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Abstract. Human gliomas are a heterogeneous group of 
primary malignant brain tumors, which most commonly 
occur in the central nervous system of children and adults. 
Previous studies have suggested a prognostic role of 
matrix metalloproteinase  9 (MMP9) in glioma, however, 
the frequency and significance of the protein expression 
of MMP9 in glioma remain to be fully elucidated. In the 
present study, the expression of MMP9 was detected by 
reverse transcription‑quantitative polymerase chain reaction 
(qPCR), western blotting and immunohistochemical staining. 
MTT and colony‑forming assays were used to detect the role 
of MMP9 in the proliferation of glioma cells. MMP9 copy 
numbers in glioma were examined using qPCR. The results 
indicated that the expression level of MMP9 was significantly 
increased in glioma and was associated with World Health 
Organization (WHO) glioma grades. The high expression of 
MMP9 in tissues was an independent predictor of survival 
rates in patients with WHO grade III tumors. The overexpres-
sion of MMP9 promoted cell growth and induced a significant 
increase in clonogenic potential in U87 glioblastoma cell lines. 
These experimental data suggested that the overexpression of 
MMP9 in glioblastoma cells may occur primarily through an 
increase in gene copy number. The results of the present study 

suggested that the overexpression of MMP9 may be necessary 
for the transition to the more aggressive phenotype typical of 
WHO grade III gliomas, suggesting the likely involvement of 
the MMP9 gene in gliomagenesis and disease progression.

Introduction

Human gliomas are a heterogeneous group of primary malig-
nant brain tumors, which most commonly occur in the central 
nervous system of children and adults (1). Glioblastoma multi-
forme (GBM), the most aggressive form of glioma, exhibits 
advanced features of malignancy, including rapid tumor cell 
proliferation, apoptosis resistance, florid necrosis and angio-
genesis (2). These tumor properties are associated with poor 
clinical outcome by conferring resistance to chemotherapy 
and radiotherapy, and by promoting neurological debilita-
tion leading to individuals succumbing to mortality within 
12‑18 months of diagnosis (3).

Gliomas can be categorized based on the type of glial cell, 
which they are most histologically similar to, the location of 
the tumor and the aggressiveness of the cancer cells. Tumors, 
which are most similar to astrocytes are specifically termed 
astrocytomas and can be further classified into grades I‑IV 
based on the criteria set by the World Health Organiza-
tion (WHO) (4), with higher grades corresponding to more 
aggressive tumors. Grade I and II astrocytomas correspond to 
low‑grade tumors, which are predominantly non‑malignant. 
Grade  III and IV astrocytomas are high‑grade, malignant 
tumors. Grade III astrocytomas are also known as anaplastic 
astrocytomas, whereas grade  IV astrocytomas, commonly 
referred to as glioblastoma, are the most aggressive of all 
gliomas. GBMs are also the most common type of glioma with 
an annual incident rate of 3.19/100,000 in the USA (5,6).

Matrix metalloproteinases (MMPs) are zinc‑dependent 
endopeptidases, and their expression is regulated by proteo-
lytic activation and by selective inhibitory proteins. The 
majority of the extracellular matrix (ECM) components are 
substrates of MMPs (7). MMPs have also been reported to 
process several bioactive factors, apoptotic chemokines and 
cell signaling factors, which affect immune responses (8). The 
overexpression of certain members of the MMP family has 
been correlated with invasion, metastasis and poor prognosis. 
MMP9 has been implicated in the invasion and metastasis of 
head and neck squamous cell carcinoma (9,10). The knockout 
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of MMP9 has been reported to lead to reduced skin and 
pancreatic carcinogenesis and metastasis with delayed tumor 
vascularization (10,11). In addition, the knockout of MMP 23, 
28 and 29 lead to enhanced tumorigenesis and metastasis 
in certain animal models of cancer (11). The present study 
hypothesized that MMP9 may be an important factor in the 
progression and prognosis of glioma through proliferation and 
angiogenesis.

The aim of the present study was to investigate the role of 
MMP9 in glioma. The results demonstrated that MMP9 was 
upregulated in glioma tissues and its expression was correlated 
with tumor grade. It was also observed that the overexpression 
of MMP9 in a glioma cell line accelerated tumor growth and 
induced a significant increase in clonogenic potential. It was 
shown that an increase in the number of copies of MMP was 
significantly associated with the increased expression of MMP 
in gliomas.

Materials and methods

Tissue specimens and patients. Tumor tissues were collected 
from 62 patients with gliomas who underwent successful 
tumor resection or biopsy at the Department of Neurosurgery 
of Xijing Hospital, Fourth Military Medical University (Xi'an, 
China) between March 2012 and March 2015. The patients 
included 45 men and 17 women, with a median age of 62 years 
(range, 32‑88  years). In addition, the results of survival 
analyses were collected from 80  patients with grade  III 
gliomas who underwent successful tumor resection or biopsy 
at the Department of Neurosurgery of Xijing Hospital, Fourth 
Military Medical University between July 2001 and July 2005. 
The present study was performed in accordance with The 
Code of Ethics of the World Medical Association (Declara-
tion of Helsinki) and approved by the Institutional Review 
Board of Xijing Hospital, Fourth Military Medical University. 
Written informed consent was obtained from each patient or 
their legally authorized representative. All patients underwent 
preoperative computed tomography and magnetic resonance 
imaging. All tissue sections were reviewed by two pathologists 
without knowledge of clinical outcomes. Following collection 
during surgery, half of the tissue sample from the bulk of the 
tumor was immediately frozen in liquid nitrogen and stored at 
‑80˚C. The remaining half was processed for primary tumor 
cultures.

Cell culture and transfection. The human U87 glioma cells 
(American Type Culture Collection, Manassas, VA, USA) 
were maintained in RPMI 1640 medium supplemented with 
10% fetal bovine serum (FBS; Sijiqing, Hangzhou, China), 
2 mM L‑glutamine, 50 IU/ml penicillin and 50 µg/ml strep-
tomycin sulfate, and cultured in 5% CO2 at 37˚C. The U87 
cells were transfected with 2 µg of pIRES2‑enhanced green 
fluorescent protein (EGFP)‑MMP9 (Clontech Laboratories, 
Inc., Mountainview, CA, USA) or pIRES2‑EGFP (Clontech 
Laboratories, Inc.) using 5 µl Lipofectamine 2000 reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. At 5 h post‑transfection, the medium 
was replaced with complete medium, and the cells were incu-
bated for a further 48 h. The cells were then selected by G418 
(1 mg/ml concentration). After 2 weeks, the G418‑resistant 

colonies were isolated and pooled, and were confirmed using 
fluorescence‑activated cell sorting, showing that >90% cells 
were EGFP positive.

MTT and colony‑forming assays. The U87 cells were seeded 
in triplicate in 96‑well plates (1x103  cells/well) and were 
cultured in 200 µl medium for 48 h prior to the addition of 
MTT. For the MTT assay, half of the medium (100 µl) was 
removed and an equal volume of fresh medium containing 
20% MTT (5 mg/ml) was added. The cells were incubated for 
a further 4 h at 37˚C. The medium was then removed, and 
150 µl of dimethyl sulfoxide (Sigma‑Aldrich; Merck Millipore, 
Darmstadt, Germany) was added to each well, and mixed by 
shaking at room temperature for 10 min. The absorbance was 
measured at 490 nm. To perform a colony‑forming assay, the 
U87 cells (2x103/well) were embedded in medium containing 
0.33% agar gel and 10% FBS in 12‑well plates, pre‑coated 
with 0.5% agar solution, in triplicate. The gel was covered 
with normal medium and was cultured routinely. The number 
of colonies, defined as containing >50 cells, were counted 
following 10 days of incubation under an inverted microscope 
(IX71; Olympus Corporation, Tokyo, Japan).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis. Total RNA was extracted from 
the cultured cells using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
protocol. Complementary DNA (cDNA) was prepared using 
a reverse transcription system (Toboyo Co., Ltd., Osaka, 
Japan) according to the manufacturer's protocol. qPCR was 
performed in triplicate using a SYBR Premix EX Taq kit 
(Takara Bio, Inc., Otsu, Japan) and the ABI PRISM 7300 
real‑time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) with GAPDH as an internal control. The total 
reaction system consisted of 30 µl with 15 µl SYBR Premix, 
1 µl cDNA, 1 µl upstream primer, 1 µl downstream primer 
and 12 µl double‑distilled H2O. The thermocycling conditions 
were as follows: 95˚C for 1 min, followed by 95˚C 30 sec and 
60˚C for 34 sec for 35 cycles. The following primers for were 
used for qPCR: GAPDH, forward 5'‑GCA​CCG​TCA​AGG​
CTG​AGAAC‑3' and reverse 5'‑TGG​TGA​AGA​CGC​CAG​
TGGA‑3'; and MMP9, forward 5'‑GTG​CTG​GGC​TGC​TGC​
TTT​GCT​G‑3' and reverse 5'‑GTC​GCC​CTC​AAA​GGT​TTG​
GAAT‑3'. RT‑qPCR quantification was performed with the 
2‑ΔΔCq method (12).

Analysis of copy number variation. Genomic DNA was 
extracted from the fresh and frozen glioma tissues using an 
automated DNA extractor (EZ1; Qiagen GmbH, Hilden, 
Germany) and quantified using a Nanodrop spectrophotom-
eter (Thermo Fisher Scientific, Inc.). Sequencing of the MMP9 
coding region was performed in 62 patients. Primers were 
designed using Primer 5.0 software to amplify the five coding 
exons of the MMP9 (RefSeq, https://www.ncbi.nlm.nih.
gov/gene/4318; NM_004994.2) gene, including the intronic 
flanking sequences. The primer sequences were as follows: 
MMP9 forward, 5'‑TAC​TCT​GCC​TGC​ACC​ACC​GA‑3' and 
reverse 5'‑TCT​CTC​ATC​ATT​TCT​CAG​AT‑3'. The amplified 
products were subsequently purified and sequenced. For 
the analysis of variations in MMP9 gene copy number, four 
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normalization assays mapping to HSA21 and four normal-
ization DNAs were systematically included in each run, as 
described previously (13). Gene dosage segments were classi-
fied as chromosomal 'gain' or 'loss' if the absolute value of the 
predicted dosage was >0.75 times the interquartile range of the 
difference between the observed and predicted values for each 
region. The sequencing reactions were performed as reported 
previously (14).

Immunohistochemistry. The antibodies used for immunohis-
tochemistical analysis included rabbit polyclonal anti‑MMP9 
antibody (cat. no. ab38898; Abcam, Cambridge, MA, USA) 
and peroxidase goat anti‑rabbit IgG antibody (cat. no. PI‑1000; 
Vector Laboratories, Inc., Burlington, CA, USA). Immunohis-
tochemical staining was performed using peroxidase complex 
methods. Tissue sections (4 µm thick) were mounted on slides, 
and then deparaffinized and rehydrated through xylene baths 
and graded concentrations of alcohol. Antigen retrieval was 
performed via pressure cooker treatment at 100˚C for 100 sec 
in 0.01  mmol/l citrate buffer (pH  6). The sections were 
immersed in 0.3% hydrogen peroxide for 12 min to inactivate 
the endogenous peroxidase, and then incubated with 10% 
blocking serum for 30 min to reduce nonspecific binding. The 
primary antibody against MMP9 was diluted at 1:400, and 
the sections were incubated with the diluted primary antibody 
overnight at 4˚C. Subsequently, the slides were incubated 
with the secondary antibody (peroxidase goat anti‑rabbit 
IgG antibody, diluted 1:2,000) at room temperature for 2 h. 
Diaminobenzidine was used as a chromogen, and commercial 
hematoxylin was used for counterstaining. The staining was 
visualized with a BX51 microscope (Olympus Corporation).

Western blot analysis. The glioma tissues were minced in 
RIPA lysis buffer (Beyotime Institute of Biotechnology, Inc., 
Haimen, China) containing 0.1 mM PMSF. The tissue extracts 
were collected by centrifugation at 14,000 x g for 5 min at 4˚C. 
The protein concentration in the extracts was determined using 
BCA Protein Assay reagents (Pierce; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. The samples 
(20 µg/lane) were analyzed using 12% SDS polyacrylamide 
gel electrophoresis, followed by blotting onto a nitrocellulose 
membrane. The membranes were probed using primary 
antibodies, followed by horseradish peroxidase‑conjugated 
goat anti‑mouse or rabbit antibodies. The primary antibodies 
included rabbit polyclonal IgG anti‑MMP9 (cat. no. ab38898; 
Abcam) and monoclonal anti‑β‑actin (cat.  no.  ABT264; 
Sigma‑Aldrich; Merck Millipore). The primary antibodies 
were diluted 1:1,000 and incubated overnight at 4˚C. The 
secondary antibody (peroxidase goat anti‑rabbit IgG antibody; 
cat. no. PI‑1000; Vector Laboratories, Inc.) was diluted 1:4,000 
and incubated for 2 h at room temperature. The membrane was 
developed using chemoluminescent reagents (SuperSingnal 
West Femto Maximum Sensitivity Substrate; Pierce; Thermo 
Fisher Scientific, Inc.) and quantification was performed using 
Tanon 5200 Multi software (Tanon Science & Technology Co., 
Ltd. Shanghai, China).

Statistical analysis. SPSS 13.0 software (SPSS, Inc., Chicago, 
IL, USA) was used for statistical analysis. The results are 
expressed as the mean ± standard deviation. Differences in 

the expression of MMP9 in glioma tissues between tumor 
grades (WHO grades  II, III  and  IV) were assessed using 
analysis of variance. The difference in survival rates between 
the two groups, shown by Kaplan‑Meier curves, was examined 
using a log‑rank test. Student's t‑test was used to determine 
the difference in absorbance and number of colonies between 
two groups. Histograms of MMP9 copy number frequency 
distributions with respect to tumor grades were produced. The 
linear trend of MMP9 copy numbers across tumor grades was 
determined using the Mantel‑Haenszel χ2‑test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

MMP9 is upregulated in higher‑grade gliomas. The RNA 
expression level of MMP9 was determined from 62 glioma 
tissues, comprising 11 WHO grades  I and II, 18 WHO 
grade III and 33 WHO grade IV. The relative expression levels 

Figure 1. MMP9 is upregulated in higher‑grade gliomas. (A) Box‑plots of 
tissue expression levels of MMP9 between tumor grades. Reverse tran-
scription‑quantitative polymerase chain reaction analysis was performed 
to measure the mRNA levels of MMP9 in a total of 62 glioma tissues. 
(B) Protein expression levels of MMP9 in glioma tissues of each tumor grade 
were detected using western blot analysis and (C) compared (**P<0.01 and 
***P<0.001). MMP9, matrix metalloproteinase 9.
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of MMP9 ranged between 0.75 and 5.62 in the tumor tissues. 
A statistically significant higher relative expression of MMP9 
was found in grade IV tumor tissues, compared with grades I‑II 
and III (P<0.001) tumor tissues (Fig. 1A). In the glioma tumor 
tissues, the median relative expression of MMP9 was 4.28 in 
GBM with an interquartile range (IQR) of 2.96‑5.62, 2.61 in 
WHO grade III (IQR, 1.95‑3.52) and 0.85 in WHO grade I‑II 
(IQR, 0.55‑1.61) glioma (Fig. 1A). The protein expression levels 
of MMP9 in these glioma tissues were then examined. There 
was also a statistically significant higher relative expression 
in grade IV tumor tissues, compared with grades I‑II and III 
tumor tissues (P<0.001; Fig. 1B and C). These results indicated 
that MMP9 was upregulated in gliomas of higher grade.

High tissues expression levels of MMP9 are associated with 
unfavorable clinical outcomes in paitnets with WHO grade III 
gliomas. The present study detected the expression of MMP9 
in glioma tumor samples. The median expression level of 
MMP9 was 50% (mean, 50%; range, 10‑80%; Fig. 2A). The 
association between the expression of MMP9 and overall 
survival rate was examined in 80 patients with grade  III 
gliomas, who underwent successful tumor resection or biopsy 
at the Department of Neurosurgery of Xijing Hospital, Fourth 
Military Medical University between March 2001 and March 
2005. Univariate analysis was performed using a log‑rank test, 
which indicated that patients with a high expression of MMP9 
had a significantly lower overall survival rate, compared with 
those with a low expression of MMP9 (Fig. 2B). These data 
suggested that the expression levels of MMP9 may represent 
an independent predictor of survival rates in patients with 
WHO grade III gliomas.

MMP9 induces cell proliferation in glioblastoma. To 
evaluate the effect of MMP9 in glioma cell proliferation, U87 

glioma cells were transfected with pIRES2‑EGFP‑MMP9 
to construct a cell line stably expressing MMP9. The cell 
viability was measured using an MTT assay at 12, 24, 36, 
48 and 72 h post‑microbiomation, respectively. The results 
showed that the overexpression of MMP9 significantly 
increased cell proliferation (P<0.001; Fig. 3A). Subsequently, 
the present investigated whether the overexpression of MMP9 
affected the clonogenic potential of glioma cells as an indirect 

Figure 3. MMP9 induces cell proliferation in glioblastomas. (A) U87 glio-
blastoma cell lines were stably transfected with pIRES2‑EGFP‑MMP9 or 
pIRES2‑EGFP. Cells were cultured and cell proliferation was assessed using 
a methylthiazolyldiphenyl tetrazolium assay. (B) Colony forming assay. 
Cells were cultured in soft agar, and the formation of colonies was observed 
and compared (**P<0.01 and ***P<0.001; n=5). MMP9, matrix metallopro-
teinase 9; OD, optical density;  EGFP, enhanced green fluorescent protein.

Figure 4. MMP9 copy number is increased in glioma. The MMP9 copy 
numbers in the gliomas were examined using quantitative polymerase 
chain reaction analysis on DNA extracts from patient glioma tissues. The 
frequency distribution of MMP9 copy number is shown within each tumor 
grade. MMP9, matrix metalloproteinase 9.

Figure 2. High tissue expression levels of MMP9 in World Health 
Organization grade  III gliomas are associated with poor survival rates. 
(A)  Immunohistochemical staining for MMP9 in human glioma tis-
sues. Images show low expression (20%) and high expression of MMP9. 
Magnification, x200. (B) Kaplan‑Meier curves for overall survival rates 
according to the expression levels of MMP9 in patients with grade III tumors. 
MMP9, matrix metalloproteinase 9.
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index of their tumorigenic potential. The U87 glioma cells, 
transfected to express MMP9 or with a control vector, were 
plated at limiting dilution and the formation of large colonies 
(>50 cells) was assessed 10 days later. The enforced expres-
sion of MMP9 induced a significant increase in the clonogenic 
potential (P<0.01), with an average of 123.3 colonies in the 
MMP9‑transfected cells, compared with 84.7 colonies in the 
control‑transfected cultures (Fig. 3B).

Increase in MMP9 copy numbers in glioma. To investigate the 
mechanisms, which may cause the increase in the expression 
of MMP9 in glioma, the coding and untranslated regions of 
MMP9 were sequenced in 62 patients, detecting any likely 
pathogenic variant (data not shown). Subsequently, to determine 
MMP9 copy numbers, RT‑qPCR analysis was performed. The 
MMP9 gene copy number increased in 23/62 (37.1%) of the 
analyzed glioma tissue samples. A linear trend of MMP9 copy 
number across tumor grades was found (Fig. 4). Specifically, 
an increase in MMP9 copy number was observed in ~9.1% of 
the grade I and II gliomas, 27.8% of the grade III gliomas of 
and 51.5% of the glioblastomas (Fig. 4).

Discussion

MMPs are critical in tumor cell growth, migration, invasion, 
metastasis and angiogenesis (15). MMP9 functions predomi-
nantly as a collagenase by degrading type IV collagen, a major 
component of the ECM and basement membrane (16,17). In 
view of its broad functions in tumor invasion and metastasis, 
MMP9 may be a valuable prognostic biomarker in glioma. 
Previous meta‑analysis has shown a significant correlation 
between high expression levels of MMP9 and poor prognosis 
in gastric cancer (18), breast cancer (19), non‑small cell lung 
cancer (20) and colorectal cancer (21). MMP9 has also been 
implicated in the invasion and metastasis of head and neck 
squamous cell carcinoma (9). Knockout of MMP9 leads to 
reduced skin and pancreatic carcinogenesis and metastasis, 
showing delayed tumor vascularization (9‑11). In the present 
study, the prognostic value of MMP9 in glioma was investi-
gated. It was hypothesized that MMP9 may be a valuable factor 
in determining the progression and prognosis of gliomas.

Human gliomas are the most common and life‑threatening 
type of neurological malignancy in adults (22). The present 
study was the first, to the best of our knowledge, to investi-
gate the role of MMP9 in glioma. The experimental evidence 
showed that the expression levels of MMP9 were significantly 
increased in glioma and were associated with glioma WHO 
grades in the tissues collected. A higher expression levels of 
MMP9 in tissues was an independent predictor of survival 
rates in WHO grade III tumors. In addition, the overexpres-
sion of MMP9 promoted cell growth and induced a significant 
increase in the clonogenic potential of U87 glioblastoma 
cell lines. The present study also investigated the molecular 
mechanism underlying the observed increase in the expression 
of MMP9. The experimental data suggested that the overex-
pression of MMP9 in glioblastoma cells may have occurred 
primarily through the increase in gene copy number. In the 
present study, the analysis of survival rates revealed a signifi-
cant increase in disease progression and decrease in survival 
rates of patients with WHO grade III tumors expressing higher 

levels of MMP9, compared with those with lower expression 
levels. These results suggested that the overexpression of 
MMP9 may be necessary for the transition to the aggressive 
phenotype typical of WHO grade III gliomas, suggesting the 
likely involvement of the MMP9 gene in gliomagenesis and 
disease progression.
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