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Abstract

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases that are
involved in the degradation of various proteins in the extracellular matrix (ECM). Typically,
MMPs have a propeptide sequence, a catalytic metalloproteinase domain with catalytic zinc, a
hinge region or linker peptide, and a hemopexin domain. MMPs are commonly classified on the
basis of their substrates and the organization of their structural domains into collagenases,
gelatinases, stromelysins, matrilysins, membrane-type (MT)-MMPs, and other MMPs. MMPs are
secreted by many cells including fibroblasts, vascular smooth muscle (VSM) and leukocytes.
MMPs are regulated at the level of mRNA expression and by activation of their latent zymogen
form. MMPs are often secreted as inactive proMMP form which is cleaved to the active form by
various proteinases including other MMPs. MMPs cause degradation of ECM proteins such as
collagen and elastin, but could influence endothelial cell function as well as VSM cell migration,
proliferation, Ca2* signaling and contraction. MMPs play a role in tissue remodeling during
various physiological processes such as angiogenesis, embryogenesis, morphogenesis and wound
repair, as well as in pathological conditions such as myocardial infarction, fibrotic disorders,
osteoarthritis, and cancer. Increases in specific MMPs could play a role in arterial remodeling,
aneurysm formation, venous dilation and lower extremity venous disorders. MMPs also play a
major role in leukocyte infiltration and tissue inflammation. MMPs have been detected in cancer,
and elevated MMP levels have been associated with tumor progression and invasiveness. MMPs
can be regulated by endogenous tissue inhibitors of metalloproteinases (TIMPSs), and the MMP/
TIMP ratio often determines the extent of ECM protein degradation and tissue remodeling. MMPs
have been proposed as biomarkers for numerous pathological conditions and are being examined
as potential therapeutic targets in various cardiovascular and musculoskeletal disorders as well as
cancer.
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1. INTRODUCTION

MMPs are a family of zinc-dependent endoproteases with multiple roles in tissue
remodeling and degradation of various proteins in the extracellular matrix (ECM). MMPs
promote cell proliferation, migration, and differentiation and could play a role in cell
apoptosis, angiogenesis, tissue repair, and immune response. MMPs may also affect
bioactive molecules on the cell surface and modulate various cellular and signaling
pathways. Alterations in MMP expression and activity occur in normal biological processes
e.g. during pregnancy and wound healing, but have also been observed in cardiovascular
diseases such as atherosclerosis, aneurysms and varicose veins, musculoskeletal disorders
such as osteoarthritis and bone resorption, and in various cancers. MMPs have also been
implicated in tumor progression and invasiveness.

In this chapter, we will use data reported in PubMed and other scientific databases as well as
data from our laboratory to provide a general overview of the biochemical and biological
properties of MMPs with emphasis on MMP structure, tissue distribution, and protein
substrates. We will then describe special properties of specific classes of MMPs and provide
some examples of their role in cardiovascular diseases, inflammatory and musculoskeletal
disorders, as well as cancer. We will then briefly discuss the regulation of MMP activity by
endogenous tissue inhibitors of metalloproteinases (TIMPs). We will conclude the chapter
by highlighting the potential benefits of MMPs as biomarkers and therapeutic targets in
cardiovascular conditions, musculoskeletal disorders and cancer. Additional information
regarding specific MMP functions can be found in other reports,1~* and are elegantly
reviewed in detail in the other chapters of this book.

2. MMP STRUCTURE

In the early 1960s, MMPs were first identified as a collagen proteolytic activity that causes
ECM protein degradation during resorption of the tadpole tail.> MMPs are now grown to a
family of endopeptidases or matrixins that belong to the metzincins superfamily of
proteases. MMPs are highly homologous, multidomain, zinc (Zn2*) containing
metalloproteinases that degrade various protein components of ECM. The MMP family
shares a common core structure. Typically MMPs consist of a propeptide of about 80 amino
acids, a catalytic metalloproteinase domain of about 170 amino acids, a linker peptide (hinge
region) of variable length, and a hemopexin domain of about 200 amino acids (Fig. 1).6-°

Most MMPs also share three important characteristics. First, MMPs show homology to
collagenase-1 (MMP-1). MMP-7, -23 and -26 are exceptions as they lack the linker peptide
and the hemopexin domain. MMP-23 has a unique C-terminal cysteine-rich domain and an
immunoglobulin-like domain immediately after the C-terminus of the catalytic domain.
Second, MMPs contain a cysteine switch motif PRCGXPD in which the cysteine sulfhydryl
group chelates the active site Zn?* thus keeping MMPs in their inactive proMMP zymogen
form. Third, the catalytic domain of MMPs harbors a ZnZ*-binding motif to which the Zn2*
ion is bound by three histidines from the conserved sequence HEXXHXXGXXH, with the
assistance of a conserved glutamate, and a conserved methionine sequence XBMX (Met-
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turn) located 8-residues down from the Zn?* binding motif that supports the structure
surrounding the catalytic Zn?* (Fig. 1).10-12

In vertebrates, the MMP family comprises 28 members, at least 23 are expressed in human
tissues, and 14 of those MMPs are expressed in the vasculature (Table 1).10 MMPs are
commonly classified on the basis of their substrates and the organization of their structural
domains into collagenases, gelatinases, stromelysins, matrilysins, membrane-type (MT)-
MMPs, and other MMPs. Additionally, different classes of MMPs have specific structural
features that distinguish them from the prototypical MMP structure (Fig. 1).213.14 The
topology of MMPs is well conserved, and a major difference between MMPs lies in the S1”
subsite, a well-defined hydrophobic pocket of variable depth that is critical for specific
MMP-substrate interaction.1®

3. SOURCES and TISSUE DISTRIBUTION of MMPS

MMPs are produced by multiple tissues and cells (Table 1). MMPs are secreted by
connective tissue, pro-inflammatory, and uteroplacental cells including fibroblasts,
osteoblasts, endothelial cells, vascular smooth muscle (VSM), macrophages, neutrophils,
lymphocytes, and cytotrophoblasts.

Dermal fibroblasts and leukocytes are major sources of MMPs, especially MMP-2,16 and
platelets are important sources of MMP-1, -2, -3, and -14.17 In general, MMPs are either
secreted from the cells or anchored to the plasma membrane by proteoglycans such as
heparan sulfate glycosaminoglycans.1® MT-MMPs and MMP-23 are anchored to the cell
membrane by special trans-membrane domains.

Because MMPs play a major role in ECM remodeling, they are highly distributed in most
connective tissues. MMPs have also been localized in many cell types, suggesting other
biological roles for MMPs. For example, MMP-1, -2, -3, -7, -8, -9, -12, -13, and MT1-MMP
and MT3-MMP, are expressed in various vascular tissues and cells.18 In the rat inferior vena
cava (IVC), MMP-2 and -9 are localized in different layers of the venous wall including the
intima, media and adventitia, suggesting interaction with signaling pathways in endothelial
cells, VSM, and ECM, respectively.1® Other studies showed specific distribution of MMP-1,
-2, -3, and -7 in endothelial cells and VSMCs, MMP-2 in the adventitia,2® MMP-9 in
endothelial cells, medial VSMCs, and adventitial microvessels, and MMP-12 in VSMCs and
fibroblasts of human great saphenous vein,2! Other studies showed intracellular localization
of MMP-2 within cardiac myocytes, and colocalization of MMP-2 with troponin | within the
cardiac myofilaments. MMP-2 activity has also been detected in nuclear extracts from both
human heart and rat liver. Poly ADP-ribose polymerase is a nuclear matrix enzyme involved
in DNA repair. Interestingly, poly ADP-ribose polymerase is susceptible to cleavage by
MMP-2 in vitro, and its cleavage is blocked by MMP inhibitors. MMP-2 localization within
the nucleus could play a role in degradation of poly ADP-ribose polymerase, and thereby
affect DNA repair.22
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4. MMP ACTIVATION

MMPs are regulated at multiple levels including mRNA expression, activation of the
proenzyme to the active form, and the counteracting actions of endogenous TIMPs. MMPs
are synthesized as pre-proMMPs, from which the signal peptide is removed during
translation to generate proMMPs. In these zymogens or proMMPs, the cysteine from the
PRCGXPD “cysteine switch’ motif coordinates with the catalytic Zn?* to keep the
proMMPs inactive.b In order to process and activate these zymogens or proMMPs, the
cysteine switch is cleaved and the prodomain is detached often by other proteolytic enzymes
such as serine proteases, the endopeptidase furin, plasmin, or other MMPs to produce the
active MMP forms.8 Furin-containing MMPs such as MMP-11, -21, and -28 and MT-MMPs
have a furin-like pro-protein convertase recognition sequence at the C-terminus of the
propeptide and are activated intracellularly by furin (Fig. 1).23 MT-MMPs first undergo
intracellular activation by furin, then proceed to the cell surface where thay can cleave and
activate other proMMPs.13 TIMPs are also essential for the formation of non-inhibitory
proMMP/TIMP/MT-MMP complexs. Non-inhibitory complexes between progelatinases and
TIMPs are restricted to proMMP-2 and TIMP-2, -3, or -4, and to MMP-9 and TIMP-1.24 For
example, TIMP-2 first forms a complex with proMMP-2 by binding to its hemopexin
domain, and the complex then localizes to the cell surface where it binds to the active site of
a MT1-MMP molecule.25-28 This ternary proMMP-2/TIMP-2/MT1-MMP complex then
facilitates the cleavage and activation of its bound proMMP-2 to active MMP-2 by another
“free” MT1-MMP molecule. This non-inhibitory complex is different from the inhibitory
complex of TIMP-2/active MMP-2. It is formed between the C-terminal domain of TIMP-2
and the C-terminal hemopexin of MMP-2, such that both molecules maintain their inhibitory
and proteolytic properties, respectively.24:29.30 The activation of MMP-2 on the cell surface
allows it to accumulate pericellularly where it could reach marked collagenolytic activity
locally in the extracellular space.19 Similarly, the stromelysins MMP-3 and -10 are secreted
from the cells as inactive proMMPs, but are then activated on the cell surface. MMPs can
also be activated by various physicochemical agents including heat, low pH, thiol-modifying
agents such as 4-aminophenylmercuric acetate, mercury chloride, N-ethylmaleimide,
oxidized glutathione, sodium dodecyl sulfate, and chaotropic agents. Most of these activators
disrupt the cysteine-Zn2* coordination at the cysteine switch motif of the MMP molecule.
Other MMP activators include plasmin which activates MMP-9. Also, both MMP-3 and
hypochlorous acid activate MMP-7, and MMP-7 could in turn activate MMP-1.2

MMP expression/activity can also be influenced by hormones, growth factors, and
cytokines.31 For example, ovarian sex hormones could affect the expression/activity of
various MMPs which could in turn participate in endometrial tissue remodeling and
shedding during the menstrual and estrous cycles. Also, increases in estrogen and
progesterone as well as vascular endothelial growth factor (VEGF) and placental growth
factor during pregnancy could promote the expression/activity of uteroplacental MMPs and
in turn facilitate cytotrophoblast tissue invasion and uteroplacental growth and
vascularization. MMP expression/activity also increases during the inflammatory process.
MMPs are secreted by pro-inflammatory cells and their secretion is promoted by pro-
inflammatory cytokines.
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MMPs can be regulated by growth factors.32 For example, overexpression of VEGFa in
SNU-5 cells increases MMP-2 expression, while downregulation of VEGFa decreases
MMP-2 expression.33 Also, platelet derived growth factor-BB (PDGF-BB) increases
MMP-2 expression in rat VSMCs, possibly via Rho-associated protein kinase, extracellular
signal-regulated kinases (ERK), and phosphorylation of p38 mitogen-activated protein
kinase (MAPK).34 Also, in carotid artery plaques, epidermal growth factor (EGF)
upregulates MMP-1 and -9 mRNA transcripts and increases MMP-9 activity in VSMCs.3° In
contrast, transforming growth factor-p1 (TGF-p1) may downregulate MMPs via a TGF-p1
inhibitory element in the MMP promoter. Interestingly, MMP-2 does not have this element,
and therefore may not be affected, or in some instances upregulated, by TGF-p1.

MMP activity is also regulated by endogenous TIMPs. Increased MMP expression/activity
or decreased TIMPs could lead to MMP/TIMP imbalance and results in various pathological
conditions most notably heart failure, osteoarthritis and cancer.

5. MMP SUBSTRATES

ECM has three main components; fibers, proteoglycans and polysaccharides. Fibers are
largely glycoproteins that include collagen, which is the main ECM protein, and elastin,
which is not glycosylated and provides plasticity and flexibility to certain tissues such as the
arteries, lungs and skin. Laminin is a glycoprotein localized in the basal lamina of the
epithelium. Fibronectin is a glycoprotein used by cells to bind to ECM, and can modulate
the cytoskeleton to facilitate or hinder cell movement. Proteoglycans have more
carbohydrates than proteins, and attract water to keep the ECM hydrated. Proteoglycans also
facilitate binding of growth factors to the ECM milieu. Syndecan-1 is a proteoglycan and
integral transmembrane protein that bind chemotactic cytokines during the inflammatory
process. Other ECM proteins include glycoproteins such as vitronectin, aggrecan, entactin,
fibrin and tenascin, and polysaccharides such as hyaluronic acid.?

MMPs play a major role in tissue remodeling by promoting turnover of various ECM
proteins including collagens, elastin, gelatin, and other matrix glycoproteins and
proteoglycans. Collagen and elastin are essential for the structural integrity of the vascular
wall and are important MMP substrates. MMPs break down collagen type I, II, 111, 1V, V, VI,
VI, VI, X, X, and XIV with different efficacies. MMP degrades other ECM protein
substrates such as aggrecan, entactin, fibronectin, tenascin, laminin, myelin basic protein,
and vitronectin (Table 1). While casein is not a physiological MMP substrate, it is digested
by several MMPs and, therefore, is used to measure the activity of these MMPs in
zymography assays.?

The hemopexin domain may confer most of the MMP substrate specificity.36:37 The
hemopexin domain may be essential in the recognition and subsequent catalytic degradation
of fibrillar collagen, whereas the catalytic domain may be sufficient in the degradation of
non-collagen substrates.10 MMPs catalytic activity generally requires Zn?* and a water
molecule flanked by three conserved histidine residues and a conserved glutamate, with a
conserved methionine acting as a hydrophobic base to support the structure surrounding the
catalytic ZnZ* in the MMP molecule. During the initial transition states of the MMP-
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substrate interaction, Zn2* is penta-coordinated with a substrate’s carbonyl oxygen atom,
one oxygen atom from the MMP glutamate-bound water, and the three conserved histidines
in the MMP molecule. The Zn2*-bound water then performs a nucleophilic attack on the
substrate, resulting in the breakdown of the substrate and the release of a water molecule
(Fig. 2).11.38-40 The MMP-substrate interaction may involve alternative transition states
whereby Zn?* is penta-coordinated with a substrate’s carbonyl oxygen atom, two oxygen
atoms from the MMP conserved glutamate, and two of the three conserved histidines. One
oxygen from glutamate then performs a nucleophilic attack and causes breakdown of the
substrate.#1 Peptide catalysis and substrate degradation is also influenced by specific
subsites or pockets (S) within the MMP molecule that interact with corresponding
substituents (P) in the substrates (Fig. 2). The most important pocket for substrate specificity
and binding is the MMP S1” pocket, which is extremely variable and could have a shallow,
intermediate, or deep location.11:38:3% MMPs with shallow S1” pocket include MMP-1 and
-7. MMP-2, -9, and -13 have intermediate S1” pocket, while MMP-3, -8, and -12 have deep
S1” pocket.38 S2” and S3” pockets are shallower than S1” pocket and, therefore, are more
exposed to solvents than S1”.39 Second to the S1” pocket, the S3 pocket may contribute to
substrate specificity.®

Specific MMPs degrade specific protein substrates. Stromelysin-1 and -2 (MMP-3 and -10)
do not cleave interstitial collagen, but degrade other ECM protein substrates and may
participate in cleaving certain proMMPs to their active form. Although MMP-3 and -10 have
similar substrate specificity, MMP-3 has greater proteolytic efficiency than MMP-10.
Stromelysin-3 (MMP-11) is distantly related to stromelysin-1 and -2. MMP-11 does not
cleave interstitial collagen, and shows very weak proteolytic activity toward other ECM
protein substrates.23 Importantly, different MMPs may cooperate in order to completely
degrade a protein substrate. For example, the collagenases MMP-1, -13, and -18 first unwind
triple helical collagen and hydrolyze the peptide bonds of fibrillar collagen type I, Il and 111
into ¥ and ¥4 fragments.642 The resulting single a-chain gelatins are further degraded by the
gelatinases MMP-2 and -9 into smaller oligopeptides.36 Gelatinases have three type-1I
fibronectin repeats in their catalytic domain that allow them to bind not only gelatin, but also
collagen and laminin (Fig. 1). Therefore, while MMP-2 is primarily a gelatinase, it can
function much like the collagenase MMP-1, albeit in a weaker manner.6 MMP-2 can
degrade collagen in two steps; first by inducing a weak interstitial collagenase-like collagen
degradation into % and ¥ fragments, then by promoting gelatinolysis using the fibronectin-
like domain.#3 MMP-9 could also act as a collagenase and gelatinase. As a collagenase,
MMP-9 binds the a2 chains of collagen IV with high affinity even when it is inactive,
making the substrate readily available.*4

6. MMPS, ECM DEGRADATION, AND TISSUE REMODELING

MMPs are important in many biological processes including cell proliferation, migration,
and differentiation, remodeling of ECM, and tissue invasion and vascularization (Fig. 3).
These biological processes take place multiple times during normal development and
organogenesis, but, if not properly balanced, could also contribute to harmful pathological
conditions such as cancer, tumor progression and tissue invasion (Fig. 4). MMPs can
participate in these processes by several mechanisms including proteolytic cleavage of
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growth factors so that they become available to cells that are not in direct physical contact,
degradation of ECM so that founder cells can move across the tissues into nearby stroma,
and regulated receptor cleavage in order to terminate migratory signaling and cell
migration.*®

Dynamic modulation of the physical contacts between neighboring cells is integral to
epithelial processes such as tissue repair. MMPs participate in tissue repair after acute
injury.46 Induction of MMP activity contributes to the disassembly of intercellular junctions
and the degradation of ECM, thus overcoming the physical constraint to cell movement.4’

MMPs may affect VSMC growth, proliferation, and migration. MMPs induce the release of
growth factors by cleaving the growth factor-binding proteins and matrix molecules.*8
MMPs can facilitate VSMC proliferation by promoting permissive interactions between
VSMCs and components of ECM, possibly via integrin-mediated pathways.*® MMP-1 and
-9 increase human aortic SMC migration.3%51 MMP-induced ECM proteolysis can modulate
cell-ECM adhesion either by removal of sites of adhesion or by exposing a binding site and
in turn facilitate VSMC migration.

Alterations in MMPs expression/activity may be associated with cardiovascular disease.
Evidence suggests associations between polymorphisms in MMP-1, 2, 3, 9, and 12 with
ischemic stroke incidence, pathophysiology, and clinical outcome. Polymorphisms in the
MMP genes can be influenced by racial and ethnic background., and could ultimately affect
the presentation of ischemic stroke.52 MMPs also play key roles in the spread of viral
infection, inflammation and remodeling of the respiratory airways and tissue fibrosis.>3
MMPs may also participate in cancer development, progression, invasiveness and
dissemination by promoting a pro-tumorigenic microenvironment and modulating the cell-
ECM and cell-to-cell contacts.*® MMPs could break the cell to cell and cell to ECM
adhesion, degrade ECM proteins, and promote angiogenesis, and thereby facilitate cancer
invasion and metastasis.>*

7. MMPS AND CELL SIGNALING

In addition to their role in ECM degradation, immunohistochemical studies have localized
MMPs in many cell types. Localization of MMPs in certain cells not only supports that these
cells could be a source of the MMPs released in ECM, but also suggests a role of MMP in
cell signaling and intracellular pathways. Evidence for MMP-induced signaling pathways
has been demonstrated in several tissues including blood vessels.>%56

7.1 MMPs and VSM Function

MMPs may affect VSM contraction mechanisms. VSM contraction is triggered by increases
in Ca2* release from the intracellular stores in the sarcoplasmic reticulum and Ca2* entry
from the extracellular space through different types of Ca2* channels. We have shown that
MMP-2 and -9 do not inhibit phenylephrine-induced contraction of isolated aortic segments
incubated in Ca2*-free physiological solution, suggesting that these MMPs do not inhibit the
Ca?* release mechanism from the intracellular stores.>” However, MMP-2 and -9 cause
relaxation of phenylephrine-precontracted aortic segments, and inhibit phenylephrine-
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induced Ca?* influx.57 Similarly, MMP-2 inhibits Ca*-dependent contraction mechanisms
in isolated segments of rat inferior vena cava (IVC).5® It has been proposed that during
substrate degradation MMPs may produce Arg-Gly-Asp (RGD)-containing peptides, which
could bind to a,B3 integrin receptors and inhibit Ca2* entry into VSM.8 This is unlikely as
RGD peptides do not affect IVC contraction.>® The mechanism by which MMPs inhibit
Ca?* entry could involve direct effects on Ca?* or K* channels. In rat IVC, MMP-2 induced
relaxation is abolished in high KCI depolarizing solution, which prevents K* ion from
moving out of the cell via K* channels. Importantly, blockade of large conductance Ca?*-
activated K* channels (BKc,) by iberiotoxin inhibits MMP-2 induced I1VC relaxation,
suggesting that MMP-2 actions may involve activation of BK, and membrane
hyperpolarization, which in turn decreases Ca2* influx through voltage-gated Ca%*
channels.®® The MMP-induced inhibition of venous tissue CaZ* influx and contraction may
lead to prolonged venous dilation and varicose veins.

While MMP-2 and -9 reduce Ca?* influx in both arteries and veins,>6:57 veins differ from
arteries in their structure and function, and the effects of MMPs on the veins should not
always be generalized to the arteries. Veins have fewer layers of VSMCs compared to the
several layers of VSMCs in the arteries. Also, venous and arterial VSMCs originate from
distinct embryonic locations and are exposed to different pressures and hemodynamic effects
in the circulation.®0 Studies have also shown that MMP-2 expression is higher in cultured
VSMCs from human saphenous veins compared with those from human coronary artery. In
contrast, MMP-3, -10, -20, and -26 expression is less in saphenous vein than coronary artery
VSMCs.50 Interestingly, while some studies suggest that MMP-2 and -9 levels could be
similar in cultured saphenous vein and internal mammary artery VSMCs, venous VSMCs
exhibit more proliferation, migration and invasion compared to arterial VSMCs.81 These
observations make it important to further study the differences in the expression and activity
of MMPs in veins versus arteries and in venous versus arterial disease.

7.2 MMPs and Endothelial Cell Function

The endothelium controls vascular tone by releasing relaxing factors including nitric oxide
and prostacyclin, and through hyperpolarization of the underlying VSMCs by endothelial-
derived hyperpolarizing factor (EDHF).52 MMPs may stimulate protease activated receptors
(PARs). PARs 1-4 are G-protein coupled receptors that have been identified in humans and
other species. PAR-1 is expressed in VSMCs,%3 endothelial cells, and platelets 64 and is
coupled to increased nitic oxide production,® and in turn contributes to vasodilation.
MMP-1 has been shown to activate PAR-1.66

EDHF-mediated relaxation may involve the opening of small and intermediate conductance
Ca?*-activated K* channels and hyperpolarization of endothelial cells. Endothelial cell
hyperpolarization may spread via myoendothelial gap junctions and cause relaxation of
VSMCs. EDHF could also cause hyperpolarization through opening of BKc, in VSM.52
MMP-2 may increase EDHF release and enhance K* efflux via BKc,, leading to venous
tissue hyperpolarization and relaxation.>® In contrast, MMP-3 may impair endothelium-
dependent vasodilation,®” making it important to further examine the effects of MMPs on
EDHF.
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8. SPECIAL ATTRIBUTES OF SPECIFIC MMPS

8.1 Collagenases

Collagenases include MMP-1 (interstitial collagenase), -8 (neutrophil collagenase), -13 and
-18. These MMPs play an important role in cleaving fibrillar collagen type I, Il and 111 into
characteristic 3/4 and 1/4 fragments. They first unwind triple helical collagen, then
hydrolyze the peptide bonds. The MMPs hemopexin domains are essential for cleaving
native fibrillar collagen while the catalytic domains are needed for cleaving noncollagen
substrates,42:68

MMP-1—MMP-1, also termed collagenase-1 or interstitial collagenase, has a gene locus on
chromosome 11g22.3, i.e. MMP-1 is coded on the g arm of chromosome 11. MMP-1
degrades collagen and gelatin. MMP-1 also cleaves proMMP-9 into its active form. As with
many other MMPs, the levels of MMP-1 are very low in most cells under physiological
conditions, but are upregulated in inflammatory conditions and autoimmune disease.!
Increased levels and activities of MMP-1, -8, and -9 with relatively low levels of TIMP have
been identified in slow-to-heal wounds and venous wounds.89 MMP-1 expression is
augmented by inflammatory cytokines such as tumor necrosis factor-a (TNF-a) and
interleukin-1 (1L-1).79 In cultured human vocal fold fibroblasts, TNF-a inhibits cell
proliferation, downregulates TIMP-3 and the mRNA transcript levels for collagen Il and
fibronectin, and upregulates MMP-1 and -2 expression, resulting in increased MMP/TIMP-3
ratio, which may accelerate wound healing following vocal fold injury.”> MMP-1 may also
play a role in the circulatory disturbance and inflammation associated with sudden deafness.
In a Korean population, a single nucleotide polymorphism (SNP) of MMP-1 at the promotor
region -1607G/2G is associated with increased risk of sudden deafness when compared with
the G/2G and G/G genotypes.”®

Localized controlled release of anti-fibrogenic factors can prevent tissue fibrosis surrounding
biomedical prostheses such as breast implants and vascular stents. In a rabbit ear fibrotic
model, topically applied stratifin prevents dermal fibrosis and promotes normal tissue repair
by regulating ECM deposition. Studies have tested the anti-fibrogenic effect of a controlled
release form of stratifin in the prevention of fibrosis induced by dermal poly(lactic-co-
glycolic acid) (PLGA) microsphere/poly(vinyl alcohol) (PVA) hydrogel implants.
Controlled release of stratifin from PLGA microsphere/PVA hydrogel implants increased
MMP-1 expression in the surrounding tissue, resulted in less collagen deposition, moderated
dermal fibrosis and inflammation by reducing collagen deposition, total tissue cellularity and
infiltrated CD3(+) immune cells in the surrounding tissue. These stratifin-eluting
PLGA/PVA composites may be used as coatings to decrease fibrosis around implanted
biomedical prostheses such as breast implants and vascular stents.”? Kynurenic acid is a
downstream end product of kynurenine that has antiscarring properties and is unlikely to
pass the blood brain barrier or cause central side effects. Studies showed that kynurenic acid
did not cause adverse effects on dermal cell viability, and markedly increased the expression
of MMP-1 and -3, and suppressed the production of type-I collagen and fibronectin by
fibroblasts. The findings suggest that kynurenic acid could be a candidate antifibrogenic
agent to improve healing outcome in patients at risk of hypertrophic scarring.”® Kynurenine
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treatment appears to increase the levels of MMP-1 and -3 expression through activation of
the (MAPK)/extracellular signal-regulated kinase (ERK1/2) signaling pathway.’* In human
primary chondrocytes, IL-1p-induced activation of p38 MAPK may increase MMP-1 and
-13 production and glycosaminoglycan release. Thus, activated p38 could accelerate
cartilage breakdown by enhancing the expression of MMP-1 and -13 which promote
collagen cleavage, and therefore p38 inhibitors may have chondroprotective effects in
osteoarthritis.”

MMP-1 may play a role in cancer development and metastasis. Studies have suggested an
association between SNP of MMP-1 -1607 2G/2G and poor prognosis in malignant tumors
such as tongue squamous cell carcinoma.”® Also, in patients with invasive well-
differentiated thyroid carcinoma, MMP-1 expression correlates with tumor aggressiveness
manifested as laryngotracheal invasion, multifocality of the tumor, and the presence of
metastases. MMP-1 expression is associated with poor prognosis in esophageal cancer,’’
and may serve as a prognostic marker and an indicator for the need for more aggressive
surgical intervention.”8

MMP-8—MMP-8, also termed collagenase-2 or neutrophil collagenase, has a gene locus on
chromosome 11922.3. MMP-8 was discovered in cDNA library constructed from mRNA
extracted from peripheral leukocytes of a patient with chronic granulocytic leukemia. The
library was screened with an oligonucleotide probe constructed from the putative Zn2*-
binding region of fibroblast collagenase. Eleven positive clones were identified, of which the
one bearing the largest insert (2.2 kilobases) was sequenced. From the nucleotide sequence
of the 2.2-kb cDNA clone, a 467-amino acid sequence representing the entire coding
sequence of the enzyme was deduced.”® Being a collagenase, MMP-8 can cleave interstitial
collagens I, 11, and 111 at a site within the triple helical domain about 3/4 down from the N-
terminus.1% While some proMMPs are secreted then form heterodimeric complexes bound to
TIMPs, e.g. the MMP-2/TIMP-2 complex, secreted proMMP-8 remains in its free form. The
proMMP-8 activity is then regulated by proteolytic cleavage by other MMPs such as
MMP-3 and -10.80

MMP-8 is the first collagenase to appear during dermal wound-healing and its levels peak
earlier than that of MMP-1, supporting time-dependent expression of different MMPs during
wound healing.8! Mice deficient in MMP-8 show delayed healing of cutaneous wounds, and
increased inflammatory responses, supporting that MMP-8 is a necessary component in
dermal wound healing and the regulation of the inflammatory process.82 In a study to assess
the temporal relationship between periodontal tissue destruction and activity of collagenase,
exudate from inflamed periodontal tissues was collected, and latent and active collagenase
activities were measured. It was found that the collagenase activity was derived from
neutrophils, and there was an overall 40% increase of pooled active collagenase activity in
all subjects with progressive loss of connective tissue. These findings suggest a role of
neutrophil collagenase or MMP-8 in the destruction of periodontal connective tissue, and
MMP-8 expression in the saliva may be used as a marker of diseases involving connective
tissue breakdown and advanced periodontitis.83 MMP-8 can also be detected and analyzed
in gingival crevicular fluid using time-resolved immunofluorometric assay, a MMP-8
specific chair-side dip-stick test, a dentoAnalyzer device and ELISA kit. Western
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immunoblots confirmed that immunofluorometric assay and dentoAnalyzer can detect
activated 55 kDa MMP-8 species in periodontitis-affected gingival crevicular fluid.8

MMP-13—MMP-13, also termed collagenase-3, has a gene locus on chromosome 11¢22.3.
MMP-13 is very efficient in degrading type Il collagen. MMP-13 was first thought to be
expressed in connective tissue particularly cartilage and developing bone. However,
MMP-13 has also been detected in epithelial and neuronal cells. MMP-13 is overexpressed
in cartilage tissues of osteoarthritis patients, and increased expression of MMP-13 in
chondrocytes may contribute to the development of osteoarthritis.8> MMP-13 has been
suggested as a direct target gene of micoRNA miR-411 in chondrocytes. Overexpression of
miR-411 inhibits MMP-13 expression, and increases the expression of type Il and 1V
collagen in chondrocytes. In comparison with normal cartilage, osteoarthritis cartilage shows
downregulation of miR-411 and increased MMP-13 expression. These findings suggest that
miR-411 may regulate MMP-13 expression and ECM remodeling in human chondrocytes,
and may be a therapeutic target in treatment of osteoarthritis.86 Low ratio of linoleic acid
(n-6)/a-linolenic acid (n-3) polyunsaturated fatty acids reduces MMP-13 expression in
inflammatory chondrocytes /n vitro and /n vivo, and may be a means to control or reduce the
symptoms of osteoarthritis. In cultured human chondrocytes low 1:1 and 2:1 n-6/n-3 ratios
decreased the mRNA expression and protein levels of MMP-13 without affecting
chondrocytes proliferation. In rat model of arthritis produced by injection of Freund’s
complete adjuvant, low 1:1 and 2:1 n-6/n-3 dietary ratio reduced paw swelling rate,
decreased serum MMP-13 and IL-1 levels, and alleviated cartilage damage.8’

MMP-13 may be involved in lung diseases such as acute lung injury, viral infections, and
chronic obstructive pulmonary disease. In human small airway epithelial cells, polyinosinic-
polycytidylic acid stimulated the secretion of MMP-13, and MMP-13 secretion was
abolished by p38 MAPK inhibitor SB304680, phosphoinositide 3-kinase (PI3K) inhibitor
LY294002, Janus kinase (JAK) inhibitor I, RNA-activated protein kinase inhibitor, and
nuclear factor xB (NFxB) inhibitor Bay 11-7082. Interferon-p (IFN-p) also caused
stimulation of MMP-13 secretion that was inhibited by all modulators except Bay 11-7082.
It was suggested that MMP-13 secretion was mediated through IFN receptor pathways
independently of NFxB and that polyinosinic-polycytidylic acid stimulated IFN secretion in
an NFxB-dependent manner, leading to IFN-stimulated MMP-13 secretion from human
small airway epithelial cells. MMP-13 inhibitors and MMP-13 siRNA inhibited IFN-
stimulated secretion of IFN+y-inducible protein 10 and regulated on activation normal T-cell
expressed and secreted (RANTES), suggesting that MMP-13 is involved in the secretion of
these virus-induced proinflammatory chemokines. Also, a novel polymorphism was
identified in the promoter region of the MMP-13 gene. These observations support that
MMP-13 plays a role in defense mechanisms of airway epithelial cells.88

MMP-13 may be involved in ECM degradation in brain astrocytes. Conditioned medium
collected from activated microglia increased IL-18 production and enhanced MMP-13
expression in astrocytes. Treatment with recombinant IL-18 increased MMP-13 protein and
MRNA levels in astrocytes. Recombinant IL-18 stimulation also increased the enzymatic
activity of MMP-13 and the migratory activity of astrocytes, and MMP-13 or pan-MMP
inhibitors antagonized IL-18-induced migratory activity of astrocytes. Treatment of
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astrocytes with recombinant IL-18 led to the phosphorylation of INK, Akt, or PKC-§, and
treatment of astrocytes with JNK, PIsK/Akt, or PKC-6 inhibitors decreased IL-18-induced
migratory activity. These findings suggest that IL-18 is an important regulator of MMP-13
expression and cell migration in astrocytes, likely via INK, P13K/Akt, and PKC-6 signaling
pathways.89

Liver fibrosis is the final stage of liver diseases that lead to liver failure and cancer and
studies have tested whether overexpressing MMP-13 gene in rat liver could prevent liver
fibrosis progression. In a rat model of liver fibrosis model established by ligating the bile
duct, liver-targeted hydrodynamic gene delivery of a MMP-13 expression vector, containing
a CAG promoter-MMP13-1RES-tdTomato-polyA cassette caused a peak in serum level of
MMP-13 after 14 days that was sustained for the next 60 days. Hyaluronic acid levels were
lower in the treated versus nontreated rats, suggesting therapeutic effect of MMP-13
overexpression. Quantitative analysis of tissues stained with the collagen stain sirius red
showed a statistically smaller volume of fibrotic tissue in MMP-13-treated versus nontreated
rats. Liver-targeted hydrodynamic delivery of MMP-13 gene could be useful in prevention of
liver fibrosis.20

MMP-13 is often overexpressed in tumors and may increase the risk of tumor progression
and metastasis. MMP-13 is overexpressed in nasopharyngeal cancer cells and exosomes
purified from conditioned medium, as well as plasma of nasopharyngeal cancer patients.
Transwell analysis revealed that MMP-13-containing exosomes facilitated the metastasis of
nasopharyngeal cancer cells. MMP-13 siRNA reduced the effect of MMP13-containing
exosomes on tumor cell metastasis and angiogenesis.%!

MMP-18—MMP-18, also termed collagenase-4, has a gene locus on chromosome 12g14. In
the 1990s, sequence similarity searching of databases containing expressed sequence tags
identified a partial cDNA encoding the 3" end of a putative novel human MMP. The
remaining 5” end of the MMP ¢cDNA was amplified by PCR from human mammary gland
cDNA. The predicted protein product displayed all the structural features characteristic of
the MMP family and showed closest identity with MMP-1, -3, -10, and 11, and was
designated MMP-18. MMP-18 differs structurally from other MMPs in that its amino acid
sequence contains two cleavage sites for activation. MMP-18 mRNA is expressed in several
normal human tissues, but is not detected in the brain, skeletal muscle, kidney, liver, or
leukocytes.%2 MMP-18 is expressed in migrating macrophages.? Growth of peripheral
axons is strongly attracted towards limb buds and skin explants /n vitro. Directed axonal
growth towards skin explants of Xenopus laevis in matrigel is associated with expression of
MMP-18 and other MMPs, and is inhibited by the MMP inhibitors BB-94 and GM6001.
Also, forced expression of MMP-18 in COS-7 cell aggregates enhances axonal growth from
Xenopus dorsal root ganglia explants. Nidogen is the target of MMPs released by cultured
skin in matrigel, whereas other components remain intact. These findings suggest a link
between MMP-18 and ECM breakdown in the control of axonal growth.%4 Despite its
diverse tissue distribution and function, MMP-18 has not been directly linked to a specific
pathological condition.
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8.2 Gelatinases

Gelatinases include gelatinase A (MMP-2) and gelatinase B (MMP-9). MMP-2 and -9 are
structurally similar to other proteinases in the MMP family, but differ in that they have a
distinct collagen-binding domain composed of three fibronectin type 11 tandem repeats in the
N-terminus of the catalytic domain, which is needed for gelatin binding.9>% MMP-2 and -9
have been long recognized as major contributors to proteolytic degradation of ECM. In
recent years, a plethora of non-matrix proteins have been identified as gelatinase substrates
thus broadening our understanding of these enzymes as proteolytic executors and regulators
in various physiological and pathological states including embryonic growth and
development, angiogenesis, vascular diseases, inflammation, infective diseases, degenerative
diseases of the brain and tumor progression.

MMP-2 and MMP-9 are particularly involved in cancer invasion and metastasis. Gelatin
zymography /n situ showed increased gelatinolytic activity of MMP-2 and -9 in esophageal
squamous cell carcinomas, with different intensities of localization in the tumor nest itself
and the stromal cells adjacent to tumor nests.” Although the effect of broad-spectrum MMP
inhibitors in the treatment of cancer has been disappointing in clinical trials, novel
mechanisms of gelatinase inhibition have been identified. Inhibition of the association of
gelatinases with cell-surface integrins appears to offer highly specific means to target these
enzymes without inhibiting their catalytic activity in multiple cell types including
endothelial cells, leukocytes, and tumor cells.%8

MMP-2—MMP-2, also termed gelatinase-A or type 1V collagenase, has a gene locus on
chromosome 16g13-g21. MMP-2 cleaves collagen in two phases, the first resembling that of
interstitial collagenase, followed by gelatinolysis, which is promoted by the fibronectin-like
domain.36:43 The collagenolytic activity of MMP-2 is much weaker than collagenases.
However, proMMP-2 is recruited to the cell surface and undergoes autocatalytic cleavage at
the cell surface with the support of MT1-MMP/TIMP-2 complex, and therefore accumulates
pericellularly and causes marked local collagenolytic activity.5°% MMP-2 is ubiquitous in
many cells and tissues and is involved in a variety of physiological and pathological
processes, including angiogenesis, tissue repair, and inflammation. MMP-2 and its inhibitors
TIMP-1 and -2, also play a role in tumor invasion and metastasis, and MMP-2/TIMPs
imbalance may contribute to tumor progression. The involvement of MMP-2 in cancer has
been studied in different malignancies including esophageal cancer.””100 MMP-2 activity
was correlated with lymph node metastasis, and lymphatic and vascular invasion, supporting
an important role of MMP-2 in the invasion of esophageal carcinoma.?’” MMP-2 levels also
correlate with invasiveness of cancer cells and shortened survival independent of major
prognostic indicators in patients with primary breast carcinoma.1%2 MMP-2 may play a role
in malignant tumors of the central nervous system, and because of the highly proliferative
and aggressive nature of these tumors, current treatments are not been very successful, and
new lines of therapy to target MMP-2 have been explored. An adenoviral vector expressing
small interfering RNA (siRNA) against the MMP-2 gene was constructed to specifically
inhibit MMP-2 expression, and to test its effects on invasion, angiogenesis, tumor growth,
and metastasis of A549 lung cancer cells. Adenoviral-mediated MMP-2 siRNA infection of
A549 lung cancer cells caused down-regulation of MMP-2, mitigated lung cancer invasion

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuietal.

Page 14

and migration, and reduced tumor cell-induced angiogenesis /1 vitro. In a mouse model of
metastatic lung tumor, treatment of established tumors with adenoviral-mediated MMP-2
siRNA inhibited subcutaneous tumor growth and formation of lung nodules in mice.
Adenoviral-mediated MMP-2 siRNA may have a therapeutic potential for lung cancer in
part by inhibiting angiogenesis.102

Integrins control a variety of signal transduction pathways central to cell survival,
proliferation, and differentiation, and their functions and expression levels are altered in
many types of cancer. In a study to examine the mechanisms underlying the involvement of
a5B1 integrin in tumor invasion, its expression in MCF-7Dox human breast carcinoma cells
was depleted using siRNA. Concomitant to a5p1 integrin depletion, there was a sharp
decrease in MMP-2 expression and inhibition of the invasiveness of these cells /n vitro.
Similar reduction of invasion potential was observed upon siRNA-mediated silencing of the
MMP-2 gene. Downregulation of a5p1 integrin was associated with decrease in the amounts
of active phosphorylated forms of Akt, ERK1/2 kinases and c-Jun oncoprotein. Also, in
MCF-7Dox cells, inhibition of these kinases reduced expression of MMP-2 and c-Jun, and
suppressed invasion of the cells /n vitro. Co-immunoprecipitation experiments demonstrated
that a5p1 integrin interacted with MMP-2 on the surface of MCF-7Dox breast carcinoma
cells. These findings suggest that a5p1 integrin controls invasion of breast cancer cells via
regulation of MMP-2 expression through signaling pathways involving PI3K, Akt, and ERK
kinases and the c-Jun or via direct recruitment of MMP-2 to the cell surface.103

MMP-2 is markedly upregulated in glioblastomas.1%4 Knockdown of MMP-2 using MMP-2
siRNA in human glioma xenograft cell lines 4910 and 5310 decreased cell proliferation.
Cytokine array and Western blotting using tumor-conditioned media displayed modulated
secretory levels of various cytokines including granulocyte-macrophage colony-stimulating
factor, IL-6, IL-8, IL-10, TMF-a, angiogenin, VEGF and platelet-derived growth factor-BB
(PDGF-BB) in MMP-2 knockdown cells. Further, cDNA PCR array suggested potential
negative regulation of Janus kinase/Stat3 pathway in MMP-2 knockdown cells.
Mechanistically, MMP-2 is involved in complex formation with a5p1 integrin and MMP-2
downregulation inhibited a5p1 integrin-mediated Stat3 phosphorylation and nuclear
translocation. Electrophoretic mobility shift assay and chromatin immunoprecipitation
assays showed inhibited Stat3 DNA-binding activity and recruitment at CyclinD1 and c-Myc
promoters in MMP-2 siRNA-treated cells. MMP-2/a5p1 binding is enhanced in human
recombinant MMP-2 treatments, resulting in elevated Stat3 DNA-binding activity and
recruitment on CyclinD1 and c-Myc promoters. /n vivo experiments in orthotropic tumor
model revealed decreased tumor size upon treatment with MMP-2 siRNA.
Immunofluorescence studies in tumor sections showed high expression and co-localization
of MMP-2/a5B1, which is decreased along with reduced IL-6, phospho-Stat3, CyclinD1,
and c-Myc expression levels upon treatment with MMP-2 siRNA. These observations
suggest a role of MMP-2/a.5p1 interaction in the regulation of a.5p1-mediated IL-6/Stat3
signaling and highlight the therapeutic potential of blocking MMP-2/a5p1 interaction in
glioma treatment.10°

MMP-9—MMP-9 or gelatinase-B is also a type IV collagenase that has a gene locus on
chromosome 20g11.2-q13.1. MMP-9 is produced by a variety of cells including epithelial
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cells, fibroblasts, keratinocytes, osteoblasts, dendritic cells, macrophages, granulocytes, and
T-cells. In the house ear institute-organ of Corti 1 choclear cells, IL-1p induces expression of
MMP-9 in a dose- and time-dependent manner, and dexamethasone and p38 MAPK
inhibitor SB203580 inhibit I1L-1p-induced MMP-9 expression/activity.196 MMP-9 plays a
key role in inflammatory cell migration and in the destructive behavior of cholesteatoma.
However, serum levels of MMP-9 might not correctly reflect the extent of localized tissue
inflammation. In a study of patients with cholesteatoma, MMP-9 and TIMP-1 serum levels
were similar with those in control group. In contrast, the levels of MMP-9 and TIMP-1 were
higher in cholesteatoma tissues than normal skin specimens. These findings suggest better
clinical usefulness of MMP-9 and TIMP-1 expression in cholesteatoma tissues than either
serum or plasma levels of these proteins and that the higher the expression of MMP-9 the
stronger the inflammation-accompanied cholesteatoma.10”

Chronic sinonasal inflammation is associated with tissue remodeling and sinonasal osteitis,
which could be a marker of refractory disease. Bone real-time polymerase chain reaction
(RT-PCR) revealed upregulation of MMP-9 in all patients with chronic rhinosinusitis, but the
magnitude of MMP-9 upregulation decreased with severity of osteitis. Mucosa RT-PCR
showed upregulation of MMP-9 in moderate/severe osteitis only. The pattern of expression
suggests a time- and tissue-dependent role for MMP-9 in the pathophysiology of osteitis.108

In the cornea, galectin-3 is a carbohydrate-binding protein that promotes cell-cell
detachment and redistribution of the tight junction protein occludin through its N-terminal
polymerizing domain. Galectin-3 initiates cell-cell disassembly by inducing MMP-9
expression in a manner that is dependent on the interaction with and clustering of the
extracellular MMP inducer EMMPRIN (CD147, basigin) on the cell surface. Corneas of
control mice expressing galectin-3 had a substantial amount of MMP-9 in the migrating
epithelia of healing corneas. In contrast, corneas of galectin-3-knockout mice show
impairment in MMP-9 expression. These findings suggest a galectin-3-mediated regulatory
mechanism for induction of MMP-9 expression and disruption of cell-cell contacts required
for cell motility in migrating epithelia.4’

MMP-9 is also expressed in migrating macrophages.®3> MMP-9 has also been detected in
esophageal cancer,’” and gelatin zymography showed a correlation between MMP-9 activity
and vascular invasion of esophageal carcinoma.%’

8.3 Stromelysins

Stromelysins 1, 2 and 3, also known as MMP-3, -10, and -11, respectively, have the same
domain arrangement as collagenases, but do not cleave interstitial collagen. MMP-3 and -10
are similar in structure and substrate specificity, while MMP-11 is distantly related. MMP-3
and MMP-10 digest a number of ECM molecules and participate in proMMP activation, but
MMP-11 has very weak activity toward ECM molecules. Also, MMP-3 and -10 are secreted
from the cells as inactive proMMP, but MMP-11 is activated intracellularly by furin and
secreted from the cells as an active enzyme.23

MMP-3—MMP-3, also known as stromelysin-1, has a gene locus on chromosome 11¢22.3.
Structurally, MMP-3 possesses some unique characteristics. First, MMP-3 retains protease
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capability even if the zinc moiety is replaced with cobalt, manganese, cadmium, or nickel
ions, but depending on the moiety, the protease activity becomes sensitive to different
substrates. Second, MMP-3 has a unique deep active site that transverses the length of the
enzyme.31 MMP-3 is well known as a secretory endopeptidase that degrades ECM.109
MMP-3 preferentially cleaves proteins at sites where the first three amino acids following
the cleavage site are hydrophobic.31 MMP-3 degrades collagen type I1, IV, and 1X as well as
a variety of proteoglycans, elastin, fibronectin, and laminin. MMP-3 may activate other
MMPs necessary for tissue remodeling including MMP-1, -7, and -9.31 MMP-3 has been
detected in the nucleus, and human nuclear MMP-3 may function as a trans-regulator of
connective tissue growth factor. MMP-3 has also been detected in the nuclei of hepatocytes
and may be involved in apoptosis.}10 MMP-3 was detected in the nuclei of cultured
chondrocytic cells and in normal and osteoarthritic chondrocytes /n vivo. Nuclear
translocation of externally added recombinant MMP-3, and six putative nuclear localization
signals in MMP-3 have been identified. Heterochromatin protein-y regulates connective
tissue growth factor by interacting with MMP-3, and MMP-3 knockdown suppresses
connective tissue growth factor expression. These observations suggest that MMP-3 may be
involved in the development, tissue remodeling, and pathology of arthritic diseases through
regulation of connective tissue growth factor.109

Post-traumatic osteoarthritis is characterized by progressive cartilage degeneration in injured
joints, and fibronectin-fragments may degrade cartilage through up-regulating MMPs.
Studies have profiled the catabolic events, fibronectin fragmentation and proteinase
expression in bovine osteochondral explants following a single blunt impact on cartilage.
Impacted cartilage released higher amount of chondrolytic fibronectin-fragments and
proteoglycan than non-impacted controls. Those increases coincided with up-regulation of
MMP-3 in impacted cartilage, suggesting that post-traumatic osteoarthritis may be propelled
by fibronectin-fragments which act as catabolic mediators through up-regulating cartilage-
damaging proteinases such as MMP-3,111

In addition to its role in arthritis, MMP-3 may be involved in the development of
atherosclerosis, and tumor growth and metastasis.112:113 Seum levels of MMP-3 and VEGF
are higher in patients with malignant adrenal incidentalomas than in those with benign ones,
and therefore can be used as markers of malignancy of incidentalomas. Also, MMP-3 and
VEGEF levels decreased after tumor resection in patients with malignant tumors and
increased in patients with recurrence, and therefore, could be of prognostic value in these
patients.114 MMP-3 activation may also be a key upstream event that leads to induction of
mitochondrial reactive oxygen species and NADPH oxidase 1 (Nox1) and eventual
dopaminergic neuronal death.11®

MMP-10—MMP-10 or stromelysin-2 has a gene locus on chromosome 11g22.3. MMP-10
is a secreted protein that may play a role in pulmonary fibrosis. In patients with idiopathic
pulmonary fibrosis, serum levels of MMP-7 and -10 correlate with both the percentage of
predicted forced vital capacity and the percentage of predicted diffusing capacity of the lung
for carbon. MMP-7 and -10 levels in bronchoalveolar lavage fluid correlate with their
corresponding serum levels. Serum MMP-10 predicted clinical deterioration within 6
months and overall survival. In idiopathic pulmonary fibrosis lungs, the expression of
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MMP-10 was enhanced and localized to the alveolar epithelial cells, macrophages, and
peripheral bronchiolar epithelial cells. These findings suggest that MMP-10 may be a useful
biomarker of disease severity and prognosis in patients with idiopathic pulmonary
fibrosis.116

Respiratory syncytial virus is an important pathogen of bronchiolitis, asthma, and severe
lower respiratory tract disease in infants and young children. Studies have investigated the
regulation of MMP in respiratory syncytial virus-infected human nasal epithelial cells /n
vitro. MMP-10 mRNA expression was increased in human nasal epithelial cells after
respiratory syncytial virus infection, together with induction of MRNAs of MMP-1, -7, -9,
and -19. The amount of MMP-10 released from human nasal epithelial cells was also
increased in a time-dependent manner after respiratory syncytial virus infection as is that of
chemokine RANTES. The upregulation of MMP-10 was prevented by inhibitors of NF-xB
and pan-PKC with inhibition of respiratory syncytial virus replication. Upregulation of
MMP-10 was prevented by inhibitors of JAK/STAT, MAPK, and epidermal growth factor
(EGF) receptors without inhibition of respiratory syncytial virus replication. In lung tissue of
an infant with severe respiratory syncytial virus infection in which a few respiratory
syncytial virus antibody-positive macrophages were observed, MMP-10 was expressed at
the apical side of the bronchial epithelial cells and alveolar epithelial cells. These findings
suggest that MMP-10 induced by respiratory syncytial virus infection in human nasal
epithelial cells is regulated via distinct signal transduction pathways with or without relation
to virus replication. MMP-10 may play an important role in the pathogenesis of respiratory
syncytial virus diseases and may have the potential to be a marker and therapeutic target for
respiratory syncytial virus infection.53

MMP-10 may be associated with peripheral arterial disease. Studies have analyzed MMP-10
levels in patients with peripheral arterial disease according to disease severity and
cardiovascular risk factors and evaluated the prognostic value of MMP-10 for cardiovascular
events and mortality in lower limb arterial disease after a follow-up period of 2 years.
Patients with peripheral arterial disease showed increased levels of MMP-10 and decreased
levels of TIMP-1 compared with controls. Among patients with peripheral arterial disease,
those with critical limb ischemia showed higher levels of MMP-10 compared with those
with intermittent claudication, whereas the MMP-10/TIMP-1 ratio remained similar. The
univariate analysis showed an association between MMP-10 levels, age, hypertension, and
ankle-brachial index in peripheral arterial disease patients. Patients with the highest
MMP-10 tertile had an increased incidence of all-cause mortality and cardiovascular
mortality. These observations suggest that MMP-10 is associated with severity and poor
outcome in peripheral arterial disease.117

MMP-10 is expressed by macrophages and epithelium in response to injury, and its role in
wound repair has been examined. In wounds of MMP-10 KO mice, collagen deposition and
skin stiffness is increased, with no change in collagen expression or reepithelialization.
Increased collagen deposition in MMP-10 KO wounds was accompanied by less
collagenolytic activity and reduced expression of specific metallocollagenases, particularly
MMP-8 and -13, where MMP-13 was the key collagenase. Ablation and adoptive transfer
approaches and cell-based models demonstrated that the MMP-10-dependent collagenolytic
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activity was a product of alternatively activated (M2) resident macrophages. These
observations suggest a role for MMP-10 in controlling the tissue remodeling activity of
macrophages and moderating scar formation during wound repair.118

MMP-10 may be involved in pelvic organ prolapse. In a study exploring the correlation
between genetic mutations in MMP-10 and susceptibility to pelvic organ prolapse, serum
MMP-10 levels were higher in the pelvic organ prolapse group than in the control group.
Also, there was a marked difference between the two groups in the distribution frequency of
the MMP-10 rs17435959G/C genotype. Patients with parity > 2 and postmenopausal women
had elevated serum MMP-10 levels, and patients with parity > 2 and postmenopausal women
who carried the G/C + C/C genotype in the MMP-10 gene had an increased risk of pelvic
organ prolapse. These observations suggest that the rs17435959 polymorphism of the
MMP-10 gene may be associated with an increased risk of pelvic organ prolapse.119

MMP-10 is often expressed in human cancers and could play a role in tumor progression,
migration, and invasion. Non-neoplastic oral epithelium does not show MMP-10 expression.
MMP-10 may be involved in the transformation of normal oral epithelium to oral verrucous
carcinoma and squamous cell carcinoma. MMP-10 expression levels are higher in oral
squamous cell carcinoma than verrucous carcinoma, and therefore can be used in the
differential diagnosis of the two tumors.120 MMP-10 is limited to epithelial cells and may
facilitate tumor cell invasion by targeting collagen, elastin and laminin. Increased MMP-10
expression has been linked to poor clinical prognosis in some cancers. MMP-10 expression
is positively correlated with the invasiveness of human cervical and bladder cancers.
MMP-10 can regulate tumor cell migration and invasion, and endothelial cell tube
formation, and these effects are associated with resistance to apoptosis. Increasing MMP-10
expression stimulates the expression of hypoxia inducible factor HIF-1a and MMP-2 (pro-
angiogenic factors) and plasminogen activator inhibitor type 1 (PAI-1) and C-X-C
chemokine receptor CXCR2 (pro-metastatic factors). Targeting MMP-10 with siRNA /n
vivoresults in decreased xenograft tumor growth, reduced angiogenesis, and apoptosis.
These findings suggest that MMP-10 can play a role in tumor growth and progression, and
MMP-10 inhibition may represent a rational strategy for cancer treatment.>

MMP-10 plays a role in liver regeneration. Studies have examined MMP-10 expression and
function in human hepatocellular carcinoma and diethylnitrosamine-induced mouse
hepatocarcinogenesis. MMP-10 was induced in human and murine hepatocellular carcinoma
tissues and cells. MMP10-deficient mice showed less hepatocellular carcinoma incidence,
smaller histological lesions, reduced tumor vascularization, and less lung metastases.
Importantly, expression of the protumorigenic, C-X-C chemokine receptor-4 (CXCR4), was
reduced in diethylnitrosamine-induced hepatocarcinogenesis in MMP10-deficient mice
livers. Human hepatocellular carcinoma cells stably expressing MMP-10 had increased
CXCR4 expression and migratory capacity. Pharmacological inhibition of CXCR4 reduced
MMP10-stimulated hepatocellular carcinoma cell migration. MMP-10 expression in
hepatocellular carcinoma cells was induced by hypoxia and the CXCR4 ligand, stromal-
derived factor-1 (SDF1), through the ERK1/2 pathway, involving an activator protein 1 site
in MMP-10 gene promoter. These findings suggest that MMP-10 contributes to
hepatocellular carcinoma development, and participates in tumor angiogenesis, growth, and
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dissemination. Reciprocal crosstalk between MMP-10 and the CXCR4/SDF1 axis may
contribute to hepatocellular carcinoma progression and metastasis.*6

MMP-11—MMP-11 or stromelysin-3 has a gene locus on chromosome 22q11.23. MMP-11
was first identified in stromal cells surrounding invasive breast carcinoma, and has been
proposed as one of the stroma-derived factors that play a role in the progression of epithelial
malignancies.??! Like all other members of the MMP gene family, stromelysin-3 is
synthesized as an inactive precursor that must be processed to its mature form in order to
express enzymatic activity. However, compared to other MMPs which require activation
extracellularly, MMP-11 is secreted in its active form. MMP-11 can be processed directly to
its enzymatically active form by an obligate intracellular proteolytic event that occurs within
the constitutive secretory pathway. Like other furin-containing MMPs, intracellular
activation of MMP-11 is regulated by a 10-amino-acid insert sandwiched between the pro-
and catalytic-domains of MMP-11, which is encrypted with an Arg-X-Arg-X-Lys-Arg
recognition motif for the Golgi-associated proteinase furin, a mammalian homologue of the
yeast Kex2 pheromone convertase. A furin-MMP-11 processing axis not only differentiates
the regulation of this enzyme from other non-furin containing MMPs, but also identifies pro-
protein convertases as potential targets for therapeutic intervention in matrix-destructive
disease states.23

Some of the MMP-11 substrates include laminin receptor and a-1-proteinase inhibitor.1:122
MMP-11 is expressed in tissues undergoing the active remodeling associated with
embryonic development, wound healing and tumor invasion.23 MMP-11 may promote
tumorigenicity. In breast cancer, MMP-11 is a bad prognosis marker and its expression is
associated with a poor clinical outcome.1® In a study investigating the influence of genetic
polymorphisms of MMP-11 gene on the susceptibility to oral squamous cell carcinoma in a
Taiwanese population, MMP-11 gene polymorphisms exhibited synergistic effects with the
environmental factors betel nut chewing and tobacco use on the susceptibility to oral
squamous cell carcinoma. Among patients with oral squamous cell carcinoma with betel nut
consumption, those who have at least one polymorphic C allele of MMP-11 rs738792 have
an increased incidence of lymph node metastasis when compared with patients homozygous
for T/T. These observations suggest combined effects of MMP-11 gene polymorphisms and
environmental carcinogens in the increased risk for oral squamous cell carcinoma and may
be a predictive factor for tumor lymph node metastasis in Taiwanese with oral squamous cell
carcinoma.123

MMP-11 levels are elevated in specimens from patients with esophageal squamous cell
carcinoma. Patents with esophageal dysplasia also show elevated MMP-11, suggesting that
these alterations are early events in esophageal tumorigenesis. In postesophagectomy follow-
up, patients with MMP-11 positive TIMP-2 negative carcinoma had shorter disease-free
survival compared with patients with other MMP/TIMP profiles. These findings suggest that
MMP-11 positive TIMP-2 negative phenotype may be associated with adverse prognosis in
patients with esophageal cancer.124 MMP-11 is also overexpressed in sera of cancer patients
compared with normal control group, and in tumor tissue specimens from patients with
laryngeal, gastric, pancreatic and breast cancer. The presence of MMP-11 in tumor tissues
has suggested that it could promote cancer development by inhibiting apoptosis as well as

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuietal.

Page 20

enhancing migration and invasion of cancer cells. However, studies in animal models
suggest that MMP-11 may play a negative role against cancer progression by suppressing
metastasis.12°

In patients with laryngeal squamous cell carcinoma, the expression of MMP-11 mRNA
expression and the tumor suppressor gene p14ARF was different in tumor tissues compared
with their corresponding adjacent tissues and was associated with several clinical
characteristics. Patients with low MMP-11 and high p14ARF expression had better survival
compared with those with high MMP-11 and low p14ARF expression. It was suggested that
altered expression of MMP-11 and p14ARF in tumors may individually, or in combination,
predict poor prognosis of laryngeal squamous cell carcinoma.126

8.4 Matrilysins

Matrilysins include MMP-7 and -26, and they both lack the hemopexin domain and the
hinge region.

MMP-7—MMP-7 or matrilysin-1 has a gene locus on chromosome 11q21-g22.
Structurally, MMP-7 is one of the smallest MMPs. MMP-7 is expressed by Xenopus
embryonic macrophages.?3 Common substrates of MMP-7 include proteoglycans,
fibronectin, casein, and gelatin types I, I1, IV, and V. MMP-7 plays a role in remodeling of
tissues involved in development and reproduction such as the uterus, and could play a role in
remodeling following tissue injury.31 MMP-7 degrades ECM components, and cleaves cell
surface molecules such as Fas—ligand, pro-TNF-a., syndecan-1 and E-cadherin to generate
soluble forms.127 MMP-7 can have dual effects on apoptosis, whereby it can induce
apoptosis by releasing Fas—ligand or inhibit apoptosis by producing heparin-binding
epidermal growth factor.31 MMP-7 acts intracellularly in the intestine to process
procryptidins to bactericidal forms.

Studies have examined MMP-2, MMP-7, MMP-9 and TIMP-1 in dysregulated turnover of
connective tissue matrices in tonsillar specimens from children with recurrent tonsillitis and
undergoing tonsillectomy. MMP-7 level of the superficial part and MMP-9 level at both the
superficial and core regions were higher in patients with grade I11 and IV than patients with
grade I and Il tonsillar hypertrophy. The balance between MMP-7 and -9 and TIMP-1
activities tended to shift toward the MMP-7 and -9 side with increased tonsillar grade. The
presence of MMPs in tonsil tissue suggested a role of degraded ECM proteins in the
pathophysiology of chronic tonsillitis. The specific increases in MMP-7 and -9 activities
suggest that they are the main promoters of ECM degradation that responded to
inflammatory changes in the tonsillar tissue.128 MMP-7 has also been described as a useful
biomarker for idiopathic pulmonary fibrosis.116

MMP-7 may play a role in cancer development and metastasis. Serum levels of anti-MMP-7
antibody are higher in patients with oral squamous cell carcinoma, and those with poorly
differentiated tumors have more MMP-7 antibody than those with well to moderate tumor.
Patients with oral squamous cell carcinoma at late tumor-lymph node-metastasis (TNM)
stages (111, 1) and lymph node metastases have higher serum MMP-7 antibody levels than
those at earlier stages (I, 11). Serum MMP-7 antibody positivity independently predicted
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poor overall survival in patients with oral squamous cell carcinoma. MMP-7 mRNA and
protein expression increased in tumor tissues from patients with oral squamous cell
carcinoma and high serum MMP-7 antibody. These findings suggested that serum anti-
MMP-7 antibody might be useful as a diagnostic and prognostic biomarker for oral
squamous cell carcinoma.12®

MMP-26—MMP-26, also known as matrilysin-2 or endometase, has a gene locus on
chromosome 11p15. The chromosomal location of the MMP-26 gene shows that it maps to
the short arm of chromosome 11, a location distinct from that of other MMP genes.130 The
cDNA encoding MMP-26 was cloned from fetal cDNA. The deduced 261-amino-acid
sequence is homologous to macrophage metalloelastase. It includes only the minimal
characteristic features of the MMP family: a signal peptide, a prodomain and a catalytic
domain.131 As with MMP-7, MMP-26 lacks the hemopexin domain, believed to be involved
in substrate recognition, and also the hinge region.13% The amino acid sequence of MMP-26
also contains a threonine residue adjacent to the Zn%*-binding site that is a specific feature of
matrilysin.130 MMP-26 mRNA is specifically expressed in the placenta and uterus.
Recombinant MMP-26 demonstrates proteolytic activity toward several substrates including
type 1V collagen, B-casein, fibrinogen, fibronectin, gelatin, and vitronectin.130-132 MMP-26
also activates proMMP-9 (gelatinase B).130 MMP-26 mRNA is also detected in human cell
lines such as HEK 293 kidney cells and HFB1 lymphoma cells, and is widely expressed in
malignant tumors from different sources as well as in multiple tumor cell lines. MMP-26 is
also expressed in cancer cells of epithelial origin, including carcinomas of the lung, prostate
and breast.132:133 The broad proteolytic activity and distribution of MMP-26 in different cell
lines suggest that it may play a role in tissue-remodeling events associated with angiogenesis
and tumor progression.130.132

MMP-26 expression may be linked to tumor invasion induced by granulocyte-macrophage
colony-stimulating factor (GM-CSF). GM-CSF promotes tumor progression in different
tumor models, and is associated with highly angiogenic and invasive tumors. In colon
adenocarcinoma, GM-CSF overexpression and treatment reduces tumor cell proliferation
and tumor growth /n7 vitro and in vivo, but contributes to tumor progression, tumor invasion
into the surrounding tissue, and induction of an activated tumor stroma. Enhanced GM-CSF
expression is also associated with a discontinued basement membrane deposition likely due
increased expression/activity of MMP-2, -9, and -26. Treatment with GM-CSF blocking
antibodies reverses this effect. Expression of MMP-26 is predominantly located in pre- and
early-invasive areas suggesting that MMP-26 expression is an early event in promoting GM-
CSF dependent tumor invasion.134 Pancreatic adenocarcinoma is recognized for its early
aggressive local invasion and high metastatic potential. Patients with metastatic lymph nodes
had increased expression of MMP-26 in actual tumor samples, and the putative role of
MMP-26 as a marker of metastases warrants further studies.13> MMP-26 is negatively
regulated by TIMP-2 and -4, with TIMP-4 being more potent inhibitor of MMP-26 induced
tissue remodeling.136
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8.5 Membrane-Type MMPs

Membrane-Type MMPs (MT-MMPs) include four transmembrane MMPs, MMP-14, -15,
-16 and -24, and two glycosyl-phosphatidylinositol (GPI)-anchored MMPs, MMP-17 and
-25 (Table 1).8:° MT-MMPs have a furin-like pro-protein convertase recognition sequence at
the C-terminus of the propeptide. They are activated intracellularly and the active enzymes
are expressed on the cell surface. MT-MMPs have membrane anchoring domains and
display protease activity at the cell surface, and therefore they are optimal pericellular
proteolytic machines.137 All MT-MMPs except MT4-MMP (MMP-17) can activate
proMMP-2.13 MT1-MMP (MMP-14) activates proMMP-13 on the cell surface.138

MMP-14—MMP-14 or MT1-MMP has a gene locus on chromosome 14q11-q12. MMP-14
is one of four type | transmembrane proteins (MT1, 2, 3, and 5-MMP or MMP-14, -15, -16,
and -24, respectively). Type | MT-MMPs, MT1-, MT2-, MT3-, and MT5-MMPs have about
a 20-amino acid cytoplasmic tail following the transmembrane domain.13° MT1-MMP is
ubiquitously expressed, binds TIMP-2, activates MMP-2, and stimulates cell migration in
various cell types.140 MMP-14 is best known for its collagenolytic activity, digesting type |
(guinea pig), 1l (bovine), and 111 (human) collagens into characteristic 3/4 and 1/4 fragments.
MT1-MMP may also degrade cartilage proteoglycan, fibronectin, laminin-1, vitronectin, a1-
proteinase inhibitor and a.2-macroglobulin.8 The activity of MT1-MMP on type | collagen is
synergistically increased with co-incubation with MMP-2.8 MMP-2 is secreted as a
proenzyme (proMMP-2, progelatinase A) which is bound and activated on the surface of
normal and tumor cells. MT1-MMP induces activation of proMMP-2. In COS-1 cells, MT1-
MMP could induce cell-surface binding of proMMP-2, which is consequently processed to
an intermediate form. Processing from the intermediate to the fully active form is dependent
on MMP-2 concentration. Thus the MT1-MMP induced cell-surface binding concentrates
the MMP-2 intermediate form locally to allow autoproteolytic processing to the fully active
MMP-2 form.26 One difference between MT-MMPs and the other MMP family members is
the insertion of eight amino acids between strands Il and 111 in the catalytic domain. In
MT1-MMP, the best characterized of these enzymes to date, these residues consist of
(163)PYAYIREG(170). Characterization of the activity of the soluble forms toward peptides
and fibrinogen revealed that neither mutation nor deletion of residues 163-170 impaired
catalytic function, suggesting these residues have little influence on conformation of the
active site cleft. On the other hand, characterization of the kinetics of activation of pro-
MMP2 with and without its gelatin binding region by the mutants generated have shown that
efficient activation of proMMP-2 is, at least in part, through an interaction with residues
163-170 of MT1-MMP.13 Also, in a study using sandwich enzyme linked immunoassay
systems, the levels of MMP-1, -2, -13, MT1-MMP, and TIMP-1 were higher in homogenates
of human salivary gland carcinomas than non-neoplastic control salivary glands. Gelatin
zymography demonstrated that the activation ratio of the MMP-2 zymogen was higher in the
carcinomas than in the controls, and the pro-MMP-2 activation correlated directly with the
MT1-MMP/TIMP-2 ratio. Immunohistochemistry and /n situ zymography demonstrated
localization of MMP-2, MT1-MMP, and TIMP-2 to carcinoma cells. These findings suggest
that enhanced activation of pro-MMP-2 mediated by MT1-MMP is implicated in tumor
invasion and metastasis and that TIMP-2 may regulate pro-MMP-2 activation in salivary
gland carcinomas in part by inhibiting MMP-14.141
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In another study to examine the relation between expression of MT-MMPs and MMP-2,
which is one of the key proteinases in invasion and metastasis of various cancers, all head
and neck squamous cell carcinoma cell lines examined consistently expressed MT1-MMP
and MMP-2, but not MT2-MMP or MT3-MMP. Also, in the clinical specimens, there was a
correlation in coexpression of mMRNA and colocalization by immunohistochemistry for
MT1-MMP and MMP-2. Relative mRNA expression levels of MT1-MMP and MMP-2 in
the carcinoma tissues were higher than those of the control tissues. Both mRNA expression
and immunopositivity of MT1-MMP correlated with lymph node metastasis. The
localization of MMP-2 closely corresponded to that of MT1-MMP. These observations
suggest that MT1-MMP possesses a role as a determinant of lymph node metastasis, and that
concurrent expression of MT1-MMP and MMP-2 are involved in progression of head and
neck squamous cell carcinoma.142

MT1-MMP could be an important molecular tool for cellular remodeling of the surrounding
matrix. MT1-MMP-deficient mice show craniofacial dysmorphism, arthritis, osteopenia,
dwarfism, and fibrosis of soft tissues likely due to ablation of a collagenolytic activity that is
essential for modeling of skeletal and extraskeletal connective tissues. These observations
demonstrate the pivotal function of MT1-MMP in connective tissue metabolism.® MMP-14
may promote vulnerable plague morphology in mice, whereas TIMP-3 overexpression is
protective. High MMP-14 low TIMP-3 rabbit foam cells are more invasive and more prone
to apoptosis than low MMP-14 high TIMP-3 cells. Proinflammatory stimuli increase
MMP-14 and decrease TIMP-3 mRNA expression and protein levels in human
macrophages. Conversion to foam-cells with oxidized LDL is associated with increased
MMP-14 and decreased TIMP-3, independently of inflammatory mediators and partly
through post-transcriptional mechanisms. Within atherosclerotic plagques, MMP-14 is
prominent in foam-cells with either pro- or anti-inflammatory macrophage markers, whereas
TIMP-3 is present in less foamy macrophages and colocalized with CD206. MMP-14
positive macrophages are more abundant whereas TIMP-3 positive macrophages are less
abundant in plaques histologically designated as rupture prone. These findings suggest that
foam-cells with high MMP-14 low TIMP-3 expression are prevalent in rupture-prone
atherosclerotic plaques, independent of pro- or anti-inflammatory activation, and that
reducing MMP-14 activity and increasing TIMP-3 could be valid therapeutic approaches to
reduce plaque rupture and myocardial infarction.143

MT1-MMP has a major impact on invasive cell migration in both physiological and
pathological settings such as immune cell extravasation or metastasis of cancer cells.144
Surface-associated MT1-MMP is able to cleave components of ECM, which is a prerequisite
for proteolytic invasive migration. In a study of the mechanisms that regulate MT1-MMP
trafficking to and from the cell surface, three members of the RabGTPase family, Rab5a,
Rab8a and Rab14 were found to be crucial regulators of MT1-MMP trafficking and function
in primary human macrophages. Both overexpressed and endogenous forms show prominent
colocalization with MT1-MMP-positive vesicles, whereas expression of mutant constructs,
as well as siRNA-induced knockdown, reveal that these RabGTPases are crucial in the
regulation of MT1-MMP surface exposure, contact of MT1-MMP-positive vesicles with
podosomes, ECM degradation and proteolytic invasion of macrophages. Thus, Rab5a, Rab8a
and Rab14 are major regulators of MT1-MMP trafficking and invasive migration of human
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macrophages, and could be potential targets for manipulation of immune cell invasion.144 Of
note, MT1-MMP is overexpressed in malignant tumor tissues, including lung and stomach
carcinomas that contain activated MMP-2.145

MMP-15—MMP-15 or MT2-MMP has a gene locus on chromosome 16¢q13. MMP-15 is an
understudied member of the MMP family. Like MT1-MMP, MT2-MMP localizes on the cell
surface and mediates the activation of MMP-2,145 which is associated with tumor invasion
and metastasis.

MT-MMPs are essential for pericellular matrix remodeling in late stages of development, as
well as in growth and tissue homeostasis in postnatal life. A study has examined MT1-MMP
and MT2-MMP, and their roles in the process of placental morphogenesis in mice. The fetal
portion of the placenta, in particular the labyrinth, displays strong overlapping expression of
MT1-MMP and MT2-MMP, which is critical for syncytiotrophoblast formation and in turn
for fetal vessels. Disruption of trophoblast syncytium formation leads to developmental
arrest with only a few poorly branched fetal vessels entering the labyrinth causing
embryonic death at day 11.5. Knockdown of either MT1-MMP or MT2-MMP is crucial
during the development of the labyrinth. In contrast, knockdown of MT-MMP activity after
labyrinth formation is compatible with development to term and postnatal life. These
findings identify essential but interchangeable roles for MT1-MMP or MT2-MMP in
placental vasculogenesis, and suggest selective temporal and spatial MMP activity during
development of the mouse embryo.146

MMP-15 appears to be upregulated during colorectal tumorigenesis, with different
expression patterns. MMP-15 expression level increases from normal mucosa to
microadenomas, and immunofluorescence analysis showed a stromal localization of
MMP-15 in the early phases of neoplastic transformation.14” The mRNA and protein
expression of MMP-14, -15 and -16 are increased in supraglottic carcinoma tissues
compared to control adjacent non-neoplastic tissues. Expression of MMP-14, but not
MMP-15 and MMP-186, is markedly increased in the T3 and neck nodal metastasis groups
compared with the T1-2 group and the group without nodal metastasis. Also, MMP-14
mRNA and protein are higher in tumors at clinical stage I11-1V compared with stage I-11
tumors. Groups with high MMP-14 protein expression had a poorer prognosis than patients
with weak or negative expression of MMP-14. Thus while MMP-15 is expressed, MMP-14
appears to play a more dominant role in the tumor progression and may serve as prognostic
factor in patients with supraglottic carcinoma.148

A study examined the relation of expressions of MT1, MT2, and MT3-MMP to the invasion
and metastases in laryngeal cancer. The expression of MT1, MT2, and MT3-MMP was
higher in laryngeal cancer tissues than those in para-tumorous tissues and had a close
relationship with invasive depth. The expression of MT1-MMP was higher in patients with
metastatic lymph nodes than in patients without metastatic lymph nodes. Thus MT1, MT2,
and MT3-MMP play a role in the progression of laryngeal cancer, MT1-MMP may serve as
a reliable marker in estimating invasive and metastatic potency of laryngeal cancer, and
suppressing expressions of MT1, MT2, and MT3-MMP may inhibit the invasion and
metastases of laryngeal cancer.149
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MMP-16—MMP-16 or MT3-MMP has a gene locus on chromosome 8g21.3. MMP-16 is a
membrane bound protein with a cytoplasmic tail. As a type | MT-MMP, MMP-16 could
trnaform proMMP-2 to active MMP-2 and thereby facilitate tumor invasion. In human
cardiomyocyte progenitor cells, MMP-16 may activate MMP-2 and -9, which could in turn
facilitate undesired cell migration after targeted cell transplantation and potentially limit the
beneficial effects of cardiac regeneration. Treatment with MMP-16 siRNA or an MMP-16
blocking antibody blocked cell migration, suggesting that reducing MMP-16 expression/
activity could have beneficial effects in progenitor cell transplantation and cardiac
regeneration. %0

In patients with melanoma, increased expression of MMP-16 is associated with poor clinical
outcome, collagen bundle assembly around tumor cell nests, and lymphatic invasion. In
cultured WM852 melanoma cells derived from human melanoma metastasis, silencing of
MMP-16 resulted in cell-surface accumulation of the MMP-16 substrate MMP-14 (MT1-
MMP) as well as LLCAM cell adhesion molecule. When limiting the activities of these
trans-membrane protein substrates toward pericellular collagen degradation, cell junction
disassembly, and blood endothelial transmigration, MMP-16 supported nodular-type growth
of adhesive collagen-surrounded melanoma cell nests, steering cell collectives into
lymphatic vessels. These findings suggest that restricted collagen infiltration and limited
mesenchymal invasion are unexpectedly associated with the properties of the most
aggressive tumors, and reveal MMP-16 as a putative indicator of adverse melanoma
prognosis. 151

Other studies have suggested that transforming growth factor-p1 (TGF-p1) is involved in the
migration and metastases of bladder cancer by inducing epithelial-mesenchymal transition
and upregulation of MMP-16. These findings suggest and an association between TGF-B1,
MMP-16 and epithelial-mesenchymal transition, in the setting of tumor invasion and
metastasis in bladder cancer.152

MMP-16 enhances invasion of breast cancer cells. In MCF7 breast cancer cells, the
antitumoral and antiproliferative compound catalpol reduced MMP-16 activity and cell
proliferation, promoted apoptosis and increased the expression of miR-146a. These findings
suggested that miR-146a may control the expression of MMP-16, and that catalpol
suppresses proliferation and facilitates apoptosis of MCF7 breast cancer cells through
upregulating miR146a and downregulating MMP-16 expression.123 Likewise, miR-155 may
directly target MMP-16, and in turn reduce MMP-2 and -9 activities and as a result
efficiently inhibit migration of human cardiomyocyte progenitor cells, suggesting that
miR-155 could be used to improve local retention of progenitor cells after intramyocardial
delivery.150

Alveolarization requires coordinated ECM remodeling, and MMPs play an important role in
this process. Polymorphisms in MMP genes might affect MMP function in preterm lungs
and thus influence the risk of bronchopulmonary dysplasia. In a study in neonates with
bronchopulmonary dysplasia 9 single-nucleotide polymorphisms (SNPs) were sought in the
MMP-2, MMP-14 and MMP-16 genes. After adjustment for birth weight and ethnic origin,
the TT genotype of MMP-16 C/T (rs2664352) and the GG genotype of MMP-16 A/G
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(rs2664349) were found to protect from bronchopulmonary dysplasia. These genotypes were
also associated with a smaller active fraction of MMP-2 and a 3-fold-lower MMP-16 level in
tracheal aspirates. Further evaluation of MMP-16 expression during the course of normal
human and rat lung development showed relatively low expression during the canalicular
and saccular stages and a clear increase in both mRNA and protein levels during the alveolar
stage. In newborn rat models of arrested alveolarization the lung MMP-16 mRNA level was
less than 50% of normal. These findings suggest that MMP-16 may be involved in the
development of lung alveoli, and that MMP-16 polymorphisms may influence the
pulmonary expression and function of MMP-16 and the risk of bronchopulmonary dysplasia
in premature infants.154

MMP-17—MMP-17 or MT4-MMP has a gene locus in chromosome 12924.3. MMP-17 is
one of six human MT-MMPs, but unlike type | MT-MMPs, and as one of GPI anchor MT-
MMPs (MT4-MMP and MT6-MMP, or MMP-17 and -25, respectively) it does not positively
regulate proMMP-2 (pro-gelatinase A). In the mid-1990s, MMP-17 was cloned from a
human breast carcinoma cDNA library. The isolated cDNA contained an open reading frame
1554 bp long, encoding a polypeptide of 518 amino acids. The predicted amino acid
sequence displayed a similar domain organization as other MMPs, including a prodomain
with the activation locus, a Zn2+-binding site, and a hemopexin domain. In addition, it
contained a C-terminal extension, rich in hydrophobic residues and similar in size to those
present in other MT-MMPs. MT4-MMP also contains a nine-residue insertion between the
propeptide and the catalytic domain, which is a common feature of MT-MMPs and
stromelysin-3. This amino acid sequence insertion ends with the consensus sequence R-X-
R/K-R, which seems to be essential for the activation of these proteinases by furin. Unlike
MT1-, MT2-, MT3-, and MT5-MMPs which have about a 20-amino acid cytoplasmic tail
following the transmembrane domain, and similar to MMP-25, MMP-17 lacks the
cytoplasmic tail, and instead, has a GPI anchor, which confers MMP-17 (MT4-MMP) and
MMP-25 (MT6-MMP) a unique set of regulatory and functional mechanisms that separates
them from the rest of the MMP family.13% MT4-MMP shedding from the cell surface
appears to require an endogenous metalloproteinase.139

Discovered almost a decade ago, the body of work on GPI-MT-MMPs today is still limited
when compared to other MT-MMPs. Accumulating biochemical and functional evidence
also highlights their distinct properties.13” MMP-17 gene is expressed in a variety of human
tissues mainly leukocytes, colon, ovary, testis and the brain. The expression of MMP-17 in
leukocytes together with its membrane localization suggest that it could be involved in
activation of membrane-bound precursors of growth factors or inflammatory mediators such
as TNF-a.. GPI-MT-MMPs are highly expressed in human cancer, where they are associated
with tumor progression. MMP-17 transcripts are detected in all breast cancer cell lines,
suggesting a role in tumor development/progression.1°

MMP-24—MMP-24 or MT5-MMP maps to chromosome 20g11.2, a region frequently
amplified in tumors from diverse sources. A cDNA encoding MT5-MMP was identified and
cloned from a human brain cDNA library. The isolated cDNA encoded a polypeptide of 645
amino acids that displayed a similar domain organization as other MMPs, including a
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predomain with the activation locus, a Zn2*-binding site, and a hemopexin domain. The
deduced amino acid sequence contains a C-terminal extension, rich in hydrophobic residues
and similar in size to the equivalent domains identified in MT-MMPs. Immunofluorescence
and Western blot analysis of COS-7 cells transfected with the isolated cDNA revealed that
the encoded protein is localized in the plasma membrane. Northern blot analysis
demonstrated that MT5-MMP is predominantly expressed in brain, kidney, pancreas, and
lung. In addition, MT5-MMP transcripts were detected at high levels compared to normal
brain tissue in a series of brain tumors, including astrocytomas and glioblastomas. MMP-24
can cleave proMMP-2 (progelatinase A) into its active MMP-2 form. The catalytic domain
of MT5-MMP, produced in Escherichia coli as a fusion protein with glutathione S-
transferase, exhibits a potent proteolytic activity against proMMP-2, leading to the
generation of the Mr 62,000 active MMP-2. MT5-MMP may contribute to the activation of
proMMP-2 in tumor tissues, in which it is overexpressed, thereby facilitating tumor
progression.156

MT5-MMP was also isolated from mouse brain cDNA library. It is predicted to contain a
candidate signal sequence, a propeptide region with the highly conserved PRCGVPD
sequence, a potential furin recognition motif RRRRNKR, a zinc-binding catalytic domain, a
hemopexin-like domain, a 24-residue hydrophobic domain as a potential transmembrane
domain, and a short cytosolic domain. MT5-MMP is expressed in a brain-specific manner. It
is also highly expressed during embryonic development. In contrast to other MT-MMPs,
MT5-MMP tends to shed from cell surface as soluble proteinases, thus offering flexibility as
both a cell bound and soluble proteinase for ECM remodeling.157 In relation to its location
in the brain, MT5-MMP is co-expressed with N-cadherin in adult neural stem cells and
ependymocytes. N-cadherin mediates anchorage of neural stem cells to ependymocytes in
the adult murine subependymal zone and in turn modulates their quiescence. Importantly,
MT5-MMP regulates adult neural stem cell functional quiescence by cleaving and shedding
of the N-cadherin ectodomain, supporting that the proliferative status of stem cells can be
dynamically modulated by regulated cleavage of cell adhesion molecules.1%8

MMP-24 is neuron-specific, and is believed to contribute to neuronal circuit formation and
plasticity. MT5-MMP cleaves N-cadherin, a protein critical to synapse stabilization, and
studies have shown time- and injury-dependent expression of MT5-MMP and N-cadherin
during reactive synaptogenesis following neural injury.15® MMP-24 deficient mice do not
develop neuropathic pain with mechanical allodynia and do no show sprouting and invasion
of Abeta-fiber after sciatic nerve injury. These findings suggest that MT5-MMP is essential
for the development of mechanical allodynia and plays an important role in neuronal
plasticity.160

MMP-24 is an essential modulator of neuro-immune interactions in thermal pain
stimulation, and a mediator of peripheral thermal nociception and inflammatory
hyperalgesia. MT5-MMP is expressed by CGRP-containing peptidergic nociceptors in
dorsal root ganglia. MMP-24-deficient mice display enhanced sensitivity to noxious thermal
stimuli under basal conditions, but do not develop thermal hyperalgesia during
inflammation, a phenotype that appears associated with alterations in N-cadherin-mediated
cell-cell interactions between mast cells and sensory fibers. These findings demonstrate an
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essential role of MT5-MMP in the development of dermal neuro-immune synapses and
suggest that it may be a target for pain control.161

In a study investigating the expression of MMPs in different grades of human breast cancer
tissues, MRNA expressions of MMP-1, -9, -11, -15, -24 and -25 were upregulated, while
MMP-10 and -19 were downregulated in breast cancer compared with normal breast tissues.
There was also a tumor grade-dependent increase in MMP-15 and -24 mRNA expression,
supporting that MMPs are differentially regulated in breast cancer tissues and that they
might play various roles in tumor invasion, metastasis and angiogenesis.162

MMP-25—MMP-25 or MT6-MMP has a gene locus on chromosome 16p13.3. MMP-25 is
one of the least studied members of the MMP family.140 MMP25 is a GPI-anchored MMP
that is highly expressed in leukocytes and some cancer tissues. Natural MT6-MMP is
expressed on the cell surface as a major reduction-sensitive form of ~120 kDa species, likely
representing enzyme homodimers held by disulfide bridges. The stem region of MT6-MMP
contains three cysteine residues at positions 530, 532, and 534 which may contribute to
dimerization. A systematic site-directed mutagenesis study of the Cys residues in the stem
region shows that Cysss, is involved in MT6-MMP dimerization by forming an
intermolecular disulfide bond. Mutagenesis data also suggest that Cysszg and Cyssz4 form
an intramolecular disulfide bond. Dimerization is not essential for transport of MT6-MMP to
the cell surface, partitioning into lipid rafts or cleavage of al1-proteinase inhibitor.
Monomeric forms of MT6-MMP exhibited enhanced autolysis and metalloprotease-
dependent degradation. These findings suggest that the stem region of MT6-MMP is a
dimerization interface, an event whose outcome lends protease stability to the protein.163

MT6-MMP is present in lipid rafts and faces inward in living human polymorphonuclear
leukocytes (PMNS), but translocates to the cell surface during neutrophil apoptosis. PMNs
express high levels of MT6-MMP. MT6-MMP is present in the membrane, granules and
nuclear/endoplasmic reticulum/Golgi fractions of PMNs where it is displayed as a disulfide-
linked homodimer of ~120 kDa. Stimulation of PMNSs results in secretion of active MT6-
MMP into the supernatants. Membrane-bound MT6-MMP, conversely, is located in the lipid
rafts of resting PMNSs and stimulation does not alter this location. Interestingly, living PMNs
do not display MT6-MMP on the cell surface. However, induction of apoptosis induces
MT6-MMP relocation on PMNSs’ cell surface.164 Because of its localization in PMNs,
MMP-25 may play a role in respiratory burst and IL-8 secretion.164

To further assess the biochemical features of MT6-MMP, studies have expressed the MT6-
MMP construct tagged with a FLAG tag in breast carcinoma MCF-7 and fibrosarcoma
HT1080 cells. Phosphatidylinositol-specific phospholipase C was then used to release MT6-
MMP from the cell surface and the solubilized MT6-MMP fractions were characterized. It
was found that cellular MT6-MMP partially exists in a complex with TIMP-2. Both TIMP-1
and TIMP-2 are capable of inhibiting the proteolytic activity of MT6-MMP. MT6-MMP
does not stimulate cell migration. MT6-MMP, however, generates an adequate level of
gelatinolysis of fluorescein isothiocyanate-labeled gelatin and exhibits an intrinsic, albeit
low, ability to activate MMP-2. As a result, it is exceedingly difficult to record the activation
of MMP-2 by cellular MT6-MMP. Because of its lipid raft localization, cellular MT6-MMP
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is inefficiently internalized. MT6-MMP is predominantly localized in the cell-to-cell
junctions. MT6-MMP has been suggested to play a role in autoimmune multiple sclerosis
and cancer, but its physiologically relevant cleavage targets remain to be determined.140
MT6-MMP mRNA expression is elevated in several human cancers including brain
(anaplastic astrocytomas and glioblastomas), colon, urothelial, and prostate cancers.137:165
MT6-MMP mRNA expression was identified in colon cancer,16% and immunohistochemical
studies confirmed the presence of MT6-MMP in samples of invasive colon cancer.166 While
MT6-MMP protein is absent in normal colonic epithelium it is highly expressed in invasive
adenocarcinomas in 50 out of 60 cases examined.166

8.6 Other MMPs

Other MMPs include MMP-12, -19, -20, -21, -22, -23, -27, and -28

MMP-12—MMP-12 or macrophage metalloelastase has a gene locus on chromosome
11922.3. As indicated by its name, MMP-12 degrades elastin and is highly expressed by
macrophages and other stromal cells. MMP-12 is essential for macrophage migration,167
and is also found in hypertrophic chondrocytes and osteoclasts.168.169 |nterferon-a. (IFN-a)
is essential for antiviral immunity, but in the absence of MMP-12 or IxBa (encoded by
NFKBIA), IFN-a is retained in the cytosol of virus-infected cells and is not secreted,
suggesting that the export of IFN-a from virus-infected cells require activated MMP-12 and
IxBa. The inability of cells in MMP-12 KO mice to express IxBa and thus export IFN-a
makes coxsackievirus type B3 infection lethal and renders respiratory syncytial virus more
pathogenic. It has been suggested that after macrophage secretion, MMP-12 is transported
into virus-infected cells. In HeLa cells MMP-12 is translocated to the nucleus, where it
binds to the NFKBIA promoter, driving NFKBIA transcription, and leading to IFN-a
secretion and host protection. On the other hand, extracellular MMP-12 cleaves off the IFN-
a receptor 2 binding site of systemic IFN-a., preventing an unchecked immune response.
Consistent with a role for MMP-12 in clearing systemic IFN-a, treatment of coxsackievirus
type B3-infected wild-type mice with a membrane-impermeable MMP-12 inhibitor elevates
systemic IFN-a levels and reduces viral replication in the pancreas while sparing
intracellular MMP-12, suggesting that inhibiting extracellular MMP-12 could be a new
avenue for antiviral treatment.170

MMP-12 plays a role in airway inflammation and remodeling. MMP-12 expression is
increased in the lungs of asthmatic patients. Compound 27 is a potent and selective inhibitor
of MMP-12 that is orally efficacious in a mouse model of MMP-12 induced ear-swelling
inflammation, and may be a candidate drug for treatment of asthma.171

MMP-12 may affect the blood-brain barrier after cerebral ischemia. In rats subjected to
middle cerebral artery occlusion and reperfusion, MMP-12 was upregulated ~31-, 47-, and
66-fold in rats subjected 1-, 2-, or 4-hour ischemia, respectively, followed by 1-day
reperfusion. MMP-12 suppression by infusion of nanoparticles of MMP-12 shRNA-
expressing plasmid protected the blood-brain barrier integrity by inhibiting the degradation
of tight-junction proteins, and reduced the percent Evans blue dye extravasation and infarct
size. MMP-12 suppression reduced the levels of the other endogenous proteases tissue-type
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plasminogen activator and MMP-9, which are key players in blood-brain barrier damage.
These findings demonstrate the adverse role of MMP-12 in acute brain damage after
ischemic stroke and suggest that MMP-12 suppression could be a therapeutic target for
cerebral ischemia.172

Studies have examined possible correlation between the expression of MMPs in the primary
tumor of head and neck squamous cell carcinomas and the presence of extracapsular spread
in cervical nodes metastasis. MMP-2, -3, -12, and -14 were expressed in 27, 47.5, 55, and
57.5 % of cases, respectively. MMP-12 expression was associated with extracapsular spread
and correlated with nodal metastasis. MMP-12 expressed in the primary tumor may be a
molecular marker for predicting extracapsular spread in head and neck squamous cell
carcinomas patients with metastatic nodal disease.1”3

MMP-19—MMP-19 or RASI-1 or stromelysin-4 has a gene locus on chromosome 12q14.
The catalytic domain of MMP-19 can hydrolyze the basement membrane type 1V collagen,
laminin, and nidogen, as well as the large tenascin-C isoform, fibronectin, and type | gelatin
in vitro, suggesting that MMP-19 is a potent proteinase capable of hydrolyzing a broad
range of ECM components. Neither the catalytic domain nor the full-length MMP-19 can
degrade triple-helical collagen. Also, the MMP-19 catalytic domain can process proMMP-9
to its active form, but may not activate other latent forms of MMPs such as MMP-1, -2, -3,
-13, and -14 Jn vitro1™

MMP-19 is a potent basement membrane-degrading enzyme that plays a role in tissue
remodeling, wound healing and epithelial cell migration by cleaving laminin-5-2
chain.175-178 Angiogenesis is the process of forming new blood vessels from existing ones
and requires degradation of the vascular basement membrane and remodeling of ECM in
order to allow endothelial cells to migrate and invade the surrounding tissue. Angiostatin, a
proteolytic fragment of plasminogen, is a potent antagonist of angiogenesis that inhibits
migration and proliferation of endothelial cells. MMP-19 may exhibit anti-angiogenic
effects on endothelial cells by processing human plasminogen in a characteristic cleavage
pattern to generate three angiostatin-like fragments with a molecular weight of 35, 38, and
42 kDa, that decrease the phosphorylation of c-met, inhibit the proliferation of human
microvascular endothelial cells and reduce formation of capillary-like structures.1’®

Idiopathic pulmonary fibrosis is a progressive interstitial lung disease characterized by
aberrant activation of epithelial cells that induce the migration, proliferation and activation
of fibroblasts. The resulting distinctive fibroblastic/myofibroblastic foci are responsible for
the excessive ECM production and abnormal lung remodeling. MMP-19-deficient mice
develop an exaggerated bleomycin-induced lung fibrosis. Microarray analysis of MMP-19-
deficient lung fibroblasts revealed the dysregulation of several profibrotic pathways,
including ECM formation, migration, proliferation, and autophagy. Compared with wild-
type mice, MMP-19-deficient lung fibroblasts show increased a.1 (1) collagen gene and
collagen protein levels at baseline and after TGF-f treatment and increased smooth muscle-
a actin expression. MMP-19-deficient lung fibroblasts also show an increase in
proliferation, transmigration and locomotion over Boyden chambers coated with type |
collagen or Matrigel. Thus, in lung fibroblasts, MMP-19 has strong regulatory effects on the
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synthesis of key ECM components, on fibroblast to myofibroblast differentiation, and in
migration and proliferation.180

Bleomycin-induced lung fibrosis was evaluated in MMP-19-deficient and wild-type (WT)
mice. Laser capture microscope followed by microarray analysis revealed MMP-19 in
hyperplastic epithelial cells adjacent to fibrotic regions. MMP-19-deficient mice showed
increased lung fibrotic response to bleomycin compared with WT mice. A549 alveolar
epithelial cells transfected with human MMP-19 stimulated wound healing and cell
migration, whereas silencing MMP-19 had the opposite effect. Gene expression microarray
of transfected A549 cells showed prostaglandin-endoperoxide synthase 2 (PTGS2) as one of
the highly induced genes. PTGS2 was overexpressed in idiopathic pulmonary fibrosis lungs
and colocalized with MMP-19 in hyperplastic epithelial cells. PTGS2 was increased in
bronchoalveolar lavage and lung tissues after bleomycin-induced fibrosis in WT mice, but
not MMP-19-deficient mice. Inhibition of MMP-19 by siRNA resulted in reduction of
PTGS2 mRNA and protein level. These findings suggest that during lung injury up-
regulation of MMP-19 may protect against fibrosis through the induction of PTGS2.181

Liver fibrosis is characterized by the deposition and increased turnover of ECM. MMP-19 is
highly expressed in liver, and its role during the development and resolution of liver fibrosis
was studied in MMP-19-deficient and wild-type mice exposed to chronic carbon
tetrachloride intoxication. Loss of MMP-19 was beneficial during liver injury, as plasma
ALT and AST levels, deposition of fibrillar collagen, and phosphorylation of SMAD3, a
TGF-ss1 signaling molecule, were reduced. The ameliorated course of the disease in
MMP-19-deficient mice likely results from a slower rate of basement membrane destruction
and ECM remodeling as the knockout mice maintained higher levels of type IV collagen and
lower expression and activation of MMP-2. Liver regeneration upon removal of the toxin
was also hastened in MMP-19-deficient mice. MMP-19-deficiency may decrease the
development of hepatic fibrosis through decreased replacement of physiological ECM with
fibrotic deposits in the beginning of the injury.182

MMP-19 mRNA is widely expressed in the synovium of normal and rheumatoid arthritic
patients. MMP-19 cleaves aggrecan and cartilage oligomeric matrix protein, two of the
macromolecules characterizing the cartilage ECM, supporting that MMP-19 may participate
in the degradation of aggrecan and cartilage oligomeric matrix protein in arthritic disease.1”>

Patients with a congenital cavitary optic disc anomaly (CODA) have profound excavation of
the optic nerve resembling glaucoma. A recent study mapped the gene that causes
autosomal-dominant CODA in a large pedigree to a chromosome 12q locus. Comparative
genomic hybridization and quantitative PCR analysis of this pedigree identified a 6-Kbp
heterozygous triplication upstream of the MMP-19 gene, present in all 17 affected family
members, but not normal members. The same 6-Kbp triplication was identified in one of 24
unrelated CODA patients and in none of 172 glaucoma patients. Analysis with a Luciferase
assay showed that the 6-Kbp sequence has transcription enhancer activity. A 773-bp
fragment of the 6-Kbp DNA segment increased downstream gene expression 8-fold,
suggesting that triplication of this sequence may lead to dysregulation of the downstream
MMP-19 gene in CODA patients. Immunohistochemical analysis of human donor eyes
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revealed strong expression of MMP-19 in optic nerve head. These findings suggest that
triplication of an enhancer may lead to overexpression of MMP-19 in the optic nerve that
causes CODA.183

MMP-19 may play a role in cancer. MMP-19 deficient mice develop diet-induced obesity
due to adipocyte hypertrophy, but are less susceptible to skin cancers induced by chemical
carcinogens.184 In patients with gallbladder carcinoma loss of expression of the tumor
suppressor N-myc downstream-regulated gene 2 (NDRG2) was an independent predictor of
decreased survival and was associated with a more advanced T stage, higher cellular grade,
and lymphatic invasion. Gallbladder carcinoma cells with loss of NDRG2 expression
showed enhanced proliferation, migration, and invasiveness /n vitro, and tumor growth and
metastasis /n vivo. Loss of NDRG2 induced the expression of MMP-19, which regulated the
expression of Slug at the transcriptional level. MMP-19-induced Slug, increased the
expression of a receptor tyrosine kinase, Axl, which maintained Slug expression through a
positive feedback loop, and stabilized epithelial-mesenchymal transition of gallbladder
carcinoma cells. NDRG2 could be a favorable prognostic indicator and promising target for
therapeutic agents against gallbladder carcinoma, and the effects of NDRG2 could be related
to suppression of MMP-19.185

MMP-19 appears to be upregulated during colorectal tumorigenesis, with different
expression patterns. Increased MMP-19 mRNA expression and protein levels were observed
in the progression of colonic lesions, and MMP-19 staining increased in the normal mucosa-
microadenoma-carcinoma sequence. 4’

MMP-19 may play a role in non-small cell lung cancer. MMP-19 gene expression and
protein levels are increased in lung cancer tumors compared with adjacent normal lung
tissues. Increased MMP-19 gene expression conferred a poorer prognosis in non-small cell
lung cancer. Overexpression of MMP-19 promotes epithelial-mesenchymal transition,
migration, and invasiveness in multiple non-small cell lung cancer cell lines. Also, miR-30
isoforms, a microRNA family predicted to target MMP-19, are down-regulated in human
lung cancer. Thus MMP-19 may be associated with the development and progression of non-
small cell lung cancer and may be a potential biomarker of disease severity and outcome.186

On the other hand, MMP-19 may be one of the MMPs downregulated in the nasopharyngeal
carcinoma cell lines. Allelic deletion and promoter hypermethylation may contribute to
MMP-19 downregulation. Comparative studies of the wild-type and the catalytically inactive
mutant MMP-19 suggest that the catalytic activity of MMP-19 may play a role in antitumor
and anti-angiogenesis activities. In the /n vivo tumorigenicity assay, MMP-19 transfectants
suppress tumor formation in only in the wild-type, but not mutant, nude mice. In the in vitro
colony formation assay, WT MMP-19 reduced colony-forming ability of nasopharyngeal
carcinoma cell lines, when compared to the inactive mutant. In the tube formation assay of
human umbilical vein endothelial cells and human microvascular endothelial cells, secreted
WT MMP-19, but not mutant MMP-19, caused reduction of tube-forming ability in
endothelial cells and decreased VEGF in conditioned media. The anti-angiogenic activity of
WT MMP-19 is correlated with suppression of tumor formation. Thus the catalytic activity
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of MMP-19 may be essential for its tumor suppressive and anti-angiogenic effects in
nasopharyngeal carcinoma.187

MMP-20—MMP-20 is also known as enamelysin. The human enamelysin gene maps to
chromosome 11922, clustered to at least seven other members of the MMP gene family.
Enamelysin is a tooth-specific MMP expressed in newly formed tooth enamel.188 MMP-20
is specifically expressed by ameloblasts and odontoblasts of dental papilla, and hence its
name—enamelysin. A cDNA encoding MMP-20 was cloned from RNA prepared from
human odontoblastic cells. The open reading frame of the cloned cDNA codes for a
polypeptide of 483 amino acids. Human enamelysin has a domain organization similar to
other MMPs, including a signal peptide, a prodomain with the conserved motif PRCGVPD
involved in maintaining enzyme latency, a catalytic domain with a Zn2*-binding site, and a
C-terminal fragment similar to the sequence of hemopexin. The calculated molecular mass
of human enamelysin is about 54 kDa, which is similar to that of collagenases or
stromelysins. However, human MMP-20 lacks a series of structural features distinctive of
subfamilies of MMPs. MMP-20 contains a very basic hinge region compared to the
hydrophobic hinge region of stromelysins and the acidic hinge region of MMP-19. The full-
length human enamelysin cDNA has been expressed in Escherichia coli, and the purified and
refolded recombinant protein degrades synthetic peptides used as substrates of MMPs. The
recombinant human enamelysin also degrades amelogenin, 188 the major protein component
of the enamel matrix. On the basis of its degrading activity on amelogenin, and its highly
restricted expression to dental tissues, it was suggested that human enamelysin plays a
central role in tooth enamel formation.189

Enamelysin is expressed during the early through middle stages of enamel development. The
enamel matrix proteins amelogenin, ameloblastin, and enamelin are also expressed during
this developmental time period, suggesting that enamelysin may be involved in their
hydrolysis. Amelogenin imperfecta is a genetic disorder with defective enamel formation
involving mutation at MMP-20 cleavage sites.2%0 Enamelysin null mice show severe
amelogenesis imperfecta tooth phenotype that does not process amelogenin properly, altered
enamel matrix and rod pattern, hypoplastic enamel that delaminates from the dentin, and a
deteriorating enamel organ morphology as development progresses. These findings support
that enamelysin activity is essential for proper enamel development.191

MMP-20 also hydrolyses aggrecan efficiently at the well-described MMP cleavage site
between residues Asn(341) and Phe(342). MMP-20 also cleaves cartilage oligomeric matrix
protein in a distinctive manner, generating a major proteolytic product of 60 kDa. Due to the
unique expression pattern of MMP-20, it may primarily be involved in the turnover of
aggrecan and cartilage oligomeric matrix protein during tooth development.17®

MMP-21—MMP-21 also known as Xenopus-MMP has a genetic code on chromosome 1,31
in contrast to the normal 11q location of other MMPs. MMP-21 is an MMP with measurable
gelatinolytic activity expressed in various fetal and adult tissues, macrophages of
granulomatous skin lesions, fibroblasts in dermatofibromas, and basal and squamous cell
carcinomas.192:193 MMP-21 may play a role in embryogenesis and tumor progression and
could be a target of the Wnt, Pax, and Notch signaling pathways. MMP-21 mRNA was
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detected in mouse embryos aged 10.5, 12.5, 13.5, and 16.5 days, and in various adult murine
organs. In both humans and mice, MMP-21 has been detected in the epithelial cells of
developing kidney, intestine, neuroectoderm, and skin, but not in normal adult skin.
MMP-21 is present in invasive cancer cells of aggressive basal and squamous cell
carcinomas, but not in skin disorders characterized by mere keratinocyte hyperproliferation.
TGF-p1 induced MMP-21 in HaCaTs and keratinocytes 7 vitro. MMP-21 expression is
temporally and spatially tightly controlled during development. Unlike many classical
MMPs, MMP-21 is present in various normal adult tissues. Among epithelial MMPs,
MMP-21 has a unique expression pattern in cancer.193

MMP-21 could be an indicator of poor prognosis for certain types of cancer. Increased
MMP-21 expression in metastatic lymph nodes may predict unfavorable prognosis and
overall survival for oral squamous cell carcinoma patients with lymphatic metastasis.1%4
MMP-21 expression is increased in esophageal squamous cell carcinoma, and is associated
with tumor invasion, lymph node metastasis, and distant metastasis. Patients with tumors of
positive MMP-21 staining tend to have worse overall survival. Multivariate analysis showed
that MMP-21 was an independent prognostic factor for overall survival in patients with
esophageal squamous cell carcinoma. These findings support a role of MMP-21 in tumor
progression and prognosis of human esophageal squamous cell carcinoma.19°

MMP-21 expression is higher in colorectal cancer compared with that in normal epithelial
tissue. MMP-21 expression correlates with tumor invasion, lymph node metastasis, and
distant metastasis of colorectal cancer. MMP-21 may also be an independent prognostic
factor in patients with stage 11 and 111 colorectal cancer.196

Merkel cell carcinoma is an aggressive cutaneous tumor with increasing incidence and poor
outcome, and shows differential expression pattern of MMPs. MMP-28 was observed in
tumor cells of 15/44 samples especially in tumors <2 cm in diameter while 21/44 specimens
showed MMP-28 in the tumor stroma. Expression of MMP-21 was demonstrated in tumor
cells of 13/43 samples. MMP-26 was positive in stromal cells (17/44) and its expression
associated with tumors > 2 cm in diameter. Stromal expression of MMP-10 was the most
frequent finding of the studied samples (31/44), and MMP-10 was detected also in tumor
cells (17/44). Most of the metastatic lymph nodes expressed MMP-10 and MMP-26.
MMP-10, MMP-21, and MMP-28 mRNAs and corresponding proteins were basally
expressed by the UISO cells. IFN-a and TNF-a downregulated MMP-21 and MMP-28
expression. These findings suggest that MMP-26 expression in stroma is associated with
larger tumors with poor prognosis. Expression of MMP-21 and MMP-28 seems to associate
with the tumors of less malignant potential. The study also confirms the role of MMP-10 in
the pathogenesis of Merkel cell carcinoma.197

Pancreatic adenocarcinoma shows early aggressive local invasion and high metastatic
potential, and therefore a low 5-year survival rate. MMP-21 was expressed in well-
differentiated cancer cells and occasional fibroblasts, but tended to diminish in intensity
from grade | to grade I11 tumors. All cultured cancer cell lines expressed MMP-21 basally at
low levels. MMP-21 expression was induced by epidermal growth factor in PANC-1 cells.
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Thus MMP-21 may not be a marker of invasiveness, but rather of differentiation, in
pancreatic cancer, and may be upregulated by epidermal growth factor.13%

MMP-22—MMP-22 also known as chicken-MMP has a gene locus on chromosome 1p36.3.
The terminal end of the short arm of human chromosome 1, 1p36.3, is frequently deleted in
a number of tumors and is believed to be the location of multiple tumor suppressor genes.
MMP-21 and MMP-22 genes have been identified in the Cdc2L1-2 locus, which spans
approximately 120 kb on 1p36.3. These genes encode MMPs that contain prepro, catalytic,
cysteine-rich, IL-1 receptor-related, and proline-rich domains. Their catalytic domains are
most closely related to stromelysin-3 and contain the consensus HEXXH Zn2*-binding
region required for enzyme activation, while their cysteine-rich domains appear to be related
to a number of human, mouse, and Caenorhabditis elegans MMP sequences. These MMPs
lack the highly conserved cysteine residue in the proenzyme domain, the so-called “cysteine
switch,” which is involved in the autocatalytic activation of many MMPs. The MMP21/22
genes express multiple mRNAS, some of which are derived by alternative splicing, in a
tissue-specific manner.198

MMP-23—MMP-23 or cysteine array (CA)-MMP has a gene locus on chromosome 1p36.3.
A cDNA encoding MMP-23 has been cloned from an ovary cDNA library. This protein
exhibits sequence similarity with MMPs, but displays a different domain structure. MMP-23
lacks a recognizable signal sequence and has a short prodomain, although it contains a single
cysteine residue that can be part of the cysteine-switch mechanism operating for maintaining
enzyme latency. Whereas all human MMPs, with the exception of matrilysin, contain four
hemopexin-like repeats, the C-terminal domain of MMP-23 is considerably shortened and
shows no sequence similarity to hemopexin. MMP-23 is devoid of structural features
distinctive of the diverse MMP subclasses, including the specific residues located close to
the ZnZ*-binding site in collagenases, the transmembrane domain of membrane-type MMPs,
or the fibronectin-like domain of gelatinases. MMP-23 is unique among MMPs as it lacks
the cysteine switch motif in the propeptide, and the hemopexin domain is substituted by
cysteine-rich immunoglobulin-like domains.199

MMPs are either secreted or membrane anchored via a type | transmembrane domain or a
GPI linkage. Lacking either membrane-anchoring mechanism, MMP-23 was reported to be
expressed as a cell-associated protein. MMP-23 is expressed as an integral membrane
zymogen with an N-terminal signal anchor, and secreted as a fully processed mature
enzyme. MMP-23 is a type Il membrane protein regulated by a single proteolytic cleavage
for both its activation and secretion.2* MMP-23 is predominantly expressed in ovary, testis,
and prostate, suggesting that it may have a specialized role in reproductive processes.199
Gene expression of MMP-23 is elevated and may promote invasiveness in MDA-MB-231
breast cancer cells.200

MMP-27—MMP-27 is a human MMP-22 homolog with a gene locus on chromosome
11924. MMP-27 is classified as a stromelysin and holds 51.6% structural homology with
MMP-10. MMP-27 is a poorly characterized and barely secreted MMP. Sequence
comparison suggests that a C-terminal extension includes a potential transmembrane domain
as in some MT-MMPs. Subcellular fractionation and confocal microscopy suggest retention
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of endogenous MMP-27 or recombinant rMMP-27 in the endoplasmic reticulum with locked
exit across the intermediate compartment. Conversely, truncated rMMP-27 without C-
terminal extension accessed downstream secretory compartments in endoplasmic reticulum
intermediate compartment and Golgi and was constitutively secreted. Neither endogenous
nor recombinant MMP-27 partitioned in the detergent phase after Triton X-114 extraction,
indicating that MMP-27 is not an integral membrane protein. Due to its unique C-terminal
extension, which does not lead to stable membrane insertion, MMP-27 is efficiently stored
within the endoplasmic reticulum until it is ready to be released.201

MMP-27 is expressed in B-lymphocytes and is overexpressed in cultured human
lymphocytes treated with anti-(1gG/IgM).202 MMP-27 is expressed in CD163+/CD206+ M2
macrophages in the cycling human endometrium and in superficial endometriotic lesions.
MMP-27 mRNA is detected throughout the menstrual cycle. MMP-27 mRNA levels are
increased from the proliferative to the secretory phase, to peak during the menstrual phase.
MMP-27 is immunolocalized in large isolated cells scattered throughout the stroma and
around blood vessels: these cells are most abundant at menstruation and are identified by
immunofluorescence as CD45(+), CD163(+) and CD206(+) macrophages. CD163(+)
macrophages are abundant in endometriotic lesions, and co-labelling for CD206 and
MMP-27 is observed in ovarian or peritoneal endometriotic lesions. Thus MMP-27 is
expressed in a subset of endometrial macrophages related to menstruation and in ovarian and
peritoneal endometriotic lesions.203 Several MMPs show a stronger expression in breast
cancer tissue compared to normal breast tissue. Of those, expression of MMP-27 is related
to tumor grade since it is higher in G3 compared to G2 tissue samples. MDA-MB-468 breast
cancer cell line show the strongest mMRNA and protein expression for most of the MMPs
studied. MMP-27 may be involved breast cancer development and tumor progression.294

MMP-28—MMP-28 or epilysin has a gene locus on chromosome 17¢g21.1. MMP-28 shows
high expression in the epidermis. Epilysin was first cloned from the human keratinocyte and
testis CDNA libraries.29%:206 |_jke most MMPs, the deduced 520-amino-acid sequence of
MMP-28 includes a signal peptide, a prodomain with an unusual cysteine-switch
PRCGVTD motif followed by the furin activation sequence RRKKR, a Zn*-binding
catalytic domain with an HEIGHTLGLTH sequence, a hinge-region and a hemopexin-like
domain, but no transmembrane sequence. Within the cysteine-switch, MMP-28 contains a
threonine residue at position 94, instead of a proline as in most MMPs. Also, compared to
the 10-12 amino acid stretch in other MMPs, a longer 22 residues follows the cysteine-
switch before the furin cleavage region. The MMP-28 gene uniquely mapped to
chromosome 17g11.2 includes 8 exons and 7 introns, and 5 exons are spliced at sites not
used by other MMPs. Also, exon 4 is alternatively spliced to a transcript that does not
encode the N-terminal half of the catalytic domain. Recombinant epilysin degrades casein in
zymography assay, and its proteolytic activity is inhibited by EDTA and the MMP inhibitor
batimastat. Immunohistochemical staining showed epilysin in the basal and suprabasal
epidermis of intact skin. In injured skin, epilysin staining is seen in basal keratinocytes both
at and some distance from the wound edge, a pattern distinct from that of other MMPs
expressed during tissue repair. Epilysin is expressed at high levels in testis and at lower
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levels in lungs, heart, intestine, colon, placenta, and brain. MMP-28 may function in several
tissues both in tissue homeostasis and in repair.205.206

The broad range of expression in normal adult and fetal tissues and in carcinomas suggests
important roles for MMP-28.207 Epilysin is expressed in a number of normal tissues,
suggestive of functions in tissue homeostasis. The mRNA expression of MMP-28 was
highest in healthy tissues when compared to subjects with chronic periodontitis and
aggressive periodontitis. The elevated MMP-28 level in healthy tissues support that it may
be involved in normal tissue homeostasis and remodeling, and its decreased levels could
serve as a biomarker for periodontal health.208

MMP-28 transcript and protein are expressed in rhesus monkey placenta during early
pregnancy. MMP-28 mRNA expression was shown by in situ hybridization after day 12 of
pregnancy, and both the syncytial and the cytotrophoblastic cell layers of placental villi, the
cytotrophoblast cells of the trophoblastic column, and the extravillous trophoblast cells of
trophoblastic shell were primary producers of MMP-28 transcript. Expression of MMP-28
MRNA was undetectable in the endovascular trophoblast cells, decidual cells, luminal and
glandular epithelium, arterioles, and myometrium. The restricted distribution pattern of
MMP-28 in the villous and extravillous trophoblasts during rhesus monkey early pregnancy
suggests a potential role in trophoblast invasion associated with embryo implantation.2%°

MMP-28 may regulate the inflammatory and ECM responses in cardiac aging. In a mouse
model of myocardial infarction (MI) of the left ventricle induced by permanent coronary
artery ligation, MMP-28 expression was decreased post-Ml, and its cell source shifted from
myocytes to macrophages. In MMP-28 KO mice, MMP-28 deletion increased day 7
mortality because of increased cardiac rupture post-MIl. MMP-28 KO mice exhibited larger
left ventricular volumes, worse left ventricular dysfunction, worse left ventricular
remodeling index, and increased lung edema. Plasma MMP-9 levels were unchanged in the
MMP-28 KO mice but increased in wild-type mice at day 7 post-MI. The mRNA levels of
inflammatory and ECM proteins were attenuated in the infarct regions of MMP-28 KO
mice, indicating reduced inflammatory and ECM responses. M2 macrophage activation was
impaired in MMP-28 KO mice. MMP-28 deletion also led to decreased collagen deposition
and fewer myofibroblasts. Collagen cross-linking was impaired as a result of decreased
expression and activation of lysyl oxidase in the infarcts of MMP-28 KO mice. These
findings suggest that MMP-28 deletion aggravated MI-induced left ventricular dysfunction
and rupture as a result of defective inflammatory response and scar formation by
suppressing M2 macrophage activation.210

Studies have examined the cellular location and putative function of MMP-19, MMP-26
(matrilysin-2), and MMP-28 (epilysin), in normal, inflammatory, and malignant conditions
of the intestine in tissue specimens from patients with ulcerative colitis and archival tissue
samples of ischemic colitis, Crohn’s disease, ulcerative colitis, colon cancer, and healthy
intestine. Unlike many classical MMPs, MMP-19, -26, and -28 were all expressed in normal
intestine. In inflammatory bowel disease, MMP-19 was expressed in honmigrating
enterocytes and shedding epithelium. MMP-26 was detected in migrating enterocytes, unlike
MMP-28. In colon carcinomas, MMP-19 and MMP-28 expression was downregulated in
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tumor epithelium. Staining for MMP-26 revealed a meshwork-like pattern between cancer
islets, which was absent from most dedifferentiated areas. These findings suggest that
MMP-19 is involved in epithelial proliferation and MMP-26 in enterocyte migration, while
MMP-28 expression is not associated with inflammatory and destructive changes seen in
inflammatory bowel disease. In contrast to previously characterized MMPs, MMP-19 and
MMP-28 are downregulated during malignant transformation of the colon and may play a
prominent role in tissue homeostasis.?11

MMP-28 is also elevated in cartilage from patients with osteoarthritis and rheumatoid
arthritis, 212,213

9. MMP/TIMP Ratio

TIMPs are endogenous, naturally occurring MMP inhibitors that bind MMPs in a 1:1
stoichiometry.%11 Four homologous TIMPs, TIMP-1, -2, -3 and -4, have been identified.
TIMP-1 and -3 are glycoproteins, while TIMP-2 and -4 do not contain carbohydrates.
TIMPs have poor specificity for a given MMP, and each TIMP can inhibit multiple MMPs
with different efficacies.214-216 A change in either TIMP or MMP levels could alter the
MMP/TIMP ratio and cause a net change in specific MMP activity.

10. CONCLUDING REMARKS

MMPs are involved in many biological processes and could be important biomarkers for
cardiovascular disease, musculoskeletal disorders, and cancer. One challenge to
understanding the role of specific MMPs in pathological conditions is that studies often
focus on few MMPs or TIMPs, and it is important not to generalize the findings to other
MMPs and TIMPs. Because tissue remodeling is a dynamic process, an increase in one
MMP in a certain region may be paralleled by a decrease of other MMPs in other regions.
Also, because of the differences in the proteolytic activities of MMPs towards different
substrates, the activities of MMPs may vary during the course of disease. This makes it
important to examine different MMPs and TIMPs in various tissue regions and at different
stages of the disease. Another challenge is that the topology of MMPs is well conserved,
making it difficult to design highly specific MMP inhibitors. Endogenous TIMPSs are not
very specific and often inhibit multiple MMPs. Likewise, synthetic MMP inhibitors have
poor selectivity and many biologic actions, and therefore often cause side effects.?1” New
synthetic MMP inhibitors are being developed, and their effectiveness in cardiovascular
disease and cancer needs to be examined. Another strategy is to develop specific approaches
to target MMPs locally in the vicinity of a localized pathology, and thus minimize
undesirable systemic effects.
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ABBREVIATIONS

BKca large conductance Ca2*-activated K+ channel
CXCR C-X-C chemokine receptor

ECM extracellular matrix

EDHF endothelium-derived hyperpolarizing factor
EMMPRIN extracellular matrix metalloproteinase inducer
ERK extracellular signal-regulated kinase

GPI glycosyl phosphatidylinositol

GM-CSF  granulocyte-macrophage colony-stimulating factor

HIF hypoxia-inducible factor

IL interleukin

IFN Interferon

IvC inferior vena cava

MAPK mitogen-activated protein kinase
MI myocardial infarction

miR microRNA

MMP matrix metalloproteinase

MT-MMP  membrane-type MMP

NF-xB nuclear factor kappa-light-chain-enhancer of activated B cells
PAR protease activated receptor

PMNs polymorphonuclear leukocytes

PDGF platelet-derived growth factor

Pl 3K phosphoinositide 3-kinase

RGD Arg-Gly-Asp

siRNA small interfering RNA

SNP single nucleotide polymorphism
TGF-B transforming growth factor-p

TIMP tissue inhibitor of metalloproteinases

TNF-a. tumor necrosis factor-a
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Fig. 1.

ngor MMPs subtypes and their structure. A typical MMP consists of a propeptide, a
catalytic metalloproteinase domain, a linker peptide (hinge region), and a hemopexin
domain. The propeptide has a cysteine switch PRCGXPD whose cysteine sulfhydryl (-SH)
group chelates the active site Zn2*, keeping the MMP in the latent proMMP zymogen form.
The catalytic domain contains the Zn2* binding motif HEXXHXXGXXH, two Zn2* ions
(one catalytic and one structural), specific S1, S2,...Snand S1”, S2”,...Sn” pockets, which
confer specificity, and two or three Ca2* ions for stabilization. Some MMPs show exceptions
in their structures. Gelatinases have 3 type-I1I fibronectin repeats in the catalytic domain.
Matrilysins have neither a hinge region nor a hemopexin domain. Furin-containing MMPs
such as MMP-11, 21 and 28 have a furin-like pro-protein convertase recognition sequence in
the propeptide C-terminus. MMP-28 has a slightly different cysteine switch motif
PRCGVTD. Membrane-type MMPs (MT-MMPs) typically have a transmembrane domain
and a cytosolic domain. MMP-17 and -25 have a glycosylphosphatidylinositol (GPI) anchor.
MMP-23 lacks the consensus PRCGXPD motif, has a cysteine residue located in a different
sequence ALCLLPA, may remain in the latent inactive proform through its type-11 signal
anchor, and has a cysteine-rich region and an immunoglobulin-like proline-rich region.
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Fig. 2.
MMP-substrate interaction. MMP-3 is used as an example, and slight variations in the

MMP-substrate-interaction and the positions of the conserved His and Glu may occur with
other MMPs. Only the MMP catalytic domain is illustrated, and the remaining part of the
MMP molecule is truncated by squiggles. A) In the quiescent MMP molecule, the catalytic
Zn2* is supported in the HEXXHXXGXXH-motif by binding to the imidazole rings of the 3
histidines His201, 205, 211. Additionally, the methionine-219 (Met219) in the conserved
XBMX Met-turn acts as a hydrophobic base to further support the structure surrounding the
catalytic Zn%*. In preparation of MMP for substrate binding, an incoming H,O molecule is
polarized between the MMP acidic Zn?* and basic glutamate-202 (Glu202). B) Using H*
from free H,0, the substrate carbonyl group binds to Zn2*, forming a Michaelis complex.
This allows the MMP S1, S2, S3, ...Sn pockets on the right side of Zn2* and the primed S1”,
S2’,S3’,...Sn” pockets on the left side of Zn%* to confer specific binding to the substrate
P1, P2, P3, ... Pnand the primed P1", P2, P3’, ... Pn” substituents, respectively. The MMP
pockets are organized such that the S1 and S3 pockets are located away from the catalytic
Zn2*, while the S2 pocket is closer to Zn2*. C) The substrate-bound H,O is freed, the Zn%*-
bound O from the Glu-bound H,0 executes a nucleophilic attack on the substrate carbon,
and the Glu202 extracts a proton from the Glu-bound H,0 to form an N-H bond with the
substrate N, resulting in a tetrahedral intermediate. D) Freed H,O is taken up again, and the
second proton from Glu-bound H,O is transferred to the substrate, forming an additional N-
H bond. As a result, the substrate scissile C-N bond breaks, thus releasing the N portion of
the substrate while the carboxylate portion of the substrate remains in an MMP-carboxylate
complex. Another H,O is taken up, thus releasing the remaining carboxylate portion of the
substrate, and the MMP is prepared to attack another substrate (A).

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 March 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Cuietal. Page 56

Cell Apoptosis

MMP-7, 9, 10, 14, 23, 25

Axonal Growth Embryogenesis
MMP-18 MMP-21, 27, 28
Angiogenesis \ / Immune Response
—_ v
MMP-2,16,19 Role of MMPs MMP-1, 12, 13, 14, 24, 25
In
Physiological
" P ——
MMP-1, 8, 10, 11, 19 Processes MMP-14, 15
4«
Wound Healing / Morphogenesis
MMP-23, 27 Most MMPs e.g. 3, 10, 13, 14, 22, 26, 28
Reproduction Tissue Remodeling
Menstruation MMP-20

|

Tooth Enamel Formation

Fig. 3.
Representative roles of MMPs in physiological processes.
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Representative roles of MMPs in pathological conditions. COPD, chronic obstructive

pulmonary disease; MI, myocardial infarction
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