CHAPTER 1

THE MATRIX METALLOPROTEINASES
AND THEIR INHIBITORS

M. M. Handsley, J. Cross, J. Gavrilovic* and D. R. Edwards’

School of Biological Sciences, University of East Anglia,
Norwich, NR4 7TJ, UK
E-mails: *j.gavrilovicQuea. ac.uk
tdylan. edwards@uea. ac. uk

1. Introduction

It has been over 40 years since the identification by Gross and Lapiere
(1962) (1) of a collagenolytic activity involved in tadpole tail resorption,
which was subsequently revealed as collagenase-1, the prototype of the pro-
tease family called the Matrix Metalloproteinases (MMPs) or matrixins (2).
With the completion of the human genome sequence, the human MMP fam-
ily is now known to contain 24 members (3). The MMPs have been and
remain the focus of much research effort, which was fuelled originally by
the recognition that these enzymes played critical roles in tissue remod-
elling processes, including the involvement in amphibian metamorphosis
that set the ball rolling. Over the last twenty years it has been recognised
that diseases involving pathological tissue destruction are associated with
aberrant production or activation of MMPs, or a lack of their natural tissue
inhibitors, the TIMPs. These perceptions led the pharmaceutical industry
to develop synthetic MMP inhibitors (MPIs) which entered clinical trials
in the late 1990s as potential treatments for cancer and arthritis. That the
MPIs did not prove to be wonder drugs was a disappointment, but the lesson
learned was that the biological roles of MMPs are much more complex than
originally envisaged. That in addition to extracellular matrix (ECM) degra-
dation during tissue remodelling, MMPs regulate the pericellular milieu by
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specific cleavage of ECM and cell-associated molecules to control the bioac-
tivity of key cell signalling effectors.

This review sets out to summarise current knowledge of the composition
of the MMP family, as well as their regulation and molecular activities.
In particular we draw attention to new insights into the functions of the
MMPs, many of which have originated from studies outside the CNS, but
which may have relevance to an understanding of brain development and
disease pathogenesis.

2. The MMP Family

The MMPs are a family of zinc- and calcium-dependent endopeptidases that
form a subgroup of the metzincins, characterised by a conserved motif of
three histidine residues binding a Zn?* ion at the catalytic site followed
by a methionine that introduces a turn into the molecule. The MMPs
are the primary matrix degrading proteases, collectively able to degrade
all protein components of the ECM (for a comprehensive list of MMPs
and their substrates, see Egeblad and Werb (4); see also the excellent
website of the Overall group at: http://www.clip.ubc.ca/mmp_timp_folder/
mmp_substrates.shtm). All MMPs share a basic structural organisation
comprising a signal peptide that targets them for secretion, a pro-peptide
domain and an N-terminal catalytic domain. Most MMPs, with the excep-
tion of MMP-7, -23 and -26, also have a hinge region and C-terminal
hemopexin-like domain. The MMPs can be arranged into different sub-
groups based on their structural features, as shown in Fig. 1.

MMPs are produced as inactive zymogens, with a cysteine residue
within a PRCGV/NPD motif in the propeptide (with the possible excep-
tion of MMP-23) that binds to the Zn?T in the active site cleft, thereby
preventing activity (5). Activation requires disruption of the interaction
between the cysteine and the Zn?t and is referred to as the “cysteine
switch”. This involves cleavage of the prodomain or disruption of its struc-
ture by thiol reactive reagents such as organomercurial compounds, reactive
oxygen or denaturants. This can allow further cleavages to occur via inter-
or intra-molecular proteolysis, thus generating the fully active enzyme (6).
The C-terminal hemopexin-like domain has a g-propeller structure with
pseudo-fourfold symmetry and is involved in both substrate binding and
interaction with the tissue inhibitors of metalloproteinases (TIMPs) (7).
The hinge region is a flexible linker peptide of variable length that links the
N-terminal catalytic and C-terminal hemopexin domains and is important
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Fig. 1. Structural sub-grouping of the matrix metalloproteinases. The MMPs can be
divided into several subgroups depending on their structure. All MMPs possess a signal
peptide that targets the MMPs for secretion, a pro-peptide domain (containing a con-
served Cys residue), and a catalytic domain. Most MMPs (with the exception of MMP-7
and MMP-26) contain a C-terminal haemopexin domain and a hinge region. Other MMP
subgroups contain unique features such as a transmembrane domain, cytoplasmic tail
and an MT-loop (MT1-, MT2, MT3, and MT5-MMP), a GPI anchor (MT4-MMP and
MT6-MMP), a furin recognition site (MT-MMPs, MMP-11, -21, -23, -28), fibronectin
type II repeats (MMP-2 and -9), and an N-terminal signal anchor, a cysteine array and
an Ig-like domain (MMP-23).
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for MMP function. Both gelatinases (MMP-2 and -9) have a fibronectin-
like domain consisting of three tandem copies of a fibronectin type II-like
module. This domain has been shown to bind denatured type IV and V
collagens, elastin, and type-I collagen thereby contributing to substrate
specificity (8).

A group of six cell membrane-associated MMPs has also been identified,
known as the membrane-type MMPs (MT-MMPs). The MT-MMPs can
be divided into two subgroups, the transmembrane type (MT-MMP-1, -2
-3, -5) and the glycosylphosphatidyl inositol (GPI)-anchored forms (MT-
MMP-4 and -6) (9-13). Like most MMPs, the GPI-anchored type are
sensitive to all members of the TIMP-family, but the transmembrane
MT-MMPs are inhibited by TIMP-2, -3, -4, but are relatively insensitive to
TIMP-1 inhibition (10, 14, 15). The cytoplasmic tail of the transmembrane
MT-MMPs interacts with intracellular proteins that regulate the subcel-
lular trafficking of the enzymes from the Golgi to the cell surface, and to
specific membrane domains, for instance to protruding structures called
‘invadopodia’ in invasive cancer cells (4, 16).

3. Regulation of MMP Activity

The activity of MMPs can be regulated by various mechanisms — gene
transcription, mRNA stability, translational control, cell compartmentali-
sation, zymogen activation via proteolysis, and inhibition by endogenous
inhibitors.

MMP activation is often the result of a complex proteinase cascade.
Certain MMPs, including MMP-1, MMP-3, MMP-7, MMP-8, MMP-9
and MMP-10, can be cleaved in their propeptide domain, at least
in wvitro, by serine proteinases such as the uPA-plasmin system and
trypsin (17, 18). In turn, some of these activated MMPs can then go on
to activate other proMMPs, e.g. MMP-3, which can activate proMMP-1
and proMMP-9 (19, 20). MT1-MMP can activate proMMP-13 (21) and
this activated MMP-13 can then go on to activate MMP-9 (22). A sub-
set of MMPs is activated primarily intracellularly by serine proteases of
the pro-protein convertase class such as furin (23). This includes MMP-11,
MMP-21, MMP-23 and MMP-28 (24, 25) as well as the MT-MMPs
(13, 26-29).

ProMMP-2 has a unique cell-mediated activation mechanism, which is
illustrated in Fig. 2. Activation of proMMP-2 by MT1-MMP has been
the most extensively studied mechanism and is used as the basis for the
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Fig. 2. Cell surface model of proMMP-2 activation. MT1-MMP on the cell surface acts
as a receptor for TIMP-2, which binds via its N-terminal domain to the active site of
the MT-MMP. This binary complex acts as a receptor for pro-MMP-2, the TIMP-2
C-terminal domain binding to the C-terminal domain of pro-MMP-2. A free MT1-MMP
molecule in close proximity can then cleave the propeptide of pro-MMP-2 generating
an intermediate species. Further proteolysis of the propeptide through an autocatalytic
mechanism results in the generation of the fully active enzyme.

current model, in which MT1-MMP acts as a receptor for TIMP-2, which
binds via its IV-terminal domain to the active site of the MT-MMP. This
binary complex can then act as a receptor for proMMP-2, the TIMP-2
C-terminal domain binding to the C-terminal domain of proMMP-2 (30).
A free MT1-MMP molecule, positioned in close proximity via the interac-
tion of the hemopexin domains of the two MT1-MMPs (31), can then cleave
the propeptide of proMMP-2 at the N37-L.38 bond, generating an interme-
diate MMP-2 species. Further autocatalytic proteolysis of the intermediate
MMP-2 generates the fully active enzyme (32). Activation of proMMP-2 in
this model requires TIMP-2 to be at a level that is adequate for the gener-
ation of the tri-molecular complex, but not high enough to saturate all the
MT1-MMPs. High levels of TIMP-2 (as well as TIMP-3 and -4) will inhibit
all MT1-MMP activity, preventing proMMP-2 activation (33). However, if
no TIMP-2 is present, MT1-MMP undergoes autocatalytic processing to
a 45 kDa inactive form (34). Certain synthetic MMP inhibitors have been
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Fig. 3. The Biology of the CNS Degradome MMPs and other metalloproteases play a
number of roles (which will interact and/or overlap with each other) in the CNS both in
normal and pathological conditions.

shown to stabilize ‘active’ MT1-MMP on the cell surface, thereby potentiat-
ing proMMP-2 activation (35). MT2-MMP-mediated proMMP-2 activation
does not require TIMP-2 and so appears to function via a different mech-
anism than that described for MT1-MMP (36).

The transmembrane MT-MMPs (MT1-, MT2-, MT3- and MT5-) are all
able to activate proMMP-2 in vitro (37-40). However, MT4-MMP is with-
out activity in this respect (26) and MT6-MMP is at best poorly active (10).
The formation of homophilic complexes of MT1-MMP molecules at the
plasma membrane is necessary for efficient activation of proMMP-2, as
well as for MT1-MMP’s invasion promoting properties. Complex formation
involves the interaction between the hemopexin domains and also between
the cytoplasmic domains of the MT1-MMP molecules (31, 41).

4. Endogenous Inhibitors of Metalloproteinases

There are four vertebrate TIMPs which can influence the degradome
(Fig. 3) (42). TIMP-1, -2, and -4 are all diffusible, secreted proteins while
TIMP-3 is matrix-associated (15, 43). The TIMPs share a basic structural
arrangement consisting of 12 conserved cysteine residues paired into 6 disul-
phide bonds forming 6 peptide loops and two knots. This common structure
can be divided into 2 discrete domains, the N-terminal domain, primarily
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responsible for its MMP inhibitory activity, and the C-terminal domain. The
C-terminal domain is more variable in sequence than the N-terminal domain
between the 4 TIMPs and may in part be responsible for the distinct prop-
erties of the 4 TIMPs (44).

While as-macroglobulin is the principal endogenous MMP-inhibitor in
the circulation, the TIMPs are the primary tissue inhibitors of MMPs
and as such their primary role is to limit proteolysis during ECM remod-
elling (15). The TIMPs can inhibit most MMPs without major selectivity
between them (with the exception that TIMP-1 is a very poor inhibitor
of MT1-, MT2-, MT3-, MT5-MMP and MMP-19) (32). However, TIMPs
differ in other properties such as tissue distribution, transcriptional regu-
lation, and specific association with latent MMPs (i.e. TIMP-1/proMMP-9
and TIMP-2/proMMP-2). These differences suggest that they each have
separate and specific physiological roles. TIMPs bind noncovalently the
activated MMPs in a 1:1 stoichiometry, with inhibition constants in the
subnanomolar range (45), forming an extended wedge structure with con-
tacts in both the catalytic and hemopexin domains of the protease. The N-
terminal cysteine of the mature TIMP molecule is essential for coordination
with the active site Zn?t in the MMP, resulting in inhibition. TIMPs can
also be inactivated by a variety of proteinases such as neutrophil elastase
and trypsin but are mainly regulated at the level of gene expression (46).

“Reversion-inducing cysteine-rich protein with kazal motifs” (RECK) is
a recently discovered endogenous cell surface glycoprotein that inhibits the
catalytic activities of MMP-9 (47), MMP-2 and MT1-MMP (48). RECK
does not bear any structural resemblance to the TIMPs and apparently acts
differently to the TIMPs, leading to the suppression of MMP-9 expression
as well as inhibition of pro-MMP-2 activation. RECK expression has been
detected in a wide range of tissues and loss of RECK expression has been
linked to cancer progression (47). Other molecules that have been suggested
as possible MMP inhibitory molecules include thrombospondins-1 (49)
and -2, and proteins that resemble the N-terminal structure of the
TIMPs, including netrin, secreted frizzled-related proteins, type I collagen
C-proteinase enhancer protein (PCPE), and the serine proteinase tissue
factor pathway inhibitor-2 (TFPI-2) [reviewed in Baker et al, 2002] (42).

TIMPs also possess properties independent of their MMP inhibitory
activity, including the ability of both TIMP-1 and TIMP-2 to promote
growth in a variety of cell types (50). TIMP-1 proteins that have been engi-
neered to lack anti-proteolytic activity retain growth-stimulating activity,
indicating that the anti-proteolytic and growth factor activities of TIMP-1
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are separable (51). Overexpression of TIMP-3 (but not TIMP-1 or TIMP-2)
by adenoviral delivery induces apoptosis in smooth muscle cells and cancer
cell lines (52-54). However, it is probable that these pro-apoptotic effects of
TIMP-3 relate to the selective ability of this TIMP to inhibit another fam-
ily of cell surface metalloproteinases called the adamalyins, or ADAMs (for
a disintegrin and metalloproteinase). The ADAM metalloproteinases are
involved both in cell adhesion and proteolysis, in particular, ADAM-17 acts
as an “ectodomain sheddase” of various receptors and adhesion molecules
as well as processing membrane-bound pro-TNF-a and pro-TGF-« liberat-
ing the active ligand (55). Several pro-apoptotic ligands and receptors are
substrates of ADAM-17, thus its inhibition by TIMP-3 can potentiate the
actions of apoptosis-inducing stimuli (56). The ADAMs and their close rela-
tives, the ADAMTS metalloproteinases (a disintegrin and metalloproteinase
with thrombospondin motifs) (57), are outside the scope of this current
review, but they are likely to be as important as the MMPs in the devel-
opment and disease of the CNS.

5. Novel Roles for MMPs

Whilst many ECM substrates have been identified for MMPs, interest has
shifted to potential roles in the generation of matricryptic sites within ECM
substrates, sometimes generating for example gradients of motogenic factors
as well as liberating growth factors from the matrix or in some cases from
the cell surface. Here we will also consider data obtained in other systems
which may reveal ways in which novel roles for MMPs in the CNS could be
explored (some of which are discussed in later chapters).

6. ECM Targets in the CNS

ECM components in the CNS include proteoglycans, laminins, tenascins
and to a certain extent collagens, although these proteins are less abun-
dant than in the PNS under normal conditions. Following injury to the
CNS and subsequent formation of the glial scar, the production of sev-
eral ECM molecules, including collagens, is up-regulated (58). The major
recent focus for ECM study in the glial scar has, however been the proteo-
glycans, including brevican, versican and neurocan (59). These chondroitin
sulphate PGs (CS-PGs) have been shown to be inhibitory for axon out-
growth in vitro and for the regeneration of severed axons in lesioned CNS
in vivo. Degradation of CS side chains with bacterial chondrotinase ABC
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relieves this inhibition (60). In the CNS, this type of role for MMPs has not
been extensively explored but in the PNS degradation of CSPGs by MMP-2
enhances axon outgrowth (61). However MMP-9 has been strongly impli-
cated in oligodendrocyte outgrowth (62) although the mechanism involved
remains to be elucidated.

Nidogen has been shown to be critical to normal CNS function (63)
and deletion of the nidogen-binding domain of the laminin gamma 1
chain results in disrupted cortical histogenesis (64). It is unknown however
whether nidogen degradation plays a role in normal or pathological CNS
development /repair although it has long been established that nidogen-1 is
a substrate for many MMPs (65).

7. Generation of Matricryptic Sites in ECM Components

Although degradation of the ECM by MMPs has been extensively studied,
the cell biological consequences of this process have not often been inves-
tigated in detail. However, some information has been obtained in systems
other than the CNS which will be explored briefly here. One of the most
abundant ECM components in the body, type I collagen, when degraded by
collagenolytic MMPs into classic 3/4 and 1/4 fragments exposes multiple
RGD sites thus enabling cells to adhere through for example alpha v beta 3
integrins. This can alter radically the ability of, for instance vascular smooth
muscle cells, to migrate in response to motogens such as PDGF-BB (66). It
would be of interest in the future to establish whether collagen degradation
occurs in the permissive environment of the PNS but not in the glial scar
of the CNS. A less abundant but extremely important ECM component,
laminin-5, also contains matricryptic sites, which are revealed following
cleavage with MT1-MMP resulting in enhanced tumour cell migration (67).
Laminins are important ECM components for neurite outgrowth in witro
and axon outgrowth in vivo but as yet roles for MMPs in generation of
bioactive matricryptic sites has not been demonstrated. However, Costa
et al (68) have shown that in neuron-astrocyte co-cultures laminin plays a
key role in neuronal migration and MMP-2 is concomitantly synthesised.

8. Growth Factor Liberation from ECM “Stores”

It is well-established in a number of systems that growth factors bound
to the ECM can be liberated from these “stores” following degradation by
MMPs. For example, MMP-9 degrades ECM to release VEGF and thus
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influences ossification through modulation of angiogenesis in developing
bone (69). In the CNS, however, whilst there are many reports of growth
factor ECM association as yet roles for MMPs in the liberation of growth
factors remains little investigated.

9. Chemokine Gradient Generation

Whilst chemokines have been implicated in the recruitment of leukocytes
across the blood brain barrier (BBB) in inflammatory conditions within
the CNS, the role for MMPs in the generation of a chemokine gradient
has not been explored. MMP-7 has been shown to play a key role in the
generation of soluble syndecan-1 from lung alveolar epithelial cells (70). The
chemokine IL8 binds to syndecan-1 and MMP-7 was shown to be critical
in the generation of an IL8 gradient important in recruiting leukocytes to
the alveolar space. As yet it is not established whether MMPs could play
such a role in the CNS but it is established that syndecans play a role in
transendothelial migration of monocytes across the brain endothelium (71).

Another important way that MMPs may act to blunt the immune
response is through the direct cleavage and inactivation of the CC class
of chemokines. McQuibban et al (72) demonstrated that certain MMPs
could cleave MCPs 1-4, showing specificity depending on the substrate and
enzyme. Of great interest is the fact that once cleaved by MMPs, MCP2, -3
and -4 were able to block monocyte migration in vitro and inflammation
in vivo.

10. Blood-Brain Barrier Substrates for MMPs

Whilst MMPs have been implicated in penetration of the BBB for some
years, it is only recently that the nature of relevant substrates for MMPs
has been explored. Wachtel et al (73) and Lohmann et al (74) have provided
evidence that when loss of BBB integrity is induced by tyrosine phosphatase
inhibition, the tight junction protein, occludin, is degraded by MMP(s) in
an in vitro model of the BBB. The identity of the MMP(s) involved remains
to be determined.

11. Conclusion

Metalloprotease research in the CNS is still in its infancy although MMPs
have been a growing focus of research in this area over the past 10 years,
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revealing roles in many aspects of CNS biology. Future studies will witness
discovery of roles for ADAM and ADAMTS proteases whose expression and
function in the nervous system is only beginning to emerge.
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