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Expression and localization of 92 kDa type IV
collagenase/gelatinase B (MMP-9) in human gliomas
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Matrix metalloproteinases play an important regulatory role in tissue morphogenesis, cell differentiation and
motility, and tumor cell invasiveness. We have recently demonstrated elevated activity of the 92 kDa type IV
collagenase (MMP-9) in human glioblastoma and in the present study examine the relative amounts of MMP-9
protein and mRNA in human gliomas and as well as the distribution of MMP-9 in human glioma tumors in
vivo. Using an enzyme-linked immunosorbent assay for the quantitative determination of MMP-9 protein, we
found that levels were significantly higher in malignant astrocytomas, especially in glioblastoma multiforme, than
in normal brain tissues and low-grade gliomas. In addition, the amount of MMP-9 mRNA, as determined by
northern blot analysis was higher in anaplastic astrocytomas and glioblastoma multiforme than in normal brain
tissue and low-grade gliomas. Immunocytochemical staining for MMP-9 showed strong cytoplasmic
immunoreactivity in the tumor cells and the proliferating endothelial cells of glioblastoma multiforme and anaplastic
astrocytomas. The staining intensity was lower in low-grade astrocytomas, and was undetectable or very low in
normal brain astrocytes. The results indicate that expression of MMP-9 is dramatically upregulated in highly
malignant gliomas and correlates with the highly malignant progression of human gliomas in vivo, and support a
role for the MMP-9 in facilitating the invasiveness seen in malignant gliomas in vivo.

Keywords: 92 kDa type IV collagenase, astrocytoma, glioblastoma multiforme, invasiveness, matrix-
metalloproteinase

Introduction presence of necrosis, vascular proliferation and

aggressive invasion into surrounding normal brain

Local invasive growth is one of the key features of
primary malignant brain tumors. Malignant brain
tumor ceils cause massive tissue destruction at the
border zone between tumor and normal brain tissue
[1]. The most common and malignant brain tumor,
glioblastoma multiforme, is characterized by the
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tissue [2]. Glioblastoma multiforme spreads along
nerve fiber tracts and frequently penetrates beyond
the glial membrane limitans externa, leading to
leptomeningeal dissemination of the tumor. This
diffuse infiltrative nature of glioblastoma multiforme
is one of the major obstacles to successful surgical
control [3].

The specific mechanisms facilitating the invasive
behaviors of brain cancers remain obscure; however,
the interactions between cancer cells and the
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surrounding normal cells and extracellular matrix
(ECM) are thought to be key aspects in tumor cell
invasion [4]. To invade and spread through
surrounding normal tissue, tumor cells must degrade
multiple elements of the ECM, including fibronectin,
laminin and type IV collagen [5]. A number of different
proteases, including serine proteases, matrix metallo-
proteinases (MMPs) and cysteine proteases, have been
proposed as potentiating the invasiveness and
metastatic ability of a variety of malignant tumors [6].

MMPs are neutral proteinases encoded by a
multigene family. These proteinases mediate, in part,
ECM degradation and tissue turnover during
physiological and pathological processes [7]. The
MMPs are classified on the basis of their substrate
specificities and include interstitial collagenase (type 1
collagenase/MMP-1); gelatinase A (72-kDa type IV
collagenase/MMP-2); three stromelysins (MMP-3, -10
and -11); uterine metalloproteinase (PUMP-1/MMP-
7); neutrophil collagenase (MMP-8); and gelatinase B
(92-kDa type IV collagenase/MMP-9) [8]. All of these
enzymes are secreted in latent forms and are activated
by cleavage of amino-terminal propeptides at a
conserved sequence. This cleavage can be mediated by
proteases, such as plasmin, trypsin, kallikreins and
cathepsins and by organomercurials [9]. The activities
of the MMPs are regulated by gene expression [10],
proenzyme activation, and inhibition of active
enzymes by their specific tissue inhibitors of
metalloproteinases (TIMPs) [§, 11].

MMP-9 can degrade elastin, casein, gelatin and
collagen types IV, VII and X by cleavage of their
helical domains [12]. Degradation of ECM proteins
is thought to be required for tumor cell invasion and
metastasis [13]. For example, the invasiveness of
murine and human tumor cells can be inhibited by
TIMPs [14] and by an antibody to MMP-9 [15]. This
experimental evidence implies a link between the
production of MMP-9 by tumor cells and their
invasive behavior. Disrupting the balance between
MMP and its inhibitors in favor of increased
degradative activity could be important in tumor cell
invasion and metastasis formation. A similar role for
a membrane-associated MMP in Cé6-glioma-cell
motility and invasiveness was reported previously
[1e, 17].

MMP-9 is synthesized by a variety of cells, including
tumor cell lines of glial or neuroectodermal origin [18].
We previously showed that MMP-9 activity was
dramatically higher in human malignant brain tumors
than in less malignant tumors or normal brain tissue
in vivo [19] and we have also shown that MMP-9
facilitates the invasiveness of a glioblastoma cell line
in an in vitro invasion model [20]. To determine

MMP-9 in human gliomas in vivo

whether upregulation of MMP-9 is associated with
the malignant progression of astrocytoma we
quantitated the levels of MMP-9 mRNA and
determined the distribution of MMP-9 protein in
various types of human gliomas and normal brain
tissue. Qur results support the notion that MMP-9 is
abnormally regulated in malignant gliomas and that
its increased expression probably facilitates the
invasiveness of these tumor cells.

Materials and methods

Surgical specimens

Various types of fresh human glioma tissues and
normal brain tissue samples were obtained in the
operating room from patients undergoing craniotomy
for removal of a brain tumor. Samples used for
quantitative enzyme protein and northern blot
analysis of MMP-9 were flash-frozen in liquid nitrogen
immediately after surgical removal and stored at
—80°C. Tissue samples for immunohistochemical
analysis of MMP-9 were fixed in 10% formalin and
embedded in paraffin. The histological diagnosis was
confirmed for each tissue block by standard
light-microscopic evaluation of sections stained with
hematoxylin and eosin. The classification of human
brain tumors used in this study was based on the
World Health Organisation criteria [21]. The samples
included seven glioblastoma multiforme, six anaplastic
astrocytomas, six low-grade gliomas and six normal
brain tissue samples. None of the patients had been
subjected to chemotherapy or radiation therapy before
resection.

ELISA

Quantitative protein analysis of MMP-9 in tumor
tissue and normal brain tissue extracts (75 ug) was
performed by ELISA using antibody specific for
MMP-9 [22]. Tissue extracts and buffer containing
MMP-9 were mixed with phosphate buffer and
incubated overnight. The wells were washed with PBS
and incubated with anti-MMP-9 antibody at 25°C for
3 h. The plates were then washed with PBS, incubated
with a secondary antibody (alkaline phosphate
conjugate) and the color developed with p-nitrophenol
phosphate. The concentration of MMP-9 in the tissue
extracts was determined using the standard curve for
MMP-9.

RNA extraction and northern blot analysis

Quantitation steady-state MMP-9 mRNA was
determined by northern blot analysis as described
previously [23]. Frozen tumor tissue and normal brain
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tissue were ground to powder in liquid nitrogen and
dissolved in 4 M guanidinium isothiocyanate, and total
RNA was isolated by the guanidinium thiocyanate-
phenol-chioroform extraction method [24]. Total
RNA (20 pg) was electrophoresed in formaldehyde
containing 1.5% agarose gel, transferred to Hybond
(Amersham, Arlington Heights, IL, USA) membranes
by capillary blotting overnight in 10x SSC buffer
(1 x SSC; 150 mm NaCl, 15 mM sodium citrate) and
hybridized with DNA probe randomly labeled with
[«32P]dCTP (6000 Ci/mmol; NEN Research Products,
Boston, MA, USA). Hybridization was carried out
overnight at 42°C with the prehybridization solution
containing the radiolabeled and denatured cDNA
specific for MMP-9 mRNA (provided by W.G. S.-S.).
The filters were then washed in 0.5 x SSC, 1.0% sodium
dodecyl sulfate at 65°C and dried and then
autoradiographed for 1-3 days at —80°C using
Hyperfilm (Amersham) and intensifying screens.
Subsequently, the blots were reprobed with f-actin
cDNA probe to confirm RNA loading equalities.
Relative hybridization signal intensities were calculated
by assigning an arbitrary value of 1 to the least intense
signal seen by northern blot analysis. In each group,
the band of MMP-9 mRNA was scanned in three
positions at different exposures, and the peak areas
were averaged.

Immunocytochemical staining for MMP-9

Immunoreactivity of the MMP-9 was analyzed in
10%-formalin-fixed, paraffin-embedded sections by
using a MM P-9-specific rabbit anti-human polyclonal
antibody raised against a synthetic peptide,
LGRFQTFEGDLKWHH, corresponding to a se-
quence in the pro-MMP-9 molecule described
previously [23]. The appropriate concentration of the
primary antibody was determined by testing on
control tissues. Sections (4 yum) were cut and mounted
on silane-coated slides. MMP-9 was detected by using
an indirect avidin-biotin complex immunohisto-
chemical method. The slides were dewaxed and
blocked with normal goat serum. The sections were
incubated with rabbit anti-human MMP-9 polyclonal
antibody diluted 1:100 in PBS for 1h at room
temperature in a humidified chamber. After a brief
washing in buffer, the tissue samples were incubated
in biotinylated goat anti-rabbit secondary antibody
and streptavidin—alkaline phosphatase (Biogenese
Laboratories, San Ramon, CA, USA). Alkaline
phosphatase activity was visualized by the addition of
a substrate solution consisting of naphthol AS-BI
phosphate, levamisole and fast-red TR, which forms

an intense red color. Sections were counterstained in
hematoxylin. A control study was performed using a
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nonspecific IgG or antiserum that had been
pre-absorbed with 10 ug/ml of the peptide antigen.

Results

ELISA

Using specific antibody for MMP-9 analysis of normal
brain tissue and various grades of glioma tissue
extracts by ELISA showed that the 92-kDa type IV
collagenase content was approximately 12 times higher
in glioblastomas (P <0.0001) and four times higher in
anaplastic astrocytoma (P <0.001) than in low-grade
gliomas or normal brain tissue samples (Figure 1).

Northern blot analysis

Total RNA was extracted from various types of human
gliomas and normal brain tissue, and the steady-state
levels of MMP-9 mRNA were compared by northern
analysis. MMP-9 mRNA was present in all tissue
samples, but at lower levels in normal brain tissue and
low-grade gliomas than in anaplastic astrocytoma and
glioblastoma multiforme (Figure 2a). Quantitative
evaluation of hybridization signals by scanning
autoradiograms with laser densitometry indicated that
MMP-9 mRNA levels were three- to fourfold higher
in anaplastic astrocytomas (P<0.001) and 12- to
14-fold higher in glioblastomas (P <0.0001) than in
normal brain tissues and low-grade gliomas (Figure
2b). Anaplastic astrocytomas and glioblastomas with
high-levels of MMP-9 protein had proportionately
higher levels of MM P-9 mRNA than did normal brain
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Figure 1. MMP-9 content in tumor tissue and normal

brain tissue extracts determined by ELISA using MMP-9-
specific antibodies. Data are mean values+SD for six
different samples from each group. NB, normal brain; LGG,
low-grade glioma; AA, anaplastic astrocytoma, GBM,
glioblastoma. *P <0.001. **P <0.0001.
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Figure 2. Northern blot analysiss MMP-9 mRNA in
normal brain (NB), low-grade glioma (LGG), anaplastic
astrocytoma (AA) and glioblastoma (GBM). a total RNA
(15 ug) was electrophoresed in a 1.5% agarose gel and
transferred to nytran-modified nylon filters by capillary
action. The membrane was then hybridized with radio-
labeled cDNA probe specific for MMP-9 mRNA. After
stripping the blots were rehybridized with a B-actin probe
to check loading equalities. b MMP-9 mRNA levels
measured by scanning autoradiograms with a laser
densitometer: relative hybridization signals were calculated
by assigning an arbitrary value of 1 to the least intense signal
seen by northern blot analysis after mRNA loading equalities
based on S-actin probe reactivity. In each group, MMP-9
mRNA bands were scanned in three positions at different
exposures by laser densitometry and the peak areas were
averaged to give the values presented. Columns represent
the mean + SD (bars) for samples from six different patients
from each group. *P <0.001; ** P <0.0001.
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tissues and low-grade gliomas. Thus a correlation
between mRNA quantitiecs and MMP-9 protein
content was found in these tissues.

Immunohistochemical localization of MMP-9 in
various types of human gliomas and normal

brain tissues

Using paraffin-embedded tissues we determined the
distribution of MMP-9 in the tumor and normal brain
tissue by immunohistochemical analysis. Antibodies
against MMP-9 showed intense immunoreactivity in
the tumor cells and proliferating endothelial cells of
glioblastomas and anaplastic astrocytomas (Figures
3a & b). Low-grade astrocytoma exhibited weak
immunoreactivity (Figure 3c). In normal brain tissues,
MMP-9 was almost undetectable (Figure 3d). No
staining was seen when a nonspecific I1gG was
substituted for the anti-MMP-9 antibody (data not
shown).

The intensity of immunohistochemical staining of
MMP-9 was assessed in a semiquantitative manner
for each tissue group (Table 1). All but one of the
samples of glioblastoma showed strong anti-MMP-9
immunoreactivity. Of the anaplastic astrocytoma
samples, one showed strong immunoreactivity, three
showed positive immunoreactivity and two showed
weak positive immunoreactivity. Staining intensities
were negative or only weakly positive for the normal
brain tissue and low-grade glioma samples. These
results are consistent with the ELISA and northern
blot analyses demonstrating abundant levels of
MMP-9 protein and mRNA in glioblastoma and
anaplastic astrocytoma but low levels in low-grade
gliomas and normal brain tissue samples.

Discussion

MMPs mediate degradation of the ECM thereby
altering morphogenic tissue interactions [25]. These
enzymes are secreted from various normal cell types,
including monocytes and macrophages, trophoblasts
and fibroblasts treated with phorbol esters [26], as
well as tumor cells [27]. It has been proposed that
increased expression of MMPs might be a transient
phenomenon correlating with tissue remodeling in
development, cellular growth, tissue repair or cellular
invasion [28]. MMP-9 is an important member of the
MMP family and has recently been investigated as an
important factor that facilitates the invasiveness and
angiogenesis of malignant tumors outside the central
nervous system. In many malignant tumors, including
carcinoma of the lung [29], breast [30], squamous cell
[23] and colon [31], and in metastatic cell lines [22]
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Figure 3.
d normal brain tissue.

Immunohistolocalization of MMP-9 in a glioblastoma, b anaplastic astrocytoma, ¢ low-grade astrocytoma and

Table 1. MMP-9 staining intensities in normal tissues and various types of human gliomas

No. of MMP-9 staining
samples
Negative (—) Weakly Positive (+) Strongly
positive (£) positive (+ +)

Normal 6 5 1 0 0
Low-grade 6 4 2 0 0
Anaplastic 6 0 2 3 1
Glioblastoma 7 0 0 1 6

there is a correlation between the production of
MMP-9 and the invasive or metastatic phenotype.
Although the expression of MMP-9 in CNS tumors
has been determined in several in vitro studies [16-18],
little is known about the expression and distribution
of MMPs in CNS tumor tissue in vivo, particularly
with respect to the invasive behaviors of malignant
gliomas [19]. The only previous comprehensive study
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of immunohistochemical localization of MMP-9 in
CNS tumors is that of Nakagawa et al. [32], who
investigated the expression and distribution of MMP-9
and TIMP-1 in various brain tumors and found that
MMP-9 was highly expressed in malignant astrocytoma
and localized within tumor cells and endothelial cells.
In the present study, we found higher amounts of
MMP-9 mRNA and protein in malignant astrocytomas



than in normal CNS tissue and low-grade glioma. We
also noted a strong correlation between the
histological grade of CNS tumor and MMP-9 content.
Increased levels of MMP-9 mRNA correlated with
elevated levels of MMP-9 protein in tumor tissue.
Immunohistochemical analysis indicated that MMP-9
protein is localized within astrocytoma cells and
proliferating endothelial cells and is heterogeneously
distributed within glioblastomas.

Local invasive growth is one of the key features of
malignant astrocytomas [ 1]. Our results, together with
those of a previous report [20], suggest that the specific
mechanisms that enhance the invasive behavior of
malignant astrocytomas, especially glioblastomas,
might depend in part on the increased expression of
MMP-9. Changes in the expression of MMPs might
be important in some types of human malignant
tumors for sustaining growth and invasiveness.

The mechanism underlying the upregulation of
MMP-9 in malignant astrocytomas is unknown.
Soluble factors such as growth factors and cytokines
that directly stimulate cell proliferation and
invasiveness have been shown to regulate the secretion
of MMPs. For example, interleukin-1f, epidermal
growth factor, transforming growth factor-f and
tumor necrosis factor-a can stimulate the secretion of
MMP-9 [33,34]. We have demonstrated increased
levels of MMP-9 protein and mRNA in malignant
gliomas, and an intense cytoplasmic immuno-
reactivity in tumor cells and proliferating endothelial
cells in these tumors. The data suggest that this gene
is activated or upregulated in malignant gliomas and
that upregulation of MMP-9 is closely correlated with
the malignant progression of gliomas. A further
understanding of the mechanisms of increased
expression of MMP-9 in malignant gliomas may
provide important information about the regulatory
pathways controlling cellular invasion and tumor
progression.
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