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Matrix metalloproteinases and metastasis

Abstract Metastatic disease is responsible for the ma-
jority of cancer-related deaths, either directly due to
tumor involvement of critical organs or indirectly due to
complications of therapy to control tumor growth and
spread. An understanding of the mechanisms of tumor
cell invasion and metastasis may be important for de-
vising therapies aimed at preventing tumor cell spread.
Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endoproteinases whose enzymatic activity is
directed against components of the extracellular matrix
(ECM). In humans, 16 members of this family have been
identi®ed by cloning and sequencing. These proteinases
are linked by a core of common domain structures and
by their relationship to a family of proteinase inhibitors
called the tissue inhibitors of metalloproteinases
(TIMPs). Four members of the TIMP family have been
cloned and sequenced in humans and they inhibit MMPs
by forming tight-binding, noncovalent associations with
the active site of the MMPs. MMPs facilitate tumor
cell invasion and metastasis by at least three distinct
mechanisms. First, proteinase action removes physical
barriers to invasion through degradation of ECM
macromolecules such as collagens, laminins, and pro-
teoglycans. This has been demonstrated in vitro through
the use of chemoinvasion assays and in vivo by the
presence of active MMPs at the invasive front of tumors.
Second, MMPs have the ability to modulate cell adhe-
sion. For cells to move through the ECM, they must be

able to form new cell±matrix and cell±cell attachments
and break existing ones. Using a cell transfection system
that altered the ratio of MMP-2 to TIMP-2 we have
demonstrated signi®cant variation in the adhesive phe-
notype of tumor cells. Finally, MMPs may act on ECM
components or other proteins to uncover hidden bio-
logic activities. For example, the angiogenesis inhibitor
angiostatin may be produced from plasminogen by
MMP action and laminin-5 is speci®cally degraded by
MMP-2 to produce a soluble chemotactic fragment.
Thus MMPs play multiple key roles in facilitating the
metastasis of tumor cells. Therapies designed to interfere
with speci®c MMP actions may be useful in the control
of metastatic disease.
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Introduction

For any individual patient, the battle against cancer is
often won or lost in the opening round, with the success
or failure of the initial surgical resection and the clinical
evaluation for metastatic disease. In the USA, about
one-third of patients will present with metastatic disease.
In these patients, surgical therapy will be only a prelude
to systemic chemotherapy. Of the remaining patients,
half will be cured by the initial surgical procedure and
will remain free of disease, either because there were
never metastases present or because adjuvant therapy
successfully treated the micrometastases that were clin-
ically undetectable at presentation. The other 50% of
patients will relapse with clinically detectable metastatic
disease, which then must be treated by systemic therapy,
since surgery has only palliative value for the treatment
of metastases.

It is clear from this description that the development,
detection, and therapy or prevention of metastatic dis-
ease is the most signi®cant problem facing oncologists.
Traditional forms of cytotoxic chemotherapy often fail
when bulky metastatic disease is present. Thus the study
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of the basic biological mechanisms of metastasis is crit-
ical for ®nding solutions to the problems faced by
oncologists when they are confronted by patients who
relapse with intractable metastatic disease. In our labo-
ratory, investigations into this ®eld have made use of a
scienti®c model that postulates that tumor cells must be
able to accomplish three goals successfully to invade
locally and metastasize systemically [29±31]. These are
the ability to degrade proteins in the extracellular matrix
(ECM), to attach and detach from ECM proteins, and
to move through defects in the ECM. These steps occur
simultaneously and continuously as epithelial tumor
cells ®rst break out through their basement membrane,
invade through tissue into local lymphatics and capil-
laries, and ®nally break out of vascular structures at
distant sites to establish new tumors. Others have em-
bellished this basic model with other characteristics,
such as the ability to stimulate new blood vessel growth
and to evade the immune system, but such characteris-
tics are also shared by benign tumors and are not pe-
culiar to malignancy, which may spread to distant sites
with impunity.

Using this three-step hypothesis as a guide, we and
many others have carefully examined tumor cells for
distinctive phenotypes that permit ECM degradation,
adherence, and motility. One family of enzymes stands
out from others as playing a key role in the phenotype of
ECM degradation [37, 47, 58]. This is the matrixin
family of matrix metalloproteinases (MMPs) (Table 1)
and their corresponding family of speci®c inhibitors, the
tissue inhibitors of metalloproteinases (TIMPs). As
more is known about the signi®cance of protease action
in tumor cell invasion and metastasis, it has become
clear that MMPs not only play a role in ECM modi®-
cation, but also have e�ects on tumor cell adhesion and
motility.

Characteristics of MMPs and TIMPs

Currently, 16 members of the MMP family have been
cloned and sequenced in humans (Table 1). However,
MMPs have been cloned from a wide variety of species,
including mammals, birds, amphibians, plants [36, 43],

Table 1 The matrixin family of metalloproteinases

MMP
number

Common name Molecular weight
(kDa)a full/pro/active

Substrates Genbank
accession no.b

Referencec

1 Interstitial
collagenase

54.0/51.8/42.6 Types I, II, III, VII, and
X collagen

X05231, X54925,
M13509

18, 62, 64

2 Gelatinase A 73.9/71.0/62.1 Gelatin, types I, IV, V, and
X collagen, laminin V

J03210 7, 8, 22

3 Stromelysin 1 54.0/52.2/42.8 Types III, IV, IX, and X
collagen, gelatin, proMMP-1,
laminin, proteoglycans

J03209, X05232 52, 64, 65

7 Matrilysin 29.7/27.9/19.1 Gelatin, ®bronectin, proMMP-1 X07819, Z11887,
S41832

13, 35, 39

8 Neutrophil
collagenase

53.4/51.1/42.2 Types I, II, III, VII, and X
collagen

J05556 13, 35, 39

9 Gelatinase B 78.4/76.3/66.6d

94/92/82
Gelatin, types I, IV, V, and
X collagen

J05070 23, 66

10 Stromelysin 2 54.2/52.3/43.0 Types III, IV, IX, and X
collagen, gelatin, proMMP-1,
laminin, proteoglycans

X07820, Y00728 39

11 Stromelysin 3 54.6/51.1/44.3 Alpha-1-antiprotease X57766 3
12 Metalloelastase 54.0/ 52.3/ 42.8 Elastin L23808 54
13 Collagenase 3 53.8/51.7/42.2 Types I, II, III, VII, and X

collagen
X75308 12

14 MT1-MMP 65.9/63.8/53.9 proMMP-2, gelatin, collagens D26512, Z48481,
X83535, U41078,
X90925

42, 51, 61, 67

15 MT2-MMP 75.8/71.2/61.2 proMMP-2 Z48482, D86331 67
16 MT3-MMP 69.5/65.8/55.7 proMMP-2 D83646, E12862,

E12884, D50477,
D83647, D85511,
AB009303

55, 60

17 MT4-MMP ?/61.7/53.7 ? X89576 46
18/19 RASI-1 57.4/54.7/46.5 ? Y08622, U37791,

X92521
9, 27, 45, 53

20 Enamelysin 54.4/52.1/42.6 Amelogenin AJ003144, Y12779 33

aMolecular weights are given for full-length, proenzyme, and active forms based on amino acid sequence
bGenbank accession numbers are for full-length or near full-length cDNA sequences
cReferences are given for full-length sequencing papers
dMMP-9 is signi®cantly glycosylated. The ®rst set of molecular weights is for the unglycosylated forms, the latter set for the glycosylated
forms
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and Caenorhabditis elegans [63]. They have been linked
to a wide range of physiological and pathological
processes outside the ®eld of tumor biology, including
normal wound healing, bone remodeling, uterine re-
sorption, trophoblast implantation, angiogenesis, and
chronic in¯ammatory and degenerative diseases of all
types. The ubiquitous nature and importance of the
MMPs has led to intense interest on the part of both
basic scientists and pharmaceutical companies who
view knowledge of MMP action as a key to under-
standing and manipulating the natural history of these
processes.

The MMPs share common structural and functional
characteristics [5, 26]. All of the family members se-
quenced to date have at least three domains (Fig. 1): a
prodomain which contains a conserved cysteine residue
and which is lost on enzyme activation; a catalytic
domain of 106 to 119 residues which contains con-
served structural metal-binding sites; and a highly
conserved zinc-binding active site domain of 52 to 58
amino acids. Among the human MMPs, all but MMP-
17 (MT4-MMP) have a signal peptide sequence and all
but MMP-7 have a C-terminal domain with homology
to the protein hemopexin. Two subclasses of MMPs
have additional domains that set them apart from the
rest of the family. The two gelatinases, MMP-2 and
MMP-9, each have a gelatin-binding domain inserted
between the catalytic domain and the active site do-
main, and there are four membrane-associated MMPs,
MMP-14, -15, -16, and -17, which have transmembrane
domains added on to the C-terminal domain. The

membrane-associated enzymes, along with MMP-11
(stromelysin 3), are further distinguished by a short
sequence inserted between the prodomain and the cat-
alytic domain that has been postulated to be a furin-
sensitive cleavage site important in the activation of
these enzymes.

MMPs have two key structural motifs which are
highly conserved among all of the members of the family
(Fig. 2) and which set them apart from other metallo-
proteases. The ®rst is the zinc-binding active site do-
main, a highly conserved stretch of 50 to 55 amino acids
which contains three histidines occupying three of the
coordination sites of the active site zinc ion [34]. Across
the 64 unique and complete MMP sequences found in
the Genbank repository, the sequence HE-GH±G±
HÐÐM is completely conserved, with several other
amino acids being conserved in more than 90% of the
known sequences. The second key structural motif is the
conserved sequence in the prodomain of the protein that
contains a cysteine residue which is responsible for
maintaining latency in proMMPs by occupying the
fourth zinc coordination site with its sulphydryl group
[4, 57]. Activation of proMMPs must, at some point in
the mechanism, destabilize and break the zinc±sulfur
bond. This is usually followed by cleavage of the cys-
teine-containing sequence from the now active enzyme
[26].

Most MMPs appear to be secreted from cells in their
inactive proforms, making activation a key step in reg-
ulating the amount of degradative activity outside the
cell. The activation mechanisms postulated for this
family usually involve cleavage of the prodomain on the
amino side of the conserved cysteine, followed by
opening of the active site through breakage of the zinc±
cysteine bond and loss of the remaining portion of the
prodomain through further proteolytic cleavage. For
most MMPs, including MMP-1, -3, -7, and -9, serine

Fig. 1 Schematic domain structure of the matrixins. The basic
domain structure of the family of MMPs is shown, with MMPs
having similar domain stuctures grouped together. The length of
each segment is roughly proportional to the number of amino acids
which comprise the domain
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proteases such as plasmin and urokinase-type plasm-
inogen activator have been shown to initiate activation
[5, 26]. Some MMPs may activate other members of the
family. For example, the membrane-bound MMPs

MMP-14, -15, and -16 can activate MMP-2 [51, 60, 67],
and MMP-2 and -3 have been shown to be able to ac-
tivate MMP-9 [41]. The ®ve MMPs with furin cleavage
sites are postulated to be activated by furin, possibly
prior to secretion from the cell or display on the cell
surface [50].

The other major control point in the regulation of
active enzyme is inhibition of active forms by the TIMP
family of inhibitors. These are small, 21±28-kDa pro-
teins with a highly conserved set of six intramolecular
disul®de bonds. All have the ability to form tight-
binding, noncovalent inhibitory complexes with multi-
ple members of the MMP family [5]. Recent structural
work has demonstrated that during inhibition the
terminal amino group of the TIMP ®lls the fourth
coordination site of the active site zinc [19]. The three-
dimensional structure of the protein at this location is

Fig. 2 Aligned sequences of the known human MMPs. The 16
known human MMPs have been aligned to show areas of
signi®cant homology. The Genbank sequences of MMP-18 and
-19 are identical, so these have been shown together as a single
sequence, MMP 18/19. Where some of the MMPs have large
insertions, the corresponding ``empty'' sequences of the other
MMPs have been left out of the ®gure. This is the case for the
gelatin-binding domain of MMP-2 and -9 and the transmembrane
domains of MMP-14 to -17. The two key functional motifs
described in the text are highlighted. Asterisks mark the location of
the three active site histidine residues and the two cysteine residues
in the C-terminal domain that form the only disul®de bond which is
conserved in all members of the family
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very rigid due to the presence of two disul®de bonds
nearby, and this may contribute signi®cantly to the very
tight interactions between inhibitor and enzyme (KDs
range down to 10±50 pM). Two of the TIMPs are
known to bind tightly to particular latent MMPs:

TIMP-2 binds tightly to proMMP-2 and TIMP-1 binds
tightly to proMMP-9. The precise signi®cance of these
relationships is unclear, but TIMP-2 may be necessary
for MMP-2 to bind to MMP-14 for the purpose of ac-
tivation [59].
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MMPs have been associated with the invasive and
metastatic behavior of essentially all types of malig-
nancies. However, an exhaustive review of all the liter-
ature is beyond the scope of this paper; therefore it
focuses on both the typical and novel roles these en-
zymes play in tumor cell invasion, using MMP-2 and
TIMP-2 as the archetypal MMP and inhibitor.

Role 1: Removal of physical barriers to invasion

The classic role of ECM-degrading enzymes is to de-
grade components of the ECM. The ECM is not a static
collection of structural proteins that merely provide
compartmentalization, but a dynamic matrix of struc-
tural proteins, growth factors, and latent enzymes which
a�ects the way cells interact with each other and with the
matrix. Basement membranes and other matrix struc-
tures undergo constant remodeling and MMPs have a
central function in maintaining the integrity of the ECM
by removing undesired proteins. As a group, MMPs can
degrade essentially all of the structural components of
the ECM (Table 1). Degradation of the ECM, and in
particular the basement membrane, is viewed as one of
the critical phenotypes necessary for tumor cell invasion.
It was the search for a protease capable of degrading
basement membrane collagens which led Liotta and
colleagues to identify MMP-2, then known as the

72-kDa type IV collagenase for its ability to degrade
native type IV collagen [32, 49].

Experimentally, the necessity for protease action in
tumor cell invasion can be demonstrated using the
chemoinvasion assay. This assay is a variation of the
Boyden chamber chemotaxis assay where the porous
membrane separating the two chambers is coated with
ECM proteins, either puri®ed or in a complex mixture
such as Matrigel. Invasion of cells such as HT 1080
®brosarcoma cells can be enhanced by the addition of
active MMP-2 or inhibited by zinc-chelating agents,
TIMP-2, or antibodies that have MMP-2-inhibiting
activity [2]. In vitro evidence of the importance of
MMP-2 and other MMPs in removing ECM barriers
to invasion has been supplemented by in vivo assays
and correlative studies. In a pair of bladder cancer
transfection studies, Kawamata et al. have shown that
transfection of MMP-2 into MYU3L cells enhances
their metastatic potential, while transfection of TIMP-
2 into the highly metastatic LMC19 cell line reduces
its metastatic potential [24, 25]. In correlative studies
done using clinical tumor tissue samples from patients,
the presence of greater amounts of activated MMP-2
has been associated with clinically aggressive breast
and lung carcinomas [6, 10]. Studies such as these
have led to the simplistic conclusion that as the ratio
of active MMPs to TIMPs increases, the associated
tumors or tumor cell lines have increased metastatic
potential. However, while malignant tumors do induce
greater local degradation of the ECM, the role of
MMPs in tumor cell invasion and metastasis is more
complicated than a ``more is better'' paradigm would
suggest.

Fig. 3 Aligned sequences of the known human TIMPs. The four
known human TIMPs have been aligned to show areas of
homology. The numbers above the sequence mark pairs of cysteine
residues that participate in disul®de bonds
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Role 2: Modulation of cell adhesion by MMPs

Any scientist who has detached cells from a tissue cul-
ture plate using trypsin knows that protease action can
have dramatic a�ects on cell adhesion. However, to
demonstrate that MMPs may a�ect cell adhesion in a
physiologically relevant system is a complex undertak-
ing. The ®rst experiments in this area focused on the
addition of exogenous agents to a tissue culture system
and observing changes in numbers of adherent cells.
Anti-MMP-2 antibodies with inhibitory action were able
to increase adhesion of A2058 cells to tissue culture
plastic dramatically. Using A2058 cells stably transfec-
ted with retroviral TIMP-2 sense and antisense con-
structs, Ray et al. were able to demonstrate increased
adhesion of cells with increased secretion of TIMP-2
(sense transfectants) and reduced adhesion with de-
creased secretion of TIMP-2 (antisense transfectants)
[48]. However, both sense and antisense transfectants
showed reduced motility in a chemotaxis assay, which
could be corrected by the addition of MMP-2 or TIMP-
2 to bring the ratio of enzyme to inhibitor closer to that
of the parent cell line. Ray and colleagues hypothesized
that since attachment to matrix is a necessary part of cell
migration, cells which attached poorly were less motile
and cells which attached too tightly were unable to de-
tach and move. Thus because an optimal invasive phe-
notype requires cells to be able to attach, detach, and
move on the ECM, the balance between active MMP-2
and available TIMP-2 is critical. Either too much or too
little degradation can adversely a�ect the invasive
phenotype.

Role 3: Protease action by MMPs reveals
hidden activities of proteins

In the activation of the complement cascade during in-
¯ammation, two of the complement factors, C3 and C5,
are cleaved by convertases into major and minor com-
ponents. While the major components bind to cell
membranes and ultimately lead to cell killing, the minor
components have chemotactic and immunostimulatory
capabilities that are important for the in¯ammatory
process to proceed. Thus proteolytic cleavage has un-
covered hidden properties of C3 and C5.

Similarly, MMPs have recently been shown to un-
cover hidden properties of two proteins, plasminogen
and laminin-5. In 1994, Folkman and coworkers isolated
angiostatin, a protein with powerful antiangiogenic
properties [40]. This protein was identi®ed as part of a
search for factors secreted by primary tumors that had
the ability to inhibit the growth of metastases. Se-
quencing of angiostatin revealed it to be a fragment of
plasminogen without proteolytic activity. Subsequently,
MMP-3, -7, -9, and -12 have all been shown to degrade
plasminogen into angiostatin-like fragments [11, 28, 44].
Thus MMPs may have signi®cant a�ects on angiogen-

esis through mechanisms other than those of direct
basement membrane degradation by endothelial cells.

Another hidden activity revealed by MMP action was
discovered during an investigation into the mechanism
of haptotaxis. Haptotaxis is the phenomenon in which
apparently insoluble proteins may attract cells at a dis-
tance. Giannelli and coworkers studied the migration of
tumor cells on laminin-5 in the presence of di�erent
proteases and discovered that a soluble fragment of la-
minin-5 was the actual chemoattractant [14]. Further
investigation showed that of the proteases tested only
active MMP-2 was able to stimulate chemoattraction by
speci®cally cleaving laminin-5 between the long and
short arms of the c2 chain. Using immunoblots they
demonstrated the presence of cleaved laminin-5 in tis-
sues undergoing both physiological and pathological
tissue remodeling, but not in quiescent tissues. Thus
MMP-2 was shown to uncover a hidden activity of a
structural ECM protein that may be critical in attracting
in¯ammatory cells or in the autostimulation of tumor
cells to migrate.

Clinical relevance of MMPs and conclusions

This discussion has focused on the activities of one of
the MMP family members to demonstrate the varied
roles that this enzyme alone may ®ll. MMPs are clearly
important enzymes in normal and abnormal processes
involving ECM remodeling or degradation. They have
been implicated as key proteases for the removal of
ECM barriers to cell migration. Increased MMP activity
appears to be a necessary part of tumor cell invasion and
metastasis, but because MMPs may have direct actions
on cell adhesion and migration the amount of ECM
degradation is probably tightly controlled by balancing
the available amounts of active proteases and inhibitors.
In addition, the presence of membrane-bound MMPs
suggests the ability of cells to regulate tightly the spatial
dimension of degradation. Finally, recent work in sev-
eral laboratories has demonstrated the ability of MMPs
to uncover heretofore unknown activities of both pro-
enzymes, in the case of plasminogen, and structural
ECM proteins, in the case of laminin-5.

However, all of these basic studies would have little
meaning for oncologists or cancer patients if we could
not take advantage of this knowledge in a clinical set-
ting. Numerous clinical and pathological studies have
demonstrated an increase in particular MMPs or TIMPs
in various solid tumors. Although the pattern of enzyme
expression may vary from tumor to tumor, the general
observation is that particular MMPs have increased
activity and expression in tumor cells and peritumoral
stromal cells and that increased levels of TIMP expres-
sion also occur, generally in stromal cells and in the
desmoplastic ECM around tumors. Recent clinical
studies have focused more on the prognostic signi®cance
of changes in MMP or TIMP levels and on the testing of
inhibitors of MMPs as potential antineoplastic agents.
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As prognostic markers, Gohji and coworkers have ex-
amined the utility and predictive value of measuring the
MMP-2/TIMP-2 ratio in the sera of patients with in-
vasive bladder cancer [15, 17]. Patients with high ratios
of MMP-2 to TIMP-2 have earlier recurrence and more
aggressive disease courses. Compatible with this ®nding
is the observation that high expression of MMP-2,
TIMP-2, and MMP-14 (an activator of MMP-2) in
primary invasive bladder cancers is also predictive of
poor survival [20]. The prognostic importance of
MMP-2 in prostate cancer [16], MMP-11 in breast
cancer [1], and MMP-2 and -9 in gastric cancer [56] has
also been described. Elevated TIMP levels have been
associated with poor prognosis in bladder and gastric
cancer [20, 38]. These studies suggest that MMPs and
TIMPs might not only be good targets for antineoplastic
therapy but may have clinical utility in identifying sub-
groups of patients at increased risk for recurrence. Fu-
ture trials might be designed to take advantage of the
prognostic information provided by these markers of
biologic aggressiveness.

In summary, the MMPs are signi®cant for the
multiple roles they play in the process of tumor cell
invasion and metastasis, a�ecting all three of the key
phenotypes of the invasive process: ECM degradation;
attachment to ECM components; and cellular motility.
In addition, by degradation of ECM or other proteins
they may release peptide fragments with hidden cyto-
kine properties. Finally, many studies have demon-
strated the relevance of MMPs to virtually every
neoplastic process and some measures of MMP activity
may have independent prognostic value. For all of
these reasons, pharmacological intervention which
seeks to modulate the activity of MMP action may
have signi®cant e�ects on the ability of tumor cells to
spread within the body.
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