Mig-7 OE+MAPK inhibitor
group, with 6 mice in each group. In the Ctrl group, control
cells were injected subcutaneously into mice with 5x10° cells/
mouse; then 200 ul normal saline was injected intraperito-
neally every day. In Mig-7 OE group, U87MG cells overex-
pressing Mig-7 were injected subcutaneously into mice with
5x10°¢ cells/mouse; then 200 ul normal saline was injected
intraperitoneally every day. In the Mig-7 OE+MAPK inhib-

itor group, U87MG cells overexpressing Mig-7 were subcu-
taneously injected into mice with 5x10° cells/mouse; then
intraperitoneally injected with 30 mg/kg SP600125 [24], 25
mg/kg SCH772984 [25], and 5 mg/kg SB202190 [26] every
day. The drug is dissolved in DMSO and then diluted in the
PBS immediately prior to use. These drugs were then injected
intraperitoneally daily. Tumor growth was measured at 0, 20,
24, 28, 32, 36, and 40 days after cell injection, and the tumor
volume was calculated using the formula: volume (mm?®) =
0.5 x length x width x width. After 40 days of the subcu-
taneous injection, all mice were placed in the euthanasia
chamber and then euthanized by introducing 100% CO,
gas at a flow rate of 60% of the chamber volume/min. The
mice were confirmed dead when there was no corneal reflex,
detectable breathing, and heartbeat for more than 5 min.
After being euthanized, the tumor tissues from the mice were
resected, imaged, weighed, and either snap frozen in liquid
nitrogen or embedded in paraffin for IHC.

Statistical analyses. Statistical analyses were performed
using SPSS 17.0 software. All experiments were indepen-
dently performed three times. Data normality was assessed
using the Kolmogorov-Smirnov and Shapiro-Wilk tests, and
homogeneity of variances was assessed using the Levene test.
All studied variables did not deviate from normal distribu-
tion and variances did not significantly differ between condi-
tions for the same variable. Two groups were compared using
an unpaired or paired Student’s t-test. Multiple groups were
compared by one-way ANOVA, followed by the Tukey’s post
hoctest. Categorical data were compared using the Chi-square
test. Data was considered with statistical significance with
p<0.05. Data are expressed as mean * standard deviation.

Results

Mig-7 is upregulated in glioma tissues and glioma cell
lines. Positive expression of the Mig-7 protein in glioma and
non-neoplastic brain tissues was found in 59 (90.7%) and 2
(12.5%) cases, respectively; in contrast, negative expression
of the Mig-7 was found in 6 (9.3%) and 14 (87.5%) samples,
respectively. Thus, Mig-7 was significantly upregulated in
glioma tissues compared to non-tumorigenic brain tissues
(categorical data, chi-square test 42.3, p<0.0001, Table 3).
Moreover, IHC and western blot showed that Mig-7 protein
levels were higher in glioma tissues than in non-tumorigenic
brain tissues (Figures 1A-1C; paired two groups, paired

Table 3. Different protein expression of Mig-7 between glioma and non-
neoplastic brain tissues.

Mig-7 protein expression

Group Cases No. of No. of x>  p-value
negative n (%) positive n (%)
Glioma tissues 65 6 59
- - 42.3  <0.0001
Non-neoplas- - 14 2
tic tissues
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Student’s t-test, t=2.586, p=0.0491, Figure 1C). Similarly,
Mig-7 mRNA levels were higher in glioma tissues than those
in non-tumorigenic brain tissues (paired two groups, paired
Student’s t-test, t=3.077, p=0.0276, Figure 1D).

In vitro glioma cell models, including the LN229, U87MG,
and Hs 683 cell lines, were used to assess Mig-7 expression.
The corresponding results demonstrated that Mig-7 mRNA
and protein expression were significantly higher in glioma
cell lines than those in the normal glial cell line HA1800
(Figures 1E-1G) (multiple groups, one-way ANOVA,
Figure 1E, F;3=478.7, p<0.0001; Figure 1G, F;3=118.3,
p<0.0001).

Knockdown of Mig-7 decreases the expression levels of
extracellular matrix-related molecules, and phosphoryla-
tion levels of ERK1/2, JNK, and p38. To explore the inhibi-
tion of extracellular matrix-related molecules and MAPK
pathway expression after Mig-7 silencing, U87MG cells were
transfected with si-Mig-7. The expression of Mig-7 mRNA

and protein levels were dramatically reduced in the si-Mig-7
group compared with the non-transfected (mock) group and
si-NC group cells; this confirmed that Mig-7 was inhibited
by si-Mig-7 (Figures 2A-2C) (multiple groups, one-way
ANOVA; Figure 2A, Mig-7: F,=628.4, p<0.0001; Figure 2C,
Mig-7: F,,=1205, p<0.0001). After decreasing Mig-7 expres-
sion, MMP-2, MMP-9, LAMC2, EphA2, and VE-cadherin
mRNA and protein levels were found to be significantly
lower in the si-Mig-7 group than those in the si-NC group
(Figures 2A-2C) (multiple groups, one-way ANOVA;
Figure 2A, MMP-2: F,=155.1, p<0.0001, MMP-9: F, ;=232 4,
p<0.0001, LAMC2: F,(=36.68, p=0.0004, EphA2: F, =45.31,
p=0.0002, VE-cadherin: F,(=126.8, p<0.0001; Figure 2C,
MMP-2: F, =56.27, p=0.0001, MMP-9: F, (=424.8, p<0.0001,
LAMC2: F,4=858.6, p<0.0001, EphA2: F, ,=166.5, p<0.0001,
VE-cadherin: F,,=140.4, p<0.0001). These findings suggest
that Mig-7 has the potential to regulate extracellular matrix
formation.
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Figure 1. Mig-7 is upregulated in glioma tissues and glioma cell lines. A) Representative IHC images show Mig-7 expression levels in non-neoplastic
(n=6) and glioma tissues (200x magnification, n=6). B-D) The protein (B, C) and mRNA (D) levels of Mig-7 in glioma (n=6) and paired non-neoplastic
brain tissues (n=6). E-G) The mRNA (E) and protein (F, G) levels of Mig-7 in HA1800, LN229, U87MG, and Hs 683 cell lines. The experiment was car-
ried out independently three times (n=3). Paired Student’s t-test was applied to analyze differences between two groups in C and D. One-way ANOVA
was applied for statistical analysis in E and F. *p<0.05, **p<0.01, ***p<0.0001. Abbreviation: Mig-7- migration-inducing gene-7
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In addition, the protein expression levels of phospho-ERK,
phospho-JNK, and phospho-p38 protein expressions were
significantly downregulated in the si-Mig-7 group relative to
the mock and si-NC group (Figures 2B, 2C) (multiple groups,
one-way ANOVA, Figure 2C; phospho-ERK1/2/ERK1/2:
F,=1323, p=0.0063, phospho-JNK/JNK: F,=13.02,
p=0.0066, phospho-p38/p38: F,=31.61, p=0.0007). Overall,
these results showed that the MAPK signaling pathway was
inhibited by silencing Mig-7.

Mig-7 strengthens the expression levels of extracel-
lular matrix-related molecules by activating the MAPK
signaling pathway. To investigate whether Mig-7 regulates
the expression of extracellular matrix-related molecules by
activating the MAPK signaling pathway, we used MAPK
signaling pathway inhibitors (SP600125, SCH772984, or
$B202190) to treat Mig-7-overexpressing U87MG cells.
Upregulation of Mig-7 increased the expression of MMP-2,
MMP-9, LAMC2, EphA2, and VE-cadherin and levels of

phospho-JNK, phospho-ERK, phospho-p38, whereas the
use of MAPK signaling pathway inhibitors mitigated these
Mig-7-mediated effects (Figures 3A, 3B) (multiple groups,
one-way ANOVA; Figure 3B, Mig-7: Fs,,.152.8, p<0.0001,
phospho-p38/p38: Fs,,-324.1, p<0.0001, phospho-ERK/
ERK: F;,.47.44, p<0.0001, phospho-JNK/JNK: F; ,.406.5,
p<0.0001, MMP-2: F;,,.255.4, p<0.0001, MMP-9: F; ,,_191.5,
p<0.0001, LAMC2: F;,,.36.65, p<0.0001, EphA2: F; ;,.75.18,
p<0.0001, VE-cadherin: F;},.110.0, p<0.0001). Overall,
Mig-7 regulates the expression of MMP-2, MMP-9, LAMC2,
EphA2, and VE-cadherin by targeting the MAPK signaling
pathway.

Mig-7 enhances cell survival, migration, invasion, and
tube formation via the MAPK pathway in US7MG cells.
Next, we investigated the effects of Mig-7 on the survival,
migration, invasion, and tube formation of U87MG cells.
Upregulation of Mig-7 improved the survival, migration,
invasion, and tube forming ability of U87MG cells; however,
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Figure 2. Knockdown of Mig-7 inhibits the expression of extracellular matrix-related molecules and the MAPK signaling pathway. A-C) The mRNA
(A) and protein (B, C) levels of Mig-7, extracellular matrix- and MAPK pathway-related molecules were measured in U87MG cells by real-time PCR
and western blotting after successful transfection of si-Mig-7. GAPDH was used as an internal control. These experiments were carried out indepen-
dently three times (n=3). Statistical analysis was performed using one-way ANOVA (A, C). **p<0.01, **p<0.001, ***p<0.0001. Abbreviation: Mig-7-

migration-inducing gene-7
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Figure 3. Mig-7 strengthens the expression levels of extracellular matrix-related molecules by activating the MAPK signaling pathway. A, B) Protein
levels of extracellular matrix- and MAPK pathway-related molecules and Mig-7 were measured with western blotting after treatment of MAPK signal-
ing pathway inhibitors into U87MG cells overexpressing Mig-7. GAPDH was used as an internal control. These experiments were carried out indepen-
dently three times (n=3). Statistical analysis was performed using one-way ANOVA (B). *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. Abbreviation:

Mig-7-migration-inducing gene-7

when treated with MAPK signaling pathway inhibitors
(SP600125, SCH772984, or SB202190), the Mig-7-mediated
effects of these cells were weakened (Figures 4A-4E, 5A, 5B)
(multiple groups, one-way ANOVA; Figure 4A, F;;,-12.14,
p<0.0001; Figure 4C, F;,,.100.6, p<0.0001; Figure 4E,
F;1,-180.9, p<0.0001; Figure 5B, Fs,,-77.68, p<0.0001).
Upregulation of Mig-7 promotes subcutaneous tumor
formation in xenograft nude mice. To investigate the
mechanism of action of Mig-7 in vivo, we performed animal
experiments. In this study, all mice developed xenograft
tumors at the injection site; nonetheless, tumor growth was
observed to be significantly faster in the Mig-7 OE group
than in the other two groups (Figure 6A) (multiple groups,
one-way ANOVA, Figure 6A, 40 days: p=0.0005). Then, 40
days after injection the tumors were excised and weighed;
the tumors of the Mig-7 OE group were significantly heavier
and larger than those of the Ctrl and Mig-7 OE+MAPK
inhibitors groups (Figures 6B, 6C) (multiple groups,

one-way ANOVA, Figure 6C, tumor weight: F,;5.281.4,
p<0.0001). Further, when compared to tumors in the Ctrl
group, expression levels of phosphor-JNK, phosphor-ERK,
and phospho-p38 proteins were significantly higher in
tumors excised from the Mig-7 OE group; additionally, this
upregulated phosphorylation was reversed by MAPK inhib-
itors (Figures 6D, 6E) (multiple groups, one-way ANOVA,
Figure 6E, phospho-p38/p38: F;;,.45.68, p<0.0001,
phospho-ERK/ERK: F;,,.19.24, p=0.0006, phospho-JNK/
JNK: F;,,-20.51, p=0.0004). Immunohistochemical analysis
with Ki-67 staining showed that the percentage of Ki-67-
positive cells was significantly higher in the Mig-7 OE
group than in the Ctrl group (Figures 6F, 6G) (multiple
groups, one-way ANOVA, Figure 6G, Ki-67: F,,5.72.96,
p<0.0001). Therefore, upregulation of Mig-7 promoted the
proliferation of glioma cells in vivo, probably by activating
the MAPK pathways (phospho-JNK, phospho-ERK, and
phospho-p38).
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Figure 4. Mig-7 enhances cell survival, migration, and invasion via the MAPK pathway in U87MG cells. A) Cell survival was measured using MTT
assay in U87MG cells after US87MG cells overexpressing Mig-7 were treated with MAPK signaling pathway inhibitors. B-E) Cell migration (B, C) and
invasion (D, E) were detected after Mig-7-overexpressing U87MG cells were treated with MAPK signaling pathway inhibitors. These experiments
were carried out independently three times (n=3). Statistical analysis was performed using one-way ANOVA (A, C, E). *p<0.05, **p<0.01, **p<0.001,
*%p<0.0001. Abbreviation: Mig-7-migration-inducing gene-7
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Figure 5. Mig-7 enhances tube formation via the MAPK pathway in U87MG cells. A, B) Tube formation was tested after Mig-7-overexpressing US7MG
cells were treated with MAPK signaling pathway inhibitors. The experiment was carried out independently three times (n=3). Statistical analysis was
performed using one-way ANOVA (B). ****p<0.0001. Abbreviation: Mig-7-migration-inducing gene-7
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Discussion

Gliomas are primary malignant brain tumors [27]. The
aggressiveness of this tumor is the main cause of its recur-
rence [28]. Therefore, exploring the molecular mechanisms
that regulate glioma invasion will facilitate the development
of novel drugs for the treatment of this disease.

It has been reported that Mig-7 is highly expressed in a
variety of malignancies, including osteosarcoma, hepato-
cellular carcinoma, and ovarian cancer [8, 9]. Our results
confirmed that Mig-7 mRNA and protein levels were higher
in glioma tissues than in non-tumorigenic brain tissues,

which corroborates with previous findings [12]. Addition-
ally, Mig-7 mRNA and protein levels were also significantly
upregulated in glioma cell lines (LN229, U87MG, and Hs
683 cell lines) compared to normal glial cell lines (HA1800).
Moreover, Mig-7 can significantly affect tumor migration
and invasion in glioma, hepatocellular carcinoma, and
osteosarcoma [8, 9, 12]; further, Mig-7 is required for prolif-
eration and invasion in ovarian cancer [9]. In this study, the
upregulated expression of Mig-7 enhanced the migration
and invasion of glioma cells. Moreover, overexpression of
Mig-7 promoted the proliferation of glioma cells and tumor
growth.
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Figure 6. Upregulation of Mig-7 promotes subcutaneous tumor formation in nude mice. A) Tumor growth curves for each group (n=6). B) Resected
tumors from nude mice 40 days after injection. C) Tumor weights were calculated after sacrificing nude mice 40 days after injection (n=6). D, E)
Western blotting of MAPK signaling pathway-related protein expression (n=4). F) IHC analysis for detection of the proliferation marker Ki-67 (100x
magnification). G) The percentage of Ki-67-positive cells was estimated under an optical microscope (n=6). Statistical analysis was performed using
one-way ANOVA (A, G, E, G). *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. Abbreviation: Mig-7-migration-inducing gene-7
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The MAPK pathway has been shown to be activated
in gliomas, and the highly conserved MAPK pathway
regulates various cellular functions, including proliferation,
migration, and invasion [16, 29]. In addition, the PI3K/
AKT pathway has been observed to play an important role
in Mig-7 regulation of glioma invasiveness [12]; however,
whether the MAPK pathway also plays an important role
in Mig-7 regulation of glioma remains to be investigated.
In this study, we determined that three MAPK signaling
pathway inhibitors-JNK inhibitor SP600125, ERK inhib-
itor SCH772984, and p38 inhibitor SB202190-attenuated
Mig-7-induced U87MG cell proliferation, migration, and
invasion, as well as tumor growth. Additionally, MMP-2,
MMP-9, LAMC2, EphA2, and VE-cadherin were deter-
mined to be involved in tumor cells invasion. Our results
indicate that the protein levels of MMP-2, MMP-9, LAMC?2,
EphA2, and VE-cadherin increased by Mig-7 overexpres-
sion are reduced by MAPK signaling pathway inhibitors
[30-34]. These results demonstrate that Mig-7 plays an
important role in regulating glioma development via the
MAPK pathway. Furthermore, three pathways, ERK, JNKs,
and p38, are specifically involved in this process.

It has been reported that miR-520d-3p acts as a tumor
suppressor by inhibiting vasculogenic mimicry (VM)
formation by targeting Mig-7 [35]. Our previous findings
showed a positive correlation between the level of Mig-7
protein expression and the amount of VM formation,
which increased with the pathological grade of glioma [12].
It is evident that Mig-7 is closely associated with VM in
glioma tissues. In addition, three-dimensional cell culture
has been widely used as a method to detect the formation
of VM in vitro [8, 9, 35], and was utilized in the present
study. Our results demonstrated that overexpression of
Mig-7 promoted tube formation, whereas the addition of
MAPK signaling pathway inhibitors to these cells reversed
the effect of Mig-7, suggesting that Mig-7 promotes tube
formation by activating the MAPK signaling pathway in
glioma cells. However, owing to the lack of VM-related
detection in human glioma and mouse tumor tissues in
this study, Mig-7 could not be verified to participate in
glioma VM formation through the activation of the MAPK
signaling pathway; this was considered to be one of the key
limitations of this study.

Another limitation of this study is that we only inves-
tigated the effect of Mig-7 on the invasion ability of U87
MG cells at the cellular level without implementing corre-
sponding animal experiments for in vivo verification.

In summary, Mig-7 enhances migration, invasion, cell
viability, and tube formation of U87MG cells, as well as
subcutaneous tumor formation in mice; specifically, these
Mig-7-mediated effects occur via the activation of the
MAPK signaling pathway. Overall, these results suggest
that Mig-7 plays an important role in the occurrence and
development of gliomas, suggesting that targeting Mig-7 for
glioma treatment may be a promising therapeutic approach.
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