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Abstract. Matrix metalloproteinases (MMPs) belong to a
super family of endopeptidases which have been implicated
as crucial mediators of angiogenesis and tumour invasion
in brain tumours. This study was undertaken in an attempt
to establish the relationship between 2 specific MMPs and
the main classical subtypes of meningioma. We examined
the expression of MMP-2 and -9 (gelatinase-A and -B
respectively), by gelatin zymography, in a series of 18 cell
cultures derived from human meningiomas of a range of
histological subtypes and grades of malignancy, including 7
meningothelial, 6 transitional, 2 fibroblastic and 3 atypical
meningiomas. Our findings indicate that generally, the
meningothelial subtype, had the weakest expression, the
transitional subtype had an intermediate expression whereas
the fibroblastic subtype had the strongest expression of both
MMP-2 and -9. There was no correlation between other clinico-
pathological features (age, sex, site of tumour) and the level
of MMP-2 and -9 expression. Although, the number of
samples in this study is limited, these findings suggest that
there may be a trend for association between the expression
of these 2 MMPs and the main classical histological subtypes
of meningioma.

Introduction

Meningiomas are thought to constitute approximately 20%
of primary intracranial neoplasms, with an annual incidence
of approximately 6 per 100,000 (1). Atypical meningiomas
constitute approximately 6% of meningiomas. These are
meningeal tumours that tend to behave in a more aggressive
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fashion than classical meningiomas (usually an increased risk
of recurrence) but lack unequivocal malignant features. Histo-
pathologically they tend to have an increased mitotic rate
and/or a collection of other features including necrosis, cellular
sheeting, pleomorphism and prominent nucleoli. Although
these neoplasms can occur in children, they are most common
in middle-aged and elderly patients, with a peak in occurrence
during the sixth and seventh decade of life. They also
demonstrate a female preponderance.

The World Health Organization (WHO) classification of
meningiomas recognises a variety of histological subtypes, the
most common ones being the classical subtypes: meningo-
thelial, fibroblastic and transitional. All meningiomas are
divided into three grades ranging from benign to malignant
(1). Arising from arachnoidal cells of the leptomeninges,
meningiomas display a wide range of morphological
appearances. In meningothelial meningioma, neoplastic
cells form lobules which are surrounded by thin collagenous
septea. A typical histological feature of this subtype is intra-
nuclear inclusions. Transitional (mixed) meningioma has
features transitional between meningothelial and fibroblastic
subtypes. Typically, they appear to have numerous, concentric,
onion-bulb structures. In the fibroblastic (fibrous) subtype,
the tumour cells are commonly spindle-shaped and there is
often a dense matrix of collagen (1). The meningothelial
subtype, in contrast, tends to contain little collagen but often
has a lobular syncytial pattern of cells. The transitional
meningioma by definition tends to have a pattern that falls
between these 2 extremes and is also intermediate in the
quantity of collagen in the matrix. Atypical meningiomas are
more morphologically heterogeneous as a group. and can have
underlying patterns that resemble fibroblastic, meningothelial
or transitional types but they are defined by other criteria as
described above.

In an attempt to better define the molecular basis of these
subtypes, recent work in the field has concentrated on cell
adhesion molecules, growth factors and cytokines as well as
other tumour-related genes and proteins (2,3). Meningiomas,
like gliomas, are highly vascularised solid tumours. Tumour
invasion and angiogenesis require controlled degradation of
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the extracellular matrix (ECM) to permit either neoplastic or
endothelial cell migration and its restructuring. Widespread
interest in recent years has led to the examination of the role
of protease families including serine-, cysteine-, and matrix
metalloproteinases (MMPs), as critical players in neoplastic
expansion, tumour cell migration and angiogenesis.

To date, 25 MMPs have been identified (4). These enzymes
are divided into different subclasses, based on their substrate
specificity, protein domain and sequence homology. Of these,
four members belong to the collagenase subclass, including
MMP-1, -8, -13 and -18; two belong to the gelatinase subclass
(MMP-2 and -9); five belong to the stromelysin subclass
(MMP-3, -7, -10, -11 and -26) and six are membrane-type
MMPs (MMP-14, -15, -16, -17, -24 and -25). Some of the very
recently identified members may form new subclasses, as they
lack conserved protein domains found in other family members.

There are several conflicting reports on MMP expression
in meningiomas in the literature. Some authors have studied
meningiomas separately (5-8) whereas others have attempted
to compare their MMP expression, often as a group, with that
of other brain neoplasms (9-14). The aim of this study is to
ascertain whether there is a correlation between the expression
of one subgroup of MMPs, the gelatinases, (MMP-2 and -9
or gelatinase-A and -B, respectively) and short-term low
passage cultures of meningothelial, fibrous, transitional and
atypical meningiomas.

Materials and methods

Tissue specimens and cell culture. Surgical samples from 5
patients with meningiomas were obtained from the neuro-
surgical staff of King's College Hospital, London. Mr K.
O'Neil from Atkinson Morley's Hospital, London, kindly
provided one sample (AMH-PP) for this study. At the time of
neurosurgery, patients (6 males and 12 females) were between
the age of 30 and 81. All the samples analysed were diagnosed,
according to the WHO criteria (1) by a neuropathologist
(S.D.F.R.) and confirmed by a second neuropathologist (A.K.).
They were subdivided into groups, based on tumour subtypes.
The main clinicopathological data are summarised in Table I.
There were 7 meningothelial, 2 fibrous, 6 transitional and 3
atypical meningiomas in the study.

Biopsy material obtained was used to establish short-term
cell cultures. Cells were cultured as monolayers in small plastic
culture flasks (Marathon) at 37°C and 5% CO, in an humidified
atmosphere. Cells were initially maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented with
antibiotic/antimycotic (at the final concentration of 100 IU
penicillin, 100 pg streptomycin and 25 ug amphotericin per ml)
and 10% fetal bovine serum (Sigma). The meningioma cell
cultures used in this study were at low passages (between 2
and 6).

Gelatin zymography. Gelatin zymogram analysis was per-
formed for MMP-2 and -9 by a modification of the methods
of Heussen and Dowdle (15) and Rucklidge et al (16).
Briefly, specimens were prepared by weaning near confluent
(approximately 80%) monolayer meningioma cultures from
10% FCS to serum-free medium stepwise over 48 h. Serum-
free media was collected and frozen at -80°C for zymogram
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Figure 1. Gelatin zymogram of 18 human meningioma. All cell cultures
studied (with one exception, IPRM-M) expressed MMP-2 (72 kDa), whereas,
a third of them expressed MMP-9 (92 kDa). The intensity of the clear bands
of the dark background is proportional to proteolytic activity.

analysis. Samples were dialysed against water for 16 h
individually and freeze dried. The volumes for zymogram
analysis were calculated on the basis of loading the equivalent
of 4,800 cells' contribution to the medium, a rough estimate
for detectable levels. Gelatin substrate was co-polymerized
into an 11% acrylamide resolving gel at the time of gel casting.
An aliquot (40 pl) of cell-conditioned medium was mixed with
15 ul of a loading buffer (Tris-base) containing 30% glycerol,
7.7% sodium dodecyl sulphate (SDS) and 0.3% bromophenol
blue at pH 6.8 before being loaded into stacking gel wells.
Following electrophoresis in a Mini Protean II Dual Slab Cell
(Bio-Rad), the gels were immersed in Triton X-100 (2.5%)
for 3 h to deactivate the enzymes within the gel by removing
the SDS. The enzymes were then reactivated by incubating
the gels in 50 mM Tris-HCI buffer (pH 7.6) containing 10 mM
CaCl, at 37°C overnight. The gels were stained in 0.025%
Coomassie blue in methanol:acetic acid:water (10:1:10 v:v:v)
for 4 h. Finally, the gels were destained with methanol:acetic
acid:water (2:1:10 v:v:v) for 24 h. Proteolytic activity appeared
as clear bands on a dark blue background. The bands were
identified by their molecular weights: 72 kDa and 92 kDa,
corresponding to MMP-2 and -9, respectively. Proteolytic
activity was evaluated using an IBAS 200 image analyser
and verification of the MMP status of enzymes detected was
achieved in control experiments by substituting the 10 mM
CaCl, in the incubation buffer with a MMP inhibitor, 1,10-
phenanthroline (0.5 mM final concentration).

Results

Fig. 1 represents results from the zymogram analysis of
gelatinase-A (MMP-2) and -B (MMP-9) expression in 18 cell
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Table L Clinical data and histological classification of 18 human meningiomas used.

Cell line Age Sex Tumour site Tumour Tumour
Designation (years) subtype grade
IPGS (P3) 43 M Frontal Meningothelial I
IPRPE (P6) 72 M Spinal (thoracic) Meningothelial I
IPKC (P4) 37 F Spinal (cervical) Meningothelial I
IPAF (P5) 65 F Intracranial NOS Meningothelial I
IPPW (P2) 61 F R pretous ridge Meningothelial I
IPPR (P3) 62 F R fronto-parietal Meningothelial I
AMH-PP (P5) 50 F Intracranial NOS Meningothelial I
IPCBR (P2) 58 B R fronto-parietal Transitional I
IPIW (P2) 52 I R parietal Transitional I
IPPA (P4) 45 E Intracranial NOS Transitional I
IPBS (P3) 56 M Intracranial NOS Transitional it
IPMF (P3) 60 F L vault Transitional I
IRGE (P2) 68 M Intracranial (recurrent) Transitional 1
IEEE (P6) 61 E R fronto-parietal Fibrous I
IPWW (P2) 75 M L parietal Fibrous It
IPDB (P4) 80 B L temporal Atypical II
IPIH (P4) 81 E Intracranial NOS Atypical II
IPSE (P3) 30 M Midline subfrontal Atypical II

Prefix IP, Institute of Psychiatry; AMH, Atkinson Morley's Hospital; R, right; L, left; NOS, not otherwise stated; P, passage number.

cultures derived from human meningiomas of a range of
histological subtypes and grades of malignancy. The qualitative
results showed the presence of both gelatinase-A and -B in
meningiomas indicated by the clear bands corresponding to
their molecular weights of 72 and 92 kDa, respectively. All the
cell cultures studied, except one meningothelial meningioma
(IPPR-M), expressed MMP-2. Although, 13/18 (72%) of the
cell cultures showed low expression of MMP-2, particularly
intense bands, corresponding to high expression of MMP,
were observed in one atypical (IPDB-A2), one meningothelial
(AMHPP-M), and one recurrent transitional meningioma
(IPGC-RT). The most intense band for MMP-2 expression
was seen in one of the two fibroblastic meningiomas in this
study (IPEE-F) (Fig. 1).

MMP-9 was not generally co-expressed with MMP-2 in
our samples, since it was only detected in 6/18 (33%) cell
cultures. Weak expression of MMP-9 was seen in 3 cultures, a
meningiothelial meningioma (IPPW-M), a recurrent transitional
meningoma (IPGC-RT) and an atypical meningioma
(IPIH-A2). Strong expression of MMP-9 was detected in 2
transitional meningiomas (IPBS-T and IPPA-T) but the most
intense MMP-9 expression was seen in the other fibroblastic
meningioma (IPWW-F). However, MMP-2 and -9 were not
mutually exclusive in the fibroblastic meningiomas as IPWW-F
expressed the highest level of MMP-9 and a low level of
MMP-2 whereas IPEF-F expressed the highest level of
MMP-2 but no MMP-9. Moreover, there were no obvious
correlations between clinico-pathological features, such as age,

sex or site of tumour (Table I) and MMP-2 and-9 expression in
this study.

Discussion

In this study, we examined the relationship between gelatinase
(MMP-2 and -9) expression by gelatin zymography in 7
meningothelial, 6 transitional, 2 fibroblastic and 3 atypical
meningiomas. The results indicated that meningothelial
subtype, generally, had the lowest expression of both MMPs,
the transitional subtype had an intermediate expression whereas
the fibroblastic subtype had the strongest expression of either
MMP-2 or MMP-9. More specifically, our results found
MMP-9 activity in 6 out of the 18 cell cultures tested in zymo-
graphy (33%). The data indicated that the meninigothelial
subtype generally expressed MMP-9 to the least extent, 3/6
(50%) of the transitional subtype expressed it to a moderate
level and the most pronounced expression was seen in one of
the two fibroblastic subtype. Interestingly, one fibroblastic
meningioma (IPEF-F) strongly expressed MMP-2 only while
the other (IPWW-F) strongly expressed MMP-9 but weakly
expressed MMP-2. Clearly, the expression of the MMPs in
this subtype was not mutually exclusive.

Given that the collagen content of the meningothelial
subtype is low, that of transitional subtype is intermediate
whereas the fibroblastic subtype has high collagenous back-
ground, this study suggests that there may be a trend
associating MMP expression and histological subtype of
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classical meningioma. This finding may reflect the difference
in ECM composition found in vivo in classical meningiomas
as collagen type IV is a specific substrate for both MMP-2
and -9. In addition, we have previously suggested that MMPs
may be produced locally on demand in vivo, in very small
quantities (21).

Immunohistochemical analyses have led to the docu-
mentation of the ECM components of meningiomas (17-19).
Such studies suggest that most histological subtypes of
meningiomas contain collagens L, IIL, IV and VI, laminin and
fibronectin. The expression of tenascin was reported to
correlate with anaplasia, VEGF (vascular endothelial growth
factor) expression and peritumoral oedema in a study including
20 classical, 20 atypical and 5 malignant meningiomas (20).

Our present data are not in agreement with that of Kirches
and colleagues who evaluated the expression of MMP-2 and -9
in a series of 12 meningiomas (3 meningothelial, 3 fiboblastic,
4 transitional, 1 psammomatous and 1 atypical) using
zymography and reverse-transcription PCR (RT-PCR)
methods (8). As no gelatinase activity was detected in any of
their samples, they suggested that neither of these MMPs play
a major role in tumour growth with dura mater or brain
invasion (8).

Cumulative data from our present study on MMP
expression by zymography in meningiomas and our previous
study in gliomas (21) are consistent with those of Kachra
et al (10) who have reported a study of 3 MMPs and 2 tissue
inhibitors of MMPs (TIMPs) in 60 brain tumours. In their
study, 9 meningiomas (grade 1, not subtyped) had similar
patterns of MMP activity compared with gliomas, although
the major MMP detected was MMP-9 whereas MMP-2 was
the more prominent in both our meningiomas and gliomas.

Earlier reports of MMP expression in various grades of
meningiomas have often suggested that they have a potential
to infiltrate dura mater (6,7,10). The interpretation for the data
for the 3 atypical meningiomas in our study is somewhat
difficult as there is no clear pattern of expression of MMP.
This is not altogether surprising since this is a rather
heterogenous group which depends on the bringing together
of some very separate histological criteria for their inclusion
into this grade.

In a related study, we have previously reported the extra-
cellular matrix-modulated differential invasion of 6 human
meningiomas (including 5 from the current study: IPGS-M,
IPCBR-F, IPGC-RT, IPTH-A2 and IPSE-A2) in vitro 22)
The IPSE-A2 meningioma had minimal expression of MMP-2
only, in the current study and was less invasive in vitro
compared to the benign transitional IPCBR-T and the atypical
meningioma, IPTH-A2 (22). The tumour from which the
IPSE cell culture was derived from has now been reclassified
from a malignant meningioma to an atypical meningioma
following the stricter updated definitions in the WHO 2000
classification (1,23).

We can postulate that our findings may support the notion
that MMP-2 and -9 expression reflects the histological subtype
of meningioma. Further characterization studies focusing
on other MMPs are needed to elucidate more fully the role
of these proteases in meningiomas. Ongoing research in
our laboratories is focusing on gene expression of various
MMPs and their inhibitors (TIMPs) in a larger number of
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meningiomas as well as immunohistochemical studies on
invasive meningiomas, with a battery of MMP antibodies, to
ascertain if there is a positive correlation between MMP
expression and different subtypes of classical meningiomas.
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