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1. ABSTRACT

The matrix metalloproteinase (MMP) family
plays an important  role in the degradation of extracellular
matrix (ECM) in various physiological and pathological
conditions.  Accumulated evidence has suggested that
MMPs contribute to cancer cell invasion of the surrounding
normal tissues and metastasis through the cell-surface ECM
degradation.  Strong correlations have been reported
between elevated MMP levels and tumor cell invasiveness
in human gliomas.  Among them, attention has been
focused on gelatinases (MMP-2 and MMP-9) and
membrane type MMPs (MT-MMPs).  We discuss here the
biological significance of these MMPs in the glioblastoma
invasion processes.  A better understanding of cell-ECM
interactions will help in developing therapeutic strategies to
decrease the invasion of gliomas.

2. INTRODUCTION

A characteristic pathological feature of
malignant glioma cells is their ability to extensively invade
surrounding brain parenchyma, particularly along white
matter tracts, thus rendering focal therapies incapable of
controlling tumor growth and resulting in inevitable
recurrence.  In this regard, identification of factors
responsible for such invasion has become a central theme
in glioma research.  The underlying molecular mechanisms

of brain tumor invasion are complex and involve a series of
sequential steps.  However, glioma cells are thought to
penetrate the adjacent normal brain tissue through the
disruption of extracellular matrix (ECM) components.
Thus, ECM in the normal brain is a barrier to the glioma
cell invasion.  To overcome the ECM barrier, advancing
cells express proteinases and/or proteinase activators at
their leading edge, where complex proteolysis can direct
cell migration.  In fact, previous studies have reported the
expression of many ECM-degrading proteinases in glioma
tissues, which include matrix metalloproteinases (MMPs),
serine proteinases (urokinase type plasminogen activator;
uPA), cysteine proteinases (cathepsin B and S), and
aspartic proteinases (cathepsin D) (1).  Among them,
MMPs are believed to play a major role in the tumor
invasion since they can degrade almost all the ECM
macromolecules in the brain (2-5).  In this review, we
present the data of our recent studies on glioma invasion
and MMPs, and discuss the significance and possible role
MMPs in the invasion of human glioblastomas.

3. MMP FAMILY

There are many reviews on MMPs in relation to
tumors and other pathological processes (6-12).  MMPs are
a gene family of Zn2+-dependent enzymes that are essential
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Table 1.  Matrix metalloproteinases MMP
Name Matrixin

Designation
Activation Pathway Localization

In the brain
References

Collagenase
Interstitial collagenase MMP-1 Extracelular Glioma cell  46
Neutrophil collagenase MMP-8 Extracelular Neutrophil
Collaganase-3 MMP-13 Pericellular Unknown
Collaganase-4 MMP-18 Extracelular Unknown

Gelatinase
Gelatinase A MMP-2 Pericellular Glioma cell > astrocyte 27, 29, 30, 32,  34, 36, 41,

43, 45 , 48
Gelatinase B MMP-9 Extracelular Glioma cell > astrocyte,

Endothelial cell
Neutrophil

27, 29, 30, 34, 36, 40, 43,
46

Stromelysin
Stromelysin 1 MMP-3 Extracelular Glioma cell 33, 38, 46
Stromelysin 2 MMP-10 Extracelular Unknown
Stromelysin 3 MMP-11 Intracellular Unknown

Matrilysin
Matrilysin MMP-7 Extracelular Glioma cell > astrocyte 47
Matrilysin-2 MMP-26 Extracelular Unknown

MT-MMP
MT1-MMP MMP-14 Intracellular Glioma cell, microglia 25, 26, 29, 32, 35, 42 , 44
MT2-MMP MMP-15 Intracellular Glioma cell 32, 35
MT3-MMP MMP-16 Intracellular Normal brain, microglia 32, 37
MT4-MMP MMP-17 Intracellular Normal brain 55
MT5-MMP MMP-24 Intracellular Glioma>normal brain 56
MT6-MMP MMP-25 Intracellular Glioblastoma 28

Others
Metalloelastase MMP-12 Extracelular Glioblastoma 30
RASI MMP-19 Extracelular Unknown
enamelysin MMP-20 Extracelular Unknown
XMMP MMP-21 Extracelular Unknown
CMMP MMP-22 Extracelular Unknown
Cystein array MMP MMP-23 Intracellular Unknown
No common name MMP-27 Extracelular Unknown
Epilysin MMP-28 Intracellular Unknown

MMP-4, 5, 6 were found to be identical to other MMP genes on sequencing.

for ECM turnover in normal and pathological conditions.
They can be classified into six different classes based on their
substrate specificities and structural differences: collagenases,
gelatinases, stromelysins, matrilysins, membrane-type MMPs
and others (Table 1).  All members of the MMP family are
synthesized as inactive proenzymes (proMMPs) that require
enzymatic cleavage of the propeptide domain for activation.
The activities of the MMPs are regulated by gene expression,
proMMP activation, and inhibition of active MMPs by a
family of endogenous tissue inhibitors, i.e. tissue inhibitors of
metalloproteinases (TIMPs) (13) and a general inhibitor, i.e.
a2-macroglobulins (14-17).  Balance between the levels of
activated MMPs and free inhibitors determines the overall MMP
activity (7).  Maintenance of this critical equilibrium is essential,
because a disturbed balance or ratio of MMPs and TIMPs affects
the invasive process (13).  Decreased TIMP gene expression
results in increased tumor invasiveness, whereas its
overexpression leads to reduce invasive growth in vivo (13-14).

3.1. Activation pathway
Activation of proMMPs is essential to degrade

ECM components by MMPs.  There are three pathways for
the activation (Figure1, Table 1).

3.1.1. Extracellular activation
Most MMPs are secreted in latent precursor

forms, which are activated in the extracellular spaces.

 MMP latency is maintained by a ‘cysteine switch’ formed
through the interaction between the sulfhydryl group of a
conserved cysteine residue within the propeptide and a
catalytic zinc (18).  ProMMPs-1, 3, 7, 8, 9, 10, 12 13, 18,
19, 20, 21, 22, 26 and 27 are activated in this manner (7).
This activation can be mediated either by proteinases such
as plasmin, trypsin, kallikreins and cathepsins or by
organomercury compounds (19).  Among them, plasmin
may be the most important for the activation of most
MMPs.

3.1.2. Pericellular activation
ProMMP activation on the cell surface is very

important for the invasion of cancer cells.  Discovery of
MT1-MMP gave a new insight into the cell surface
activation of proMMP-2, which is resistant to the serine
proteinases-mediated activation that is common in other
proMMPs (20).  Because MMP-2 is an important enzyme
for basement membrane breakdown due to its ability to
degrade type IV collagen, proMMP-2 activation mediated
by MT-MMPs on the tumor cell surface is thought to be
critical for the tumor cell invasion.  MMP-13 may be also
activated by this manner (7).  MMP-2 activation by MT-
MMPs is carried out in a two-step mechanism, analogous to
the extracellular activation in other MMPs: the initial
cleavage is mediated by direct action of MT-MMPs in a
region of the proMMP-2 propeptide domain that is exposed
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Figure 1.  Proposed model for MMP mediated proteolysis during glioma invasion.  MT1-MMP on the glioma cell surface
activates proMMP-2 which is produced by glioma cells.  Other MMPs are activated by plasmin or other active form of MMPs in
the exrtracellular space.  All MMPs are inhibited by TIMPs.  MT-MMPs are inhibited by the component of brain ECM, testican
family.  The imbalance between MMPs and their inhibitors contributes to the invasion of glioma.

to solvent, whereas the secondary cleavage is autoproteolytic.
This activation process seems to involve the trimolecular
complex formation composed of proMMP-2, TIMP-2 and
MT1-MMP that is crucial for the efficiency of activation on
cell surfaces (21).  TIMP-2 is essential for MMP-2 activation,
however, excessive TIMP-2 inhibit MMP-2 activation (13).

3.1.3. Intracellular activation
MT-MMPs contain a furin-sensitive motif

between the pro-peptide and catalytic domains, suggesting that
the proenzymes are activated intracellularly in the trans-Golgi
network by the proprotein convertase, furin or related enzymes
(22-23).  Actually, experimental studies have demonstrated the
intracellular activation of the MT-MMPs (22).  MMP-11, 23
and 28, albeit  secretary MMPs, are also activated by furin and
secreted into ECM (7,24).

4. GLIOMA INVASION AND MMPs

MMPs are overexpressed in various human
cancers including malignant brain tumors (Figure 2).  Many
authors have demonstrated the expression of MMPs in gliomas
and much attention has been drawn to gelatinases (MMP-2 and
MMP-9) and MT-MMPs (Table 1, 25-47).  The actual
substrate which is a target of MMP is not elucidated on the
occasion when the glioma cells invade the surrounding normal
brain.  The brain ECM consists mainly of hyaluronic acid and
various proteoglycans which are localized especially within the
basal lamina of blood vessels.  MMPs might degrade these
ECM and permit glioma cells to migrate along the structure,
which is well known as typical route of the glioma invasion.

4.1. MMP-2
Although MMP-2 is constitutively expressed

in many cells, this MMP is believed to be particularly
important for invasion and metastasis by the following
three reasons: (1) MMP-2 degrades type IV collagen
and other ECM, (2) it is activated rather specifically  in
tumor tissues and (3) its activation correlates with tumor
spread and poor prognosis.  In our studies, we have
demonstrated that the production level of proMMP-2 in
human glioblastomas is  significantly higher than those
in the low grade astrocytomas, metastatic brain tumors,
or normal brains (Figure 2) as is also shown by other
papers (32,41).   Similar findings are observed by
Northern blotting or quantitative RT-PCR (29,33,43).
Furthermore, the level of MMP-2 activity correlated
with the degree of invasion in vitro (32,45,48). In situ
hybridization and immunohistochemistry indicated the
expression of MMP-2 mainly in the neoplastic cells  in
contrast to virtual absence of labeling in the brain tissue
surrounding the tumor mass . (29,32,41,46,49).   In
addition, the neural stem cells which show extensive
migration within the brain express MMP-2 but not
MMP-9, suggesting that MMP-2 was closely related to
the invasive character (50).  Taken together, it is
generally accepted that MMP-2 activity is important for
the human glioma invasion.  On the other hand, the
fragment derived from the proteolysis of MMP-2 in the
human glioblastoma cells and culture medium was
recently reported to have an ability to inhibit
angiogenesis, cell proliferation and migration contrary
to active form of MMP-2 (51).



Glioma invasion and MMP

264

Figure  2.  Amounts of MMPs in the tissue homogenates of astrocytic tumors, metastatic brain tumors and normal brains.  The
supernatants from normal brain (NB), low-grade astrocytoma (LGA), anaplastic astrocytoma (AA), glioblastoma (GB) and
metastatic brain tumor (Meta) tissues were prepared, and MMPs was measured by enzyme immunoassay (EIA).  The EIA systems
for MMP-1, -3, and -8 measure both the precursor and active forms of the MMPs, but those for MMP-2, and -9 detect only their
latent forms.  Bars indicate the mean value.  *, p < 0.05; **, p< 0.01.

4.2. MMP-9
Like MMP-2, the expression of MMP-9 has

been shown to correlate with increasing malignancy in glial
tumors (27,29-30,35,43), and the data in our sandwich
enzyme immunoassay also demonstrated that the MMP-9
production level in the glioblastomas is significantly higher
than that in the normal brains (Figure 2).  In addition,
recent study indicates that high grade glioblastoma cells
which were stably transfected with an antisense vector
capable of expressing an antisense transcript
complementary to MMP-9 are unable to form tumors in the
brain of nude mice, unlike parental cells or vector-
transfected or sense-transfected clones, indicating that
MMP-9 is necessary to form glioblastoma in the brain (52).
However, these data could be findings closely linked with
abundant angiogenesis in the glioblastoma, since MMP-9 is
expressed within and around the vasculature, especially
endothelial cells (27,29,33,36,46).  Most importantly,
activated form of proMMP-9 is not commonly observed in
these studies, and thus there is no definite proof that MMP-
9 is really acting in the invasive glioma tissues.  Further
studies are necessary to prove that MMP-9 activity is
involved in the invasive process of gliomas.

4.3. MT-MMPs
Among the six members of the MT-MMP

subfamily, MT1-, MT2-, MT3- and MT5-MMP are anchored
to the plasma membrane via a transmembrane domain
(20,53-56), but MT4- and MT6-MMP are

glycosylphosphatidyl inositol-anchored proteinases (57-60).
Among the MT-MMPs, MT3- and MT4-MMPs are
expressed in normal brain, suggesting the physiological
functions of these MT-MMPs in brain (32,37,55,59). On the
other hand, MT1-, 2-, 5- and MT6-MMPs are reported to be
highly expressed in glioblastoma tissues
(26,29,32,35,42,56,59).  Accumulated lines of data have
indicated that MT-MMPs, especially MT1-MMP, are
directly involved in tumor cell invasion and metastasis (20-
21,42,61-64).  In human gliomas, MT1-MMP
overexpression is strongly associated with malignant
progression and invasive behavior of tumor
cells(26,29,32,35,42).  Expression of MT1-MMP is
predominantly observed in glioblastoma tissues and its
expression levels correlate with activation ratio of proMMP-
2 and tumor grades (26,29,32,35,42).  In addition,
immunohistochemical and in situ hybridization indicated that
MT1-MMP and MMP-2 are colocalized (29,32).
Experimental studies by Deryugina et al have also shown
that glioma cells transfected with cDNA encoding MT1-
MMP resulted in increased collagen degradation, and cell
migration in tumor spheroid outgrowth assay through the cell
surface activation of proMMP-2 (65-67).  All these data
strongly suggest the possibility that MT1-MMP contributes
to the glioma cell invasion through the activation of
proMMP-2.  In our previous studies, we further
demonstrated the possible involvement of MT2-MMP as
well as MT1-MMP in the activation of proMMP-2 in human
gliomas (32).  Using a novel method, i.e. in situ



Glioma invasion and MMP

265

Figure 3.  Amounts of TIMP-1 and TIMP-2 in the tissue homogenates of astrocytic tumors, metastatic brain tumors and normal
brains.  TIMP-1 and TIMP-2 were measured by corresponding EIA systems.  Bars indicate the mean value.  *, p < 0.05; **, p<
0.01 (Reproduced permission.  Reprinting from (25)).

zymography, we could demonstrate gelatinolytic activity in
glioblastoma tissue but not in normal brain tissue (32).
Since the activity was completely blocked with a synthetic
MMP inhibitor, BB94, and its localization was consistent
with immunohistochemical data of MMP-2, MT1-MMP
and MT2-MMP, the activity is considered to be derived
from MMP-2 activation by MT1-MMP and MT2-MMP.

MT-MMPs may contribute to glioma invasion
by acting not only as an activator of proMMP-2 but also as
ECM degradation enzymes.  MT1-MMP has the ability by
itself to digest ECM components such as fibrillar collagens,
vitronectin, fibronectin, and aggrecan (68-69).  Belien et al
have shown that MT1-MMP enables invasive migration of
glioma cells due to its  ability to digest central nervous
system myelin-inhibitory proteins (70).

Inhibitor profile of MT-MMPs is different from
other MMPs, since the activities of MT-MMPs are
inhibited by TIMP-2 but not by TIMP-1 (22).  In addition,
we have recently demonstrated that MT1- and MT3-MMP
are inhibited selectively by N-Tes, a newly identified ECM
molecule in the brain (71).  N-Tes can form stable
complexes with either MT1- or MT3-MMP resulting their
inhibition.  Transfection of N-Tes genes into U251 glioma
cells suppressed their invasive growth in collagen gel (71).

4.4. Other MMPs
The expression of various MMPs including

MMP-2, 9 and MT-MMPs has been reported in human
gliomas (Table 1).  Although most of them are expressed
by glioma cells, MMP-8 is produced by neutrophils (72).
MMP-1, 3, 7 and 12 were reported to be localized in the
glioma cells (30,33,38,46-47), but further studies are

necessary to clarify their roles in glioma invasion.

5. TIMP FAMILY

The TIMP family is comprised of four different
members which possess 12 conserved cysteine residues
(Table 2, 13,73).  TIMPs inhibit MMP activities by forming
non-covalent complexes with active MMPs.  However,
recent studies have demonstrated that TIMP-1 does not
inhibit the activity of MT-MMPs, although other TIMPs do
(74).  TIMPs bind to the highly conserved active zinc-
binding site of the MMPs.  However, unlike other
proMMPs, proMMP-2 and proMMP-9 can make
complexes with TIMP-2 and TIMP-1, respectively (75).
The activation of proMMP-9 is inhibited in the proMMP-
9/TIMP-1 complex form.  On the other hand, proMMP-
/TIMP-2 complex formation is implicated in the efficient
activation of proMMP-2 by MT1-MMP on the cell surfaces
(21).

6. GLIOMA INVASION AND TIMPs

It has been emphasized that the balance
between MMPs and TIMPs is critical for control of
invasion and dissemination in glioma cells (25,30,76).  Our
analyses by sandwich enzyme immunoassay systems
indicated that the production levels of TIMP-1, but not
TIMP-2, are significantly higher in glioblastomas than in
other grades of astrocytic tumors and normal brain tissues
(Figure 3, 25). Actually this is a common finding for
human cancers including stomach, thyroid, endometrial and
oral carcinomas (62,63,77-78).  Several authors
demonstrated that MMP-2 gelatinolytic activity is detected
by in situ zymography in the cancer tissues even in the
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Table 2.  The inhibitor of MMPs
Inhibitor Substrates Localization in the brain Reference

TIMP family
TIMP-1 active form of MMPs

except for MT-MMPs,
proform of MMP-9

Glioma>normal brain,
Glioma cell

25, 26, 30, 35, 43, 46, 79, 80

TIMP-2 active form of MMPs,
proform of MMP-2

Glioma  normal brain 25, 26, 30, 35, 43, 79, 80

TIMP-3 active form of MMPs Glioma=normal brain 80
TIMP-4 active form of MMPs Normal brain>glioma,

Glioma cell
80

Testican family
Testican-1, 3, N-Tes MT1, MT3-MMP Normal brain>glioma,

Neuron
71

a2-macrogloblin Protease including
active form of MMPs

Glioma>normal brain,
Glioma cell

16, 17

Figure  4.  Kaplan-Meier survival curves for 27 patients
with glioblastoma according to the production level of
TIMP-2.  The survival curves were tested by using the
generalized Wilcoxon test.

presence of abundant TIMP-1 (32,63.64), suggesting that
overproduced TIMP-1 can not function as inhibitor in the
cancer tissues.  On the other hand, conflicting results are
found regarding the expression of TIMP-2 in glioma.
Some authors demonstrated the low expression levels in
glioblastomas (26,30,79), but others showed no correlation
between TIMP-2 level and tumor grade (25,35,43,80).
However, the data that the virus vector-driven
overexpression of TIMP-2 decreases invasiveness of
glioma cells (81) suggest that TIMP-2 may be a key
regulator for glioma cell invasion.  Our study showed that
low production level of TIMP-2 correlates with short
survival in the patients with glioblastoma (Figure 4).

7. PERSPECTIVES

Although significant technical advances in
surgical and radiation treatment for gliomas have emerged
in recent years, their impact on clinical outcome for
patients has been disappointing.  A fundamental source of
the management challenge presented by glioma patients is
the insidious propensity of the malignant cells to invade
adjacent normal brain.  Recent advances in understanding
the biological mechanisms and molecular determinants of
glioma cell invasion provide valuable insight to the biology
of gliomas as well as illuminating possible new therapeutic
targets such as anti-invasion therapy.  The importance of
MMPs in invasion is underlined by the data that synthetic
MMP inhibitors limit tumor growth in animal models.

MMP inhibitors, Batimastat and Marimastat, effectively
reduced glioma invasion in Matrigel-coated transwell
assays and cocultures of tumor spheroids with fetal rat
brain aggregates, although higher concentrations were
required in the latter systems (82-83).  AG3340, SI-27 and
BE16627B, other synthetic MMP inhibitors, inhibited the
growth of the glioma cell line implanted in SCID mice (84-
85).  Furthermore, as mentioned above the fragment
derived from the proteolysis of MMP-2 or N-Tes may be a
candidate for new anti-invasion therapy.  The investigation
into MMPs biology is very attractive and exciting area and
will continue to provide insight into glioma invasion.  It is
hoped that more information concerning the regulation of
the invasion process of glioma cells in brain will provide
clinically important strategies for targeting invading cells
for anti-cancer therapy.

8. ACKNOWLEDGMENTS

This work was supported by grants-in-aid for
young scientists (B-14770707 to M. N.) and for scientific
research from the Ministry of Education, Science and
Culture of Japan (B2-13470290 to J. Y.) and a grant from
the Hokkoku Foundation for Cancer Research (to M.N.).

9. REFERENCES

1. Pilkington, G. J.: Tumour cell migration in the central
nervous system. Brain Pathol 4, 157-166 (1994)
2. Fillmore, H. L., VanMeter, T. E. & Broaddus, W. C.:
Membrane-type matrix metalloproteinases (MT-MMPs):
expression and function during glioma invasion. J
Neurooncol 53, 187-202 (2001)
3. VanMeter, T. E., Rooprai, H. K., Kibble, M. M.,
Fillmore, H. L., Broaddus, W. C. & Pilkington, G. J.: The
role of matrix metalloproteinase genes in glioma invasion:
co- dependent and interactive proteolysis. J Neurooncol 53,
213-235 (2001)
4. Rooprai, H. K. & McCormick, D.: Proteases and their
inhibitors in human brain tumours: a review. Anticancer
Res 17, 4151-4162 (1997)
5. Uhm, J. H., Dooley, N. P., Villemure, J. G. & Yong, V.
W.: Mechanisms of glioma invasion: role of matrix-
metalloproteinases. Can J Neurol Sci 24, 3-15 (1997)
6. Cox, G. & O'Byrne, K. J.: Matrix metalloproteinases and
cancer. Anticancer Res 21, 4207-4219 (2001)



Glioma invasion and MMP

267

7. Sternlicht, M. D. & Werb, Z.: How matrix
metalloproteinases regulate cell behavior. Annu Rev Cell
Dev Biol 17, 463-516 (2001)
8. McCawley, L. J. & Matrisian, L. M.: Matrix
metalloproteinases: multifunctional contributors to tumor
progression. Mol Med Today 6, 149-156 (2000)
9. Stamenkovic, I.: Matrix metalloproteinases in tumor
invasion and metastasis. Semin Cancer Biol 10, 415-433
(2000)
10. Curran, S. & Murray, G. I.: Matrix metalloproteinases
in tumour invasion and metastasis. J Pathol 189, 300-308
(1999)
11. Kahari, V. M. & Saarialho-Kere, U.: Matrix
metalloproteinases and their inhibitors in tumour growth
and invasion. Ann Med 31, 34-45 (1999)
12. Kugler, A.: Matrix metalloproteinases and their
inhibitors. Anticancer Res 19, 1589-1592 (1999)
13. Gomez, D. E., Alonso, D. F., Yoshiji, H. &
Thorgeirsson, U. P.: Tissue inhibitors of
metalloproteinases: structure, regulation and biological
functions. Eur J Cell Biol 74, 111-122 (1997)
14. Woessner, J. F., Jr.: Matrix metalloproteinase
inhibition. From the Jurassic to the third millennium. Ann N
Y Acad Sci 878, 388-403 (1999)
15. Curry, T. E., Jr., Mann, J. S., Estes, R. S. & Jones, P.
B.: Alpha 2-macroglobulin and tissue inhibitor of
metalloproteinases: collagenase inhibitors in human
preovulatory ovaries. Endocrinology 127, 63-68 (1990)
16. Seitz, R. J. & Wechsler, W.: Immunohistochemical
demonstration of serum proteins in human cerebral
gliomas. Acta Neuropathol 73, 145-152 (1987)
17. Dziegielewska, K. M., Saunders, N. R., Schejter, E. J.,
Zakut, H., Zevin-Sonkin, D., Zisling, R. & Soreq, H.:
Synthesis of plasma proteins in fetal, adult, and neoplastic
human brain tissue. Dev Biol 115, 93-104 (1986)
18. Van Wart, H. E. & Birkedal-Hansen, H.: The cysteine
switch: a principle of regulation of metalloproteinase
activity with potential applicability to the entire matrix
metalloproteinase gene family. Proc Natl Acad Sci U S A
87, 5578-82 (1990)
19. DeClerck, Y. A. & Laug, W. E.: Cooperation between
matrix metalloproteinases and the plasminogen activator-
plasmin system in tumor progression. Enzyme Protein 49,
72-84 (1996)
20. Sato, H., Takino, T., Okada, Y., Cao, J., Shinagawa, A.,
Yamamoto, E. & Seiki, M.: A matrix metalloproteinase
expressed on the surface of invasive tumour cells. Nature
370, 61-65 (1994)
21. Strongin, A. Y., Collier, I., Bannikov, G., Marmer, B.
L., Grant, G. A. & Goldberg, G. I.: Mechanism of cell
surface activation of 72-kDa type IV collagenase. Isolation
of the activated form of the membrane metalloprotease. J
Biol Chem 270, 5331-5338 (1995)
22. Sato, H., Kinoshita, T., Takino, T., Nakayama, K. &
Seiki, M.: Activation of a recombinant membrane type 1-
matrix metalloproteinase (MT1-MMP) by furin and its
interaction with tissue inhibitor of metalloproteinases
(TIMP)-2. FEBS Lett 393, 101-104 (1996)
23. Pei, D. & Weiss, S. J.: Transmembrane-deletion
mutants of the membrane-type matrix metalloproteinase-1
process progelatinase A and express intrinsic matrix-
degrading activity. J Biol Chem 271, 9135-9140 (1996)

24. Pei, D. & Weiss, S. J.: Furin-dependent intracellular
activation of the human stromelysin-3 zymogen. Nature
375, 244-247 (1995)
25. Nakada, M., Kita, D., Futami, K., Yamashita, J.,
Fujimoto, N., Sato, H. & Okada, Y.: Roles of membrane
type 1 matrix metalloproteinase and tissue inhibitor of
metalloproteinases 2 in invasion and dissemination of
human malignant glioma. J Neurosurg 94, 464-473 (2001)
26. Hur, J. H., Park, M. J., Park, I. C., Yi, D. H., Rhee, C.
H., Hong, S. I. & Lee, S. H.: Matrix metalloproteinases in
human gliomas activation of matrix metalloproteinase-2
(MMP-2) may be correlated with membrane-type-1 matrix
metalloproteinase (MT1-MMP) expression. J Korean Med
Sci 15, 309-314 (2000)
27. Raithatha, S. A., Muzik, H., Rewcastle, N. B., Johnston,
R. N., Edwards, D. R. & Forsyth, P. A.: Localization of
gelatinase-A and gelatinase-B mRNA and protein in human
gliomas. Neuro-oncol 2, 145-150 (2000)
28. Velasco, G., Cal, S., Merlos-Suarez, A., Ferrando, A.
A., Alvarez, S., Nakano, A., Arribas, J. & Lopez-Otin, C.:
Human MT6-matrix metalloproteinase: identification,
progelatinase A activation, and expression in brain tumors.
Cancer Res 60, 877-882 (2000)
29. Forsyth, P. A., Wong, H., Laing, T. D., Rewcastle, N.
B., Morris, D. G., Muzik, H., Leco, K. J., Johnston, R. N.,
Brasher, P. M., Sutherland, G. & Edwards, D. R.:
Gelatinase-A (MMP-2), gelatinase-B (MMP-9) and
membrane type matrix metalloproteinase-1 (MT1-MMP)
are involved in different aspects of the pathophysiology of
malignant gliomas. Br J Cancer  79, 1828-1835 (1999)
30. Kachra, Z., Beaulieu, E., Delbecchi, L., Mousseau, N.,
Berthelet, F., Moumdjian, R., Del Maestro, R. & Beliveau,
R.: Expression of matrix metalloproteinases and their
inhibitors in human brain tumors. Clin Exp Metastasis  17,
555-566 (1999)
31. Llano, E., Pendas, A. M., Freije, J. P., Nakano, A.,
Knauper, V., Murphy, G. & Lopez-Otin, C.: Identification
and characterization of human MT5-MMP, a new
membrane- bound activator of progelatinase a
overexpressed in brain tumors. Cancer Res 59, 2570-2576
(1999)
32. Nakada, M., Nakamura, H., Ikeda, E., Fujimoto, N.,
Yamashita, J., Sato, H., Seiki, M. & Okada, Y.: Expression
and tissue localization of membrane-type 1, 2, and 3 matrix
metalloproteinases in human astrocytic tumors. Am J
Pathol 154, 417-428 (1999)
33. Vince, G. H., Wagner, S., Pietsch, T., Klein, R.,
Goldbrunner, R. H., Roosen, K. & Tonn, J. C.:
Heterogeneous regional expression patterns of matrix
metalloproteinases in human malignant gliomas. Int J Dev
Neurosci 17, 437-445 (1999)
34. Esteve, P. O., Tremblay, P., Houde, M., St-Pierre, Y. &
Mandeville, R.: In vitro expression of MMP-2 and MMP-9
in glioma cells following exposure to inflammatory
mediators. Biochim Biophys Acta 1403, 85-96 (1998)
35. Lampert, K., Machein, U., Machein, M. R., Conca, W.,
Peter, H. H. & Volk, B.: Expression of matrix
metalloproteinases and their tissue inhibitors in human
brain tumors. Am J Pathol 153, 429-437 (1998)
36. Rooprai, H. K., Van Meter, T., Rucklidge, G. J.,
Hudson, L., Everall, I. P. & Pilkington, G. J.: Comparative
analysis of matrix metalloproteinases by



Glioma invasion and MMP

268

immunocytochemistry, immunohistochemistry and
zymography in human primary brain tumours. Int J Oncol 13,
1153-1157 (1998)
37. Yoshiyama, Y., Sato, H., Seiki, M., Shinagawa, A.,
Takahashi, M. & Yamada, T.: Expression of the membrane-
type 3 matrix metalloproteinase (MT3-MMP) in human brain
tissues . Acta Neuropathol (Berl) 96, 347-350 (1998)
38. Matsuzawa, K., Fukuyama, K., Dirks, P. B., Hubbard, S.,
Murakami, M., Becker, L. E. & Rutka, J. T.: Expression of
stromelysin 1 in human astrocytoma cell lines. J Neurooncol
30, 181-188 (1996)
39. Puente, X. S., Pendas, A. M., Llano, E., Velasco, G. &
Lopez-Otin, C.: Molecular cloning of a novel membrane-type
matrix metalloproteinase from a human breast carcinoma.
Cancer Res 56, 944-949 (1996)
40. Rao, J. S., Yamamoto, M., Mohaman, S., Gokaslan, Z. L.,
Fuller, G. N., Stetler-Stevenson, W. G., Rao, V. H., Liotta, L.
A., Nicolson, G. L. & Sawaya, R. E.: Expression and
localization of 92 kDa type IV collagenase/gelatinase B
(MMP-9) in human gliomas. Clin Exp Metastasis 14, 12-18
(1996)
41. Sawaya, R. E., Yamamoto, M., Gokaslan, Z. L., Wang, S.
W., Mohanam, S., Fuller, G. N., McCutcheon, I. E., Stetler-
Stevenson, W. G., Nicolson, G. L. & Rao, J. S.: Expression
and localization of 72 kDa type IV collagenase (MMP-2) in
human malignant gliomas in vivo. Clin Exp Metastasis 14, 35-
42 (1996)
42. Yamamoto, M., Mohanam, S., Sawaya, R., Fuller, G. N.,
Seiki, M., Sato, H., Gokaslan, Z. L., Liotta, L. A., Nicolson, G.
L. & Rao, J. S.: Differential expression of membrane-type
matrix metalloproteinase and its correlation with gelatinase A
activation in human malignant brain tumors in vivo and in
vitro. Cancer Res 56, 384-392 (1996)
43. Nakano, A., Tani, E., Miyazaki, K., Yamamoto, Y. &
Furuyama, J.: Matrix metalloproteinases and tissue inhibitors
of metalloproteinases in human gliomas. J Neurosurg 83, 298-
307 (1995)
44. Yamada, T., Yoshiyama, Y., Sato, H., Seiki, M.,
Shinagawa, A. & Takahashi, M.: White matter microglia
produce membrane-type matrix metalloprotease, an activator
of gelatinase A, in human brain tissues. Acta Neuropathol 90,
421-424 (1995)
45. Abe, T., Mori, T., Kohno, K., Seiki, M., Hayakawa, T.,
Welgus, H. G., Hori, S. & Kuwano, M.: Expression of 72 kDa
type IV collagenase and invasion activity of human glioma
cells. Clin Exp Metastasis 12, 296-304 (1994)
46. Nakagawa, T., Kubota, T., Kabuto, M., Sato, K., Kawano,
H., Hayakawa, T. & Okada, Y.: Production of matrix
metalloproteinases and tissue inhibitor of metalloproteinases-1
by human brain tumors. J Neurosurg 81, 69-77 (1994)
47. Nakano, A., Tani, E., Miyazaki, K., Furuyama, J. &
Matsumoto, T.: Expressions of matrilysin and stromelysin in
human glioma cells. Biochem Biophys Res Commun 192, 999-
1003 (1993)
48. Nakagawa, T., Kubota, T., Kabuto, M., Fujimoto, N. &
Okada, Y.: Secretion of matrix metalloproteinase-2 (72 kD
gelatinase/type IV collagenase = gelatinase A) by malignant
human glioma cell lines: implications for the growth and
cellular invasion of the extracellular matrix. J Neurooncol 28,
13-24 (1996)
49. Tews, D. S. & Nissen, A.: Expression of adhesion factors
and degrading proteins in primary and secondary

glioblastomas and their precursor tumors. Invasion Metastasis
18, 271-284 (1998)
50. Frolichsthal-Schoeller, P., Vescovi, A. L., Krekoski, C. A.,
Murphy, G., Edwards, D. R., and Forsyth, P. Expression and
modulation of matrix metalloproteinase-2 and tissue inhibitors
of metalloproteinases in human embryonic CNS stem cells.
Neuroreport 10, 345-351 (1999)
51. Bello, L., Lucini, V., Carrabba, G., Giussani, C., Machluf,
M., Pluderi, M., Nikas, D., Zhang, J., Tomei, G., Villani, R.
M., Carroll, R. S., Bikfalvi, A. & Black, P. M.: Simultaneous
inhibition of glioma angiogenesis, cell proliferation, and
invasion by a naturally occurring fragment of human
metalloproteinase-2. Cancer Res 61, 8730-8736 (2001)
52. Kondraganti, S., Mohanam, S., Chintala, S. K., Kin, Y.,
Jasti, S. L., Nirmala, C., Lakka, S. S., Adachi, Y., Kyritsis, A.
P., Ali-Osman, F., Sawaya, R., Fuller, G. N. & Rao, J. S.:
Selective suppression of matrix metalloproteinase-9 in human
glioblastoma cells by antisense gene transfer impairs
glioblastoma cell invasion. Cancer Res 60, 6851-6855 (2000)
53. Takino, T., Sato, H., Shinagawa, A. & Seiki, M.:
Identification of the second membrane-type matrix
metalloproteinase (MT- MMP-2) gene from a human placenta
cDNA library. MT-MMPs form a unique membrane-type
subclass in the MMP family. J Biol Chem  270, 23013-23020
(1995)
54. Will, H. & Hinzmann, B.: cDNA sequence and mRNA
tissue distribution of a novel human matrix metalloproteinase
with a potential transmembrane segment. Eur J Biochem 231,
602-608 (1995)
55. Puente, X. S., Pendas, A. M., Llano, E., Velasco, G. &
Lopez-Otin, C.: Molecular cloning of a novel membrane-type
matrix metalloproteinase from a human breast carcinoma.
Cancer Res 56, 944-949 (1996)
56. Llano, E., Pendas, A. M., Freije, J. P., Nakano, A.,
Knauper, V., Murphy, G. & Lopez-Otin, C.: Identification and
characterization of human MT5-MMP, a new membrane-
bound activator of progelatinase a overexpressed in brain
tumors. Cancer Res  59, 2570-2576 (1999)
57. Kajita, M., Kinoh, H., Ito, N., Takamura, A., Itoh, Y.,
Okada, A., Sato, H. & Seiki, M.: Human membrane type-4
matrix metalloproteinase (MT4-MMP) is encoded by a novel
major transcript: isolation of complementary DNA clones for
human and mouse mt4-mmp transcripts. FEBS Lett 457, 353-
356 (1999)
58. Pei, D.: Identification and characterization of the fifth
membrane-type matrix metalloproteinase MT5-MMP. J Biol
Chem 274, 8925-8932 (1999)
59. Velasco, G., Cal, S., Merlos-Suarez, A., Ferrando, A. A.,
Alvarez, S., Nakano, A., Arribas, J. & Lopez-Otin, C.: Human
MT6-matrix metalloproteinase: identification, progelatinase A
activation, and expression in brain tumors. Cancer Res 60,
877-882 (2000)
60. Kang, T., Yi, J., Guo, A., Wang, X., Overall, C. M., Jiang,
W., Elde, R., Borregaard, N. & Pei, D.: Subcellular distribution
and cytokine- and chemokine-regulated secretion of
leukolysin/MT6-MMP/MMP-25 in neutrophils. J Biol Chem
276, 21960-21968 (2001)
61. Nomura, H., Sato, H., Seiki, M., Mai, M. & Okada, Y.:
Expression of membrane-type matrix metalloproteinase in
human gastric carcinomas. Cancer Res  55, 3263-3266 (1995)
62. Tokuraku, M., Sato, H., Murakami, S., Okada, Y.,
Watanabe, Y. & Seiki, M.: Activation of the precursor of



Glioma invasion and MMP

269

gelatinase A/72 kDa type IV collagenase/MMP-2 in lung
carcinomas correlates with the expression of membrane-type
matrix metalloproteinase (MT-MMP) and with lymph node
metastasis. Int J Cancer 64, 355-359 (1995)
63. Nakamura, H., Ueno, H., Yamashita, K., Shimada, T.,
Yamamoto, E., Noguchi, M., Fujimoto, N., Sato, H., Seiki, M.
& Okada, Y.: Enhanced production and activation of
progelatinase A mediated by membrane-type 1 matrix
metalloproteinase in human papillary thyroid carcinomas.
Cancer Res 59, 467-473 (1999)
64. Shimada, T., Nakamura, H., Yamashita, K., Kawata, R.,
Murakami, Y., Fujimoto, N., Sato, H., Seiki, M. & Okada, Y.:
Enhanced production and activation of progelatinase A
mediated by membrane-type 1 matrix metalloproteinase in
human oral squamous cell carcinomas: implications for lymph
node metastasis. Clin Exp Metastasis 18, 179-188 (2000)
65. Deryugina, E. I., Bourdon, M. A., Reisfeld, R. A. &
Strongin, A.: Remodeling of collagen matrix by human tumor
cells requires activation and cell surface association of matrix
metalloproteinase-2. Cancer Res 58, 3743-3750 (1998)
66. Deryugina, E. I., Bourdon, M. A., Luo, G. X., Reisfeld, R.
A. & Strongin, A.: Matrix metalloproteinase-2 activation
modulates glioma cell migration. J Cell Sci 110, 2473-2482
(1997)
67. Deryugina, E. I., Luo, G. X., Reisfeld, R. A., Bourdon, M.
A. & Strongin, A.: Tumor cell invasion through matrigel is
regulated by activated matrix metalloproteinase-2. Anticancer
Res 17, 3201-3210 (1997)
68. d'Ortho, M. P., Will, H., Atkinson, S., Butler, G., Messent,
A., Gavrilovic, J., Smith, B., Timpl, R., Zardi, L. & Murphy,
G.: Membrane-type matrix metalloproteinases 1 and 2 exhibit
broad-spectrum proteolytic capacities comparable to many
matrix metalloproteinases. Eur J Biochem  250, 751-757 (1997)
69. Ohuchi, E., Imai, K., Fujii, Y., Sato, H., Seiki, M. &
Okada, Y.: Membrane type 1 matrix metalloproteinase digests
interstitial collagens and other extracellular matrix
macromolecules. J Biol Chem 272, 2446-2451 (1997)   
70. Belien, A. T., Paganetti, P. A. & Schwab, M. E.:
Membrane-type 1 matrix metalloprotease (MT1-MMP)
enables invasive migration of glioma cells in central nervous
system white matter. J Cell Biol 144, 373-384 (1999)
71. Nakada, M., Yamada, A., Takino, T., Miyamori, H.,
Takahashi, T., Yamashita, J. & Sato, H.: Suppression of
membrane-type 1 matrix metalloproteinase (MMP)-mediated
MMP-2 activation and tumor invasion by testican 3 and its
splicing variant gene product, N-Tes. Cancer Res 61, 8896-
8902 (2001)
72. Van Wart, H. E.: Human neutrophil collagenase. Matrix
Suppl 1, 31-36 (1992)
73. Denhardt, D. T., Feng, B., Edwards, D. R., Cocuzzi, E. T.
& Malyankar, U. M.: Tissue inhibitor of metalloproteinases
(TIMP, aka EPA): structure, control of expression and
biological functions. Pharmacol Ther  59, 329-341 (1993)
74. Murphy, G., Koklitis, P. & Carne, A. F.: Dissociation of
tissue inhibitor of metalloproteinases (TIMP) from enzyme
complexes yields fully active inhibitor. Biochem J 261, 1031-
1034 (1989)
75. Stetler-Stevenson, W. G., Krutzsch, H. C. & Liotta, L. A.:
Tissue inhibitor of metalloproteinase (TIMP-2). A new
member of the metalloproteinase inhibitor family. J Biol Chem
264, 17374-17378 (1989)

76. Planchenault, T., Costa, S., Fages, C., Riche, D., Charriere-
Bertrand, C., Perzelova, A., Barlowatz-Meimon, G. & Tardy,
M.: Differential expression of laminin and fibronectin and of
their related metalloproteinases in human glioma cell lines:
relation to invasion. Neurosci Lett 299, 140-144 (2001)
77. Ueno, H., Yamashita, K., Azumano, I., Inoue, M. &
Okada, Y.: Enhanced production and activation of matrix
metalloproteinase-7 (matrilysin) in human endometrial
carcinomas. Int J Cancer  84, 470-477 (1999)
78. Okada, Y.: Tumor cell-matrix interaction: pericellular
matrix degradation and metastasis. Verh Dtsch Ges Pathol 84,
33-42 (2000)
79. Mohanam, S., Wang, S. W., Rayford, A., Yamamoto, M.,
Sawaya, R., Nakajima, M., Liotta, L. A., Nicolson, G. L.,
Stetler-Stevenson, W. G. & Rao, J. S.: Expression of tissue
inhibitors of metalloproteinases: negative regulators of human
glioblastoma invasion in vivo. Clin Exp Metastasis  13, 57-62
(1995)
80. Groft, L. L., Muzik, H., Rewcastle, N. B., Johnston, R. N.,
Knauper, V., Lafleur, M. A., Forsyth, P. A. & Edwards, D. R.:
Differential expression and localization of TIMP-1 and TIMP-
4 in human gliomas. Br J Cancer  85, 55-63 (2001)
81. Hoshi, M., Harada, A., Kawase, T., Uyemura, K. &
Yazaki, T.: Antitumoral effects of defective herpes simplex
virus-mediated transfer of tissue inhibitor of
metalloproteinases-2 gene in malignant glioma U87 in vitro:
consequences for anti-cancer gene therapy. Cancer Gene Ther
7, 799-805 (2000)
82. Tonn, J. C., Kerkau, S., Hanke, A., Bouterfa, H., Mueller,
J. G., Wagner, S., Vince, G. H. & Roosen, K.: Effect of
synthetic matrix-metalloproteinase inhibitors on invasive
capacity and proliferation of human malignant gliomas in
vitro. Int J Cancer 80, 764-772 (1999)
83. Wagner, S., Stegen, C., Bouterfa, H., Huettner, C., Kerkau,
S., Roggendorf, W., Roosen, K. & Tonn, J. C.: Expression of
matrix metalloproteinases in human glioma cell lines in the
presence of IL-10. J Neurooncol 40, 113-122 (1998)
84. Watanabe, K., Yoshida, D., Noha, M. & Teramoto, A.:
Suppression of matrix metalloproteinase-2 and -9 mediated
invasiveness by a novel matrix metalloproteinase inhibitor,
BE16627B. J Neurooncol 52, 1-9 (2001)
85. Noha, M., Yoshida, D., Watanabe, K. & Teramoto, A.:
Suppression of cell invasion on human malignant glioma cell
lines by a novel matrix-metalloproteinase inhibitor SI-27: in
vitro study. J Neurooncol 48, 217-223 (2000)
86. Price, A., Shi, Q., Morris, D., Wilcox, M. E., Brasher, P.
M., Rewcastle, N. B., Shalinsky, D., Zou, H., Appelt, K.,
Johnston, R. N., Yong, V. W., Edwards, D. & Forsyth, P.:
Marked inhibition of tumor growth in a malignant glioma
tumor model by a novel synthetic matrix metalloproteinase
inhibitor AG3340. Clin Cancer Res 5, 845-854 (1999)

Key Words: Brain, Nervous system, Tumor, Cancer, Glioma,
Invasion, Matrix Metalloproteinase, Review

Send correspondence to: Mitsutoshi Nakada, M.D., Ph.D.,
Department of Neurosurgery, Division of Neuroscience,
Graduate School of Medical Science, Kanazawa University,
13-1 Takara-machi, Kanazawa, Ishikawa 920-0934, Japan,
Tel: +81-76-265-2384, Fax: +81-76-234-4262, E-mail:
nakada@ns.m.kanazawa-u.ac.jp


