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Glioblastoma multiforme (GBM) is a treatment-resistant malignancy with poor prognosis. Temozolomide
(TMZ) is widely used as a first-line drug for GBM. Although this improves patient prognosis, it does not
completely eradicate the tumour. Even after total surgical resection, GBM can exhibit uncontrollable
invasiveness at the tumour margins owing to activation of matrix metalloproteinases (MMPs) such as
MMP-2 and -9; these degrade collagen IV in the basement membrane, which normally prevents cancer
invasion. TMZ induces DNA damage and activates transcription factors including c-jun, c-fos, nuclear
factor-jb, and early growth response protein-1, which have putative binding sites on the MMP-9 pro-
moter. TMZ may therefore enhance tumour invasion by stimulating MMP-9 transcription and enzymatic
activity. To test this hypothesis, we investigated MMP-2 and -9 mRNA transcription and activity in GBM
cell lines treated with TMZ. Human A172 GBM cells were exposed to TMZ (25% and 50% inhibitory con-
centrations) for 24 or 48 h; cell cycle distribution and mRNA levels ofMMP-2 and -9were evaluated using
flow cytometry and semi-quantitative reverse transcription PCR, respectively. MMP-2 and -9 enzymatic
activities were assessed using gelatin zymography in human A172 and U373 MG GBM cells exposed to
TMZ under the same conditions. TMZ altered A172 cell cycle distribution, but not MMP-2 or -9 mRNA
levels. TMZ did not affect MMP-2 or -9 enzymatic activities in A172 or U373 MG cells. These findings indi-
cated that TMZ is therefore unlikely to promote GBM invasiveness.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Gliomas are common malignant brain tumours, among which
glioblastoma multiforme (GBM) has the worst prognosis [1].
GBM is treated by surgical resection, along with radiotherapy
and some types of chemotherapy, but this does not greatly prolong
median survival [2]. Temozolomide (TMZ), an orally bioavailable
alkylator [3], increases the median survival to 14.6 months [4]
and is widely used as a first-line drug for GBM treatment.

TMZ is a small molecule (194 kDa) that has lipophilic properties
and shows good biodistribution, including high penetration
through the blood–brain barrier into the central nervous system
[5,6]. The cytotoxicity of TMZ is attributed to methylation of the
O6 position of guanine [7,8], induction of DNA double strand
breakage, and tumour cell death by apoptosis [9]. This process does
not depend on cell cycling—that is, it affects cells in mitosis and
also those in G0/G1 phase (about 50–90% of any proliferative cell
population) [10]. However, since the introduction of TMZ as a stan-
dard chemotherapy in the U.S., the median survival has remained
well below 1 year [11]. One reason for this poor prognosis is the
development of therapeutic resistance mediated by the DNA repair
protein, O6-methylguanine-DNA methyltransferase, which sup-
presses the effects of TMZ [12]. Another reason for the poor prog-
nosis is a failure to control the invasiveness of GBM tumour cells,
which can infiltrate into the contralateral brain hemisphere or
resection plane, even after gross total resection [13,14].

Tumour invasion involves three steps, namely tumour attach-
ment via cell surface receptors that specifically bind to matrix
components such as lamin and fibronectin; tumour cell secretion
of hydrolytic enzymes that degrade the local extracellular matrix
(ECM); and tumour cell locomotion into the proteolytically modi-
fied ECM [15]. Malignant brain tumour invasion is accompanied
by remodelling of the vasculature and destruction of the ECM in
the adjacent normal tissue [16]. Matrix metalloproteinases (MMPs)
are proteolytic enzymes that degrade ECM components and thus
promote tumour invasiveness [17,18]. In particular, the MMP-2
and -9 gelatinases enable cancer cells to degrade collage IV in
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Fig. 1. Cytotoxicity of TMZ in A172 (j) and U373 MG (d) cells. Cells were exposed
to the indicated concentrations of TMZ for 48 h and then fixed and stained with
Methylene Blue; the absorbance at 595 nm was measured and expressed as a
percentage of the level observed in cells cultured without TMZ, which was set as 1.
Results represent the mean ± SD of eight experiments.
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the basement membrane, a process that is essential for ECM inva-
sion [19,20]. MMP-2 and -9 thus play important roles in glioma
invasion and are associated with glioma malignancy [16,21–25].
In the present study, we hypothesised that MMP-2 and -9 could
serve as markers of tumour invasiveness.

The DNA damage caused by TMZ induces cellular stress, which
can activate transcription factors such as c-jun, c-fos, nuclear factor
(NF)-jb and early growth response protein (egr)-1 [9,26–30].
These transcription factors can bind to the MMP-9 promoter and
induce gene transcription [31,32]; the resultant increase in the
MMP-9 protein level is directly associated with its enzymatic
activity [33,34]. However, the relationship between TMZ exposure
and the transcription and activities of MMP-9 and -2 is unclear. We
speculated that TMZ would enhance MMP-9 transcription and thus
modify glioma invasiveness. To test this hypothesis, we examined
the transcription and enzymatic activities of MMP-2 and -9 in GBM
cells exposed to TMZ.

2. Materials and methods

2.1. Cell lines and TMZ

A172 and U373 MG human glioblastoma cells (American Type
Culture Collection, Manassas, VA, USA) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen, Cat. No. 12800-082)
supplemented with 10% foetal bovine serum in a culture flask until
the start of the experiments. TMZ was obtained fromMerck (Kenil-
worth, NJ, USA).

2.2. TMZ cytotoxicity assay

A total of 104 dispersed A172 or U373 MG glioma cells were
allowed to attach to the bottom of the culture flask for 24 h prior
to treatment. Cells were seeded in 96-well plates and exposed to
a range of TMZ concentrations (16 lM–4mM); TMZ was dissolved
in distilled water and diluted 1:1 in 2 � DMEM to achieve these
final concentrations. After 72 h in culture, the cells were fixed with
5% glutaraldehyde and stained with 0.01% Methylene Blue. The
plates were washed prior to eluting the dye using 0.3 N hydrochlo-
ric acid. The absorbance of the eluate was measured at 595 nm on a
microplate reader (Bio-Rad, Hercules, CA, USA) and used to calcu-
late the 25% and 50% inhibitory concentrations (IC25 and IC50,
respectively).
2.3. Cell treatment by TMZ

Cells were exposed to no TMZ or the IC25 or IC50 for TMZ for 0,
24 and 48 h before the assays were carried out. Twofold the
required TMZ concentrations were prepared in distilled water
and then diluted 1:1 in 2� DMEM. Cells were cultured in 2 ml of
this liquid per 25 cm2 flask. For semi-quantitative reverse tran-
scription (RT)-PCR, cells were exposed to the TMZ IC50 for 48 h.
2.4. Cell cycle analysis

Cells were dispersed with trypsin, resuspended in phosphate-
buffered saline, fixed with 100% ethanol, and stained with
0.05 lM propidium iodide with 180 U of RNase for 30 min. Cell
cycle distribution was evaluated using flow cytometry (FACScan;
Becton Dickinson, Franklin Lakes, NJ, USA). The cell populations
in each phase of the cell cycle were analysed manually.
2.5. Semi-quantitative RT-PCR

Total RNA was extracted from cultured cells using TRIzol
reagent (Invitrogen, Tokyo, Japan), according to the manufacturer’s
instructions. After treatment with RNase inhibitor and RNase-free
recombinant DNase I (Takara Bio, Otsu, Japan) for 30 min, total
RNA was reverse transcribed using the PrimeScript RT Master
Mix (Takara Bio). The resultant cDNA was used as a template for
semi-quantitative RT-PCR with the following primers: MMP-2, 50

TTCTTGTCGCGGTCGTAGTC and 30 ACAGCCCTGCAAGTTTCCAT;
MMP-9, 50 CTTCTACGGCCACTACTGTG and 30 GCCAGTACTTCC-
CATCCTTG; and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), 50 CCCAGCAAGAGCACAAGAG and 30

CCTCTTCAAGGGGTCTACATG. The reactions were carried out on
an ABI 7300 system (Applied Biosystems, Foster City, CA, USA) at
95 �C for 30 s, followed by 40 cycles of 95 �C for 5 s and 60 �C for
34 s (CYBR Premix Ex Taq II; Takara Bio). The specificity of the
amplification was confirmed by melting curve analysis, and
MMP-2 and -9 transcript levels were compared to that of the inter-
nal control (GAPDH) using the relative quantification (DDCt)
method [35].
2.6. Gelatin zymography

Cell culture medium conditioned by treated A172 and U373 MG
cells was collected. Sodium dodecyl sulphate (SDS) polyacrylamide
(7.5%) was co-polymerised with 2.5 mg/ml gelatin (Nitta Gelatin,
Osaka, Japan) and the gels were loaded with 10 ll gel-loading buf-
fer [62.5 mM Tris–HCl (pH 6.8), 20% glycerol, 10% SDS, and 0.1%
Bromophenol Blue] and the same volume of sample. These were
separated by SDS polyacrylamide gel electrophoresis. The gel was
washed with denaturation buffer consisting of Tris-buffered saline
(50 mM Tris–HCl, pH 7.5) supplemented with 1% Triton X-100, and
then subjected to zymography for 24 h at 37 �C in developing buf-
fer composed of Tris-buffered saline (50 mM Tris–HCl, pH 7.5) sup-
plemented with 5 mM CaCl2 and 1 mM ZnCl2. The gel was then
stained with 0.1% Coomassie Brilliant Blue. Gelatinolytic regions
were visible as white bands against a blue background. The bands
were monochromed and highlighted usingWinRoof image analysis
software (Mitani Corporation, Fukui, Japan).



Fig. 2. Effect of TMZ on the cell cycle and on MMP-2 and -9 expression in A172 cells. Gene expression was evaluated by semi-quantitative RT-PCR in untreated control cells
and in cells exposed to the indicated concentrations of TMZ for the indicated time-periods. Expression levels were normalised to that of GAPDH [DCt = 35 � (MMP
Ct � GAPDH Ct)]. Data represent the mean ± SD of three experiments. G0/G1, G0/G1 phase (%); G2/M, G2/M phase (%); PI, propidium iodide; S, S phase (%).
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3. Results

3.1. Cytotoxicity of TMZ

The cytotoxicity assay revealed that exposure to TMZ was cyto-
toxic to A172 and U373 MG cells (Fig. 1) and facilitated calculation
of the IC25 and IC50 values for this compound. These values were
0.36 mM and 1.3 mM for A172 cells, and 0.51 mM and 1.8 mM for
U373 MG cells, respectively.

3.2. Effect of TMZ on the cell cycle

As shown in Fig. 2, TMZ treatment altered A172 cell cycle distri-
bution, relative to untreated control cells. Exposure to TMZ (IC25
or IC50) for 24 h increased the fraction of cells in S phase, as com-
pared to control cells. A similar trend was observed for a 48-h
treatment. Moreover, the fraction of G1-phase cells was higher fol-
lowing treatment with the TMZ IC50 for 24 or 48 h than it was fol-
lowing exposure to the TMZ IC25. These results indicate that TMZ
inhibited the transition of glioma cells to the S and G2/M phases of
the cell cycle.

3.3. Effect of TMZ on MMP-2 and -9 transcription

The effect of TMZ on MMP-2 and -9 mRNA expression was
examined using semi-quantitative RT-PCR in A172 cells. At the
time of treatment and 24 h later, MMP-2 and -9 mRNA levels
remained constant throughout the cell cycle. On the other hand,
48 h after treatment, these mRNA levels were lower in cells
exposed to the TMZ IC50 than in those exposed to the IC25 or no
TMZ (Fig. 2), although these differences were not statistically sig-
nificant (Fig. 3).



Fig. 3. MMP-2 and -9 mRNA levels in A172 cells exposed to TMZ. Cells were treated
with TMZ (IC50) for 48 h; gene expression was determined by semi-quantitative
RT-PCR and normalised to that of GAPDH [DCt = 35 � (MMP Ct � GAPDH Ct)]. Data
represent the mean ± SD of five samples at each time point for each group.
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3.4. Activities of MMP-2 and MMP-9

Treatment with TMZ (IC25 or IC50) for 0, 24 and 48 h had no
effect on the secretion of either the pro- or cleaved forms of
MMP-2 or -9 in A172 (Fig. 4A) or U373 MG (Fig. 4B) cells. Secreted
Fig. 4. MMP-2 and -9 enzymatic activities in cells treated with TMZ. The activities of activ
2 (aMMP-2: 66 kDa) were assessed by gelatin zymography in conditioned culture med
undetectable.

Fig. 5. Schematic depiction of the major regulatory cis-elements in theMMP-9 gene prom
factor binding sequences (from 50 to 30) are indicated as negative numbers.
forms of MMP-2 and -9 were detected as bands of 66 and 83 kDa,
respectively, indicating that both enzymes were expressed by
these glioma cells in their cleaved, activated forms. The secreted
pro-forms of MMP-2 also gave rise to a 72-kDa gelatinolytic band,
whereas the 96-kDa proMMP-9 was undetectable.
4. Discussion

The present study examined the effect of TMZ on the expression
and activities of MMP-2 and -9 in the widely used A172 cells [36]
and U373 MG GBM cells. TMZ altered the cell cycle distribution of
A172 cells, but did not affect MMP-2 or -9 mRNA levels or these
enzymatic activities.

Tumour cell invasion is dependent on MMP activation [37,38].
MMP activity, which is regulated by gene transcription, pro-
enzyme activation, and inhibition by specific factors [39], can also
be activated by other MMPs following secretion into the extracel-
lular space [40,41]. For example, MMP-2 is modulated by MMP-1, -
7, -13, -14, -15, -16, -17, -24 and -25, while MMP-9 is modulated
by MMP-1, -2, -3, -7, -10 and -13 [31,42,43]. MMP-2 is constitu-
tively expressed in many cell types [44] and is activated by a cell
surface mechanism [45] that is largely regulated by pro-enzyme
activation [46,47]. On the other hand, the MMP-9 pro-form is
secreted into the extracellular space and is activated following pro-
teolytic cleavage by stromelysin and gelatinase A [31,40]. The level
ated MMP-9 (aMMP-9: 83 kDa), proMMP-2 (pMMP-2: 72 kDa) and activated MMP-
ia from cells exposed to TMZ for 0, 24 or 48 h. ProMMP-9 (pMMP-9: 96 kDa) was

oter. The illustration is based on references [31,55]. The 50 ends of the transcription



148 Y. Suzuki et al. / Journal of Clinical Neuroscience 41 (2017) 144–149
of MMP-9 transcription determines MMP-9 activity [33]. Semi-
quantitative real-time RT-PCR provides a useful method for evalu-
ating MMP-2 and -9 expression, since mRNA levels analysed in this
manner were previously shown to correlate with the histological
grade of the tumour [48]. Our analysis of MMP-9 mRNA levels
revealed no significant change following exposure to the TMZ
IC50 for 48 h, consistent with the lack of effect on MMP-9 enzy-
matic activity.

Transcriptional factors such as c-fos, c-jun, NF-jb and egr-1
have putative binding sites on the MMP-9 promoter (Fig. 5). The
activator protein-1 transcriptional complex, composed of c-fos
and c-jun, binds to theMMP-9 promoter and activatesMMP-9 tran-
scription via activation of c-Jun N-terminal kinase [30,31,49,50].
Cytoplasmic NF-jb rapidly translocates to the nucleus in response
to a variety of inflammatory and other stimuli and regulates the
transcription of genes associated with inflammation [51]. TMZ
was previously shown to increase the nuclear NF-jb protein level
in a manner similar to the effects of ionising radiation on phospho-
inositide 3-kinase/Akt/NF-jb signalling [52]. Egr-1 is a zinc finger
transcription factor that regulates genes essential for cell prolifer-
ation and differentiation [53,54]. Egr-1, together with NF-jb, can
synergistically activate TNFa-induced MMP-9 promoter activity
[55]. Ionising radiation, which induces DNA damage, rapidly acti-
vates egr-1 in order to repair cross-linked DNA [26,56]. Although
TMZ activates transcription factors, it did not upregulate MMP-9
activity in the present study.

In clinical trials, an orally administered MMP inhibitor (MMPI)
did not improve glioma patient survival following surgery and
radiotherapy [57]. However, combinedMMPI and TMZ did improve
progression-free survival at 6 months in patientswith recurrent and
progressive GBM [58]. One potential reason for the failure of single
MMPI therapy is that these drugs target all MMPs, thereby enhanc-
ing tumour vascularisation by suppressing the production of angio-
genesis inhibitors, which are generated by MMP activity [59], and
stabilising cell-surface MT1-MMP, which paradoxically increases
MMP-2 activation [60]. On the other hand, MMPI in combination
with TMZ may promote the anti-neoplastic effect of the latter, by
suppressing MMP-driven invasiveness. Gliomas release MMP-2
and -9 at the tumourmargins; this results in the induction of angio-
genesis by upregulation of MMP-9 expression in blood vessels and
reconstitution of the basement membrane by MMP-2 expression,
leading to tumour cell migration [61]. Combination therapy may
create anunfavourable environment for GBM, reducingmicrovascu-
lar proliferation and inducing necrosis.

Our results demonstrate that TMZ does not alter the transcrip-
tion or activity of MMP-2 or -9. Thus, the anti-neoplastic effect of
TMZ is not associated with these two enzymes, and TMZ is not
likely to promote tumour invasion in GBM patients. Further study
is required to identify drugs that can selectively reduce the activi-
ties of MMP-2 and -9; TMZ should be used in combination with
these drugs to inhibit tumour invasion and improve the outcome
of GBM patients.
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