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Preface

I entered the (not-yet-named) arena of matrix metalloproteinases 
(MMPs) in January of 1977, when I accepted a position as Instructor 
in Medicine in the laboratory of Dr. Edward (Ted) D. Harris, Jr., 
MD at Dartmouth Medical School. I had just completed a 4-year 
post-doctoral fellowship in Tumor Immunology, also at Dartmouth, 
and the field of collagenase was a complete mystery to me. Just prior 
to actually joining the lab, I attended a meeting where Ted hosted a 
visitor from the Strangeways Laboratory in Cambridge, England. 
The discussions were all about the biochemistry of collagenase. I was 
dumbfounded, understanding next to nothing.

At the time, the field was essentially still in its infancy. It was 
barely 15 years since Jerome Gross (Figure 0.1) had published his 
landmark paper on tadpole collagenase, and there were still only a 
handful of investigators in the field. Ted’s lab was small, with a 
nucleus of only three or four people. Slowly, I learned. I watched 
Carol Vater run gel filtration and DEAE columns, diligently purify-
ing “activator” of latent collagenase, which would ultimately be 
renamed “stromelysin” or “MMP-3”. David Woolley joined us one 
summer — as he used elegant immune fluorescent technology to 
demonstrate collagenase in human synovial fibroblasts cultured 
from tissues excised from patients. I busied myself making multinu-
cleated giant cells from rabbit synovial fibroblasts by treating the 
cells with polyethylene glycol (PEG), which somehow turned on the 
collagenase gene and mimicked the behavior of the giant cells found 
in rheumatoid synovial tissues. Soon, Hideaki Nagase arrived in 
Hanover to lead work on the synthesis and secretion of collagenase. 
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In those days, before the advent of today’s powerful targeted 
antirheumatologic therapies, synovectomies performed on patients 
with rheumatoid arthritis contained copious amounts of prolifera-
tive synovial tissue that could be cultured in vitro, and then used for 
enzyme purification or for studies on cell biology. We prepared 
guinea pig collagen as the substrate for our studies with human col-
lagenase — “bucket chemistry” at its very best. Acid extractions and 
salt precipitations, with everything kept at 4°C all the time! Warming 
could denature the collagen, making it unsuitable for use in our col-
lagenase assays. (Today, one simply orders purified collagen already 
prepared). Under Ted’s watchful and critical eye, we were a produc-
tive and close-knit group.

On one occasion, I met Jerry Gross, and he kindly invited me to 
Boston to give a seminar on my own work, which was still very 
much in its developmental stages. But Jerry was encouraging and 
kind, and I have never forgotten that visit. Then, in the early 1980s, 
Ted and Hideaki moved to the University of Medicine and Dentistry 

Figure 0.1.  Jerome Gross, MD, 1917–2014.
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Preface xi

of New Jersey, and Carol entered a PhD program. In 1983, I set up 
my own lab at Dartmouth. 

Even then, 20 years after Jerome Gross’ initial publication, inter-
est in “vertebrate collagenases” took a while to build. PubMed 
shows that in 1964 there were a mere 6 articles listed under this 
topic, 16 in 1965, and 24 in 1967. Exact numbers of citations are 
difficult to come by due to overlap in key words and misnomers with 
other enzymes that may have had some collagenolytic activity (e.g., 
cathepsins). The decade between 1970 and 1980 shows 1950 cita-
tions, and this climbs to over 4000 in the following 10 years, and to 
more than 11,600 from 1990 to 1999. Meanwhile, other enzymes 
(MMPs) that degraded other components of the extracellular matrix 
were discovered, fueling research in this area. The search terms for 
“gelatinase” and “stromelysin” first appeared in 1987, with two list-
ings, and “MMPs” was first found in 1980. How many enzymes 
were there? What were their substrates? Was their redundancy in 
their functions? What were their functions? Did they have roles in 
normal physiology or were their activities confined to pathological 
conditions? How were they regulated?

Interest in, and answers to, some of these questions occurred in 
concert with the growth of science and technology in many other 
areas of study. Over the past 35+ years, I have been privileged to 
witness (and hopefully contribute to) new knowledge in this impor-
tant arena. Advances in protein biochemistry, crystallography, 
molecular biology and gene expression, cell biology, and signal 
transduction have all been visited upon MMPs, just as they have 
been on other proteins and subjects of biology. 

By now, we have learned a good deal about the basic biology and 
biochemistry of MMPs. We know that they belong to a larger family 
called the Metzincins, of which ADAMS and ADAMTS are also 
members. However, this volume will be confined strictly to MMPs. 
In the fall of 2016, a PubMed search of the topic MMPs yields more 
than 46,000 articles, of which more than 4000 are reviews. Clearly, 
these enzymes are subjects of major interest to many investigators 
in many areas of study, as scientists and physicians try to apply 
knowledge and information about MMPs to their own areas of 
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study. Thus, the goal is to summarize the salient features and func-
tions of the MMP family members and then, importantly, to apply 
this information in a practical manner to understanding how MMPs 
contribute to normal physiology and to pathology of selected dis-
eases. This volume is not directed at “MMP-ologists”, but rather, to 
those investigators who find themselves needing and/or wanting to 
apply aspects of MMP biology and biochemistry to their work and 
thus, need some basic knowledge in order to do this cogently. 

It is also meant for clinicians who seek to understand how 
MMPs contribute to disease pathology and whether and how MMPs 
are drug targets, or antitargets. Accordingly, the Chapters by noted 
clinicians (Jean-Michel Dayer, MD in rheumatology; Jian Cao, MD 
in oncology; and Peter Libby MD in cardiology) represent important 
practical and clinically oriented contributions. The biochemistry and 
cell biology of MMPs are not necessarily straightforward, but basic 
information on the history of these enzymes, their myriad of func-
tions that extend far beyond cleaving of the extracellular matrix, and 
the complex mechanisms that control their expression will hopefully 
be valuable to basic scientists and clinician scientists, alike. 

Constance E. Brinckerhoff, PhD
Geisel School of Medicine at Dartmouth

October 2016
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1.  A Brief Introduction  
to Proteinases

Constance E. Brinckerhoff

Exactly how proteinases act on their various protein substrates is a 
critical component in almost all aspects of normal physiology and dis-
ease pathology.1 Therefore, any discussion on matrix metalloprotein-
ases (MMPs) must place these enzymes in the context of other classes 
of proteinases in order to fully understand and appreciate their contri-
butions to biology. Many proteinases show exquisite specificity in 
targeting their protein substrate, whereas others are far more promis-
cuous, showing broad degradative activity against many substrates.1

Data assembled from a variety of public and private sequencing 
databases and from the MEROPS, InterPro, and Ensemblrecords 
have identified at least 550 genes that encode proteases in the human 
genome, often with murine counterparts.1 Of these, nearly 100 are 
enzymatically inactive due to substitutions in amino-acid residues 
that are in regions of the proteinase that are needed for the enzyme 
to retain proteolytic activity. Interestingly, it has been suggested that 
these inactive homologues have important regulatory or inhibitory 
molecules, by functioning as dominant negatives or by “sopping up” 
inhibitors from the local environment, and thus permitting increases 
in proteolytic activity.1 This intriguing concept implies additional 
and novel functions for proteases, beyond their direct enzymatic 
actions, a concept that has been realized with MMPs.

Five classes of proteinases have been designated based on 
 mechanisms of catalysis: aspartic, cysteine, threonine, serine, and 
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metalloproteinases.1,2 The metalloproteases and serine proteinases 
have the most members, with 186 and 176 enzymes, respectively, 
followed by the cysteine proteases, of which there are 143 enzymes 
(Figs. 1.1 and 1.2).3 The threonine and aspartic proteases have very 
specific functions and are less common and have only 27 and 21 
members, respectively.1 The aspartic and metalloproteinases use an 
activated water molecule to mediate a nucleophilic attack1 on the 
peptide bond of the substrate, while in the cysteine, serine, and 
threonine proteinases, the nucleophile is an amino acid (cysteine, 
serine, or threonine) located in the active site of the enzyme. For the 
degradation of matrix proteins, these proteinases are primarily 
“endopeptidases”, that is, they cleave peptide bonds within the 
matrix molecule. They are synthesized as inactive precursors, or 
“pro-enzymes”, which must be activated proteolytically either by 
autocrine or paracrine mechanisms. The proform of endopeptidases 
is a critically important regulatory step that prevents indiscriminate 
and rampant proteolytic activity.1,4

1.1  Aspartic Proteinases

These proteinases have two aspartic acid residues as an integral com-
ponent of their catalytic site.1,4 Aspartic proteinases are active at 
acidic pH and inactive at neutral pH. Mostly, they are enzymatically 
active extracellularly in the pericellular space, where the pH is suf-
ficiently low (pH 3.5–5.5). Intracellularly, they are active in lys-
osomes or in a microenvironment where the pH is between 5.5 and 
7.0. Examples of aspartic proteinases include pepsin, renin, HIV 
protease, and the lysosomal cathepsins D and F. Aspartic proteinases 
have broad substrate specificities. However, they function within in 
a somewhat narrow biological context, which is defined by optimal 
pH and their own particular ability to target a specific substrate.

1.2  Cysteine Proteinases

Cysteine proteinases also function optimally at an acid pH and, like 
the aspartic proteinases, they are usually stored in lysosomes.1,4 These 
proteases have a catalytic mechanism that involves a nucleophilic 
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1. A Brief Introduction to Proteinases 3

Figure 1.1.  The protease wheel. Unrooted phylogenetic tree of human and mouse 
proteases. Proteases are distributed in 5 catalytic classes and 63 different families. 
The code number for each protease family is indicated in the outer ring. Protein 
sequences that correspond to the protease domain from each family were aligned 
using the ClustalX program. Phylogenetic trees were constructed for each family 
using the Protpars program. A global tree was generated using the protease domain 
from one member of each family, and individual family trees were added at the 
corresponding positions. The figure shows the nonredundant set of proteases. 
Orthologous proteases are shown in light gray, mouse-specific proteases are shown 
in red, and human-specific proteases in blue. Metalloproteases are the most abun-
dant class of enzymes in both organisms, but most lineage-specific differences are in 
the serine protease class, making this sector wider. The 01 family of serine proteases 
can be divided into 22 smaller subgroups on the basis of involvement in different 
physiological processes, to facilitate the interpretation of differences. (From Puente 
et al. 2003.)
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Figure 1.2.  Schematic overview of the structure of MMP family members and the 
relationship with other metzincin superfamily members. MMPs share a common 
domain structure: the predomain that Nature Reviews | Drug Discovery contains a 
signal peptide responsible for secretion; the pro-domain that keeps the enzyme inac-
tive by an interaction between a cysteine residue and the Zn2+ ion group from the 
catalytic domain; and the hemopexin-like carboxy-terminal domain, which is linked 
to the catalytic domain by a flexible hinge region. MMP7 and MMP26 lack the hinge 
region and the hemopexin domain. MMP2 and MMP9 contain a fibronectin type II 
motif inserted into the catalytic site, and MT-MMPs have a transmembrane domain 
or a glycosylphosphatidylinositol (GPI) anchor at the C terminus. MMP23 has 
unique features: the amino-terminal signal anchor that targets MMP23 to the cell 
membrane, a cysteine array, and an immunoglobulin-like domain. ADAM, a disin-
tegrin and metalloproteinase; ADAMTS, ADAM with thrombospondin motifs; 
BMP1, bone morphogenetic protein 1. (From Vandenbroucke and Libert 2014.)

cysteine thiol in a dyad or triad, that is, two or three amino-acid 
residues that function together at the center of the active site. 
Cysteine proteases have several roles in extracellular matrix (ECM) 
remodeling. Lysosomal cysteine proteinases secreted from osteo-
clasts facilitate bone resorption by degrading collagen. They are 
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1. A Brief Introduction to Proteinases 5

often involved in the digestion of phagocytosed materials, giving 
them a prominent role in activated macrophages. Cathepsins B, L, N, 
and S and the calpains are a few examples of cysteine proteinases. 
Other cysteine proteinases are Cathepsins B and L, which may be 
present extracellularly, especially in activated macrophages. These 
cathepsins can cleave the nonhelical regions of fibrillar collagens at 
acid pH, leading to depolymerization of collagen fibrils. Hence, they 
are sometimes referred to as “collagenases” although they do not 
meet the classical definition, which is “an enzyme that catalyzes the 
hydrolysis of peptide bonds in triple helical regions of collagen”.5 
Cathepsins L and S also attack elastin, giving them a role in ECM 
metabolism. Thus, cysteine proteinases are ubiquitous and can con-
tribute substantially to matrix remodeling in health and disease, 
either alone or in combination with other classes of proteinases.

1.3  Threonine Proteinases

Threonine proteinases are a more recently discovered category of pro-
teinases and they function as a component of proteasomes. Proteasomes 
are the main mediators of intracellular degradation of a wide variety 
of cellular proteins and they are implicated in several physiological and 
pathological cellular functions.6,7 The proteasome pathway is involved 
in matrix degradation by several mechanisms, which include both 
transcriptional and posttranslational mechanisms. By controlling the 
concentration and turnover of several ECM components, the proteas-
ome pathway contributes to extracellular proteolytic events by modu-
lating the expression and activity of MMPs and their endogenous 
inhibitors (see the following). Therefore, since matrix remodeling and 
degradation can be controlled by proteasome activities, proteasome 
modulation might be a novel therapeutic strategy in some pathologic 
conditions7 and perhaps future studies may reveal additional mecha-
nisms of their action and therapeutic strategies that target them.

1.4  Serine Proteinases

Serine proteinases comprise a large family of enzymes, with a broad 
range of substrates. Consequently, they participate in many important 
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biological processes such as digestion, blood clotting, and immune 
response.1,4 In contrast to aspartic and cysteine proteinases, they 
function at neutral pH, cleaving peptide bonds in proteins where 
serine serves as the nucleophilic amino acid at the active site of the 
enzyme. Examples of serine proteinases are enzymes involved in 
digestion (trypsinogen/trypsin, chymotrypsinogen/chymotrypsin), 
blood clotting (plasminogen/plasmin, prothrombin/thrombin), and 
homeostasis (tissue and plasma prekallikrein/kallikrein, and tissue 
remodeling (proelastase/elastase). Further, many serine proteinases 
are important by acting indirectly on the ECM by activating latent 
MMPs, cleaving them to their enzymatically active form. Some ser-
ine proteinases are stored in azurophil granules of polymorphonu-
clear (PMN) leukocytes, while others (i.e., tryptase, chymase, and 
cathepsin G) are secreted. Plasminogen activators (PAs), tissue PA 
and urokinase PA, are secreted by several cell types, including fibro-
blasts, chondrocytes, and tumor cells, and convert plasminogen to 
plasmin. Plasmin then degrades fibrin as well as ECM components 
such as aggrecan, type IV collagen, and laminin. Kallikrein binds to 
receptors on fibroblasts, macrophages, and tumor cells, where it 
helps to coordinate several physiological functions, including blood 
pressure, liquification of semen liquefaction, and shedding of skin. 
Serine proteinases are abundant, with many physiologic functions. 
Given their ability to cleave many substrates and to activate latent 
MMPs, serine proteinases are important adjuncts to MMPs in ECM 
degradation.

1.5  Matrix Metalloproteinases

MMPs, sometimes called matrixins, belong to the super family of 
metzincins,2,4,8–11 which is characterized by a catalytic zinc atom at 
the active site of the enzyme, followed by a conserved methionine 
(Fig. 1.3). Metzincins contain several subfamilies, including two 
that have activities related to those of the MMPs, that is, a disinteg-
rin and metalloproteinase (ADAMS) and a disintegrin and metallo-
proteinase with thrombospondin motif (ADAMTS), metalloprotein- 
ases that were first reported in 1992 and 1997, respectively.2,12 
ADAMs are membrane-associated enzymes, which are expressed by 
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Figure 1.3.  Protease classification and structure. (a) The human “degradome”, the 
repertoire of proteases produced by cells, consists of at least 569 proteases and 
homologues subdivided into five classes: 21 aspartic, 28 threonine, 150 cysteine, 
176 serine, and 194 metallo-proteases, including MMP, ADAM, and ADAMTS 
family members. (b) Structural classification of MMPs based on domain composi-
tion, including secreted and membrane-associated MMPs, and MMPs that are 
activated intracellularly via furin-mediated cleavage. (c) Most ADAMs are type I 
transmembrane protein that possess disintegrin, cysteine rich, and EGF domains 
in lieu of the MMP hemopexin domain. ADAMTSs are secreted proteins that 
 contain thrombospondin I motifs in lieu of the EGF domain. (From Rivera et al. 
2010.)

a wide variety of cell types, and are involved in functions as diverse 
as sperm–egg binding, myotube formation, neurogenesis, and pro-
teolytic processing of cell surface proteins, giving them the nickname 
“sheddase”.2,12 A particularly well-known sheddase is tumor necrosis 
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factor-α (TNF-α)  converting enzyme (TACE), a unique member of the 
ADAM family that cleaves this membrane-bound enzyme. The enzy-
matic activities of ADAMs are varied and include (1) cleaving collagen 
propeptides, (2) inhibiting angiogenesis, (3) degrading cartilage pro-
teoglycans, and (4) maintaining blood coagulation homoeostasis as the 
proteinase that cleaves von Willebrand factor. Both ADAMS and 
ADAMSTS are increasing subjects of study, and many of their func-
tions and activities either overlap and/or complement those of MMPs.

However, it is the MMPs that have been most studied. The MMPs 
are a large family of zinc-dependent endopeptidases that, collectively, 
can degrade all components of the extracellular matrix. Although 
MMPs were originally defined by their ability to degrade the ECM, it 
is now very clear that these enzymes have a myriad of additional 
and important functions in biology (see Chapter 4).1–4,8–11,13,14 Along 
with their dependency on zinc for enzymatic activity, MMPs also 
require Ca++. While most MMPs are secreted, several MMPs are 
membrane-type MMPs (MT-MMPs). All MMPs share a common 
three-domain structure: the pro-peptide, the catalytic domain, and 
the hemopexin-like C-terminal domain, which is linked to the cata-
lytic domain by a flexible hinge region (Fig. 1.4).13 Like the other 
classes of endopeptidases, MMPs are synthesized as inactive zymo-
gens, and in most instances, the pro-peptide domain must be cleaved 
for enzymatic activity. This pro-peptide is part of the “cysteine 
switch”,3,4,9,11,13,14 a conserved cysteine residue that interacts with the 
zinc in the active site and by binding to it, keeps the enzyme in an 
inactive form. In most MMPs, the cysteine residue lies within the 
conserved sequence PRCGxPD. When the enzyme is activated, the 
interaction between cysteine-Zn++ is broken, and this allows a water 
molecule to bind to the zinc and facilitate peptide hydrolysis. In 
contrast, however, the MT-MMPs contain a cleavage site for the 
furin-like pro-hormone convertase as part of this domain. When 
cleaved, it activates the enzyme intracellularly, so that the MT-MMPs 
are already active when they are inserted into the membrane.

Whether they are secreted or membrane-bound, MMPs are the 
major class of endopeptidases that degrades the ECM. They were 
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originally identified and defined by specific criteria that must be met 
in order for an enzyme to be classified as an MMP4,10: (1) at least one 
type of ECM molecule is proteolytically degraded; (2) catalysis 
depends on zinc at the active site; (3) zymogen is activated by pro-
teinases or by organomercurials; (4) the active enzyme is inhibited 
by ethylenediaminetetraacetic acid (EDTA), 1,10 phenanthroline, 
and by one of the tissue inhibitors of metalloproteinases (TIMPs); 
and (5) the cDNA has sequence homology to collagenase (MMP-1).4 
Although an MMP must be capable of degrading a component of 
the ECM, it is now well accepted that MMPs have many other 
functions. Consequently, they are implicated as major players in 
many aspects of biology and pathology. Nonetheless, it is essential 
to remember that MMPs are often dependent on interactions with 
other classes of endopeptidases to optimally mediate their effects.

Figure 1.4.  Domain arrangements of vertebrate matrixins. (From Nagase and 
Woessner, 1999.)
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1.6  Endogenous Inhibitors of Endopeptidases

Given the enormous diversity of endopeptidases (Fig. 1.1) and their 
huge variety of substrates, it is not difficult to understand the need 
for endogenous biologic mechanisms to counteract the potential for 
uncontrolled and rampant enzymatic activity, which could wreak 
havoc in biology. The most prominent endogenous inhibitor is non-
specific: the very large plasma glycoprotein (725kD), alpha2 mac-
roglobulin (α2M).4,9 Alpha2M is synthesized by predominantly the 
liver, also by local macrophages and fibroblasts. It is comprised of 
four identical subunits linked by disulfide bonds, and it effectively 
and irreversibly inactivates all endoproteinases. Alpha2M uses a 
region of its molecule called the “bait” to attack proteinases; proteo-
lytic cleavage of this “bait” region causes a structural change in the 
inhibitor, trapping the proteinase within the α2M molecule. Alpha2M 
will not bind inactive enzymes. This nonspecific proteinase inhibitor 
is an important first line of defense against pathologic matrix deg-
radation, but its large size precludes it from perfusing into tissues. 
Thus, its role in vivo is largely confined to the bloodstream. 
Nonetheless, its potency and ubiquitous presence in plasma/serum 
send a cautionary note when investigators plan in vitro experiments 
to monitor active proteinases in culture medium with serum.

In addition to the nonspecific α2M, there are also specific 
inhibitors of endopeptidases.1,2,4,9 Active serine proteinases are 
blocked by serpins and by aproprotinin. Cysteine proteinases are 
inhibited by cystatins, and nearly all aspartic proteases are inhib-
ited by pepstatins. The activities of MMPs are specifically blocked 
by TIMPs, of which there are four family members, TIMP-1, -2, 
-3, -4. Their molecular weights range from 22 to 29kDa, with 
TIMPs 1 and 3 containing carbohydrate, while TIMPs 2 and 4 do 
not. The connective tissue cells that make MMPs, such as fibro-
blasts, also produce TIMPs. TIMPs inhibit MMP activity by non-
covalent binding to the active site of the target MMP with 1:1 
stoichiometry. A conserved cysteine residue at position 1 of the 
TIMP chelates the MMP active site zinc ion and expels the essential 
water molecule. The tertiary structure of all TIMPs is conserved, 
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and therefore, all TIMPs can inhibit all MMPs, although TIMP-1 is 
a poor inhibitor of MT1-MMP.

Since TIMPs can block the activity of MMPs, and are produced 
endogenously, the concept of using them as therapeutic agents is 
appealing. This observation has led to the suggestion of targeted 
overexpression of TIMPs as a clinical therapy in diseases with 
overexpression of MMPs, such as rheumatoid and osteoarthri-
tis.9,14 However, in addition to blocking MMP enzyme activity, 
TIMPs have other effects. TIMP-2 can associate with latent 
proMMP-2 and is required for the activation of the proteolytic 
activity of MMP-2. TIMP-1 associates with the carboxy-terminal 
domain of progelatinase B (MMP-9), blocking its activation by 
stromelysin-1. In addition, overexpression of TIMP can have para-
doxical effects, such as increased cell growth and invasion, 
decreased angiogenesis, and increased apoptosis, raising serious 
questions about target specificity.

1.7  Summary and Conclusion

These five classes of proteinases and their inhibitors do not function 
in a vacuum or in an isolated environment. Several or all classes of 
proteinases and their inhibitors are often present in varying concen-
trations in many normal tissues, as well as in diseases. In the end, it is 
the complex interactions among this pot-pourri of biologically active 
molecules within a tissue microenvironment and within the whole 
organism that crucially influence our biology and our pathology.
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2.  Historical Perspective
Constance E. Brinckerhoff

2.1  The Age of Discovery

The most abundant proteins in our bodies are the interstitial colla-
gens, types I, II, and III. Although there is a host of other collagen 
types, which are present in smaller amounts, the interstitial collagens 
comprise about 30% of the total protein.1–3 The three interstitial col-
lagens are the primary components of the extracellular matrix, form-
ing the major structural proteins of skin, bone, cartilage tendon, and 
blood vessels.4 All collagens have an iconic structure: a triple helix 
where the three chains are tightly wound around each other, with the 
sequence gly-x-y, where gly is present at every third residue and  
x and y are often proline and hydroxyproline. The small size of 
glycine results in the three chains being compressed together, which 
helps to give collagen its hallmark tensile strength. This characteris-
tic triple helical structure has come to define both collagen and the 
unique nature of the enzyme(s) that cleave it.

Collagen types I and III are the most ubiquitous and make up 
our visceral connective tissues and bones.5 Type II collagen is 
unique to cartilage, and type IV collagen comprises basement 
membrane and thus has a critical role in the endothelium and 
blood vessels.5 Considering the major role of collagen as a domi-
nant structural protein in our bodies, there has been interest in 
understanding the mechanisms by which collagen molecules were 
degraded. While it had long been known that collagenases isolated 
from bacteria (such as Clostridium histolyticum) readily cleave the 
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collagen molecule in numerous places, the existence of a homologue 
in eukaryotic/mammalian tissues remained a mystery worthy of 
extensive investigation and speculation.

How, for example, did the postpartum uterus so quickly return to 
its normal size and weight? Measurements of collagen content revealed 
a rapid loss but how this was mediated was not clear. In 1962, Frederick 
Woessner described proteolytic activities in the complex experimental 
system of the involuting rat uterus, studies which were suggestive of 
enzymes that optimally functioned at pH 5.5 and 8.5.6 Cathepsin-like 
activity was mentioned, but other possibilities, such as “peptidases able 
to digest unusual peptides…that might be expected to arise from col-
lagen” were suggested. Dr. Woessner was clearly on the right track, and 
perhaps the “activity” he saw at pH 8.5 reflected remnants of what 
would eventually become matrix metalloproteinases (MMPs).

Later that same year, Gross and Lapiere published the definitive 
paper describing a “collagenolytic activity in amphibian tissues” in 
a tissue culture system.7 “Cultivating bullfrog tadpole tissues (skin, 
gut and gills) on thermally reconstituted neutral calf and guinea pig 
skin collagen gels resulted in degradation of the collagen substrate 
into dialyzable collagen peptides. The collagen substrate was not 
degraded by other common proteolytic enzymes, such as cathepsin 
C, or by extracts of tadpole tissues” (Fig. 2.1). These findings sug-
gested that the collagenolytic “activity” was secreted extracellularly 
and that it might represent a newly discovered enzyme.

As the early stages of investigation progressed, Gross and col-
leagues remarked that “the isolation and characterization of this 
enzyme system…[proved] most elusive”.8 Nagai, Lapiere, and Gross 
were finally successful, being the first to purify the tadpole enzyme,9 
perhaps because the experimental system was comparatively 
 simpler than that of mammalian tissues, such as the rat uterus of  
Dr. Woessner. Even so, Gross and colleagues found purification a 
challenge, always needing to rule out the presence of contaminating 
bacterial collagenase: “contaminating cultures always reveal large 
numbers of bacteria upon microscopic examination and were dis-
carded”.9 Further, “extracts of tissue…failed to yield an enzyme 
which, at neutral pH and physiological temperature, will attack 
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native collagen”. Their conclusion: the “activity” was secreted into 
the surrounding environment and allowed the diffusion of a colla-
genolytic principle away from the tissue.7 They learned early on, 
but probably did not understand, why bovine serum had a marked 
inhibitory effect9; the alpha2 macroglobulin (α2M) in serum is a 
potent inhibitor of all proteases. Thus, serum-free medium was 
essential, a tenant that is still vitally important today.

Eventually, they assigned the following characteristics to their 
“activity”: (1) it was reversibly inhibited by ethylenediaminetetraacetic 
acid (EDTA) and irreversibly by cysteine; (2) it was active at neutral 
pH; and (3) compared to bacterial C. histolyticum, there were radi-
cal differences in its mode of attack on the collagen molecule, with 
only a single cleavage in the triple helix. Several studies had reported 
that at temperature below 30°C, the collagen molecule is severed 
to produce two fragments, the 3/4 TCA and the 1/4 TCB (Fig. 2.2).9 
Remarkably, only three peptide bonds were cleaved from the 
300,000-MW species, suggesting one in each of the three collagen 

Figure 2.1.  Degradation of collagen by the tadpole tail. Placing a slice of tadpole 
tail (center) on a collagen gel results in a zone of clearing that surrounds the tissue. 
This indicates collagenase activity. The image was produced by John Jeffrey and 
kindly provided by George Stricklin, Vanderbilt University, USA. (From Brinckerhoff 
and Matrisian, 2002.)
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chains.9 Consequently, Gross and colleagues suggested that “a more 
inclusive and useful definition of a collagenase might be an enzyme 
which breaks covalent bonds within the polypeptide backbone of the 
collagen molecule, causing a change in size, shape configuration of 
stability under conditions which will not in themselves denature the 
protein…since it is now likely that the animal collagenases differ 
considerably in their properties and mode of action and may consti-
tute a much larger and diverse group”.9

Indeed, a handful if investigators were about to embark on stud-
ies that would identify a host of related enzymes, with a variety of 
“activities” against different matrix molecules. But the initial and 
exciting observation by Gross and Lapiere was followed by years of 

Figure 2.2.  Degradation of interstitial collagen by collagenase. (a) A monomer 
of types I, II, or III interstitial collagen, which shows the position of the glycine 
775–leucine/isoleucine 776 bond that is cleaved by MMP-1. (b) Cleavage of col-
lagen by frog collagenase into 3/4:1/4-length fragments, as observed by reconsti-
tuting these fragments into segment long spacing structures that are viewed with 
an electron microscope. (From Brinckerhoff and Matrisian, 2002.)
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difficult work as researchers struggled to purify this collagenolytic 
“activity” from mammalian tissues. These studies were especially 
challenging since the investigators did not know that the enzyme was 
synthesized and secreted as an inactive proenzyme, which could be 
activated by other proteases (and even, sometimes, by itself) during 
the process of purification.10 Thus, activation appeared “spontaneous”, 
perhaps because mammalian tissues with high levels of collagenase also 
contained high levels of other enzymes that could activate latent col-
lagenase, thereby obscuring the naturally occurring latent state of the 
enzyme. In 1970, Jeffrey and colleagues successfully purified the 
enzyme from human skin11 and then from the involuting rat uterus.8

As Fred Woessner had suggested several years earlier, the post-
partum uterus was an ideal target tissue to be investigated, primarily 
because collagenase was so abundant. An enzyme was isolated, par-
tially purified, and characterized, with many characteristics in com-
mon with the tadpole enzyme.11 However, the mammalian enzyme(s) 
showed distinct immunologic reactivity with the tadpole enzyme and 
some cross reactivity between rat and human skin/synovial tissues, a 
finding that hinted at some of the complexities that would come to 
be associated with the MMP family.

Thus, by the early 1970s, a scant 10 years after the initial pub-
lication and with a small, but growing constituency of investiga-
tors, numerous reports of mammalian homologues of tadpole 
collagenase began to appear, and new enzymes were being discov-
ered, sometimes simultaneously.10 Logical choices of study were 
tissues in which extensive destruction of connective tissues con-
taining collagen (i.e., cartilage and bone in rheumatoid arthritis) 
(Fig. 2.3). In 1972, collagenase activity was detected in human 
rheumatoid synovial tissue and eventually purified from these tissues 
in 1975.10,12

Concomitant with the observations of rampant connective tis-
sue destruction in arthritis was the association between matrix 
destruction and cancer. Degradation of the basement membrane 
was a well-recognized symbol of malignancy, and the search was on 
for the enzyme(s) responsible. In 1980, attention was focused on the 
degradation of type IV collagen found in basement membrane. There 
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was speculation on the existence of a specific collagenase, which 
played an essential role in tumor invasion and metastasis.13 The 
“principle” responsible for this degradation was not precisely identi-
fied, but when the type IV collagenases/gelatinases MMP-2 and 
MMP-9 were cloned, the ability to degrade type IV collagen was 
assigned to them. Then, as more and more in vivo studies were car-
ried out in the late 1980s and early 1990s, several other MMPs were 
shown to contribute to tumor invasion and metastasis, in addition to 
the gelatinases, which degraded type IV collagen.10

Eventually, it became apparent that tadpole collagenase was 
secreted as a zymogen, requiring proteolytic activation, which 
reduced its molecular weight (MW) by some 10,000.14 This was an 
important discovery, since the prevailing view had been that tadpole 
collagenase was synthesized de novo as an active enzyme.14 However, 
careful purification and fractionation studies revealed that activation 
of the zymogen was accomplished by incubation with collagenase-
free medium taken from cultures of tail fin. “The unidentified activa-
tor in the medium [was] heat labile and nondialyzable”.14 The 

Figure 2.3.  Joint destruction in rheumatoid arthritis. (From the collection of 
Edward D. Harris Jr.)
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documentation of collagenase as a zymogen emphasized the critically 
important role of latency in regulating enzymatic activity and ignited 
curiosity about the nature of the activator. The search for the “heat 
labile and nondialyzable” activating principle was on.

However, in the process of searching for “activator”, additional 
MMP family members were discovered during the late 1970s and 
early 1980s, with some discoveries duplicated in different laborato-
ries almost simultaneously. This resulted in redundant naming of 
the same enzyme with “pet” names that reflected similar activities 
(Table 2.1).15 For example, what is now MMP-3 was simultane-
ously named “stromelysin”, “proteoglycanase”, “procollagenase 
activating protein”, and “transin-1” as it was isolated from several 

Table 2.1.  Matrix metalloproteinases.

MMP-1 Collagenase, interstitial (fibroblast-type) 

MMP-2 Gelatinase, 72-kDa
Type IV collagenase, 72-kDa

MMP-3 Stromelysin
Proteoglycanase
Procollagenase activating protein (CAP)
Transin-1

MMP-4 Collagen telopeptidase

MMP-5 3/4-Collagenase ( = 72-kDa gelatinase), 
number now vacant

MMP-6 Acid metalloproteinase of cartilage

MMP-7 Small metalloproteinase of uterus
Pump-1

MMP-8 Neutrophil collagenase (interstitial)

*MMP-9 Gelatinase, 92-kDa
Type V collagenase
Type IV collagenase, 92-kDa

*MMP-10 Stromelysin-2
Transin-2

Source: Nagase et al. (1992).
* Newly assigned MMP numbers. Enzyme names without 
numbers are synonyms for the preceding name.
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different labs almost at the same time. Most likely, all of these 
names reflected the broad substrate specificity that has come to be 
associated with MMP-3.

Cloning genes was becoming common by the mid-1980s, even 
though by today’s standards, the technology was exceedingly crude. 
Nonetheless, gene cloning resulted in the rapid isolation and identi-
fication of MMPs10, with the cloning of cDNAs for several MMPs, 
including rat transin, the human stromelysins, and human and rabbit 
collagenase, appearing almost simultaneously (Fig. 2.4).10 New fam-
ily members were discovered as MMP cDNAs were cloned and 
sequenced.

As genomic clones corresponding to cDNAs were isolated and 
characterized, the similarities among sequences began to reveal fam-
ily relationships.10 Intriguing thoughts about the possible existence 
of a gene family began to develop. The genes for many MMP family 
members were found to be about 10 kb in length, with 10 exons and 
11 introns, and were clustered on chromosome 11q22.23, which 
houses most of the MMPs (-1, -3, -7, -8, -10, -12, -13, -20, 
and -27).10 However, the genes for the gelatinases, MMP-2 and 
MMP-9, were located on chromosomes 16 and 20, respectively, 
and they contained three additional exons, which encoded fibronectin-
like repeats.

Clearly, the family was growing, as were numbers of investiga-
tors studying these enzymes. By September 1989, there was more 
than sufficient interest to support a conference of about 250 attend-
ees at a lovely beach resort in Destin, Florida. The research presented 
there and the informal discussions ignited additional interest in this 
seemingly ever-growing family of enzymes that could annihilate the 
extracellular matrix. It was time to consolidate the burgeoning infor-
mation into a cohesive and logical terminology: the term MMPs was 
officially introduced,15 even though the term had first mentioned 
several years earlier.16 The formal definition of MMPs went as fol-
lows: “Matrix metalloproteinases are members of a family of zinc 
metalloproteinases of animal origin that act outside the cell on com-
ponents of the extracellular matrix and that are homologous to 
interstitial collagenase”.15
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Figure 2.4.  MMP timeline.
Source: Brinckerhoff and Matrisian (2002).
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As originally suggested and to avoid confusion,15 each MMP 
would be assigned a number. Thus, interstitial collagenase would be 
Matrix Metalloproteinase-1 and would be abbreviated MMP-1. The 
72-kDa gelatinase would be MMP-2, and stromelysin would be 
MMP-3, and so on. This convention was eventually adopted by 
the International Union of Biochemistry and Molecular Biology.17 
Along with the original criteria delineated by Gross and colleagues, 
there were several caveats, which reflected progress made in under-
standing the biochemistry of MMPs: (1) blocking proteinase activity 
with 1,10-phenanthroline; (2) the proteinase appears in latent form; 
(3) the latent form can be activated by organomercurials; (4) enzyme 
activity is inhibited by tissue inhibitor of metalloproteinases (TIMPs); 
and (5) the proteinase hydrolyzes at least one component of the 
extracellular matrix, such as collagen, elastin, proteoglycans fibronec-
tin, laminin, or gelatin. Still other criteria were: (1) Ca++ is required 
for activity; (2) zinc is an intrinsic metal ion; (3) gene structure shows 
homology to the parent enzyme: collagenase; (4) α2M inhibits activ-
ity, and (5) the proteinases act extracellularly or at the cell surface. 
Finally, there were significant predictions that illustrate clairvoyance 
and wisdom: (1) these enzymes might also have intracellular roles; 
(2) their natural substrates might include substances that are not 
components of the extracellular matrix; and (3) many members of 
the MMP family may not yet have been discovered. As the years 
have passed, all three of these predictions have come to pass. Then, 
in 1993, a Gordon Research Conference devoted entirely to MMPs 
was inaugurated in Plymouth, New Hampshire (Fig. 2.5a and b of 
MMPs around the dinner table). In the space of 30 years and follow-
ing the identification of one enzyme with “activity” against intersti-
tial collagen, a host of MMP family members had been identified and 
detailed molecular investigations into their structure and function 
were furiously underway. MMPs were an official topic of research 
(Fig. 2.4).

Almost simultaneously with these national and international meet-
ings, and continuing into the 1990s, studies were being carried out that 
produced the unexpected findings about the MMP family members. 
As already noted, years earlier, John Jeffrey used immunoprecipitation 
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(a)

(b)

Figure 2.5.  MMP family members seated around dinner table. “Preferred” matrix 
substrates are shown on dinner plates. Large hats on MMP-2 and MMP-9 corre-
spond to fibronectin-like domains in these MMPs. MMP-7 is a truncated MMP. 
“R.I.P.” = duplicate MMPs isolated by different laboratories. MMPs in ceiling are 
membrane-bound enzymes. (a) MMP family, circa 1990 (anonymous). (b) MMP 
family, circa 2010. (Courtesy of Dr. Gilian Murphy.)
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to note distinct differences between rat and human collagenases. 
In 1990, we began to understand what was behind this discrepancy 
when rat interstitial collagenase was cloned. Sequence analysis 
showed only minimal identity between the rat gene and rabbit and 
human collagenases (MMP-1). The mystery was resolved in 1994 
when the human homologue of rat interstitial collagenase was 
cloned.10 Now, along with collagenase-1 (MMP-1), neutrophil col-
lagenase (collagenase-2; MMP-8), there was yet another human 
collagenase: collagenase 3, or MMP-13. MMP-13 shows only par-
tial amino-acid identity with MMP-1, indicating that it is truly a 
distinct enzyme.

Thus, MMP-1 appeared to be the major interstitial collagenase 
in rabbits and humans, while MMP-13 was the dominant interstitial 
collagenase in rats and mice. Concomitantly, MMP-13 expression in 
humans and rabbits was far less prominent. The recognition that 
rodents did not express bonafide MMP-1 has been important in 
studies with rats and mice where investigators tried to monitor 
MMP-1 expression; it was not there. Measuring MMP-13 was, and 
continues to be, the most appropriate target in rodents.

Nonetheless, the question remained as to whether there was a 
true homologue of human MMP-1 in rats and mice, and in 1994, 
this homologue was cloned and shown to be only a distant relative 
with 58% amino-acid identity. Called murine mmp1a, its pattern of 
expression was very different from MMP-1, occurring mostly during 
development. Consequently, it was essentially discarded as irrelevant 
to most murine/rat model systems of human disease. Recently, how-
ever, murine mmp1a has been shown to be expressed under condi-
tions of inflammation and cancer, and thus, may be useful in some 
murine models of human disease.18

The 1990s brought yet another surprise: the identification of a 
membrane-bound MMP: MMP-14 or MT1-MMP.10 Although this 
MMP was synthesized in the traditional latent form, the enzyme 
was activated intracellularly by cleavage via a prohormone con-
vertase, furin. As a result, the enzyme was inserted into the cell 
membrane in activated state. Subsequently, several other membrane-
bound MMPs were isolated to bring the number to six at present. 
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Four of these, MT1-MMP/MMP-14, MT2-MMP/MMP-15, MT3-
MMP/MMP-16, and MT5-MMP/MMP-24 are anchored to the cell 
surface by transmembrane domains, while MT4-MMP/MMP-17 and 
MT6-MMP/MMP-25 are anchored to the membrane by a glyco-
sylphosphatidylinositol (GPI) anchor, rather than by a transmembrane 
domain.

2.1.1  Summary and conclusions

To date, 28 human MMPs have been identified, with two gene dupli-
cations,12,17,19,20 along with 23 MMP genes in mice.20 These MMPs 
are expressed in nearly, if not all, types of cells, ranging from con-
nective tissue cells (fibroblasts, endothelial cells, leukocytes, neutro-
phils, macrophages/monocytes, T lymphocytes, eosinophils) to most 
cancer cells.10,12,20,21 Understanding the structure of cDNAs and 
genomic clones for the MMP family members was the first step in 
figuring out the mechanisms regulating MMP expression, and of 
critical importance, determining how this regulation contributed to 
normal physiology and to disease pathology.

2.2.  Structure and Function of MMPs

Solving the crystal structure of MMPs was the next important step 
in identifying the domains of the MMP molecules that define their 
biochemistry and enzymatic activities.10,12,17,20–24 The domain struc-
tures of the MMPs are shown in Fig. 2.6.20,22 They are made up of 
a signal peptide, which targets these enzymes for secretion, a pro-
peptide and a catalytic domain, both of which interact to keep the 
enzyme in latent form. The catalytic domain, which has about 
170 amino acids, contains a Zn++ binding motif (HEXXHXXGXXH) 
and a conserved methionine. This domain is composed of a five-
stranded beta-sheet, three alpha-helices, and bridging loops. The 
structural zinc ion and two to three calcium ions are required for 
stability and for enzymatic activity. While the overall spherical 
topology of MMPs is conserved among the family members, there is 
a groove that binds substrate. It is a narrow, well-defined pocket, 
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and variations among the amino acid residues within this pocket dif-
ferentiate one MMP from another. A short linker domain joins the 
catalytic and hemopexin domains. The C-terminal hemopexin-like 
domain contains approximately 210 amino acids. It is shaped like an 
ellipsoidal disk with a four blade-propeller structure where each 
blade consists of four antiparallel beta-strands and an alpha-helix. 
This domain is essential for the collagenases to cleave triple helical 
interstitial collagens, but the catalytic domain, by itself, has proteo-
lytic activity against other substrates.

The catalytic domains of MMP-2 and MMP-9 contain three 
repeats of fibronectin type II within the catalytic domain. These 
repeats allow the enzymes to bind to and process denatured collagen 
(gelatin). The hemopexin domain of MMP-2 is also needed for 
MT1-MMP to activate pro-MMP-2 (see the following). In contrast, 
the hemopexin domain is not found in MMP-7, MMP-23, and 
MMP-26. At least with MMP-7, this lack of hemopexin domain is 
associated with broad substrate specificity.

In 1990, several investigators introduced the term “cysteine 
switch” to describe the mechanism by which MMPs maintain enzyme 

Figure 2.6.  Domain structures of the MMP family. ss, signal sequence; pro, pro-
domain, FNII, fibronectin type II motif; L1, linker 1; L2, linker 2; Mb, plasma 
membrane; TM, transmembrane domain; CT, cytoplasmic tail; CysR, cysteine rich; 
Ig, immunoglobulin domain; GPI, glycosylphosphatidylinositol, anchor; C, cysteine. 
(From Murphy and Nagase, 2008.)
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latency.10,12,20 In the proform of inactive MMPs, there is an unpaired 
cysteine in the highly conserved “Pro–Arg–Cys–Gly–X–Pro–Asp”.5,10 
This unpaired cysteine forms a bridge with the catalytic zinc to pre-
vent enzymatic activity. Activation occurs when this bridge is dis-
rupted either proteolytically by a (polarized) water molecule mounting 
a “nucleophilic” attack or chemically by aminophenylmercuric acid 
(APMA).

As in other proteolytic systems, activation of MMPs can be 
mediated by a proteolytic cascade.10 If it is present within the tissue 
microenvironment, human MMP-3 (stromelyisn-1; “activator pro-
tein”) can activate human pro-collagenase. Furthermore, serine 
proteinases readily activate latent MMPs, illustrating cooperativity 
among classes of proteinases. Plasmin, which is produced by the 
action of a plasminogen activator on plasminogen, activates several 
MMPs, by cleaving the pro-domain. Other serine proteinases, such 
as thrombin, tryptase, and kallikrein also activate latent MMPs, 
thereby providing multiple pathways for eliminating latency within 
an in vivo environment. This is an important consideration when 
comparing in vitro and in vivo experimental systems, since the 
in vivo environment is often more complex and may have mecha-
nisms for activating latent MMPs that are not present in vitro.

In 1994, another important mechanism for activating pro-
MMP-2 mediated by MT1-MMP in a two-step process that involves 
TIMP-2 was described.10,12,25 The three proteins form a complex in 
which TIMP-2 links the two MMPs. In this complex, MT1-MMP is 
inactivated due to interactions with the N-terminus of TIMP-2, 
while the C-terminus binds to the hemopexin domain of pro-
MMP-2. Another MT1-MMP molecule then cleaves proMMP-2, 
which is partially activated. Full activation results from autocataly-
sis. More recently, other novel mechanisms for activating latent 
MMPs have been described.25 These involve the binding of molecules 
such as certain glycoproteins or thiol-binding reagents to noncata-
lytic (exosites) within MMPs, resulting in a conformational change 
in the MMP molecule that may or may not result in removal of the 
propeptide, but that does allow enzymatic activation. Other molecu-
lar interactions that activate proMMPs include the binding of elastin 

b2797_Ch-02.indd   27 4/20/2017   4:44:38 PM



b2797 Matrix Metalloproteinases in Health and Disease 9”x6”

28 Matrix Metalloproteinases in Health and Disease

and heparin, the formation of MMP-9 homo- and heterodimers 
through the hemopexin domain, and chondroitin sulfate proteogly-
cans. These interactions also mediate conformation changes, which 
result in intramolecular autoactivation.

2.2.1  Summary and conclusions

Data on the basic characteristics of MMP structure and function, 
mechanisms of activation of enzymatic activity, and cloning and 
activation have set the stage for studies on how expression of the 
genes encoding MMPs is regulated. Understanding the mechanisms 
controlling active enzyme and gene expression is essential for under-
standing the consequences of MMP expression in normal physiology 
and in diseases, as well as for discoveries of their unexpected and 
novel behaviors.
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3.  Regulation of Matrix  
Metalloproteinase (MMP)  
Gene Expression

Constance E. Brinckerhoff

3.1  Introduction

The previous chapters have discussed mechanisms by which the 
biochemical activity of matrix metalloproteinases (MMPs) is regu-
lated, either by proteolytic activation of latent forms and/or by 
blocking enzymatic activity with endogenous inhibitors. Although 
both are important in controlling matrix remodeling, the mecha-
nisms controlling expression of MMP genes are dominant in deter-
mining the levels of MMPs found in normal physiology and in 
disease pathology. Three mechanisms regulate the expression of 
genes.1 The first is transcription, that is, the process by which a gene 
(double-stranded DNA that encodes a functional protein) is tran-
scribed into a single strand of mRNA by a complex assortment of 
proteins (transcription factors) that bind to specific sequences in the 
control region (“promoter”) of a gene. Transcription first produces 
heterogeneous nuclear ribonucleic acid (hnRNA), a virtual copy of 
the genomic DNA, which contains introns and exons. The introns 
are cut/spliced out, leaving “mature mRNA”, comprised of (1) a 
5′-untranslated region (5′-UTR), (2) the coding region that will be 
translated into protein, and (3) a 3′-untranslated region (3′-UTR) 
(Fig. 3.1). The second mechanism is posttranscriptional modifica-
tion and represents the processes by which levels of mRNA are 
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modulated by proteins that bind to the 3′-UTR and prevent or 
facilitate its degradation. It is, therefore, important to emphasize that 
amount of a specific mRNA that encodes a particular gene is the net 
sum of transcription and posttranscriptional modification; mRNA 
levels, per se, are not an accurate reflection of transcription, a point 
that is often overlooked. The half-life of mRNAs can be stabilized by 
proteins that bind to the 3′-UTR and retard mRNA degradation. 
Alternatively, micro-RNAs (miRNAs), small double-stranded RNAs 
of about 20 nucleotides, bind to the 3′-UTR of specific mRNAs and 
facilitate their degradation. Lastly, epigenetic mechanisms influence 
the levels of expression of a gene by chromatin remodeling through 
acetylation and methylation of histones. These epigenetic modifica-
tions of genes can either increase or decrease access of transcription 
factors to DNA sequences of particular genes, thereby resulting in 
increased or decreased transcription.

In normal physiology, expression of MMPs is generally low as 
these enzymes maintain homeostasis of connective tissues (Table 3.1).2 
However, under certain normal but temporary physiological condi-

Figure 3.1.  The basics of gene expression. A gene is composed of DNA, which is 
transcribed into mRNA and then translated into protein. The protein is eventually 
expressed by the cell where it carries out specific function(s). (From Wikipedia.)
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tions, such as acute wound healing, stages of embryonic development, 
angiogenesis, and uterine resorption following pregnancy, there are 
localized spatial and temporal spikes in the expression of selected 
MMPs. In contrast, in many diseases, such as rheumatoid and osteo-
arthritis, cancer, cardiovascular disease, and chronic wounds, there is 
aberrantly high MMP expression, which is only minimally or poorly 
controlled (Table 3.1). This dysregulated MMP expression contrib-
utes substantially to disease pathology. Therefore, understanding the 
basic molecular mechanisms that control expression of each MMP in 
health and disease, and in a tissue-specific manner, has enormous 
implications for understanding the molecular pathogenesis of disease 
and for devising therapeutic strategies to subvert this overexpression.

3.2  Transcriptional Regulation

Following almost immediately on the heels of the era of cloning and 
sequencing of genes, molecular biology began to focus on the pro-
moter region, that is, the DNA 5′ (upstream) of the coding sequences 
(Fig. 3.2).3–9 Curiously, the promoter of the human collagenase gene 
was an initial object of intense investigation, not because of any 
inherent interest in understanding how expression of the collagenase 
gene was controlled, per se, but rather because the promoter con-
tained a sequence of DNA, which came to be known as the activator 
protein-1 (AP-1) site. Again using the primitive technology that was 
available at the time, genomic clones for human collagenase were 
isolated and the adjacent 5′ promoter region was cloned.10 Also at 

Table 3.1.  Expression of MMPs.

Physiology Pathology

• Morphogenesis • Rheumatoid/Osteo-arthritis

• Reproduction • Tumor invasion/metastasis

• Wound healing • Cardiovascular disease

• Chronic wounds

• Low MMP levels • High MMP levels
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that time, there was considerable interest in the plant-derived com-
pound, phorbol ester, 12-O-tetradecanoylphorbol-13-acetate (TPA) 
(also known as phorbol myristate acetate [PMA]), a potent tran-
scriptional activator, with both inflammatory and tumor promoting 
activities. Because of its structural similarity to diacylglycerol and its 
ability to activate protein kinase C (PKC),4 it was a popular experi-
mental tool, but has now been largely abandoned because it is not 
physiologically relevant. Perhaps more importantly, naturally occur-
ring physiologically active growth factors and inflammatory cytokines 
were found to be potent transcriptional activators.

However, by using phorbol esters as an experimental tool and by 
constructing mutations in the 5′ control (promoter) region of the 
collagenase gene and transfecting the mutant constructs into human 
or murine cells, a region upstream of the transcription start site was 
termed as the “phorbol ester response element”.10 This “cis-acting 
sequence”1 is located in a region of DNA at approximately -73 to 
-42 bp, and contains the consensus sequence, 5′-ATGAGTCAT-3′.11 
This element was absolutely required for the induction of transcrip-
tion by TPA. It behaved as a classical enhancer: increasing transcrip-
tion of a heterologous herpes simplex virus thymidine kinase 
promoter and acting in a position- and orientation-independent 
manner.10–12 In addition, the identity of the proteins (“trans-acting 
factors”) that bound to the AP-1 site was identified as members of 
the Fos and Jun families of transcription factors.2,3 This work served 
as an excellent cornerstone for subsequent studies that identified 
AP-1 sites in other MMPs (and other genes as well).3,11

Figure 3.2.  Structure of mRNA. (From Wikipedia.)
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Indeed, AP-1 sites were present in many other genes, and many 
of us in different labs were working simultaneously to identify 
important regulatory sequences, including AP-1, in several other 
MMP genes, for example, MMP-3 and MMP-9.4–7 It also became 
clear that these genes were often coordinately regulated with MMP-1 
in response to stimuli. Before long, however, another cis-acting 
sequence in the MMP-1 promoter was found to be important in gene 
expression: the erythroblastosis twenty six site (“ETS”; also known 
as polyomavirus enhancer activator 3 [PEA3]), which lies in close 
proximity to the AP-1 enhancer. A classic study with careful point 
mutations of single nucleotides demonstrated that an ETS site, 
located at approximately -82 to -89 bp, with a core sequence of 
5′-GGAA-3′ cooperated with AP-1 to regulate transcription.13 
Quickly, the story became more complicated: the proximal AP-1 
site, even in cooperation with ETS, although necessary, was not suf-
ficient to regulate MMP gene expression. Subsequent studies showed 
the importance of cooperation with several upstream elements in 
regulating gene expression of various MMP promoters.4–7 Eventually, 
numerous DNA sequence motifs were identified in the promoters of 
many genes, including MMPs, which bound a myriad of transcrip-
tion factors to modulate gene expression, resulting in both transcrip-
tional activation and repression (Fig. 3.3). Multiple sites for the same 
element may be found within a given promoter, and their identifica-
tion along with the transcription factors that bound to them, solidi-
fied the concept of cooperativity among cis-acting promoter 
sequences. It is now recognized and accepted that no single sequence 
could single-handedly maximally drive (or silence) transcription.

Furthermore, sequences regulating MMP gene expression may 
be found quite distal to the proximal promoter, perhaps brought 
into close contact with the transcriptional machinery because of the 
configuration of native chromatin. Studies with the MMP-13 gene 
have identified an interleukin-1β (IL-1β) response element in the 
MMP-13 promoter 20 kb upstream of the transcription start site.14 
In other studies, a new role for the retinoblastoma (Rb)-E2F tran-
scriptional regulatory pathway, usually associated with cell-cycle 
regulation, has been reported.15 Although E2F binding sites were 
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Figure 3.3.  Cis-elements in human MMP promoters. AP-1, activator protein-1; 
AP-2, activator protein-2; C/EBP-b, CCAAT/enhancer binding protein-b; GC, Sp-1-
binding site; HBS, HIF-binding site; KRE-M9, keratinocyte differentiation factor-1 
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predicted on all 23 human MMP gene promoters, three MMPs 
(MMP-9, MMP-14, and MMP-15) are overexpressed in non-small-
cell lung cancer and are regulated by the RB-E2F pathway. These 
data suggest that E2F transcription factors may contribute to metas-
tasis by increasing MMP expression, thereby enhancing the invasive 
behavior of tumors along with increasing cell proliferation. Finally, 
once thought to be expressed only during embryogenesis, the murine 
homologue of human MMP-1, mmp1a, has now been demonstrated 
to be expressed in response to inflammatory stimuli.16 Induction of 
septic shock by administration of lipopolysaccharide (LPS) results in 
MMP-1a release from murine endothelial cells. Mmp1a has also 
been elevated in several murine tumor models of cancer, suggesting 
that mouse models may be used to understand MMP-1 expression 
within the context of an animal model.

Based on the organization of their cis-elements, the MMP pro-
moters have been grouped into three categories (Fig. 3.3).7 In the 
first group (A), which includes most MMP promoters, the organiza-
tion is remarkably similar. They share many cis-acting sequences, 
which explains how they may be coordinately regulated. The pro-
moters in this group contain a TATA box at about -30 bp (relative 
to the transcription start site), which recruits a core of basic tran-
scription factors and assures stable transcriptional initiation from a 
particular site. Importantly, there is also the proximal AP-1 binding 
site at about -70 bp, as well as an adjacent upstream PEA3-binding 
site, which cooperates with the proximal AP-1 site.5

The second group (B) of MMP promoters contains MMP-8, -11, 
and -21. They also harbor a TATA box, but lack a proximal AP-1 

Figure 3.3. (Continued )  responsive element-4; LBP-1, leader-binding protein; 
NF1, nuclear factor-1; NF-kB, nuclear factor-kB; OSE-2, osteoblast-specific ele-
ment-2; p53/AP-2, p53/AP-2 composite binding site; PA, polyadenylation signal; 
PEA3, polyoma enhancer A binding protein-3; RARE, retinoic acid (RA) responsive 
element; SBE, STAT-binding element; Si, silencer sequence; SPRE, stromelysin-1 
PDGF-responsive element; TATA, TATA box; Tcf-4, T-cell factor-4/b-catenin-binding 
site; TIE, TGF-β inhibitory element; TRF, octamer-binding protein; SAF-1, serum 
amyloid A activating factor-1. (From Yan and Boyd, 2006.)
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site. Without this site, their regulation is distinct from the first group 
and depends on upstream sequences for the control of gene expres-
sion. The third group (C) of promoters includes MMP-2, -14, and 
-12. There is no TATA box and transcription from these promoters 
can be initiated at multiple sites. Expression of these MMPs is often 
“constitutive”, occurring with only minimal regulation by growth 
factors or cytokines. However, the Sp-1 family of transcription fac-
tors, which is commonly found in many cells, binds to a proximal 
GC box and may influence expression of these MMPs.

To summarize, transcription of genes belonging to the MMP 
family is regulated by several distinct promoter elements and by the 
proteins that bind to them. Interestingly, and of some importance, 
the regulation of several MMPs that are functionally similar (e.g., 
the collagenases MMP-1 and MMP-8, and the gelatinases MMP-2 
and MMP-9) is quite different. This suggests that it may be biologi-
cally important to have differential mechanisms regulating the 
expression of genes with the same functions.

3.3  Signal Transduction and the Induction  
of MMP Gene Expression

No discussion on transcriptional regulation can occur without con-
sidering “signal transduction”, the process by which an extracellu-
lar molecule, such as a growth factor, cytokine, or hormone, binds 
to a specific receptor on the cell surface and triggers a biochemical 
cascade of events inside the cell. This cascade eventually ends in the 
nucleus, where it creates a response by affecting expression of target 
genes.7,17–19 Depending on the cell and the signal, these responses 
result in changes in cell metabolism, shape, gene expression, or 
 proliferation.

The field of signal transduction was “born” at about the same 
time promoter analysis began, as cell membrane receptors for hor-
mone and neurotransmitters were found to form complexes with 
guanosine triphosphate (GTP)-binding proteins.18,20 The work even-
tually led to Nobel Prizes for Martin Rodbell and Alfred Gilman. 
However, the focus was at the cell membrane, while concomitantly, 
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promoter analysis was confined to the nucleus.3,5,7,11,13 As knowledge 
in each field progressed, eventually the two areas of study coalesced, 
and as Dr. Rodbell stated in his Nobel address: “Those of us 
attempting to view the living process at the larger cellular level will 
merge with our assemblages of ideas and experiences [to find] a 
bright new era in scientific discovery”.20

Signal transduction has become a very complicated area of 
investigation, and numerous signaling pathways are present within 
most cells (Figs. 3.4 and 3.5).19 The signal is transmitted by a par-
ticular pathway and is perpetuated through the cell by a cascade of 
phosphorylation events, which culminate in the activation of tran-
scription factors in the nucleus, where they bind to promoter ele-
ments to increase gene expression. There is often considerable 
“cross talk” as well as some functional redundancy since the differ-
ent pathways target the same promoter elements in several genes. 
Since many ligands can activate the same intracellular signaling 

Figure 3.4.  Overview of signal transduction pathways. (From Wikipedia.)
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Figure 3.5.  Example of a signaling pathway that regulates the MMP-1 promoter. 
The cytokine, IL-1, binding stimulates the TGF-activated kinase (TAK), which acti-
vates the MAPK (ERK, p38, and JNK) and NF-kB pathways. The ERK pathway 
activates the kinase p90rsk, which phosphorylates and activates essential transcrip-
tion factors, including C/EBPb, Ets, and Fos. Activation of the JNK pathway results 
in phosphorylation and activation of Jun, which promotes transcription from AP-1 
elements. Phosphorylation of these transcription factors promotes recruitment of 
transcriptional coactivator proteins such as CBP/p300. The p38 targets in the 
MMP-1 promoter are not known, but this pathway may also contribute to mRNA 
stabilization. IL-1 activation of the NF-kB pathways results in IkB degradation and 
nuclear localization of RelA-containing dimers, as well as processing of latent 
NF-kB. Latent NF-kB can act as IkB proteins and sequester RelA in the cytoplasm. 
Processed NF-kB proteins lack transactivation domains but transcription can be 
promoted through an association with the IkB family member protein Bcl-3. The 
composition of NF-kB proteins that bind to the MMP-1 promoter is not completely 
defined. (From Vincenti and Brinckerhoff, 2007.)

pathways, how do signal- and cell-specific pathways activate MMP 
transcription? What are these signal transduction pathways and how 
do they “transmit” their signal? While this is a complex issue, it is 

b2797_Ch-03.indd   40 4/20/2017   4:45:55 PM

www.ebook3000.com

http://www.ebook3000.org


b2797 Matrix Metalloproteinases in Health and Disease9”x6” 

3. Regulation of Matrix Metalloproteinase (MMP) Gene Expression 41

apparent that the integration of multiple pathways and the recruit-
ment of multiple transcription factors are somehow integrated to 
result in this specificity. It is important to emphasize the complexity 
of these pathways, which often recruit cofactors/coactivators to 
assist in accurately perpetuating the signal from the cell membrane 
to the nucleus.

1. The mitogen activated protein kinases (MAPKs) are major medi-
ators of signal transduction for many genes, including MMPs. 
They belong to the family of enzymes called kinases that phos-
phorylate proteins on serine and threonine residues. Once phos-
phorylated, these kinases activate transcription factors and 
RNA-modifying proteins in response to inflammatory stimuli, 
growth factors, and cell–matrix interactions. The MAPKs can be 
classified into three groups: (1) the extracellular-regulated kinases 
(ERKs); (2) the stress-activated or p38 protein kinases; and  
(3) the c-Jun N-terminal kinases (JNKs). A host of cytokines, 
including IL-1β, tumor necrosis factor-α (TNFα), Oncostatin M, 
and receptor activator of nuclear factor kappa-B ligand (RANKL), 
microbial products such as LPS, and a wide variety of growth 
factors, such as epidermal growth factor (EGF), nerve growth 
factor (NGF), basic fibroblast growth factor (bFGF), vascular 
endothelial growth factor (VEGF), platelet-derived growth factor 
(PDGF), and transforming growth factor-beta (TGF-β), activate 
MAPK pathways and increase transcription by targeting cis-act-
ing sequences within the MMP promoters.7,19 Since many extra-
cellular signals (i.e., growth factors and cytokines) can  activate 
one or more MAPK pathways, the ability of a MAPK pathway to 
activate a particular gene is linked to its ability to target specific 
transcription factors that, in turn, activate a particular MMP.7,19

For example, inflammatory cytokines and growth factors are 
potent activators of the ERK pathway in both tumor cells and in 
stromal cells (Figs. 3.4 and 3.5).19 When these ligands bind to their 
receptors, which are transmembrane tyrosine kinases, the kinases 
phosphorylate and recruit “adaptor proteins” (e.g., Shc, Grb2, and 
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Sos). These adaptors then recruit the G protein, Ras, to the cell sur-
face, followed by the sequential activation of Raf, MEK1, and 
ERK1/2. Since activation of the ERK pathway can activate several 
MMPs at the same time, including MMP-1, MMP-3, MMP-7, 
MMP-9, and MMP-14, along with many other genes, ERK signaling 
has a major role in signal transduction.

In some cancers, mutations result in the constitutive activation of 
the ERK pathway, bypassing the need for ligand stimulation. The 
EGF receptor (EGFR) is mutated in several cancers, including breast 
and lung, and as a result, it signals constitutively even in the absence 
of its ligand, EGF.7,19 Similarly, mutations in melanoma, particularly 
the BRAFV600E mutation, constitutively activate ERK and MMP-1 
transcription.21 The constitutive phosphorylation of ERK transacti-
vates the MMP-1 promoter through AP-1 and Ets proteins, which 
bind to several sites located in the MMP-1 promoter, resulting in 
high levels of MMP-1 expression and a highly invasive phenotype in 
these cancer cells.22,23

The p38 protein kinases are activated primarily in response to 
inflammation and innate immunity, and they, too, regulate numer-
ous MMP genes: MMP-1, MMP-3, and MMP-13. However, despite 
the potential to induce several MMPs, p38 signaling provides an 
excellent example of tissue-specific targets. The MMP-13 promoter 
is activated by p38 in chondrocytes through recruitment of AP-1 
proteins to the nearly ubiquitous AP-1 site in the proximal promoter, 
but only in cooperation with transcription factor, RUNX-2. Since 
RUNX-2 is a chondrocyte/osteoblast-specific transcription factor, its 
cooperativity with the more promiscuous AP-1 nicely demonstrates 
a mechanism for the tissue-specific regulation of MMP transcription.

Lastly, the Jun amino-terminal kinases (JNK) family is com-
prised of three genes (isoforms JNK 1,2,3), which are also activated 
in response to inflammatory stimuli. Once JNK is phosphorylated, 
it  activates the transcription factors ATF2, Elk-1, and c-Jun. The 
JNK pathway is required for cytokine induction of both MMP-1 
and MMP-13 in synovial fibroblasts and for MMP-13 expression 
in chondrocytes. However, induction of MMP-1 by IL-1β in 
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 chondrocytes does not require JNK pathway, again demonstrating 
the cell-type specificity of signal transduction pathways and gene 
expression. The differential activation of two human interstitial col-
lagenases, MMP-1 and MMP-13, is striking and provides a way to 
achieve tissue specificity and to avoid unnecessary redundancy of 
gene expression.

2. TGF-β belongs to a ubiquitous superfamily of cytokines with 
diverse effects on many genes in many different cells and tissues.24 
Because the effects of the TGF-β family of proteins are contex-
tual and can be so varied, it is almost impossible to assign defini-
tive roles to these proteins. This superfamily includes TGF-β 1, 
2, and 3 and the bone morphogenetic proteins (BMPs). All are 
critical modulators of connective tissue remodeling. TGF-β is a 
major inducer of collagen synthesis, thereby immediately giving 
this cytokine a prominent role in ECM metabolism, with varied 
effects in health and disease.19,24,25

The cellular receptors for TGF-β are serine/threonine kinases. 
These kinases must interact with a small family of intracellular 
coregulatory proteins called Smads, which can enhance or inhibit 
TGF-β-mediated gene expression. There are three subgroups of 
Smads, based on their different roles in TGF-β family signal trans-
duction: R-Smads (receptor-regulated), Co-Smads (common part-
ner), and I-Smads (inhibitory). In general, activation of TGF-β 
receptors leads to the phosphorylation of R-Smads (Smads1, 2, 3, 5, 
and 8). This is followed by recruitment of the Co-Smad (Smad-4) 
into an R-Smad/Co-Smad complex that translocates to the nucleus 
to regulate gene expression. I-Smads (Smad6 and Smad7) antagonize 
this signaling pathway by preventing R-Smads from interacting with 
the receptor. The combination of TGF-β family members, their 
receptors, and the assortment of coregulatory Smads results in intri-
cate networks of regulation for many genes including MMPs. Not 
surprisingly, then, TGF-β and their Smads can have both positive 
and negative effects on MMP gene transcription.19
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3.4  Early Response Genes

Many MMP family members have the same cis-acting sequences in 
their promoters, and consequently, they are often coinduced in 
response to inflammatory cytokines and growth factors, or core-
pressed in response to glucocorticoids or retinoids.4,7–9,19,26 Responses 
to these inducing and repressing agents occur early, usually within 
hours, and before there is an increase in hnRNA as a result of 
increased transcription and this suggests that MMP promoters are 
downstream targets of “early response genes”. These are genes that 
function as signaling intermediates, which phosphorylate different 
transcription factors, when then bind to sequences within MMPs 
promoters. These signaling intermediates include signal transduction 
kinases (i.e., the MAPKs), the nuclear factor-kappa B (NF-kB), signal 
transducer and activator of transcription (STAT), and the Smad fam-
ily of proteins. Blocking the signaling pathways with antibodies or 
small molecule chemical inhibitors prevents the synthesis of some 
downstream mediators. As a result, transcription factors can be 
sequestered and/or their binding to DNA prevented. Consequently, 
MMP gene expression is suppressed.4,8,9,19 Thus, along with media-
tors of signal/transduction pathways, transcription factors can also 
be early response genes, since their expression is often increased 
when their promoters are targets of these signaling pathways. These 
transcription factors must increase before transcription of down-
stream targets, such as MMPs, can be increased (or decreased). Some 
of the most common pathways and the transcription factors that 
increase MMP expression are listed here.

1. AP-1 proteins. Most MMP promoters contain an AP-1 site in the 
proximal promoter (~-70 bp), located close to a typical TATA 
box, and the transcription factors that bind to this site are often 
referred to as “AP-1 proteins”. Members of the Fos and Jun 
families of transcription factors are AP-1 proteins and include 
proteins such as c-jun, jun-B, jun-D, c-fos, Fos-B, Fra-1, and 
Fra-2, all of which dimerize in various combinations. Variations 
in binding partners can influence the potency of gene expression. 
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Jun is always an obligate member of these dimers, and although 
Jun–Jun homodimers can modestly activate MMP transcription, 
transactivation is more efficiently accomplished by heterodimers 
formed from among the Jun/Fos family of proteins.

2. PEA3 also known as the ETS family of proteins. PEA3 sites bind 
members of the Ets family of oncoproteins, for example, Ets1, 
Ets2, Elf, Erg, Elk. Although PEA3/ETS sites may be found 
throughout MMP promoters, the principal site is located adja-
cent to the proximal AP-1 site, and the two sites cooperate to 
promote MMP production in stromal cells and in cancer cells. 
Transcription factors binding to PEA3/ETS sites form complexes 
with other transcription factors, such as AP-1 proteins. 
Furthermore, since PEA3 sites bind a wide variety of Ets protein 
family members, these proteins provide specificity of gene expres-
sion. Thus, these functional interactions between Ets and AP-1 
factors demonstrate that MMP gene expression may be specifi-
cally regulated under certain conditions, either in normal physi-
ology and/or in pathological situations, such as inflammatory 
conditions and tumor cell growth and invasion.

3. NF-κB proteins. Several growth factors and cytokines activate 
the NF-kB signaling pathway, leading to an increase in MMP 
gene expression, often in response to inflammatory condi-
tions, such as arthritis, and in numerous cancers. When it is 
inactive, NF-kB is in the cytosol, complexed with the inhibi-
tory protein, IkBα. When inflammatory cytokines engage their 
membrane receptors, a signaling cascade is initiated, which 
first involves the activation of the enzyme IkB kinase (IKK). 
IKK then phosphorylates the IkBα protein, which is ubiquit-
inated and then dissociates from NF-kB. IkBα is degraded by 
proteasomes. Activated NF-kB then translocates to the nucleus 
where it binds to specific NF-kB response elements. The 
NF-kB family of transcription factors includes several pro-
teins: NF-kB1 and 2, RelA, c-Rel, and Rel-B, all of which can 
interact with other proteins to increase MMP expression. 
Consequently, NF-kB is a common mechanism used to acti-
vate MMP gene expression.
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4. Signal transducers and activators of transcription (STAT). The 
family of STAT proteins resides in the cytoplasm and translo-
cate to the nucleus after they are phosphorylated on tyrosine and, 
after they dimerize, they bind to STAT response elements in the 
promoter. They often interact with several different transcription 
factors to mediate gene-specific expression. For example, EGF 
increases MMP-1 transcription through STAT-3 signaling and by 
stimulating the binding of c-Jun to the AP-1 site, which is located 
near the STAT binding site. However, activating STAT proteins 
does not always increase MMP gene expression; in response 
to certain stimuli, STAT proteins can sequester transcriptional 
coactivators and prevent their ability to binding to cis-sequences 
on the  promoters.

In summary, these are only a few of the transcription factors that 
regulate MMP gene expression. While these represent some of the 
more prevalent mechanisms, there are many others and all together, 
they contribute to the complex and subtle mechanisms that control 
MMP transcription in a tissue-specific manner under various 
 physiological and pathological conditions.

3.5  Novel Mechanisms Regulating MMP  
Transcription (Polymorphisms)

Single-nucleotide polymorphisms (SNPs) are not mutations. Rather, 
they are commonly found variations in the DNA sequence of genes. 
While these variations can be located anywhere in a gene, when they 
are in the promoter region, they may affect gene regulation by 
changing interactions between transcription factors and sequences in 
the DNA, resulting in either increased or decreased transcription. 
Importantly, they may be associated with increased susceptibility to 
different diseases and with their prognosis.9 These polymorphisms 
arise from nucleoside insertions, substitutions, or microsatellites, 
and a number of SNPs have been described in the promoters of 
MMPs.6–9,19
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In the MMP-1 promoter, a polymorphism resulting from an 
insertion of a guanosine at position -1607 bp creates the sequence, 
5′-GGAA-3′ (vs. 5′-GAA-3′), which is a consensus binding site for 
the Ets family of transcription factors. This “2G allele” is adjacent 
to an AP-1 site at -1603 bp and the two sites cooperate to enhance 
MMP-1 transcription (Fig. 3.6a and b).6,27,28 The 2G allele is associ-
ated with increased promoter activity, and with a poorer prognosis 
in several cancers,7–9,19 loosening of total hip replacements,8 fibrotic 
disorders and cirrhosis.9

An insertion in the promoter of MMP-3 generates the “6A 
allele”. Located at -1171 bp, this allele enhances the affinity of DNA 
for the transcription factor, ZBP-89, which is a transcriptional 
repressor, and thus, compared to the 5A allele, this allele decreases 
MMP-3 expression. The 6A allele may have protective roles in lung, 
oral, and breast cancer, whereas the 5A MMP3 allele is linked to 
increased risk for these cancers.7–9 However, other studies on the 
6A/6A genotype have been associated with poorer outcomes in rheu-
matoid arthritis and atherosclerotic disease.9

Substitutions with three nucleosides generate polymorphisms in 
the MMP-2 promoter. In two of them, C to T transitions are located 
at -735 and -1306 bp, respectively. The T allele abolishes an Sp1 
binding site, thereby reducing transcription.7–9 The third SNP, at 
-1576 bp, is a G to A transition, which prevents the binding of estro-
gen receptor to the promoter, is associated with reduced transcrip-
tion in response to estrogen in some cells.

In the MMP-7 promoter, two SNPs have been found: an A to G 
substitution at -181 bp and a C to T substitution at -153 bp, both 
of which increase transcription.9 The -181 G allele may be associ-
ated with increased susceptibility to several cancers.9 Three substitu-
tions have been described for MMP-8: -799C/T, -381A/G, and 
+17C/G. The G allele at +17 C/G SNP is associated with decreased 
risk for lung cancer, and the -799 T lowers susceptibility to metas-
tasis and is linked to better survival in breast cancer patients.9 These 
findings agree with the intriguing concept MMP-8 functions as a 
tumor suppressor9 (see Chap. 4). Finally, the A to G substitution in 
the MMP-12 promoter reduces gene expression because it is directly 
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Figure 3.6.  Transcriptional effects of the MMP-1 SNP at -1607 bp in human 
foreskin fibroblasts (HFFs) or A2058 human melanoma cells. (a) A segment of the 
MMP-1 promoter containing the SNP is shown. The ETS-SNP and the AP-1 sites 
are underlined. (b) Basal transcription of the human MMP-1 promoter with either 
1 or 2Gs located at position -1607 bp in HFF cells and A2058 melanoma cells. The 
nucleotide sequence for the MMP-1 promoter clone has been deposited in the 
GenBank database under GenBank Accession Number AF023338. (Adapted from 
Rutter et al., 1998.)
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adjacent to the AP-1-binding site and reduces the binding affinity for 
AP-1 proteins.7

The MMP-9 promoter has two types of polymorphisms.7–9 First, 
there is a C to T substitution at -1562 bp, which results in higher 
levels of gene expression. Although the identity of the transcription 
factor(s) responsible for the increase is not known, the T allele has 
been linked to increased susceptibility for cardiovascular disease.9 
However, the most noteworthy polymorphism in the MMP-9 pro-
moter is the variable number (from 14 to 24) of microsatellite cyto-
sine/adenine (CA) dinucleotide repeats. The repeats are located 
immediately adjacent to the proximal AP-1-binding site. Therefore, 
it has been suggested that the varying numbers of CA repeats aug-
ments the transcriptional activity of this AP-1 site,7–9 and that the 
increase in MMP-9 expression is proportionally linked to the num-
ber of CA repeats. Further, these CA microsatellites have been asso-
ciated with a higher risk of invasive bladder cancer and with 
increased susceptibility to atherosclerosis, multiple sclerosis, aneu-
rysms, and age-related macular degeneration,8,9 all of which suggest 
important functional consequences of this polymorphism.

3.6  “Targeted” Repression of MMP Transcription

Both vitamin A analogues (all-trans-RA and synthetic retinoids) and 
glucocorticoid hormones repress MMP mRNA and protein.4,8,26,29 
Retinoic acid receptors (RARs α, β, and g) bind the naturally occur-
ring isomers all-trans and 13-cis RA, while retinoid X receptors 
(RXRs α, β, and g) bind only 9-cis RA. Synthetic retinoids can be 
designed to bind to certain RARs or RXRs, thereby hoping to 
achieve more specificity with target genes. RARs and RXRs heter-
odimerize and modulate gene expression by binding to the half-site 
consensus sequence, 5′-AGGTCA-3′, which is usually found in direct 
repeats (DRs), spaced from 1 to 5 nucleotides apart (Fig. 3.7).4

In contrast, glucocorticoids receptors bind to specific steroid 
response elements with a palindromic sequence 5′-AGAACAnnn 
TGTTCT-3′. However, steroid response elements are not usually 
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found in MMP promoters, raising the question as to how glucocor-
ticoids can be so effective in repressing MMP gene expression. These 
receptors can regulate transcription by interfering with the ability of 
AP-1 proteins to bind to AP-1 sites and/or the core of proteins that 
bind to the TATA box, the master regulator of transcription. It is 
thought that these activated glucocorticoids receptors complex with 
the AP-1 proteins that are already bound to the DNA of MMP pro-
moters, inducing a conformational change in AP-1 proteins that 
represses transcription. These findings emphasize the critical role of 
AP-1 sites in controlling MMP gene expression and suggest that the 
ubiquitous presence of these sites in MMP promoters (and many 
other genes as well) prevents the steroids from  specifically targeting 
MMP genes.

Figure 3.7.  Proposed steric hindrance model for inhibiting MMP-1. Overlapping 
degenerate (Direct Repeat) DR-1 and AP-1 binding sites in promoter DNA. 
Numbers show distance from transcriptional start site in the rabbit MMP-1 gene. 
In the model, IL-1b induces AP-1 proteins, which bind to their cognate element and 
increase transcription. However, if the peroxisome proliferator activated receptor 
(PPARg) ligand, rosiglitazone, or the RXR ligand, LG268, is present, the liganded 
RXR:PPARg dimer binds to the degenerate DR-1 site, and physically blocks AP-1 
and transcriptional activation by IL-1β. (From Eck et al., 2009.)
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Retinoids also suppress MMP transcription through several 
mechanisms. First, like the glucorticoids, they interfere with the 
binding of AP-1 proteins to the all-important proximal AP-1 site, 
although upstream sequences may contribute.4 Second, RAR may 
bind directly to c-Jun and sequester it, thus preventing its binding to 
DNA. Third, retinoids downregulate mRNAs for c-fos and c-jun 
proteins, which are the principal transcription factors that drive the 
AP-1 site.

More recently, it has been reported that the proximal AP-1 site 
in the MMP-1 and MMP-13 promoters overlaps with a composite 
DR-1 element in which a nuclear hormone receptor and AP-1 bind 
to the DNA in a mutually exclusive manner to reduce MMP-1 
expression.8 Other DR-1 elements may be located upstream in sev-
eral other MMP promoters, suggesting cooperativity among cis- 
acting sequences as another mechanism by which retinoids may 
downregulate MMP transcription.

Summary. The transcriptional regulation of MMPs is complex, 
requiring the integration of multiple signaling pathways and the 
activation of a myriad of transcription factors that bind to a cohort 
of cis-acting elements within any given MMP promoter. As a result, 
different mechanisms may control transcription of different MMPs 
in different cells and tissues. These mechanisms probably depend on 
the assortment of transcription factors found within a particular cell 
type, the nature of the inducer or repressor that binds to its receptor, 
and the subsequent initiation of signal transduction pathways and 
activation of transcription factors. The “mixing and matching” of 
these mechanisms provides a wide range of potential interactions 
among transcription factors and cis-acting sequences, which may 
explain how tissue specificity is achieved among the different mem-
bers of the MMP family.

3.7  Posttranscriptional Mechanisms

1. mRNA stability. Although MMPs are mainly regulated at the 
transcriptional level, stabilizing mRNAs to increase their half-life 
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once they are in the cytoplasm is another important mechanism 
for regulating the expression of many genes, including MMPs.4,7–9 
The mRNAs of several MMPs, including MMP-1, are inherently 
unstable, perhaps because MMP-1 protein can have such delete-
rious effects on the ECM. Consequently, a short mRNA half-life 
represents another mechanism of regulating gene expression. 
Therefore, under conditions of normal homeostasis, only low 
levels of steady-state mRNA are detected, despite substantial 
rates of basal transcription.4 As we know, cytokines and growth 
factors, such as IL-1β and EGF, are potent inducers of MMP 
transcription, but importantly, they also increase mRNA stabil-
ity.4 The net result is higher levels of steady-state mRNA and 
greater potential for facilitating matrix remodeling/destruction 
under certain conditions.

MMP transcripts are stabilized through specific sequences in 
their 3′-UTRs. These sequences are potential targets of different 
UTR-binding proteins that can either stabilize or destabilize these 
mRNAs (Fig. 3.8).8,9,30 For example, rabbit and human MMP-1 
mRNAs contain three copies of the motif, 5′-AUUUA-3′, “AU-rich 
elements (AREs)”, which bind proteins that increase mRNA sta-
bility, and mutation of these motifs abolishes the increased half-
life seen with cytokine and growth factor treatment.4 In another 
example, rat MMP-9 mRNA contains several copies of these 
AU-rich elements within its 3′-UTR, and MMP-9 mRNA that is 

Figure 3.8.  Example of AUUA sequences in 3′-UTR of mRNA. A highly conserved 
cluster of ARE in the 3′-UTR, with a consensus core sequence of AUUUA flanked 
by symmetric A or U (underlined). Triangles indicate alternative polyadenylation 
sites in the primary transcript. (From Allen et al., 2013.)
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transcriptionally increased following stimulation with IL-1β is 
further increased due to mRNA stabilization.9 In contrast, a 
decrease in MMP-9 mRNA can be seen if there is a reduction in 
the levels of a 3′-UTR binding protein.9 Thus, in concert with the 
transcriptional induction of MMPs, enhancing mRNA stability pro-
vides an additional means for regulating (or perhaps fine-tuning) 
gene expression.4 On the other hand, on some occasions, mRNAs 
can be destabilized.

2. Micro-RNAs. Recent studies reveal an additional mechanism 
for regulating mRNAs at a posttranscriptional level: miRNAs, 
which silence mRNAs. MiRNAs are a large family of noncoding 
single-stranded RNAs of ~22 nucleotides (nt) in length (range 
19–25 nt).31,32 The genes encoding miRNAs are usually found in 
regions between genes or embedded in the introns of functional 
genes. They are transcribed by RNA polymerase II into hairpin 
structures called “primary microRNAs (pri-miRNAs)”. These 
are processed to pre-miRNAs in the nucleus by the RNAse III 
enzyme, Drosha, and the double-stranded RNA-binding proteins 
are exported to the cytoplasm (Fig. 3.9; www.sigmaaldrich.com). 
There they are cleaved by yet another RNase III type enzyme, 
Dicer. Dicer generates a double-stranded RNA of ~22 nt; one 
strand becomes a mature miRNA, which is assembled into an 
RNA-induced silencing complex (RISC), while the other strand 
is degraded. The RISC complex interacts with the “Argonuate” 
proteins, which together “silence” the target mRNAs, most often 
by binding to target sites for miRNAs, which are usually located 
in the 3′-UTR of the target mRNA. The degree of silencing of the 
mRNA depends on the amount of complementarity. With total 
complementarity of aligned miRNA/mRNA pairs, the mRNA 
is degraded by endonucleolytic cleavage. However, in most 
cases, complementarity is imperfect, and rather than the mRNA 
being degraded, its translation into protein is suppressed. Thus, 
when documenting effects of miRNAs, the absence of translated 
 protein, rather than the absence of mRNA is the appropriate 
focus.
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Identifying miRNAs and their target genes is a rapidly growing 
area of investigation and it has been suggested that 30% of the 
human genome may be regulated by this mechanism.8,9,31,32 Some of 
the effects of miRNAs are indirect. For example, miRNAs may act 
as a tumor suppressor gene by suppressing expression of Ras.8 
Conversely, when miRNA-21 is overexpressed, it functions as an 
oncogene by downregulating expression of pro-apoptotic genes.

At this point, reports of miRNAs modulating activities of 
MMPs are largely anecdotal, with no coalescing of patterns of 
 miRNAs regulating particular MMPs. Most likely, this is a function 
of the relatively early stages in our knowledge of these regulatory 
molecules. Nonetheless, it is useful to provide a few examples of 
effects of miRNAs on MMPs. In some cases, MMPs expression is 
modulated indirectly through miRNAs, which target genes that are 
part of different signaling pathways responsible for MMP activa-
tion.8,31,32 However, miRNAs can directly target MMPs. Several 

Figure 3.9.  Scheme of micro-RNA synthesis and function. (From www.sigma 
aldrich.com.)
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reports document a role for miRNAs in modulating MMPs in rheu-
matoid arthritis and osteoarthritis.31 Increased miR-203 is associ-
ated with increased MMP-1, an effect mediated by NF-kB signaling 
in fibroblasts from rheumatoid tissues.31 In addition, miR-27b 
downregulates MMP-13 in both normal and osteoarthritic chon-
drocytes, and miR-146a is involved in cartilage degradation in 
osteoarthritis.31 Similarly, in osteoarthritis, MMP-13 protein levels 
are affected by miR-9 reducing TNF-α.8

In cancers, MMP-2 is a target of miR-29b in prostate cancer 
cells,32 and miR-206 downregulates MMP-2 and MMP-9 in breast 
cancer cells by suppressing tumor cell invasion and migration by 
remodeling the actin cytoskeleton.32 More than 50 miRNAs have 
been implicated in modulating the expression of several MMPs in 
cancers,32 with reports on miRNAs and MMP-2 and MMP-9 in can-
cer cells outweighing reports on other MMPs.32 While it may be the 
case that these two MMPs are preferentially regulated by miRNAs, 
it is also possible that this is simply a reflection of current investiga-
tions and that future studies will implicate additional MMPs since 
bioinformatic analyses have predicted potential miRNA-binding 
sites in the 3′-UTR regions of several MMPs.8

Based on the growing relevance of miRNAs in the regulation of 
biological and pathological processes, it is virtually certain that fur-
ther work will unveil the identity and roles of additional miRNAs in 
targeting specific MMPs and thus, in contributing to their functions 
in a variety of contexts.8,31,32

3.8  Epigenetic Regulation

“Epigenetics” describes the study of stable, long-term changes in the 
transcriptional potential of cells. In contrast to “genetics”, which is 
based on changes to the DNA sequence (i.e., the genotype), epigenet-
ics causes changes in the expression of genes that change the pheno-
type of cells, that is, how they behave. The term is derived from the 
Greek term epi- (Greek: επí- over, outside of, around). Thus, epige-
netics is outside/around genetics. Acetylation of histone proteins and 
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methylation of CpG islands in DNA are epigenetic regulators of 
transcriptional initiation, and thus, are powerful adjuncts in control-
ling gene expression.7–9

1. Acetylation is a posttranslational and covalent modification of 
proteins that are associated with transcription. Acetylation is 
controlled by enzymes, which modify histones and complexes of 
protein that remodel chromatin.7–9 The sites on histones where 
modifications occur are docking places for chromatin-modifying 
complexes (such as switch/sucrose nonfermentable [SWI/SNF]) 
(Fig. 3.10). These complexes twist the DNA, and as a result, 
the position of nucleosomes (the units of chromatin) is shifted 
to either a permissive (favoring transcription) or nonpermis-
sive (unfavorable for transcription) conformation. Therefore, 

Figure 3.10.  Epigenetic mechanisms contribute to both activation and repression 
of MMP-9 gene expression. The MMP promoter is preassembled with the general 
transcription factors (GTFs) such as TATA-binding protein (TBP), transcription 
factor (TF) IIA, IIB, IID, IIE, IIF, IIH, and low levels of polymerase II (Pol II) to 
maintain the basal expression of the gene (a). The conversion of chromatin structure 
by recruitment of either transactivator/coactivator complexes such as NF-kB, AP-1, 
CBP/p300, and SWI/SNF (b) or corepressor complexes such as the nucleosome 
remodeling and deacetylase (NuRD) complex, which contains MTA1, Mi-2, and 
HDACs (c). Alters access of the MMP-9 promoter to Pol II, thereby activating or 
repressing expression of this gelatinase. Ac represents acetylated lysine residues in 
histone H3 or H4. (From Yan and Boyd, 2006.)

b2797_Ch-03.indd   56 4/20/2017   4:45:57 PM

www.ebook3000.com

http://www.ebook3000.org


b2797 Matrix Metalloproteinases in Health and Disease9”x6” 

3. Regulation of Matrix Metalloproteinase (MMP) Gene Expression 57

epigenetic modulation of transcription requires the recruitment 
and cooperation between transcription factors that will bind to 
sequences in the DNA and complexes of proteins that remodel/
reshape chromatin.

Histones carry a positive charge, while the charge on DNA is 
negative. The covalent addition of an acetyl group to the histones 
reduces their charge, thereby reducing the strength of the histone–
DNA interaction and allowing increased access of transcription 
factors to the DNA. Thus, acetylation is usually associated with 
gene activation. The core histones (H3, H4, and H2B) are acety-
lated by a family of enzymes called histone acetyl transferases 
(HATs). However, acetylation is a reversible process, and acetyl 
groups are removed by histone deacetylases (HDACs), and once 
deacetylation has occurred, transcription is suppressed.7–9

The effects of the acetylation and chromatin remodeling in con-
trolling MMP expression have been reported.7–9 The induction of 
MMP-1 and MMP-13 by IL-1α and oncostatin M is almost com-
pletely abolished by inhibitors that block the removal of acetyl 
groups (HDAC inhibitors). This indicates that acetylation has a 
critical role in regulating transcription of these MMPs in response to 
inflammatory stimuli.8,9 In another study, modification of acetylated 
histone H4 (AcH4) was induced by IL-1β throughout the entire 
region of the MMP-13 promoter, including a distal AP-1 site ~20 kb 
upstream of the transcription start site,9,14 emphasizing the impor-
tance of chromosome looping in contributing to gene regulation.

However, acetylation, alone, may not be sufficient for inducing 
MMP-1 expression. This suggests that initiation of MMP-1 tran-
scription first requires activation of certain transcription factors, 
such as c-Jun, c-Fos, followed by their binding to the MMP-1 pro-
moter and finally, by the recruitment of histone acetyltransferases. 
All of these changes result in a state of the DNA that is permissive 
for initiating transcription.8,9 Indeed, the sequential assembly of 
transcription complexes on the MMP-9 promoter has been demon-
strated. This process depends on the activation of the MEK-1/ERK 
and NF-kB signaling pathways, followed by the recruitment of 
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transcription factors, chromatin-remodeling complexes, and coacti-
vators. All are assembled at the MMP-9 promoter in a stepwise and 
coordinated manner. Therefore, the many mechanisms that regulate 
MMP expression require multiple complex events that must operate 
in a coordinated manner.

2. Methylation of DNA in eukaryotic cells happens only on cyto-
sine bases that are located within CpG nucleotide islands in 
the promoters of genes. Methylation is an effective means of 
repressing transcription, and is often associated with inactive 
chromatin and an inhibition of gene expression (Fig. 3.11).7–9 
DNA methylation occurs through the action of DNA methyl-
transferases (DNA MTase), a family of enzymes that catalyzes 
the transfer of a methyl group to DNA. Methylation of DNA 
interferes with the ability of transcriptional activators to bind 
to promoter DNA.

Several effects of methylation (or lack thereof) on the expression of 
several MMPs have been documented. Not surprisingly, an increase in 
promoter methylation of MMP-9 is linked to a decrease in gene 
expression in lymphoma cells.7,9 In contrast, a reduction in methylation 

Figure 3.11.  DNA methylation. (From UCSF School of Educational Technology, 
2007.)
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(hypo-methylation) of MMP-2 increased gene expression with a con-
comitant increase in tumorigenesis and tumor cell invasiveness. 
Similarly, colon cancer cells that are defective in two DNA methyl-
transferases (Dmt-1 and Dmt3b) have an increase in MMP-3 
expression. However, increasing MMP-3 gene expression by hypo-
methylation was cell-specific, since methylase inhibitors failed to 
increase MMP-3 in a lymphoma cell line. As a final example, chon-
drocytes from patients with osteoarthritis have higher levels of 
MMP-3, MMP-9, and MMP-13, which correlate with a decrease in 
methylation of the CpG islands in these promoters.8

In conclusion, acetylation of histones, methylation of DNA, and 
remodeling of chromatin are not mutually exclusive.7 Rather, they 
cooperate in conjunction with the activation of signal transduction 
pathways and transcription factors to maximally induce (or repress) 
gene expression. Future studies will reveal additional molecular 
details as to how all of these mechanisms align to regulate the 
expression of genes, including the MMPs, in a larger context that is 
associated with other sequences within the gene and/or with other 
genes within the cell and organism as a whole.

3.9  Summary

Over past decades, much information on the transcriptional regula-
tion of MMP gene expression has been consolidated; the promoters 
of most MMP family members have been well characterized. AP-1 
sites are commonly involved with other cis-acting sequences, such as 
ETS, RUNX, and NF-kB, contributing to transcriptional regulation 
in an MMP- and tissue-specific manner. At the level of gene expres-
sion, many hormones, cytokines, and growth factors are potent 
inducers of MMP expression. Tissue specificity of expression of indi-
vidual MMPs is mainly achieved by the combination of different 
transcriptional control mechanisms. In addition, several SNPs have 
been discovered in MMP promoters and these have the ability to 
augment or suppress MMP transcription.

The integration of multiple signaling pathways, coupled with the 
cooperation between several cis-regulatory elements of the MMP 
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promoters, facilitate the strict spatiotemporal control of MMP tran-
scriptional activity. Additionally, epigenetic mechanisms, such as 
DNA methylation or histone acetylation, contribute to MMP regula-
tion. Further, posttranscriptional mechanisms regulating mRNA 
stability, protein translational efficiency, and microRNA-based 
mechanisms have been described. MMP polymorphisms, which may 
contribute to disease pathologies, have been identified. Nonetheless, 
the fundamental mechanisms that initiate transcription of a gene 
remain at the center of investigation, for without this initial response, 
the other contributing mechanisms of gene regulation become moot. 
Whether we are discussing signal transduction pathways, cis-acting 
sequences within a promoter, or SNPs, these elements are not func-
tioning as independent events, but rather in a larger context that is 
associated with other sequences within the gene and/or with other 
genes within the cell and organism as a whole.
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4.  “Matrix Metalloproteinases:  
They’re Not Just for Matrix  
Anymore!”

Constance E. Brinckerhoff

4.1  Introduction

As the number of matrix metalloproteinase (MMP) family members 
continued to grow, interest in their functions exploded. Initially, 
mammalian MMPs were identified as potent modulators of the 
extracellular matrix (ECM) in tissue remodeling associated with 
normal developmental processes and with disease.1 Subsequently, 
however, it became clear that matrix proteins are not the only 
physiological, or even pathological, substrates. They are, in fact, 
“not just for matrix anymore”.1 MMPs are now known to control 
many other aspects of cellular responses to their environment: mod-
ifying the activity of membrane proteins implicated in cell–cell inter-
actions, activating cytokines and growth factors, and their recep-
tors,1–3 and more recently, displaying unexpected pericellular and 
even intracellular functions.2–5 Thus, the current concept of MMP 
functions has progressed from the original, historical view, as medi-
ators of matrix degradation to encompass the realization that MMPs 
have many diverse functions, which place them at the “cutting edge” 
of biology. Consequently, the sophisticated and complex regulatory 
mechanisms governing their expression and enzymatic activities, 
discussed in previous chapters, take on even greater significance as 
they are applied to a seemingly ever-growing list of functions.
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The fact that MMPs can degrade all components of the ECM 
gives them a critical position in modeling and remodeling connective 
tissues in health and disease. That, alone, would assure them a sig-
nificant place in biology. However, in the process of degrading 
matrix, they also generate new proteins with new functions. For 
example, cleavage of collagen XVIII by MMP-7 (or the cathepsins) 
generates endostatin, an antiangiogenic compound.6,7 In addition, 
MMPs can activate and liberate growth factors and hormones 
embedded in our connective tissues, thereby increasing bioavailabil-
ity and influencing the cellular microenvironment. By acting on these 
nonmatrix substrates, the repertoire of MMPs is expanded hugely, 
as is their impact on biological systems.

4.2  Recognizing New Substrates

Traditionally, MMPs were seen as “bulldozers”,1 ruthlessly destroy-
ing connective tissues as part of the pathological processes of disease 
progression. However, as the number of MMP family members grew 
and the process of identifying ECM substrates continued, it became 
clear that viewing MMPs only as enzymes that can degrade ECM 
molecules is naïve and simplistic.1,2 Instead, it has been suggested 
that, MMPs should be regarded as proteinases that cleave specific 
sequences within proteins, and consequently target matrix and non-
matrix substrates (Fig. 4.1).2 Understanding the molecular basis by 
which MMPs recognize these divergent substrates and documenting 
the specific sequences that are proteolytically attacked remain 
important and unfinished areas of investigation.

The ever-broadening portfolio of MMP substrates has led to the 
suggestion that the total amount of proteolytic activity in a bio-
logical system depends on interactions between the different fami-
lies of proteases and protease inhibitors, all of which are linked in 
a protease web. MMPs are central components of this web, which 
is increasingly recognized as a complex interaction among the pro-
teolytic players.2 The concept of proteomics and degradomics has 
emerged as the characterization of all proteases, inhibitors, and pro-
tease substrates by genomic and proteomic techniques. The concept 
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has gained credibility as it has “exponentially expanded the known 
substrate repertoire of the MMPs, even to include intracellular pro-
teins with newly recognized extracellular functions. Thus, the dogma 
that MMPs are dowdy degraders of ECM has been resolutely over-
turned, and the metamorphosis of MMPs into modulators of multiple 

Figure 4.1.  Substrates define protease function. Substrates such as collagen and 
fibronectin imply a role for MMP-2 in ECM remodeling (a), whereas the substrates 
stromal-derived factor-1 (SDF-1/CXCL12) and monocyte chemoattractant pro-
tein-3 (MCP-3/CCL7) advocate an anti-inflammatory role (b). In fact, MMP-2 can 
cleave a large number of substrates [MEROPS (http://merops.sanger.ac.uk/)] and 
therefore is multifunctional (c). (From Butler and Overall, 2009.)
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signaling pathways has been facilitated”.2 The identification of 
numerous nonmatrix substrates and the documentation of the bio-
logical effects of MMPs in cleaving nontraditional substrates indi-
cate that these enzymes should be viewed as subtle mediators that 
they have enormously varied and multifaceted roles in normal cell 
behavior, cell–cell communication, and disease progression.

4.3  Pericellular Activities

Since the majority of MMPs are secreted into the extracellular space, 
it is easy to think of MMPs as simply “sailing away” from their cell 
of origin to accomplish their appointed tasks far from their site of 
origin. To the contrary, increasing evidence points to important 
functions in the pericellular space as the secreted MMPs become 
sequestered in the microenvironment, either by adjacent matrix pro-
teins and/or in a complex with other pericellular components. Typi-
cally, one associates pericellular MMPs with membrane-bound 
MMPs. Since membrane-type 1-MMP (MT1-MMP) (MMP-14) is 
the best studied, perhaps it can be considered as the “senior” mem-
ber of the membrane-bound MMPs.

Indeed, MT1-MMP seems especially suited for pericellular pro-
teolysis because it can degrade adjacent ECM components, trans-
membrane proteins, and soluble factors.5 Further, MT1-MMP may 
also function intracellularly by helping to process intracellular sub-
strates, including, but not limited to, pro-alpha v integrin and focal 
adhesion kinase (Fig. 4.2).2,5 Although the mechanism(s) of proteo-
lytic activity inside the cell is not clear, it is clear that localized com-
partmentalization of MT1-MMP (either inside or outside the cell) is 
an essential component of its diverse proteolytic functions. Further, 
the presence of MT1-MMP in caveolae/lipid rafts of the cell mem-
brane may help to direct both its location and its activities. For 
example, forcing MT1-MMP into lipid rafts by deleting its cytosolic 
tail limited its ability to access and process E-cadherin, and this lim-
ited its ability to influence tumor cell locomotion and growth.5 Usu-
ally, however, if MT1-MMP is found intracellularly, it is largely 
sequestered in membrane vesicles and may represent either newly 
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synthesized protein or surface enzyme that has been recycled through 
endocytosis.

In addition, since MT1-MMP is concentrated at lamellipodia, 
which is the migration front of cells, it is associated with localized 
degradation of the ECM (Fig. 4.3).5,8 The short 20 amino acid cyto-
plasmic domain of MT1-MMP is important in linking MT1-MMP to 
efficient cell migration and invasion; deleting this domain reduces 
MT1-MMP-mediated cell migration, but does not affect its cell- 
surface proteolytic activity. However, other studies in which MT1-
MMP without its cytoplasmic tail was overexpressed still showed cell 
migration. These results remain controversial because it is possible 
that ectopic overexpression overloaded the secretory pathway 
with an excess of enzyme, thereby overriding the normal regulatory 

Figure 4.2.  Extracellular and intracellular substrates and partners of MT1-MMP. 
The domain structure of MT1-MMP is shown together with lists of selected extra-
cellular and intracellular substrates and binding partners associated with each 
domain. Intracellular binding partners that interact with MT1-MMP at the Golgi 
apparatus are indicated in blue text. (From Koziol et al., 2012.)
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Figure 4.3.  Site-specific functions of MT1-MMP in macrophages. MT1-MMP 
is involved in macrophage migration and the immune response in a catalytic-
independent manner through at least three site-specific pathways linked to dis-
tinct MT1-MMP traffic routes. At the plasma membrane, MT1-MMP can 
modulate Rac1 activity through binding to p130Cas, thereby regulating migra-
tion. The formation of this complex can be regulated by tyrosine phosphorylation 
of MT1-MMP cytosolic Y573 by Src kinase. At the Golgi apparatus, MT1-MMP, 
through the Arg576 in its cytoplasmic tail, binds factor-inhibiting HIF-1 (FIH-1), 
keeping it close to Mint-3. This inactivation of FIH-1 stabilizes hypoxia inducible 
factor-1 (HIF-1), resulting in the activation of glycolytic adenosine triphosphate 
(ATP) production needed for macrophage migration and the immune responses. 
Upon translocation to the nucleus through as-yet undefined mechanisms, MT1-
MMP induces phosphoinositide -3 kinase (PI3K) expression and regulates the 
transcription of genes critical for the inflammatory response. (From Koziol et al., 
2012.)

mechanisms. Nonetheless, the transmembrane domain is essential 
because secreted collagenases, such as MMP-1, or MT1-MMP lack-
ing this domain could not mediate cell invasion through collagen. 
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MT1-MMP, therefore, serves as a model for understanding 
pericellular and intracellular functions of MMPs because of its 
particular structure and function as it straddles the cell mem-
brane. However, we are learning that even the secreted MMPs 
can function pericellularly with novel effects on cellular behavior 
in a microenvironment where they regulate remodeling events and 
direct cell migration and interactions with other cells. MMPs 
secreted into the extracellular space may be recruited back to the 
local cell environment by interactions with cell surface proteins 
and the pericellular matrix (Table 4.1).8 Under these conditions, 
MMPs are not functioning singularly, but rather seem to be part of 
a cluster of proteins that act together to accomplish a particular 
task.8,9

Table 4.1.  Cell surface-binding partners of MMPs. Some representative 
examples of the associations of MMPs with cell surface molecules and the 
domain involved in interactions are shown. It is possible that such interac-
tions confer site specificity for MMP action and could form the basis for 
therapeutic targeting outside the catalytic cleft.

MMP Domain Cell surface-binding

MMP-1 Linker and 
Hemopexin

a2b1 integrin I-domain

MMP-2 Hemopexin MTI-MMP:TIMP-2 complex

MMP-2 Hemopexin Chondroitin 4-sulfate (cell membrane)

MMP-2 Catalytic b2 integrin

MMP-2 FN domain LRP-1

MMP-2 ? Bone sialoprotein (cell surface)

MMP-3 Hemopexin Collagen I

MMP-7 ? CD44, syndecans, glypicans (heparin 
sulfate)

MMP-7 Propeptide CD151

MMP-7 Catalytic Cholestrol sulfate (cell membrane)

MMP-8 Pro and active 
forms

Neutrophil surface

(Continued )
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MMP-9 Hemopexin CD44

MMP-9 Hemopexin Ku dimer (Ku80)

MMP-9 Hemopexin b1 integrin

MMP-9 Catalytic b2 integrin

MMP-9 Hemopexin b5 integrin I-EGF-like domains 2  
and 3

MMP-9 Not known Type VI collagen a2 chain (cell 
surface)

MMP-9 Linker, 
hemopexin

LRP-1 and -2

MMP-13 Not known Receptor/LRP-1

MMP-14  
(MTI-MMP)

Hemopexin CD44H stem

MMP-14 Not known? 
Indirect

Claudin

MMP-14 Hemopexin CD63

MMP-14 Hemopexin MMP-14

MMP-14 ? CD151

MMP-15 Hemopexin CD44H

MMP-16 Hemopexin CD44H

MMP-16 Catalytic Chondroitin-4-sulfate (cell surface)

MMP-24 Hemopexin CD44H

MMP-25 Hemopexin CD44H

Source : Murphy and Nagase (2011).

Table 4.1.  (Continued )

MMP Domain Cell surface-binding

Exactly how secreted MMPs behave in pericellular space may 
depend on their interactions with particular matrix proteins, where 
interactions between MMPs and matrix proteins influence cell behav-
ior and matrix remodeling. In a fascinating example of specialization, 
studies of wound healing in keratinocyte monolayers have shown that 
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Figure 4.4.  Distinct functions of MMPs contribute to wound healing and 
angiogenesis. In healthy skin, basal expression of MMPs is low, but following 
injury, interaction of many secreted and membrane-bound MMPs contribute either 
directly or indirectly to wound healing. For example, MMP-1 strongly influences 
keratinocyte migration at the wound edges, while MMP-7 regulates neutrophil 
recruitment (as shown in the legend on the lower right site). The wound-induced 
neoangiogenesis, a result of migration and proliferation of ECs, is driven by VEGF 
and tumor necrosis factor (TNF)-a release through the gelatinases MMP-2 and 
MMP-9 (as shown in the box with a blow up of a migrating EC. BM, basement 
membrane; EC, endothelial cell; ECM, extracellular matrix; KC, keratinocyte; 
TIMP, tissue inhibitor of matrix metalloproteinase; VEGF, vascular endothelial 
growth factor. (From Loeffek et al., 2001.)

the collagenolytic activity of MMP-1 is necessary for migration of 
human keratinocytes on type I collagen (Fig. 4.4).10 With wounding, 
the integrin a2b1 in the keratinocytes makes contact with collagen 
fibrils, inducing the cells to produce proMMP-1. Then, the hemo-
pexin domain of both proMMP-1 and MMP-1 binds to the a2b1 inte-
grin through the a2 integrin subunit. The a2b1 integrin binds native 
collagen I with high affinity, resulting in clustering of this integrin at 
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contact points, with tight tethering of resting keratinocytes to the der-
mis. This results in focal cleavage of the collagen matrix by MMP-1 
bound to a2b1 integrin. The degraded collagen then denatures, which 
weakens the adhesion to the matrix and permits keratinocyte migra-
tion. Thus, a2b1 integrin, MMP-1, and collagen all coordinate together 
to drive and regulate migrating keratinocyte during reepithelialization.

The interactions of MMPs with proteoglycans provide another 
example of specialized function. Proteoglycans are large negatively 
charged molecules, which contain either heparan sulfate or chon-
droitin sulfate glycosaminoglycan chains covalently linked to a pro-
tein core. They are an important class of cell surface and ECM 
molecules that regulate the activation and activity of MMPs. Several 
MMPs bind to tissues by associating with glycosaminoglycans, with 
MMP-7 binding the most tightly.8 The hyaluronan receptor, CD44, 
is covered with sulfated glycosaminoglycans, and MMP-7 binds to 
heparan sulfate proteoglycans that is close to epithelial cells and the 
underlying basement membrane; this binding enhances is enzymatic 
activity.8 Because MMP-7 is an important regulator of many proteo-
lytic events at the cell surface, the interactions between CD44 and 
MMP-7 may provide a mechanism for localizing the enzyme. MMP-
2, -9, and -13 also bind to heparan sulfate in the extracellular space, 
a process that sequesters these enzymes in latent form. This may 
facilitate the ability of cells to regulate the activation of these 
enzymes, depending on the state of the microenvironment, that is, 
whether it is inflamed or not.

Endocytosis of pericellular MMPs is a way to suppress pericel-
lular proteolysis, and low-density lipoprotein receptor-related  protein 
(LRP) is an important mediator of this function. LRP is a heterodi-
meric endocytic receptor for many proteins, including a2-macro-
globulin-proteinase complexes, and proteinase–inhibitor complexes, 
which block MMP activity.8 ProMMP-2 has a low affinity to LRP, 
but when complexed with thrombospondin or TIMP-2, is efficiently 
endocytosed by LRP. ProMMP-9 is internalized as a proMMP-9–
TIMP-1 complex, and MMP-13 is endocytosed when it binds to an 
as-yet unidentified 170-kDa receptor and then the enzyme is targeted 
for intracellular degradation.8
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In summary, several studies have shown that secreted MMPs are 
recruited to the cell surface, where they interact with cell surface recep-
tors or pericellular macromolecules. These interactions set in motion a 
complicated cascade, which carefully controls proteolysis, often in 
response to a biochemical or hormonal gradients present in the cellular 
microenvironment. While these interactions may increase expression 
and activity of MMPs, they also have the equally important function 
of downregulating MMPs under the appropriate circumstances. When 
these intricate mechanisms become dysregulated, the activities of 
MMPs, secrete or membrane-bound, can become pathologic.

4.4  MMPs in Exosomes

Exosomes are microvesicles of 30–120 nm, which are derived from 
endocytic membranes, that is, vesicles that form as a result of invag-
ination of the plasma membranes (Fig. 4.5).11 They are released from 
the cell by membrane fusion between the vesicular bodies and 

(a)

(b)

Figure 4.5.  Exosomes are released from host cell and taken up by recipient cells. 
Exosomes are generated in host cell by merging microvesicular exosomes (MVEs) 
with the cell membrane and releasing into the extracellular space. These exosomes 
can be fused with the plasma membrane (a) or be internalized (b) by recipient cells. 
(From Lin et al., 2015.)
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plasma membrane. These vesicles contain a wide range of proteins, 
nucleic acids, and lipids and are found in many, if not all, bodily 
fluids. Initially, it was thought that exosomes were “garbage bags” 
for cells to get rid of unwanted constituents.11 More recently, how-
ever, it has become clear that they carry the various molecular con-
stituents of the cells from which they were derived: proteins, lipids, 
mRNAs, and microRNAs (miRNAs), and that they have important 
functions as modulators of cell behavior.9,11–13 Because they originate 
from endosomes, exosomes contain specific marker proteins that 
are involved in the endosomal sorting complexes required for trans-
port (ESCRT) (e.g., TSG101, Alix) and in transport and fusion 
(e.g., Rab11, Rab7, Rab2, and annexins). Other markers expressed 
in or on exosomes include tetraspanins (CD81, CD63, CD9), heat 
shock proteins (HSC70 and HSP90), and cytoskeletal proteins 
(e.g., actin and tubulin). Further, characterizing the molecular com-
ponents in exosomes from normal cells has revealed the presence of 
various cell-type proteins. Some examples: exosomes isolated from 
antigen presenting cells harbor major histocompatibility complex II 
(MHCII) on their surface, while those from T-cells carry the TCR/
CD3/zeta complex.13 These cell-specific proteins target exosomes to 
specific recipient cells either by interaction with cell-surface adhesion 
molecules or through interaction with cell-surface heparan sulfate 
proteoglycans.13 Alternatively, exosomes can be taken up by recipi-
ent cells through lipid-dependent endocytosis, where membrane lip-
ids of the exosomes fuse with the plasma membrane of target cells.13 

Internalization of exosomes by recipient cells can, therefore, be a cell 
type-dependent event, providing a mechanism for imparting crucial 
instructions for the recipient cell.

Indeed, exosomes have important roles in cell-to-cell commu-
nication and they influence both normal physiological and patho-
logical processes. In general, the biological functions of exosomes 
are still incompletely understood.9,11,12 However, recent pro-
teomics analyses of exosomes from cell lines and body fluids pro-
vide some clues about their biological significance and importance 
in human diseases.11,12 MMPs are found in exosomes, where their 
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transfer to recipient cells may alter the cell surface and mediate 
ectodomain shedding.12

One obvious example of MMPs in exosome-like vesicles 
extruded from the cell is the granules in polymorphonuclear leuko-
cytes and mast cells. These cells store MMPs (and other protein-
ases) in vesicles, which are released into the extracellular microen-
vironment when the cells are activated, often by inflammatory 
stimuli.9 Since both exosomes and MMPs are ubiquitous, it is not 
surprising that MMPs have been detected in vesicles found in endo-
thelial cells (ECs), chondrocytes, and various cancer cells,9 and that 
the MMPs in exosomes shed by cells are frequently linked to matrix 
remodeling and cellular invasion by normal cells. Activation of ECs 
with angiogenic factors such as fibroblast growth factor-2 (FGF-2) 
and/or vascular endothelial growth factor (VEGF) causes rapid 
release of exosomes containing MMP-2, MMP-9, MT1-MMP, and 
tissue inhibitors of metalloproteinases (TIMPs). The rapidity of the 
response suggests that the vesicles are stored in intracellular storage 
compartments. MMPs in exosomes are in both pro- and active 
forms, and when they are taken up by ECs, the formation of capil-
lary-like structures in vitro increases, as does EC invasion.9 Simi-
larly, cultures of chondrocytes derived from growth plate cartilage 
produce matrix vesicles that contain pro- and active MMP-2 and 
MMP-3, and TIMPs, and treating the cells with the vitamin D 
metabolite 1,25-(OH)2D3 increases MMP activity. Vesicles from 
chondrocytes isolated from growth zones have higher levels of 
MMPs than chondrocytes from resting zones, suggesting that MMPs 
are contributing to remodeling of the ECM at the hypertrophic cell 
zone in the growth plates of long bones.9

However, by far and away, the most interest in exosomes has 
been in cancer biology.9,12,13 Tumor-specific exosomal proteins have 
been implicated in tumor progression and have been referred to as 
“a message delivery system for tumor progression”.13 In melanoma 
cells, MMP-2 and MMP-9 have been found in vesicular organelles 
located along the microtubular network.9 These vesicles also con-
tained the motor proteins, kinesin, and a-tubulin. Treating the cells 
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with a microtubule-interfering drug reduced the secretion of MMP-2 
and MMP-9, supporting the concept that some cell types can store 
these MMPs intracellularly in exosomes. Since kinesin may actively 
propel the exosomes along microtubules towards the plasma mem-
brane, shedding of these vesicles with MMPs as part of their cargo 
may provide one mechanism for directional proteolysis during cell 
migration and invasion.9

Exosomes found in ascites fluid from ovarian carcinoma contain 
MMPs, along with other classes of proteinases: pro- and active 
forms of MMP-2, MMP-9, and MT1-MMP, active urokinase-like 
plasminogen activator, and urokinase-like plasminogen activator 
receptor. Patients with later stage cancers had more vesicles, with 
more active enzymes, than did patients with earlier stage disease, 
emphasizing the important concept of cooperativity among classes of 
proteinases in mediating tumor progression. Further, these vesicles 
stimulated the invasion of ovarian cancer cell cultures through 
Matrigel®, a process that was blocked if inhibitors of MMPs or 
serine proteases were added.9

Finally, gastrointestinal stromal tumor (GIST) cells secrete 
 exosomes, which contain oncogenic KIT. Their uptake by normal sur-
rounding stromal smooth muscle cells leads to an increase in down-
stream signaling through the AKT and mitogen activated  protein 
kinase (MAPK) signaling and phenotypic changes in cells. These 
changes include changes in morphology, expression of tumor-associ-
ated markers such as vimentin and smooth muscle actin, enhanced 
expression of MMP-1, and increased tumor cell invasion (Fig. 4.6).13 
This study emphasizes host-tumor cells interactions in tumor progres-
sion and also documents the critical role of exosome-mediated signal-
ing in the tumor microenvironment, where it acts as a positive feed-
back loop that facilitates tumor invasion.

In summary, exosomes are increasingly recognized as essential 
components of a cell–cell communication network. Given that there 
appears to be considerable specificity in the targeted uptake of exo-
somes by recipient cells, the possibility arises that pharmacological 
manipulation of this message delivery system may represent a prom-
ising therapeutic approach.13
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4.5  Intracellular Localization of MMPs

A specific proteolytic enzyme usually has a dedicated function in an 
intracellular, extracellular, or intranuclear location, but not in all 
three. However, as more and more studies with MMPs have accrued, 
both secreted and membrane-bound MMPs have been localized to 
cytosolic and to nuclear sites.4,9,14 Although a report of MMPs local-
ized in the cytoplasm or nucleus might be dismissed as “sloppy sci-
ence” and/or errant protein targeting, careful biochemical analyses 

Figure 4.6.  Proposed model of tumor-stromal positive feedback loop mediated by 
oncogenic KIT-bearing tumor exosomes in the regulation of tumor invasion. GIST 
cells secrete a gradient of exosomes carrying mutant KIT, which after internalization 
by surrounding smooth muscle cells activate downstream signaling pathways of KIT 
(e.g., AKT and MAPK pathways) and induce an enhanced expression of endoglin, 
vimentin (VIM), smooth muscle actin (SMA), and plasminogen activator inhibitor-1 
(PAI-1) in the recipient cells, resembling an ICC-like phenotype. This tumor-stromal 
interaction creates a positive feedback loop in which tumor-derived exosome-
mediated signaling in stromal cells increases MMP1 secretion. In turn, tumor cells 
utilized MMP1 to invade the submucosa. This model describes a previously unre-
ported mechanism by which tumor-derived exosomes can modulate their host 
microenvironment and promote local invasion and potentially distant metastasis. 
(From Atay and Godwin, 2014.)
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and the identification of a nuclear localization signal(s) (NLS) of 
some MMPs suggest that these alternate localizations are an impor-
tant aspect of MMP behavior (Fig. 4.7).4.9,14

Figure 4.7.  Schematic representation of the multiple roles of extracellular, intracel-
lular, and intranuclear MMP-3 in chondrocytes. Based on numerous previous 
reports, stromelysin-1 (MMP-3) has been recognized as an MMP functioning as a 
regulatory proteinase degrading substrates present in extra- and intracellular milieu, 
but also modulating gene expression and cleaving peculiar proteins in the nuclei. In 
fact, the canonical presence of MMP-3 in extracellular space (by the well-known 
secretion pathway mainly related to the N-terminal signal peptide of MMPs) is 
associated to the enzymatic degradation of types IV and IX collagens, laminin, 
fibronectin, elastin, and proteoglycans. After the translocation from ECM to cyto-
sol (through a putative receptor), the degradation of nonmatrix cytosolic proteins 
inside the cells have been also characterized, mainly linked to the activation of 
several biological precursors like proTNF-a, proIL-1b, IGFBPs, myelin basic pro-
tein, proMMP-1, and so on. After translation or via the protein-mediated nuclear 
transportation, the novel roles of MMP-3 have been identified as gene regulator 
(after the binding of MMP-3 with the TRENDIC motif for transregulation of the 
CCN2/CTGF gene) and as nuclear proteinases cleaving peculiar proteins (such as 
PARP and XRCC1). These findings support a role for MMP-3 in apoptosis, gene 
regulation, and tissue remodeling. (From Mannello and Medda, 2012.)
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The “cytoplasm” is defined as the portion of a cell that is 
enclosed by the plasma membrane, and thus it contains the cytosol 
and the organelles within it.14 When determining the intracellular 
localization(s) of MMPs, simple immune-staining is not definitive 
since it may not discriminate between cytosol and organelles. Further, 
proMMPs are normally present intracellularly when as they are syn-
thesized in the endoplasmic reticulum (ER) and processed for secre-
tion in the Golgi. Therefore, accurate cytoplasmic documentation of 
an activated MMP within the cytoplasm requires careful subcellular 
fractionation and detailed biochemical evidence.14 However, even 
with careful biochemistry and evidence of proteolytic cleavage of 
substrate in vitro, a cautionary note remains as to whether the novel 
substrate tested in vitro is, in reality, a true biological substrate with 
a “real” role in physiology and/or pathology.2,14

Nonetheless, several reports have consistently documented the 
cytoplasmic location and function of MMPs, where they have a 
growing range of substrates, with potentially important functions. 
Intracellular MMP-1 has been demonstrated in several types of cells, 
including glia cells, epithelial cells, and fibroblasts.9 Early in apopto-
sis, both the proMMP-1 and active MMP-1 were colocalized with 
mitochondria that were clustered near the nucleus. During the later 
stages of apoptosis, MMP-1 collected around the nucleus and 
nuclear fragments, suggesting a possible role for this enzyme in 
breaking down the nuclear envelope. In addition, the levels of intra-
cellular MMP-1 varied during the cell cycle, with the highest levels 
seen during M phase, implicating MMP-1 in cell growth.9

Active MMP-2 has been demonstrated intracellularly in myo-
cytes, where it is most likely activated via peroxynitrite inside  cardiac 
myocytes undergoing injury from ischemia-reperfusion injuries.9,14 
Ischemia/reperfusion is part of acute myocardial injuries, which are 
characterized by a loss of muscle contractility during the postisch-
emic reperfusion phase. The presence of active MMP-2 in injured 
myocytes suggests that the loss of contractility results from the abil-
ity of MMP-2 to cleave the contractile proteins, TnI and the cyto-
skeletal protein, a-actinin.9 In yet another example, active MMP-3 
is found intracellularly, where it helps to mediate apoptosis in dopa-
minergic neurons. During apoptosis, the proform of MMP-3 was 
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proteolytically cleaved active MMP-3 by a serine proteinase.9 The 
finding that in the absence of intracellular MMP-3 activity, the cells 
were protected from apoptosis supports a role for MMP-3 in this 
process.

4.6  Nuclear Localization

Many MMPs, including MMP-2,-3,-9,-13,-26 and MT1-MMP, have 
been found in the nucleus of several types of cells (including heart 
myocytes, brain neurons, ECs, fibroblasts, and hepatocytes) where 
they may cleave nuclear matrix proteins.4,9,14 The nuclear matrix is 
surrounded by a nuclear lamina and a double-membrane nuclear 
envelope, and therefore, requires active mechanisms for nuclear 
import and export in order to shuttle large macromolecules in and 
out of the nucleus.14 Consequently, if MMPs enter or exit the 
nucleus, their amino acid sequence must harbor specific signals, 
termed NLSs, or nuclear export signals (NESs) (Fig. 4.8).

Although the mechanisms of nuclear translocation of MMPs are 
not well understood, several mechanisms have been proposed. 
MMP-2 has a classical nuclear localization sequence close to the 
C-terminus, which could result in trafficking to the nucleus.4,9,14 
Similarly, a nuclear signaling sequence is found in the catalytic 
domain of MMP-3, and it is required for this enzyme to be translo-
cated to the nucleus. Interestingly, full-length MMP-3 is not found 
in the nucleus, indicating that some molecular processing is needed 
to expose the NLS for nuclear transport. For MT1-MMP, it has 
been suggested that a caveolae-mediated mechanism of endocytosis 
mediates nuclear translocation to perinuclear regions.

As reports of intranuclear MMPs continue to accumulate, some 
themes about their possible functions are beginning to emerge.4,9,14 
Nuclear localization of MMP-2, MMP-9, and MMP-13 has been 
associated with DNA damage and apoptosis following ischemic 
injury in pulmonary ECs, in rat brain neurons, and in cardiac myo-
cytes. In all three of these cell types, nuclear enzymatic activity cor-
related with the ability of MMPs to proteolytically interfere with 
proteins involved in DNA repair. In the ECs, MMP-2 activation can 
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be induced by reactive oxygen and nitrogen species produced by 
cigarette smoke. In rat brain neurons, MMP-2 and MMP-9 activity 
is associated with DNA fragmentation, which was reduced by MMP 

Figure 4.8.  Hypothetical diagram of the events linking intranuclear MMPs and 
oxidative DNA damage in brain cells during ischemia, reperfusion, and stroke. In 
ischemic brain tissue (shortly after the injury), some nuclear MMPs are able to 
cleave nuclear proteins, which facilitate accumulation of oxidative damaged DNA 
at an early stage after an ischemic insult. In particular, MT1-MMP colocalized with 
MMP-2 in the ischemic nuclei and in nuclear extracts, jointly with the expression of 
furin, an activator of MT1-MMP. Ischemic nuclear extracts contained a significant 
increase of MMP-dependent cleavage products of both poly-ADP-ribose poly-
merase-1 (PARP-1) and X-ray cross-complementary factor 1 (XRCC1), nuclear 
proteins that play crucial roles in DNA fragmentation, DNA base excision repair, 
and cell apoptosis. The degradation of these nuclear proteins via MMP-2 
and MMP-9 activated by furin-enhanced MT1-MMP activity during ischemic 
insult enhanced nuclear accumulation of oxidative DNA damage and leaving the 
reperfused ischemic rat brain prone to apoptosis. (From Mannello and Medda, 
2012.)
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inhibitors or by MMP-specific antibodies. Nuclear MMP-13 was 
increased in neural cells after cerebral ischemia in both rats and 
humans, and increased translocation to the nucleus occurred with 
deprivation of oxygen and glucose. MT1-MMP and its activator, 
furin, were also detected in the nucleus of the ischemic rat brain 
neurons, suggesting that intracellular activation of MMP-2 may 
occur through MT1-MMP.

Active MMP-3 in the nucleus has a novel role as a transcription 
factor, and therefore, has received considerable attention.4,9,14 In cul-
tured chondrocytes in vitro, and in the normal and osteoarthritic 
chondrocytes in vivo, MMP-3 binds to a transcription enhancer 
sequence in the promoter of connective tissue growth factor 
(CCN2⁄CTGF) gene and activates its transcription. CTGF promotes 
chondrocyte growth and matrix deposition. Notably, both pro- and 
active MMP-3 could activate the CCN2/CTGF promoter, suggesting 
that this novel function may be independent of enzymatic activity. 
Further, both the hemopexin and the catalytic-hinge regions of 
MMP-3 activated the promoter, while the prodomain and the hinge-
region alone could not. A DNA-binding domain was found in the 
hemopexin domain, as an antibody directed against the MMP-3 
hemopexin domain antibody inhibited protein–DNA interactions. 
Interestingly, the hinge region contains proline-rich sequences found 
in some transcription factors, and thus may provide an explanation 
for this mode of transcriptional activation. However, catalytically 
dead MMP-3 mutants could also activate transcription, although at 
a lower level, suggesting that MMP-3 regulates the CCN2⁄CTGF 
promoter activity by two different mechanisms. One may involve 
proteolytic processing of one or several nuclear proteins, while the 
other is independent of the proteinase activity and involves the 
hemopexin domain. Future studies may determine if one or the other 
of these putative mechanisms is dominant and/or whether they act in 
concert.

To summarize, the discovery of MMPs in localized compart-
ments within the cell and in the pericellular environment represents 
an important, but underappreciated, aspect of MMP functions. 
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These discoveries open a new field in the cell biology and  biochemistry 
of MMPs. The novel compartmentalization of cytoplasmic and 
nuclear MMPs illustrates their important roles in diverse physiologi-
cal and pathological cellular processes, where MMPs are either 
expressed constitutively or induced, and where they have regulatory 
functions. These relatively newly described roles for MMPs empha-
size the importance of the mechanisms controlling their expression 
and enzymatic activities. Further investigations into intracellular/ 
intranuclear sorting and trafficking are important areas for future 
studies, as is the careful identification of specific nuclear and cyto-
plasmic substrates. Results of these kinds of studies may provide a 
foundation for designing specific agents that can block MMPs both 
under physiological and pathological conditions.

4.7  MMPs as Signaling Molecules

MMPs can be defined as “signaling molecules” when they are 
involved in mediating the interactions of a ligand with its receptor, 
with the subsequent initiation of signal transduction pathways, and 
downstream modification of gene expression and cell behavior. 
MMPs can activate receptors in several ways. First, when MMPs 
liberate growth factors, cytokines, and hormones embedded in the 
ECM, these ligands are now free to bind to their cognate receptors 
with subsequent initiation of signal transduction cascades. In this 
instance, MMPs are indirect and almost serendipitous participants in 
modulating cell behavior: they happen to be at the right place and at 
the right time. Second, abundantly high levels of activated MMPs can 
proteolytically cleave either receptors on cell membranes or their 
ligands, and consequently interfere with the ability of the cells to 
respond to a signal since the receptor is now essentially destroyed or 
rendered inactive. Third, proteolytic cleavage of a class of G protein-
coupled receptors (GPCRs) by MMPs results in particular targeted 
activation of signaling cascades with profound effects on cell behav-
ior. Specifically, these GPRCs are protease activated receptors (PARs), 
of which there are four, with PAR-1 being the most ubiquitous; both 
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MMP-1 and MMP-13 can cleave PAR-1, resulting in activation of 
signaling pathways (Fig. 4.9).15

1. Liberation of growth factors and cytokines. While the liberation 
of growth factors and cytokines embedded in the ECM is well 
known, the second and third roles a signaling molecules are more 
subtle. MMPs are the “perpetrators” of signaling when their 
proteolytic “skills” result in enzymatic modification of signal-
ing molecules, sometimes with less than beneficial results. For 
example, MMPs can liberate the matrix-bound ligand, VEGF A, 
so that it can bind to its receptor. However, MMP-9 (along with 

Figure 4.9.  MMP-PAR1 signaling in vascular diseases. PAR1 senses a diverse 
milieu of extracellular proteases and subsequently relays that information to 
influence cellular behavior and potentially exacerbate disease pathologies. The 
N-terminal extracellular domain (exodomain) of PAR1 is cleaved at a canonical site 
by thrombin and noncanonical sites by MMP-1 and MMP-13. Various signaling 
outputs can lead to platelet thrombosis, atherosclerosis, in-stent restenosis, heart 
failure, and sepsis. (From Austin et al., 2013.)
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plasmin) can also cleave the C-terminal domain of VEGF, which 
hastens its  degradation and hinders the recruitment of a new 
vascular supply (Fig. 4.10).16 Given the potential for abundant 
amounts of MMPs and of VEGF A in normal physiology and in 
pathological conditions, the ability of proteolytic “sculpting” of 
VEGF A by MMPs would seem to be a potentially potent mecha-
nism for influencing cell behavior and possibly, disease outcome.

2. Proteolysis of receptors. Modulation by MMPs of ligand/recep-
tor interactions through proteolysis of receptors can have 
 several downstream consequences for signal transduction and 

Figure 4.10.  Mechanisms of proteolytic regulation of extracellular EGF. Proteases 
play a key role in determining the fate of VEGF and its detection by ECs. Proteases 
can degrade soluble VEGF inhibitors (e.g., CTGF, sVEGFR1) (a) or release matrix-
sequestered VEGF (b); both allow free VEGF to escape inactive states and bind to 
EC receptors (c). VEGF gradients are altered by release of matrix-sequestered 
VEGF. In tumor angiogenesis, cancer cells, ECs, and inflammatory cells can all 
contribute to proteolytic activity. VEGF164 has two heparin-binding domains; 
cleavage of either domain results in a VEGF164/113 intermediate (b), with lower 
overall affinity for the ECM. Subsequent cleavage of the second domain results in 
freely diffusing VEGF113. Some MMPs can cleave VEGF bound to heparin/HSPGs 
(e.g. MMP-3) while others cannot (e.g. MMP-9). Heparanase activity on cell- 
surface HSPGs can lead to upregulation of MMP-9 leading to cleavage of both GAG 
chains and core protein (d) and enhanced signaling at the cell surface MMPs and 
VEGF. (From Vempati et al., 2014.)
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cell behavior. One important example of receptor proteolysis 
has formed the basis for a hypothesis that explains the comor-
bidities associated with “metabolic syndrome”. This is a cluster 
of clinical entities of hypertension, diabetes, reduced capillary 
density (rarefaction), profound obesity, and immune suppres-
sion.17–19 High levels of MMPs have been implicated in this syn-
drome with changes in the arterial vasculature. The changes 
begin with endothelial dysfunction and lead to micro- and mac-
rovascular complications, and eventually, remodeling of the 
basement membrane (Fig. 4.11).17 These changes also promote 
thrombosis, followed by leukocyte activation, oxidative stress 
and, eventually, to increases in MMPs expression. While elevated 
MMPs expression in metabolic syndrome is well-documented, 
two lines of evidence support a role of MMPs in mediating 
hypertension: (1) MMPs are expressed in conditions where 
hypertension is a risk factor, such as stroke, atherosclerosis, renal 
disease, heart disease, and arterial aneurysm, and (2) MMPs are 
involved in cardiac hypertrophy and its transition into heart fail-
ure in hypertension.

Figure 4.11.  MMPs and metabolic syndrome. Schematic summary of evidence 
supporting a hypothesis for involvement of MMP in hypertension, ventricular wall 
hypertrophy, insulin resistance, capillary rarefaction, attenuated leukocyte adhesion 
and shear stress response, and eventual organ failure. FPR, formyl peptide receptor; 
GPCR, G protein–coupled receptor; VEGFR2, vascular endothelial growth factor 
receptor 2. (From Schmid-Schönbein, 2012.)
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 In addition, unbridled MMP activity cleaves other important 
receptors in this syndrome, including the b2 adrenergic receptor. 
Binding of agonist usually stimulates vasodilation but in the arteri-
oles of the experimental system of the spontaneously hypertensive 
rat, the ability of the b2 adrenergic receptor to increase  vasodilation 
is compromised, because its extracellular domain has been cleaved 
off by MMPs.17 The insulin receptor-a also shows evidence of 
cleavage of its extracellular domain by MMPs, and this cleavage is 
associated with a reduced ability to transport glucose across its 
membranes. The fact that chronic inhibition of MMP enzyme 
activity reduces elevated blood glucose and glycosylation supports 
a role of MMPs in mediating at least some of the pathogenesis of 
this syndrome. Similarly, cleavage of the extracellular domain of 
the b2 adrenergic receptor is seen in other models of  insulin resis-
tance, providing additional support for the ability of MMPs to 
contribute to the aberrant regulation of glucose metabolism.

Still another membrane receptor in the hypertensive rat is 
also cleaved.17 The extracellular domain of the transmembrane 
G-protein coupled receptor (GPCR), formyl peptide receptor, is 
normally found on circulating leukocytes, but is less abundant 
and has a reduced response to chemotactic peptides in the dis-
eased rat. In addition, this receptor serves as a mechano-sensor 
in retracting pseudopod projections in circulating leukocytes in 
response to fluid shear stress. Compared to normal rats, its 
extracellular domain is cleaved in the hypertensive rat, and there 
is an increase in the number of circulating leukocytes with pseu-
dopods, which increases both capillary and hemodynamic resis-
tance. It seems, then, that multiple signaling components are 
affected by MMP proteolysis in metabolic syndrome. The novel 
hypothesis for the role of MMP-1 directly links the increase in 
the level of MMPs in this syndrome with some of its pathological 
features, thereby helping to provide a molecular mechanism to 
explain a wide range of clinical findings.

3. MMPs and the GPCR, PAR-1. GPCRs are seven-transmembrane 
receptors, whose activation results in a large diversity of cellular 
responses, which are mediated through various G-protein and 
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non–G-protein pathways (Fig. 4.9).15,20,21 Although protease- 
activated receptors (PARs) are members of the GPCR super-
family, they have a unique mechanism of activation: proteolytic 
 cleavage.15,20 Although four PARs have been identified, PAR-1 is 
the most ubiquitous and the best studied.15,20,22 PARs are expressed 
by several types of cells, including ECs, platelets, activated fibro-
blasts, and some types of tumor cells. PAR receptors are unique 
in that their ligand is embedded and masked N-terminally under 
resting conditions.15,20 PAR-1 was initially identified as the first 
receptor for thrombin,23 with the subsequent discovery of PAR2, 
PAR3, and PAR4.23 The serine protease, thrombin, is the classic 
activator of PAR-1, and when the ligand is exposed by proteo-
lytic cleavage, it binds to the extracellular active site and acti-
vates PAR-1 intramolecularly. Activated PAR initiates signaling 
through MAPK pathways with downstream consequences that 
alter cell morphology and behavior.

After the initial demonstration that thrombin could cleave PAR1 
on human platelets, other members of the serine protease family 
were shown to cleave PARs, including plasmin, activated protein C, 
thrombocytin, platelet-activating enzyme from Bothrops jaraca (PA-
BJ), factor Xa, factor VIIa, kallikreins, cathepsin G, trypsin, matrip-
tase, and tryptase.15 Since PARs are expressed on nearly all cell types 
in the blood vessel wall and blood, with the exception of red blood 
cells, and since PARs are activated by thrombin, these receptors have 
a vital role in the vasculature.15 Specifically, PAR1 is expressed on 
the surface of ECs, smooth muscle cells, platelets, neutrophils, and 
macrophages.15 Thrombin activation of PAR1 stimulates platelet 
aggregation, cell proliferation, changes in cell shape and adhesion, 
chemokine production, and cell migration.

In 2005, Kuliopulos and colleagues reported that MMP-1 could 
also cleave and activate PAR1, leading to unique patterns of signal 
transduction and gene expression that are distinct from that of 
thrombin.15,24,25 This cleavage occurs at a noncanonical site,15 which 
may explain the differential signaling pattern when compared to 
thrombin, perhaps resulting from distinct conformational changes 
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that occur after proteolytic cleavage. Of importance, another 
 collagenase, MMP-13, also cleaves PARs, at yet still a different 
cleavage site (Fig. 4.9).15 MMP-13 cleavage of PAR occurs on car-
diac fibroblasts and cardiomyocytes following b-adrenergic receptor 
stimulation. Consequently, it has been suggested that this signaling 
pathway results in pathologic activation of downstream signaling 
events that contribute to heart failure.26

The MMP-1/PAR1 signaling axis has a prominent role in the 
progression of several cancers, including ovarian, lung, and mela-
noma.15,21,27,28 This role is distinct from that of the degradation of 
interstitial collagen, which, in cancer biology, frees the tumor cells to 
escape from the primary site. MMP-1/PAR-1 signaling acts on the 
tumor cells and on adjacent stromal cells to increase expression of a 
host of genes involved in cell behavior and pathological out-
come.21,25,29 Importantly, it is likely that thrombin and MMP-1 coop-
erate in the tissue microenvironments to additively or synergistically 
promote both tumor progression and inflammation.21

4.8  Conclusion

It is abundantly clear that MMPs are “not for matrix anymore”. In 
fact, there may be more nonmatrix substrates proteolytically 
 modified by MMPs than matrix proteins. Although MMPs are tradi-
tionally found in the extracellular milieu, their presence in the peri-
cellular microenvironment of the secreted MMPs as well as membrane-
bound is well-documented. They are associated with complex 
 activities that direct cell movement and behavior, liberate growth 
factors, hormones and cytokines from matrix molecules, and activate 
or inhibit cellular receptors with their enzymatic activities. Intracel-
lularly, they may have specialized functions in cytoplasmic organelles 
as well as in the nucleus, where several MMPs appear to be involved 
in DNA damage and apoptosis. Their presence in secreted vesicles 
(exosomes) allows them to be transported to new cells, where they 
are taken up and can discharge their functions either pericellularly or 
intracellularly. Finally, the ability to two collagenases, MMP-1 and 
MMP-13, to proteolytically cleave the GPCR, PAR1, assigns unique 
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roles to these proteinases as powerful signaling molecules, which can 
activate MAPK pathways and modulate gene expression, with dra-
matic changes in cell behavior. No wonder, then, MMPs should now 
be viewed as major controllers of homoeostasis in the extracellular 
and systemic environments. By acting upstream in information path-
ways through the activation or inhibition of signal transduction 
pathways, MMPs can profoundly control cell function. While their 
original role of MMPs as “emperors” of connective tissue matrix 
destruction remains intact and undisputed, it is essential to recognize 
that this represents just one aspect of the intracellular/extracellular 
environments under the portfolio of MMP activities.
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5.  Matrix Metalloproteinases  
(MMPs) in Homeostasis and  
Health: Can MMPs be  
Good for You? 

Constance E. Brinckerhoff

5.1  Introduction

The answer to this question is a resounding “YES”! Matrix metal-
loproteinases (MMPs) have critical roles in homeostasis as they 
maintain normal remodeling of our cells and tissues. In the begin-
ning, knowledge of the basal levels of MMP expression and the con-
sequences of this expression were often deduced from experiments 
where “normal” cells and tissues were compared to tissues from 
patients with disease. Results from these studies revealed that under 
homeostasis, MMPs levels are generally low (see Table 3.1).1–3 In this 
mode of “normal”, their actions are often subtle and unnoticed or 
unrecognized. It was not until clinical trials with broad-spectrum 
MMP inhibitors (MMPIs) revealed unexpected and painful side 
effects that we began to see some of the less dramatic, but extremely 
important, actions of these enzymes.

Interestingly, punctuated amidst these normally low levels of 
expression are carefully controlled explosions of heightened MMP 
expression in situations such as wound healing and uterine resorp-
tion after childbirth, to give just two examples, of which there 
are many. What is so remarkable about these intense bursts of 
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“normal” MMP activity is the exquisite orchestration of events: 
there is just enough MMP expression to get the job done the way 
it is supposed to be done, with the desired results of, for example, 
a healed wound (with nonscarring) and a uterus that has returned 
to its prepregnant state.

Documentation of these subtle remodeling and homeostatic activ-
ities of MMPs has led to the conclusion that our connective tissues 
(skin, bone, tendons, cartilage, etc.) are not static. Rather, they are 
dynamic organs and tissues that are constantly undergoing enzymatic 
modeling and remodeling, often in response to the activation of signal 
transduction and gene regulation pathways. Remarkably, these normal 
control processes know when to begin and when to end. In contrast, 
these mechanisms go awry in disease pathology, when MMPs expres-
sion becomes dysregulated and essentially out of control.4 Given the 
ever-increasing portfolio of MMP activities, inside and outside of the 
cells, as enzymes and as signaling molecules, it becomes apparent that 
reigning in the behavior of these enzymes to appropriately control 
them for therapeutic regimes is a complicated and difficult process.

5.2  Experimental Systems and Normal Development

Perhaps one of the earliest demonstrations of the constitutive low 
levels of MMP expression in normal tissues came from experiments 
comparing MMP expression in diseases tissues to “normal” con-
trols. In particular, synovium taken from connective tissues was 
studied. Tissue taken from joints of patients with rheumatoid arthri-
tis was the subject of early investigations, since synovium from these 
patients had been prime source of material from which to purify 
human collagenase. Shortly thereafter, the “inducing principle”, that 
is, the factor that was responsible for increasing collagenase in syn-
ovium from rheumatoid patients was identified as Interleukin-1b 
(IL-1b).1,5 Other examples of these low MMP levels in normal tissues 
are normal fibroblasts versus those that have been stimulated with 
growth factors and cytokines, which express substantially higher 
levels (Fig. 5.1).1,6,7 These findings suggest that, usually, in a healthy 
resting state, levels of MMP expression are low.
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There are numerous instances where MMPs are involved in devel-
opment and homeostasis. Studies with chondrocytes demonstrated 
that these cells undergo a progressive program of proliferation, dif-
ferentiation, hypertrophy, angiogenesis, and eventually, apoptosis, as 
they are they replaced with bone at the growth plate; MMPs contrib-
ute to this process.8 Bone is a site of continued tissue remodeling in 
development, homeostasis, and repair, and bones are continually 
remodeled throughout life.

MMPs are also included in the development and homeostasis of 
skeletal and cardiac muscle (Fig. 5.2).9–11 Secreted and membrane-
bound MMP activity has been documented in rat myoblast fusion in 
vitro,9 suggesting that these enzymes have a role in cell fusion by 

Figure 5.1.  MMP-1 expression in response to growth factors and cytokine. Box 
plots of the distribution of MMP-1 expression levels in 1G homozygous (G), 2G 
homozygous (GG), or heterozygous (H) cell populations incubated in serum free 
Dulbecco’s Modified Eagles Medium (DMEM) containing 0.2% lactalbumin 
hydrolysate (LH), 10-ng/mL EGF, 10-ng/mL fibroblast growth factor (FGF), or 
5-ng/mL IL-1. Each box represents the interquartile range (25th–75th percentile) of 
the population. The term 1G refers to the sequence 5’-GAA-3’ at -1607 bp in the 
MMP-1 promoter, while 2G refers to the sequence 5’-GGAA-3’. See also Chapter 
3. (From Wyatt et al., 2002.)
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favoring cell migration/alignment, which is followed by fusion. In skel-
etal muscle, latent MMP-2 and MMP-9 are stored the matrix. Then, 
with stress, such as occurs with myocardial infarction (MI), levels 
of active enzyme quickly appear, with subsequent modeling and 
remodeling of cardiac tissues.

Still other experimental systems have shown that MMP-2 and 
MMP-3 contribute to development of mammary glands (Fig. 5.3).3,8 
Specifically, during puberty, the epithelial ductal network of the 
gland expands, a process that requires degradation of the base-
ment membrane and extracellular matrix (ECM), restructuring of 

Figure 5.2.  A schematic of the current concepts regarding the regulation of MMP 
activity within the myocardial interstitium. A number of biological signals that 
include both biochemical and mechanical can affect MMP and TIMP transcrip-
tional activity. While incompletely understood, a number of posttranscriptional 
steps are required for insertion of the MT-MMPs into the cell membrane as well as 
release of soluble MMPs. The activation of the soluble MMPs requires proteolytic 
cleavage of the prodomain, which can occur by other proteases or by the MT-MMPs. 
This MMP activation step provides for focal proteolytic activity but can quickly 
amplify as additional MT-MMPs or soluble MMPs are synthesized. The active 
MMPs (both MT-MMPs and soluble MMPs) are inhibited by the TIMPs. The 
MMP and TIMP transcriptional and posttranslational events form a dynamic set of 
interactions that contribute to the overall structure and function of the myocardial 
intersitium. (From Spinale, 2007.)
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the vascular network, and epithelial morphogenesis — all activities 
that implicate MMP involvement. Interestingly, recent work has sug-
gested MMP-3 as contributing to the maintenance of adult epithelial 
stem cells in the mammary gland.3 Surprisingly, MMP-3 can mediate 
effects on stem cell maintenance in the absence of its proteolytic 
activity, since inactive mutants were sufficient to induce growth of 
the mammary gland. These studies provide yet another example of 
complex functions of MMPs.

5.3  “Trials and Tribulations” with MMPIs

It was the studies with broad-spectrum MMPIs targeted at the 
enzymatically active site(s) that revealed unexpected findings about 
the subtle and ongoing actions of MMPs in homeostasis. When 
these inhibitors were first introduced in the late 1980s, there was 
great excitement about their efficacy as therapeutic agents in condi-
tions where their over expression was rampant (Table 5.1).1,12 In 
1992, British Biotech introduced Batimastat (BB-94). BB-94 is a 

Figure 5.3.  The role of MMP-3 in the mammary stem cell niche. MMP-promotes 
hyperplastic growth in orthotopic transplants of lentivirally transduced mammary 
epithelial cells. Compared to control transplants (a), overexpression of proteolyti-
cally active full-length MMP-3 (b), and MMP3-hemopexin domain (c) both pro-
mote a hyperplastic growth phenotype. (From Kessenbrock et al., 2015.)
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Table 5.1.  Phase III clinical trials with MPIs.

MPI Cancer Stage Treatment Result

Marimastat  
(BB-2516)

Pancreatic [35] II, III, IV; 
unresectable

5, 10, 25 mg vs. 
gemcitabine

No significant difference in 
overall survival; in subset 
analysis, 25 mg had 1-year 
survival rate similar to 
gemcitabine

Pancreatic [17] II, III, IV; 
unresectable

Gemcitabine with 10 mg 
or placebo

No survival benefit

Pancreatic [36] I, II, III; resectable 20 mg versus placebo Result expected December 2002

Gastric [36, 37] Advanced 
unresectable

10 mg versus placebo No or very modest survival 
benefit (P = 0.07); in subset 
analysis, significant survival 
benefit in patients who 
received prior Rx (P = 0.045)

Glioblastoma [17, 56] Unresectable 10 mg versus placebo No survival benefit

Small-cell lung [57] Any; PR or CR 
after first Rx

10 mg versus placebo No survival benefit

Non–small-cell lung [36] IIIA or IIIB 
Advanced 
second Rx

10 mg versus placebo 
carboplatin with 10 
mg or placebo

No survival benefit
No difference in response
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Prinomastat 
(AG3340)

Non–small-cell lung [44] IIIBT4 or IV Carboplatin + paclitaxel 
with prinomastat or 
placebo

No survival benefit

Non-small-cell lung [44] IIIBT4 or IV Cisplatin + gemcitabine 
with prinomastat or 
placebo

Terminated early because of 
lack of efficacy

Prostate [44]† Metastatic, 
hormone 
refractory

Mitoxantrone + 
prednisone with 
prinomastat or placebo

No difference in symptomatic 
progression

Tanomastat 
(BAY 
12-9566)

Small-cell lung [38] Extensive; PR or 
CR after first Rx

Tanomastat versus 
placebo

Terminated prematurely because 
tanomastat-treated patients 
showed poorer survival than 
placebo-treated patients

Pancreatic [39] Metastatiic; 
unresectable; no 
prior Rx

Gemcitabine versus 
tanomastat

Terminated prematurely because 
tanomastat-treated patients 
showed poorer survival than 
gemcitabine-treated patients

BMS-275291 Non–small-cell lung [43] IIIB or IV Carboplatin + paclitaxel 
with BMS-275291 or 
placebo

Currently recruiting patients

Neovastat Renal cell carcinoma [46] IV Neovastat vs. placebo Currently recruiting patients

Source : From Coussens (2009). The references listed in this table relate to the original source.
Endpoint for all studies was survival except: *Endpoint was response. †Endpoint was time to symptomatic progressive disease. Abbreviations: 
PR, partial response; CR, complete response; Rx, treatment. 
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broad-spectrum hydroxamic-acid memetic based on the structure 
of collagen. It was the first MMPI to be tested in phase I trials,1 but 
the drug was plagued with poor solubility, complicating issues of 
drug delivery and interpretation of clinical data. Although the poor 
solubility was overcome with intrapleural or intraperitoneal injec-
tions, which created a depot of drug with sustained plasma levels, 
the drug remained problematic.

Consequently, clinical trials with Batimastat were soon replaced 
with Marimastat, an orally available cousin. Unfortunately, despite 
some initial therapeutic success, prolonged treatment resulted in 
debilitating joint pain.1,12 Eventually, these crippling side effects were 
attributed to widespread inhibition of MMP enzymatic activities, a 
concept that raised the intriguing possibility that low levels of these 
enzymes may actually be beneficial in maintaining normal physiol-
ogy. However, there was uncertainty about (1) which MMPs 
were involved in maintaining normal connective tissue functions and 
(2) which MMPs needed to be inhibited for therapeutic efficacy in 
diseases such as cancer and arthritis. Finally, it became clear that the 
issue was quantitative: it was the level of MMPs that mattered, 
rather than which one was expressed.

The focus then shifted to developing inhibitors that selectively 
targeted particular MMPs, and by 2000, nearly all of the large phar-
maceutical firms had MMPIs either in the pipeline or in early clinical 
trials. Prinomastat (AG-3340), another hydroxamic-acid derivative, 
is relatively selective for the gelatinase, MMP-2, as compared with 
collagenase, MMP-1. Nonetheless, it also showed disappointing side 
effects, similar to Marimastat, suggesting either that Prinomastat 
was not selective and/or that MMP-2 had a substantial role in 
homeostasis so that blocking its activity resulted in the musculo-
skeletal side-effects. On the other hand, Bayer’s BAY12-9566, a 
compound with a similar selectivity to Prinomastat did not elicit 
musculoskeletal side effects, but failed to show clinical efficacy. 
Frustration over the “tribulations” with MMPIs and their failed 
clinical trials continued to grow. In fact, there are some reports that 
patients with this MMPI actually fared worse than their placebo-
treated counterparts,1,12 again suggesting that the drug blocked the 
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enzymatic activities of MMPs that were physiologically beneficial in 
homeostasis of our connective tissues. Thus, by early 2002, interest 
in MMPIs was abandoned due to the abysmal failure of these clinical 
trials.1,12 However, these failed trials left important clues about the 
essential roles of MMPs in normal physiology and ECM remodeling.

5.4  MMP Knockout Mice

Genetic studies with the selective deletion of an MMP (MMP “knock-
out” mice) provided additional information about the function of 
MMPs in development and homeostasis.9,13 Indeed, the most detailed 
data on the importance and roles of MMPs in development and in 
normal physiology have come from analysis of mice with a selective 
deletion(s) of MMPs. These studies confirmed the suspicions about 
the redundant roles of MMPs and expanded our insights into their 
contributions to disease pathologies. Perhaps even more importantly, 
they began to more clearly define the beneficial roles of MMPs in 
normal physiology. So far, 16 MMP knockout mutants have been 
analyzed, along with four double knockouts (Table 5.2).13

Mice with a single MMP deletion are surprisingly devoid of a 
severe phenotype (Table 5.2).1,13 Most mice survive well, and the 
absence of the MMP becomes apparent only in response to an envi-
ronmental challenge, such as infection or wound healing. These rela-
tively benign phenotypes support the idea of functional redundancy 
among MMPs as far as their substrates, with the results often being 
enzymatic compensation. Nonetheless, despite this redundancy, the 
absence of a particular MMP has revealed some (1) abnormalities in 
bone growth and remodeling, (2) defects in angiogenesis and vascu-
lar development, especially in pathological conditions, and (3) dys-
regulation of some immune responses.

Although the functional homologue of human MMP-1 in rats 
and mice is MMP-13, recent studies have identified murine MMP-1, 
Mmp1a. With only limited sequence identity to human MMP-1 and 
transient period of expression during embryogenesis, murine Mmp1a 
was thought to be a nonfunctional relic (Fig. 5.4).1,14 Recently, how-
ever, its expression was shown to be substantially upregulated in 
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Table 5.2.  Phenotypes of MMP knockout mice.

MMP Phenotype

MMP-2 No overt phenotype, reduced body size
Reduced neovasculation and tumour progression
Decreased primary ductal invasion in the mammary gland
Decreased bone mineralisation, joint erosion, defects in osteoblast and osteoclast growth

MMP-3 No overt phenotype
Impaired contact dermatitis, impaired onset of T-cell proliferation
Defect in wound contraction

MMP-7 Altered secondary branching morphogenesis in the mammary gland
No overt phenotype
Impaired tracheal wound repair
Innate immunity defects
Defective prostate involution

MMP-8 More susceptible to develop skin cancer, impaired wound healing in skin
Altered inflammatory response in wounds, delay of neutrophil infiltration 
Altered TGF-b signalling

MMP-9 Impaired primary angiogenesis in bone growth plates
Resistant to bullous pemphigoid
Contact dermatitis: delayed resolution
Impaired vascular remodelling
Delayed healing of bone fractures

MMP-10 No overt phenotype
Pathological induced phenotype: pulmonary inflammation and mortality
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MMP-11 No overt phenotype
Decreased chemical-induced mutagenesis

MMP-12 No overt phenotype
Impaired macrophage proteolysis
Resistant to cigarette smoke-induced emphysema

MMP-13 No overt phenotype
Induction of MMP-8 expression in MMP13-/- wounds, no different in wound healing
Bone remodelling defects

MMP-14 (MT1-MMP) Premature death; skeletal defects and dwarfism
Normal at birth but develop multiple abnormalities (defect in remodelling of the connective tissue, 

increased bone resorption and defective secondary ossification centres) and die by 3–12 weeks
Angiogenesis defect and defects in lung and submandibular gland

MMP-16 (MT3-MMP) Growth retardation

MMP-17 (MT4-MMP) No overt phenotype

MMP-19 Obesity and decreased skin carcinogenesis

MMP-20 Defects in tooth enamel

MMP-24 Abnormal response to sciatic nerve injury

MMP-28 No overt phenotype; elevated macrophage recruitment in lung

MMP-2/MMP-9 Impaired tumour invasion and angiogenesis

MMP-2/MMP-14 Die immediately after birth with respiratory failure, abnormal vessels and immature muscle fibres

MMP-9/MMP-13 Shortened bones

MMP-14/MMP-16 Die one day after birth due to cleft palate

Source : From Löffek et al. (2011).
TGF: transforming growth factor.
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inflammation and in some mouse models of cancer.14 Mmp1a pro-
tein is inherently unstable,14 perhaps accounting for its previously 
unrecognized roles in murine physiology and pathology. However, 
the creation of an Mmp1a deficient mouse has revealed that this 
enzyme contributes to the progression of lung cancer, since ablation 
of this gene resulted in smaller tumors and impaired angiogenesis. 
The defect in tumorigenesis in the null mice was mediated by the 
absence of Mmp1a/PAR-1 signaling, analogous to the activation of 
this signal transduction pathway described for human MMP-1.14,15 
Further, co-implanting lung tumor cells with fibroblasts from wild-
type mice rescued the growth of tumors in the Mmp1a –/– mice, 
indicating an important role for stromal Mmp1a.

Figure 5.4.  Homology of human MMP-1 and murine Mmp-1a. (a) Chromosomal 
location of MMP1 (upper) and Mmp1a (lower) in the MMP rich locus of humans 
and mice, respectively. (b) Percent similarity of mammalian MMP1 homologue 
protein sequences. (From Foley and Kuliopulos, 2014.)
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Abnormalities in skeletal remodeling and/or delays in growth are 
apparent in mice lacking MMP-2, MMP-9, and MMP-13. Mice 
without MMP-2 (gelatinase A) have growth delays and skull 
deformities, due to intramembranous ossification defects,13 while 
mice lacking MMP-9 (gelatinase B) show retarded development and 
growth of long bones, due to improper vascular invasion in skeletal 
growth plates. These findings implicate MMP-9 in vascular remod-
eling (Table 5.2) and in modifying the ECM.13 However, by adult-
hood, this phenotype is mild, with adults showing only about 10% 
shortening in the long bones, again illustrating redundancy and 
compensation by other MMPs. The absence of the interstitial colla-
genase, MMP-13, gives rise to aberrant development of the skeletal 
growth plate and the delayed exit of chondrocytes from the growth 
plate, demonstrating the importance of collagenolysis in bone matu-
ration. The absence of collagenolytic activity is also linked to the 
phenotype of mice lacking MMP-16 (MT3-MMP).13 Here, the 
growth of mice is impaired because of decreased viability of mesen-
chymal cells in skeletal tissues. This results from the inability of the 
cells to degrade collagen fibers, which interferes with their ability to 
proliferate and to migrate.13 These examples illustrate the crucial 
role(s) of MMPs in modulating the microenvironment surrounding 
cells so that they can carry out the functions required during normal 
development.

Among all single MMP knockout models, only MMP-14 (MT1-
MMP) deficient mice exhibit a profound and severe phenotype, even 
in the absence of an environmental challenge (Table 5.2; Fig. 5.5).16 
These mice live only a few weeks and display multiple skeletal 
defects including craniofacial dysmorphism, arthritis, osteopenia, 
dwarfism, and fibrosis of soft tissues, and once again, they illustrate 
how the activity of MMPs influences the cellular microenvironment. 
All of these defects result from the lack of collagenolytic activity that 
is necessary for modeling of skeletal and surrounding supporting 
connective tissues. However, in this case, MT1-MMP is absolutely 
required for connective tissue metabolism during development, and 
compensatory mechanisms are not present.

MMPs have major functions in the immune system and 
innate immunity, and MMP-7 (matrilysin) is a principle player. 
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Figure 5.5.  Bone development in MT1-MMP-deficient mice (a) Alizarin red/alcian 
blue staining of skulls of MT1-MMP-deficient (-/-) and control (+/+) mice demon-
strating larger fontanelles and gradually increasing cranial dysmorphism of mutant 
mice (3× magnification). (b and d) Lateral X-ray images of 80-day-old MT1-MMP-
deficient (b) and wild-type littermate (d), (0.75× magnification). (c) 3´ magnification 
of cranial vault from the animal in (b). Note the wide sutures and the displacement 
of the interparietal bone (arrowheads). (e and f) X-ray images of hind limb bones 
from 80-day-old MT1-MMP-deficient (f) (3× magnification) and wild-type litter-
mate (e) (2´ magnification). Note the severe osteopenia of the mutant mouse. (g–j) 
Histology of the femora of 60-day-old MT1-MMP-deficient (g and i) and wild-type 
(h and j) mice. Note the severe reduction of trabecular bone in the spongiosa 
and the thinner cortex in the mutant animal (g–h). Goldner’s stain. Bars = 150 mm 
(g and h); 400 mm (i and j). (From Holmbeck et al., 1999.)
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MMP-7 null mice are susceptible to bacterial intestinal infection, 
partly because they cannot release the endogenous antibiotic peptide, 
a-defensin, from intestinal epithelia.13 MMP-7 in the lung is also 
required for the chemotactic attraction of neutrophils to damaged 
lung epithelium. In wild-type mice, MMP-7 proteolytically releases 
syndecan-1, which sequesters a number of cytokines that form a 
gradient for attracting neutrophils. In the absence of MMP-7, synde-
can is not released, no gradient is formed, and no neutrophils are 
recruited.

Since MMPs have shown redundant proteolytic activity against 
the same substrates in vitro, it is possible that there is a similar 
redundancy in vivo.1,13,17,18 Indeed, knockout mice with two MMPs 
deleted display severe phenotypes, suggesting that any compensatory 
mechanism has been eliminated. A dramatic example is the MMP-2/
MT1-MMP double null mouse, which dies immediately after birth 
from respiratory failure, abnormal vessel formation, and immature 
muscle fibers.13 The pathology arising from deleting two MMPs pro-
vides strong evidence for redundant functions of MMP in vivo dur-
ing embryonic development.

Double MMP knockouts have also emphasized the physiological 
role of MT3-MMP (MMP-16) and MT1-MMP (MMP-14). Mice 
that are double null for these MMPs exhibit lethal embryonic defects 
in development of the palate and in bone formation.13 Once more, 
these defects are due to absence of collagen degradation, degradation 
that is required for mesenchymal cells to remodel a collagen-rich 
matrix and then to proliferate during embryogenesis.

5.5  MMPs as “Good Guys”

It is clear that the total absence of an MMP may have some detri-
mental effects on normal development and homeostasis. This 
strongly suggests that some level of MMP activity is essential, and 
perhaps even beneficial and/or protective.1,18,19 For example, MMP-3 
knockout mice developed collagen-induced arthritis just as fre-
quently, if not more so, than wild-type counterparts.1 There is a 
surprising finding, since MMP-3 levels are aberrantly high in 
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 arthritis. In another example, MMP-3 null mice develop squamous 
cell carcinomas, and the tumors were more undifferentiated com-
pared to controls, with a concomitant increase in lung metastases.18 
Further, a protective role for MMP-3 in tumor progression is sug-
gested by the finding that the tumors in these MMP-3–/– showed 
reduced leukocyte infiltrate.18 However, high MMP-3 expression can 
also be protumorigenic,18 implying that the level of MMP-3 expres-
sion is critically important: a total absence can result in one type of 
pathology, while too much results in another. Perhaps there is a 
“Goldi-Locks” amount of MMPs that is “just right”.

Deletion of MMP-8 (collagenase-2; neutrophil collagenase) has 
provided the most striking evidence of a protective/beneficial effect 
of an MMP and, consequently, MMP-8 has been designated as an 
“anti-target” for cancer therapy (Table 5.3).1,18,19 Male mice that are 
null for MMP-8 display increased susceptibility to skin tumors. 
A hormonal effect is implicated since ovariectomizing female mice 
increases tumor incidence to that seen with male mice.

Other studies with breast cancer cell lines have shown that over-
expression of MMP-8 was associated with a non metastatic cell 
line, and that this protection was lost if MMP-8 expression was 
knocked down. Additional studies with a mouse model of mela-
noma demonstrated that overexpression of MMP-8 resulted in far 
fewer metastatic lesions. Interestingly, these findings were sup-
ported by a report that MMP-8 is often mutated in human melano-
mas. Wild-type MMP-8 can inhibit growth of human melanoma 
cells in soft agar in vitro and reduce tumor formation in vivo. In 
contrast, mutants of MMP-8 cannot mediate these activities, sug-
gesting that MMP-8 can block melanoma progression.19 Additional 
data implicate MMP-8 in modulating protective immune responses, 
probably by helping to recruit neutrophils and increases in adhesion 
to type I collagen and laminin.19 Therefore, as evidence of its protec-
tive role in cancer continues to accrue, MMP-8 seems to function as 
a tumor suppressor gene.1,18,19

A protective role for MMP-9 in asthma has also been sug-
gested.18 Overexpression of MMP-9 in lung tissues has been associ-
ated with the pathology of asthma. However, compared to normal 
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Table 5.3.  Protective roles of MMP-8.

MMP8 References Study type Cancer Main findings

[34] In vivo Skin cancer (chemical induced) Pro-tumorigenic in male KO mice
Protective effect restored by bone 

marrow transplantation from WT 
mice

[35] In vivo Breast cancer (MDA-MB-435 
cell line)

Elevated expression in non-metastatic-
derived cell line

Increased migration through Matrigel 
in absence of MMP8

[36] In vivo Breast cancer (MDA-MB-435 
cell line)

Pro-metastatic with ribozyme 
knockdown

[37] In vivo Melanoma (Mel-STR cell line) Inhibition of cell proliferation

In vivo Melanoma (Mel-STR cell line) Inhibition of tumour growth

[38] In vivo Tongue squamous carcinoma 
(chemical induced)

Pro-tumorigenic in female KO mice

Human studies Tongue squamous carcinoma Prolonged OS

[39] Human studies Breast cancer Plasma levels positively associated with 
lymph node metastasis, negatively 
associated with distant metastasis

(Continued )
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[40] Human studies Breast cancer SNP associated with reduced lymph 
node metastasis rs11225395 SNP 
confers better prognosis (DFS, OS)

[41] Human studies Lung cancer SNP associated with decreased risk of 
lung cancer

[44] In vivo Melanoma (B16F10 cell line) Inhibition of invasion and 
transendothelial migration

Increased cell adhesion to collagen-1, 
laminin-1

No effect on cell proliferation

In vivo Melanoma(B16F10 cell line) Anti-metastatic
No effect on tumour growth

Human studies Breast cancer Inversely associated with lymph node 
metastasis

Source: From Decock et al. (2011). The references listed in this table relate to the original source.
DFS: disease-free survival: KO: knockout and OS: overall survival.

Table 5.3.  (Continued )

MMP8 References Study type Cancer Main findings
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mice, if MMP-9 null mice are challenged with experimental asthma, 
the mice have trouble resolving the inflammatory response.18 These 
findings strongly imply that too little or too much of an MMP can 
be associated with disease symptoms, and underscore the concept 
that low basal levels are essential for maintaining homeostasis. Even 
subtle perturbations can have “bad’ consequences.

In summary, investigations with MMP knockout mice have 
definitively revealed essential roles for these enzymes in normal 
embryonic development. In addition, experiments with double 
knockouts strongly support the concept of functional enzymatic 
redundancy, since single knockout mice often display relatively 
benign phenotypes, with severe phenotypes only apparent when 
redundancy is no longer operational, that is, double nulls. Further, 
double knockout mice have demonstrated that the complete absence 
of an MMP, along with its redundant counterpart, can be deleteri-
ous, indicating that MMPs have critical roles in homeostasis. Many 
of these roles appear to involve control of inflammation and innate 
immune responses. Finally, not only are MMPs crucial in normal 
physiology, their regulated and tightly controlled expression is actu-
ally beneficial and protective. In the end, it may depend on the “cor-
rect” level of expression of MMPs at the appropriate time and place 
during embryonic development and in the course of normal physiol-
ogy in adult life. What represents the “correct” level of a particular 
MMP, and where and when this expression is needed, may vary 
according to the spatial and temporal requirements of our body.

5.6  MMPs and Tissue Repair

The recovery of normal tissue architecture and function after disrup-
tion by injury or infection is an exquisite process, with multiple care-
fully regulated steps.4,13,20 Both secreted and membrane-bound 
MMPs are critical players as they facilitate cell migration and neo-
vascularization. The normal low basal levels of MMP expression are 
challenged with a wound or an infection, and this challenge sets in 
motion a series of controlled cellular and molecular events. The end 
result is wound closure and healing, with the acute response silenced, 
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and levels of MMP expression returning to basal levels. In contrast, 
in cancers and some other diseases, there is an excessive and aberrant 
MMP response, leading to “wounds that do not heal”.4 Therefore, 
an examination of wound healing is an excellent model for demon-
strating the superbly regulated steps involved in wound healing and 
for illustrating how this process goes awry in disease.

Tissue injury induces expression of most MMPs in most of the 
cells that are either already present or that are recruited to the site 
of injury: platelets, mesenchymal, epithelial, and immune cells 
(Fig. 5.6).4,13,20 The attraction of platelets is among the earliest 
events, resulting in the formation of a fibrin/fibronectin clot. This 
clot provides a rudimentary ECM and activates epithelial cells at the 
edge of the wound to begin the process of closing the denuded tissue.
The wounded epithelial cells, and other cells present in the adjacent 
microenvironment (e.g., leukocytes, endothelial cells, and fibro-
blasts), release chemokines and cytokines that attract cells of the 
innate immune response (neutrophils and macrophages), which are 
then followed by cells of the adaptive immune response (regulatory 
T cells). Simultaneously, the fibroblasts are activated to become 
myofibroblasts and they begin to deposit ECM. The temporal and 
spatial expression of MMPs is one important component of these 
activities (see Fig. 4.4; Fig. 5.7).13,20

Since wounding of the skin is very common, it is an appropriate 
model for study, even though epithelial and mucosal lining cells of 
the gastrointestinal (GI) tract, lungs, kidney tubules are also often 
subjected to injury.13,20 During wound healing, epithelial cells in 
human skin move across the bed of the wound, which is a substra-
tum in only two dimensions but where MMP-1 facilitates reepitheli-
alization.13,20 The keratinocytes have a strong binding affinity for 
a2b1 integrin, which prevents them from migrating across the 
wound. However, keratinocytes at the leading edge of the wound are 
induced to express high levels of MMP-1 when their a2b1 integrin 
binds to the dermal collagen type I. The increase of MMP-1 destroys 
the collagen matrix, reducing the affinity of the integrin-collagen 
binding, and thus permits the migration of the keratinocytes. The 
reduction in binding affinity also reduces MMP-1 expression. 
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Importantly, there is an absolute requirement for MMP-1 in mediat-
ing migration on collagen since MMP-1 blocking antibodies or 
mutant collagen that is resistant to degradation completely prevents 
migration, even though other collagenolytic enzymes such as MMP-13 
and MT1-MMP may also be produced by keratinocytes at the 

Figure 5.6.  Tumor-host cell interactions that regualte fibrinogen influx, extravas-
cular coagulation, fibrin deposition, and fibrin turnover in solid tumors. VPF, vas-
cular permeabilty factor. (From Dvorak, 1986.)
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wound edge.20 This process of (1) inducing MMP-1 by high affinity 
binding to a2b1 integrin to collagen, (2) reducing the affinity to col-
lagen, (3) allowing cell migration, and then (4) lowering MMP-1 
expression continues as the keratinocytes travel over the surface of 
the open wound.13,20 It has been suggest that “by repeatedly estab-
lishing tight contacts, rapidly loosening this hold by the action of 
MMP-1, and reestablishing new tight contacts, keratinocytes use 
native type I collagen as a ‘compass’ to guide repair”.20

Another critically important aspect of wound healing is new ves-
sel formation, which involves movement and proliferation of 
endothelial cells.13 Neoangiogenesis is induced by fibrin and fibronec-
tin present in “granulation tissue”, an old term that describes the 
granular appearance of new connective tissue laid down at the site 
of the wound.4,13 MMPs cause the release of proangiogenic factors 
that bind to the newly formed ECM. Specifically, MMP-2 and 
MMP-9 release vascular endothelial growth factor (VEGF) and 
tumor necrosis factor-alpha (TNF-a), while the complex of MT1-
MMP/TIMP-2 expressed on the surface of activated endothelial cells 
activates pro-MMP-2 to its catalytically active form. In addition, 
MT1-MMP colocalizes with avb3 integrin at the intercellular junc-
tions of endothelial cells, where it facilitates endothelial cells migra-
tion and adhesion (see Fig. 4.4).13

MMP-7 also has significant functions in wound repair, especially 
in the GI tract and lung (Fig. 5.7).13,20 Along with recruiting neutro-
phils as part of an innate immune response, MMP-7 is required for 
reepithelialization in colon and lung injury, a process that is totally 
suppressed in MMP-7 null mice. The mechanism by which MMP-7 
facilitates wound healing appears to involve its ability to shed synde-
can-1, a transmembrane heparin sulfate proteoglycan, from the sur-
face of epithelial surface. This shedding event lessens the binding of 
a2b1 to matrix substrates, thereby relieving restraints on cell migra-
tion. This phenomenon is similar to that seen with the keratinocytes 
and MMP-1 in the skin.13,20

Lastly, it is important to consider the role of MMPs in chronic 
wounds, especially in vascular disease of the legs and feet. In 
these conditions, successful healing may be difficult or severely 
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 compromised when the carefully choreographed events of normal 
wound healing are overrun by the mediators of chronic venous dis-
ease (CVD).21–23 CVDs can be very debilitating, affecting millions of 
people and resulting in varicose veins and/or in venous ulcers, that 
when severe, extend to changes in the skin. Although genetic and 
environmental factors may predispose certain individuals to varicose 
veins and CVD, their underlying basis is chronic inflammation in the 
venous circulation. As a result, pressure within the vein does not fall 
during exercise (normal condition), but rather rises, indicating that 
the deep veins are occluded. The endothelium then senses changes in 
shear stress. This leads to the activation of macrophages, monocytes, 
and T-lymphocytes, and release of their inflammatory mediators: 
chemokines, cytokine, growth factors, and MMPs. These mediators 
trigger chronic stimulation of signal transduction pathways and 
changes in gene expression, eventually causing changes in the struc-
ture of the venous wall and valves, dilation of the veins varicosity, 
and advanced forms of CVD (Fig. 5.8).

Chronic venous ulcers are characterized by abnormally high 
levels of proteinases, especially MMPs, in the tissue microenviron-
ment. Despite the fact that MMPs are needed for normal healing to 

Figure 5.7.  Summary of proposed mechanisms of how MMP-1 and MMP-7 
facilitate reepithelialization in different tissues. (From Rohani and Parks,  
2015.)
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occur, the higher levels of MMPs in exudates from chronic wounds 
compared to those of acute wounds impair the healing process. 
This is probably because dysregulated expression of some MMPs 
disrupts the tightly regulated sequence of events that normally 
occur in wound closure. Nonetheless, MMP-1 is the primary 
 collagenase involved in successful wound closure, and its ability to 
degrade type I collagen in the dermis is essential for keratinocyte 
migration and re-epidermization. Therefore, higher levels of 
MMP-1 in chronic wounds can be associated with a better progno-
sis for satisfactory healing.

High levels of MMP-8 and MMP-9 are also found in chronic 
wounds. These MMPs decrease in chronic wounds that eventually 
heal, but not in wounds that heal poorly. Since these MMPs are 
products of inflammatory cells, their decrease suggests a decline in 
inflammation, thereby facilitating successful healing. Concomitantly, 
the higher levels of MMP-9 seen in poor healers lend further support 
to the concept that MMPs associated with inflammatory cells impede 
healing. Consequently, it has been suggested that they may be appro-
priate therapeutic targets designed to block their activities.22 In addi-
tion, it has been suggested that future studies that focus on changes 
in cellular metabolism in CVDs and on the potential role of micro-
RNAs (mi-RNAs) as mediators of pathology may provide insights 
for developing new treatments (Fig. 5.8).23

5.7  Conclusions

Given the compelling data that MMPs are essential and even benefi-
cial for normal physiology and homeostasis, understanding their 
various roles in disease pathologies becomes a challenging task. It is 
easy to dismiss this as simple overexpression and dysregulation. 
However, this is naïve since ultimately, the problem is the 
mechanism(s) controlling the activation of signal transduction path-
ways and regulation of gene expression and enzymatic activity that 
put MMPs in the “on” position. This assumes, as is probably mostly 
correct, that the rampant overexpression of a particular MMP(s) 
contributes to disease pathology. However, it is important to 
remember that in a few instances, the absence of an MMP (as in 
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MMP-8 in cancer and MMP-9 in asthma) may exacerbate pathol-
ogy. Given what we know about the orchestrated program for 
wound healing, it is not difficult to see how a cancer or other disease 
with constant high levels of MMP expression could have serious 
consequences. As Dvorak stated: Tumors “mimic wounds by depos-
iting fibrin-fibronectin gel. Such gels, in tumors as at sites of local 
injury, signal the host to marshal the wound-healing response. This 
response is stereotyped and similar in both tumors and wounds. In 
tumors, however, the fibrin-fibronectin matrix signal that evokes 
the wound-healing response is not self-limited…. Thus tumors 
appear to the host in the guise of wounds, or more correctly, of an 
unending series of wounds that continually initiate healing but 
never heal completely”.4
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Figure 5.8.  Schematic diagram of endothelial cell activation and leukocyte activa-
tion. Expression of several chemoattractants, cytokines, and MMP. The conse-
quences of unabated inflammation and leukocyte activation are the expression of 
several cytokines and MMPs with degradation of collagen and the ECM leading to 
skin changes and venous leg ulcer. (From Raffetto and Mannello, 2014.)
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“In rheumatology during my time, we had good people and discov-
ered some interesting things. We were looking for how joints get 
destroyed in rheumatoid arthritis and bone disease, and we discov-
ered the enzymes that are involved in breaking down the joint 
structure, collagenases. At the time it was a big discovery.”

Tribute to Stephen M. Krane. Dayer JM, Goldring MB, Goldring SR, Kronenberg 
HM, Martin TJ, Russell RG (May 2015). Journal of Bone and Mineral Research, 
30(5): 751–752.
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Krane SM, In: Something in the Ether: A Bicentennial History of 
Massachusetts General Hospital, 1811–2011 (Memoirs Unlimited) 
1st Edition. This chapter is dedicated to Stephen M. Krane, MD, 
1927–2015 (see footnote).

6.1  Introduction

The aim of this chapter is to take a broad view on the evolution of 
research in relation to cytokine biology and matrix metalloprotein-
ases (MMPs) in the field of rheumatology. It will focus mostly on the 
secreted interstitial MMP-collagenases which are MMP-1, -8, and 
-13. These collagenases mainly cleave fibrillar collagen types I, II, 
and III. In addition, they exhibit specificity for other substrates such 
as gelatin, casein, aggrecan, laminin, versican, perlecan, fibronectin, 
and tenascin. Historically, the seminal observation for the produc-
tion of the human collagenase (later called MMP-1) by human syno-
vial cells from patients with rheumatoid arthritis (RA) led to the 
unraveling of the link between matrix degradation and the biological 
function of inflammatory molecules produced by immune cells.1–3 
These inflammatory molecules were later identified as interleukin-1 
(IL-1) and tumor necrosis factor (TNF). These findings illustrate the 
seminal link between the extracellular matrix (ECM), the enzymes 
that degrade it, and immunology, inflammation, and tissue destruc-
tion. Therefore, the main objective of this chapter is to describe the 
relationship between MMPs and cytokines, with a focus on RA, 
osteoarthritis (OA), and fibrosis. We have focused on RA and OA 
because these arthritic conditions display a plethora of both 
cytokines and MMPs, while fibrosis, perhaps in contrast to initial 
expectations, also has elevated levels of MMPs. Before examining 
the diseases it is interesting to go back to the history for the link 
between MMP and cytokines.

6.2  History of MMPs and Cytokines in RA

From the 1950s until the 1970s, concomitantly with interest in the role 
of immune complexes in RA, biochemistry dominated the research 
agenda due to the available information on structural components 
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of tissue, mainly collagens and proteoglycans. The terminology of 
“connective tissue diseases” was in fashion. Pioneer studies on 
abnormalities of the ECM prompted biochemists to unravel struc-
tural and genetic anomalies of the matrix, leading to the concept that 
abnormal or denatured endogenous proteins or peptides — being 
recognized as foreign antigens — gave rise to an autoimmune dis-
ease. Subsequently, during the 1970s–1980s, progress in enzymology 
prompted scientists to investigate aberrations in enzymes and proen-
zymes, as well as their autoactivation. Early in the seventies, investi-
gators began to pay closer attention to cellular aspects of the synovial 
tissue of RA patients (pannus), mainly due to the availability of cell 
cultures from normal and pathological tissue.

The seminal work at the Arthritis Unit (Massachusetts General 
Hospital; MGH) focusing on collagen, collagenase, and tissue 
destruction was inspired by the principle of limb regeneration in 
amphibia (tadpole tissue), where interstitial collagenase (now termed 
MMP-1) was first isolated by Gross and colleagues.4 The Institute of 
Basic Embryology (The Robert W. Lovett Memorial Group for the 
study of diseases causing deformities, MGH and Harvard Medical 
School, Boston) working on organogenesis in amphibians, catalyzed 
the discovery of human collagenase in cultured fragments of RA 
synovium and synovial fluid from patients with RA.5,6

We (Dayer and colleagues) found that the main cellular source 
of both interstitial collagenase and prostaglandin E2 (PGE2) in 
synovial tissue were adherent stellate fibroblast-like cells (ASCs), 
also called type B fibroblastic synovial lining cells, and not monocyte/
macrophages.1–3 Of interest, the cells producing most of the colla-
genase were also the major source of their substrate, the collagen. 
The presence of collagenase in these particular cells was confirmed 
later by immune localization.7

When we cultured ASC obtained from proteolytic dispersion of 
the synovium of RA patients, we observed that after passages in 
culture, the constitutive production of collagenase decreased, coin-
ciding with the disappearance of contaminating leucocytes. Based 
on the hypothesis that these contaminating leucocytes were able to 
induce collagenase in ASC, we found that conditioned medium of 
cultured stimulated lymphocyte–monocytes (which did not contain 
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detectable amounts of collagenase and PGE2) led to the production 
of collagenase and PGE2 by ASC. We termed the factor responsible 
for this biological activity “mononuclear cell factor” (MCF) (see 
Fig. 6.1).8,9

At this early stage of the discovery, investigators exchanged their 
soluble factors derived from leucocytes after partial purification 
based on their respective functional bioassays with the aim of iden-
tifying their specificity. Our purified “MCF” was found to have 
similar properties to a factor called “lymphocyte-activating factor” 
(LAF), which had an identical molecular weight of about 15 kDa 
and shared chromatographic and other biochemical properties.10 It 
was not until 1979 that the nomenclature of IL-1 was coined at a 
meeting (Ermatingen, Switzerland) and defined as that previously 
identified by means of different bioassays by several investigators, 

Figure 6.1.  Possible sequences in physiopathology of connective tissue destruction.
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including LAF, and the “endogenous pyrogen” (EP) that induced 
fever. In the field of rheumatology, other partially purified mole-
cules, such as catabolin inducing cartilage degradation and osteo-
clast-activating factor (OAF) inducing calcium45 release from bone, 
were also found to have similar functions to IL-1 (Table 6.1).11 At 
that time, cytokines were defined only by biochemistry and not yet 
cloned.12 Human IL-1 had been cloned based on its EP bioactivity, 
using an antibody to EP, and then recombinant IL-1 was found to 
have biological functions identical to those of MCF.13 More recently, 
the role of IL-1 in rheumatology has been reviewed.14

In the course of further investigations, it came apparent that 
interstitial collagenase (MMP-1) and PGE2 were not induced by just 
one cytokine (e.g., IL-1) because we also detected biological activities 
in other, partially purified, culture supernatants devoid of IL-1. 
A molecule called cachectin (inducing cachexia), later called tumor 
necrosis factor-α (TNF-α), had been under close scrutiny in the fields 
of cancer research and infectious diseases. It was observed that 
cachectin/TNF-α also significantly stimulated the production of col-
lagenase and PGE2 by fibroblasts and synovial cells from RA 
patients. For the first time, there was an important link between RA 
and TNF-α.15 Subsequently, TNF-α was also found to stimulate bone 
resorption and cartilage destruction. However, IL-1 was observed to 
be 10 times more potent than TNF-α in inducing MMP-1 production 
in human synovial cells and chondrocytes. Furthermore, there is syn-
ergy between IL-1 and TNF, a finding that amplified the potential 
ability of two cytokines to destroy the ECM in RA.

Table 6.1.  Preinterleukin-1 period.

Acronyms Biological activities

Mononuclear cell factor (MCF) Induction of collagenase and PGE2 by RA 
synoviocytes

Osteoclast-activating factor (OAF) Calcium45 release from bone

Catabolin Cartilage degradation

Endogenous pyrogen (EP) Fever induction
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6.3  Other Factors Involved in the Stimulation of MMPs

Many extracellular factors can be involved in the induction of 
MMPs.

They can be classified as follows:

• Endogenous soluble factors: cytokines, matrix products (matrix-
ins), cellular microparticles, clotting factors, adhesion molecules, 
growth factors, collagen, and fragments16

• Exogenous soluble factors: bacterial, viral, fungi products mainly 
through toll-like receptors (TLRs), important receptors for medi-
ating stress and danger signals

• Mechanical stress, hormones, prostanoids, adipokines
• Osmotic and ion modification
• Membrane cell-surface molecules via direct cell–cell contact17

There is substantial evidence that direct contact between lym-
phocytes and monocytes, or between lymphocytes and fibroblasts, is 
crucial in the induction of cytokines and MMPs. It was initially 
demonstrated that monocyte-macrophages and lymphocytes are cru-
cial in the production of IL-1.17 Direct contact between the cell mem-
brane and surface molecules was required.18–22 In contrast to the 
effect on fibroblast-synovial cells, in monocyte-macrophages the 
lymphocyte Th2 cell membrane factors, in association with IL-4, 
enhanced MMP-1 while decreasing MMP-9 production by human 
monocytes.23 An imbalance between interstitial collagenase and tis-
sue inhibitor of metalloproteinases 1 (TIMP-1) in synoviocytes and 
fibroblasts upon direct contact with stimulated T lymphocytes has 
also been observed.24 The anti-CD3 antibody activates T cell clones 
to induce the production of interstitial collagenase, but not TIMP in 
the human cell line monocytic THP-1 cells and dermal fibroblasts.20 
In addition, PGE2, by itself, could modulate collagenase produc-
tion25 as well as hormones which modulate the rheumatoid synovial 
cell responses to cell–cell interactions.26

Other cytokines also increase production of MMPs; however, 
IL-1 and TNF are by far the most prominent cytokines to induce 
MMP-1, MMP-3, and MMP-13. However, other cytokines can also 
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achieve this function, but mostly they reinforce the IL-1 and TNF 
stimulation. Among them are IL-17 and human TNF-like weak 
inducer of apoptosis (hTWEAK).27,28 In contrast, IL-4 decreases 
MMP biosynthesis by fibroblasts.29 A nonexhaustive list includes an 
important IL-6 family cytokine, the oncostatin M (OSM). OSM and 
IL-1 dramatically stimulate collagen release from cartilage — a key 
step in cartilage destruction. MMP-1, -3, -8, and -13 are all upreg-
ulated by this cytokine combination along with members of a disin-
tegrin and metalloproteinase (ADAM) family and can be inhibited 
by TIMPs.30 The proinflammatory adipokine, leptin, has a catabolic 
role on cartilage metabolism by upregulating proteolytic enzymes 
and acting synergistically with other proinflammatory stimuli. 
Importantly, this suggests that the infrapatellar fat pad in arthritic 
joints is a local producer of leptin, which may contribute to the 
inflammatory and degenerative processes in cartilage catabolism, 
and thus provide a mechanistic link between obesity and OA.31

As mentioned earlier, an additional cytokine that plays a role in 
destructive chronic arthritic diseases is hTWEAK.28 hTWEAK syner-
gizes with IL-1 and TNF to increase the production of PGE2, MMP-1, 
IL-6, and the chemokines IL-8, regulated on activation, normal  
T cell expressed and secreted (RANTES), and interferon-gamma-
inducible protein-10 (IP-10). IL-33, an important cytokine of the 
IL-1 family increased the levels of proinflammatory molecules and 
MMPs, promoted inhibitor of kappaB (IkBα) degradation, and 
increased the activity of the transcription factor, nuclear factor-kB 
(NF-kB); these effects were reversed in fibroblast-like synoviocytes 
(FLS) transfected with IL-33. Stimulation with exogenous IL-33 
increased RANKL and IP-10 mRNA expression.32 These cytokines 
are important in bone resorption. Amphiregulin (AREG), a member 
of the epidermal growth factor (EGF) family, binds to the EGF 
receptor (EGFR), and activates downstream signaling pathways in 
an autocrine, paracrine, and juxtacrine manner. AREG-induced 
MMP-13 production requires activation of the EGFR, PI3K, Akt, 
and NF-kB signaling pathways.33 Thrombin promotes MMP-13 
expression through the protein kinase C delta (PKCδ) (c-Src/EGFR/
PI3K/Akt/AP-1) signaling pathway in human chondrocytes.34
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6.4  Balancing the Effect of Cytokines on MMPs Stimulation

Transforming growth factor beta (TGF-β) can have differential 
effects by repressing MMP-1 expression but can also induce MMP-
13.35 In OA, it is thought that Wnt signaling ultimately skews TGF-β 
signaling to favor ALK1 and Smad1/5/8 (with concomitant expres-
sion of MMP-13).36 In addition, S100 proteins (a group of small 
Ca2+-binding modulator proteins involved in cell-cycle progression, 
cell differentiation, and cytoskeletal–membrane interactions) are 
able to increase Wnt signaling. Canonical Wnts signaling in the syn-
ovium may play an important role in OA pathology. Stimulation of 
human OA synovium with Wnts and WISP1 increases expression of 
MMPs, whereas blocking Wnt signaling resulted in decreased 
expression of MMPs. This suggests that synovial Wnt/WISP1 might 
be a potential target for OA therapy.37 Monocytes infected with 
Mycobacterium tuberculosis secreted lower levels of MMP-1 com-
pared to MMP-9. Apparently, secretion of these MMPs is regulated 
by multiple upstream signaling pathways, which are independent of 
TIMP-1 secretion.38 Some classical cytokines having a positive or 
negative effect on MMPs production are depicted in Table 6.2.

Table 6.2.  Some examples of cytokines stimulating 
and inhibiting, focusing on MMP-1.

Stimulation Inhibition

Alone:

IL-1

TNF IL-4

In synergism TGF-β

With IL-1 and TNF: IFNg

OSM

PDGF, EGF, VEGF, bFGF

bFGF, basic fibroblast growth factor; EGF, epidermal 
growth factor; IFN-g, Interferon-g; IL1, interleukin-1; 
OSM, oncostatin M; PDGF, platelet-derived growth factor; 
TGF-β, transforming growth factor beta; TNF, tumor 
necrosis factor; VEGF, vascular endothelial growth factor.
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6.5  The Impact of the Discovery of IL-1 and  
TNF Inhibitors for the Control of MMPs

As early as 1984, before the cloning of IL-1, we suspected the pres-
ence of a potential natural inhibitor to IL-1. Using the bioassay of 
stimulation of collagenase and prostaglandin, we failed to detect 
IL-1 biological activities in the serum or urine of febrile patients. 
Based on this observation, in 1984 we found after biochemical puri-
fication that IL-1 was masked by a factor of approximately 17 kDa 
in the urine of febrile patients with monocytic leukemia and juvenile 
rheumatoid arthritis (JRA). The seminal observation was presented 
in 1984 at the Fourth International Lymphokine Workshop.39–42 This 
factor specifically blocked the biological activities of IL-1, without 
affecting those of TNF-α. Studying the mechanism, it was possible 
to demonstrate for the first time in the cytokine field that a natural 
antagonist could block the binding of a cytokine from the same fam-
ily to its receptor. This was the first description for the concept of 
interleukin-1 receptor antagonist (IL-1Ra).43,44

In 1986, still using urine from patients, we realized that other 
fractions of urine, which did not contain IL-1Ra, blocked the 
stimulation of collagenase and PGE2 when induced by TNF-α, but 
not by IL-1.45 We further determined that this inhibitory molecule 
bound to TNF-α and subsequently that it was a fragment of the 
TNF receptor.46–50

It was obvious that, due to similarities between IL-1 and TNF, 
for example, MMP induction in synovial cells, blocking TNF either 
by antibodies or soluble receptors could constitute a promising 
therapeutic approach. Indeed, it is now clear that blocking TNF, and 
not IL-1, is more effective in many chronic inflammatory destructive 
diseases such as RA. However, blocking IL-1 is also a major thera-
peutic approach in many diseases linked to inflammasome path-
way.51 Blocking the inflammatory activities of these two potent 
cytokines has become the conceptual basis for the biological thera-
pies currently in vogue for treating RA and other autoimmune 
inflammatory diseases. Since MMPs are one of the downstream tar-
gets that are affected by signaling pathways activated by IL-1 and 
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TNF, these antagonists can reduce the rampant connective tissue 
destruction seen in these diseases.

6.6  The Balance between Cytokine Activities  
in Controlling Inflammation

The balance between cytokines with pro- or anti-inflammatory 
activities is important in controlling the induction of MMPs. Some 
of them are particularly important and act by affecting the synthesis 
of MMPs, instead of blocking their enzymatic activities. For exam-
ple, IP-10 (an IFN-gamma-inducible protein, which belongs to a 
gene family with chemotactic and mitogenic proteins associated with 
inflammation and proliferation) inhibits production of MMPs and 
stimulates production of TIMP-1 in human mononuclear phago-
cytes.52 Interferon-β (IFN-β) (a form of interferon that is produced 
by fibroblasts that has antiviral effects and that is used in the treat-
ment of multiple sclerosis) inhibits the ability of T lymphocytes to 
induce TNF and IL-1β production in monocytes upon direct cell–cell 
contact.53,54 In vivo IFN-β treatment of synovial inflammation 
decreases expression of MMPs in patients with RA. IL-4 suppresses 
metalloproteinase biosynthesis in human alveolar macrophages.29 
Hormone such as retinoic acid can also inhibit the synthesis of col-
lagenase.55

6.7  MMPs as Monitors of Arthritic Diseases in Tissue  
and Biological Fluids

Many studies have examined the relationship of MMPs to disease 
activity in RA. We found that a relative deficiency in TIMP-1, at the 
local level, would favor unopposed MMP activity, which might 
result in loss of periarticular bone matrix.56 Furthermore, although 
proMMP-3 correlated closely at all time points with C-reactive protein 
(CRP), a mediator of general inflammation, it gave little or no addi-
tional clinical information regarding inflammation or radiographic 
progression. IL-1Ra and TIMP-1 showed weaker, acute-phase-like 
variation, which may reflect pathogenic agonist/inhibitor imbalance 
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in the evolution of RA. Cartilage oligomeric matrix protein (COMP 
which enhances osteogenesis) in contrast did not reflect the inflam-
matory CRP-related component of the disease or the destructive 
aspect in this study.57

Of the MMPs, MMP-3 is of particular importance because it 
degrades collagen types II, III, IV, IX, and X, proteoglycans, 
fibronectin, laminin, and elastin. In addition, MMP-3 can also acti-
vate other MMPs such as MMP-1, MMP-7, and MMP-9, rendering 
MMP-3 crucial in connective tissue destruction and remodeling.

In a cohort of patients with RA and symptoms onset of <2 years, 
multivariate analysis identified anti-cyclic citrullinated peptide (anti-
CCP; autoantibodies against citrullinated proteins in RA patients) 
status and baseline MMP-3 as the strongest independent predictors 
of radiographic disease outcome at 8.2 years. Elevated serum 
MMP-3 for 3–6 months predicted 1-year radiographic progression 
in RA, according to a small prospective cohort study.58 These find-
ings suggest that determination of baseline MMP-3, in conjunction 
with traditional serologic markers, may provide additional prognos-
tic information for patients with RA. In other studies, enhanced 
production of TIMPs by peripheral blood mononuclear cells was 
found in RA patients responding to methotrexate treatment.59 All of 
these investigations highlight the importance of continued research 
into a broad range of MMPs that may serve as biomarkers in pre-
dicting joint damage in RA.60

In healthy adults, progressive loss of cartilage matrix and cel-
lularity occurs with age. This is accompanied with increased levels 
of oxidative stress, apoptosis, MMP-13, and with a decrease in 
chondrocyte autophagy. These changes explain the marked predis-
position of joints to develop OA with age. Computational mode-
ling provides useful insights into the underlying mechanisms 
involved in the age-related changes in musculoskeletal tissues. 
Oxidative changes and signaling pathways are pivotal in initiating 
age-related changes in articular cartilage.61 Serpin peptidase inhib-
itor clade E member 2 (SERPINE2) might prevent cartilage catab-
olism by inhibiting the expression of MMP-13, one of the most 
relevant collagenases, involved in cartilage breakdown in OA.62 
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Using near-infrared fluorescence (NIRF) probes activated by 
MMPs, it is possible to visualize OA progression starting from its 
early stages in vivo. Imaging of MMP activity in an OA mouse 
model provided sensitive and consistent visualization of OA pro-
gression, beginning from the early stages of OA. In addition to 
facilitating the preclinical study of OA modulators, this approach 
has the potential for future human translation.63

6.8  Regulation of MMPs by MicroRNA in OA

A large body of literature now indicates that some specific microR-
NAs (miRNAs) are involved in the control of MMPs, particularly in 
OA. miRNA-9 increase is associated with MMP-13,64 while MMP-
13 expression inversely correlated with miRNA-27b expression.65 
There was a significant reduction in miR-127-5p expression in OA 
cartilage compared to normal cartilage. Upregulation of MMP-13 
expression by IL-1β was correlated with downregulation of miR-
127-5p expression in human chondrocytes. MicroRNA-127-5p sup-
pressed IL-1β-induced MMP-13 production as well as the activity of 
a reporter construct containing the 3′-untranslated region (3′-UTR) 
of human MMP-13 mRNA. In addition, mutation of the miR-
127-5p binding site in the 3′-UTR of MMP-13 mRNA abolished 
miR-127-5p-mediated repression of reporter activity. Conversely, 
treatment with anti-miR-127-5p remarkably increased reporter 
activity and MMP-13 production. Interestingly, the IL-1β-induced 
activation of JNK, p38, and NF-kB and expression of MMP-1 and 
cyclooxygenase 2 (COX2) were significantly inhibited by miR-
127-5p.66 Chondrocytes from OA patients also showed a decrease in 
the expression of miRNA-148a, while its overexpression inhibited 
the presence of Col10A1, MMP-13, and ADAMTS-5. Therefore, 
different approaches that increase miRNA-148a have been suggested 
to inhibit chondrocyte hypertrophy.67

6.9  Synovial Tissue MMPs in RA and OA

RA is characterized by irreversible joint destruction and results in 
considerable disability in severely affected individuals.68 The joint 
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destruction seen in RA is a consequence of an inflammatory micro-
environment produced by effector cells and cytokines.69 Traditionally, 
research has focused around hematopoietic cells and their subse-
quent production of inflammatory cytokines, such as IL-6 and TNF, 
for which targeted biologic therapy has shown success in slowing the 
progression of disease.70 However, recent research has shown the 
importance of mesenchymal cells within the synovium in driving and 
maintaining the inflammatory microenvironment. Fibroblasts have 
now been shown to have an active role in the inflammatory cascade, 
with activated rheumatoid arthritis synovial fibroblasts (RASFs) pro-
ducing MMPs and cathepsins; causing bone and cartilage destruc-
tion.71,72 MMPs have been shown to be essential for destruction of 
articular matrix by cleaving ECM components. However, they have 
also been shown to cleave each other, resulting in a cascade of MMP 
activation and joint destruction.72

Detectable levels of almost all MMPs are found in the synovium 
of RA, with MMP-1 the most abundant. MMP-3 has been shown to 
be correlated with “invasiveness” of joint disease, with MMP-3 
shown to have a role in promoting migration of inflammatory cells 
across the basement membrane.72 Furthermore, evidence of advance-
ment in radiographic RA has been shown to correlate with raised 
serum MMP-3 levels.60 MMP-3 has been demonstrated as a reliable 
marker of disease severity in juvenile idiopathic arthritis (JIA), RA, 
and ankylosing spondylitis along with traditional markers such as 
erythrocyte sedimentation rate (ESR) and CRP.73,74 Fibroblasts have 
been shown to produce MMP-3, along with other inflammatory 
cytokines due to activation by galectin-3, an animal lectin present at 
sites of destruction within the synovium.75 As well as directly pro-
ducing MMPs, fibroblasts within the synovium have also been 
shown to be responsible for the activation of hematopoietic cells, 
such as natural killer (NK) cells, resulting in increased levels of IL-6, 
IL-8, IL-15, and MMP-3.76

Histone methylation is also involved in the elevated expression 
of the MMPs 1, 3, 9, and 13, which contributes to cartilage 
destruction in RA. The alteration of histone methylation patterns, 
such as H3K4me3 and H3K27me3, gives rise to the change in the 
chromatin structure in MMP genes. Consequently, the binding of 
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the IL-6-induced transcription factor to the promoters causes MMP 
gene activation. In part, this study helps to clarify some of the mech-
anisms regulating the activated phenotypes of RASFs at the tran-
scriptional level.77 There have been many reviews on this subject.78 
Epigenetic studies have shown that RASFs have altered expression of 
MiR-203, with hypomethylation of the promotor region causing 
increased production of IL-6 and MMP-1 transcripts by twofold.79 
MMPs have also been suggested as a driver of angiogenesis in the 
synovium, therefore easing accessibility of the joint space to migrat-
ing hematopoietic cells.80 Finally, “inflammatory foci” within osteo-
arthritic synovium contain proinflammatory cytokines such as IL-17, 
IL-23, and MMP-9.81 However, levels of inflammation within the 
synovium are much less marked in OA compared with that of RA.78 
The osteoimmunology aspect of OA has been recently reviewed.82

6.10  MMPs and Fibrosis

Fibrosis is the excessive deposition of fibrous connective tissue in an 
organ or tissue. Fibrosis can happen during a reparative or reactive 
process and can be benign or an indication of a pathological condi-
tion. In pathological conditions, fibrosis is characterized by the accu-
mulation of ECM proteins, resulting in scarring and thickening of 
the affected tissue. Thus, it can be considered an exaggerated wound 
healing response, which interferes with normal organ function.

In its simplest definition, fibrosis is the result of an imbalance 
between deposition and degradation of the ECM in favor of deposi-
tion. As such, one would think that in fibrotic disorders MMPs and 
their capacity to degrade ECM components are deficient. However, 
the available data provide a different image that illustrates a com-
plex relationship between the expression of various MMPs and ini-
tiation, progression, and eventual termination of fibrotic disorders. 
Importantly, then, whether a given MMP will be antifibrotic or 
profibrotic may depend on the timing of its production as well as the 
type of cell producing the MMPs. Ironically, but perhaps nonsurpris-
ingly given their pleiotropic behavior, the majority of MMPs seem to 
favor rather than inhibit fibrosis.83–85
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Evidence generated in human studies has demonstrated that 
MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-13, 
and MMP-19 levels are all increased in the bronchoalveolar lavage 
fluid and/or lung extracts of individuals affected by idiopathic pul-
monary fibrosis, when compared to controls. This evidence clearly 
emphasizes the importance of MMPs in fibrotic processes and indi-
cates their potential use as biomarkers. These increased levels, how-
ever, do not indicate whether MMPs act in pro- or antifibrotic 
manner. The producing cells have been identified for some but not 
all of these MMPs and variably include macrophages, epithelial cells, 
and, more rarely, myofibroblasts.

The mechanisms linking these MMPs to profibrotic activities 
have been partially explored in models of lung, liver, kidney, and in 
some circumstances skin fibrosis. As an example, MMP-3 by acti-
vating latent TGF-β through the release of latent TGF-β homodimer 
from both latency-associated peptide and latent TGF-β binding pro-
tein-1 may favor fibrosis.86 Similarly, MMP-7 proteolytically acti-
vates heparin-binding epidermal growth factor (pro-HB-EGF) 
precursor to release active HB-EGF, which promotes human lung 
fibroblast proliferation. Additional mechanisms may involve the 
capacity of MMPs to modulate the biological activity of antifibrotic 
mediators. For instance, MMP-8 reduces the availability of the 
chemokine IP-10 (CXCL10), which has direct antifibrotic proper-
ties,87,88 simultaneously reducing the chemotactic influx of inflam-
matory cells, namely macrophages, which then may not sustain the 
development of fibrosis. Acting in a different manner, MMP-19 
induces COX2 activity, thus enhancing the production of PGE2, 
which also has antifibrotic properties.

More complex appears to be the scenario linking MMP-12 to 
profibrotic activities. This may result from the capacity of MMP-12 
driven by IL-13 to promote the expression of the decoy IL-13Rα2. 
This acts as a negative regulator of MMP-13, which has a direct 
antifibrotic role.89 Thus, the upregulation of MMP-12 finally results 
in downregulation of the antifibrotic activity of MMP-13 in the 
lung. Further mechanisms possibly involved in the profibrotic roles 
of MMPs in lung fibrosis may include effects on epithelial cells with 
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MMP-3 and MMP-7, which inhibit epithelial cell repair while favor-
ing apoptosis. However, it should be stressed that MMP-13 pro-
duced by macrophages90 (and MMP-19) promote liver fibrosis, in 
contrast to their capacity to restraining lung fibrosis. This finding 
again underscores the variable effect of MMPs according to the main 
environment where they operate.91

Among the antifibrotic MMPs, MMP-1 may act at several levels: 
enhancing epithelial proliferation and resistance to apoptosis,92 and 
reversing fibrosis as demonstrated when human MMP-1 is hyper-
expressed in rats with liver fibrosis.93 However, this last experimen-
tal approach has limitations, since the amount of MMP-1 largely 
exceeds the physiological levels potentially resulting in lack of speci-
ficity for substrates. Furthermore, another important point is that in 
these settings MMP-1 is produced by cells that normally do not 
produce it, clearly subverting its physiological role.

The enzymatic activity of MMPs is regulated by TIMP, four of 
which are known. In murine models of lung fibrosis, TIMP-1 and 
TIMP-2 single knock out do not appear to modify the fibrotic 
response.84 Interestingly, TIMP-3-/- lungs, despite an overall increase 
in metalloproteinase activity94 show enhanced fibrosis. However, 
inflammation is increased in both TIMP-1 and TIMP-3 knock-
outs,94,95 thus supporting the intriguing concept that MMPs may 
function predominately to control first the immune responses rather 
than directly influencing fibroblasts for ECM synthesis. Of further 
complexity appears to be the role of TIMP-1 in CCl4-induced liver 
fibrosis with divergent evidence indicating that liver-specific over-
expression of TIMP-1 but also its deletion, result in enhanced fibro-
sis with no direct effect on collagen synthesis.96–98 On the whole, 
however, TIMPs appear to contribute to liver fibrosis.83

6.11  Systemic Sclerosis and MMPs

Among human diseases characterized by pathological fibrosis of the 
skin and internal organs, systemic sclerosis (SSc) stands out for the 
complex imbrication of inflammation, vasculopathy, and autoim-
munity thought to cooperatively induce the deregulated deposition 
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of ECM. Again, in this disorder gene expression and/or protein levels 
of several MMPs are increased. This is the case for MMP-7, MMP-9, 
and MMP-12. Higher serum MMP-7 levels were found in patients 
with SSc when compared with controls, particularly in those with 
lung fibrosis.99 Similarly, total MMP-9 and pro-MMP-9 levels were 
significantly elevated in SSc patients with interstitial lung disease 
(ILD) compared to levels in SSc patients without ILD and healthy 
controls.100 Furthermore, the levels of MMP-9 correlated well with 
the degree of skin involvement as determined by the Rodnan score 
and serum concentrations of TGF-β.101 MMP-12 levels were increased 
in patients with SSc and associated with severity of skin and pulmo-
nary fibrosis and with peripheral vascular damage.102 Furthermore, 
TIMP-1 expression was significantly upregulated in patient’s skin. 
Conversely, MMP-1 expression was significantly decreased in the 
skin of SSc patients compared to controls.103 Similarly, MMP-13 
levels in patients with SSc were significantly lower than those in nor-
mal controls. Impressively, disease duration prior to the diagnosis 
was significantly shorter in SSc patients with decreased serum MMP-
13 levels than in those with normal levels.104 Along the same lines of 
evidence, TIMP-1 levels were significantly raised in SSc compared 
with normal controls and TIMP-1 levels were significantly higher in 
early than late disease.105 Also the serum TIMP-2 levels were elevated 
in some patients with SSc and were significantly higher than those of 
the healthy controls and their levels were significantly correlated 
with the extent of skin fibrosis.106

Peculiar to SSc, antibodies directed against MMP-1 and MMP-3 
have been described. These antibodies are suggested to inhibit 
MMP-1 and MMP-3 and are, therefore, proposed to be involved in 
the development of the fibrosis.107,108 On the other hand, autoanti-
bodies present in the serum of a substantial number of SSc individu-
als react against dermal fibroblast cell membrane and in particular 
against TLR-4. These have been shown in vitro to induce the pro-
duction of MMP-1 along with other inflammatory mediators. These 
findings suggest that some of the autoimmune features accompany-
ing SSc may constrain rather than enhance ECM deposition.109,110 
Furthermore, contact-dependent activation of dermal fibroblasts by 
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T cells, whether of the Th1, Th2, or Th17 cell subset, favors the 
production of MMP-1 over type I collagen, thereby providing evi-
dence for a general paradigm in which T cells, when in the proximity 
of fibroblasts, may favor ECM degradation.111–114

In summary, MMPs and TIMPs play important roles in the 
development and/or resolution of fibrosis. Their serum or tissue lev-
els are increased in human pathologies associated with skin, lung, 
liver, or kidney fibrosis. Most of the mechanistic studies conducted 
in murine models of fibrosis have provided evidence indicating a 
promoting rather inhibitory role of MMPs in fibrosis development. 
The cellular and molecular details underlying these capacities are 
multiple, and include the enhancement of epithelial-to-mesenchymal 
transition; the increased production or activation of profibrotic 
mediators as well as the reduction of antifibrotic mediators. Some 
MMPs promote abnormal epithelial cell migration or aberrant repair 
processes; some favor the switch of macrophage phenotypes toward 
the profibrotic M2 type. However, in particular MMP-1 and MMP-
13 have the potential to limit fibrotic responses to injury. Figure 6.2 
summarizes the many and sometime contradictory findings reported 
in the literature on the role of MMPs in fibrosis.83

6.12  Therapeutic Approaches to MMPs in Rheumatology

Traditional disease modifying agents used to treat RA have been 
shown to decrease MMP levels, along with other inflammatory 
cytokines. Serial serum samples taken from RA patients treated with 
leflunomide have shown reduction in clinical symptoms, which cor-
related with a reduction in MMP-1, MMP-3, IL-6, and IL-10.115 
Similarly, patients receiving infliximab plus methotrexate have 
shown a larger decrease in MMP-3 levels than those treated with 
methotrexate alone.116 These findings demonstrate the importance 
of MMP reduction in controlling disease, but the failure to directly 
and specifically target MMPs can result in common side effects, 
such as immunosuppression, as well as liver and hematological 
abnormalities.
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Directly targeting MMPs to decrease matrix degradation and 
slow the development of joint destruction remains an exciting pros-
pect in treating rheumatological diseases. Early clinical trials involv-
ing nonselective MMP inhibitors in RA were halted early due to an 
apparent low efficacy of the drug and many patients reported severe 
musculoskeletal pain and tendonitis as side effects. Lack of efficacy 
has been explained by poor oral bioavailability and the timing within 
the disease process when these drugs were used. It has been suggested 
that MMP inhibitors would be more efficacious in the early stages of 
RA, as they are key in the destruction of the joint.117 Possible strate-
gies for targeting MMPs include impeding the production of MMPs 

Figure 6.2.  Schematic representation of the role of MMPs and TIMPs in animal 
models of fibrosis as reported in Giannandrea and Parks.83 Green arrows denote 
enhanced activity. Red T-bars denote inhibitory activity.
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at the level of gene expression, blocking the active site of MMPs, and 
increasing the endogenous production of TIMPs (natural MMP 
inhibitors).

Experimental data have shown some efficacy of MMP inhibitors 
in vitro, however, as of yet this has not been translated into clinical 
efficacy. For example, the active ingredient of green tea, epigallocat-
echin-3-gallate has been shown to decrease the production of 
MMP-3 and MMP-1 from human RASF collected from arthroplasty 
patients with advanced RA. However, poor bioavailability limits 
this approach as a viable treatment strategy.118 In addition, chon-
droitin sulfate, a “chondroprotective drug” has been shown to 
decrease levels of MMPs in OA, resulting in reduced levels of pain 
and increasing functionality of the joint.119 In animal models, 
MMP-3 knockout mice exhibit comparable levels of cartilage and 
bone damage following collagen-induced arthritis compared to wild-
type mice.120 Tetracyclines are currently the only licensed drug 
known to inhibit MMP production, licensed as periostat for perio-
dontal disease. However, clinical trials in RA failed to show a sig-
nificant difference in the progression of joint damage when compared 
to placebo.121

Data from experimental systems that increase the levels of 
TIMPs have been more promising. Overexpression of TIMP-1, 
TIMP-3, and TIMP-4 inhibit inflammation in RA-like animal mod-
els.122 Conversely, TIMP-3 knockout mice display enhanced inflam-
mation and cartilage destruction. TIMP-3 blocks aggrecanases and 
TNF-α converting enzyme in vitro and has the potential to reduce 
synovial proliferation, its invasion of cartilage and inflammation in 
vivo, with this area of research ongoing.122

In conclusion, the early seminal work documented the pivotal 
role of MMPs as mediators of ECM destruction in RA. Subsequent 
investigations have focused on identifying the cytokines and inflam-
matory/immunological molecules that act in concert with MMPs in 
RA, OA, and fibrotic diseases. It has become increasingly clear that 
there is an exceedingly complex network of pathways and mecha-
nisms that can enhance or inhibit matrix degradation. The balance 
between these two possible outcomes may depend on the stage of 
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disease and treatment regimes. Although some therapies are cur-
rently available that reduce destruction of the ECM, these therapies 
are not specific to MMPs. Therefore, the search for targeted agents 
that reduce particular MMPs at particular stages of disease remains 
an important goal. In the meantime, however, MMPs, in particular 
MMP-3 (stromelysin) in RA, and TIMPs may serve as important 
biomarkers to help track the progression, or lack thereof, of rheu-
matic diseases.
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7.  Matrix Metalloproteinases  
(MMPs) as Cancer  
Therapeutic Targets

Jillian Cathcart, Vincent M. Alford and Jian Cao

Division of Cancer Prevention, Department of Medicine,  
Stony Brook University, Stony Brook, NY, USA

7.1  Introduction

Matrix metalloproteinases (MMPs) are a family of degradative 
enzymes responsible for cleaving components of the basement mem-
brane and extracellular matrix (ECM). MMPs have been implicated 
in a number of key normal and pathological processes, the latter 
including tumorigenesis, cancer cell invasion, dysregulated angio-
genesis, and metastasis. While the biology of how MMPs function 
in cancer has been extensively researched over the past several 
decades, translation of the basic science into clinical applications 
lags behind. However, this is not to say that research is not active 
in this field. Understanding how MMPs directly contribute to 
tumor initiation and progression allows for the information to be 
leveraged to identify groups with higher cancer risk and thus oppor-
tunities for early detection and improved therapeutic approaches to 
be developed.
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7.2  When MMP Levels Increase, Cancer Risk Increases

The three described phases of tumorigenesis are initiation, including 
genomic alterations, abnormal proliferation of the altered cells, and 
progressive growth and spreading of the cancer.1 The roles for 
MMPs in contributing to each of these phases are well described. But 
the idea that overexpression of MMPs can help to lead to tumor 
formation is less well accepted and poorly understood. In mouse 
models, overexpression of either MMP-1 or MMP-7 in a tissue-
specific manner leads to hyperproliferation and increased suscepti-
bility to cancer.2,3 Taking another approach, overexpression of either 
MMP-3 or MMP-14 in mammary tissue leads to spontaneous for-
mation of breast cancer.3–5 In a chemically induced skin cancer 
model, transgenic mice which lack MMP-9 exhibit decreased hyper-
proliferation of keratinocytes at all neoplastic stages, with fewer 
high-grade tumors and decreased incidence of tumor invasion.6 
Additionally, several studies have indicated that the ECM is often 
physically altered prior to the development of cancer. Two separate 
studies have clearly implicated a role for normal physiological 
MMP-3-mediated remodeling of the mammary ECM as priming 
breast tissue for breast cancer. Such remodeling occurs during devel-
opment, pregnancy, and menopause, and leads to epithelial branch-
ing and endothelial morphogenesis. This results in a disruption of 
stromal-epithelial homeostasis, which is hypothesized to become the 
basis for hyperplasias and neoplasias.4,7 Similar results in a study of 
Danish postmenopausal women have been found which correlated 
serum levels of MMP-mediated degraded type I collagen with mor-
tality risk. This study established degraded type I collagen as being a 
prognostic marker for mortality, due to cancer as well as various 
other pathologies with this underlying circumstance, up to nine years 
prior to patient death.8

Cancer is a multifaceted disease in which a single thing cannot 
be pinpointed as the root cause for its development. However, nearly 
all cancers overexpress MMPs and take advantage of their integral 
functions in promoting cancer progression and aggression. Aside 
from remodeling the ECM, MMPs have important tumor-promoting 
roles such as cleavage of E-cadherin expressed on epithelial cells. 
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This cleavage is known to induce cell proliferation as well as the 
phenotypic changes associated with epithelial-to-mesenchymal tran-
sition (EMT).9 This combined with the observation that the stromal 
environment appears to be frequently altered prior to cancer devel-
opment7,10 should allow us to appreciate the idea that overexpression 
of these matrix remodeling- and bioactive-MMPs may contribute 
directly to the development of cancer.

A well-established contributor to cancer formation is inflamma-
tion. Many cancers are known to arise from sites of chronic infection 
or inflammation. Inflammatory cells and stromal cells responding to 
inflammatory signals all have physiological roles during inflamma-
tion in which they produce MMPs. In a positive feedback mecha-
nism, MMPs can activate signaling molecules which recruit additional 
inflammatory cells to initial site of inflammation. In the locally 
inflamed environment, MMPs can cleave other bioactive signals 
which stimulate angiogenesis, proliferation, survival, and migration 
of the cells in the surrounding tissue.11 When macrophage produc-
tion of MMP-9 is genetically eliminated or chemically blocked, can-
cer development in human papillomavirus-16 (HPV) mice is 
significantly reduced, despite infiltration of the diseased tissues by 
immune cells being unperturbed.12 Upregulation and subsequent 
activation of the latent MMPs during cancer initiation can also be an 
indirect consequence of inflammation. DNA-binding proteins are 
activated in response to an inflammatory stimulus and can elicit a 
response in stromal cells. Of note among these transcription factors 
is nuclear factor-kB (NF-kB), which transactivates inflammatory, 
anti-apoptotic, proliferative, proangiogenic, and ECM remodeling 
genes. To date, NF-kB has been implicated in increasing expression 
of MMPs -1, -2, -3, -7, -9, -13, and -14.13–21 In the early stages, 
expression of these MMPs contributes to cancer initiation in a vari-
ety of ways. However, it must be noted that MMPs have normal, 
protective roles and discriminating between their physiological 
functions and those contributing to cancer progression remains a 
challenge in this field.22

There is a wide variety of signaling molecules which, upon cleav-
age by MMP, stimulate protumorigenic effects. For example, several 
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MMPs can cleave the ECM component proteoglycan, releasing 
fibroblastic growth factor (FGF) and transforming growth factor-
beta (TGF-β).23–25 Cleavage of the proform of vascular endothelial 
growth factor (VEGF) is required for its activation. This signaling 
molecule has been shown to be cleaved by MMPs -3, -7, -9, and 
-19 to induce angiogenesis.26 Angiogenesis has many physiological 
roles, but contributes to cancer progression in several ways. 
Angiogenesis increases vascular permeability to allow for inflamma-
tory cells to accumulate, increases nutrient availability to developing 
tumor cells, and, later in cancer progression, provides an easily 
accessible avenue for apoptosis. The presence of reactive oxygen spe-
cies (ROS) in tissues leads to DNA damage, genomic instability, and 
in a mouse model was shown to induce transformation of mouse 
mammary epithelial cells into malignant cells. MMP-3 activity has 
been shown to induce ROS via cleavage of the GTPase Rac1 at the 
cell surface, an event which is also likely to contribute to cancer ini-
tiation.27 Several reports have demonstrated a role for MMPs affect-
ing apoptosis. MMPs -1, 2, -3, -7, -9, and -11 have all been shown 
to have anti-apoptotic effects.28 However, it should be noted that 
MMP-2, -3, -7, -9, and -11 have also been shown to have proap-
optotic effects, depending on the circumstance.28 The proapoptotic 
functions of MMP-7 are perhaps the most well studied; we now 
know that MMP-7 cleaves the Fas ligand at the cell surface, protect-
ing cells from apoptosis, and thereby conferring chemoresistance.29,30 
During inflammation, the deposition of the Fas ligand cleavage 
products and many other MMP-activated signals may also extend 
immunosuppressive effects that supports tumor progression and ulti-
mately drives metastasis.31

While chronic inflammation leading to cancer can occur as a 
result of internal disease, such as inflammatory bowel disease32 or in 
autoimmune diseases such as arthritis or lupus,33 the presence of 
certain chronic viral or bacterial infections or environmental assaults 
has been shown to potentiate these effects and further increases a 
patient’s susceptibility to cancer. For example, chronic Helicobacter 
pylori infection, an infection associated with chronic heartburn, has 
been shown to increase MMP-3 and MMP-7 levels.21,34 In fact, 
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H. pylori stimulated expression of several MMPs, which could be 
detected in the serum and were shown to be a viable option for pre-
dicting gastric cancer.34 Chronic infection of the liver in patients with 
hepatitis B and C leads to development of cirrhotic nodules, leading 
to a progressive decrease in vasculature in the tissue and thus creating 
a hypoxic environment. Multiple studies demonstrate that hypoxia 
inducible factors lead to increased MMP expression.35 Expression of 
these MMPs then causes local changes including angiogenesis and 
EMT, with these hypoxia-driven changes known to be a major 
stimulus driving hepatocellular carcinoma. Similarly, a recent study 
demonstrated for the first time that women who are coinfected with 
Chlamydia trachomatis and HPV exhibit increased MMP-9 levels 
with a concomitant decrease in expression of its endogenous inhibi-
tor reversion-inducing-cysteine-rich protein with Kazal motifs 
(RECK). As evidenced by cervical smears, this imbalance was 
shown to have a role in driving cervical carcinogenesis as it was 
significantly associated with high-grade cervical diseases.36 Cigarette 
smoke has been demonstrated to be another irritant which increases 
inflammation and thus MMP expression, setting the stage for can-
cer. An in vitro study provided direct evidence that the contents of 
cigarette smoke increased MMP-2 expression in normal oral fibro-
blasts and conferred migratory potential to the cells.37 Another study 
demonstrates cigarette smoke activates NF-kB in a variety of cell 
types, which as discussed in preceding paragraphs, is an activator of 
expression of several MMPs.38 MMPs are known to be upregulated 
in tissues of chronic smokers, and the link between smoking and a 
variety of cancers is well established.39 As such, it can be concluded 
that the increase in MMP levels resulting from smoking plays a sig-
nificant role in initiating and driving progression of these cancers.

While how exactly cancers are initiated remains somewhat 
murky, there is sufficient evidence to suggest that MMPs have a key 
role. Further, cancer is frequently associated with comorbidities, and 
appreciating the link between diseased tissue, MMP levels, and cancer 
progression can be a valuable tool for clinicians. Understanding the 
direct contributions of MMPs to each stage of cancer will be critical 
to diagnosing cancers earlier and developing targeted treatment 
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approaches. Leveraging such knowledge will translate clinically to 
decreased morbidity and improved overall survival.

7.3  Polymorphisms

Cancer has long been considered a genetic disease. While the fact 
that genes are frequently mutated during cancer progression has 
been well described, the idea that the genotype with which a person 
is born with can indicate a predisposal to cancer is less well estab-
lished. Epidemiologic studies have been conducted in depth only for 
a few such genes, with the breast cancer (BRCA) gene and its predis-
position for breast cancer being the prime example. Such research is 
worth investing in, as an individual in possession of knowledge of 
their genotype may take chemopreventive measures to lower risk or 
more proactively monitor their physical well-being in order to catch 
cancer early. Such measures will not only greatly improve survival 
rates, but will dramatically decrease health-care expenditures.

Research with the purpose of identifying the genetic polymor-
phisms which may prime individuals for developing cancer remains 
largely in its infancy and is fraught with limitations. One of the larg-
est challenges is obtaining a sufficient sample size to perform ade-
quate analyses. To identify which somatic polymorphisms pose a 
risk, tumor genomes must not only be sequenced, but lifestyle 
choices must also be considered to fully understand the implications 
of a polymorphism. For example, cigarette smoke or environmental 
pollution may potentiate the risk associated with a particular poly-
morphism, whereas a healthy person with that same polymorphism 
living in a clean environment may not be at risk. Furthermore, the 
influence of bias is difficult to completely eradicate during analysis 
even if the most rigorous statistical analyses are utilized. Contributing 
to this bias, negative correlative data are generally published more 
slowly, if at all, than positive.

Notably, there is a massive number of genes to be analyzed, each 
of which may have multiple polymorphisms that can occur. Further 
complicating this is that as there are two alleles per gene, and in 
some cases only homozygotes may pose a predisposition, whereas in 
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others a single allele, or a heterozygote, may be sufficient. The com-
mon nomenclature used to distinguish genotypes refers to a model in 
which, if we consider an allele which can be represented as “A” or 
“B”, the risk occurs in the dominant model if the genotype is either 
AA or AB. In the recessive case, for a risk to be posed, the genotype 
of the individual must be BB.

There is an abundance of clinical studies in which genetic poly-
morphisms of different MMPs have been assessed for their correla-
tion with cancer risk. As noted, however, it is often quite difficult for 
a single study to successfully establish a correlation with risk, largely 
owing to sample size. As a result, the published literature is often 
conflicting, with the same polymorphism sometimes being deemed 
not a risk by one study but yet at risk by another. For example, there 
is a known single-nucleotide polymorphism (SNP) in the MMP-2 
promoter at -1306 bp relative to the transcription start site in which 
a C to T substitution occurs, abolishing the binding site of transcrip-
tion factor Sp1 and can thus result in lower expression levels of 
MMP-2.40,41 Several studies have demonstrated that the CC or CT 
polymorphisms correlate to increased risk of cancer development but 
do not correlate to metastasis.42,43 However, another study suggests 
that neither genotype contributes to gastric cancer development but 
breast cancer patients with a CC genotype are at increased risk of 
lymphatic and venous invasion.44 These data are also supported by 
an in vitro study of colon cancer demonstrating that this polymor-
phism is also associated with increased depth of tumor invasion.45 
In most studies conducted by a single research group on gene poly-
morphisms and their association with cancer, the number of patients 
assessed per genotype group will, on average, examine anywhere 
from 100 to 500 patients and typically will focus on a single cancer 
type. Between small sample sizes and regional and ethnic diversity, 
results of these studies may often conflict with one another. To best 
address these challenges and to reduce bias from small sample size, 
meta-analyses are frequently conducted. A meta-analysis is a statisti-
cal technique in which the findings from independent studies are 
combined, sorted, and reanalyzed all together. Such an approach 
allows for a more objective analysis of the data collected and should 
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decrease false results.46 Meta-analyses are particularly useful for 
establishing if a given polymorphism affects overall cancer risk or is 
only cancer-type specific. As different tissues tend to have different 
expression profiles for MMPs and transcription factors, a polymor-
phism may be relevant in one tissue but not in another. The benefit 
of meta-analyses is that the large sample size can allow for these 
differences to be teased apart and significance to be established.47 
For an in-depth review of how meta-analyses are conducted, please 
refer to the review by da Costa and Jüni.46

For the purpose of this review, we will focus primarily on meta-
analyses in an effort to present the most thorough and least biased 
data regarding genetic variances of MMPs. When data on the 
MMP-2 -1306 C/T SNP are compiled, 26 comparisons were found 
and comprised 8297 cases and 10,566 controls. From such a large 
dataset, several different conclusions can be drawn. The -1306 TT 
and CT genotypes were deemed protective, as they are associated 
with lower cancer risk in head and neck, lung, gastric, and esopha-
geal cancer subgroups. Subgroup analysis shows that smokers carry-
ing the C > T genotype also have a decreased cancer risk. However, 
no association between MMP-2 -1306 C > T for either the dominant 
or recessive model for breast cancer or colorectal cancer was found.47

Polymorphisms in the MMP-9 gene are perhaps the most studied 
of any MMP to date. The reasons for this are two fold: first, MMP-9 
is found to be expressed in nearly every cancer type, and is usually 
associated with accelerated disease progress and poorer survival 
rates.48 Second, four different polymorphisms have been identified. 
One of these is a C/T polymorphism in the promoter at -1562 bp 
which is associated with higher transcriptional activity of the gene 
and thus has been linked to higher MMP-9 levels. Meta-analyses 
suggest that while there is no overall increased risk for cancer for 
individuals carrying this polymorphism,43,49 cases which have geno-
type TT or CT are at increased risk of metastasis under the dominant 
model. However, no protective association was found between geno-
type TT and metastasis under the recessive model.43 For the other 
three known MMP-9 polymorphisms, which include a C to G sub-
stitution in exon 10 (P574R, rs2250889), G to A substitution in 
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exon 6 (R279Q, rs17576), and an intron polymorphism with a G to 
A substitution (rs3787268), no correlation with overall cancer risk 
was determined. Notably, subgroup analysis of rs3787268, how-
ever, indicated an increased risk for breast cancer in Native American 
women.49,50

The promoter region of MMP-1 contains another commonly 
known polymorphism. At -1607 bp, there exists a guanine insertion/
deletion polymorphism, with the allele for this promoter having 
either a single guanine nucleotide (1G) or having two (2G). In vitro 
analysis has described a situation in which the 2G polymorphism 
(1G/2G or 2G/2G) creates a binding site for the ubiquitous transcrip-
tion factor Ets. Cells with either a 1G/2G or 2G/2G were thus found 
to be more transcriptionally active with higher expression of MMP-1 
than cells with 1G/1G genotype.51 A meta-analysis of this promoter 
found that individuals carrying the 2G/2G phenotype have an 
increased risk for colorectal cancer, head and neck cancer, and renal 
cancer.47 A separate study in Caucasians of 456 lung cancer cases 
and 451 controls found that the 2G/2G genotype is not in general 
indicative of a lung cancer risk. However, the study found that 
2G/2G men who were current smokers had a threefold increase lung 
cancer risk compared to their nonsmoker counterparts. Furthermore, 
the study found that risk was still elevated in male patients who were 
formerly heavy smokers but had quit. This correlation was not sig-
nificant though in light smokers. Interestingly, for all groups, men 
with the 2G phenotype were at a higher risk than women.52

Several polymorphisms in the MMP-12 gene have been described, 
the most well studied of which is SNP in the promoter region of 
MMP-12 at -82 bp in which there is an A to G substitution. It is 
believed this substitution affects transcriptional activity and leads to 
higher levels of MMP-12 expression. While this SNP is not reflective 
of an overall increased risk for cancer, two different meta-analyses 
have found that after subgroup stratification, there is a strong asso-
ciation of the G phenotype with ovarian cancer.53,54 Considering that 
ovarian cancer remains one of the most deadly cancers for women 
due to late diagnosis and few treatment options, this knowledge 
could be leveraged by women to maintain vigilance in order to 
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ensure the disease is caught early, leading to decreased morbidity 
and increased survival rates.

Polymorphisms in several other MMPs have been identified and 
investigated for their association with cancer risk. Several studies 
have investigated MMP-3 and MMP-7, although the data are con-
flicting and remain largely inconclusive. With cancer costs pro-
jected to reach $158 billion by 2020 for the United States alone, 
with roughly 500,000 people dying annually from cancer, better 
approaches to treatment are necessary. As most cancer cases can be 
cured if caught early enough before metastasis happens,55 improv-
ing detection methods is critical to fight against cancer. Understanding 
who is at risk in order to closely monitor their health and catch the 
disease early on is a key piece to this puzzle.

7.4  Leveraging MMP Expression Changes as Biomarkers  
for Cancer

Because MMPs have been implicated in a number of pathological 
processes contributing to cancer progression, the latter including 
tumorigenesis, cancer cell invasion, metastasis, and dysregulated 
angiogenesis,26,56–59 these proteases have potential for use as bio-
markers for standard clinical oncology practice. For a summary of 
MMPs and their contribution to cancer progression and patient 
prognosis see Table 7.1. Biopsies remain the clinical standard for 
determining cancer grade and stage. In a recent study, MMP-1 and 
-9 protein expression in tumor-free mucosa was identified as critical 
prognostic factors for the prediction of cancer-specific survival 
(CSS) in colon cancer. This study relied on patient biopsies of the 
intestinal mucosa which was assessed for MMP levels using a stand-
ard enzyme-linked immunosorbent assay (ELISA).60 In the case of 
lung cancer, MMP-9 levels were found to be higher in both non-
small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC) 
when compared to normal surrounding tissues. In addition to these 
findings, this research group also found that MMP-9 expression cor-
related with tumor grade, size, and lymph node metastasis, which 
displayed an even more prominent expression relative to the primary 
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lesion.61 Similar to the previously discussed MMPs, high membrane-
type 1 MMP (MT1-MMP) expression has been causatively linked in 
gastric cancer progression and to a lesser extent linked to clinical 
stage, distant metastases, and differentiated degree of various other 
cancers such as NSCLC, cervical, and nasopharyngeal carcino-
mas.62–67 Through the use of immunohistochemistry (IHC), elevated 
levels of MT1-MMP expression were also found in tumor biopsies 
of breast cancer patients relative to normal breast tissue. These find-
ings were positively correlated with the tumor stage, lymph node 
metastasis, and overall metastatic potential in addition to being 
inversely correlated with patient survival.68

While analysis of tissue structure and the appearance of cells 
present in the tissue are frequently used to confirm the presence and 

Table 7.1.  Tissue specific expression of MMPs.

Matrix Metalloproteinase Associated Cancer(s)

proMMP-1 Rectal carcinoma (serum)

MMP-1 Bladder (urine), colon (mucosa/blood)

MMP-2 Bladder (urine), breast (biopsy/serum), colon (mucosa/
serum), glioma (biopsy/serum), prostate (urine)

MMP-3 Breast (biopsy), pancreatic (biopsy)

MMP-7 Colon (serum), rectal carcinoma (serum)

MMP-9 Bladder (urine), breast (biopsy/serum), colon (mucosa/
serum), glioma (biopsy/serum), non-small-cell lung 
carcinoma (NSCLC) (biopsy/serum), prostate 
(urine), small-cell lung carcinoma (biopsy/serum)

MMP-10 Bladder (urine)

MMP-12 Skin (biopsy)

MMP-13 NSCLC (serum)

MT1-MMP (MMP-14) Breast (biopsy), cervical carcinoma (biopsy), gastric 
(biopsy), nasopharyngeal carcinoma (biopsy), 
NSCLC (biopsy)

MT2-MMP (MMP-15) Gastric (biopsy)

MMP-26 NSCLC (biopsy)
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determine the stage of cancer, they are limited to the small area of 
tissue excised. As such, performing additional laboratory tests on 
these samples to confirm the presence of biomarkers will decrease 
false positive results and improve reliability. Changes in the patho-
logical conditions of the tumor microenvironment and individual 
cancer cells are often collectively reflected in bodily fluids. Many 
studies indicate that it is feasible to use measurements of MMP levels 
in these fluids as a promising, noninvasive tool for both diagnosing 
and monitoring the progression of various human cancers. A meta-
analysis of MMP-7 expression levels in serum found that levels were 
increased in the serum of colorectal cancer patients relative to con-
trol subjects. This finding establishes MMP-7 as an independent 
biomarker for colorectal cancer.61 Similarly, high preoperative 
MMP-2 serum levels were found to be associated with comparable 
patient survival rates as seen in patients with estrogen receptor (ER)-
negative, higher histologic grade, or higher nuclear grade breast 
cancers.69 In general, it has been found that patients with increased 
expression of any of the MMPs in serum have a higher risk of poor 
prognosis and tumor relapse in breast cancer.70,71 Surprisingly, in 
lung cancer patients, MMP-9 levels have been found to be elevated 
in patient blood samples but not in bronchial lavage fluid. This study 
also found that MMP-9 can be used as a biomarker that can even 
differentiate between malignant and benign lung disease.72,73

Even less invasive, urine tests can also be adapted to assay for 
MMP expression. MMP-2 and -9, along with their dimerized coun-
terparts, can be detected in the urine of patients. This suggests a 
possible role of high molecular weight (HMW) MMP species as 
potential biomarkers in prostate and bladder cancer patients.74 To 
support this finding, another group similarly found that HMW 
gelatinase species were consistently detected in the urine of prostate 
and bladder carcinoma patients, therefore bolstering the potential 
role of MMP dimers in predicting patient prognosis and clinical out-
come. Even more interesting, this group also showed that MMP-9 
dimers were 1.5-fold more frequently found in the urine of bladder 
cancer patients relative to prostate cancer patients, which in general 
had twofold higher amounts of MMP-9 present in their urine. This 
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suggests that the presence of MMP-9 and MMP-9 dimers in patient 
urine may serve as an important differential biomarker for identify-
ing the presence of a tumor as well as its potential location.75,76

Although expression of MMPs is conventionally used for diag-
nostic and patient prognosis purposes, recent evidence has also sug-
gested a potential role for MMPs in monitoring disease-free survival. 
In a recent study investigating proMMP-1, MMP-2, -7, and -9 in the 
serum of patients with rectal cancer, it was found that the pretreat-
ment concentration of proMMP-1 may be clinically relevant when 
evaluating tumor mass. In addition to this, MMP-7 was also found 
as a potential prognostic factor for disease-free survival in men with 
rectal cancer without distant metastasis.77

Along similar lines, the presence of MMPs extends beyond tumor 
stage/grade and patient survival. In recent studies, MMPs have also 
been important in preliminarily assessing a patient’s response to 
therapy. For example, fibroblast growth factor receptor 3 (FGFR3) 
is essential for bladder cancer progression. Due to this, many thera-
pies have been invested into targeting this receptor in bladder cancer. 
Recently, a group has described the use of a monoclonal antibody 
(R3Mab), which specifically targets this receptor and have identified 
MMP-1 and pro-MMP-10 as potential biomarkers for effective 
R3Mab treatment in this subgroup of cancer patients. Inhibition of 
FGFR3 signaling through R3Mab treatment has been found to 
reduce the overall expression and secretion of MMP-1 and pro-
MMP-10 in tumor tissues as well as mouse serum in addition to 
retarding further tumor development. Collectively, this group dem-
onstrated for the first time that MMPs can be used as a positive 
read-out for monitoring the effect of R3Mab treatment in bladder 
cancer patients.78

7.5  Detecting and Monitoring Cancer via MMPs

Between the accumulation of various MMPs in the microenviron-
ment of nearly all cancer types (refer to Table 7.1) and their use as 
biomarkers of cancer stage or metastasis, MMPs are promising for 
use in cancer diagnosis and/or monitoring cancer progression. 
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Multiple studies which use near-infrared (NIR) fluorescent or radi-
olabeling of MMP-specific probes have been conducted for the pur-
pose of improved sensitivity for tumor imaging. Such approaches are 
noninvasive and thus are attractive for clinical applications. 
MMPSense probes are commercially available MMP imaging agents 
which have been used in vivo to assess MMP activity. The probes 
consist of MMP-cleavable peptides conjugated to NIR fluorescent 
moieties. Prior to MMP-mediated cleavage, the fluorescent signal is 
quenched and it is only upon cleavage of the peptide that the fluoro-
phores decouple and a signal is produced.79 Several mouse studies 
have been conducted which clearly demonstrate feasibility of these 
probes. Results have also demonstrated that these probes can allow 
for earlier detection of cancer, improved methods for monitoring 
cancer stage and progression, and opportunities to improve thera-
peutic approaches, including use in guided surgery.80–82 Several other 
fluorogenic probes have been designed for use in imaging MMPs 
that incorporate a similar approach. These studies have tested the 
use of different fluorophores and/or substrates in an effort to reduce 
background signal and improve selectivity. Other fluorogenic 
approaches to identify MMP activity used substrates designed to 
mimic the cleavage sites of triple helical collagen. These probes dem-
onstrated increased specificity for MMP-2 and MMP-9 with the 
signals showing higher tumor to muscle tissue ratios.83,84

While use of fluorescent MMP-specific probes have proven use-
ful, nuclear approaches may be preferred for imaging of tissues deep 
in the body due to a higher signal strength. Additionally, they can be 
used simultaneously with electron emitter cancer therapies.85 Using 
an approach similar to the cleavable fluorescent probes, radiolabeled 
probes have been developed. One study involved a system in which 
indium-111 was incorporated into an MMP-2 cleavable substrate. 
The radiolabeled region of the substrate was also conjugated to a 
membrane-anchoring double alkyl chain so that the system would 
remain associated with or near MMP-2-expressing cells. The pres-
ence of polyethylene glycol (PEG) confers hydrophilicity to delay 
clearance from tissues in vivo. Mouse studies demonstrated efficient 
clearance of the radioprobes from the blood and accumulation in 
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tumors and indicated their superiority to NIR labels for tumor-
imaging purposes.85

Blood tests are a standard practice for evaluating a patient’s 
health and detecting changes that may indicate the onset of patholo-
gies, including cancer. Implementing tests for the presence of or 
changes in the levels of MMPs could be a cost-efficient method 
which would not add any additional physical burden to patients. 
Making this standard practice for certain cancers or for select popu-
lations at risk of certain cancers could potentially be groundbreaking 
in terms of early detection and reducing morbidity. For example, 
ovarian cancer is rarely detected until patients reach an advanced 
stage and because of this the five-year survival rate for women 
affected remains at only 45%. The current approaches used for diag-
nosis have relatively poor sensitivity and specificity for early stages 
of ovarian carcinomas.86 A clinical study evaluated a panel of bio-
markers in serum, including MMP-7, using a combination of com-
mercially available tests and ELISA-based assays. Results from this 
study demonstrated improved specificity and high sensitivity values 
for detection of early stage ovarian cancer, with values even higher 
for late stage cancer. Particularly noteworthy, a subset of biomarkers 
which also included MMP-7 were able to predict recurrence earlier 
than the currently used marker, cancer antigen 125 (CA125). 
Furthermore, this panel was able to detect residual disease in 
approximately half of asymptomatic patients who have positive 
results in their follow up laparotomy following their initial surgery; 
this was true for 96% of the patients when using the CA125 bio-
marker only.87

While blood samples are a readily available source of biomark-
ers, being able to detect the presence of or changes in cancer through 
urine would be even less invasive. The gold standard for bladder 
cancer detection and monitoring is through the use of cystoscopy 
and cytology. Although this method is sensitive, it is highly invasive 
and the procedure is estimated to cause urinary tract infections in as 
many as 16% of patients.88 In one study, a biochip microarray was 
developed for detection of bladder cancer which used a modified 
fluorescent immunoassay approach. This biochip prototype was 
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demonstrated to be capable of simultaneously measuring levels of 
five different bladder cancer biomarkers, two of which are MMP-7 
and MMP-9.89 As this chip relies on a urine sample for detection, this 
noninvasive approach holds potential to become the preferred 
method of early diagnosis. The use of multiple biomarkers to evalu-
ate the presence/progression of cancer instead of a single biomarker 
will likely yield improved sensitivity while reducing false-positive 
results. Although this approach was proof-of-concept only, clinical 
applications are appreciable.

7.6  MMPs as Therapeutic Targets: Looking to the Future

Nearly all cancers overexpress MMPs, as these proteases are pleio-
tropic and contribute in a multitude of ways to all aspect of cancer 
progression, from tumor growth, to angiogenesis, to metastasis.90 
For this reason, pharmaceutical companies in the nineties invested 
millions of dollars into small-molecule inhibitors which bound in the 
active site of the protease. Ultimately though, these investments fell 
flat and the only MMP inhibitor to date approved for patient use is 
Periostat® (doxycycline hyclate), which is indicated for periodontal 
disease.91 The elucidation of the complexity, diversity, and three-
dimensional properties of MMPs is still being explored, and the 
knowledge of the basic science of MMPs can be leveraged to improve 
drug design.

Doxycycline hyclate is a chemically modified tetracycline used at 
subantimicrobial doses as a broad-spectrum MMP inhibitor. Due to 
its well-described pharmacokinetic/pharmacodynamic (PK/PD) pro-
file and good safety record, doxycycline is currently being clinically 
tested in combination standard chemotherapeutics.91 The main rea-
son of failure for small-molecule inhibitors seems to be largely due 
to the poor selectivity of the drugs, leading to off-target effects which 
caused dose-limiting musculoskeletal adverse effects (i.e., debilitat-
ing joint pain).92 As monoclonal antibodies (mAbs) are known to 
demonstrate higher selectivity, they are often preferred to traditional 
approaches to reduce off-target effects. An MMP-9-selective mAb 
currently is in clinical trials and is in the pipeline of Gilead Sciences. 
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GS-5745 is a humanized mAb which allosterically targets and non-
competitively inhibits MMP-9. Studies indicate that the epitope of 
this mAb include residues located around the calcium ion binding 
pocket.93 Phase I trials preliminarily indicate an acceptable safety 
profile for this drug, both alone and in combination with chemo-
therapy.94 A phase III clinical trial is currently recruiting for GS-5745 
(NCT02545504) in combination with modified fluorouracil (5-FU), 
leucovorin (LV), and oxaliplatin (OXA) (mFOLFOX6) as a first-line 
treatment in patients with advanced gastric or gastroesophageal 
adenocarcinoma. A phase I trial is also in progress for solid tumors, 
and this drug is in trials for several other, noncancer applications 
including ulcerative colitis (phase III), Crohn’s disease (phase II), 
chronic obstructive pulmonary disease (COPD) (phase I), and rheu-
matoid arthritis (phase I). A potential drawback with antibodies, 
however, is that they may be subject to rapid proteolysis, leading to 
their clearance from circulation. Additionally, therapeutic antibodies 
are administered parenterally, which is a burden on the patient.95

Extensive literature exists in which preclinical studies target 
various MMPs using a variety of approaches. Current research avail-
able on small-molecule inhibitors seems to focus largely on those 
that bind allosterically in an effort to reduce the off target effects 
observed previously. A druggable pocket of the MMP-14 hemopexin 
domain has been identified which should block MMP-14-involved 
protein–protein interactions. As MMP-14 is a membrane-bound 
protease capable of homo- and heterodimerizing via its hemopexin 
domain to drive cell invasion and metastasis,96 disruption of such 
processes is critical to patient care. Further, the hemopexin domains 
of MMPs are not highly conserved,97 suggesting that targeting this 
region can improve selectivity. Identification of a small-molecule 
inhibitor binding in this druggable pocket performed successfully in 
vitro to decrease cell migration and reduced tumor burden in vivo.98

The majority of the recent publications targeting MMPs involve 
a multi-approach system. At least two systems have been designed in 
which a cytotoxic agent is loaded into a carrier whose surface is 
studded with MMP-binding partners. In these cases, one of which is 
a liposome and the other a nanoparticle, selective interaction with 
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MMPs within the tumor environment leads to release of the cyto-
toxic agent inside or nearby tumor cells, leading to cancer cell death. 
These innovative ideas have been successful in vitro, and it will be 
interesting to see if in vivo data can recapitulate these promising 
results.99,100

7.7  Summary

The list of functions of MMPs in cancer is as long as it is diverse. 
From activation of signaling molecules to driving angiogenesis and 
metastasis, MMPs have been well characterized in how they contrib-
ute to tumorigenesis. But while there is extensive research into the 
basic science of MMPs, a clinical appreciation lags behind. Different 
MMPs contribute to tumorigenesis in a number of ways, and changes 
in their expression levels can be leveraged to improve detection of 
and monitoring progression of cancer. In order to decrease health-
care expenditures and improve patient outlook, methods for early 
detection of cancer are critical. Furthermore, as techniques to moni-
tor changes in tumor progression and the tumor microenvironment 
improve, therapeutic intervention strategies will improve in turn. As 
MMPs are abundantly expressed in cancer and directly drive its pro-
gression, they remain attractive and viable targets for improving 
cancer management strategies.
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8.1 Introduction

Remodeling of the extracellular matrix (ECM) has proven pivotal in 
the development and progression of many cardiovascular diseases 
(CVDs). Disordered metabolism of the ECM characterizes both dis-
eases of the vasculature and of the myocardium. While many proteo-
lytic enzymes may contribute to ECM degradation (e.g., cysteinyl, 
serine, and carboxyl proteinases), matrix metalloproteinases (MMPs) 
and their inhibitors have undergone the most intense scrutiny in this 
regard. Biological roles of the cardiovascular ECM coordinated by 
MMPs include integrating mechanical signals; mediating cell com-
munication; promoting cell survival or stimulating apoptosis; pro-
viding structural integrity to blood vessels and the myocardium; 
regulating diastolic stiffness properties; remodeling in response to 
injury, inflammation, or growth; sequestering cytokines and growth 
factors; and serving as a scaffold to anchor cells (Table 8.1).1 This 
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chapter summarizes some of the vast literature regarding roles of 
MMPs and tissue inhibitors of matrix metalloproteinases (TIMPs) in 
atherosclerosis, arterial aneurysm formation, myocardial infarction 
(MI), and heart failure (HF). We aim to provide an illustration of the 
fundamental principles regarding the participation of MMPs in CVD 
rather than an encyclopedic review.

8.2 Atherosclerosis

Atherosclerosis, a common chronic inflammatory condition, involves 
extensive ECM remodeling during all of its phases.2 Atherosclerotic 
plaques develop over many decades. While much concern has 
focused on the production of bulky lesions that protrude inward and 
impede blood flow, during much of the life history of an atheroma 
the plaque grows outward in an ablumenal direction rather than 
inward, a direction that can produce arterial stenosis. Thus, the early 
phases of atherogenesis involve outward remodeling. Arteries nor-
mally have a trilaminar structure consisting of an inner tunica 
intima, a middle medial layer, and an outermost layer, the adventi-
tia. A monolayer of endothelial cells lines the intima and provides a 
contact surface with the blood.

In humans, the intima typically contains ECM with some resi-
dent arterial smooth muscle cells (SMCs) in the normal state. An 
internal elastic lamina comprised of mature, cross-linked elastin 
demarcates the intima from the tunica media. This middle layer of 
human arteries consists primarily of layers of SMCs sandwiched 

Table 8.1.  Biological roles of the ECM in the cardiovascular system.

Integrate mechanical signals and transmit force
Mediate cell adhesion, cell–cell communication, and cell phenotype
Promote cell survival or stimulate apoptosis
Provide structural integrity to blood vessels and myocardium
Regulate diastolic stiffness properties of the ventricles
Remodel in response to injury, inflammation, or growth
Process cytokines and growth factors

Source : Modified from Liu et al. (2006).
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between ECM. Obstructive atherosclerosis usually affects muscular 
arteries, vessels which contain SMCs embedded in a matrix of col-
lagen, elastin, proteoglycan, and intermediate filaments in less 
demarcated layers than in elastic arteries. In elastic arteries, the 
typical site of aneurysmal disease, more organized concentric bands 
of elastin separate layers of SMCs. The external elastic lamina forms 
the boundary between the media and the adventitia. The adventitia 
contains a loose ECM, mast cells, nerve endings, small vessels known 
as vasa vasorum that can penetrate into the outer third of the tunica 
media, and occasional lymphoid tissue.3

Outward expansion of growing lesions almost certainly requires 
dissolution of ECM and remodeling of the elastic layers. Vascular 
SMCs can produce a panel of MMPs capable of such ECM remod-
eling.4 Their expression of MMPs responds to inflammatory media-
tors such as cytokines. Proteinases produced by SMCs plausibly 
produce some of the remodeling that permits outward expansion of 
nascent atheromata as they take root in the artery wall.5

Recent experiments in mice that develop atherosclerotic lesions 
due to mutations that render them hyperlipidemic have provided 
some mechanistic insight into the role of MMPs in outward remod-
eling of arteries during atherogenesis. Animals that lack the signaling 
receptor for interleukin-1 (IL-1) exhibit a failure to remodel, yielding 
lesions that encroach upon the arterial lumen at an earlier stage than 
mice wild type for the IL-1 receptor.5 Array experiments in vascular 
SMCs pointed to MMP-3 as an exquisitely IL-1-responsive protein-
ase. Further in vitro and in vivo experiments implicated MMP-3 as 
a causal enzyme in expansive remodeling of the arterial ECM during 
plaque evolution. Either isoform of IL-1, alpha and beta, can induce 
MMP-3 production by vascular SMC.6

During atherogenesis and in response to arterial injury such as 
that produced by contemporary percutaneous therapeutic interven-
tions, SMCs migrate from the media into the intima. This process 
requires traversing the internal elastic lamina and the other compo-
nents of the arterial ECM. Again, MMPs produced by SMCs may 
facilitate this transit through the matrix barriers to allow SMCs to 
take up residence in the intima. Here, joined by resident intimal 
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SMCs, further matrix remodeling can lead to the formation of a 
fibrous cap comprised of SMCs and the collagenous ECM that 
they produce. This structure overlies the lipid core that forms in 
evolving atheromata. Experimental interventions that impair 
MMP activity can impede these remodeling processes. 
Administration of MMP inhibitors, which result in an increase 
(“gain of function”) of tissue inhibitor of metalloproteinases 
(TIMPs) -1 or -2, and deficiencies in various MMPs have estab-
lished a role for these enzymes in these aspects of arterial remod-
eling during experimental atherogenesis.7–9 The effects of 
manipulation of MMP activity on the size of plaques have proven 
complicated.10 Inactivation of TIMP-1 in atherosclerosis-prone 
mice yielded smaller plaques. The lesions in these mice accumu-
lated more macrophages. Presumably MMP activity could impair 
accumulation of ECM in plaques, yielding a decrease in their vol-
ume. Mice with double deficiency of MMP-3 and apolipoprotein E 
(ApoE, hence atherosclerosis-prone), showed increased plaque 
volume and collagen content. Transgenic mice that have a “gain of 
function” of MMP-1 directed by a macrophage promoter also have 
smaller plaques and less collagen accumulation.11 Thus, MMPs 
may have a net effect of reducing plaque volume while promoting 
arterial remodeling, both outward expansion and smooth muscle 
migration with fibrous cap formation. These effects can result 
from the abilities of MMPs to degrade the ECM as well as from 
their action on non-ECM substrates. As MMPs can either activate 
and/or inactivate proinflammatory cytokines and can also modu-
late integrin functions, the effects of manipulation of MMP gene 
expression during atherogenesis may involve more than ECM deg-
radation, for example, modulating inflammatory responses or 
adhesive interactions implicated in atherogenesis.12

Regions of mature atherosclerotic plaques develop a rich micro-
vasculature. Angiogenesis likely initiates the creation of these 
neovessels. This process requires microvascular endothelial cells to 
penetrate the dense layers of ECM in the medial and intimal layers 
of the artery.13 Regional hypoxic stimuli drive this neovessel forma-
tion, which likely involves MMPs produced by the endothelial cells. 
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Hypoxic conditions, reactive oxygen species, and inflammatory 
mediators can stimulate the production of MMPs by ECs.14

The thrombotic complications of atherosclerosis cause the most 
dramatic clinical complications. One common form of plaque dis-
ruption involves a fissure or fracture of the plaque’s fibrous cap. 
Interstitial collagen endows the plaque’s fibrous cap with tensile 
strength that confers biomechanical stability. Considerable evidence 
suggests that MMPs mediate the degradation of interstitial collagen 
in the plaque, which can render the cap fragile and susceptible to 
rupture, thus provoking thrombosis.8,15 Atheromatous plaques in 
humans overexpress many MMPs including the interstitial colla-
genases MMPs-1 and -13 (Fig. 8.1).16 Such plaques contain partially 
degraded collagen indicative of the action of interstitial colla-
genases.16 Macrophages appear to produce the bulk of the MMPs in 
these atheromatous, lipid-rich plaques.16,17 The local regulation of 
MMP expression in atheroma depends on the shear stress experi-
enced by the intimal endothelial layer. Plaques that form in regions 
of low shear stress overexpress MMPs in experiments performed in 
atherosclerotic pigs.18,19

An extensive series of experiments in mice have affirmed that 
MMPs can govern the collagen content of plaques (Table 8.2). 
Experiments in mice have shown that lack of function of MMP-8 or 
MMP-13 yields accumulation of collagen in atheromata.20–22 Mice 
with a mutated collagenase-resistant form of interstitial collagen also 
have a reinforced collagenous structure.23 Thus, both loss-of-function 
and gain-of-function manipulations in mice affirm MMPs as major 
regulators of plaque collagen content. Ex vivo studies of human ath-
erosclerotic plaques also implicate MMP-13 as well as MMPs-1 and 
-8 in plaque collagenolysis.21,22 Experiments in mice susceptible to 
atherosclerosis and doubly deficient in MMP-8 and MMP-13 suggest 
a dominant role for MMP-13 in this species (MMP-1 is the promi-
nent interstitial collagenase in humans.)22 Deficiency of MMP-14 in 
bone-marrow-derived cells yields increased plaque collagen in ather-
osclerotic mice, likely due to impaired activation of MMP-13.24

Lipid lowering, an intervention that can reduce the risk of 
thrombotic events in humans, may limit macrophage expression of 
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Figure 8.1.  Elevated MMP collagenolytic capacity in human atherosclerotic 
plaques. (a) Immunofluorescence for collagenase-cleaved type I collagen neoepitope 
(green; top left) and collagen type I (Texas red; middle) provides in situ evidence for 
collegenolysis in the shoulder area of a typical human plaque obtained at carotid 
endarterectomy. Top right, double immunolabeling for both antigens (nuclei were 
counterstained with bisbenzimide, yielding blue fluorescence). Adjacent sections 
underwent immunohistochemical staining for the interstitial collagenases MMP-1 
and -13 as well as for human macrophages (Mφ) (bottom). (b) Shows quantitative 
color image analysis of the positively stained area for the indicated targets in a series 
of human atheromata classified a prior by morphologic criteria (mean ± SD, n = 6). 
(c) Extracts (50 μg of total protein/lane) from two nonatherosclerotic arteries (con-
trol) and three fibrous and four atheromatous plaques underwent western blotting 
to assess protein expression of collagenase-cleaved type I collagen as well as of col-
lagen type I. (From Sukhova et al., 1999.)
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MMPs in animals, and perhaps in human plaques as well.25–27 
Extreme dietary restriction of hyperlipidemia in rabbits can also 
limit MMP expression and yield collagen accumulation. These 
results provide mechanistic insight into lipid-lowering therapies that 
can mitigate the complications of atherosclerosis. Such data support 
the notion that MMPs participate causally in the thrombotic compli-
cations of atherosclerosis (Fig. 8.2).

In addition to fracture of the fibrous cap, a superficial erosion of 
the endothelial layer of the intima can also precipitate thrombotic 
complications of atherosclerosis.28,29 The mechanisms of superficial 
erosion have received much less attention than plaque rupture, con-
sidered the dominant form of plaque disruption yielding thrombo-
sis.29,30 Superficial erosion accounts for a substantial minority of 
thrombotic complications of atherosclerosis, particularly in younger 
individuals and those with diabetes, a growing segment of the popu-
lation with acute thrombotic complications of atherosclerosis.31 
Severing of the tethers of endothelial cells to the subjacent membrane 
mediated by MMPs might contribute to superficial erosion. 
Membrane type 1-MMP (MT1-MMP) (MMP-14), an activator of 
MMP-2, a type IV collagenase, can increase in endothelial cells 
exposed to oxidatively modified low-density lipoprotein (LDL).32 As 
type IV collagen abounds in the subendothelial basement membrane, 
local activation of MMP-2 might promote sloughing or desquama-
tion of endothelial cells or loosen their attachment to the subjacent 

Table 8.2.  MMPs regulate collagen content of mouse atheromata.

Intervention
Effect on Plaque 
Collagen Content Reference

Collagenase resistance Increases 23

MMP-13 inhibition Increases 21

MMP-13 deficiency Increases 20

MMP-8/13 double deficiency Showed collagenolysis 
MMP-13 > MMP-8 

22

MMP-14 bone marrow cell deficiency Increases 24
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Figure 8.2.  Roles for MMPs in cardiovascular pathology. Atherosclerosis causes 
the majority of HFrEF due to ischemic cardiomyopathy. During atheroma forma-
tion, proteinases prove pivotal in the migration of SMCs from the tunica media, the 
middle layer of arteries, into the usually thin intimal layer where they can proliferate, 
hypertrophy, elaborate ECM, and contribute to atheroma formation. As atheroscle-
rotic plaques evolve, they grow outward for the first part of their life history. This 
process requires remodeling of the ECM mediated by proteinases including MMP-3 
as revealed by experimental studies in mice (see text). Overlying the plaque’s lipid-
rich central core, a fibrous cap forms during atherogenesis. Excessive production of 
collagenolytic MMPs by plaque macrophages (lipid laden foam cells) can degrade 
the interstitial collagen that confers strength on the plaque’s fibrous cap rendering 
the structure thin and susceptible to rupture. Disruption of thin-capped atheroscle-
rotic plaques often triggers fatal thrombosis by allowing blood to contact highly 
thrombogenic material produced by macrophages in the plaque core. The thrombi, 
when sustained and occlusive, can lead to MI, a process that causes ischemic tissue 
injury. As depicted in Fig. 8.3, the elaboration of proteinases by proinflammatory
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basement membrane sufficiently to provoke endothelial cell death by 
anoikis. Multiple genome-wide association studies have implicated 
variations in the collagen IV gene with atherosclerosis, another indi-
cation of the potential importance of the MMP-14/MMP-2 axis in 
CVD.33 Together these concepts point to participation of MMPs in 
both major forms of disruption of atherosclerotic plaques that yield 
thrombosis: fibrous cap fracture and superficial erosion of the 
endothelial monolayer.

In summary, MMPs, by acting on matrix and nonmatrix sub-
strates, participate in arterial ECM remodeling at all phases of ath-
erosclerosis from inception of the lesions through evolution of the 
plaque and ultimately the thrombotic complications of these lesions. 
Lipid-lowering therapy and potentially direct anti-inflammatory 
interventions may mute MMP actions and mitigate some of the 
clinical complications of this common disease.8

8.3 MMPs in Arterial Aneurysm Formation

Considerable evidence implicates MMPs in the generation of arterial 
aneurysms.34–37 While aneurysmal disease can affect all arteries, the 
largest literature implicating MMPs in aneurysm genesis focuses on 

Figure 8.2.  (Continued ) leukocytes mediate much tissue damage, but also permit 
clearance of debris due to death of cells and destruction of the ECM. Expansive 
remodeling of the infarcted ventricular myocardium associates with poor prognosis 
and the development of HF. Weakening of the myocardial ECM due to proteolysis 
favors this geometrical remodeling, a common precursor to the development of 
chronic HF in ischemic cardiomyopathy. Remodeling of the ECM can also contrib-
ute to the pathogenesis of nonischemic forms of cardiomyopathy as well. Proteases 
of various classes including MMPs contribute to the formation of arterial aneurysms 
as exemplified in this diagram by an infrarenal AAA. Transmural destruction of the 
artery wall with fragmentation and ultimately disintegration of the elastic laminae 
set the stage for this collapse of the architecture of the arterial wall. As the radius 
of the artery increases, so does wall stress according to the Laplace principle. This 
positive feedback situation favors rupture of the aneurysm, too often a fatal event. 
Imbalance between MMPs and other proteolytic enzymes and their endogenous 
inhibitors undoubtedly contributes to the structural changes that favor aneurysm 
formation and complication.
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a common form, abdominal aortic aneurysm (AAA). AAA com-
monly associates with atherosclerosis, tobacco abuse, and male sex. 
Genetic defects in ECM metabolism (e.g., fibrillin) more commonly 
cause aneurysmal disease of the thoracic aorta or cerebrovascular 
circulation. The hereditary syndromic arterial aneurysmal conditions 
thus seem to involve defects in MMP substrates more often than the 
enzymes themselves.38 Therefore, this discussion will focus on ath-
erosclerotic AAA.

The hallmark of AAA formation, transmural depletion and dis-
organization of elastin, implicates elastolysis by mere microscopic 
inspection of the lesions. Despite the seemingly evident implication 
of elastolytic enzymes in AAA formation, this hypothesis requires the 
careful consideration of a number of obstacles. Specimens of human 
AAA tissue obtained at surgery represent late stage disease, the 
“burned out embers” of the preceding pathological processes. While 
analyses of the “neck” regions that adjoin the aneurysmal tissue with 
the more normal portions of the aorta permit a glimpse of what 
might occur at earlier stages of aneurysm formation, we have a lim-
ited ability to analyze the formative stage of these arterial swellings.

While a number of experimental preparations exist that pro-
duce lesions with more or less characteristic of human AAA dis-
ease, each of the commonly used animal “models” has limitations, 
and they may not faithfully replicate the processes at work in the 
pathogenesis of human AAA.39 Nonetheless, a large and consistent 
clinical and experimental literature implicates MMPs and other 
matrix-degrading enzymes in the pathogenesis of aneurysms 
(Fig. 8.2). Analysis of human lesions shows overexpression of virtu-
ally all MMPs studied, in addition to elastolytic cathepsins and 
serine proteinases such as neutrophil elastase (Table 8.2). While 
inconsistent, some studies have shown reciprocal decreases in the 
expression of TIMPs in aneurysmal lesions.35 In the experimental 
arena, both gain-of-function and loss-of-function experiments in 
various animal preparations support a pathogenic role of MMPs in 
aneurysm formation.40–45

Human AAA display evidence of an immune component medi-
ated predominantly by T helper cell 2 (Th2) adaptive immune 
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response.46 Experimental studies showed that absence of the signa-
ture Th1 cytokine, interferon gamma, augments aneurysm forma-
tion, in association with Th2 polarization. The Th2 cytokine IL-4 
boosts MMP-9 and MMP-12 production in arterial tissue, provid-
ing a link with elastolysis mediated by MMPs and the pathogenesis 
of aneurysmal disease.44,45,47 Nonmetalloproteinases also likely 
work in concert with MMPs to promote ECM degradation in arte-
rial diseases including aneurysms. In particular, a large body of 
work implicates the cysteinyl elastases (cathepsins S, K, and L) in 
aneurysm formation.48,49 Serine proteinases may also participate in 
ECM remodeling in the context of aneurysmal disease.50 In sum-
mary, largely consistent human and experimental literature sup-
ports excessive activity of MMPs as pathogenic in the genesis of 
aneurysms.

8.4 Myocardial Infarction

MI occurs after the occlusion of an atherosclerotic coronary artery, 
resulting in necrosis of the cardiomyocytes downstream of the occlu-
sion site.51 MI involves ECM remodeling in both the infarct and 
remote noninfarcted regions throughout the time continuum of the 
inflammatory and scar-forming processes during the wound-healing 
response. Remodeling of the left ventricle (LV) following MI involves 
ECM turnover and augmented expression of several MMPs and 
TIMPs (Figs. 8.2 and 8.3). Collagen dissolution post-MI facilitates 
the removal of necrotic cardiomyocytes in the first days following 
coronary artery occlusion. Within the first week of an evolving 
infarct, laying down of a new ECM begins to counterbalance this 
heightened proteolysis, and generates granulation tissue and ulti-
mately a scar that can enhance structural stability.1,52 If ECM degra-
dation exceeds its synthesis, adverse expansive infarct remodeling, LV 
aneurysms, or, in the extreme, rupture can occur.53 Following perma-
nent coronary artery occlusion in mice, rupture accounts for one-third 
to one-half of post-MI deaths and peaks about days 3–7 post-MI, a 
time of prime structural vulnerability for the evolving infarct. In con-
trast, if ECM synthesis exceeds degradation or continues past the 
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Figure 8.3.  Distinct profiles of proteolytic activity critically influence the func-
tional capacities of leukocyte subclasses during myocardial infarction. This timeline 
depicts roughly the participation of various classes of leukocytes in myocardial 
ischemic injury and its repair. In the first day or two following coronary artery 
occlusion, granulocytes predominate in the leukocyte population in the evolving 
infarct. These first responders express MMP-9, cathepsin G, proteinase 3, and neu-
trophil elastase. These proteinases can contribute to tissue injury. The granulocytes 
can also engage in an early phase of phagocytosis to clear the debris elaborated by 
dead and dying cells. In the following days, a population of proinflammatory mono-
cytes predominates, cells characterized in the mouse by high levels of expression of 
the surface structure Ly6c and by the expression of chemokine receptor 2 (CCR2). 
These proinflammatory monocytes elaborate MMP-2 and MMP-9 as well as a vari-
ety of sulfhydryl proteinases of the cathepsin category that can amplify tissue dam-
age and attack the ECM, paving the way for subsequent tissue repair. In the latter 
phase of acute ischemic injury, monocyte macrophages that display a reparative or 
proresolving panel of functions predominate. These leukocytes, characterized by 
lower level of expression of Ly6c in mice, bear the marker F4/80. They have less 
proteolytic potential than their proinflammatory counterparts, but elaborate media-
tors of angiogenesis such as vascular endothelial growth factor as well as stimuli to 
ECM protein production that favor fibrosis such as members of the TGF-b super-
family. Experimental studies in mice have shown that manipulation of these various 
functions exerted by leukocyte subclasses myocardial healing, geometrical remode-
ling, and ultimately cardiac function. Proteinases produced by these leukocytes play 
pivotal roles in these processes.
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point of stabilization, an overly fibrotic myocardium can increase 
LV stiffness and provide an arrhythmogenic substrate.54 In addition 
to collagen, other MI-relevant ECM substrates of MMPs include 
fibronectin, laminins, and osteopontin, which can regulate both 
ECM and inflammatory components of LV remodeling.55–58

To date, literature confirms increased expression during MI of 
MMP-1, -2, -3, -7, -8, -9, 12, 13, and 14 as well as TIMP-1, -2, and -3 
(Tables 8.2 and 8.3).53 Some MMPs and TIMPs demonstrate a shift in 
cell source post-MI. For example, MMP-28 from cardiomyocytes 
decreases post-MI, while MMP-28 from macrophages increases.59 Of 
note, over a dozen MMPs remain unevaluated in the post-MI LV.

MMPs and TIMPs increase immediately after MI, due to both 
increased synthesis by endogenous cells and by increased influx of 
leukocytes as part of the inflammatory response. Neutrophils, first-
responder leukocytes, contribute MMP-8, MMP-9, and MMP-12 as 
well as TIMP-1 (Fig. 8.3).60,61 Macrophages provide a rich source of 
MMP-1 (in humans), MMP-3, MMP-7, MMP-8, MMP-9, MMP-12, 
MMP-14, and MMP-28 as well as all four TIMPs.59,62,63

Cardiac myocytes express MMP-1 (in humans), MMP-2, MMP-
3, MMP-7, MMP-9, MMP-14, TIMP-1, and TIMP-4.53 The high 
expression of TIMP-4 in cardiomyocytes leads to a dramatic decline 
of total TIMP-4 post-MI in the infarct region as a result of myocyte 
loss. Other endogenous cells in the myocardium include endothelial 
cells and vascular SMCs, both of which express both MMP-2 and 
MMP-9.53

Cardiac myofibroblasts express MMP-1 (in humans), MMP-2, 
MMP-9, MMP-13, and MMP-14, although at different concentra-
tions than leukocytes.64 For example, leukocytes predominantly 
produce MMP-9, while MMP-2 (both intracellular and extracellular 
forms) remains elevated post-MI primarily due to increased expres-
sion by cardiomyocytes and cardiac fibroblasts.65–68 Cardiac myo-
cytes and fibroblasts constitutively produce pro-MMP-2. A multitude 
of stimuli augment the expression of this enzyme, including interleu-
kin-1 beta (IL-1b), tumor necrosis factor-alpha (TNF-α), transform-
ing growth factor-beta (TGF-b), mechanical load, and oxidative 
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stress.64,69 While macrophages express MMP-3, this proteinase also 
remains elevated post-MI through increased expression by cardiac 
fibroblasts.70 In addition to blocking MMP activity, TIMPs stimulate 
fibroblast proliferation and phenotypic differentiation of fibrocytes 
into myofibroblasts.71 TIMP-2 associates with increased fibroblast 
collagen synthesis, while both TIMP-3 and TIMP-4 inhibit cell 
growth and trigger myofibroblast apoptosis.71

The local inflammatory reaction remains a considerable contrib-
utor to MMP upregulation in the post-MI infarct region.1 For exam-
ple, excess TNF-α concentrations in the LV directly relate to 
increased local production of MMP-2 and MMP-9.72 An extensive 
feedback loop also operates among MMPs and cytokines. For exam-
ple, IL-1b stimulates MMP production in macrophages and fibro-
blasts, and MMP-2, MMP-3, and MMP-9 can proteolytically process 
IL-1b to its active form.12 Prolonged incubation of the mature form 
of IL-1b with MMP-3 results in IL-1b degradation, demonstrating 
the ability to both turn on and turn off cytokine activity. Chemokines, 
another class of inflammatory molecules, remain regulated by MMPs 
and regulate MMPs.73,74 By day 28 post-MI in the mice, inflamma-
tion and MMP expression showed low levels in the infarct region, 
signaling resolution.75

MMP-9 appears to have a major role in the pathogenesis of MI 
(Fig. 8.3). MMP-9 remains elevated post-MI, and previous studies 
show elevated levels in experiments with mice, rats, pigs, rabbits, 
and dogs, as well as humans.76 The elevation in MMP-9 tracks with 
neutrophil influx.77 Further, deletion of MMP-9 reduces macrophage 
infiltration and attenuates collagen accumulation and LV dilation 
post-MI.76 In mice, MMP-9 deletion stimulates neovascularization 
post-MI and improves outcomes.78 In contrast, the transgenic over-
expression of MMP-9 only in macrophages also improves LV 
remodeling post-MI, thereby indicating dual roles for MMP-9, 
depending on when it is expressed and whether it originates from the 
neutrophil or the macrophage.79

TIMP-3 deficient mice show significantly elevated mortality 
post-MI due to enhanced ECM degradation and inflammatory 
cytokine expression that accelerates the development of systolic 
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 dysfunction.80 Injection of vascular SMCs transfected with TIMP-3 
into the peri-infarct region at 3 or 14 days post-MI reduced MMP-2 
and MMP-9 activities, infarct wall thinning, and the development of 
LV dysfunction.81

In summary, extensive evidence shows involvement of about half 
of the MMP family members and all of the TIMPs in the ischemically 
injured myocardium. Changes in the balance between levels of 
MMPs and their inhibitors likely influence critical aspects of infarct 
healing that determine the clinical course both acutely and in the 
long term.

8.5 Heart Failure

HF, the inability of the heart to adequately pump and supply the rest 
of the body with sufficient oxygen, remains a common downstream 
consequence of a myriad of CVDs, including hypertension, MI, infil-
trative processes, and various cardiomyopathies. HF has a strong 
inflammatory component and associates with the increased activities 
of MMPs and TIMPs. MMPs and TIMPs remain elevated in humans 
and experimental animals with HF, including MMP-2, MMP-3, 
MMP-8, MMP-9, MMP-19, and all four TIMPs.82,83 While previous 
data show elevated levels of TIMP-1 in HF, other reports indicate 
plasma values remain lower in patients with HF. Sampling variabili-
ties likely account for part of this apparent discrepancy. The balance 
between proteinase and antiproteinase activity remains in flux over 
time during the course of HF progression.

MI remains a common cause of HF (Fig. 8.3). Indeed, 70% of 
HF with reduced ejection fraction attributes MI as the underlying 
etiology, a condition referred to as ischemic cardiomyopathy.84–91 
Following MI, MMPs increase (as discussed previously) during the 
initial response, followed by a second wave during the progression 
to HF. This biphasic augmentation of MMPs and TIMPs requires 
consideration when designing experiments in animals and exploring 
therapeutic targets in clinical trials. In a cross-sectional analysis 
of 29 subjects with heart failure with reduced ejection fraction 
(HFrEF) and 29 subjects with heart failure with preserved ejection 
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fraction (HFpEF), ECM and inflammatory proteins, including 
MMP-2 and MMP-9, showed similar concentrations.92 While these 
MMPs localized in similar concentrations in these two types of HF, 
an apparent heterogeneity exists in the mechanisms that mediate 
either the release or clearance of these MMPs.

In summary, HF associates with augmented activity of MMPs, in 
part due to the inflammatory aspects of this disease. At this point, 
measurements of MMPs and their inhibitors in humans with HF 
serve primarily to provide insight into the pathophysiology of differ-
ent forms of HF and other CVDs, as discussed in the following. Yet, 
in addition to potential utility as diagnostic and prognostic indica-
tors, MMPs and TIMPs may also indicate response to therapy.93

8.6 MMPs and TIMPs as Prognostic Indicators of CVD

Previous studies have evaluated MMPs and TIMPs as plasma mark-
ers of cardiovascular status both in community-based populations 
and in CVD risk patients. Sundstrom and colleagues performed the 
first community-based investigation, using the Framingham Heart 
Study cohort to relate plasma MMP-9 and TIMP-1 to CVD risk fac-
tors and to LV structure and function by echocardiographic varia-
bles.94–97 Their data showed that plasma MMP-9 associated with 
increased LV diastolic dimensions and wall thickness, which support 
the use of MMP-9 as a plasma marker of cardiac ECM degradation. 
MMP-9 correlated with smoking and diabetes, indicating likely car-
diac and extra-cardiac sources. Plasma TIMP-1 also directly associ-
ated with the Framingham Risk Score and inversely correlated to LV 
systolic function. In addition to smoking and diabetes, plasma 
TIMP-1 correlated with age, body mass index, and the total over 
high-density lipoprotein (HDL) cholesterol ratio. In the Framingham 
cohort, higher circulating TIMP-1 associated with mortality risk, 
showing a multivariable-adjusted hazards ratio of 1.72 (95% CI, 
1.30–2.27).98

In a cross-sectional evaluation of the Prospective Investigation of 
the Vasculature in Uppsala Seniors (PIVUS) community-based 
cohort of 70-year-old men and women with no valvular disease, MI, 
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or HF (n = 891), serum MMP-9 weakly associated with LV wall 
thickness and isovolumic relaxation time.99 Serum TIMP-1 positively 
correlated with LV mass and wall thickness and negatively corre-
lated with ejection fraction, indicating that TIMP-1 may regulate LV 
systolic function. In the prospective Uppsala Longitudinal Study of 
Adult Men (ULSAM) cohort, serum MMP-9 and TIMP-1 both asso-
ciated with risk of all-cause mortality.100 TIMP-1 correlated with risk 
of CV mortality and stroke. Although adjustment for CVD risk fac-
tors attenuated these relationships, the associations affirm the impli-
cation of strong relationships among MMPs and TIMPs and the 
pathogenesis of CVD. In fact, multiple CV risk factors associate with 
increased MMP activity, including smoking, diabetes, homocysteine, 
and lipids.1 Each of these factors stimulates cytokine release from 
activated leukocytes, which in turn stimulates the synthesis and acti-
vation of MMPs. MMPs can then proteolytically process cytokines 
and chemokines to either increase or diminish their activity, furnish-
ing possible positive or negative feedback pathways.

One study in patients with existing coronary artery disease high-
lights the role of MMP-9. It showed that plasma MMP-9 rivaled the 
established biomarkers troponin and C reactive protein as a prog-
nostic indicator.101 The lowest quartile of MMP-9 associated with 
<2.5% event rate, while the highest quartile had >15% event rate. In 
1979 patients with coronary artery disease, those who subsequently 
experienced a fatal CV event had higher mean concentrations of 
plasma TIMP-1, with an age and sex adjusted hazard ratio of future 
CV death being 1.37 (95% CI: 1.17–1.61, p < .001).102 In summary, 
MMPs and TIMPs, both singly or as part of a panel of plasma mark-
ers, show promise as diagnostic and prognostic indicators of CVD 
and affirm the participation of these proteinases in the pathogenesis 
of these diseases.

8.7 Direct and Indirect MMP Inhibition

The known roles of numerous MMPs and TIMPs in atherosclerosis, 
aneurysms, MI, and HF (Table 8.3) provide a strong rationale for 
considering MMP inhibitors for the therapy of certain CVDs. 
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Table 8.3.  Matrix metalloproteinases and tissue inhibitors of 
metalloproteinases with known associations to cardiovascular 
diseases.

Atherosclerosis Aneurysm
Myocardial 
infarction

Heart 
failure

MMP-1 + * +

MMP-2 + + + +

MMP-3 + + + +

MMP-7 + +

MMP-8 + + + +

MMP-9 + + + +

MMP-10 +

MMP-12 + + +

MMP-13 + +

MMP-14 + +

MMP-19 + +

MMP-28 *

TIMP-1 + + *

TIMP-2 + + +

TIMP-3 + + +

TIMP-4 - +

+, increases; -, decreases; *, increases or decreases, depending on time of 
evaluation or cell type evaluated.
Note that information is not currently available for many of the MMPs 
and TIMPs.
Source : 26,51–55,10,24,35,114–120

Specific MMP roles in CVD have undergone evaluation in vivo in 
mice with genetic deletion or transgenic overexpression of MMP-2, 
MMP-3, MMP-7, MMP-8, MMP-9, MMP-14, MMP-28, and 
TIMP-1, TIMP-2, TIMP-3, and TIMP-4, supporting the develop-
ment of selective MMP antagonists or in some cases, agonists.53,76,103–107 
A variety of approaches permit pharmacological MMP inhibition: 
broad-spectrum MMP inhibitors, relatively specific MMP inhibitors, 
and specific inhibitors developed for MMP-9 and MMP-12.60,108–113 
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Despite setbacks, a lasting conceptual appeal and rationale have 
boosted the notion that pharmacologic inhibition of MMPs might 
limit atherosclerosis progression, aneurysm growth, or LV remodel-
ing post-MI leading the HF. In humans, for example, increased 
dimensions of aortic aneurysms associate with increased risk of rup-
ture and increased cardiac dimensions post-MI associate with 
increased risk of HF development. Rupture of aortic aneurysms and 
HF both have high case-fatality rates, hence the rationale of prevent-
ing aneurysm expansion or HF pharmacologically. Based on these 
findings, some MMPs (e.g., MMP-12) may warrant either an antag-
onist or agonist, depending on both the CVD involved (atherosclero-
sis vs. MI) and the time of administration of the therapy. Johnson 
and colleagues showed a protective effect of an MMP-12 inhibitor in 
preventing atherosclerosis development in ApoE-null mice, whereas 
Iyer et al. showed that early MMP-12 inhibition (using the same 
inhibitor) exacerbated post-MI LV remodeling by delaying the reso-
lution of the inflammatory response.60,110 In both cases, macrophage 
function remained impaired; this effect proved beneficial in the set-
ting of atherosclerosis and detrimental in the setting of MI. 
Understanding MMP roles in the various CVD processes, therefore, 
reveals how effects on the same cell type can impart opposite conse-
quences at the tissue level, and underscores the importance of staging 
disease and timing of therapeutic intervention against MMPs.

In humans, the initial pharmacological MMP inhibitor trials had 
over-simplified designs, given the diversity of both MMPs and their 
functions.121,122 At the time of the development of the first inhibitors, 
the full family of enzymes and similar families (e.g., a disintegrin and 
metalloproteinase [ADAM]) remained unknown.123 The Prevention 
of Myocardial Infarction Early Remodeling (PREMIER) trial evalu-
ated the efficacy of the MMP inhibitor PG116800 on post-MI 
remodeling.124 This trial enrolled 253 patients who received treat-
ment within 48 hours of presentation. While the initial design 
involved the treatment with 200-mg oral twice daily for 180 days, 
concerns for potential off-target musculoskeletal effects stimulated a 
switch to once-a-day treatment. The primary response variable was 
changes in LV end diastolic volumes (LVEDVs) from baseline to 
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90 days post-MI. In the placebo group, the change in LVEDV was 
10.3%, while in the PG116800 group the change was 8.4% 
(p = .31). Of note, similar trials showed a much larger change in 
LVEDV, indicating a lack of dilation within the subjects in both 
groups of this trial.121 This issue, along with the inadequate dosing 
regimen such that a large number of patients failed to achieve thera-
peutic inhibition, likely contributed significant confounders, thus mak-
ing it difficult to rule in or out MMP inhibition as a post-MI therapy.

Doxycycline, a broad-spectrum antibiotic in the tetracycline 
class, can exert antiprotease activity in addition to antimicrobial 
actions.125–127 The Food and Drug Administration approved doxycy-
cline as an MMP inhibitor and studies have proven its effectiveness 
in preventing tissue destruction in the setting of gingivitis.128,129 
Observations in animals have supported the efficacy of doxycycline, 
in a number of experimental cardiovascular conditions ranging from 
aortic remodeling in experimental aneurysm expansion to post-MI 
remodeling.130–132 In 60 patients scheduled for elective aneurysmal 
repair, two weeks of treatment with doxycycline suppressed aortic 
wall inflammation, resulting in 72% reduction in neutrophils and 
95% reduction in cytotoxic T-cells in the aneurysm.133 Pilot studies 
in humans have also provided conceptual support for this interven-
tion. Yet, to date, large-scale clinical trials have not definitively 
established MMP inhibitors as effective therapies in this condition. 
The early short-term doxycycline therapy in patients with acute 
myocardial infarction and left ventricular dysfunction to prevent the 
ominous progression to adverse remodeling trial (TIPTOP) evalu-
ated efficacy of treating post-MI patients, starting immediately after 
percutaneous intervention, with 100-mg doxycycline twice a day for 
7 days.134,135 Enrollment included a total of 110 patients, and the 
treated group showed decreased LVEDV compared to control 
(standard of care over the six months of follow-up).

In addition to direct MMP inhibition, CVD medications can also 
activate or inhibit MMPs.105 Nitroglycerin increases expression and 
activity of MMP-2, MMP-7, and MMP-9, and decreases TIMP-1 in 
human macrophages.136 Tissue plasminogen activators increase 
MMP-1, MMP-2, MMP-3, MMP-9, MMP-12, and MMP-14 as well 
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as TIMP-1 and TIMP-2.137,138 Likewise, anticoagulants increase 
MMP-2, MMP-9, and TIMP-2 concentrations and decrease TIMP-1 
in the blood.139,140

Angiotensin-converting enzyme (ACE) inhibitors lower MMP-1, 
MMP-2, MMP-3, and MMP-9 and raise TIMP-1.141,142 In addition 
to effects on MMP synthesis, the Yamamoto laboratory has shown 
that the ACE inhibitors imidapril, lisinopril, and captopril can bind 
directly to the active site of MMP-9 to inhibit enzymatic activ-
ity.143–146 Further, imidapril showed strong inhibitory activity against 
MMP-9 in hamsters with MI, indicating that direct MMP inhibition 
may contribute to some of the clinical benefits of ACE inhibi-
tion.143,147 Angiotensin II receptor inhibitors lower MMP-2, MMP-3, 
and MMP-9 while raising TIMP-1; aldosterone antagonists lower 
MMP-1, MMP-2, and MMP-9 and raise TIMP-2; and beta adrener-
gic receptor blockers lower MMP-2 and MMP-9 and raise TIMP-1, 
TIMP-2, and TIMP-3.148

Several statins inhibit MMPs, either directly or indirectly. This 
class of drugs indirectly lowers MMP activity by blunting inflamma-
tion.149–152 Statins can also directly reduce MMP-1, MMP-2, MMP-9, 
and MMP-12 and increase TIMP-1 concentrations.149–151 Simvastatin 
decreases plasma MMP-9 in hypercholesterolemic patients with cor-
onary artery disease. Moreover, nonrandomized pravastatin treat-
ment showed decreased MMP-2 and increased TIMP-1 in human 
carotid endarterectomy specimens compared to those not taking a 
statin. These alterations could render plaques less likely to rupture 
and provoke clinical events.27,153

Other CVD-related medications indirectly regulate MMP and 
TIMP activities. Nonsteroidal anti-inflammatory drugs lower 
MMP-1 and raise TIMP-1 concentrations.154,155 Rosiglitazone 
decreases serum MMP-9 in patients with type 2 diabetes.156 The cal-
cium channel blockers amlodipine and diltiazem increase MMP-1, 
MMP-2, and TIMP-1 in cultured human umbilical vein endothelial 
cells.157

In summary, these data support the continued consideration of 
modulating MMPs in the therapy of both vascular and myocardial 
diseases. Nonetheless, challenges remain in identifying the particular 
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proteinases involved in specific stages of the disease in question, and 
deploying novel selective inhibitors that avoid the undesired actions 
that have challenged the clinical application of broad-spectrum 
MMP inhibitors.
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9.  Matrix Metalloproteinases  
(MMPs) as Therapeutic  
Targets

Constance E. Brinckerhoff

9.1  Introduction: Understanding the Failure of Early Clinical 
Trials: “Obstacles to the Therapeutic use of MMP 
Inhibitors”

Blocking the heightened levels of matrix metalloproteinase (MMP) 
activity associated with disease has long been a therapeutic goal,1–4 
either by inhibiting enzymatic activity with small molecule chemical 
inhibitors or by blocking expression of the MMP genes. However, 
seemingly constant “obstacles to the therapeutic use of MMP inhib-
itors”2 related to issues of specificity have plagued the field, and 
efficacy has been consistently disappointing (Table 9.1).2 In addi-
tion, the disastrous and unexpected side effects emerging from the 
clinical trials at the end of the 20th century seemed to put the final 
nail in the “therapeutic coffin”. Now, as we understand more and 
more about the diverse biology of these enzymes, interest in targeting 
MMPs therapeutically is reviving, but with a much more sophisti-
cated approach. 

Fifteen or 20 years ago, the concept that MMPs had functions in 
addition to degrading matrix proteins was still in its infancy. 
Furthermore, it was well accepted that rampant over-expression of 
MMPs was largely responsible for the disease pathology associated 
with arthritis, cancer and cardiovascular disease, and perhaps other 
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Table 9.1.  Obstacles to the therapeutic use of MMP inhibitors.

Despite promising preclinical data supporting the blockade of matrix 
metalloproteinases (MMPs) as a treatment for cancer more than 10 years ago, all 
Phase III cancer trails failed owing to several reasons, as outlined below:

• The design of the clinical trails was suboptimal and inadequate clinical end 
points were used.

• The MMP inhibitors that were used were not ideal. Several were metabolically 
unstable, poorly orally bioavailable and/or associated with a dose-limiting 
toxicity. Moreover, early clinical trials with broad-spectrum MMP inhibitors 
revealed that prolonged treatment was associated with unwanted side effects 
and this resulted in the use of lower, often inadequate, MMP inhibitor doses in 
subsequent trials.

• At that time, there was poor knowledge on the complexity of MMP function 
and not every MMP had been identified. Consequently, inhibition of antitarget 
MMPs was not prevented and board-spectrum MMP inhibitors were used, not 
taking into account time- and space-specific, and sometimes opposing, MMP 
functions. Indeed, the undesired side effects were most probably due to the 
board-spectrum inhibition of MMPs, as well as the cross-inhibition of members 
of the adisintegrin and metalloproteinase (ADAM) family and aggrecanases 
(ADAMs with thrombospondin motifs (ADAMTS) family members).

• Finally, the discrepancies between the mouse models used in preclinical studies 
and the patients enrolled in the clinical trails likely contributed to the failure of 
the clinical trails. Indeed, patients were often in advanced stages of disease, 
whereas the animal studies had shown effectiveness of MMP inhibitors in early 
stages of disease. 

Over the past two decades, the family of MMPs has been studied in more detail 
in several mammalian species, both at the gene and protein level, in health and 
disease. Many MMP-coding genes have been knocked out in mouse models, 
providing an in vivo system to investigate the consequences of the absence of 
these genes. Based on this research, MMPs are still regarded as important 
biological mediators that are detrimental in several diseases. It is intriguing why, 
despite their targetability, the development and marketing of specific MMP 
inhibitors has been delayed so much. Here, we summarize several possible 
reasons.

• The determinants of substrate specificity of MMPs are not well understood. 
Unlike other proteases, such as caspases, most MMPs have no obvious or strict 
consensus amino acid recognition sequence. This hampers the production of 
substrate-based inhibitors.

(Continued )

b2797_Ch-09.indd   228 4/20/2017   4:50:04 PM

www.ebook3000.com

http://www.ebook3000.org


b2797 Matrix Metalloproteinases in Health and Disease9”x6” 

9. Matrix Metalloproteinases (MMPs) as Therapeutic Targets 229

Table 9.1.  (Continued )

• There is uncertainity in translating in vitro substrate information to in vivo 
relevance. Incubating a biologically active MMP with another protein in vitro 
will often result in a specific cleavage. However, this cleavage does not 
necessarily occur in an in vivo setting during health or disease.

• Many MMPs have evolved through gene duplication in the mammalian genome, 
leading to clusters of MMP genes on particular chromosomes (for example, the 
proximal mouse chromosome 9 harboursten MMP genes in less than 500 
kilobases) and to extensive homology in amino acid sequence. This impedes the 
development of specific MMP inhibitors and of reliable tools to detect specific 
MMP activity in vivo.

• MMP members have overlapping biological substrates, and therefore substrate-
based inhibitors can rarely be specific.

• As most MMP-deficient mice do not show an obvious phenotypic abnormality 
in unstimulated conditions, except for MMP14 and MMP20-deficient mice, not 
much has been invested in tissue-specific knockout mice. Consequently, there is 
insufficient knowledge on the spatiot emporal activities of MMPs in vivo during 
development, health and pathological conditions.

• The first clinical trial failures in the use of MMP inhibitors for cancer caused a 
shock wave in the MMP research community and beyond and made 
biotechnology and pharmaceutical companies reluctant to invest in newer 
generation MMP inhibitors.

• The high level of conservation of MMP genes in mammals indicates that they 
are essential for normal functioning of the organism. Hence, not all biological 
activities of MMPs are harmful, and although they could function as therapeutic 
targets in some conditions, they may be antitargets in other conditions.

Source : From Vandenbroucke and Libert (2014).

maladies as well. Thus, the idea of inhibiting MMPs to reduce dis-
ease pathology seemed both obvious and full of potential to create a 
therapeutic “bang”. And so, the era of developing MMP inhibitors 
(MMPIs) was born, and the focus was simply (and in hindsight, 
naïve) on developing broad-spectrum inhibitors of MMPs.2,3,5 The 
success of preclinical studies with batimastat (also known as BB-94) 
in the early 1990s demonstrated potential as powerful anticancer 
agents, fueling excitement and interest in developing these com-
pounds. Soon, more than 50 MMPIs were in various stages of testing 
in clinical trials. Imagine, then, the overwhelming dismay when all of 
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the anticancer trials failed, despite the positive findings with 
 preclinical testing. Many reasons have been suggested to explain 
these failures (Table 9.1)2: poor trial design, inadequate clinical end 
points, metabolic instability and poor oral bioavailability of the 
MMPIs, and dose-limiting toxicities. Given the increasing informa-
tion that MMPs could cleave many nonmatrix proteins, many of 
which have essential functions in normal physiology and homeosta-
sis, it is not surprising that the clinical trials with broad-based 
MMPIs were toxic, with painful and unacceptable musculoskeletal 
side-effects. Although these effects were reversible, subsequent trials 
reduced the dosage to try to avoid them, only to reach the point of 
inefficacy.2

However, most troubling were results of two trials involving the 
MMPI tanomastat, a so-called “second generation” (and supposedly 
improved) hydroxamate inhibitor, in small-cell lung cancer and pan-
creatic cancer, both of which were stopped prematurely when 
patients receiving them had significantly shorter survival compared 
to patients receiving placebo.1,2 We now surmise that these broad-
based MMPIs were blocking the activities of some MMPs that actu-
ally had beneficial anticancer effects. This realization gave birth to 
the concept that some MMPs should be regarded as “antitargets”. 
Further, the undesirable side effects of musculo-skeletal pain were 
likely the results of broadly inhibiting many (if not all) MMPs, along 
with some cross-inhibition of the ADAMs and of ADAMTS (aggre-
canases) family members. These enzymes, like the MMPs have 
important roles in cellular adhesion, cell–matrix interactions, the 
release and activation of growth factors from matrix, along with 
mediating the shedding of membrane-bound proteins. Another 
explanation for the failure of the clinical trials is the fact that patients 
in the trials were often in the advanced stages of disease, while in the 
preclinical studies with animals, the drugs showed efficacy in these 
model  systems.

Despite these early disasters, new and more sophisticated 
 understanding of MMP structure and function, along with the 
 development of novel technologies renewed interest in developing 
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MMPIs with greater selectivity for individual MMPs. Mostly, this 
renewed interest has focused on inhibiting enzyme activity, rather 
than blocking gene expression. The hope is that this approach will 
lead to more targeted efficacy with fewer side-effects. However, suc-
cess will depend on the knowledge of the biochemistry of each 
MMP, and on the protocols developed for using newly derived com-
pounds.

9.2 Basic Biochemistry of MMPs and the History of MMPIs

The first generation of these inhibitors blocked the enzymatic activ-
ity of MMPs by binding to the Zn++ ion in their active sites. Along 
with this Zn++ ion, MMPs have subsites (S), which are labeled as 
unprimed (left-hand side of the Zn++ ion; S1, S2, and S3) or primed 
(right-hand side of the Zn++ ion; S1′, S2′ and S3′) (Fig. 9.1).2,5 The 
S1′ pocket is the principal subsite for substrate recognition and is the 
most variable subsite among all the MMPs with respect to the amino 
acid sequence and the depth of the pocket. MMPs can be grouped, 
on the basis of the depth of this pocket, into shallow, intermediate 
and deep-pocket MMPs. The P1′–S1′ interaction (P1 is the group in 

Figure 9.1.  Nomenclature of the substrate–protease interaction. Multiple enzy-
matic binding sites (P) directly contact the substrate-binding sites (S) of the sub-
strate. The nomenclature of the S sites (for example S1–3 and S1′–3′) is concordant 
with the P sites. Sn sites are amino-terminal to the scissile bond, and Sn′ sites are 
carboxy-terminal to the scissile bond. (From Vandenbroucke and Libert, 2014.)
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the inhibitor or substrate that binds to the S1′ pocket of the enzyme) 
is the primary determinant of the affinity of inhibitors and the cleav-
age position of peptide substrates. For instance, extending the P1 
substituent for MMP-13 resulted in increased selectivity over the 
very homologous MMP-2.2,5,6

The development of high throughput proteomic techniques and 
conditional genetic modifications of mouse models are facilitating 
our increased understanding of the complexities of MMP function 
and emphasizing the difficulties in developing specific inhibitors.7 In 
addition, another hurdle for the development of specific inhibitors of 
catalysis has been the broad similarity of the MMP catalytic site 
(Figs. 9.2 and 9.3)6,8 More detailed knowledge of the active site 
structure has helped in developing chemical inhibitors with greater 
specificity, and selected enzymes are now being targeted.5 The role of 
exosites, that is,  secondary binding sites, both in the catalytic and 
hemopexin domains, is being explored as determinants of substrate 
specificity of individual MMPs, and hence, as potential specific tar-
geting sites for inhibitors.

Initial efforts to develop MMPIs were based on the structure of 
collagen.2,6 The catalytic domains of MMPs have a shallow active 

Figure 9.2.  Domain structures of the MMP family. ss, signal sequence; pro, pro-
domain, FNII, fibronectin type II motif; L1, linker 1; L2, linker 2; Mb, plasma 
membrane; TM, transmembrane domain; CT, cytoplamic tail; CysR, cysteine rich; 
Ig, immunoglobulin domain; GPI, glycosylphosphatidylinositol anchor; C, cysteine. 
(From Murphy and Nagase, 2008.)
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Figure 9.3.  MMP catalytic domain structure. (a) Stereographic Richardson-plot of the 
catalytic domain of human MMP-8. The repetitive secondary structure elements 
(orange arrows for β-strands, βI–βV; cyan ribbons for α-helices, αA-αC) and the four 
cations (two zinc ions in magenta and two calcium ions in red) are depicted. The side 
chains of the zinc-binding histidines, the general base/acid glutamate, the Met-turn 
methionine, and residues engaged in key electrostatic interactions (grey dots) within the 
CTS are shown as stick models with yellow carbons and labeled. A substrate of 
sequence Pro-Leu-Gly-Leu-Ala, modeled based on published inhibitor structures is 
further shown as a stick model with grey carbons. Additional relevant chain segments 
are shown in distinct colors and labeled (Met-turn in green; specificity loop in red; S1′-
wall-forming segment in blue; S-loop in purple; and bulge-edge segment in magenta). 
(b) Topology scheme of MMP-8 in the same orientation as in (a). (c) Close-up view of 
(a) depicting the side chains engaged in zinc binding and those shaping the specificity 
pocket, which are labeled. (From Tallant et al., 2010.)
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site cleft with a flat unprimed side and a narrow primed side centered 
around the S01 subsite (Fig. 9.1).2,5 MMPs share catalytic domains 
of 160–170 residues with a marked sequence similarity, where the 
percentage of identical residues ranges from 33% to 90%. The first 
inhibitors were hydroxamate-based, and were made up of the basic 
backbone of collagen and the zinc-binding group hydroxamate  
(–CONHOH), and thus, they were named hydroxamate-based 
MMPIs (Fig. 9.4). These compounds contain a group that chelates 
the catalytic Zn++ ion and a backbone that mimics the natural pep-
tide substrate of a particular MMP or group of MMPs.2,5 Hydroxamate 
is a powerful ligand that binds to the catalytic Zn++ ion, resulting in 
the formation of a distorted trigonal–bipyramidal structure around 
the Zn++ ion. The –NH group of the hydroxamate anion hydrogen 
bonds with the neighboring carbonyl oxygen, and hydrophobic 
interactions then stabilize the inhibitor–enzyme complex. However, 
the hydoxymate Zn-binding group is metabolically labile, giving the 
drugs a relatively short half-life.

Along with batimastat, hydroxamate collagen-based peptidomi-
metic MMPIs include marimastat and ilomastat (also known as 
GM6001). Despite biochemical efficacy, the low water solubility of 
batismastat made drug delivery difficult for clinical trials.1,2 
Marimastat, on the other hand, was readily water soluble but not 
therapeutically effective at doses that caused musculoskeletal toxic-
ity when administered in randomized Phase III trial for metastatic 
breast cancer.2 Similarly, a Phase I trial of marimastat along with 
carboplatin and paclitaxel as a therapy against advanced non-small-
cell lung cancer was also associated musculoskeletal toxicity, even 
though in this case, the patients did show a positive therapeutic 
response. Moreover, it became clear that clinical efficacy required 
that the MMPIs be administered simultaneously with the highest 
levels of MMP enzymatic activity, which  in a particular cancer, was 
often early in the course of disease development, perhaps even before 
clinical detection/diagnosis. Thus, MMPIs were often given too late 
to be helpful.

Given the enthusiasm over MMPIs and their therapeutic  potential, 
a second generation of hydroxamate-based MMPIs was engineered. 
They were composed of a substituted aryl, a sulphonamide and a 
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Inhibitor  
(alternative names)

noitibihniPMMerutcurtS

Batimastat (BB-94)

ΗΟ
Ν
Η

Η
Ν Ν

Η

Ο

Σ

Σ

Ο

Ο

IC50 MMP1 = 3 nM 
IC50 MMP2 = 4 nM 
IC50 MMP3 = 20 nM 
IC50 MMP7 = 6 nM 
IC50 MMP8 = 10 nM 
IC50 MMP9 = 1 nM

BB-1101

Ν
ΗΝ

Ο Ο

Ν

Ο

ΟΗ

i MMP1 = 8 nM 
i MMP2 = 4 nM 
i MMP3 = 30 nM 
i MMP7 = 60 nM 
i MMP8 = 3 nM 
i MMP9 = 3 nM 
i MMP12 = 5 nM 
i MMP13 = 7 nM 
i MMP14 = 10 nM

A  
(MMI270B)

ΗΟ Ν
Η

Ν SΟ

Ν HCl

Ο

Ο
Ο

i MMP1 = 33 nM 
i MMP2 = 20 nM 
i MMP3 = 43 nM 
i MMP8 = 8 nM 

IC50 MMP9 = 8 nM 
IC50 MMP13 = 6 nM

3 (metastat;  
3)

ΟΗ Ο ΟΗ
ΟΗ

Ο

ΟΗ

Ο

ΝΗ2

IC50 MMP1 = 34 µg per ml 
IC50 MMP8 = 48 µg per ml 
IC50 MMP13 = 0.3 µg per ml

Doxycycline ΟΗ Ο ΟΗ
ΟΗ

ΟΗ Ν

ΟΗ

Ο

ΝΗ2

Ο IC50 MMP1 >400 µM 
IC50 MMP2 = 56 µM 
IC50 MMP3 = 32 µM 
IC50 MMP7 = 28 µM 
IC50 MMP8 = 26–50 µM 
IC50 MMP13 = 2–50 µM

439 ( -aminobenzoyl- 
Gly-Pro-D-Leu-D-Ala- 
NHOH, MMP-Inh-1)

Η2Ν

Η
Ν Ο

Ο

Ν
Η
Ν Ν

Η

Η
Ν

Ο

Ο

Ο

ΟΗ

IC50 MMP1 = 1 µM 
IC50 MMP3 = 150 µM 
IC50 MMP8 = 1 µM 
IC50 MMP9 = 30 µM

GM6001 (ilomastat) 

Ν
Η

ΗΝ ΗΝΟ

ΟΗ

Ο
Ο ΝΗ

IC50 MMP1 = 0.4 nM 
IC50 MMP2 = 0.4 nM 

i MMP 3 = 27 nM 
i MMP 8 = 0.1 nM 
i MMP 9 = 0.2 nM 

IC50 MMP14 = 5.2 nM

Marimastat  
(BB-2516; C15H29N3O5)

ΝΗ
Ο

ΝΗ

Ο ΟΗ

ΝΗ
Ο

ΗΟ

IC50 MMP1 = 5 nM 
IC50 MMP2 = 6 nM 
IC50 MMP3 = 200 nM 
IC50 MMP7 = 20 nM 
IC50 MMP8 = 2 nM 
IC50 MMP9 = 3 nM 
IC50 MMP14 = 1.8 nM

Minocycline

Η2Ν

ΟΗ

Ο

Ο

Ν

Ο ΟΗ ΟΗ

Ν
ΗΗ

ΟΗ
IC50 MMP1 >>  
IC50 MMP2 >> 
IC50 MMP3 = 290 µM 
IC50 MMP7 = 125 µM 
IC50 MMP9 = 180 µM

Figure 9.4.  Structure and MMP inhibition of selected synthetic MMP inhibitors. 
(From Vandenbroucke and Libert, 2014.)
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MMP9 inhibitor I 
(CTK8G1150; C27H33N3O5S)

Ν
Ν

S

ΗΝ
Ο

ΟΗ

Ο

Ο

Ο
IC50 MMP1 = 1,05 nM 
IC50 MMP9 = 5 nM 
IC50 MMP13 = 113 nM

ONO-4817 (C22H28N2O6)

Ο

Ν
Η

Ο
Ο

Ο

Ο

Η
Ν ΟΗ

IC50 MMP1 = 1,600 nM 
i MMP2 = 0.73 nM 
i MMP3 = 42 nM 
i MMP7 = 2,500 nM 
i MMP8 = 1.1 nM 

IC50 MMP9 = 2.1 nM 
i MMP12 = 0.45 nM 
i MMP13 = 1.1 nM

2653

ΗΝ

Ν
Η

Ο

Ο Ο

Ν

Ν

ΝΟ2 IC50 MMP2 = 7–246 nM 
IC50 MMP8 = 15 nM 
IC50 MMP9 = 12–23 nM 
IC50 MMP14 = 96 nM 
IC50 MMP16 = 91 nM

3CT Ο

S

SΟ

Ο

i MMP1 = 206 µM 
i MMP2 = 14 nM 
i MMP3 = 15 µM 
i MMP7 = 96 µM 
i MMP9 = 600 nM

CMT, chemically modified tetracycline; IC50, half-maximal inhibitory concentration; i, inhibition constant; MMP, matrix 
metalloproteinase.

Inhibitor
(alternative names)

Structure MMPinhibition

Figure 9.4.  (Continued )

hydroxamate zinc-binding group. One of these broad-spectrum 
inhibitors, MMI-270, is water soluble and orally available,2 while 
others, such as MMI-166, was selective for MMP-2, MMP-9, and 
MMP-14 (Fig. 9.4).2 Still other hydroxamate MMPIs (e.g., ABT-770, 
PD-166793 and prinomastat) were designed not to bind to the “shal-
low pocket” of MMP-1, with the reasoning being that by not inhib-
iting MMP-1 the musculoskeletal toxicity would be prevented. 
Another compound, Cipemastat (Ro 32–3555), which preferentially 
inhibited MMP-1, MMP-3, and MMP-9, was targeted for treating 
rheumatoid and osteoarthritis. However, its clinical trial was sus-
pended because it did not stop/reduce progressive joint damage in 
patients with these diseases.
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Despite the chronic problem of rapid drug metabolism of 
hydroxamate inhibitors, interest remained high because of their 
strong binding affinity for MMP active sites.2,5 New hydroxamate 
inhibitors are being generated based on the analyses of structure–
activity relationships (SARs) and quantitative SAR (QSARs), which 
predict the efficacy of new compounds based on knowledge of these 
molecular structures.2,5,6 Whether or not they are actually therapeuti-
cally effective remains to be seen.

Other compounds that can bind zinc and stabilize it, thus avoid-
ing the short half-life, appeared. These included carboxylates, hydro-
carboxylates, sulphydryls, phosphoric acid derivatives, and 
hydantoins.2,5,6 Further, when crystallography revealed the structures 
of MMPs, new inhibitors were no longer constrained by the need for 
peptidomimic backbones. Rebimastat (BMS-275291) was one of the 
first nonhydroxamate MMPIs (Fig. 9.4).2 This MMPI has a thiol 
zinc-binding group, and is a broad-spectrum inhibitor. Of note, the 
structural scaffold of the thiol is a deep-pocket-binding, nonpeptide 
mimetic, which was designed not to block sheddase activities, and 
thus to allow MMPs to still release cytokines and their receptors, all 
of which had important biologic activities.2 Although this seemed 
like an exciting and fail-safe concept, Phase II trials in early-stage 
breast cancer and a Phase III trial in non-small-cell lung carcinoma 
resulted in toxicities. Another orally available pyrimidine-based 
inhibitor Ro 28–2653 blocked a host of MMPs, but spared MMP-1. 
Once again, despite promising results from preclinical studies, this 
compound failed to advance to a clinical trial. Still other MMPIs 
used an alternative zinc-binding group (hydantoin or biphenyl sul-
phonamide carboxylate), which was selective for MMP-13 and 
which was targeted as therapeutic agents for osteoarthritis.2 But 
these, too, failed in trials. All in all, inhibitors based on zinc binding, 
although potentially potent, simply did not work.

Another approach that emerged in the mid-2000s was phospho-
rous-based MMPIs.2,5,6 These are structural mimics of the tetrahedral 
transition state of amide hydrolysis, where the phosphinic moiety 
binds the zinc ion (Fig. 9.5).2,5,6 By modifying the R1 and R2 sub-
stituents, potency at nanomolar concentrations could be achieved, 
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but even in preclinical trials, any efficacy depended on careful timing 
of dose.

The tetracycline antibiotics, minocycline and doxycycline, have 
some ability to inhibit MMP enzymatic activity.1,2,9 Importantly, 
even after all these years and numerous clinical trials, doxycycline 
hyclate is the only MMPI approved by the US Food and Drug 
Administration for any human disease, and it is indicated for treat-
ment of periodontal disease.1,2,5,8,9 Consequently, more recent efforts 
have turned to alternative strategies that focus on less conserved 
MMP subsites.2,3,5,10 In addition, X-ray crystallography, along with 
NMR and computational methods, have facilitated modeling of 

Figure 9.5.  Phosphinic Bond. (a) Similarity between the structure of a peptidic 
sequence in the so-called tetrahedral-intermediate (above) and a phosphinic pep-
tide (bottom); (b) schematic representation between the subsites of a zinc pro-
tease and a phosphinic peptide sequence. (From Yiotakis and Dive, 2009 with 
permission.)
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drug–protein interactions with MMPIs that bind to noncatalytic 
sites.2,5,10 These compounds, with as much as three orders of magni-
tude greater potency and selectivity, have been designed, and several 
compounds bind to exosites, that is, sites located outside the sub-
strate-binding pocket.2,4,6,7,10,11

9.3 Novel Approaches to Designing MMPIs

As noted, the overall similarity of the active site structure among the 
MMPs has prevented selective inhibition of a particular MMP. One 
alternative has been to identify exosites that influence the function 
and/or substrate specificity of particular MMPs. Thus, developing 
antibodies that target allosteric/exosites sites has been one approach 
that holds substantial promise.4 “Allostery” is defined as sites, alter-
native to the enzymatically active site, that are present on the surface 
of the enzyme and that help confer regulation of enzyme function. 
Although these sites are found away from the catalytically active 
site, they are critically important because they affect enzyme activity 
by changing protein conformation.4 The molecular structure and 
organization of MMPs into modular domains (Fig. 9.2) allow these 
enzymes to use allosteric interactions to help mediate their activities. 
As one example, the long and flexible O-glycosylated domain 
of MMP-9 facilitates protein–substrate interactions by allowing 
the terminal regions of the enzyme to move, and thus to enhance 
the ability of the enzyme to bind to collagen fibrils and pro-
mote the hydrolysis of collagen fibers.4 Indeed, flexibility between 
the hemopexin domain and the catalytic domain during catalysis 
may be important in facilitating the degradation of collagen by the 
classical interstitial collagenases (MMP-1, MMP-8, and MMP-13). 
Another example of allosteric influence is the activation of 
proMMP-2. ProMMP-2 activation on cells that are expressing 
MMP-2 and MT1-MMP can be induced by a monoclonal antibody 
directed at the hemopexin domain of MT1-MMP.4 The antibody 
stabilizes MT1-MMP dimers to increase the efficiency of activating 
proMMP-2.
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Another mechanism for regulating the activation of proMMPs 
and their enzymatic activity is homodimerization/multimeriza-
tion, especially for MT1-MMP and MMP-9.4 The hemopexin, 
transmembrane, and cytoplasmic domains are necessary for 
MT1-MMP to form a homo-oligomer complex, which then facil-
itates cell surface activation of pro-MMP-2 by MT1-MMP, and 
subsequent collagen degradation. These homodimerizations and 
multimerizations may also provide additional target sites for 
interfering with allosteric interactions. Recently a few agents with 
potential for success in specificity and relatively little toxicity 
have emerged. One example is a small molecule that targets the 
hemopexin domain of MMP-9. It does not modulate enzyme 
activity, but it blocks MMP-9 homodimerization, and thus blocks 
downstream signaling pathways by which MMP-9 mediates cell 
migration.

Peptide substrates with a triple-helical structure have conforma-
tional features that interact with exosites on MMPs, and these sub-
strates help to identify allosteric inhibitors. Indeed, an inhibitor that 
binds to exosites on MMP-13 showed selectivity for this enzyme.4 
This inhibitor was more effective against MMP-13 triple-helical 
peptidase activity compared with MMP-13 single-stranded peptidase 
activity, suggesting that it may interact with a collagen-binding site 
on MMP-13. 

Thus, focusing on exosites as therapeutic targets in MMPs may 
provide the requisite specificity that has been so absent in realizing 
the potential of MMPs as successful therapeutic targets. Antibodies 
are well known for their therapeutic efficacy in many different dis-
eases, and extending this approach to developing blocking antibod-
ies that target particular regulatory sites on MMPs is logical 
(Fig. 9.6).4 Theoretically, antibodies could block proteolytic activity 
by binding at or near the catalytic site, preventing access to sub-
strate. Alternatively, antibodies could block enzyme activity indi-
rectly by binding to sites that could allosterically interfere with 
enzyme activity, that is, exosites, such as the hemopexin domain, 
the fibronectin domain, or the linker region, in order to prevent 
substrate-specific binding.
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The most selective inhibitor of human MMP-9 that has been 
developed is the high-affinity monoclonal antibody REGA-3G12. It 
blocks the biological activity of MMP-9 but does not affect MMP-2. 
The antibody targets the amino-terminal region of the catalytic 
domain of MMP-9 but, interestingly, does not include the zinc 
 ion-binding region.4 Other research has developed a monoclonal 
antibody against MT1-MMP directed at loops in the catalytic 
domain of the enzyme.4 This antibody blocks proteolytic activity and 
impairs angiogenesis and cell invasion.

Figure 9.6.  Target allosteric protein sites used for the generation of anti-MMP 
function blocking Abs. A. Interaction site of anti-MMP-9 mAb REGA-3G12 as 
depicted in the structure of the catalytic and fibronectin domains of MMP-9. The 
site of interaction as analyzed by biochemical analysis is shown in red. Importantly, 
the antibody interacts with the catalytic domain surface, but not with the zinc active 
site (zinc ion represented as orange sphere ligated by three conserved histidines 
shown as sticks). B. The catalytic domain of MT1-MMP is shown in cartoon and 
surface representation (grey), the catalytic zinc ion is shown as orange sphere ligated 
by three conserved histidines (shown as sticks). The two exposed loops that 
were used to generate anti-MT1-MMP antibodies are colored in red and magenta 
respectively. These surface loops reside away from the catalytic zinc site. (From 
 Sela-Passwell et al., 2010.)
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Still another antibody, DX-2400, directed at the catalytic domain 
of MT1-MMP has been developed by Dyax Corporation.4 
Impressively, the antibody competitively inhibited this enzyme with 
Ki in the subnanomolar range (Ki = 0.8 nmol/L) by directly blocking 
the catalytic site but of note, it did not interfere with the activity of 
several other secreted or membrane-bound human MMPs. 
Functionally, DX-2400 prevented the ability of MT1-MMP to acti-
vate pro-MMP-2, inhibited angiogenesis, and slowed metastasis in 
animal models.4,12 Thus, this antibody represents a potentially 
important therapeutic advance.

9.4 Strategies for Blocking MMP Gene Expression

At about the same time that interest in MMPIs was exploding, atten-
tion was also focused on blocking MMP gene expression.1,3,13–16 
Although this is an attractive concept since it blocks the actual syn-
thesis of an MMP, the same issues of specificity and selectively that 
plagued blocking enzyme activity apply to blocking gene expression. 
Nonetheless, targeting extracellular factors and signal-transduction 
pathways that are upstream of MMPs and/or the nuclear factors that 
activate transcription has become feasible (Figs. 9.7 and 9.8).

The early efforts at blocking gene expression focused on the pro-
moter regions of MMPs. Glucocorticoids were the initial drug of 
choice and they effectively suppressed MMP gene expression, largely 
hindering the binding of AP-1 proteins (Fos and Jun family mem-
bers) to the proximal AP-1 site. However, many different extracel-
lular stimuli (growth factors and cytokines), and signaling pathways 
that activate MMPs also activate the proximal promoter of many 
genes and therefore, have several side-effects resulting from the lack 
of specificity.

Simultaneously, there was growing interest in the use of retinoids, 
Vitamin A-like compounds that bind to nuclear receptors RARs, and 
RXRs. While the exact mechanism of suppressing MMP expression 
was uncertain, retinoids were effective in blocking transcription. 
However, although retinoids reduced inflammation and joint destruc-
tion in several animal models of arthritis, disturbing side-effects, such 
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Figure 9.7.  Levels of regulation of MMP expression and activity. Diverse regula-
tory signals, such as soluble factors, extracellular-matrix (ECM)–cell interactions or 
cell–cell contacts (cells) interact with specific receptors at the cell surface and initiate 
a cascade of events that lead to the generation of functional MMPs, which are local-
ized to the cell surface (MT-MMPs) or secreted to the extracellular medium 
(proMMP). ProMMPs are activated by different events. These active MMPs are 
involved in a number of processes that promote cancer development (red boxes), 
including promoting genetic instability, cell growth, angiogenesis, and invasion. 
They also interfere with apoptosis induction and the host antitumor immune 
response. MMP autolysis or inhibitors can interfere with the induction of these cel-
lular effects. The levels of MMP regulation that might be therapeutically targeted 
are shown in orange boxes, and include cell responses to regulatory signals, signal 
transduction, transcription induction, post-transcriptional processing, MMP activa-
tion and transport, and secretion. (From Overall and López-Otín, 2002.)
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Figure 9.8.  Signaling pathways involved in MMP gene transcription, and potential 
strategies for therapeutic intervention. Compounds that are able to block the tran-
scription of matrix metalloproteinase (MMP) genes at different levels are shown in 
red boxes. Extracellular factors, such as interferon-γ (IFN-γ) inhibit MMP transcrip-
tion via the JAK–STAT signaling pathway. Monoclonal antibodies against tumor 
necrosis factor-α (anti-TNF), soluble forms of the TNF receptor (sTNF-R), natural 
antagonists of the interleukin (IL)-1 receptor-α (IL-1Rα) or soluble forms of this 
receptor (sIL-R) can block signaling pathways initiated by extracellular factors such 
as TNF-α and IL-1, which induce MMPs in cancer cells. Compounds such as 
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as bony outgrowths of the spine and abnormal lipid profiles damp-
ened enthusiasm.14 Consequently, the promiscuous nature of RARs 
and RXRs and the pleiotropic effects of glucocorticoids rendered 
them out of favor as therapeutic agents. Directly blocking MMP gene 
expression was abandoned as a therapeutic strategy.

An emerging alternative approach is blocking gene expression by 
blocking the signal transduction pathways stimulated by cytokines 
and growth factors, which lead to down-stream induction of MMP 
gene expression (Figs. 9.7 and 9.8).3 The “biologic” therapies that 
show efficacy in treating autoimmune/inflammatory diseases, such 
as rheumatoid arthritis, psoriasis and Crohn’s Disease are one exam-
ple of this success (Table 9.2).17–19 These therapies are based on 
monoclonal antibodies that target TNFα, soluble forms of TNF, 
and/or of the IL-1β receptor. Because the antibodies block expres-
sion of other genes in addition to MMPs, they are not specific. 
However, since MMPs are a downstream target of these signaling 
pathways, joint destruction is lessened. On the other hand, they sup-
press inflammatory and immune responses in general, and although 
effective, they can be associated with serious side effects, such an 
increased incidence of tuberculosis, lymphoma, and leukemia, and 
even some neurological disorders.

Figure 9.8.  (Continued ) manumycin A, SB203580, malolactomycin, SP600125 or 
PD98059 act at different levels to block the signal-transduction pathways that are 
associated with MMP transcriptional induction in human tumors. Finally, there are 
several possibilities to target the nuclear factors that are responsible for MMP tran-
scriptional upregulation. Glucocorticoids, terpenoids, curcumin, nobiletin, or 
NSAIDs (nonsteroidal anti-inflammatory drugs) block the activity of transcription 
factors such as AP1 and NF-κB, which regulate the transcription of several MMP 
genes. Similarly, restoring the activity of transcription factors such as p53 and TEL, 
which negatively regulate MMP expression and the activity of which is lost in 
human tumors, could downregulate these genes. IFN-γ, interferon-γ; IκB, inhibitor 
of κB ; IκBK; inhibitor of κB kinase; JAK, JUN-activated kinase; MAPK, mitogen-
activated protein kinase; MAPKK, mitogen-activated protein kinase kinase; 
MAPKKK, mitogen-activated protein kinase kinase kinase; NF-κB, nuclear factor of 
κB; STAT, signal transducer and activator of transcription; TEL, translocation-ETS-
leukemia. (From Overall and López-Otín, 2002.)
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Name Target Format Mechanism Administration
Approximate 

half-life*

Etanercept TNF Recombinant human 
fusion protein of the 
TNF receptor and the 
Fc portion of IgGI. 

Works as a decoy receptor. 
It binds to sluble TNF, 
blocking the binding to 
its receptor

sc. Injection once (50 
mg), or twice (25 mg) 
a week

3–6 days

Adalimumab TNF Fully human IgGI MAb Binding to TNF sc. Injection once every 
second week

13 days

Infliximab TNF Chimeric murine-
human IgGI MAb

Binding to soluble and mb 
bound TNF

iv. infusion every 4–8 
weeks

9 days

Golimumab TNF Fully human IgGI MAb Binding to soluble and mb 
bound TNF

sc. Injection once a 
month or iv. Infusion 
at 0 and 4 weeks, 
thereafter every 8 
weeks

13 days

Certolizumab-
pegol

TNF Humanized pegylated 
anti-TNF Fab’ 
fragment

Binding to TNF sc. Injection once every 
second week

14 days

Anakinra IL-I Recombinant human 
IL-I receptor 
antagonist

Binding to IL-I type-I 
receptor

sc. Injection once a day 4–6 hours

Table 9.2.  Overview of the currently available biologic DMARDs for the treatment of rheumatoid arthritis.
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Tocilizumab IL-6 Humanized 
recombinant IgGI 
MAb

Binding to soluble and 
membrane bound IL-6 
receptor

iv. infusion every 4 
weeks

10–13 days

Rituximab B cells Chimeric murine-
human IgGI MAb

Binding to CD20 and 
depletion of CD20+ B 
cells

Two initial infusions 14 
days apart. Courses 
may be repeated every 
6 months or more 
frequently depending 
on disease activity

18 days (range: 
5–76 days)

Abatacept T cells Recombinant human 
fusion protein of the 
extracellular domain 
of CTLA-4 and the 
Fc portion of IgGI

Binding to CD80/CD86, 
blocking T-cell 
co-stimulation

iv. infusion every 4 
weeks or sc. Injection 
once a week

13 days (range: 
8–25 days)

CTLA-4, cytotoxic T lymphocyte associated antigen 4; DMARDs, disease-modifying anti-rheumatic drugs; IgG, immunoglobulin G; IL, interleu-
kin; iv, intravenous; MAb, monoclonal antibody; mb, membrane; sc, subcutaneous; TNF, tumor necrosis factor
* The half-lives provided here refer to the biological effect and the physical half-life reported by the manufacturers which may differ depending on 
the format of the drug.

Source : From Vivar and Van Vollenhoven (2014).
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Small-molecule inhibitors that target a specific mutation, particu-
larly in certain cancers, are dramatically effective as therapeutics. They 
provide an important proof-of-principle, even though information 
about whether MMP is an indirect target of these therapies may not 
be known. Among the first (and perhaps among the most famous) is 
the signal transduction inhibitor, STI571 (also called Gleevec or 
Imatinib).20 This compound is a selective inhibitor for abl tyrosine 
kinases, including bcr-abl, as well c-kit and the platelet-derived growth 
factor receptor tyrosine kinases, and was initially used to treat patients 
with chronic myelogenous leukemia (CML), with minimal toxicities. 
The fusion protein of bcr-abl, the product of a chromosomal translo-
cation, is a constitutively active tyrosine that binds ATP and transfers 
a phosphate from ATP to kinase residues on various substrates. As a 
result, there is increased proliferation of myeloid cells characteristic of 
CML. STI571 blocks the binding of ATP, thereby blocking the activity 
of the bcr-abl kinase. Without this kinase activity, the downstream 
substrates cannot be phosphorylated and subsequent cell proliferation 
is stopped. Not surprisingly, resistance often arises and even a small 
amount of residual tumor continues to mutate. Interestingly, the com-
pound has also been used to treat rheumatoid arthritis (Fig. 9.9).19

9.5 Conclusions

The relative nonspecific nature of the signaling pathways that 
induce MMP expression illustrate some of the difficulties associated 

Figure 9.9.  Timeline of rheumatoid arthritis research and therapy. RA, rheuma-
toid arthritis; CML, chronic myelogenous leukemia. (From Mócsai et al., 2014.)
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with suppressing MMP gene expression. However, definitive success 
with “biologics” that block signaling pathways of inflammatory 
cytokines is apparent, as are emerging reports on the development 
of monoclonal antibodies that are directed at exosites and that 
block enzymatic activity. Another important realization is that not 
all MMPs need to be blocked in all cases and at all times.2,21 Indeed, 
depending on their substrates, MMPs can have opposing effects on 
central aspects of tumor progression, such as tumor growth and 
survival, angiogenesis, invasion, and modulation of the immune 
response, and in some cases, MMPs are actually “antitargets”.21 
Thus, it appears to be more essential than ever to design MMPIs 
that are specific for a particular enzyme. The approach of blocking 
enzyme activity rather than gene expression seems preferable, since 
this favors the ability to block only a particular enzyme. The recent 
studies on compounds, be they small molecule inhibitors or targeted 
monoclonal antibodies, bode well for eventual success, much as the 
biologics have revolutionized the treatment of autoimmune dis-
eases. Nonetheless, even if a particular MMP can be inhibited, 
issues of its expression throughout the body and of possible delete-
rious effects of blocking potential beneficial activities will always 
need to be considered. 
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10.  Through the Looking  
Glass into the Era  
of Precision Medicine

Constance E. Brinckerhoff

10.1 Introduction

The number of matrix metalloproteinases (MMPs), along with their 
myriad of substrates and ever-changing levels of expression and 
activity, attest to the difficulty in trying to assess their future roles in 
biology and medicine. This is a complex issue that will need con-
tinuous evaluation in order to place MMPs, at any given time, within 
their appropriate context of normal physiology and disease pathol-
ogy. Even a brief summary of our current understanding of “MMP-
ology” underscores this complexity.

More than 20 distinct MMPs have been identified, all part of the 
metazincins, a larger family of metalloenzymes in which Zn is an 
integral part of their structure and which requires Ca++ for activity. 
Thus, MMPs are a substantial and important group of proteolytic 
enzymes. MMPs were originally defined by their ability to degrade 
components of the extracellular matrix (ECM). However, a myriad 
of substrates has been identified as targets of MMPs, many of which 
are not related to degradation of the (ECM), and are, therefore, 
independent of and/or in conjunction with their proteolytic activi-
ties. These include diverse roles as transcription factors, activators of 
signal-transduction pathways, and even as signaling molecules, and 
this functional diversity further complicates efforts to regulate their 
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expression and/or activities for therapeutic benefit. Indeed, the lev-
els of gene expression and enzymatic activities of any given MMP 
vary considerably in the normal rhythm of physiology and in the 
various stages of disease pathology. Thus, figuring out where and 
when each MMP may “help” or “hinder” is a challenge. Furthermore, 
some MMPs have distinctly beneficial effects and therefore, are anti-
targets in terms of therapeutic agents directed at blocking their 
effects. This is a point that is becoming increasingly recognized and 
cannot be overlooked or undervalued.

Nonetheless, rampant overexpression of MMPs is still linked 
incontrovertibly with disease and poor outcome, and consequently, 
the specific targeting of MMPs remains an important but largely 
unrealized goal. Results of early investigations with supposedly tar-
geted inhibitors of gene expression were abandoned due to (unex-
pected) detrimental side effects on many other unrelated genes. 
Similarly, given the shared structural similarities among the catalytic 
site/substrate binding pocket, targeted blocking of a specific MMP 
was also dismally disappointing, leading to abandonment of ongo-
ing research and clinical trials with inhibitors of MMP enzyme 
activities.

However, toward the end of the 20th century, biologic therapies 
began to appear, especially for the treatment of inflammatory/auto-
immune diseases, such as rheumatoid arthritis. Originally designed 
to directly interfere with the effects of inflammation due to cytokines 
such as interleukin-1 (IL-1) and tumour necrosis factor-alpha (TNF-
a), these “biologics” block signaling through receptors for these 
cytokines. Expression of MMPs was blocked or reduced since they 
are downstream targets of signaling through receptors for these 
cytokines, and the therapeutically beneficial effects in preventing or 
reducing joint destruction are well documented. Because of the com-
monality of shared signaling pathways, small-molecule inhibitors of 
signal/transduction pathways may also block MMP expression and 
thus, are beneficial. Therefore, whether “by hook or by crook”, 
therapeutically blocking MMPs has become a reality, sometimes 
with a decidedly “good” clinical outcome. How do we take this 
mélange of existing data on MMP functions and some apparent 
therapeutic successes and apply this knowledge so that MMPs 
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are positive partners in our biology? While this goal may not seem 
realistic, several new avenues of investigation may provide clues as 
to how to proceed.

10.2 Neurobiology: A New Frontier and Paradigm for MMPs

Certainly, surprises about MMPs remain to be discovered, and one 
emerging area of study is the potentially exciting functions of MMPs 
in neuropathology. However, not surprisingly, some of these func-
tions may be beneficial, while others are detrimental, thus suggesting 
that MMPs are “double-edged” swords (Fig. 10.1).1

Neurodegeneration encompasses many disorders of the central 
nervous system (CNS), but in all instances, there is a chronic and 
progressive loss of neuronal cells, eventually resulting in a decline of 
the CNS. Prior to this degeneration, there is a period of neuroinflam-
mation, and MMPs are an important component of this initial 
inflammatory process.1 In addition, although the possible causes and 
etiologies of neurodegenerative diseases, such as Alzheimer’s disease 
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), 
Huntington’s disease (HD), and multiple sclerosis (MS), are still 
unknown, MMPs have central, but sometimes intricate roles, in their 
progression. More than a dozen MMPs are involved in neurodegen-
erative diseases, including MMP-2, MMP-3, and MMP-9. The 
mechanisms by which MMPs aggravate neurodegenerative diseases 
are only beginning to be understood. MMPs are part of a common 
pathway of pathological changes that disrupt normal CNS homeo-
stasis and that result in the accumulation of inflammatory molecules 
or aggregated proteins and peptides. The end result is increased per-
meability of CNS barriers and ultimately, neuronal cell death.

On the other hand, MMPs may have therapeutic value in helping 
to ameliorate neurodegenerative diseases.1,2 Specifically, MMP-2 and 
MMP-9 have been implicated in the physiological catabolism of 
Alzheimer’s amyloid-β (Aβ). Despite their association with disrup-
tion of the blood–brain barrier and hemorrhagic transformations 
after ischemic stroke, MMP-2 and MMP-9 selectively cleaved Aβ40. 
This cleavage generated fragments truncated only at the C terminus, 
ending at positions 34, 30, and 16, consistent with the hypothesis 
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that C-terminally truncated Aβ fragments generated by MMPs were 
soluble. Further, these fragments did not display fibrillogenic proper-
ties or induce cytotoxicity in human cerebral microvascular endothe-
lial or neuronal cells.1,2 These intriguing findings support the concept 
that MMPs and truncated Aβ proteins may be associated with clearing 

Figure 10.1.  Schematic representation of the activation of MMPs, their interac-
tions with cytokines and chemokines, and the outcome of the interactions. MMPs 
are induced and activated in the presence of an external trigger (e.g., inflammatory 
stimuli) or abnormal proteins (e.g., protein or peptide aggregates). The activated 
MMPs can alter the properties of cytokines and chemokines. They also interact with 
the extracellular matrix, cell surface receptors, growth factors, integrin, signaling 
molecules, and tight junction proteins and alter their properties. This affects neuro-
inflammation, cell death or survival, growth, and regeneration. ECM, extracellular 
matrix; MMP, matrix metalloproteinase; TJs, tight junctions. (From Brkic et al., 
2015.)
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mechanisms, rather than with fibrillogenesis. While these ideas may 
represent “pie-in-the-ski” science given the surprises revealed by past 
MMP activities, this reality no longer seems impossible.

There are also indications of new roles for MMP–tissue inhibi-
tors of metalloproteinase (TIMP) interactions in conjunction with 
MMPs in neuropathologies. The traditional view has been that when 
the ratio between MMPs and TIMPs is disturbed in favor of more 
MMPs by pathological conditions, there is a net increase in proteo-
lytic activity3 and that this increase is linked to disease progression. 
However, an intriguing alternative view assigns important biological 
roles for TIMPs. These functions are independent of their ability to 
block the enzymatic activities of MMPs and involve the binding of 

Figure 10.2.  MMP regulation of TIMP-mediated signaling. Under physiological 
conditions, there is a homeostatic balance between the production of MMPs and 
expression of TIMPs. The regulation of MMP proteolysis by TIMPs is mediated 
through their N-terminus, whereas the C-terminus of TIMPs interacts with cell 
surface receptors to initiate intracellular signaling cascades. Under conditions of 
pathology, increased MMP expression results in a net increase in MMP-mediated 
proteolysis, which also results in the depletion of TIMP proteins available to pro-
vide receptor-mediated signaling. This loss of TIMP-mediated signaling may have 
important implications for disease pathology. (From Moore and Crocker, 2012.)
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TIMPs to their cognate receptors (Fig. 10.2).3 This view implies that 
it is the MMPs that can block the functions of TIMP, and that 
MMPs are inhibiting the signaling functions of TIMPs. During 
inflammatory demyelination, inhibiting MMPs is anti-inflamma-
tory, presumably through TIMPs, but blocking MMPs with phar-
macologic agents can also mitigate demyelination in experimental 
autoimmune encephalomyelitis. This has led to the speculation that 
part of this beneficial effect might be attributed to signaling by 
TIMPs that are not bound to MMPs, whose activites are now 
blocked by another mechanism. Indeed, several MMP-independent 
actions of TIMP-1 in the CNS have been documented.3 This novel 
view reflects emerging data indicating that TIMP signaling and 
inhibiting MMPs represent two important, but distinct, functions of 
TIMPs, which may provide a new rationale for the use of TIMPs as 
therapeutic agents.

10.3  MMPs as Agents of Imaging and as Vehicles 
for Selective Drug-Delivery

Concomitant with these studies that ascribe new functions for 
MMPs and that hint at intriguing new therapeutic uses for MMPs, 
other ingenious and clever applications for MMPs are being devel-
oped. MMPs are beginning to be used as agents for enhancing in 
vivo imaging and as vehicles for delivery of drugs. In general, molec-
ular imaging probes should have certain key characteristics: (1) rapid 
binding with high affinity; (2) specificity for the target; (3) rapid clear-
ance of unbound molecules; (4) high target-to-background ratio; 
(5) high stability coupled with low immunogenicity and toxicity; and 
finally, (6) practicality in terms of production and cost. Probes can 
be made from small molecules, peptides, proteins, antibodies, the 
antigen-binding region of antibodies (Fab fragments), nanobodies, 
and nanoparticles (Fig. 10.3).4 For optimal efficacy, MMPs will need 
to be incorporated into these modalities.

Since heightened expression and activity of MMPs often occur 
within the tissue microenvironments of diseases such as cancer and 
rheumatoid arthritis, it is not surprising that these aberrant levels of 
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expression are being harnessed as agents for molecular imaging and 
assessing a therapeutic response.4,5 To date, these novel applications 
of MMPs have been documented only in experimental animal mod-
els, but their extension to human disease may not lag far behind.

In arthritis, new molecular imaging techniques open up the pos-
sibility for visualizing early diagnosis and degradative matrix 
changes in rheumatoid arthritis (RA).4 Earlier diagnoses through 
the use of these noninvasive techniques will permit continual mon-
itoring of disease progression, provide guidance in the selection of 
treatment options, and may predict the clinical outcome resulting 
from a treatment option. In cancer, current imaging techniques 
have difficulty detecting tumors that are smaller than 1 cubic mm. 
Amplifying the signal of a probe could, therefore, help to identify 
occult tumors and metastases. One approach to signal amplifica-
tion is activity-based probes (ABP) linked to MMPs, which take 

Figure 10.3.  Composition of probes. Probes can be composed of small molecules, 
peptides, proteins, antibodies, antibody fragments, nanobodies, and nanoparticles. 
A schematic overview of a conventional antibody, a heavy-chain antibody, Fab frag-
ments, and a nanobody is given. CH, heavy chain constant domain; CL, light chain 
constant domain; Fab, antigen-binding domain; Fc, constant domain; MMR, mac-
rophage mannose receptor; TNF-a, tumor necrosis factor-alpha; VH, heavy chain 
variable domain; VHH, heavy chain only antibody VL, light chain variable domain. 
(From Put et al., 2014.)

b2797_Ch-10.indd   259 4/20/2017   4:50:59 PM



b2797 Matrix Metalloproteinases in Health and Disease 9”x6”

260 Matrix Metalloproteinases in Health and Disease

advantage of MMP substrates to enhance imaging.5,6 Constructing 
MMP-ABPs involves labeling peptide substrates, which are either 
broad spectrum or MMP selective. The substrates are then cleaved 
by the MMPs, which are already present in the microenvironment. 
The peptides are labeled with fluorophore/quenchers, and their 
cleavage by MMPs gives a readout of enzymatic activity that is 
accompanied by a signal that is imaged.5 For example, incorporating 
near-infrared fluorophores with wavelengths between 650 and 900 
nm facilitated the imaging of MMP-7 activity in vivo, detecting 
tumors as small as 0.01 cm2 in a mouse model of colon cancer. 
Activatable near- infrared broad-spectrum probes, which can detect 
MMP-2, -3, -7, -9, -12, and -13, are now commercially available for 
in vivo studies, emphasizing the translational nature of this work.5

Radiolabeled therapeutics is another imaging option that could 
provide early and more specific diagnoses and facilitate monitoring 
of treatment efficacy. The relative ease of synthesizing radiolabeled 
probes makes them particularly attractive in terms of the possibility 
of rapid translation to the clinic. This approach is based on images 
through single-photon emission computed tomography/positron 
emission tomography (SPECT/PET).4,5 Labeling probes that are 
cleaved by MMPs with radioisotopes is attractive. First attempts 
with this approach used small-molecule MMP inhibitors conjugated 
to radioisotopes. Subsequent studies that used a noninhibitory MMP 
activatable probe designed labeled with 18Fluoride (18F) allowed 
monitoring of therapeutic response to protease inhibitors.5 It also 
overcame limitations of inhibitor-based probes, which often bind to 
both active and latent forms of MMPs and lead to inaccurate read-
out of MMP activity.

Designing drugs to selectively target specific cells within their 
microenvironment, while minimizing systemic toxicities remains the 
gold standard of therapies. Delivering drugs to a specific microenvi-
ronment in vivo by means of nanoparticles such as liposomes and 
micelles, which are loaded with a drug cargo, can increase the lon-
gevity of the drug in the circulation and also enhance cellular uptake. 
Even more attractive is the possibility of loading the particles with 
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targeting antibodies and an MMP-cleavable prodrug. Once the 
MMP has carried out is proteolytic assignment of cleaving the prod-
rug, and becomes active at the target site, it may amplify efficacy. 
For example, in a xenograft tumor model, a doxorubicin prodrug 
could not be internalized by cells because of the addition of a peptide 
that was supposed to prevent cytotoxicity. However, once the pep-
tide was cleaved by MMP-2, -9, or -14 in the tumor microenviron-
ment, the mature doxorubicin was internalized by cells, resulting in 
a higher therapeutic index than that of doxorubicin, alone. This kind 
of combinatorial therapy and prognosis hold promise as a win–win 
strategy.

However, technical difficulties remain.4 These include identifying 
which MMP is appropriate to convert the prodrug to a mature drug, 
and designing a peptide sequence that is specifically processed by that 
MMP in vivo. Further, as suggested earlier, other rate-limiting issues 
are (1) the safety of murine and chimeric monoclonal antibodies; (2) 
potential problems with immunogenicity, which are being addressed 
by humanizing the antibodies; (3) the safety/toxicity profile of the 
drug pharmaceutically; (4) lack of efficacy of certain drugs in certain 
patients; and (5) high costs associated with developing and producing 
some of these designer therapies.

Nonetheless, despite these limitations, experimental break-
throughs are beginning to occur.5 For example, in a zebra fish 
model, introducing a modified cysteine residue near the active site of 
MMP-12 and MMP-14 resulted in enzymes that were still proteo-
lytically active and that could be specifically targeted with a small-
molecule probe through the cysteine. Importantly, the probe 
irreversibly inhibited the enzymes and also allowed imaging of their 
localization. All of these techniques, reagents, and investigations 
illustrate the power of imaging and the potential of adding specific 
therapies as cargo in the nanoparticles in order to directly target the 
desired microenvironment, with limited systemic side effects. 
Walking the delicate line that balances the beneficial versus detri-
mental effects of MMPs as a “double-edged sword”1 promises to be 
an ongoing journey that will need constant reassessment.
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10.4  Actualizing the Power of MMPs as Prognostic Indicators 
in the Era of Precision Medicine

In every living being, cells throughout the body are continually 
dying a “natural” death, and when they do, they shed fragments of 
DNA into the blood. Injury or illness in specific cells and tissues 
generates even more of this DNA in blood.7 Several investigator 
teams are now developing methods to trace this DNA to the tissue 
from which it came with the goals of early stage detection and 
monitoring of disease progression.7 This circulating cell-free DNA 
(ccfDNA) is a valuable source of material that is easily obtained 
from a simple blood sampling.7–10 The ccfDNA released from cells 
that are dying is being used as a sensitive and noninvasive diagnos-
tic tool for monitoring progression of a variety of cancers, graft 
failure following transplantation, and possible genetic abnormali-
ties in pregnant women.

The experimental techniques use a quantitative polymerase 
chain reaction (Q-PCR) multimarker approach to qualitatively and 
quantitatively evaluate a series of parameters that may include 
measuring total ccfDNA concentration, mutant ccfDNA concentra-
tion, the amount of fragmented DNA, and the relaltive proportion 
of mutant ccfDNA. Specific markers of interest that have been suc-
cessfully detected include the V600E mutation in cancer cells, levels 
of ccfDNA fragmentation, donor-specific genetic markers in trans-
plant recipients, genomic alterations in fetal DNA, and identifica-
tion of cell type-specific DNA methylation signatures (Fig. 10.4).7 
Since this technique can be used to identify ccfDNA derived from 
any cell type in the body, it provides an opportunity for diagnosis 
with minimal amounts of material, and may well lead to increased 
knowledge of the molecular mechanisms underlying many human 
diseases. 

Imagine, then yet another level of medical and technical elegance 
superimposed on this elegant technology: the ability to accurately 
and sensitively measure levels of circulating MMPs and then to cor-
relate these data to the very cells that are producing them and releas-
ing their ccfDNA. Indeed, the prognostic value of correlating levels 
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of circulating MMPs with stage of diseases has already been sug-
gested (see chapters 6,7 and 8), and the idea of linking the levels of 
MMPs to the cells that are actually producing these MMPs gives 
another layer of sophistication and prognostication. The additive 
and/or synergistic effects resulting from combining information on 
circulating MMPs with that on circulating ccfDNA surely takes the 
era of precision medicine to new heights.

10.5 Final Thoughts

Five decades after Gross and Lapiere described a “collagenolytic 
activity” present in the tails of tadpoles undergoing metamorphosis, 
a large family of related enzymes has emerged. Now called MMPs, 
members of this family have multiple functions and the importance 

Figure 10.4.  Schematic of methyl groups on DNA. The methyl groups placed on 
DNA (yellow, green) by an enzyme (purple) differ by tissue and can be used 
to locate where cell death occurs in a person’s body. (From Kaiser, 2016.)
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of these functions in normal human physiology and disease patholo-
gies is widely appreciated. There is still hope that all the information 
gathered on these enzymes over the past half century, along with 
new knowledge that continues to accrue, will lead to therapeutic 
inhibitors that target specific MMPs, with minimal off-target effects. 
Recent studies on the initial experimental successes with compounds 
that target exosites suggest that this goal may be within reach. 
Nonetheless, given the complexity of MMP functions and the diverse 
mechanisms that regulate MMP expression in normal physiology 
and disease pathologies, obstacles remain. Even given the availability 
of an effective therapeutic agent, there are the questions of where 
and when to use it.

Since we now realize that levels of these enzymes can increase 
and decrease substantially during different stages of normal physiol-
ogy and disease pathology, perhaps inhibiting specific MMPs at 
early stages of disease, before they have irreversibly destroyed the 
extracellular matrix (ECM) and/or chronically influenced cell 
behavior as a result of their other functions, may be preferable 
therapeutically. Developing new therapeutics, coupled with more 
sensitive techniques to monitor systemic levels of MMPs, may per-
mit the more timely administration of agents that inhibit these 
enzymes. However, since MMPs have the potential to be beneficial, 
the risk/benefit ratio needs to be evaluated, an issue that is already 
well-recognized with many other standard therapeutic regimes.

Another important point is that MMPs represent just one family 
of proteinases that are upregulated during the course of many dis-
eases and that all of these proteinases may act in concert with 
MMPs. Conceivably, these enzymes might compensate for MMPs 
if they were blocked by matrix metalloproteinase inhibitors 
(MMPIs). Consequently, it may be desirable to use a “protease chip” 
to determine the “DEGRADOME” of each patient, that is, the com-
plete set of proteases that is produced by a specific diseased tissue at 
a certain stage of disease progression.11 Data gathered by these kinds 
of global analyses may facilitate decisions about the most effective 
therapeutic approach for blocking proteinases.
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Still another challenge is continuing to identify the numerous 
mechanisms that control MMP synthesis and activity.11,12 This 
includes not only positive and negative regulatory transcription fac-
tors, but also all of the signal-transduction pathways that function in 
both stromal and diseased cells. Although complex, the multiplicity 
of mechanisms that regulate MMPs may present new opportunities 
for therapeutic intervention, while still considering the temporal–
spatial and tissue-specific expression patterns of MMPs.

Developing improved strategies for inhibiting MMPs will require 
using new techniques that sensitively measure MMPs levels and that 
assess the efficacy of the different compounds that block MMP pro-
duction or activity in patients. The new imaging techniques that 
allow in situ measurement of MMPs and their presence in the circu-
lation during the course of therapies could become standard tools for 
monitoring therapeutic efficacy and disease progression. The under-
lying issue of understanding when, where and if a particular MMP 
should, or should not be, inhibited will remain, and will need to be 
placed in the context of risk/benefit. However, these are challenges 
are already acknowledged by modern medicine with respect to many 
medical conditions and applying them to MMPs is a logical step. 
After all, MMPs are now accepted as crucial contributors to human 
biology and thus, can rightfully assume their place in the era of pre-
cision medicine.11
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3′-untranslated region (3′-UTR): The section of mRNA that 
 immediately follows the codon that stops the translation of the 
mRNA into a protein. The 3′-UTR contains a poly(A) tail of a string 
of A’s, together with regulatory regions that post-transcriptionally 
influence gene expression.

5′-untranslated region (5′-UTR): The section of mRNA which is 
directly upstream from the initiation codon, i.e. the codon that 
directs the initiation or start of the translation of the mRNA 
into protein. The 5′ UTR forms a secondary structure that helps to 
regulate translation.

Acetylation: A process that introduces an acetyl group into histone 
proteins. The process decreases the positive charge on histones, 
reducing their binding affinity to DNA, thus facilitating the binding 
of transcription factors to DNA and enhancing gene expression. 
Deacetylation is the removal of an acetyl group.

Agarose gel electrophoresis: A method used for separating DNA 
(or RNA) molecules by size. Previously, this method was used to 
separate RNA molecules by size in preparation for Northern blot 
analysis of mRNA. Currently, however, mRNA levels are measured 
by qRT-PCR (see definition below).

Allele: Alternative forms of a gene at a given locus.

Allelic heterogeneity: Similar or identical phenotypes caused by dif-
ferent (mutant) alleles at the same genetic locus.
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Allostery: The regulation of a protein by binding an effector  molecule 
at a site other than the enzyme’s active site.

Antigen: Any molecule that provokes the synthesis of an antibody 
(humoral immunity) and/or the activation of T cells (cellular 
 immunity).

Antisense strand (of DNA): The non-coding strand of double-
stranded DNA. It is complementary to the mRNA and serves as the 
template for RNA synthesis.

Base pair: In double stranded DNA there is complementary hydro-
gen bonding (adenine–thymine and guanine–cytosine). The hydro-
gen-bonded residue pair is designated “1 bp”. This unit is used for 
measuring the length of pieces of DNA.

Chromosome: The location of hereditary (genetic) material within a 
cell. This hereditary material is packaged in the form of a very long 
double-stranded molecule of DNA surrounded by, and complexed 
with, several different forms of protein. 

Cis element: A response element in DNA that binds transcription 
factors to activate or suppress gene expression. 

Cloning: The generation of a large number of identical DNA compo-
nents or cells from a single copy.

Codon: A group of three sequential nucleotides within RNA that 
codes for a specific amino acid in the corresponding protein. Codons 
are “words” of the genetic code (e.g. AUG = methionine, and also 
means “start translation here”).

Complementarity: The specific binding of adenine to thymine (or 
uracil in RNA) and cytosine to guanine on opposite strands for DNA 
or RNA.

Complementary DNA (cDNA): DNA synthesized from an mRNA 
template. cDNA is often used as a probe to help locate a specific 
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gene in DNA and/or to bind to corresponding mRNA to measure 
mRNA levels in cells.

Deacetylation: See acetylation.

Denature: To separate two strands of nucleic acids by heating them 
to a temperature sufficient to break the G/C, A/T or A/U bonds. 
Denaturing does not destroy individual strands and they can re-
nature as the temperature is lowered. The process of re-naturing is 
the basis of nucleic acid hybridization. Denaturing proteins, on the 
other hand, will destroy secondary/tertiary structure, which prevents 
refolding/renaturing. 

Disintegrins: A family of small proteins (45–84 amino acids in 
length) from snake venom, which are potent inhibitors of both plate-
let aggregation and integrin-dependent cell adhesion.

DNA (deoxyribonucleic acid): The molecule containing hereditary 
information in most organisms (some viruses use RNA). The mole-
cule is double-stranded, with an external backbone formed by a 
chain of alternating phosphate and sugar (deoxyribose) units and an 
internal ladder-like structure formed by nucleotide base-pairs held 
together by hydrogen bonds. The nucleotide base-pairs consist of 
bases adenine (A), cytosine (C), guanine (G) and thymine (T), whose 
structures are such that A can bond only with T, and C only with G. 
The sequence of each individual strand can be deduced by knowing 
that of its partner. The complementarity is the key to information-
transmitting capabilities of DNA, and its ability to be replicated. 

DNA polymerase: The enzyme that synthesizes DNA from a comple-
mentary DNA template. In the cell, it replicates the DNA strand 
prior to cell division.

DNA probe: A nucleic acid molecule of known structure and/or 
function that has been tagged with a tracer substance (radioactive 
isotope or fluorescent dye) that is used to locate and identify a spe-
cific gene or region of a chromosome or portion of the genome. It 
may also be used to identify a specific mRNA. DNA probes are used 
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for detection on Southern (named for Dr. E. Southern; DNA) or 
Northern (rarely still used; RNA) blots.

Domain: A region of amino acid sequence of a protein that can be 
equated with a particular function, or a corresponding segment of a 
gene. For example, Matrix Metalloproteinases (MMPs) have a 
“catalytic domain” that mediates their proteolytic activities. 

Endonuclease: An enzyme that cleaves specific sequences within a 
DNA or RNA strand, or within specific amino acid sequences of a 
protein. 

Exon: Sequences within the DNA that are represented (expressed) in 
the final mature RNA.

Exosite: A secondary binding site, remote from the active site, on an 
enzyme. This is similar to an allosteric site, but differs in the fact 
that, in order for an enzyme to be active, its exosite typically must 
be occupied.

Gene: The portion of a DNA molecule that is sufficient for the 
expression of a functional polypeptide (protein). 

Gene amplification: A process that increases the number of copies of 
the same gene within a cell. Amplification may be spontaneous or 
induced.

Genetic engineering: A technique used to modify the genetic infor-
mation in a living cell, reprogramming it for a desired purpose, such 
as the production of a protein it would not naturally produce. 

Genetic locus: A specific position or location on a chromosome.

Genome: The complete genome of an organism, containing its com-
plete genetic information. The human genome consists of about 
100,000 genes, and about 1 billion base pairs (bp) of DNA.
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Heterozygote (heterozygous): An individual who has two different 
alleles at a given local on a pair of homologous chromosome. 

Homology: Similarity between two distinct genes in their nucleotide 
sequences.

Homozygote (homozygous): An individual who has two identical 
alleles at a given locus on a pair of homologous chromosomes.

Hybridization: Pairing of an RNA and a DNA strand or of two dif-
ferent DNA strands. Efficient hybridization requires a high degree of 
complementarity of the two strands.

Immunoblot: See western blot.

Intron: Sequences within the DNA of a gene that are not represented 
in the final RNA. They are removed from the precursor RNA within 
the nucleus, and the remaining pieces of the RNA are spliced 
together prior to export out of the nucleus.

In situ hybridization: The localization of RNA sequences by hybrid-
ization of labeled probes to tissue sections. It is used to identify the 
cell type that expressed a given gene, e.g. MMP-1 mRNA in fibro-
blasts. 

Interleukin-4: A cytokine that induces differentiation of naive helper 
T cells (Th0 cells) to Th2 cells. The Th2 cells produce additional IL-4 
in a positive feedback loop. 

Interferons: A group of signaling proteins made and released by host 
cells in response to the presence of several pathogens, such as viruses 
and bacteria. Interferon gamma (IFNγ) is critical for immune 
responses to viral, some bacterial and protozoal infections. It is an 
important activator of macrophages. 

Kilobase (kb): One thousand base pairs in a DNA sequence.
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Ligase: An enzyme that joins fragments of DNA. It is used to form 
recombinant molecules. 

Messenger RNA (mRNA): An RNA transcribed from the DNA of a 
gene, forming the template from which a protein is translated.

Methylation: The process in which methyl groups are added to cyto-
sine in DNA. When methylation of cytosine occurs on or near the 
promoter region of a gene, expression of the gene is suppressed.

Micro-RNAs (mi-RNAs): A group of non-coding RNAs that have 
key roles in the regulation of gene expression. They bind to specific 
sequences in specific mRNAs and target these mRNAs for degrada-
tion or translational repression.

Missense mutation: A single DNA base substitution resulting in a 
codon specifying a different amino acid.

Monoclonal antibodies: Antibodies produced by a single source 
(clone) of cells that only recognize a single antigen.

Nuclear localization sequence/signal (NLS): An amino acid sequence 
that “tags” a protein for import into the cell nucleus by nuclear 
transport. 

Nucleophilic attack: A chemical reaction where a nucleophile (a 
reactant) provides a pair of electrons to attack a covalent bond to 
form a new covalent bond with an amino acid. 

Pallindromic sequence: A nucleotide sequence that reads the same in 
either direction (“Madam I’m Adam”). Restriction endonuclease 
recognition sites in DNA are palindromes. 

Phenotype: The appearance or characteristics of an organism that 
results from the interaction between its genotype and the environment. 

Point mutation: Substitution of one nucleotide for another in DNA.
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Polymerase chain reaction (PCR): Enzymatic technique for the 
 production of many copies of one DNA sequence in a test tube. 
Repeated cycles of temperature changes allow sequential denatura-
tion, priming, and strand synthesis steps that result in an exponential 
production of the desired DNA molecule. 

Polymorphism: In a population, the common occurrence of two or 
more genetically determined alternative phenotypes. 

Pre-pro-protein: Protein precursors that are secreted from the cell are 
synthesized with an N-terminal “signal peptide” that targets them 
for secretion, and these are called pre-pro-proteins. The signal pep-
tide is cleaved off inside the cell (in the endoplasmic reticulum) 
before the protein is secreted. 

Pro-protein: Protein precursors that are in an inactive form but can 
become an active protein by post-translational modification, such as 
cleaving off a piece of the protein molecule. Enzyme precursors are 
called zymogens or proenzymes. 

Probe: A labeled DNA or RNA sequence used to detect the presence 
of a complementary sequence by molecular hybridization. 

Promoter: Sequence of DNA giving the signal to start (or promote) 
transcription. The promoter is found upstream (i.e. 5′) of the gene, 
and is important in the regulation of gene expression.

Receptor: Protein that binds specific hormones or other types of 
ligands and initiates physiological functions.

Response element: A short specific sequence of DNA, usually located 
in the promoter region of a gene, to which a specific transcription 
factor(s) binds and influences the rate of gene expression.

Reverse transcriptase: An enzyme that synthesizes DNA from an 
RNA template.
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Reverse transcription polymerase chain reaction (RT-PCR): A 
 variation of the polymerase chain reaction (PCR). The technique of 
RT-PCR is used to detect mRNA expression.

qRT-PCR: A version of RT-PCR that quantitatively measures the 
amplification of DNA using fluorescent probes. The technique is 
used to quantify mRNA. Copies of mRNA are first amplified by 
reverse transcriptase to “convert” mRNA transcripts to DNA, which 
is then amplified by PCR. 

Ribonucleic Acid (RNA): A polynucleotide consisting of a backbone 
of alternative phosphate and sugar (ribose) molecules to which are 
attached the nucleotide bases adenine (A), thymine (T), guanine (G) 
or uracil (U), which replaces the cytosine (C) of DNA. There are 
several classes of RNA that have different purposes: messenger RNA 
(mRNA); micro-RNA (mi-RNA); transfer RNA (tRNA); ribosome 
rRNA.

RNA polymerase: The enzyme that synthesizes RNA from a DNA 
template.

Signal transduction: A process in which an extracellular signaling 
molecule activates a specific receptor located on the cell surface or 
inside the cell. This receptor triggers a biochemical chain of events 
(usually a series of phosphorylation events) inside the cell that results 
in a change in cellular biochemistry/behavior.

TATA box: A specific sequence of nucleotides located immediately 
upstream from the transcriptional start site, it serves to position the 
RNA polymerase II complex to affect transcription.

Template: The nucleotide sequence that is “read” by DNA or RNA 
polymerases in order to synthesize a complementary nucleic acid 
strand. 

Th1 helper cells: Th1 cells primarily produce interferon gamma 
(IFNγ) and interleukin (IL)-2, while Th2 cells produce IL-4, IL-5, 
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IL-6, IL-10, and IL-13. The two helper T cell classes also differ by 
the type of immune response they produce. Th1 cytokines stimulate 
macrophages, lymphocytes, and PMNs in the destruction of bacte-
rial pathogens. These cytokines also help foster the development of 
cytotoxic lymphocytes (cytotoxic T lymphocyte [CTL] and natural 
killer [NK] cells) that are responsible for the cell-mediated immune 
response against viruses and tumor cells. 

Th2 helper cells: Th2 cells mediate the activation and maintenance 
of the humoral (antibody-mediated) immune response against 
extracellular parasites, bacteria, allergens, and toxins. Th2 cells 
facilitate these functions by producing cytokines (e.g. IL-4, IL-5, 
IL-6, IL-9, IL-13) that mediate antibody production and eosinophil 
activation. 

Thrombospondins (TSP): Secreted proteins with anti-angiogenic 
abilities. 

Transcription: The synthesis of RNA on a DNA template. The infor-
mation within the DNA is transcribed into multiple RNA copies. 

Transfection: The process of forcing cells to take up DNA from the 
external environment.

Transgenic: A state in which an organism contains, within its germ-
line genome, both parental and foreign DNA sequences. The foreign 
sequences are thus transmissible to the offspring.

Translation: The synthesis of a polypeptide with an amino acid 
sequence specified by the codon sequences of a corresponding 
mRNA.

Upstream and downstream: Terms that refer to a relative position in 
DNA or RNA. Each strand of DNA or RNA has a 5′ end and a 3′ 
end, so named for the carbon position on the deoxyribose (or ribose) 
ring. Upstream is toward the 5′ end of the RNA or DNA molecule 
and downstream is toward the 3′ end. 
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Western blot (also known as immunoblot): A blotting technique 
analogous to Southern blotting which detects DNA, for detecting 
proteins, usually detected with antibodies as “probes.” 

Wnt signal transduction pathways: These pathways were originally 
described in Drosophila, and their names reflect their origins from 
these fruit flies. Signal transduction through Wnt occurs through cell 
surface receptors: (1) the canonical (i.e. the first described); (2) the 
non-canonical pathway; and (3) the noncanonical Wnt/ 
calcium pathway. All are activated by binding of a Wnt-protein 
ligand to a receptor (called Frizzled), which sends the signal to the 
“dishevelled” protein inside the cell. The canonical Wnt pathway 
helps regulate gene transcription, while the non-canonical planar 
pathway regulates the cytoskeleton and the shape of the cell. The 
non-canonical Wnt/calcium pathway regulates calcium inside the 
cell. Wnt signaling pathways are highly conserved from fruit flies to 
humans. 

Zymography: An electrophoretic technique for detecting the activity 
of enzymes. Samples are prepared in a standard, non-reducing load-
ing buffer and proteins are separated by polyacrylamide gel electro-
phoresis (PAGE). No reducing agent or boiling is necessary since 
these would interfere with refolding of the enzyme and retention of 
proteolytic activity. A suitable substrate such as gelatin or casein for 
protease detection is embedded during preparation of the acrylamide 
gel. Following electrophoresis, the gel is incubated for an optimized 
length of time at 37°C. The zymogram is then stained and areas of 
digestion appear as clear bands against a darkly stained background 
where the substrate has been degraded by the enzyme.
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a2b1 integrin, 114
acetylation, 32, 56
activating protein, 19
activator protein-1 (AP-1), 33
activity-based probes (ABP), 259
ADAMs, 230
ADAMTS, 230
allosteric, 239
allostery, 239
alpha2 macroglobulin (a2M), 10
Alzheimer’s amyloid-b (Ab),  

255
aminophenylmercuric acid 

(APMA), 27
aneurysm, 188, 195–197,  

203–206
aneurysmal, 189
angiogenesis, 160
AP-1 site, 242
apoptosis, 160
arthritis, 227
aspartic, 1
atherosclerosis, 188–191, 193, 

194, 196, 203–205
autoimmune/inflammatory, 245

basement membrane, 17
biologic therapies, 245

biomarkers, 166
bone, 17, 97

cancer, 33, 77, 227
cardiovascular disease, 33, 227
cartilage, 17
catalytic, 25
catalytic domain, 239
catalytic site, 232
cDNAs, 25
central nervous system (CNS), 255
chemokines, 117
chondrocytes, 77, 97
chromosome, 20
chronic venous disease (CVD),  

117
chronic wounds, 33
circulating cell-free DNA (ccfDNA 

or ccDNA), 262
clones, 25
coding region, 31
collagen, 114, 124, 125, 128, 129, 

133, 138, 140, 142
collagenase, 33, 96, 124–128, 131
collagen types I and III, 13
coronary artery disease, 203, 207
crystal structure, 25
C-terminal hemopexin-like, 26
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cysteine, 1
cysteine switch, 26
cytokine, 38, 65, 96, 117, 124, 

127, 129, 132, 242, 254

DEGRADOME, 264
disintegrin and metalloproteinase 

(ADAMS), 6
disintegrin and metalloproteinase 

with thrombospondin motif 
(ADAMTS), 6

DNA, 31
domain, 25, 26

early response genes, 44
endogenous inhibitors, 31
endopeptidases, 2
endothelial cells (ECs), 77
enzymatic activities, 31, 254
epigenetic mechanisms, 32
epithelial-to-mesenchymal 

transition (EMT), 159
erythroblastosis twenty six site 

(ETS), 35
exons, 20, 31
exosites, 27, 232
exosomes, 75
extracellular matrix (ECM), 65, 

98, 253

fibroblastic growth factor (FGF), 
160

fibrosis, 124, 136–141

gene expression, 231, 254
gene regulation, 96
genomic, 25
genomic clones, 33

glucocorticoids, 44, 242
G protein-coupled receptors 

(GPCRs), 85
growth factors, 38, 65, 96, 117, 

242
GS-5745, 173

hear failure (HF), 188, 194,  
201–205

hemopexin domain, 239
heterogeneous nuclear ribonucleic 

acid (hnRNA), 31
histones, 32
homeostasis, 95, 230
hormones, 85
hypoxia, 161

immunity, 107
immune response, 103, 110, 

113, 114, 116
immune system, 107

inflammation, 113, 159
inflammatory/autoimmune,  

254
integrin a2b1, 73
interleukin-1 (IL-1), 124, 126–131, 

254
interleukin-1 receptor antagonist 

(IL-1Ra), 131–132
interleukin-1b (IL-1b), 35, 96
intracellular, 65
Intracellular Localization, 79
introns, 20, 31

keratinocyte, 72, 114

linker domain, 26
lysosomes, 2
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matrix metalloproteinase inhibitors 
(MMPIs), 95, 229, 264

matrix metalloproteinases 
(MMPs), ix, 1, 31, 65, 95, 227, 
253

metabolic syndrome, 88
metalloproteinases, 2
methylation, 32, 58
microenvironment, 66, 107
micro-RNAs (miRNAs), 32
mitogen activated protein kinases 

(MAPKs), 41
MMP-1, 124, 125, 127–130,  

133–140, 142
mmp1a, 37, 103
MMP knockout mice, 103
MMP–tissue inhibitors of 

metalloproteinase (TIMP),  
257

molecular imaging probes, 258
monoclonal antibody, 239
monocyte-macrophages, 128
mononuclear cell factor (MCF), 

126, 127
mRNA, 31
mRNA stability, 51
murine MMP-1, 103
myocardial infarction, 188, 197, 

198, 204–206

neoangiogenesis, 116
nuclear factor-kB (NF-kB), 45,  

159
nuclear localization, 82
nucleophilic attack, 2

osteoarthritis (OA), 33, 124, 129, 
130, 133, 134, 136, 142, 236

pericellular, 65, 68
Periostat® (doxycycline hyclate), 

172
polymorphisms, 162
polyomavirus enhancer activator 3 

[PEA3], 35
posttranscriptional modification, 

31
procollagenase, 19
promoter, 31
propeptide, 25
prostaglandin E2 (PGE2),  

125–129, 131, 137
protease-activated receptors 

(PARs), 90
protease chip, 264
protease web, 66
proteinases, 1
proteoglycanase, 19

RARs a, b, and g, 49
receptors, 65
retinoic acid receptors, 49
retinoids, 44, 242
retinoid X receptors (RXRs a, b, 

and g), 49
rheumatoid, 33, 236
rheumatoid arthritis (RA), 17, 96, 

124, 125, 127, 131–136,  
140–143, 254

serine, 1
signaling molecules, 85
signal peptide, 25
signal transduction, 38, 85, 96, 

242, 253
single-nucleotide polymorphisms 

(SNPs), 46
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skeletal and cardiac muscle, 97
small molecule chemical inhibitors, 

227
stromelysin, 19
subsites, 231
synovial cells, 124, 127, 128, 131
synovium, 96

TATA box, 37
tetracycline, 238
threonine, 1
thrombin, 90
tissue inhibitors of 

metalloproteinases (TIMPs), 9
transcription, 31
transcription factor, 31, 84,  

253
transforming growth factor-beta 

(TGF-b), 43, 160
transin-1, 19

triple helix, 13
tumorigenesis, 158
tumor imaging, 170
tumor microenvironment, 168
tumor necrosis factor (TNF), 124, 

127–132, 135, 142
tumor suppressor, 110
tumour necrosis factor-alpha 

(TNF-a), 254
type I collagen, 73

3′-untranslated region (3′-UTR), 31

vascular endothelial growth factor 
(VEGF), 160

wound, 113
wound healing, 72

zymogen, 18
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