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Abstract
Matrix metalloproteinases (MMPs) are endopeptidases that contribute to growth, development and
wound healing as well as to pathologies such as arthritis and cancer. Until recently, it has been thought
that MMPs participate in these processes simply by degrading extracellular matrix (ECM) molecules.
However, it is now clear that MMP activity is much more directed and causes the release of cryptic
information from the ECM. By precisely cleaving large insoluble ECM components and ECM-
associated molecules, MMPs liberate bioactive fragments and growth factors and change ECM
architecture, all of which influence cellular behavior. Thus, MMPs have become a focal point for
understanding matrix biology.

Introduction
The extracellular matrix (ECM) is composed of a complex mixture of insoluble molecules
including collagens, laminins, fibronectin, entactin/nidogen and heparan sulfate proteoglycans.
The ECM not only provides a solid-state support for cells, it also acts a reservoir for embedded
cytokines and growth factors and harbors cryptic information within molecules that make up
the ECM network. ECM receptors at the cell surface provide outside-in signals for cells to
sense their microenvironment and react to stimuli [1–4]. Thus, the state of macromolecules
within the ECM is of critical importance and proteolysis is a major factor leading to changes
in the ECM. Proteolysis can affect the adherence of cells to the ECM as well as releasing
bioactive fragments, sequestered growth factors and cytokines [5,6•,7].

Because matrix metalloproteinases (MMPs) degrade all the components of the ECM, they have
been extensively studied in the context of modulating matrix function. MMPs belong to the
metzincin superfamily of metalloproteinases, which also includes astacins, ADAMs (a protein
with a disintegrin and metalloprotease domain) and ADAM-TS (an ADAM with a
thrombospondin-like motif) proteases [8]. Because of the similarity in their metalloproteinase
domains, there is potential for functional overlap within the MMP family as well as overlap
between other metalloproteinase families. The importance of MMP in the regulation of ECM
homeostasis in humans has been demonstrated by the discovery of mutations in the MMP-2
(gelatinase A) gene [9]. Individuals with these mutations manifest a disorder involving
characteristic facial features, lytic bone lesions, arthritis and subcutaneous nodules.
Interestingly, these features are not present in the MMP-2-null mouse; however, some of the
same features are observed in the membrane type 1 MMP (MT1-MMP)-null mouse. MT1-
MMP is a known activator of MMP-2, suggesting that in different species a deficiency in either
of these enzymes can lead to a common pathology. The specific biochemical and physiological
mechanisms of this disorder are not clear. However, it has been postulated that the balance of
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MMP activity has been tipped in such a way as to interfere with the release of growth factors
or disrupt ECM maintenance [10]. Thus, it is important to expand our knowledge of how MMP
activity regulates matrix biology and cellular behavior. This review highlights some specific
instances where MMPs have been shown to participate in the regulation of matrix biology.

MMPs release cryptic fragments and neo-epitopes from ECM
macromolecules

Fragments of ECM molecules have been studied for some time. In some instances this has been
for practical reasons associated with the large insoluble nature of the molecules. However,
ECM fragments were found to have bioactivities that the parent molecules do not. Furthermore,
the presence of some of these fragments in medium conditioned by cells or in bodily fluids
suggests that they have physiological and/or pathological functions and that they are released
by ECM proteolysis in vivo. Because of the nature of their substrates, MMPs have been a major
focus for characterizing the generation of ECM bioactive fragments.

It has long been accepted that MMPs play an important role in angiogenesis, but the exact
mechanisms are not well characterized. Recently, the release of cryptic fragments and neo-
epitopes from basement membrane proteins has been the subject of intense evaluation in the
angiogenesis field (Table 1). Both MMP-2 and MMP-9 expose a cryptic epitope within
collagen IV that promotes angiogenesis [11,12]. Interestingly, MMP-2 correlates with sites of
tumor angiogenesis while MMP-9 correlates with retinal angiogenesis. This suggests that
different MMPs regulate ECM function in a similar fashion under specific microenvironments.
What is even more confounding regarding the role of MMPs in angiogenesis is that MMPs
also generate anti-angiogenic factors. Endo-statin, the NC1 domain of collagen XVIII, can be
released by direct cleavage with MMP-7 or by a multistep process involving elastase and
MMPs (reviewed in [7]). Fragments generated from the NC1 domain of collagen IV α1, α2
and α3 chains, named arresten, canstatin and tumstatin respectively, are also anti-angiogenic
(reviewed in [7,13]). It is currently unclear whether MMPs are involved in the release of
arresten and canstatin. However, MMP-9 can release tumstatin in vitro. Furthermore, in vivo
experiments show that MMP-9 null mice have decreased circulating tumstatin and accelerated
tumor growth [14••]. Other fragments, such as restin from collagen XV and vastatin from
collagen VIII, are also involved in angiogenesis. However, the mechanisms for their release
have not been clearly elucidated. It will be of importance to determine what role MMPs play
in the generation of these and other fragments derived from collagen family members.

Recently, a fragment of perlecan, a modular proteoglycan found in basement membranes, has
also been identified as an angiogenesis inhibitor [15]. This fragment, called endorepellin, is
derived from the C terminus of perlecan. Although in vivo mechanisms for its release are not
well characterized, it is probable that endorepellin is released by proteolytic processing similar
to the processing that releases other anti-angiogenic fragments and will probably involve MMP
cleavage.

Another component of basement membranes, laminin-5, also harbors cryptic information that
is released by MMP activity. Quaranta and colleagues have characterized a cryptic fragment
from the γ2 chain of laminin-5 that induces epithelial cell migration [16,17]. MT1-MMP and
MMP-2 release laminin-5 γ2 chain domain III, which is comprised of epidermal-growth-factor-
like repeats (Figure 1) [17,18]. Recombinant domain III binds epidermal growth factor
receptor, activates downstream signaling events and induces cell motility. Domain III is not
detected in the quiescent stages of the mammary gland, during which little MMP dependent
remodeling occurs, but it is detected in the involuting mammary gland, a stage associated with
extensive MMP-mediated tissue remodeling. Interestingly, the domain III fragment is found
in both the quiescent and the remodeling stages of the mammary gland of tissue inhibitor of
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metalloproteinases-3 (TIMP-3)-null mice. This suggests that increased MMP activity due to
the absence of an inhibitor leads to an increase in the release of Domain III [18]. Further in
vivo evidence supporting the importance of MMP-mediated release of the laminin-5 γ2
bioactive fragment is demonstrated in the MT1-MMP null mouse, which exhibits a number of
developmental abnormalities [19]. The amount of laminin-5 γ2 fragment is reduced in tissues
taken from the MT1-MMP null mouse [20]. This suggests that MT1-MMP is critical for the
release of the laminin-5 γ2 fragment in vivo and that this is an important developmental
phenomenon providing cues for appropriate cellular behavior. MMP-3, -8, -12, -13 and -20
also cleave the laminin-5 γ2 chain in vitro, although their in vivo relevance has not been shown.
Interestingly, the cleavage site targeted by MMP-8 is different from the site targeted by other
MMPs tested, and MMP-8 cleavage does not induce epithelial cell migration [21•]. This
observation further supports the hypothesis that the biological function is imparted by specific
MMP cleavage and not simple random proteolysis of ECM molecules.

Cryptic biological activities are also generated by proteolysis of fibronectin, which is a known
substrate of MMPs. In addition to inhibiting cell proliferation, inducing pro-teinase gene
expression and promoting adipocyte differentiation, fibronectin fragments also induce cellular
migration ([22] and references therein). Migration-stimulating factor (MSF), which has been
identified as the gelatin-binding domain of fibronectin, promotes cell migration and is present
in medium conditioned by fetal and cancer patient fibroblasts as well as in the serum of breast
cancer patients. Full-length fibronectin does not produce MSF bioactivity; MSF activity is
manifested by proteolytically processing of the full-length molecule. Interestingly, a novel
mode of MSF generation has recently been identified: MSF can be produced by alternative
splicing as a truncated isoform from the primary fibronectin gene transcript [22]. It will be of
interest to characterize mechanisms driving either the genetic or the proteolytic mode of MSF
production.

MMPs release growth factors
Not only does the ECM contain cryptic information released by proteolysis, it also acts as a
reservoir for latent growth factors and cytokines (Figure 2). Release and activation of the
embedded growth factors depends on proteolysis. Vascular endothelial growth factor (VEGF)
and transforming growth factor-β (TGFβ) represent two examples of such factors that are stored
within the ECM and can be released by MMP proteolysis.

VEGF is an important factor in the process of angiogenesis because it enhances vascular
permeability and promotes new vessel growth. There are several isoforms of VEGF that differ
in their affinity for heparin. This characteristic allows some isoforms to tightly bind heparan
sulfate proteoglycans within the ECM [23]. Proteolysis of the ECM releases bound VEGF,
increasing its bioavailability. Two different tumor models implicate MMP-9 in the release of
VEGF from the ECM. In the RIP1-Tag2 insulinoma model, release of VEGF by MMP-9
correlates with an angiogenic switch, which promotes tumor progression [24]. In an ovarian
carcinoma model, activated MMP-9 and, to a lesser extent, MMP-2 are associated with
increased bioavailability of VEGF in culture. Furthermore, in vivo evidence suggests MMP-9
plays an important role in ascites formation in this model by increasing the bioavailability of
VEGF [25]. These studies suggest that MMP-9, and possibly other MMPs, are important for
mobilizing VEGF from the ECM. Even though these are tumor models, it is highly likely that
similar mechanisms for the release of VEGF, leading to increased angiogenesis, occur in non-
pathological conditions.

MMPs can also mobilize and activate TGFβ, which is a multifunctional cytokine important for
maintaining tissue homeostasis. TGFβ is secreted and maintained in a latent complex where
the cytokine non-covalently interacts with a latency-associated peptide (LAP). The latent
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TGFβ complex is sequestered within the ECM by covalent attachment between LAP and a
latent TGFβ binding protein (LTBP), a member of the fibrillin protein family. Control of
TGFβ activity is regulated by proteolytic release of the large latent complex from the ECM
and by the disassociation of LAP from TGFβ [26]. MMPs-2, -9, -13 and MMP-14 directly
activate TGFβ via cleavage of LAP [27–29]. Moreover, proteolysis is thought to release the
large latent TGFβ complex from the ECM. A soluble form of LTBP is cleaved by both MMP-2
and -9, but only MMP-2 cleaves the ECM-bound form [30•]. MMP-3 has also been implicated
in the cleavage of LTBP [31]. Taken together these studies suggest that MMPs are involved
in the regulation of TGFβ activity either by direct cleavage of LAP or by release of latent
TGFβ from the matrix. Release of the large latent TGFβ complex may occur by proteolysis of
LTBP or by proteolysis of ECM molecules attached to LTBP. Dysregulation of TGFβ activity
can have severe consequences, as recently described in a mouse model of Marfan syndrome
[32••]. These mice, which are deficient in fibrillin-1, display early postnatal lung abnormalities
and developmental impairment of distal alveolar septation. As they age, the mice develop
destructive emphysema. The underlying mechanism of these abnormalities is an increase in
TGFβ activity due to the inability of these mice to sequester TGFβ in the matrix. Because of
their activity against ECM and ECM-associated molecules, MMPs will probably play a central
role in the release of matrix-embedded cytokines and growth factors.

The model of TGFβ activation may apply to other members of the TGFβ superfamily. For
example, chordin is a substrate for the metalloproteinase Tolloid Xolloid (an astacin) and
cleavage releases bone morphogenetic protein (BMP) from the inhibitory complex of chordin/
BMP [33]. This cleavage releases the cysteine-rich domain (CR), which may have bioactive
properties of its own. There are several molecules, including type II collagen, within the ECM
that contain chordin-like CR domains, and it is interesting to speculate that their activity may
be modulated by metalloproteinase proteolysis.

MMPs modify the cell–ECM interface
Even though ADAMs are considered the major shed-dases, MMPs also cleave molecules
present at the cell–ECM interface that can alter cellular attachment to the ECM. Dystroglycan
is the core protein of the dystrophin–glycoprotein complex and links the intracellular
cytoskeleton to the ECM. β-Dystroglycan is the transmembrane component that interacts with
cytoskeletal proteins and anchors α-dystroglycan to the cell surface. α-Dystroglycan binds the
extracellular region of β-dystroglycan and ECM proteins such as laminin, agrin and perlecan
[2]. MMP activity has been reported to cleave β-dystroglycan within its extracellular region.
This disrupts the interaction between α- and β-dystroglycan, resulting in uncoupling of the
intracellular cytoskeleton from the ECM [34]. This cleavage has been observed in cell culture
systems and has yet not been demonstrated in vivo. However, due to the functional
consequences of MMP cleavage of β-dystroglycan, it will be of interest to investigate this
phenomenon in pathologies such as muscular dystrophies and cancer.

Syndecans are a family of transmembrane heparan sulfate proteoglycans that bind a variety of
ECM molecules via their glycosaminoglycans. Thus, syndecans are positioned to serve as a
link between the cell surface and the ECM and are likely to be involved in regulation of cell
shape and tissue morphogenesis [3]. Syndecans are shed from the cell surface in
metalloproteinase-dependent manner [35]. Although other metalloproteinases may participate
in this process, MT-MMPs have been reported to cleave syndecan-1 and this shedding may
affect cell motility [36]. Recent reports indicate that syndecan-1 plays an important role in
mammary gland development and tumor progression via its influence on the Wnt signaling
pathway [37,38]. Syndecan-1 may act as a co-receptor for important cell surface molecules or
ECM components and thus play a role in regulating intracellular signaling pathways. In
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consequence, altering the conformation of syndecan-1, for example via MMP cleavage, may
have important implications in tissue architecture, development and tumor progression.

New tools of the trade
For a complete understanding of MMP regulation of the ECM, new reagents will be required.
Mouse models that exploit the deletion or over-expression of MMPs or their inhibitors have
been indispensable for the characterization of MMP function in specific tissues and during
pathological challenges. However, novel tools will be invaluable for understanding
mechanisms of MMP regulation of ECM biology. For example a transgenic mouse carrying a
mutated collagen α1 gene coding for resistance to collagenase digestion has been useful in
characterizing MMPs in development and wound healing [39–41]. Additionally, antibodies
have been developed to identify the neo-epitopes of MMP cleaved substrates. These will useful
to distinguish MMP cleavage sites from those of other proteinases [42–45]. Improvement in
techniques such as in situ zymography will also be useful, as will further development in the
live imaging of proteolysis. These types of tools and reagents will be important resources for
the investigation of MMP regulation of ECM.

Conclusions
The ECM is no longer thought of as just a passive physical support for cells. Rather, it is now
realized that the ECM contains cryptic information that influences cellular behavior.
Furthermore, MMPs specifically cleave both ECM and non-ECM molecules in order to release
this hidden information from the ECM in a functional manner. MMPs also assist in maintaining
ECM molecules in their appropriate condition. A recently published study illustrates this
concept. Although levels of the mRNA for decorin are increased by stimulation of endothelial
cells with interleukin-6 or -10, the decorin core protein and the post-translational processing
it undergoes to become a proteoglycan are only observed if the cells are in contact with fibrillar
collagen I. This suggests that if the fibrillar nature of the collagen I is disrupted, for example
by proteolysis, then the production of mature decorin is altered. Thus, decorin production can
be regulated by the composition and condition of the ECM [46]. We are just beginning to
understand the importance of MMP activity for appropriate regulation of the ECM. Further
studies to identify and characterize MMP substrates and to understand the physiological
consequences of MMP proteolysis will be important in order to complete our understanding
of matrix biology.
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Abbreviations
ADAM protein with a disintegrin and metalloprotease domain

ADAM-TS an ADAM with a thrombospondin-like motif

BMP bone morphogenetic protein

CR cysteine-rich

ECM extracellular matrix

LAP latency-associated peptide

LTBP latent TGFβ binding protein
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MMP matrix metalloproteinase

MSF migration-stimulating factor

MT1-MMP membrane type 1 MMP

TGFβ transforming growth factor β

VEGF vascular endothelial growth factor
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Figure 1.
MMP cleavage sites on laminin 5. A diagram of the laminin 5 structure is shown with MMP
cleavage sites indicated [18,21•]. MMP-2, -3, -12, -13 and -14 cleave the γ2 chain between
alanine 586 and leucine 587. MMP-12 and MMP-14 also cleave the γ2 chain between glycine
413 and aspartic acid 414. Cleavage by these MMPs can induce cell migration. MMP-8 cleaves
between leucine 587 and threonine 588. This cleavage site differs only by one amino acid
residue from the site of MMP-2, -3, -12, -13 or -14 cleavage. However, MMP-8 does not induce
cell migration.
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Figure 2.
A schematic diagram of some of the proteins that comprise the ECM and the potential for MMP
cleavage. The ECM is composed of both laminin and collagen networks. Within ECM network
many laminins and collagens are present as well as proteins such as nidogen, perlecan (i.e.
heparan sulfate proteoglycans) and fibronectin (not shown). Cell surface receptors such as
integrins and dystroglycan interact with proteins of the basement membrane network. Cleavage
of ECM molecules releases bioactive fragments that have been referred to as matricryptins
[6•,54] or matrikines [55]. Furthermore, growth factors, such as latent TGFβ, are embedded
with in ECM, and proteolysis of binding proteins that keep the growth factors in a latent state
is a major activation pathway. In addition, some of the cell surface receptors, such as
dystroglycan [34], are targets for proteolysis. Cleavage of these types of molecules breaks cell–
ECM contact.
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Table 1

Cryptic basement membrane fragments involved in angiogenesis.

ECM protein Fragment Function Reference

Collagen IV Cryptic epitope Angiogenic [11,12]
Collagen IV NC1 α1, arresten Anti-angiogenic [47]

NC1 α 2, canstatin Anti-angiogenic [48,49]
NC1 α 3, tumstatin Anti-angiogenic [49,50]
NC1 α 6 Anti-angiogenic [49]

Collagen VIII NC1 α1, vastatin Anti-angiogenic [51]
Collagen XV NC1, restin Anti-angiogenic [52]
Collagen XVIII NC1, endostatin Anti-angiogenic [53]
Perlecan C-term, endorepellin Anti-angiogenic [15]
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