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Background: Membrane-associated guanylate kinase inverted repeat member 1 (MAGI1)

acts as a tumor suppressor in a variety of tumors; however, its expression and biological

function in glioma are still unknown.

Methods: MAGI1 expression in glioma was examined by immunohistochemistry. In addi-

tion, overexpression of MAGI1 in U87 and U373 cells, colony formation and MTT assays

were used to evaluate cell proliferation, Transwell assays to determine cell migration and

invasion, and a xenograft model established using U87 cells to evaluate the effect of MAGI1

overexpression in vivo. Western blot assays were used to analyze the Akt, MMP2, MMP9

and E-cadherin/N-cadherin/vimentin pathway changes after overexpression of MAGI1.

Results: We demonstrated that MAGI1 was expressed at low levels in glioma. Low MAGI1

expression was positively correlated with the malignant progression of glioma and indicated

a poor prognosis. Moreover, we found that overexpressed MAGI1 inhibited the proliferation,

migration and invasion of glioma cells by regulating cell growth and EMT through Akt,

MMP2, MMP9 and the E-cadherin/N-cadherin/vimentin pathway.

Conclusion: These findings demonstrate a novel function of MAGI1 in glioma progression

and suggest that MAGI1 might be a target for the diagnosis and treatment of glioma.

Keywords: membrane-associated guanylate kinase inverted repeat member 1, glioma,

proliferation, migration, invasion

Introduction
Glioma is one of the most common tumors of the human central nervous system.

Although there are treatments including microsurgery, chemotherapy and radio-

therapy, the prognosis of glioma patients is still poor.1–4 The World Health

Organization (WHO) classifies glioma tumors into four grades (I–IV) according

to their prognostic histopathological characteristics, of which grade IV glioblastoma

(GBM) is the most lethal. Current studies show that the 5-year survival rate of

patients is only 10%.2,5 Therefore, a more in-depth study of the pathogenesis of

glioma and the discovery of markers closely related to prognosis may provide

a theoretical basis for the early diagnosis of glioma, as well as new therapeutic

targets for its treatment.

Membrane-associated guanylate kinase inverted repeat member 1 (MAGI1) is an

important protein that communicates the extracellular environment and intracellular

signaling pathways as well as the cytoskeleton in synapses and tight junctions.6–8

MAGI1 consists of PDZ domains, a guanylate kinase domain and two WW

domains.7,8 MAGI1 is widely expressed in multiple human tissues of almost all

epithelial cell types. Dysregulated expression of MAGI1 has been reported, and
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MAGI1 acts as a tumor suppressor in a variety of tumors,

such as, colorectal cancer, hepatocellular carcinoma, T-cell

leukemia, cervical cancer and gastric cancer.9–18 MAGI1 has

since been shown to participate in a wide range of biological

functions, such as cell junctions, adhesion, proliferation,

apoptosis, migration and invasion.9,19–21 However, its

expression and roles in glioma, as well as its specific mole-

cular mechanisms are unclear.

Our research aimed to confirm the expression of

MAGI1 in gliomas and its relationship to clinicopatholo-

gical features. In addition, we explored the biological

functions and mechanisms of MAGI1 in gliomas. Our

findings provide theoretical and experimental evidence

for the diagnosis and treatment of glioma patients.

Materials and Methods
Patients and Tissue Specimens
Eighty-six glioma tissue samples were collected from the

First Affiliated Hospital of China Medical University from

2009 to 2013. Patients that had received radiotherapy or

chemotherapy before the surgery were excluded. Tumor

samples removed by surgery were fixed in 4% paraformal-

dehyde or liquid nitrogen for morphological or molecular

biological experiments respectively. This study was

approved by the Ethical Committee of the First Affiliated

Hospital of China Medical University at Shenyang. Written

informed consent was obtained from all participants.

Cell Culture and Transfection
The cell lines astrocyte, U251, U87, U373, A172 and U118

were cultured in Dulbecco’s modified Eagle’s medium con-

taining 10% fetal bovine serum and 100 units/mL penicillin/

streptomycin at 37°C in a 5% CO2 incubator. U87 and U373

cells were purchased from the Cell Bank of Shanghai

Chinese Academy of Sciences. U251, A172 and U118

cells were purchased from Shanghai HonSun Biological

Technology Co., Ltd. Astrocyte cells were purchased from

Procell Life Science and Technology Co., Ltd. MAGI1

plasmids were purchased from Shanghai GeneChem

Company. The U87 and U373 cell lines were transfected

with MAGI1 plasmids and screened by puromycin.

Immunohistochemical Staining
After paraffin tissue sections were dehydrated by hydra-

tion and subjected to antigen retrieval, an UltraSensitive

SP (Mouse/Rabbit) IHC Kit (Maxin Bio-Technology Co.

Ltd., Beijing, China) was used for immunohistochemistry.

The anti-MAGI1 antibody was used at dilution of 1:100

(Abcam, Cambridge, UK), developed with DAB, and

counterstained with hematoxylin. The intensity of the

staining was scored as follows: 0 (negative), 1 (weakly

positive), 2 (moderately positive), and 3 (strongly posi-

tive). The percentage of positive cells was scored as fol-

lows: 0 (0% cells stained), 1 (1–25% cells stained), 2

(26–50% cells stained), and 3 (50–100% cells stained).

The intensity and percentage scores were multiplied and

classified into two groups: low expression (0–4.5) and

high expression (4.5–9).

Western Blotting
Human glioma tissues and cells were lysed by radioimmuno-

precipitation assay (RIPA) lysis buffer (Beyotime, Jiangsu,

China) containing protease and phosphatase inhibitors. Equal

amounts of protein were separated on 10–12% SDS-PAGE

gels and transferred onto polyvinylidene difluoride (PVDF)

membranes (Millipore, Billerica, MA, USA). After blocking

with 5% nonfat milk at room temperature for 1 h, the mem-

branes were incubated with anti-MAGI1 (1:1000 Abcam,

Table 1 MAGI1 in Glioma Clinicopathological Characteristics of

Patient Samples and Expression of MAGI1 in Glioma

Characteristics Number of Cases (%)

Age

≥50 53(61.6)

<50 33(38.4)

Gender

Male 36(41.9)

Female 50(58.1)

WHO

II 24(27.9)

III 24(27.9)

IV 38(44.2)

Tumor diameter

≥3 51(59.3)

<3 35(40.7)

KPS

≥80 37(43.0)

<80 49(57.0)

Vital states

Alive 34(39.5)

Dead 52(50.5)

Expression of MAGI1

High 45(52.3)

Low 41(47.7)
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Cambridge, UK), anti-AKT (1:1500, Cell Signaling

Technology, Beverly, MA), anti-p-AKT (Ser473, 1:1500,

Cell Signaling Technology, Beverly, MA), anti-MMP2

(1:1000 Abcam, Cambridge, UK), anti-MMP9 (1:1000

Abcam, Cambridge, UK), anti-N-cadherin (1:1000 Abcam,

Cambridge, UK) anti-vimentin (1:1000 Abcam, Cambridge,

UK), anyi-E-cadherin (1:1000 Abcam, Cambridge, UK),

GAPDH (1:5000 Abcam, Cambridge, UK) overnight at 4 °C.

After washing the membranes with TBST, the protein signals

were developed by using an ECL reagent, and the densities

were analyzed by Gel-Pro Analyzer software. Protein signals

were visualized by Bio-Rad imaging system (Bio-Rad

Laboratories, Inc., Hercules, CA, USA).

Colony Formation Assays
For the colony formation assays, 500 cells were seeded in

6-well plates. The cells were cultured in medium with 10%

FBS and at 37°C for 14 days for 2 weeks. The colonies

were fixed with 4% paraformaldehyde and stained with

0.1% crystal violet for 30 min. The colony forming

efficiency was counted manually. The experiment was

performed in triplicate.

Migration and Invasion Assays
For the Transwell assay, cells with at a density of 3–5 x 104

suspended in 200 µL of serum-free medium were seeded in

the upper chamber of each Transwell, and the lower chamber

was filled with 10% FBS medium. The upper chamber was

coated with Matrigel (BD Biosciences, San Jose, CA) for

invasion assays, and no Matrigel was used for the migration

experiment. After culturing for 24 h, the chamber membrane

were fixed in 4% paraformaldehyde for 15 min and stained

with a 0.1% crystal violet. Each experiment was repeated

three times.

Xenograft Model in Nude Mice
U87 cells (1 × 107 in 0.1mL PBS) were injected into nude

mouse. Tumor length (L) and width (W) were measured

every 5 days, and the volume was calculated by using the

following formula: volume = L×W2×0.5. All mice were

sacrificed on day 35 and tumor volume and weight were

Figure 1 MAGI1 is downregulated in glioma with poor prognosis. (A) Representative immunohistochemical staining of MAGI1 in glioma. (B) Kaplan-Meier survival curves of

glioma patients based on MAGI1 expression. (C) MAGI1 expression was analyzed in glioma tissues and normal tissues by Western blot. (D) MAGI1 data visualized via scatter

diagram. *P < 0.05.
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measured. The animal experiments conformed to the

guidelines for the care and use of laboratory animals, and

were approved by the Ethics Committee of China Medical

University.

Statistical Analysis
Differences between the groups were evaluated by one-way

ANOVA with Tukey’s post hoc test. The Kaplan–Meier

method was used for the survival analysis, and univariate

and multivariate Cox regressions were used to explore the

association between the biomarkers and the outcomes of

patient characteristics. All statistical analyses were per-

formed using SPSS 19.0 software (IBM Corporation,

Armonk, NY, USA). The results were considered significant

if P <0.05, and the data are presented as the mean ± SD

from at least three independent experiments.

Results
MAGI1 Expression Is Downregulated in

Glioma Patients and Correlated with

Poor Prognosis
To determine the role ofMAGI1 in glioma, the protein expres-

sion of MAGI1 was examined in 86 glioma tissues. The

clinicopathological characteristics of the patients are listed in

Table 1. The expression ofMAGI1 in these glioma tissues and

7 normal brain tissues was detected by immunohistochemistry.

The results showed that MAGI1 was strongly expressed in

normal brain tissues and expression was significantly higher in

the low-grade glioma tissues (WHO II) than in the high-grade

tissues (WHO III and WHO IV, Figure 1A). We examined 7

normal brain tissues and 29 glioma tissues by Western blot

(Figure 1C and D, *P <0.05), and the results were consistent

with the immunohistochemistry findings. As presented in

Table 2, MAGI1 expression scores correlated significantly

with tumor stage (p=0.008) and tumor size (p=0.039). Other

clinicopathological features, including patient age, gender, and

Karnofsky Performance Scale (KPS) score showed no statis-

tically significant correlation. Importantly, Kaplan-Meier sur-

vival analysis revealed that glioma patients with lower

MAGI1 expression were significantly correlated with worse

prognosis compared with patients with higher MAGI1 expres-

sion (P <0.05, Figure 1B). We also measured MAGI1 protein

expression in 5 glioma cell lines (U251, U87, U118, U373 and

A172) and an astrocyte cell line, and the Western blot result

showed that MAGI1 expression in the five glioma cell

lines was clearly lower than that in the astrocyte cell line

(Figure 2A and B).

MAGI1 Inhibits Glioma Cell Proliferation

and Colony Formation
To investigate the role of MAGI1 in development of glioma,

we selected two glioma cell lines, U87 and U373 for transfec-

tion with a MAGI1 overexpression plasmid (MAGI1). Cells

transfected with empty vector (Vector) or not transfected

(Control) were used as controls. The transfection efficiency

was detected byWestern blotting (Figure 2C).MTTand colony

formation assays demonstrated that overexpression ofMAGI1

significantly inhibited the proliferation rate and colony forma-

tion ability in both U87 and U373 cells (Figure 3A–D,

*P <0.05). To verify whether MAGI1 affects tumor growth

in vivo, we subcutaneously injected MAGI1 overexpressing

U87 cells into BALB/c mice to establish a xenograft tumor

model. The mice in the control group were concurrently

injected with the corresponding NC cells. The results demon-

strated that, tumor volumes were remarkably reduced in the

MAGI1 overexpression group compared to the NC group, and

statistically significant differences were observed at 28

(P <0.05) and 35 (P <0.05) days after injection (Figure 3E).

MAGI1 Suppresses Glioma Cell Migration

and Invasion
To determine whether MAGI1 gene expression is necessary

for invasion and migration in U87 and U373 cells, Transwell

Table 2 Correlation Between MAGI1 Expression and

Clinicopathologic Characteristics of Glioma Patients

Characteristics Expression of MAGI1 P value

Low (n=41) High (n=45)

Gender

Male 15 21 0.344

Female 26 24

Age (years)

≥50 26 27 0.745

<50 15 18

Tumor size(cm)

≥3 29 22 0.039*

< 3 12 23

WHO Stage

II 5 19 0.008*

III 14 10

IV 22 16

KPS

≥80 19 18 0.553

<80 22 27

Note: *P <0.05.
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migration and Matrigel invasion assays were used to assess

the migration and invasion ability respectively. The results

showed that the invasion (Figure 4A–D, **P <0.01) and

migration (Figure 4E–H, **P <0.01,***P <0.001) ability of

cells overexpressing MAGI1was significantly reduced com-

pared with the Vector and Control groups.

MAGI1 Regulates Cell Growth and EMT

Through Akt, MMP2, MMP9 and the

E-Cadherin/N-Cadherin/Vimentin

Pathway
Furthermore, Western blotting analysis showed that over-

expression of MAGI1 inhibited the expression of p-AKT

MMP2 and MMP9 in U87 and U373 cells. As indicated by

theWestern blot assay, the expression of the epithelial marker

protein E-cadherin was increased, while the expression of the

mesenchymal marker N-cadherin and vimentin was

decreased in the MAGI1 overexpression group compared

with the control group in both U87 and U373 cells (Figure

5A and B). These results suggested that overexpression of

MAGI1 could decrease the proliferation, migration and

invasion of glima cells by affecting the p-AKT, MMP2,

MMP9 and EMT pathways.

Discussion
MAGI1 is an important protein that mediates the com-

munication between the extracellular environment and

intracellular signaling pathways as well as the cytoskele-

ton in synapses and tight junctions. Currently, increasing

research is focusing on the important role of MAGI1 in

tumors. For instance, overexpression of MAGI1 pro-

motes anchorage-independent growth, migration and

invasion in vitro by stabilizing E-cadherin and β-catenin

localization at cell–cell junctions, enhancing actin stress

fiber and focal adhesion formation, increasing cell adhe-

sion to matrix proteins and suppressing the Wnt signaling

pathway in the colorectal cancer cell lines SW480 and

HCT116.22 A previous study showed that overexpression

of MAGI1 promotes cell migration and invasion by reg-

ulating the expression of phosphatase and tensin homolog

deleted on chromosome 10 (PTEN) in HepG2 cells.21

Knockdown of MAGI1 significantly promoted cell

migration and invasion by altering the expression

Figure 2 MAGI1 expression in glioma cell lines. (A, B) The expression of MAGI1 in 5 glioma cell lines was examined by Western blot. Quantitative data are shown. (C)

Stable overexpression of MAGI1 in U87 and U373 cell lines was detected by Western blot.
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of matrix metalloproteinases (MMPs) and epithelial-

mesenchymal transition (EMT)-related molecules by

inhibiting the MAPK/ERK signaling pathway in gastric

cancer cells.13 The re-expression of MAGI1 in HPV-

positive cells suppressed cell proliferation and induced

apoptosis by increasing the recruitment of ZO-1 and

PAR3 to sites of cell-cell contact.11 In addition, studies

have shown that the tumor-associated microenvironment

plays important roles in tumor progression and drug

resistance, and as a multilayer network biomarker

(MNB) to predict survival outcome and therapeutic

responses in glioma patients.23,24 These studies could

reveal the role of MAGI1 in cell-cell communication or

microenvironment-tumor cell interactions.

Figure 3 Overexpression of MAGI1 decreases the proliferation of Glioma cells. (A, B) Cell proliferation was monitored by MTT assays for up to 4 days. *P < 0.05. (C, D)

The cell colony forming assay showed that overexpression of MAGI1 decreased the cell growth of U87 and U373 cells, *P < 0.05. (E) Representative images of nude mice

with xenograft tumors derived from subcutaneous implantation of U87 cells treated with MAGI1 or NC. Representative images of xenograft tumors excised from nude

mice. Comparison of tumor growth curves between the MAGI1 group and the NC group.
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In this study, we found that MAGI1 was downregulated

in clinical glioma samples. More importantly, MAGI1

expression was found to be significantly correlated with

tumor size (P <0.05) and WHO stage (P <0.01). Moreover,

we found that overexpression of MAGI1 inhibited the pro-

liferation, colony formation, migration and invasion of

glioma cells. These data strongly suggest that MAGI1 acts

as a tumor suppressor anddemonstrate a novel function for

MAGI1 in glioma progression.

It has been reported that MAGI1, as a multidomain adap-

tor protein, participates in a wide range of biological func-

tions. In renal cell carcinoma (RCC), it has been reported that

knockdown of MAGI1 increased Akt phosphorylation at

Ser473, and GSK-3β phosphorylation at Ser9 and decreased

β-catenin phosphorylation at Ser33/77, which resulted in

upregulation of total β-catenin.25 In our study, we wanted to

explore howMAGI1 affects cell proliferation, migration and

invasion. The AKT pathway plays an important role in cell

Figure 4 Overexpression of MAGI1 decreases the migration and invasion of glioma cells. Overexpression of MAGI1 ecreased cellular invasion (A–D) and migration (E–H)

in U87 and U373 cells, respectively. **P<0.01, ***P<0.001.
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proliferation. Consistent with a previous study, we also found

that overexpression of MAGI1 can inhibit the level of p-Akt

in glioma cancer cells. Furthermore, we investigated the

potential molecular mechanism of migration and invasion

mediated by MAGI1. Degradation of the basal membrane

is a necessary step for most cancers to accelerate tumor

aggressiveness.26–28 In our study, we found that overexpres-

sion of MAGI1 inhibited the expression of MMP2 and

MMP9. In glioma, EMT is also an essential pathway for

metastasis progression in different tumor types.29,30 The

occurrence of EMT is believed to change the expression of

genes whose products play a key role in maintaining the

epithelial or mesenchymal status of cells, such as

E-cadherin, N-cadherin and vimentin.31–33 In this study, it

was shown that overexpression of MAGI1 upregulated the

expression of the epithelial marker E-cadherin and down-

regulated the expression of the mesenchymal markers

N-cadherin and vimentin. These results suggest that over-

expression of MAGI1 decreases the migration and invasion

of glioma cancer cells by inhibiting EMT.

Our study found low expression of MAGI1 in high-grade

gliomas, but the mechanism is currently unclear. Based on the

results of existing studies, we speculate that it may be

closely related to the cyclooxygenase-2 (COX-2). COX-2

converts arachidonic acid into bioactive lipids, including

prostaglandinE2 (PGE2), which has been found to be elevated

in various types of tumors. Studies have documented that the

localized expression of COX-2 and its catalyzed product,

PGE2, are sufficient to initiate the development of and promote

the progression of tumors in situ.34 Moreover, COX-2 expres-

sion increased according to the histopathological grade of the

glioma, which suggested that the COX-2 pathway promotes

gliomagenesis. MAGI1 is a tumor-suppressor protein induced

by COX-2 inhibitors in colorectal cancer cells, suggesting that

COX-2 negatively regulates the expression of MAGI1.9

Our study demonstrated that MAGI1 was expressed at low

levels in glioma. The expression of MAGI1 was negatively

correlated with the malignant progression of glioma and sug-

gested a worse prognosis. Furthermore, we found that MAGI1

affected the proliferation, migration and invasion of glioma

Figure 5 MAGI1 regulates cell growth and EMT through Akt, MMP2, MMP9 and the E-cadherin/N-cadehrin/vimentin pathway. (A) Western blot showing the expression of

p-AKT, MMP2, MMP9, E-cadherin, N-cadherin and vimentin in U87 cells. GAPDH served as protein loading control. (B) Western blot showing the expression of p-AKT,

MMP2, MMP9, E-cadherin, N-cadherin and vimentin in U373 cells. GAPDH served as a protein loading control.
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cells by regulating the p-AKT, MMP2/9 and EMT pathways.

Our study determined thatMAGI1 is involved in glioma pro-

gression and suggested that MAGI1 might be a target for the

diagnosis and treatment of glioma.
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