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Preface

This book represents the first book dedicated entirely to cell surface proteases,
primarily of mammalian origin. The field has reached sufficient maturity to per-
mit the presentation of 14 individual chapters. Membrane proteases that function
primarily in other cell organelles beside the plasma membranes were not included
in the book, i.e., pro-protein convertases that function in the Golgi apparatus. An
attempt was made to describe interactions between different cell surface proteases
and to avoid duplication wherever possible. In a few instances, the same topics
were covered in more than one chapter, so as to present alternative points of views.

For anyone working in any single area related to cell surface proteolytic events,
it is important to have an overview of the larger cast of characters that may be
interacting on the cell surface. It is reasonable to speculate that none of the cell
surface proteases functions alone and many important interactions remain to be
elucidated. The importance of plasma membrane proteases in crucial aspects of cell
function is only beginning to be appreciated. Not only are these enzymes involved
in cleaving other membrane-bound and extracellular matrix proteins, but they
are involved in processing physiologically important peptide substrates including
growth factors, cytokines, chemokines, hormones, binding proteins, and apoptotic
factors. As aresult, membrane proteases are involved in a variety of cell functions,
including metabolic regulation, immune response, cell growth, apoptosis, motility,
and invasion. An important role for these proteases in embryonic development has
been demonstrated throughout the phylogenetic tree. Furthermore, these proteases
exhibit their multiple cell functions through interactions with other cell surface
proteins such as receptors and integrins. The field is beginning to expand into new
areas including protein localization, activation, inhibition, and three-dimensional
structure. Inhibitors specific for plasma membrane proteases, including molecular
inhibitors and naturalizing monoclonal antibodies, have been developed and tested
in vitro. The involvement of cell surface proteases in disease represents an area of
exciting new developments. The potential to treat disease with various categories
of protease inhibitors is only beginning to be explored.

We thank the many authors for their thoughtful and timely contributions. The
readers undoubtedly will appreciate the considerable amount of work and dedica-
tion required to put together such an extensive review of each of these subjects.
Every one of these authors is an acknowledged expert in their field. As editors,
we thank all of these contributors for their enthusiasm and patience. We thank
our research colleagues for providing advice and editorial guidance (Michelle

XV



XVi Preface

Hymowitz) and the staff of Academic Press, especially Hilary Rowe, for their
contributions to the development of this book. We extend our appreciation to the
multitude of scientists who have made contributions to the field of cell surface
proteases. This book is a tribute to their efforts. We apologize to those scien-
tists whose work was not specifically mentioned or were misrepresented; space
limitations prevented us from providing more extensive references.

We ask the readers to send along any corrections or missing information that
can be corrected in future editions of this book.

We hope that this book will prove helpful for the large numbers of investigators
and students who have an interest in cell surface proteolytic events and to the larger
number of scientists interested in the plasma membrane.



Foreword

Recent years have seen an enormous expansion in the field of proteolytic enzymes,
with a wealth of new knowledge of structures and mechanisms of the enzymes and
the realization that a wide array of biological processes is controlled by prote-
olysis. Proteolytic events occur intracellularly, pericellularly, and extracellularly,
but for many years the majority of studies have dealt with intracellular and extra-
cellular proteolysis. Although the importance of pericellular proteolysis has long
been recognized, it is only in the last several years that many cell surface anchored
proteases have been discovered. These enzymes have rapidly become subjects of
intense investigation as they play important roles in many biological processes.
Some of the soluble proteases released from cells have shown to accumulate on the
cell surface by binding to specific cell surface molecules. Localization of proteases
on the cell surface either by a transmembrane domain or by other means serves to
increase the local concentration of the enzymes, target proteolysis, enhance speci-
ficity, and also slow down reactions with endogenous inhibitors, thus regulating
the protease action.

This is the first book that focuses on cell surface proteolysis. The Editors of this
book, Stanley Zucker and Wen-Tien Chen, have long-standing interests in the role
of pericellular proteolysis, especially in cell migration and cancer metastasis. The
editors have chosen leaders in the field as contributors to the book. It covers metallo-
(matrix metalloproteinases, ADAMs, meprins), serine (type Il transmembrane ser-
ine proteases, dipeptidyl peptidase IV, seprase, plasminogen activators), cysteine
(cathepsin B on the cell surface), and aspartic (memapsin 2/BACE, presenilins)
proteases. Other subjects include protease-activated receptors, an MMP-inducing
cell surface molecule of the Ig superfamily, emmprin, and shed membrane vesicles.

Many of the membrane-bound proteases are multidomain proteins and the non-
catalytic domains often dictate the specificity of the enzymes as they allow the
enzymes to interact with other cell surface or extracellular matrix molecules to
express their biological activities. Such molecular assemblies on the cell surface
may participate in cell-cell contacts and cell-matrix interactions. Each chapter,
while describing biochemical and catalytic properties of a particular group of pro-
teases, delineates biological and pathological implications of a specific group of
cell surface associated proteases.

While the unified theme of this book is “Cell Surface Proteases,” the functions
of these proteases are diverse and therefore many avenues exist for medical ap-
plications. For example, membrane-bound MT1-MMP assists cells in migration

xvii



Xviii Foreword

by cleaving cell surface adhesion molecules such as CD44, while ADAMs, which
have more restricted substrate specificity, are involved in shedding of cell sur-
face molecules, development, inflammation, and release of signaling molecules.
Memapsin 2 and presenilins are associated with Alzheimer’s disease. Membrane
vesicles shed from cancer cells contain a number of proteases, integrins, and HLA
molecules and they may alter cellular behavior.

The book is timely and comprehensive, covering substantial amounts of recently
reported information. The reader will value the excellent reviews of each subject. At
the same time, one may realize that there are many key questions yet to be addressed
as only a small fraction of this area of biology has been unravelled to date. “Cell
Surface Proteases” will provide a foundation on which future knowledge in the
field will expand. It will also be valuable for identifying future research paths.

Hideaki Nagase

Professor of Matrix Biology

Kennedy Institute of Rheumatology Division

Imperial College of Science, Technology and Medicine
London, UK



Introduction

Although the biological importance of membrane-bound serine proteases was rec-
ognized more than a hundred years ago, interest in the field of cell surface pro-
teases was slow to develop in comparison to proteases identified initially in serum
(coagulation and complement factors), locally secreted by cells (plasminogen ac-
tivators and matrix metalloproteinases), or intracellular compartments (cathep-
sins and calpains). It is of interest that the discovery of plasma-membrane-bound
metalloproteinases (Chapters 1-5), serine proteases (Chapters 7-9), and cathep-
sins (Chapter 10) occurred about the same time in the mid-1980s. From a bi-
ological point of view, the late appreciation of this important class of enzymes
may seem surprising. Technical difficulties in isolating and purifying proteases
from plasma membranes contributed considerably to the delay. In the past decade,
the field has rapidly progressed, as the reader will appreciate in reading this
book. Undoubtedly, the identification of an extensive number of serine-, cysteine-,
and metalloproteases that are displayed on the cell surface is not yet complete.
The importance of plasma membrane proteases in crucial aspects of cell func-
tion as well as in health and disease (Chapters 11-14) is only beginning to be
appreciated.

This book encompasses both intrinsic membrane proteases (Chapters 1-8) and
plasma membrane receptor related protease mechanisms (Chapters 9-12). The
figure on the book cover provides the reader with the sense of the close proximity
of these various proteins displayed on the cell surface. A constant theme noted
throughout this book is that the surface localization of proteases provides the cell
with the capability to process a vast spectrum of surface precursor molecules, that
once cleaved, play pivotal roles in normal cellular and tissue functions. Further-
more, co-localization of both the protease and the substrate as interacting molecule
within specific regions of the plasma membrane, such as lipid rafts (Chapters 1,
2, and 9), invadopodia (Chapters 1, 2, 7, 10, and 12), caveolae (Chapter 9), and
shed vesicles (Chapter 14), may increase their concentration, making regulatory
events more efficient in vivo. Surface binding of intrinsic and soluble proteases
also allows the cell to terminate proteolysis by rapid internalization of membrane-
bound enzymes, thereby allowing the cells to fine tune its external environment
(Chapters 1 and 2). These enzymes are involved in cleaving numerous extracellu-
lar matrix proteins (Chapters 1-10 and 14); they are also involved in processing
peptide substrates including growth factors, cytokines, chemokines, hormones,
and angiogenic factors (Chapters 1, 3-8, and 11). Cleavage of protease activated
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XX Introduction

receptors (PARs) at the cell surface by serine proteases generated by inflammatory
or hemostatic pathways results in activation of signal transduction pathways that
modulate numerous cellular activities (Chapter 11). Cleavage of proteins at the
cell surface initiated by intrinsic plasma membrane proteases is also likely to acti-
vate intracellular signaling pathways; these events remain to be more thoroughly
characterized.

The involvement of cell surface proteases in cell movement is an important new
area of investigation (Chapters 1, 7, and 9-10). Cell migration requires constant
modulation of the adhesive properties of a cell; this is achieved through numerous
complex interactions between the extracellular matrix and the actin cytoskele-
ton mediated by transmembrane adhesion molecules. New clues have suggested
that cleavage by membrane-type-MMPs (MT-MMPs), of adhesive-type proteins
may provide a mechanism for enhancing cell migration and invasion (Chapter 1).
Alternatively, association of seprase complexes with o381 integrin localizes ac-
tive molecules to invadopodia (Chapter 7). Chapter 9 deals with how migrating
cells utilize the activity of the plasminogen activator system in the presence/
absence of a transmembrane linkage between the glycolipid-anchored protein
uPAR and the cytoskeleton. Considerable evidence indicates that serine peptidases
and MT-MMPs accumulate at cell surface protrusions, termed invadopodia, that
may have a prominent role in processing soluble factors (including growth factors,
hormones, chemokines, bioactive peptides) in addition to the well-established role
of invadopodia in degrading components of the extracellular matrix (Chapters 1
and 7). These membrane proteases may directly activate either themselves or sol-
uble latent proteases such as MMP-2 and plasmin (Chapters 2 and 9). Different
membrane proteases form complexes at invadopodia or other specialized locations
that could provide distinct or overlapping functions (Chapters 10 and 14).

It has long been known that certain cell surface proteins can release their bio-
logically active extracellular domains to the pericellular millieu through limited
proteolysis. However, the broad recognition of this type of proteolysis (ectodomain
shedding) as a general mechanism that regulates many functions of virtually
all types of cell surface proteins has been relatively recent (Chapters 3-5, 11,
and 14).

An important role for these proteases in embryonic development has been
demonstrated throughout the phylogenetic tree. The cleavage of a cell surface
protein (Notch) sequentially by ADAM family members, followed by the release
of the cytoplasmic domain of Notch and transport to the nucleus, ultimately leading
to control of gene expression, represents a fascinating effect of protease activity
(Chapters 3 and 4). Knockout and transgenic mice have provided a fertile experi-
mental model to delineate the function of various proteases.

Multiple interactions between cell surface proteases have complicated interpre-
tation of the biological role of individual enzymes. A given membrane protease
may have several functions and more than one protease or one protease family
may mediate the same function (Chapter 7). For example, matriptase/MT-SP1,
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a recently identified type II serine membrane protease, has been proposed to have
a biological role in activating pro-uPA, as has the cysteine protease cathepsin B
(see Chapters 6 and 9). Cross talk between cell surface receptors and ligands
through cell surface proteolysis represents another mechanism through which
plasma membrane proteases are involved in various cell functions (see Chapter 3).
Another mechanism that cells have evolved to enhance protease activity at the cell
surface is to have low affinity docking sites. For example, EMMPRIN, secreted
tissue plasminogen activator, and cathepsin B binding to annexin II, a protein
peripherally associated with the plasma membrane, provide for protein complex
formation at the cell surface; the effect of these interactions needs to be better
understood (Chapters 9, 10, and 12).

Interactions between membrane proteases and the lipid bilayer have not been
studied in detail. The turnover of plasma membrane proteases involving cell sur-
face shedding, endocytosis in clathrin-coated pits, and intracellular degradation
in lysosomes and proteosomes has received scant attention. In sharp contrast, the
fate and control of endocytosed plasma membrane receptors has become an area
of intense scientific interest. The potential role of caveolae in regulating protease
function at the cell surface, involving the presence of multiple proteases and their
surface receptors including cathepsin B, uPAR, MT1-MMP, and MMP-2, is dis-
cussed in Chapters 1, 9, and 10.

The potential to treat disease with various categories of protease inhibitors is
a burgeoning new field. Little is known definitively about the role of cell surface
proteases in most diseases with the exception of tumor necrosis factor-a (TNF-«)
converting enzyme (TACE). Because TNF-« plays a pivotal role in rheumatoid
arthritis, several pharmaceutical companies have developed potent inhibitors of
TACE that are effective anti-inflammatory agents in animal models (Chapter 3). Of
considerable surprise, TACE has also been implicated in diabetes, as has DDPIV
(Chapter 7) and meprin B (Chapter 5). The involvement of multiple cell sur-
face proteases represents an area of exciting new development, as represented
by Alzheimer’s disease, where different types of surface proteases cleave the
B-amyloid protein at different sites, leading to release of pathogenic soluble pep-
tides (see Chapter 8). The involvement of membrane-bound serine proteases in
cancer (matriptase and hepsin) and in heart failure (corin, the endogenous pro-
atrial natriuretic peptide convertase) has been a strong impetus for pharmaceuti-
cal development of specific inhibitors for this category of enzymes (Chapter 6).
Targeted strategies focusing on design of specific inhibitors of PARs have been
initiated for possible applications in thrombotic/vascular diseases (Chapter 11).

Clinical trials of MMP inhibitors that effectively abrogate MT-MMPs as well as
several other MMPs have been reported in advanced cancer; the lack of positive
results in this setting suggests that these drugs were employed too late in the
course of the disease. An alternative explanation is that MMPs may not be pivotal
in cancer progression or that more specific inhibitors need to be developed to avoid
interfering with proteases that might protect the host from disease (Chapter 13).
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It is fair to predict that our understanding of cell surface proteases will likely
evolve considerably over the next decade. A three-dimensional structure of a
complete plasma membrane protease remains to be presented. Interactions be-
tween membrane proteases and the lipid bilayer need to be better understood. The
role of individual proteases in health and disease needs to be better defined. These
scientific advances will be eagerly anticipated.
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2 Zucker et al.

l. Introduction

Matrix metalloproteinases (MMPs) belong to the family of zinc endopeptidases
collectively referred to as metzincins. The metzincin superfamily is distinguished
by a highly conserved motif containing three histidines that bind zinc at the cat-
alytic site and a conserved methionine that sits beneath the active site (Stoker
and Bode, 1995). The metzincins are subdivided into four multigene families:
serralysins, astacins, ADAMs/adamalysins, and MMPs (Stoker and Bode, 1995).
Our knowledge of the field of metzincin biology is expanding at a rapid rate, yet
we still do not fully understand how these enzymes regulate biologic functions.

Once activated, MMPs degrade a variety of extracellular matrix components
and assorted other proteins including growth factors, growth factor binding pro-
teins, and protease inhibitors (Birkedal-Hansen, 1995; Brinckerhoff and Matrisian,
2002; Egeblad and Werb, 2002; Nagase and Woessner, 1999; Parks et al., 1998;
Stamenkovic, 2000; Sternlicht and Werb, 2001; Stetler-Stevenson, 1999; Woessner,
1991). The ability to degrade extracellular matrix proteins is essential for any cell to
interact properly with its immediate surroundings and for multicellular organisms
to develop and function normally. MMPs also generate matrix protein fragments,
which have functional activity of their own. These various functions of MMPs
modulate cell invasion and metastasis, cell migration, apoptosis, and angiogene-
sis, to name just a few. A major limitation to our understanding of biologic function
of human MMPs relates to difficulties in extrapolating from in vitro and animal
models to human biology and disease. The belief that an MMP is involved in a
given biologic/pathologic process is often based on the strength of its association
with that process and the existence of plausible mechanisms that can be tested
by experimental approaches (Nagase and Woessner, 1999; Sternlicht and Werb,
2001). Because of extensive redundancy of MMP function in animals, it has been
difficult to appreciate the role of individual genes in various experimental models
(Shapiro, 1998).

There have been 25 vertebrate MMPs and 22 human homologs identified to date,
as well as several nonvertebrate MMPs; the list undoubtedly will grow. These en-
zymes have both a descriptive name typically based on a preferred substrate (e.g.,
interstitial collagenase) or on the tissue or cell types identified with the MMP
(epilysin and leukolysin) and a sequential numerical nomenclature reserved for the
vertebrate MMPs. Because of uncertainty concerning relevant substrates for many
of these enzymes, the number system will be used in this chapter except for the
membrane type-MMP subfamily, where the designation MT-MMP is almost uni-
versally employed.

The multiplicity of MMPs with distinct but somewhat overlapping functions
appears to act as a safeguard against loss of regulatory control. The molecular
weights of proMMPs vary between 28,000-92,000. The known MMP genes have
been divided into four subfamilies based on gene structure. Group I consists of
the collagenase subfamily. Group 2 consists of the gelatinases/modular alteration
(fibronectin-like domains) subfamily. Group 3 consists of the variant hemopexin
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exon subfamily. Group 4 consists of the variant catalytic exon and unique 3’-end
exon (plasma membrane and cytoplasmic domains) subfamily which consists of
the MT-MMPs (Apte et al., 1997). Alternative classification systems have been
proposed.

II. Secreted MMPs
A. Structural Features of Secreted MMPs

All MMPs share several highly conserved domains, most importantly a latency
locus [PRCG(V/N)PDV] in the amino-terminal “pro” domain consisting of about
80 amino acids and a zinc atom binding domain [VAAHExGHxxGxxH] in the ac-
tive site (catalytic domain) with the three histidines coordinating the zinc (Birkedal-
Hansen, 1995). A second structural zinc ion and calcium ions are also present else-
where in the catalytic domain of MMPs (Woessner and Nagase, 2000). A “pre”
region (signal peptide) is removed after it targets the protein for synthesis in the
endoplasmic reticulum and subsequent secretion or insertion into the plasma mem-
brane; the only exception is the signal peptide of MMP-23 which is retained as a
plasma membrane anchor (Pei ez al., 2000). The concept that the cysteine residue in
the conserved propeptide sequence PRCGVPD is positioned directly opposite the
zinc atom at the active center of MMPs and is coordinated to it through the —SH
group was proposed by Springman et al. (1990); this was termed the “cysteine
switch” because displacement of the cysteine residue by a variety of means (pro-
teolytic cleavage, oxidation, mercurial compounds, etc.) resulted in activation of
the enzyme. The contact Cys-SH with zinc was later confirmed directly. MMP-23
is the only exception without a cysteine residue in its putative domain upstream of
its catalytic domain (Pei et al., 2000). Several MMPs also contain a furin sensitive
sequence RXKR near the C-end of the prodomain and activation occurs imme-
diately to the carboxyl side of the distal arginine. The C-end of the propeptide is
not sharply defined; there may be two or three residues grouped together where
cleavage can occur and the resulting differences of 1-3 residues can have a pow-
erful effect on the enzyme’s activity of the resultant catalytic domain (Woessner
and Nagase, 2000). The catalytic domain, approximately 160—170 amino acids in
length with the catalytic active center in the C-terminal 50-54 residues, dictates
cleavage site specificity through its active site cleft through specificity subsite pock-
ets that bind amino acid residues immediately adjacent to the scissile peptide bond,
and through secondary substrate-binding exosites located outside the active site
(Overall, 2001). With the exception of MMP-7, -23, and -26, all MMPs have
a hemopexin/vitronectin domain that is connected to the catalytic domain by a
proline-rich hinge or linker. When present, the hemopexin domain region, approx-
imately 200 residues long and shaped like a beta propeller fold with pseudo four
fold symmetry, influences TIMP binding, the binding of substrates, membrane acti-
vation events, and some proteolytic activities (Murphy et al., 1992; Sanchez-Lopez
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et al., 1988). The proline-rich hinge region varies in length among various MMPs
and is important in determining substrate specificity (Knauper et al., 1997; Parks
etal., 1998). MMP-2 and MMP-9 are further distinguished by the insertion of three
head-to-tail cysteine-rich repeats within their catalytic domain. A type V collagen-
like insert consisting of 54 residues rich in proline is found in MMP-9 where it ap-
pears between the active center and the hemopexin domain (Wilhelm et al., 1989).

B. Regulation of Secreted MMPs

The biologic function of MMPs requires that the activated enzyme is present in the
right concentration, in the right place, and at the proper time. This requires tightly
regulated transcription and posttranslational control. The N-terminal prodomain
of secreted MMPs primarily acts as an internal inhibitor of MMP activity and
maintains the enzyme in an inactive state until proteinase activity is required.
Classical activation of MMPs is achieved by removal of the N-terminal pro-
sequence of approximately 80 amino acids (Birkedal-Hansen et al., 1993). The
propeptide domain of MMPs is cleaved sequentially, with the initial cleavage taking
place in a “bait” region located in a readily accessible site between the first and
second a-helix in the propeptide domain. This cleavage destabilizes the interaction
of the propeptide with the catalytic domain. Subsequent cleavages are then possi-
ble with the final cleavage often occurring as a bimolecular, autoproteolytic event
(Imai et al., 1996; Knauper et al., 1996; Nagase and Woessner, 1999). The amino
acids surrounding the prodomain cysteine are also involved in maintaining latency.

Kotraetal. (2001) have described the critical importance of a protonation event at
the coordinated cysteine thiolate as a prerequisite for the departure of the propeptide
from the active site of MMPs. A catalytically active glutamate transiently moves
toward the zinc ion to achieve coordination and “masks” the positive potential of
the zinc ion, thereby lowering the energy barrier for dissociation of the protonated
cysteine side chain from the zinc ion. A subtle conformational change by the
propeptide is needed in the course of zymogen activation.

Although the physiologic activators of specific MMPs are uncertain, the initial
cleavage event can be carried out in vitro by a variety of serine proteinases including
trypsin, plasma kallikrein, and neutrophil elastase. ProMMP-2 is an exception
to direct serine proteinase activation of MMPs. Plasmin generation at the cell
surface is cited as a potential mechanism for the physiological activation of latent
MMP-1, MMP-3, and MMP-9. However, data derived from uPA and tPA knockout
mice have not provided supporting evidence for the physiologic significance of
this pathway (Lijnen et al, 1998). Some activated MMPs can further activate
other proMMPs. For example, MMP-3 has been shown to activate proMMP-1 and
proMMP-9.

Many of the secreted MMPs, including MMP-1, -3, -9, -10, -11, and -13, are
expressed at very low or nondetectable levels in healthy resting tissue. Plasma
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levels of MMP-1, -3, -8, -9, and -13 ranging between 2—100 ng/ml have been
identified in healthy individuals (Zucker et al., 1999). In contrast, readily detectable
tissue levels of MMP expression are seen in repair or remodeling processes and
in disease or inflamed tissue; higher plasma levels of MMPs are noted in these
conditions (Zucker et al., 1999). Some MMPs, including MMP-2, -7, -19, -24, -25,
and -28, are expressed in healthy tissues (Lohi et al., 2001). Normal plasma levels
of MMP-2 vary in a range between 500-800 ng/ml. The production of many
matrixins is transcriptionally regulated; inflammatory cytokines, growth factors,
hormones, cellular transformation, and interaction with extracellular matrix com-
ponents can enhance the transcription of a number of matrixin genes, whereas
glucocorticoids, retinoic acid, and ovarian steroids often exhibit suppressive ef-
fects on some matrixins (Birkedal-Hansen, 1995; Nagase and Woessner, 1999).
The promoter regions of inducible MMP genes show remarkable conservation of
regulatory elements (Vincenti et al., 1996).

MMP proteins are transcribed and secreted by the constitutive secretory path-
way, except in the case of neutrophils and macrophages where MMPs can be
stored in and released from secretory granules (Birkedal-Hansen, 1995; Woessner,
1991). A role for mitogen-activated protein kinases, AP-1, and ETS transcription
factors in regulation of MMP gene expression has been proposed (Westermarck and
Kabhari, 1999). In contrast, MMP-2 is reported to be constitutively produced and
is not enhanced by most cytokines except for possible induction by TGF-g, IL-8,
and insulin-like growth factor receptor (IGF-10) (Long et al., 1998). Modulation
of mRNA stability of MMPs in response to growth factors and cytokines has been
described (Westermarck and Kahari, 1999).

The MMPs are often sequestered as inactive zymogens in the extracellular matrix
(ECM) after secretion, thereby providing a reservoir of latent enzyme positioned
for activation and proteolytic attack at focal sites. Heparan sulfate proteoglycans
has been demonstrated to be an important docking molecule for MMPs in proximity
to epithelial cells and underlying basement membranes (Yu and Woessner, 2000).
Proteolytic processing is required to release the catalytically active enzyme. Inter-
stitial collagenases (MMP-1, -8, -13) and MMP-3 have C-terminal hemopexin-like
domains that bind to collagen.

C. Naturally Occurring MMP Inhibitors

Once activated, MMPs are modulated by endogenous proteinase inhibitors, which
include four TIMPs (20-29 kDa), a,-macroglobulin («;-M) (Birkedal-Hansen
et al., 1993; Stetler-Stevenson, 1999), and the recently described RECK (Oh et al.,
2001). TIMPs form strong, reversible, noncovalent complexes with active MMPs.
The TIMP amino-terminal group is thought to fill the fourth coordinated site of the
catalytic Zn>* that was previously occupied by cysteine in the propeptide of MMPs,
resulting in inhibition of the enzyme’s hydrolytic activity (Brew et al., 2000).
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In vivo, TIMPs can inhibit cell invasion, tumorigenesis, metastasis, and angiogen-
esis. TIMPs also possess other cellular functions that are independent of MMP
inhibition. These include growth promoting functions, induction of apoptosis, and
suppression of receptor tyrosine kinase activation of growth factors (Hoegy et al.,
2001). These negative regulators are important for control of MMP activity.

Following the initial purification and characterization of TIMP-1 as an inhibitor
of MMP-1, TIMP-2, -3, and -4 were subsequently identified. These four TIMPs
exhibit 44-52% sequence identity and are cross-connected by six intrachain disul-
fide bridges to yield a conserved six-loop, two domain structure.

All of the TIMPs are capable of inhibiting virtually all of the MMPs to varying
degrees following formation of tight noncovalent 1:1 complexes. The exception to
the general rule is that TIMP-1 appears to be a very poor inhibitor of MT-MMPs
attached to the cell surface. All of the TIMPs are soluble proteins, widely dis-
tributed in body fluids, except for TIMP-3, which has the unique ability to bind
via its C-terminal domain to heparan sulfate proteoglycans within the extracellular
matrix, thereby concentrating it to specific regions within tissues and basement
membranes (Langton et al., 2000). In addition to binding to the active site of
MMPs, the C-terminal domains of TIMP-1 and TIMP-2 form complexes with the
C-terminal domains of proMMP-9 and proMMP-2, respectively. These complexes
preserve the inhibitory activity of the TIMPs while dampening the activity of the
bound MMP (Nagase and Woessner, 1999).

a-Macroglobulin («;M) is a large protein (750 kDa) produced by the liver and
present in high concentrations in normal serum. o;M inhibits all four classes of
proteases (serine, cysteine, metallo, aspartyl) and produces irreversible clearance
of MMPs. ;M presumably functions primarily in blood where it probably is of
less consequence to MMPs, because these enzymes are inactive in this location
(Zucker et al., 1999).

RECK, reversion-inducing cysteine-rich protein with kazal motifs, is a plasma
membrane (glycosylphosphatidylinositol-modified anchor) glycoprotein contain-
ing serine protease inhibitor-like domains, which has been described as an inhibitor
of MMPs involved in cancer progression (MMP-2, MMP-9, and MT1-MMP).
Although the molecular basis underlying this inhibitory effect is unclear, recom-
binant soluble RECK can directly inhibit soluble MT1-MMP proteolytic activity.
Mice lacking a functional RECK gene die in utero with defects in collagen fi-
brils, the basal lamina, and vascular development, thereby suggesting unimpeded
MMP degradation of ECM proteins. Vascular sprouting is dramatically suppressed
in tumors derived from RECK-expressing fibrosarcomas implanted in nude mice
(Oh et al., 2001). (See Chapter 2 by Fridman for detailed discussion of RECK.)

Another class of MMP inhibitors, protein subdomains, have structural similari-
ties to TIMPs. For example, proteolytic processing of the procollagen C-terminal
protease enhancer protein releases a C-terminal fragment with MMP inhibitory
activity and structural similarity to the N-terminal domain of TIMPs (Mott et al.,
2000).
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D. Catabolism and Clearance of Secreted MMPs

Relatively little is known about the further proteolysis of activated MMPs. Whereas
some cleavages of activated MMPs lead to inactivation, others, such as those
that specifically remove the hemopexin domain, can generate truncated enzymes
that lose their ability to cleave some substrates (Woessner and Nagase, 2000).
Another means of regulating extracellular MMP levels is by clearance of in-
tact enzymes. Clearance of MMP-13 through a specific cell surface receptor has
been demonstrated (Barmina et al., 1999) (see Chapter 2 by Fridman for further
discussion). Thrombospondin has been implicated in the clearance of MMP-2, per-
haps involving endocytosis of the MMP-2 complex by the low-density lipoprotein
receptor-related protein LRP (Yang et al., 2001). However, uncertainty concerning
the biologic activity of radiolabeled MMP-2 in these experiments raises concern
about the interpretation of the data.

I1l. Membrane Type-Matrix Metalloproteinases (MT-MMPs)

For 20 years following the initial discovery of the collagenase family (Gross and
Lapiere, 1962) (later renamed MMPs), the small number of vertebrate MMPs iden-
tified was considered to be rapidly secreted from cells following synthesis. In the
early 1980s, evidence of collagenolytic and gelatinolytic enzymatic activity asso-
ciated with the plasma membranes of endothelial cells and tumor cells appeared
in the literature (Kalebic et al., 1983; Moll et al., 1990; Zucker et al., 1985a,b,
1987, 1990). By the year 2000, cell surface localization of proteolytic enzymes
was increasingly recognized to be important in the cell’s ability to adapt and mod-
ify its environment (Sternlicht and Werb, 2001). In addition to MT-MMPs, other
metalloprotease family members, serine proteases, cysteine proteases, and aspartic
proteases have been demonstrated to be intrinsic plasma membrane enzymes. A
variety of membrane receptor-related proteases have also been described. These
different categories of proteases will be discussed in Chapters 2-12.

A. Identification of Membrane Type-Matrix Metalloproteinases

Six distinct members of the MT-MMP subfamily of MMPs have been identified
in human tissues (Pei, 1999; Velasco et al., 2000) (Table I). Sato er al. (1994),
using reverse transcriptase—polymerase chain reaction (RT-PCR) based strategies
with degenerate oligonucleotides encoding conserved regions in MMPs, cloned
the first member of this family (Fig. 1). The isolated placental cDNA encoded
a protein that was originally called MT-MMP and now is known as MT1-MMP
(MMP-14). Almost simultaneously, Strongin et al. (1995) isolated and partially
characterized this membrane protein as part of their studies directed to clarify the
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Table I General Characteristics of Human MT-MMPs

Zucker et al.

MMP Accession  Number of  Chromosome
Name Number Number  Amino Acids Location Substrates Expression
MT1-MMP MMP-14 D26512 583 14q11-12 proMMP-2, Ubiquitous
proMMP-13,
types I, II, ITI
collagen, gelatin,
fibronectin,
laminin, fibrin,
proteoglycans,
proTNFo
MT2-MMP MMP-15 748482 670 16q12.2-21  proMMP-2, Ubiquitous
fibronectin,
tenascin, laminin,
aggrecan, perlecan
MT3-MMP MMP-16 AB009303 608 8q21.3-22.1  proMMP-2, type I Brain, lung, heart,
collagen, placenta
fibronectin
MT4-MMP MMP-17 X89576 550 12q24 proTNFq, Brain, leukocytes,
fibrinogen, fibrin colon, ovary,
testis
MT5-MMP MMP-24 AF131284 646 20q11.2 proMMP-2 Brain, kidney,
pancreas, lung
MT6-MMP  MMP-25 AJ239053 563 16p13.3 proMMP-2(very low  Leukocytes, lung,

efficiency) spleen

mechanisms of activation of proMMP-2. Further studies established that this MT1-
MMP activation process involves the formation of a trimolecular complex between
proMMP-2, MT1-MMP, and TIMP-2 that acts as a concentration mechanism on
the cell surface that is crucial for the efficiency of activation (Fig. 2; see color
insert) (Strongin et al., 1995; Zucker et al., 1998a). On the other hand, purified
and soluble ectodomains of MT1-MMP can process proMMP-2 efficiently without
appreciable contribution from TIMP-2 (Pei and Weiss, 1996).

The demonstration that MT1-MMP was very efficient in activation of MMP-2
represented a very important step toward our understanding of the mechanisms
underlying the generation of pericellular proteolytic activity in multiple normal
and pathological processes. Anchorage of MT-MMPs on the plasma membrane fa-
cilitates focused substrate degradation limited to a small area and partial resistance
to protease inhibitor action. Localization of MT-MMPs and MMP-2 to specialized
cell surface protrusions called invadopodia, especially in cancer cells, increases the
degradation of surrounding ECM proteins (Monsky et al., 1993; Nakahara et al.,
1998).

Soon after the finding of MT1-MMP, studies on MT-MMPs acquired additional
interest and complexity with the discovery of five more members of this family:
MT2-, MT3-, MT4-, MT5-, and MT6-MMP, whose officially approved numbers
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Transmembrane MT-MMPs
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Figure 1 Schematic representation of the domain organization of human MT-MMPs. MT1-, MT2-,
MT3-, and MT5-MMP belong to the transmembrane group of MT-MMPs and contain a type I transmem-
brane domain and a short cytoplasmic tail. MT4-MMP and MT6-MMP belong to the GPI group. They
lack the cytoplasmic tail and are anchored to the plasma membrane via glycosylphosphatidylinositol.

Furin-like motif

following the MMP nomenclature system are MMP-15, MMP-16, MMP-17,
MMP-24, and MMP-25, respectively (Table I). MT2-, MT3-, and MT4-MMP
were cloned by RT-PCR with degenerate oligonucleotides deduced from cysteine-
switch and Zn-binding sites of MMPs, and RNAs from different tumor tissues as
templates: a kidney carcinoma for MT2-MMP, an oral melanoma for MT3-MMP,
and a breast carcinoma for MT4-MMP. Full-length sequences for these enzymes
were subsequently obtained by screening appropriate cDNA libraries (Puente et al.,
1996; Takino et al., 1995a; Will and Hinzmann, 1995). The approach followed to
identify mouse and human MT5-MMP was first based on a computer search of
expressed sequence tag (EST) databases, looking for sequences with similarity
to previously described MMPs (Llano et al., 1999; Pei, 1999). Full-length mouse
MTS5-MMP was cloned by screening a mouse brain cDNA library using a human
EST clone (Pei, 1999). For human MT5-MMP, further 5'-RACE experiments and
analysis of PAC and BAC genomic libraries led to the cloning of a full-length
cDNA for this membrane protease (Llano et al., 1999). Finally, MT6-MMP was
identified using the information generated during sequencing of a large genome
region containing the gene responsible for familial Mediterranean fever, followed
by RT-PCR and RACE-based strategies with RNA from human tissues (Pei, 1999;
Velasco et al., 2000).

Extensive genomic searching of the public and private versions of the human
genome sequence has failed to reveal the presence of additional MT-MMPs,
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strongly suggesting that this subfamily of membrane-bound MMPs is just com-
posed of six members. Nevertheless, it is remarkable that other MMPs unrelated to
MT-MMPs can be also anchored to the cell surface. This is the case of CA-MMP
(MMP-23), a type II transmembrane protease with an N-terminal signal anchor
peptide, rather than the cleavable signal sequence present in all other MMPs both
secreted and membrane-bound (Pei ez al., 2000). Finally, MMP family members
lacking transmembrane domains, such as MMP-2 and MMP-9, may be also lo-
calized at the cell surface through the interaction with membrane proteins such as
integrin oy B3 and CD44 that act as docking receptors for these proteases (Brooks
et al., 1996; Yu and Stamenkovic, 2000) (see Chapter 2).

B. Expression of MT-MMP Genes in Tissues

The expression of MT-MMPs is differentially controlled at the transcriptional
level as evident from the tissue distribution of their mRNAs (Puente et al., 1996,
Shofuda et al., 1997; Takino et al., 1995a,b; Will and Hinzmann, 1995). In contrast
to most secreted members of the MMP family, the mRNAs for the six MT-MMPs
are detectable in the extracts of many tissues and varies considerably (Table I).
Northern blot analysis revealed MT1-MMP in adult human intestine, kidney, lung,
ovary, placenta, prostate, and spleen (Will and Hinzmann, 1995). MT2-MMP is
expressed in colon, heart, brain, intestines, pancreas, and testis, and less in the
lung, kidney, spleen, liver, and muscle (Seiki, 1999). MT3-MMP is expressed in
human placenta, ovary, brain, lung, and vascular smooth muscle cells (Shimada
et al., 1999). MT4-MMP is localized in brain, colon, ovary, testis, leukocytes, and
in a variety of transformed cell types (Grant et al., 1999; Puente et al., 1996).
MTS5-MMP is expressed in brain, kidney, lung, and pancreas (Llano et al., 1999;
Romanic et al., 2001). MT6-MMP is predominantly expressed in leukocytes, lung,
and spleen and in high levels in colon carcinoma cells and anaplastic brain cancer
cells, but not in normal colon or brain (Velasco et al., 2000). Pei has shown
that MT6-MMP appears to be a gene specifically expressed in neutrophils of the
peripheral blood leukocytes and has named it leukolysin (Pei, 1999). By cellular
fractionation, Pei’s group also demonstrated that leukolysin is targeted to gelatinase
granules (containing MMP-9), secretory vesicles and plasma membranes in resting
neutrophils (Kang ez al., 2001), suggesting that leukolysin may function to facilitate
the interactions between neutrophils and the endothelium, and the migration of
leukocytes through the basement membrane.

C. Structural Chemistry and Biochemistry

1. Unique Structural Features of MT-MMP Proteins

Clues about the functional role of specific domains of transmembrane MT-MMPs
have been deduced from structural analysis and mutagenesis studies. Structural
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comparisons among the six distinct MT-MMPs have revealed that they show a
significant percentage of overall amino acid sequence identities (about 40-50%)
and contain all protein domains characteristic of MMPs including signal pep-
tide, propeptide, catalytic domain with the zinc-binding site, hinge region, and
hemopexin domain (Fig. 1). However, MT-MMPs also contain unique structural
features that confer on them specific properties. Thus, they differ from the re-
maining MMP family members by the presence of a C-terminal extension rich in
hydrophobic residues and involved in the membrane attachment of these proteases.

On the basis of their method of attachment to the plasma membrane, MT-MMPs
may be classified into two groups: transmembrane-type and glycosylphosphatidyl-
inositol (GPI)-type. MT1-, MT2-, MT3-, and MT5-MMP are type I transmembrane
proteins with a short cytoplasmic tail involved in the regulation of intracellular
trafficking and activity of these proteases (Jiang et al., 2001; Lehti et al., 2000;
Uekita et al., 2001). By contrast, MT4- and MT6-MMP are not transmembrane
proteins and are bound to the cell surface by a GPI-mediated mechanism (Itoh
et al., 1999; Kojima et al., 2000). In these proteins, the C-terminal hydrophobic
domain is cleaved off in the ER lumen, and the resulting ectodomain is transferred
to the GPI moiety. Consequently, the mature GPI-anchored MT4- and MT6-MMP
lack transmembrane and intracellular domains (Fig. 1). MT4-MMP has the least
degree of sequence identity to the other family members (Pei, 1999). Another
distinction is that MT4-MMP is most potently inhibited by TIMP-1 rather than
TIMP-2 or TIMP-3, like the proMMP-2 activating MT-MMPs.

a. Propeptide Domain of MT-MMPs. The propeptide domain of MT-MMPs
has some characteristic features when compared with the equivalent region of
other MMPs. It has been described that this domain functions in MT-MMPs as
an intramolecular chaperone involved in trafficking these proteases to the cell
surface, and in maintaining them in proper conformation for full enzymatic ac-
tivity (Cao et al., 2000). Recent structure—function relationship studies of the
MT-MMP prodomains have revealed the presence of a conserved tetrapeptide
sequence (Tyr*?-Gly*3-Tyr**-Leu®) within this region that is critical for the in-
tramolecular chaperone function of the prodomain from these membrane pro-
teases (Pavlaki et al, 2002). Furthermore, mutations in this conserved region
have been shown to be detrimental for MT1-MMP function in terms of activation
of proMMP-2, binding of TIMP-2 to the cell surface, cell migration, and sub-
strate degradation. Therefore, this four-residue amino acid sequence characteristic
of MT-MMP propeptides contains important information for both the folding of
these proteases and the intramolecular chaperone activity of this domain (Pavlaki
et al., 2002). MMP-28 also has this conserved tetrapeptide sequence within the
propeptide domain (Lohi et al., 2001). In a similar vein, the propeptide domain
of other mammalian membrane-bound proteases, including ADAM-10 (Anders
et al., 2001) and B-secretase (Shi et al., 2001), have been demonstrated to facili-
tate proper folding of their active protease domains and may serve as chaperones
that thwart aggregation of unfolded protein.
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All six MT-MMP family members have a furin recognition motif inserted be-
tween the propeptide and the catalytic domain containing the basic sequence motif
Arg'®-Arg!®_Lys'%-Arg!!! In many types of cells (Pei and Weiss, 1996) this se-
quence is recognized and cleaved by at least four members of the proprotein con-
vertase family (paired basic amino acid cleaving enzymes/Kex-like proteinases)
including furin, PACE-4, PC6, and PC7. Cleavage of the propeptide of MT-MMP
in the trans Golgi network between the Arg!'!-Tyr!'? bond releases the propeptide
from the catalytic domain (Rozanov et al., 2001; Yana and Weiss, 2000). These pro-
protein convertases are calcium-dependent transmembrane serine proteases of the
subtilisin family and are prominently displayed in the trans Golgi network (Steiner,
1998). It has been speculated that the effect of actin binding-protein 280 in teth-
ering of furin at the plasma membrane may serve to concentrate the furin protein
for efficient MT1-MMP processing (Ellerbroek and Stack, 1999). Secreted forms
of MT1-MMP transmembrane deletion mutants are also efficiently processed im-
mediately downstream of the RRKR motif by a furin-dependent pathway (Pei and
Weiss, 1996; Sato et al., 1994, 1996). Whereas both furin and MT3-MMP are
colocalized in the trans Golgi network, neither furin activity nor its recognition
site in MT3-MMP is required for the observed colocalization (Kang et al., 2002).

The occurrence of furin-independent alternative pathways of MT-MMP acti-
vation has been well documented in certain types of cells (Cao et al., 1996; Li
et al., 1998; Rozanov et al., 2001; Sato et al., 1999). These alternative pathways
include possible conformational effects induced by the plasma membrane local-
ization of proMT1-MMP, autoproteolysis, or activation through the action of non-
furin proprotein convertases (Yana and Weiss, 2000) and other proteases located
at the plasma membrane. Co-transfection of mutant o |-protease inhibitors cDNA
[or1-Pittsburgh (Cao et al.,, 1996) and «; anti-trypsin Portland (Yana and Weiss,
2000)], which are known to inhibit furin/PC, with MT1-MMP cDNA into COS-1
cells resulted in loss of function of MT 1-MMP in some cell types, but not others. An
alternative overlapping “triplet” of minimal proprotein convertase recognition mo-
tifs is embedded in the 3 KAMRRPR peptide as 30 KXXR, 8RXXR, or *RR and
represents a second site for furin cleavage (Yana and Weiss, 2000). MT3-MMP
and MT5-MMP have been shown to be processed in stably transfected MDCK
cells via a proprotein convertase (PC) pathway (Kang et al., 2002; Wang and Pei,
2001), further illustrating the generality of the PC-based intracellular activation
mechanism proposed for MMP-11 (Pei and Weiss, 1995).

Furin/PACE cleave a wide range of precursor proteins at the consensus amino
acid sequence RxK/RR (Cao et al., 1996; Knauper and Murphy, 1999). Furins are
routed through multiple cellular compartments and can be active at diverse pro-
cessing sites including the trans Golgi network, cell surface, and early endosomes.
MMP-11, MMP-23, and MMP-28 also contain a furin/PACE recognition domain
in their propeptides (Lohi et al., 2001; Velasco et al., 1999) and are activated
by this mechanism (Pei et al., 2000). It has been proposed that the kinase and
phosphatase-dependent subcellular localization of furin and the tethering of furin
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to the plasma membrane by actin binding protein 280 may be regulatory factors
in proMT-MMP activation (Ellerbroek and Stack, 1999).

Plasmin has been reported to be able to activate proMT1-MMP by cleaving
the molecule downstream of the furin consensus sequence; this effect was pro-
posed to occur extracellularly after trafficking of latent enzyme to the cell surface
(Okomura et al., 1997). Although MT3-MMP containing an alternative spliced
mRNA has been identified, the physiologic importance of soluble MT-MMPs is
uncertain.

b. Catalytic Domain of MT-MMPs. The group of transmembrane MT-
MMPs present a characteristic 8-amino acid insertion between strands By and Sy in
the catalytic domain. In MT1-MMP this consists of the residues '* PYAPIREG'™.
The function of this insertion, called the MT-loop (Fernandez-Catalan et al., 1998),
is not entirely clear. Inspection of the 3D structure of the complex between the
catalytic domain of MT1-MMP and TIMP-2 shows that the MT-loop generates
a pocket in the MMP catalytic domain fold that interacts with the AB-loop of
TIMP-2 (Fernandez-Catalan et al., 1998). Interestingly, studies with the MT-loop
of MT1-MMP have revealed that neither mutation nor deletion of this region sig-
nificantly impaired the catalytic activity of this enzyme toward synthetic peptides
or fibrinogen (English ez al., 2001a). Therefore, these residues appear to have little
influence on the conformation of the active-site cleft of these proteinases. Likewise,
none of the MT1-MMP mutants in the MT-loop showed significant differences in
K;?PP for the N-terminal inhibitory domain of TIMP-2, indicating that the net effect
on affinity of the MT1-MMP:TIMP-2 complex is not influenced by this 8-residue
loop (English et al., 2001a). By contrast, analysis of the kinetics of activation of
proMMP-2 by the MT-loop mutants showed a significant impairment in proMMP-2
processing when compared with wild-type MT1-MMP. Therefore, it is likely that
the MT-loop of transmembrane MT-MMPs represents a structural adaptation of
the MMP catalytic domain that facilitates the efficient activation of proMMP-2
(English et al., 2001a). Consistent with this, MT4-MMP and MT6-MMP, the two
MT-MMP family members lacking the MT-loop, have been shown to be either
unable to activate, or very inefficient at activating, proMMP-2 (English et al.,
2001b). Finally, and also in agreement with these studies on MT1-MMP, stud-
ies with human and mouse MT2-MMP have revealed marked differences in the
proMMP-2 activating properties of these orthologous enzymes, which have been
ascribed to variations in the structure of their respective MT-loops (Miyamori et al.,
2000a). Thus, human MT2-MMP is somewhat defective in cell-mediated activa-
tion of proMMP-2, whereas mouse MT2-MMP is very efficient in this activity.
Comparison of the amino acid sequence of their MT-loops revealed the presence of
some residues (Pro'®* and Glu'®®) in the human enzyme that appeared to hamper
its proMMP-2 activating function. Replacement of these residues by the equivalent
ones of the mouse MT2-MMP (Ser!®3 and Asp'®®) led to the recovery of efficient
activation of proMMP-2.
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c. Hinge Domain of MT-MMPs. Similar to other MMPs, the MT-MMPs
have a flexible hinge region linking the catalytic and hemopexin domains. The
hinge domains in MT-MMPs are longer and more variable in length (34—65 amino
acid residues) than in soluble MMPs; it is not clear whether this sequence motif is
important for mediating substrate specificity as has been demonstrated for colla-
genases (Knauper and Murphy, 1999).

d. Hemopexin Domain of MT-MMPs. The hemopexin-like region shows
all the characteristics previously demonstrated for secreted MMPs, including con-
servation of the two cysteine residues that form a disulfide bond. The MT-MMPs
contain an additional insertion at the end of the hemopexin domain just preceding
the transmembrane domain. Ohuchi et al. (1997) suggested that the 27 amino acid
segment in the C-terminus of the hemopexin domain of MT1-MMP (amino acids
509-535) is essential for collagenolytic activity probably because that sequence
is necessary for intact conformation of the hemopexin domain. The role of the
hemopexin domain in oligomerization of MT-MMPs will be discussed later in this
chapter.

e. Transmembrane Domain of MT1-MMP. After the hemopexin repeats
that usually mark the end of the protein in most MMPs, all MT-MMPs contain a
COOH-terminal hydrophobic extension rich in hydrophobic residues and involved
in the attachment of these proteases to the cell surface (Cao et al., 1995). There
are clear differences in the structure of this region in the different MT-MMPs.
Thus, MT1-, MT2-, MT-3, and MTS5-MMP contain a long stretch of hydrophobic
residues that is predicted to act as a transmembrane anchor in all of them. This
sequence is followed by a cytoplasmic tail. By contrast, MT4- and MT6-MMP
contain a shorter hydrophobic domain that is not capable of acting as a permanent
anchoring sequence to the plasma membrane. This sequence is not followed by a
cytoplasmic tail as is the case of bona fide type I transmembrane proteins. Itoh et al.
(1999) and Kojima et al. (2000) have demonstrated that the hydrophobic sequence
of MT4- and MT6-MMP is only mediating attachment of these proteases to the
membrane via GPI-based mechanisms.

f. Cytoplasmic Domain of MT-MMPs. Finally, the subgroup of transmem-
brane MT-MMPs has a cytoplasmic tail whose functional importance in different
contexts has been addressed by a number of independent studies. The first experi-
ments directed to analyze the role of the MT-MMP cytoplasmic tail in the function
of these proteases were performed by Nakahara er al. (1998). By using deletion
mutants, they demonstrated that MT1-MMP requires its cytoplasmic domain to
localize to the invadopodia of tumor cells, a protruding membrane structure asso-
ciated with invasive cancer cells (Nakahara et al., 1998). Subsequently, Lehti ez al.
(2000) reported that a truncation of 10 amino acids, but not the 6 terminal amino
acid residues in the MT1-MMP cytoplasmic tail, decreased the invasive activity of
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human melanoma cells, supporting a role for this MT-MMP domain in cell inva-
sion. Urefia et al. (1999) and Nakahara et al. (1998) reported that the cytoplasmic
tail is critically involved in trafficking of MT1-MMP to discrete regions of the
cell surface and in communicating with putative intracellular components. In con-
trast, Hotary et al. (2000) observed that truncation of the MT1-MMP cytoplasmic
tail did not affect the invasive phenotype of a cell line in a fibrin matrix. Hotary
et al. concluded that either surface localization signals are no longer required when
MTI1-MMP is overexpressed or critical targeting information is encoded within
the extracellular domain itself (Hotary et al., 2002). A single point mutation in
a cysteine residue in the C-terminal domain of MT1-MMP has been reported to
interfere with cell migration and invasion, possible by abolishing formation of
MT1-MMP dimers (Rozanov et al., 2001). However, other studies disputed this
observation (Gingras et al., 2001). Rozanov et al. (2001) concluded that the cyto-
plasmic tail is not required for locomotion of extremely migratory tumor cells and
proposed that there may be two distinct mechanisms that affect cell locomotion:
(1) the proteolytic activity of MT1-MMP facilitates cell motility, and (2) the cyto-
plasmic tail of MT1-MMP communicates with putative intracellular components
leading to proteolytic-independent motility.

It has been reported that the cytoplasmic domain of MT1-MMP is essential for
regulating the activity of this enzyme through a dynamin-mediated process of in-
ternalization in clathrin-coated vesicles (Jiang ef al., 2001). Based on proMMP-2
activation, endocytosis downregulates MT1-MMP activity at the cell surface (Jiang
et al., 2001) (Fig. 3, see color insert). These studies have been extended with the
finding that the cytoplasmic tail-dependent internalization of MT1-MMP is impor-
tant for its invasion-promoting activity (Uekita et al., 2001). Nakahara et al. (1998)
and Urefia et al. (1999) have demonstrated that this region is critically involved in
trafficking of MT-MMP to discrete regions of the cell surface. Further analysis of
the putative internalization signals present in the cytoplasmic tail has shown that
di-leucine and tyrosine residues from this region are essential for the MT1-MMP
internalization process. Using the yeast two hybrid system to detect associated
intracellular proteins, Uekita et al. demonstrated that the cytoplasmic domain of
MT1-MMP (LLY>7?) was a binding site for a component of clathrin-coated pits,
the u, subunit of the adapter protein 2 (AP-2). Uekita et al. (2001) suggested that
turnover of MT1-MMP at the adherent edge of the cell is an important step in
regulating the enzyme during cell migration and invasion. Some of these sequence
motifs are present in MT2- and MT3-MMP and are also effectively internalized
from the cell surface, but are absent in MT5-MMP that is internalized less ef-
ficiently. Likewise, the GPI-anchored MT-MMPs (MT4-MMP and MT6-MMP),
lacking a cytoplasmic tail, are not internalized efficiently (Uekita et al., 2001).

The cytoplasmic tail of MT1-MMP also appears to mediate specific interac-
tions with intracellular proteins. Peptides derived from the cytoplasmic domain
are capable of binding specifically to the p32/gC1q-R multifunctional (comple-
ment receptor); this interaction is proposed to result in directional trafficking of
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MT1-MMP from the Golgi network to the plasma membrane (Rozanov et al.,
2001). Likewise, the cytoplasmic tail of MT1-MMP also appears to bind the Golgi
protein p5S9/GRASPSS5, and this association may be important in the intracellu-
lar trafficking of the proteinase (Kuo et al, 2000). It has been pointed out that
the cytoplasmic tail of MT1-MMP contains potential phosphorylation sites that
could be involved in the recruitment of intracellular proteins that drive the specific
localization of MT1-MMP (Ellerbroek and Stack, 1999).

Homophilic complex formation of MT1-MMP on the cell surface has been
demonstrated; this mechanism fits the requirement for two adjacent MT1-MMP
molecules cooperating to cleave one proMMP-2 molecule. A cysteine residue
(Cys™ ™) present in the cytoplasmic tail of MT1-MMP is apparently involved in an
intermolecular disulfide bond linking monomers of this proteinase and generating
stable covalent dimers of MT1-MMP on the cell surface (Kazes et al., 2000;
Rozanov et al., 2001). In contrast, Itoh et al. (2001) proposed that the hemopexin-
like domain of MT1-MMP is responsible for homophilic complex formation. Lehti
et al. (2002) concluded that both the hemopexin-like and cytoplasmic domains
of MT1-MMP are involved in formation of enzyme oligomers that function in
intermolecular proteolytic events at the cell surface. The MT1-MMP fragment
remaining on the cell surface after cleavage and deletion of the catalytic domain
acts as an inhibitor of native MT1-MMP function on the cell surface by interfering
with the oligomerization of wild-type MT1-MMP molecules (Lehti er al., 2002).
Overall et al. (2000), however, were unable to demonstrate homodimer formation
of MT1-MMP C-terminal hemopexin domains.

Since MT1-MMP has been reported to be localized to lamellipodia structures,
and a GTP-bound form of Racl stimulates the generation of lamellipodia in cells,
the interaction between these molecules has been examined. The results suggest
that the expression of RaclDA generates ruffling membrane and forces MT1-
MMP to localize at this site, thereby promoting homophilic complex formation
and activation of proMMP-2 (Itoh et al., 2001).

2. Crystal Structure of the MT1-MMP:TIMP-2 Complex

Fernandez-Catalan et al. (1998) have solved the 2.75-A crystal structure of the
complex between the catalytic domain of human MT1-MMP and bovine TIMP-2.
Apart from exhibiting the classical MMP fold observed between TIMP-1 and solu-
ble MMPs (Gomis-Ruth ez al., 1997), the catalytic domain of MT1-MMP displayed
two large insertions remote from the active-site cleft that might be important for
interactions with macromolecular substrates. The TIMP-2 proteolytic chain folds
into a continuous wedge; the AB edge loop is much more elongated and tilted,
wrapping around the S-loop and B-sheet rim of the MT1-MMP molecule. The
C-terminal edge of TIMP-2 also makes many interactions with MT1-MMP. The
substrate binding region of MT1-MMP looks similar to that of classical MMPs.
Its voluminous S1’ pocket is much larger than that needed for accommodation of
a P1’ Ile/Leu side chain as in MMP-3 which is in agreement with the observed
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cleavage preference of MT1-MMP for peptide substrates with long bulky P1’-
analogs (Fernandez-Catalan et al., 1998; Mucha et al., 1998). Figure 4 (see color
insert) displays a stereo view of the ribbon representation of the three dimensional
X-ray structure of the catalytic domain of MT1-MMP. A computational model
displaying different domains of MT1-MMP is displayed in Fig. 5 (see color in-
sert). To date, information on the 3D structure of other members of the MT-MMP
subfamily of MMPs has not been reported.

D. Evolutionary Analysis of MT-MMPs in the Context
of the MMP Family

As discussed in the previous section, MT-MMPs exhibit many structural peculiar-
ities when compared with the remaining MMP family members. Therefore, it is
likely that these membrane proteinases diverged early in the evolutionary history
of MMPs. In fact, dendrogram analysis of MMPs shows that MT-MMPs form a
distinct evolutionary branch in the MMP phylogenetic tree (Fig. 6). This proposal
on the early evolutionary divergence of MT-MMPs from MMPs is also supported
by a number of observations derived from analysis of the structure, exon—intron
organization, and chromosomal localization of these genes. In relation to the first
aspect, it is widely accepted that all MMPs have been generated by several du-
plications of an ancestor gene. The presence of additional domains in MT-MMPs
could be explained by an exon shuffling process as in the case of the MMP-2 and
MMP-9 genes, where the novel domains are added by modular assembly of new
exons (Huhtala et al., 1990, 1991). However, gene structure analysis of MT-MMPs
has revealed that the new domains characteristic of these membrane proteinases
have not been added through this mechanism (Apte et al., 1997; Lohi et al., 2000;
Velasco and Lopez-Otin, unpublished data). Thus, the transmembrane and cyto-
plasmic domains of MT1-, MT2-, MT3-, and MT5-MMP are encoded in the same
large exon that codes for the last hemopexin repeat of these enzymes. Likewise,
the hydrophobic regions of the GPI-anchored MT-MMPs are also incorporated in
the same exon coding for the fourth hemopexin repeat of MT4- and MT6-MMP.
A more detailed analysis of the gene structure of MT-MMPs indicates that in
addition to conserved exon—intron boundaries shared with MMPs, there are also
some splicing sites specific for MT-MMPs. For example, in all of these genes an
additional intron divides the prodomain coding exon in two parts. Furthermore, the
fourth exon of MT1-MMP is very long and contains sequences usually encoded
in two separate exons in other MMP genes.

The promoter regions of the diverse MT-MMP genes also have distinctive struc-
tural and functional features compared with other MMP genes, including the ab-
sence of the TATA box sequence and AP-1 binding site present in the proximal
promoter of most MMPs (Lohi ef al., 2000; Pendés et al., 1997). Finally, chromo-
somal localization studies have shown that these membrane-bound enzymes are
encoded by genes widely dispersed in the human genome (Table I), and therefore,
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they are not part of the MMP gene cluster on chromosome 1122 that contains
at least eight members of this gene family (Pendas er al., 1995). These data,
together with the previously indicated differences in gene structure and organi-
zation, strongly support the proposal that MT-MMPs have undergone an early
evolutionary divergence from the other MMPs.

An additional view of the evolutionary history of MT-MMPs can be obtained
from the analysis of the presence of these membrane-anchored proteases in diverse
organisms. In this regard, it is remarkable that orthologous enzymes for all six hu-
man MT-MMPs have been found in mouse (English ez al., 2000; Okada et al., 1995;
Pei, 1999; Tanaka et al., 1997a; Velasco and Lopez-Otin, unpublished results). This
finding is interesting in light of studies showing that some MMPs have evolved
somewhat differently in mice and humans (Balbin ef al., 2001). MT-MMPs have
been also identified in many other mammalian species, as well as in birds and in
fish (Kimura et al., 2001; Yang et al., 1996). However, in addition to these studies
on vertebrate MMPs, the identification of putative MT-MMPs in more distantly
related organisms in the phylogenetic tree, such as invertebrates and plants, should
be very interesting and should aid in reconstructing the evolution of these enzymes.
These studies would allow us to look for those functions that have been acquired
or those that have been lost in the different organisms as well as to compare those
MT-MMP functions which can be common in our heritage. The recent availabil-
ity of the complete genome sequence of several eukaryotic organisms including
Caenorhabditis elegans, Drosophila melanogaster, and Arabidopsis thaliana can
be very useful in such studies. All these model organisms contain several MMPs
in their genome structures, and although the presence of MT-MMP family mem-
bers has not been formally demonstrated yet, our recent analysis of the MMPs
identified in these organisms strongly suggests that MT-MMPs are present in both
invertebrates and plants. This is the case with Caenorhabditis elegans, an ex-
tremely useful model organism because of its short life cycle, small genome, and
ease of manipulation. In fact, because of its transparency all cells can be seen
and followed during development, and a continuously growing number of mutant
strains incorporating diverse phenotypes are being developed. Our analysis of the
genome of this nematode has shown the presence of at least seven MMP-related
sequences, including the three family members described by Wada et al. (1998).
One of these sequences, called Y19-MMP, is likely a GPI-type MT-MMP because
of the hydrophobicity pattern of the amino acid sequence of its C-terminal end.
However, despite extensive searches, no transmembrane-type MT-MMP encod-
ing genes were identified in the genome of this nematode. A similar situation
can be found in the case of Drosophila melanogaster, a model organism that has
been essential for the study of developmental biology. The fly MMP system is
extremely simple. We have identified and characterized two Drosophila MMPs,
DmI1-MMP and Dm2-MMP (Llano et al., 2000, 2002, and unpublished data). Both
enzymes have a domain organization identical to archetypal vertebrate MMPs in-
cluding signal sequence, prodomain, catalytic domain, and hemopexin repeats.
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Interestingly, both Drosophila MMPs contain a C-terminal extension that in the
case of Dm2-MMP is predicted to act as a GPI-anchoring sequence. It is also
remarkable that both Dm2-MMP and Y19-MMP contain a furin-activation se-
quence, another structural feature of MT-MMPs. Based on these observations, we
can conclude that MT-MMPs are also present in invertebrates and their study can
illuminate novel functions of human MT-MMPs. In addition, and because the only
MT-MMPs found to date in invertebrates belong to the GPI-type, it is tempting to
speculate that these enzymes may be ancestors of transmembrane-type MT-MMPs
during evolution (Kojima et al., 2000).

Nevertheless, the description of the complete genome sequence of Arabidopsis
thaliana and the finding of MMPs in this organism (Maidment et al., 1999) allow
us to perform a comparative analysis of this proteolytic system across the plant
and animal kingdoms. Despite the long independent evolution of these organisms
from a common unicellular ancestor that they shared 1.6 billion years ago, at least
five MMPs can be recognized in Arabidopsis. All show a simple domain structure
lacking the C-terminal hemopexin domain, but four of them show a C-terminal
hydrophobic region predicted to act as a transmembrane domain or to mediate
GPI-based modifications. Therefore, it seems likely that these enzymes are an-
chored to the cell membrane. MMPs have been also found in other plant species,
such as soybean and cucumber, but none of them appear to belong to the MT-MMP
subfamily.

In summary, we can conclude that comparative studies of MMPs in vertebrates,
invertebrates, and plants have revealed the presence of membrane-bound proteases
belonging to this family in all of them. So, it is likely that there are some universal
proteolytic functions in all these organisms which must be performed at the cell
surface through the action of similar enzymes. The invertebrate MT-MMPs are
closely related to vertebrate GPI-type MT-MMPs, whereas membrane-anchored
MMPs from plants are only distantly related to MT-MMPs. However, it is also
evident from these comparative studies that there is a strikingly increased com-
plexity of the MT-MMP system in vertebrates, both in the number of proteins
belonging to the family and in the domain structure and anchoring systems used
by these enzymes for membrane binding. Presumably, this increased complexity
of MT-MMPs in vertebrates is necessary to deal with a series of vertebrate inno-
vations including those derived from the occurrence of more complex cell—cell
and cell-matrix interactions in vertebrates, or from the prominent development
of complex immunological, neural, and vascular systems in these organisms. In
agreement with this possibility, some MT-MMPs have been reported to play impor-
tant roles in the modulation of neovascularization processes (Hiraoka et al., 1998;
Zhou et al., 2000). Functional analysis of the MT-MMP system in both human
tissues and animal models, as described for MT1-MMP (Zhou et al., 2000), will
be essential for further clarifying the roles of the diverse MT-MMPs in multiple
physiological processes, as well as to elucidate the basis of their altered expression
and function in diseases such as cancer and arthritis.
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E. Human Chromosomal Localization of MT-MMPs

The MT1-MMP gene is located on chromosome 14q11-q12; the T-cell receptor-
o locus is located in the same region (Mignon et al., 1995). The gene of MT2-MMP
is localized to chromosome 16q13; MT3-MMP is localized to 8q21; MT4-MMP is
localized to 12q24; MTS-MMP is localized to 20q11.2; MT6-MMP is localized to
16p13.3 (Llano et al., 1999; Mattei et al., 1997; Puente et al., 1998; Velasco et al.,
2000). Other MMP genes have been mapped to chromosome 11 (MMP-1, MMP-3,
MMP-7, MMP-8, MMP-10, MMP-12, MMP-13, MMP-20), chromosome 16
(MMP-2, MMP-9), and chromosome 22 (MMP-11). The diverse localization of
MT-MMPs further supports the notion that they may have diverged early in the
evolutionary process.

F. Transcriptional Regulation of MT-MMPs

Induction and regulation of the expression of MT1-MMP by growth factors and
cytokines has been reported (Foda et al., 1996; Lohi et al., 1996; Yang et al., 1996);
these include IL18, EGF, TNF«, bFGF, GM-CSF (Tomita et al., 2000), scatter
factor/hepatocyte growth factor (SF/HGF) (Hamasuna et al., 1999; Kadono et al.,
1998; Wang and Keiser, 2000), and TGF-8. TNF-«, IL-1cr, and IL-18 cause a
time dependent increase in the steady-state MT1-MMP mRNA level within 4 h
of exposure; levels remain elevated for 12 h in endothelial cells (Rajavashisth,
et al., 1999). The TNF-« effect on MT1-MMP only occurred when fibroblasts
were embedded in type I collagen, indicating that the interaction between matrix
and cytokine signals is required in a tissue environment (Han ef al., 2000). Some
of these factors also function as mitogens, morphogens, and migration factors
for a variety of cell types. Rapid tyrosine phosphorylation of c-met, the SF/HGF
receptor, and MAPK/Erk serve as components of the signal transduction response
to SF/HGF (Murakami et al., 1999; Wang and Keiser, 2000). Recruitment and
activation of PI-3 kinase and STAT pathways have also been implicated in the
SF/HGF effect (Kadono et al., 1998). A reduction in TIMP-2 production occurred
as well (Hamasuna et al., 1999).

Whereas all-trans retinoic acid is inhibitory for the expression of most MMPs,
MMP-13, MT1-MMP and other MMPs involved in bone formation are induced
by retinoic acid and its derivatives. The production of these MMPs is concomitant
with the development of a retinoic acid-induced osteogenic differentiation program
mediated by Cbfal, a transcriptional factor of the runt gene family, which requires
the participation of a signaling pathway involving the activity of p38 MAPK.
Putative Cbfal elements in the MT1-MMP promoter were also observed (Jimenez
et al., 2001).

Knowledge of the regulatory elements of the MT-MMP promoter sequences is
limited (Knauper and Murphy, 1999). Haas et al. (1999) have characterized the
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murine MT1-MMP promoter gene in which there are consensus binding sites for
transcriptional factors including Spl, Egr-1, AP-4, NF-kB, and c-ETS1, but not
AP-1, AP-2, and stress response elements such as HSE. Analysis of the 5'upstream
region of the MT1-MMP gene revealed that it lacks the typical TATA box and tran-
scriptional factor binding sites that represent the target of cytokines and growth
factors; in contrast, most other MMP genes contain these elements and are reg-
ulated strongly by AP-1, AP-2, and TGF-« responses. Increased binding of the
transcription factor Egr-1 to the MT1-MMP promoter displaces Sp1 from this site,
resulting in induction of MT1-MMP and initiating the invasive phenotype of en-
dothelial cells in response to the ECM environment (3D collagen) (Haas et al.,
1999) (see Chapter 13 for additional details). ProMMP-2 and TIMP-2 genes also
lack a TATA box immediately 5'upstream of their gene (Seiki, 1999). It has been
proposed that activation of NF-kB is essential to induce MT1-MMP expression
in fibroblasts after TNF-« exposure (Han et al., 2000). A potential p65 NF-kB
binding site in the 5’-flanking region of the human and mouse MT1-MMP gene
has been identified (Haas and Madri, 1999; Han et al., 2000). In contrast to this in-
formation on the mechanisms controlling MT1-MMP expression, no information
regarding the regulation of expression of the remaining MT-MMP family members
has yet been published.

G. Other Regulatory Mechanisms Controlling MT-MMPs

1. Identification of Genes Capable of Regulating MT1-MMP Function

Miyamori et al. (2001) used an expression cloning strategy to screen for genes
that modulate the activation of proMMP-2 by MT1-MMP. Expression of claudin-5
(also claudin-1, -2, -3), an endothelial specific tight junction protein, was identified
which replaced TIMP-2 for mediating proMMP-2 activation by all MT-MMPs, in-
cluding mutants lacking the transmembrane domain. Direct interaction of claudin-1
with MT1-MMP and MT2-MMP was demonstrated and required that the ectod-
omain of claudin interact presumably with the catalytic domain of these MT-MMPs.
It was suggested that claudin recruits all MT-MMPs and proMMP-2 on the cell
surface to achieve elevated focal concentrations, and consequently enhanced acti-
vation of proMMP-2.

Nakada et al. (2001) screened a human fetal kidney library for genes that regulate
MT1-MMP function. They demonstrated that proMMP-2 activation by MT1-MMP
or MT3-MMP was inhibited by cotransfection of a cDNA derived from alternative
splicing of the testican 3 gene that encodes the N-terminal 313 amino acid of a cal-
cium binding proteoglycan with a three amino acid substitution at the C-terminal
domain (designated N-testican). Expression of N-testican and testican 3 was de-
tected in normal brain, but was downregulated in brain cancer. These observations,
supported by cell transfection experiments, suggest that N-testican and testican 3
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interfere with tumor invasion by inhibiting the function of MT-MMPs (Nakada
et al., 2001); the mechanism of inhibition remains to be determined.

2. Shedding/Release of MT-MMP from Cells

Proteolytic ectodomain processing of MT-MMP on the cell surface represents an
important mechanism for regulating enzyme activity. Active MT1-MMP under-
goes autocatalytic processing on the cell surface leading to the formation of an
inactive 43/45 kDa fragment remaining on the cell surface and the release of solu-
ble catalytic domain fragments; both autocatalytic (18 kDa) and nonautocatalytic
(56, 50, 31-35 kDa) fragments have been identified. The shedding of the major
18 kDa fragment is initiated by cleavage at the G284-G285 site followed by cleav-
age between the conserved A255 and 1256 residues near the conserved methionine
turn, a structural feature of the catalytic domain of all MMPs. Thus, autocatalytic
shedding evolves a mechanism to terminate MT-MMP activity on the cell surface,
by disrupting enzyme integrity at a vital structural site (Toth et al., 2002).

MTS5-MMP tends to shed from the cell surface as a soluble enzyme (Pei, 1999;
Wang and Pei, 2001). The shedding mechanism is evidently not mediated by the
TACE or TACE-related ADAMs since the synthetic inhibitor of TACE, BB-94,
failed to block the shedding process (Wang and Pei, 2001). Instead, a furin-type
convertase is apparently involved in the shedding process through a cryptic furin
recognition motif between the hemopexin domain and the transmembrane domain
(Pei, 1999; Wang and Pei, 2001). This shedding mechanism appears to be unique
to MT5-MMP since other MMPs lack such a cryptic furin motif in the analogous
positions.

Rapid shedding of membrane vesicles containing proMT1-MMP and active and
proMMP-2/MMP-9 from endothelial cells has been described. Serum and angio-
genic factors (VEGF, FGF-2) stimulate shedding of MMPs as vesicle components.
Addition of vesicles to endothelial cells resulted in autocrine stimulation of cell
invasion through a reconstituted basement membrane (Tarboletti et al., 2002).

Homology screening for human MT-MMPs has resulted in the identification of
a minor cDNA encoding a soluble type of MT3-MMP lacking the transmembrane
domain which is considered to be an alternatively spliced variant of MT3-MMP
(Shofudaet al., 1997). Soluble MT3-MMP has the same proteolytic effect on extra-
cellular matrix substrates and proMMP-2 as native MT3-MMP and is more readily
inhibited by TIMP-2 than TIMP-1; a physiologic role for the soluble enzyme was
proposed (Matsumoto et al., 1997).

3. Soluble Posttranscriptional Regulators of MT-MMPs

The role of growth factors and cytokines in transcriptional regulation of MT-
MMPs has been described above. Zucker et al. (1995) and other investigators
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demonstrated that physiologic concentrations of thrombin activate proMMP-2 se-
creted by endothelial cells and smooth muscle cells; minimal activation occurred
in the absence of cells. This effect requires the proteolytic site of thrombin, was
inhibited by TIMP-2 (Zucker et al., 1995), and involved thrombin induction of
cellular expression of MT1-MMP (Lafleur et al., 2001b). Pro-MMP-2 activation
was not mediated by the classical thrombin receptors, PAR-1, PAR-2, or PAR-4
(Galis et al., 1997; Zucker et al., 1995) (refer to Chapter 11 by Bahou for fur-
ther details of PAR mechanisms). Thrombin induction of synthesis of MMP-1 and
MMP-3 was, however, mediated by the thrombin receptor PAR-1 (Duhamel-Clerin
etal., 1997). Coculture of smooth muscle cells and pericytes with endothelial cells
results in suppression of endothelial cell activation of proMMP-2, presumably as a
result of increased production of TIMP-2 and TIMP-3 by perivascular cells (Lafleur
et al., 2001a). These authors have also reported that the 63 kDa thrombin-activated
MMP-2 is distinct from the 62 kDa species found following standard proMMP-2
activation protocols. Activation occurs in a two-step procedure with MT-MMP
making the first cleavage in proMMP-2 to yield a 64 kDa intermediate followed
by a second unique thrombin cleavage (Lafleur et al., 2001b). Vascular endothe-
lial growth factor (VEGF) affects the thrombin-MMP mechanism in endothelial
cells by induction of tissue factor. Incubation of VEGF-treated endothelial cells
in the presence of coagulation factors VIla, Va, prothrombin, and lipids resulted
in the generation of thrombin and subsequent activation of endothelial secreted
proMMP-2 (Zucker et al., 1998b).

The importance of thrombin enhancement of MMP function in tumor angiogen-
esis has been emphasized (Chiarugi et al., 2000). Nguyen et al. (2000) proposed
an interesting hypothesis wherein thrombin activation of proMMP-2 caused short-
lived disruption of existing capillary beds, thus allowing endothelial cells to make
contact with type I collagen, which then produced upregulation of MT1-MMP ex-
pression followed by proMMP-2 activation. Activated protein C, a serine protease
that plays a physiologic role as an anticoagulant, has been reported to directly acti-
vate proMMP-2, even in the absence of cells (Nguyen et al., 2000). It was proposed
that thrombin-induced activation of proMMP-2 may be mediated in a three-step
mechanism involving (1) binding of thrombin to thrombomodulin on the endothe-
lial cell surface, (2) thrombin-induced activation of protein C, and (3) protein C
activation of proMMP-2.

4. Alternative Mechanisms Involved in MT-MMP
and MMP-2 Activation

Soluble latent MT1-MMP released by mesangial cells can be activated by uroki-
nase, but not tissue plasminogen activator, leading to the activation of proMMP-2.
In these experiments, the mechanism of shedding of MT1-MMP from the cell
surface was not identified (Kazes et al., 1998). It has also been reported that
neutrophil serine proteases, elastase, cathepsin G, and proteinase-3, acting in
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concert with MT1-MMP, are capable of activating proMMMP-2 (Shamamian
et al., 2000).

Heat shock-mediated transient increase in intracellular cyclic AMP has been
reported to result in tumor specific suppression of MT1-MMP production and
proMMP-2 activation (Sawaji et al., 2000).

H. Modulation of Functional Activities of MT-MMPs by Interaction
with Other Molecules

1. MT-MMP Interactions with ECM Proteins

Proteins of the extracellular matrix such as collagen (Azzam and Thompson, 1992;
Seltzer et al., 1994; Tomasek et al., 1997), laminin (Sang et al., 1991), fibronectin
(Stanton et al., 1998), tenascin (Jones and Jones, 2000), bone matrix proteins
such as osteopontin, bone sialoproteins (Gilles ef al., 2001; Teti et al., 1998), and
SPARC (Gilles et al., 1998) regulate a number of cellular mechanisms, including
cell adhesion, spreading, differentiation, migration, and apoptosis (Maquoi et al.,
2000b). Changes in the cell cytoskeleton affect MT-MMP synthesis. Certain cells
grown in an anchored three-dimensional (3D) collagen matrix produce low levels of
MT1-MMP; synthesis is upregulated when the collagen gel relaxes (Tomasek et al.,
1997). In contrast, endothelial cells produce MT1-MMP and activate proMMP-2
upon 3D culture in type I collagen; no effect was noted on relaxation of the collagen
gel (Haas et al., 1998). The degree of proMMP-2 activation has been related to
the level of cell surface MT1-MMP and fibrillar collagen deposition (Ruangpanit
et al., 2002); a residual MT1-MMP-independent action of proMMP-2 was also
noted, but the mechanism was unexplained (Ruangpanit et al., 2002). 2D type IV
collagen enhanced the activation of proMMP-2 when cells were plated on coated
plastic, but in contrast to 3D type I collagen, transcriptional modulation of MT1-
MMP, MMP-2, or TIMP-2 expression was not noted. In contrast to MT1-MMP,
MT3-MMP and MT4-MMP are not upregulated by type I collagen.

Plating cells on fibronectin leads to MT1-MMP activation in fibrosarcoma cells
without apparent change in MT1-MMP or TIMP-2 levels (Stanton et al., 1998;
Tomasek et al., 1997). Fibronectin was only effective when the cells were plated
onto a film, but not in solution. The 120 kDa binding fragment of fibronectin was
also an effective stimulus for proMMP-2 activation. An activating antibody to the
a5 integrin that recognizes this region of fibronectin and mimics ligand occupancy,
and an antibody to the 8, integrin cause integrin clustering also caused activation of
proMMP-2. The ligation of other integrins to other extracellular matrix components
may have comparable effects including o, and o3 in rhabdomyosarcoma cells, o
in dermal fibroblasts (Zigrino et al., 2001), a,B3 and o8 in melanoma cells, and
a3 and a5 in glioblastoma cells (Murphy et al., 2000). Calreticulin, a ubiquitously
expressed calcium binding intracellular protein, has been implicated in the signal
transduction pathway of proMMP-2 activation involving «3 integrin (Ito et al.,
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2001). It should be emphasized that a number of secreted MMPs have also been
associated with the consequences of signaling mediated by cell adhesion receptors.
Potential interactions with MT-MMPs remain to be explored.

2. Role of Integrins and Other Adhesion Molecules
in Function of MT-MMPs

Brooks et al. (1996) reported that intermediate-activated MMP-2 can further bind
to ayB3 integrin on the cell surface, thereby increasing the cell surface density
of MMP-2 and facilitating full autocatalytic maturation of MMP-2. Bafetti et al.
(1998), however, were unable to document direct binding of MMP-2 to o83
through an RGD-mediated integrin region. It has been proposed that cross-talk
between MT1-MMP and o83 integrin clustered in discrete regions on the cell
surface (invadopodia) enhances proMMP-2 activation at the cell surface and sub-
sequent directional migration of cells. The collaboration between MT1-MMP and
integrin «,f3 occurs only if the two molecules are in close proximity on the
same cell (Deryugina et al., 2001). MT1-MMP dependent functional activation
of a,B3 correlated with modification of the B3 subunit, resulting in a change in
electrophoretic mobility and antibody binding (Deryugina et al., 2000). Alterna-
tive processing of integrin «, subunit in transfected tumor cells by MT1-MMP
has been demonstrated (Ratnikov et al., 2002). It is to be noted that intracellular
o, subunit processing at different cleavage sites is generally considered to be a
function of furin. MT1-MMP specifically cleaves pro-a,, generating a 115 kDa
heavy chain with a truncated C-terminus and a 25 kDa light chain; MT1-MMP
also cleaves a3 and a5 integrin chains, but not «,. Cleavage specificity is largely
defined by the presence of a hydrophobic residue at the P’ position. Ratnikov ez al.
(2002) proposed that MT1-MMP-mediated integrin processing in the same cell
may be a general mechanism by which cells selectively regulate the functionality
of integrins in promoting cell adhesion, migration, and focal adhesion kinase phos-
phorylation. An alternative explanation is that oyf3 leads to the release of mature
MMP-2 from cells and the enzyme accumulates extracellularly before diffusing
into the matrix. The hemopexin fragment derived from autocatalytic digestion of
MMP-2 has been reported to act as a natural inhibitor of cancer cell proliferation,
migration, and tumor angiogenesis (Bello et al., 2001). Vitronectin, a specific
ligand for o83 integrin, competitively blocked the integrin-dependent matura-
tion of MMP-2. The integrin binding effect on MMP-2 activation is independent
of changes in cell shape, although both factors often occur simultaneously (Yan
et al., 2000). Synthetic MMP inhibitors alter this mechanism by interfering with
cleavage and activation of the B3 integrin subunit (Deryugina et al., 2000). o583
integrin demonstrates approximately 10% efficiency as compared to oS3 in the
MMP-2 activation mechanism. Excess TIMP-2, but not TIMP-1, interferes with
this activation mechanism.

Another potential mechanism of cell surface localization (indirect) is MMP-2
binding to a8 integrin-associated collagen (Steffensen et al., 1998; Theret
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et al., 1999). Pro-MMP-2 associated with integrin-bound collagen may act as
a store of enzyme that can feed into the MT1-MMP pathway upon release from
the ECM (Ellerbroek et al., 1999). The ability of integrin clustering events on the
cell surface to enhance MT1-MMP activity raises the possibility that activation
of the cell surface MMP proteolytic cascade in migratory cells may be influenced
not only by the type of matrix encountered, but also by its proteolytic status. For
example, if the cell encounters an intact interstitial collagen barrier, collagen bind-
ing integrins would be expected to cluster along the intact fibrils, thereby promoting
an MT1-MMP mediated proteolytic response. In contrast, if a cell encounters a
degraded matrix, occupied integrins may not be sufficiently clustered, thereby
leading to failure to stimulate proteolysis (Ellerbroek and Stack, 1999).

The ligation of a4 integrin on mesenchymal cells by its co-receptor vascular
cell adhesion molecule (VCAM) selectively upregulates MT1-MMP, increases
activation of proMMP-2, and stimulates cell migration and invasion (Pender et al.,
2000). High expression of MT1-MMP and MMP-3 mRNA may be a critical factor
in the migration of mesenchymal cells into ulcer beds in inflammatory bowel
disease (Pender et al., 2000).

Binding of 8, integrin to 3D-collagen followed by integrin aggregation pro-
vides another pathway for MT1-MMP induced activation of proMMP-2. Rac 1, a
member of Rho-related GTPases, modulates MT1-MMP mRNA expression and
possibly the distribution on the cell surface leading to the activation of proMMP-2
and the collagenolytic phenotype of cells (Zhuge and Xu, 2001). It remains unclear
whether ECM proteolysis is controlled by direct integrin signaling, by associated
changes in cell shape, or by both.

Cell—cell contact has been reported to downregulate expression of MT1-MMP.
MT1-MMP protein appears to diminish more rapidly than mRNA from cells fol-
lowing achievement of cell confluency (Tanaka et al., 1997). Cell expression of
E-cadherin, which is involved in cell:cell adhesion, has also been demonstrated to
exert an effect on MMPs. Transfection of E-cadherin cDNA into squamous carci-
noma cells led to a decrease in MT1-MMP mRNA as well as decreased amounts of
activated MMP-2 (posttranslational effect), presumably as a result of suppression
of the mitogen-activated protein kinase cascade and/or cytoskeletal organization
(Ara et al., 2000).

I. Effect of Pharmacologic Agents on MT1-MMP Function

Whereas numerous pharmacologic agents have been demonstrated to induce
proMMP-2 activation, their mechanism of action has been elusive. Concanavalin A,
the most widely studied inducer of MMP-2 activation (Overall and Sodek, 1990),
was initially reported to function by enhancing transcription of MT1-MMP (Lehti
etal., 1998; Lohi et al., 1996; Peracchia et al., 1997; Tomasek et al., 1997). Other
investigators did not find enhanced expression of MT1-MMP with concanavalin A,
or reported that increased expression of MT1-MMP did not correlate with MMP-2
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activation (Lohi et al., 1996; Shofuda et al., 1998). An early and critical effect of
concanavalin A was to induce clustering of MT1-MMP on the plasma membrane
(Yu et al., 1998a). More recent evidence suggests that concanavalin A increases
proMMP-2 activation in HT1080 cells by apparently inhibiting the endocytosis
of MT1-MMP from the cell surface (Jiang et al., 2001). Cyclic AMP has been
reported to suppress expression of MT1-MMP (Peracchia et al., 1997; Yu et al.,
1998b). Monensin, a sodium ionophore, and orthovanadate, an inhibitor of protein
tyrosine phosphatases, have been reported to mediate the activation of proMMP-2
secreted by cells in monolayers (Li ef al., 1997). Other reports have implicated
protein tyrosine phosphorylation in the signal transduction pathways leading to
activation of proMMP-2 (Li et al., 1997). c-ras and v-src induced expression of
MT1-MMP and invasiveness have been described (Thant et al., 1997).

Several studies have demonstrated that the organization of the cell cytoskeleton
is able to regulate proMMP-2 activation. Treatment of cells with cytochalasin D
(Ailenberg and Silverman, 1996), which causes disruption of actin stress fibers, re-
sulted in increased expression of MT1-MMP and proMMP-2 activation (Tomasek
et al., 1997). Cytochalasin D also induces a rapid activation of proMMP-2 in
brain cancer cells that was independent of protein synthesis and coincided with
the appearance of 43 kDa processed MT1-MMP (Gingras et al., 2000). Gingras
et al. concluded that posttranslational changes in the actin cytoskeletal structure of
cancer cells provide a rapid stimulus triggering the degradation of ECM proteins
through the MT1-MMP/MMP-2 activation mechanism.

Phorbol ester induced activation of proMMP-2 is a protein kinase C-dependent
mechanism which is plasma membrane-mediated and is accompanied by increased
MT1-MMP expression (Foda et al., 1999). Increasing intracellular calcium levels
with ionomycin or thapsigargin inhibits concanavalin A, TNFe, or phorbol ester
induced proMMP-2 activation, presumably indicating a role for calcium in the pro-
cessing of MT1-MMP (Atkinson et al., 2001; Murphy et al., 2000). A calmodulin
antagonist stimulates MT1-MMP expression, consistent with the role of calmod-
ulin as an inhibitor of matrix hydrolysis and MMP expression (Ito et al., 1998).

Activation of monocytes by lipopolysaccharide resulted in the induction of
MT1-MMP mRNA and protein synthesis that was able to be suppressed by in-
hibitors of prostaglandin synthesis, adenyl cyclase, and protein kinase A. Reversal
of suppression by prostaglandin E2 and dibutyryl cyclic AMP, respectively, in-
dicates regulation through a prostacyclin-cAMP pathway (Shankavaram et al.,
2001). Resting monocytes lacked MT1-MMP function.

J. Substrate Specificity of MT-MMPs

1. MT-MMP Mediated Activation of ProMMPs

The importance of pericellular activation and function of MMPs in proximity to the
cell surface has been recognized for a number of years (Kalebic ez al., 1983; Zucker
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et al., 1985a,b). The first substrate identified for MT1-MMP was proMMP-2 (Sato
et al., 1994; Strongin et al., 1995). Based on evidence presented so far, the likely
mechanism involves stoichiometric binding of TIMP-2 to the catalytic domain of
MT1-MMP on the cell surface followed by the binding of the C-terminal domain
of proMMP-2 to the C-terminus of TIMP-2, resulting in a trimolecular complex
(Seiki, 1999). A second active MT1-MMP molecule on the cell surface then cleaves
proMMP-2, leaving highly focused active MMP-2 available for efficient substrate
degradation and participation in other events (Butler et al., 1998; Sato et al., 1994;
Strongin et al., 1995; Zucker et al., 1998a) (Fig. 2). TIMP-3, but not TIMP-1,
can substitute for TIMP-2 in this process (Lafleur ef al., 2001a). Whereas small
amounts of TIMP-2 or TIMP-3 are required for pericellular proMMP-2 activation,
excess inhibitor abrogates activation. A strong interaction between the TIMP-2
C-terminal domain and the MMP-2 hemopexin domain leads to burying epitope
sites within the TIMP-2 C-terminal tail. Overall et al. (2000) proposed that follow-
ing the binding of TIMP-2 to the hemopexin domain of MMP-2, the N-terminal
domain of TIMP-2 is aligned away from the active site of MMP-2 and therefore
is available for binding MT1-MMP in the activation complex.

Activation of proMMP-2 has been correlated with the appearance of 57/60 kDa
and 43/45 kDa processed forms of MT1-MMP on the surface of cells (the size
of these proteins measured by SDS—PAGE has varied slightly in different reports)
(Fig. 3). The 57/60 kDa (prodomain deleted) form represents activated MT1-MMP
(Lehti et al., 1998). Knauper and Murphy (1999) suggested that MT-MMP activa-
tion occurs intracellularly followed by the formation of TIMP-2 complexes. The
43/45 kDa form of MT-MMP is generated by MMP-dependent proteolysis of the
57/60 kDa form and lacks the catalytic domain function. Controversy exists as to
whether the 43/45 kDa form is generated through MT1-MMP intermolecular cleav-
age or through the activity of another MMP, such as MMP-2 (Stanton et al., 1998).
Employing recombinant virus to regulate the delivery of cDNAs to cells, full-
length TIMP-2 was demonstrated to regulate the amount of active MT1-MMP on
the cell surface. Thus, TIMP-2 may act as a positive regulator of MT1-MMP on the
cell surface and, consequently, may support pericellular proteolysis (Hernandez-
Barrantes et al., 2000). In the absence of TIMP-2, MT1-MMP undergoes rapid
intermolecular autocatalytic cleavage to the 43/45 kDa form which lacks the en-
tire catalytic domain; the 43/45 kDa form then undergoes further processing or
accumulates on the cell surface as an inactive stable degradation product. TIMP-4,
an efficient MT1-MMP inhibitor with the capacity to interfere with autocataly-
sis of active MT1-MMP, is not able to substitute for TIMP-2 in the activation
of proMMP-2 (Toth et al., 2000). Many studies performed in vitro showed that
soluble forms of MT1-MMP were able to activate proMMP-2 in the absence of
TIMP-2 (Butler et al., 1998; Imai et al., 1996; Jo et al., 2000; Pei and Weiss,
1996; Sato et al., 1996; Will er al., 1996). This inactive fragment may compete
with the formation of homooligomers of intact MT1-MMP molecules and inhibit
proMMP-2 inactivation (Itoh ez al., 2001; Lehti ef al., 2002).
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The initial propeptide cleavage in 72 kDa proMMP-2 is at the Asn®’-Leu™
peptide bond resulting in a 64 kDa intermediate.' The second propeptide cleavage
to 62 kDa MMP-2 is autoproteolytic (Murphy et al., 2000) and occurs in trans by
intermolecular cleavage by an already activated, fully mature MMP-2 molecule,
but not by an intramolecular cleavage or in cis (Deryugina et al., 2000; Overall
et al., 2000). Although intracellular activation of proMMP-2 has been reported,
the mechanism was not delineated (Lee et al., 1997).

In some types of cells, two modes of TIMP-2 binding to the cell surface were
identified: hydroxamate inhibitor-sensitive and -insensitive. TIMP-2 binding to
the plasma membrane in an hydroxamate-insensitive manner specifically inhibits
MMP-2 upon activation; the presence of collagen interferes with this effect (Itoh
et al., 1998). Based on these observations, it was proposed that the pericellular ac-
tivity of MMP-2 is tightly regulated by membrane-bound TIMP-2 and surrounding
ECM molecules.

It has been shown that in cells not producing detectable levels of TIMP-2, MT1-
MMP can efficiently initiate activation of proMMP-2 to its intermediate form, but
further processing to active MMP-2 does not occur without addition of TIMP-
2 (Miyamori et al., 2001). This suggests that the final autocatalytic activation
step has a greater requirement for the MT1-MMP:TIMP-2:proMMP-2 triad rather
than the initial attack by MT1-MMP. The initial attack appears to be through
the promotion of direct ecto-site interactions between the MT1-MMP catalytic
domain and proMMP-2 (English et al., 2001a), thus raising the question whether
TIMP-2 participates in the activation process for proMMP-2 binding or conversion
of intermediates to final active products. Additional investigations are required to
characterize the triplex on the cell surface and resolve the role of the triplex in
MT1-MMP-mediated proMMP-2 activation.

The biochemical mechanism for the release of activated MMP-2 from the
triplex is perplexing when one considers the dissociation kinetics; binding affini-
ties, however, may shift following proMMP-2 activation (Ellerbroek et al., 1999).
ProMMP-2 is activated less efficiently by cells expressing MT2-MMP and MT3-
MMP, as compared to MT1-MMP (Seiki, 1999). Although the levels of MT-MMPs
translated in the cells were similar, the relative levels of cell surface associated en-
zyme were different with MT1-MMP > MT3-MMP > MT2-MMP (Seiki, 1999).
A second proMMP-2 binding site on the cell surface, independent of the MT2-
MMP complex, has also been proposed (Jo et al., 2000). An alternative TIMP-2
independent pathway for efficient MMP-2 activation involving MT2-MMP has
been demonstrated in cells derived from TIMP-2 knockout mice; the C-terminal
hemopexin domain of MMP-2 was required in this process (Morrison et al., 2001).
Despite being able to bind TIMP-2, MT4- and MT6-MMP are unable to initiate

The common designation of molecular mass for MMPs with gelatinolytic activity (MMP-2,
MMP-9) is based on the migration of the proteinase in a gelatin impregnated SDS-PAGE (gelatin
zymography). The apparent kDa of gelatinases do not conform to the anticipated mass based on amino
acid composition.
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or are very inefficient in initiating proMMP-2 cleavage (English et al., 2001a,b;
Fernandez-Catalan et al., 1998).

ProMMP-13 is also activated in vitro by soluble MT1-MMP in a two-step
cleavage mechanism; TIMP-2 and TIMP-3, but not TIMP-1, regulate the pro-
cess. Initial cleavage of proMMP-13 is observed at the G1y35-Ile peptide bond,
followed by a secondary cleavage event resulting in the release of the propeptide
domain (Knauper and Murphy, 1999; Knauper et al., 1996). In cells treated with
concanavalin A, MMP-2 participates in the activation of proMMP-13 by native
MT1-MMP in two sequential cleavage steps. The involvement of the hemopexin
domain of MMP-13 in this activation mechanism is uncertain (Murphy et al.,
2000). Murphy et al. (2000) speculated that proMMP-9 may also be activated
within the MT-MMP cascade; support for this hypothesis is awaited.

2. Cleavage of Extracellular Matrix Proteins (ECM) by MT-MMPs

Although MT-MMPs were originally described because of their ability to activate
proMMP-2, these membrane-bound proteinases also participate in matrix remode-
ling processes through their capacity to directly hydrolyze ECM substrates.

ECM degradation involves more than merely disrupting and remodeling struc-
tural barriers and scaffolds. The extracellular matrices influence cell behavior by
sequestering and serving as a reservoir for signaling molecules, such as growth
factors and growth factor binding proteins, and by acting as contextual ligands for
cellular adhesion receptors that transduce signals to the cell interior. Furthermore,
these matrices regulate basic processes such as cell shape, movement, growth,
differentiation, and survival by controlling cell adhesion and the cytoskeletal ma-
chinery (Egeblad and Werb, 2002; Sternlicht and Werb, 2001). As a result of these
effects, MMPs influence these cellular processes by altering the organization of
the ECM and by release of sequested biologically active proteins. Matrix prote-
olysis also results in the release of modular breakdown products or alteration of
ECM components with biological activity (Davis, 1992). Furthermore, disruption
of subcellular matrices can induce apoptosis in anchorage dependent cells, thereby
affecting normal physiologic cell death in involuting tissues (Sternlicht and Werb,
2001).

MTI1-MMP and MT2-MMP are potent proteinases with the ability to cleave
fibrillar collagens in the classical 3/4 and 1/4 manner; type I collagen is hy-
drolyzed more effectively than type II or III collagen (Ohuchi et al., 1997). In
contrast, MMP-1 digests type III collagen more efficiently than types I and II col-
lagen. Quantitative comparison of the activity of soluble MT1-MMP and MMP-1
demonstrated that MT1-MMP s 5 to 7 fold less efficient at cleaving type I collagen.
The possibility that these differences may be an artifact due to loss of Tyr' 12 at
the N-terminus of MT1-MMP was considered (Ohuchi ef al., 1997). Another con-
sideration is that the membrane-bound form of MT1-MMP is considerably more
active than soluble recombinant MT1-MMP. D’Ortho et al. (1997) reported that
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the catalytic domain of MT1-MMP alone did not retain catalytic activity for col-
lagens, but was active against most other substrates. The activity of MT1-MMP
on type I collagen is synergistically increased by MMP-2. C-terminal deletion
mutants of MT1-MMP lost the ability to hydrolyze the triple helical interstitial
collagens, thus indicating that the mechanism of action of the enzyme involves
the hemopexin-like domain, similar to findings with other interstitial collagenases
(Knauper and Murphy, 1999). MT-MMPs also degrade aggrecan (Buttner et al.,
1997; Fosang et al., 1998), dermatosulfate proteoglycan, nidogen, tenascin, per-
lecan, fibulins, large tenascin-C, fibronectin, fibrinogen, vitronectin, laminin-1,
laminin-5, ap-macroglobulin, and «-antiproteinase (d’Ortho ef al., 1997; Imai
et al., 1997; Kang et al., 2001; Murphy et al., 2000; Ohuchi et al., 1997; Pei and
Weiss, 1996; Wang et al., 1999).

In the absence of plasminogen, endothelial cell surface MT1-MMP is capable
of degrading fibrin and facilitating cell migration through a fibrin clot (Hiraoka
et al., 1998). Cleavage sites in both fibrinogen and cross-linked fibrin obtained by
proteolysis with MT1-MMP (also MMP-3 and -7) were found to be in very close
proximity to those obtained by plasmin on these substrates. Additional studies
of fibroblasts obtained from MT1-MMP knockout mice revealed that MT1-MMP
null fibroblasts exhibit a late compensatory fibrin-invasive activity. The MT1-
MMP-independent proinvasive process was identified as due to MT2-MMP and
MT3-MMP. However, MT4-MMP transfected cells lacked fibrin-invasive function.
Thus, a triad of MT-MMPs working alone or in combination is sufficient to con-
fer fibrin-invasive activity independent of the plasminogen activator—plasminogen
axis (Hotary et al., 2002). However, only MT1-MMP transfected cells, not MT2-
MMP or MT3-MMP transfected cells, were able to accelerate invasion atop type I
collagen gels (Hotary et al., 2002). MT1-MMP, along with MMP-8, MMP-12, and
MMP-13, is capable of rapidly degrading and inactivating factor XII (Hageman
Factor) (Bini et al., 1999; Hiller et al., 2000). RGD integrin-binding sequences
in fibrinogen chains which normally bind to platelet glycoproteins are cleaved by
MT1-MMP, thus potentially leading to interference with platelet aggregation. The
receptor of complement component 1q (gC1qr) is also susceptible to MT1-MMP
proteolysis with the cleavage site localized within the structurally disordered loop
connecting the 83 and the S84 strands of C1gR (Rozanov et al., 2002). These com-
bined data support the hypothesis that endothelial MT 1-MMP may be important in
an early phase of tumor angiogenesis, inflammation, arthritis, and atherosclerosis.

Recombinant MT2-MMP has activity against fibronectin, tenascin, laminin,
aggrecan, and perlecan (d’Ortho et al, 1997, 1998). Recombinant MT3-MMP
degrades type III collagen and fibronectin (Matsumoto et al., 1997). Truncated
MT3-MMP, lacking the transmembrane and cytoplasmic domain, digested type
IIT collagen into characteristic 3/4 and 1/4 fragments more efficiently than a simi-
lar deletion mutant of MT1-MMP. MT3-MMP also digested cartilage proteogly-
can, gelatin, vitronectin, laminin-1, o -protease inhibitor, and «»-M into almost
identical fragments as MT1-MMP (Shimada et al., 1999).
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MT4-MMP is very poor at hydrolyzing components of the ECM in comparison
with other MT-MMPs (English et al., 2000). In common with MT1-MMP, the
catalytic domain of MT4-MMP shows significant ability to degrade fibrinogen at
the Ax and B3, but not the y chain. MT6-MMP is closer in function to MMP-3 than
MT1- and MT4-MMP in terms of substrate and inhibitor specificity, being able
to cleave type IV collagen, gelatin, fibronectin, fibrin, and proteoglycans (English
et al., 2001b; Kang et al., 2001; Pei, 1999). However, it differs from MMP-3 and
MT1-MMP in its inability to cleave laminin-1, and unlike MMP-3 is not able to
activate proMMP-9 (English et al., 2001b).

Finally, it must be mentioned that most studies describing the enzymatic activity
of MT-MMPs have employed soluble recombinant enzymes consisting of the iso-
lated catalytic (hemopexin) domains. It needs to be emphasized that membrane-
inserted enzymes may have different substrate preferences from the full-length
enzymes (Buttner ez al., 1997). In general, catalytic domains usually cleave fewer,
rather than more, sites along the substrate. The determination of the particular site at
which the actual cleavage might occur in vivo depends on the physical environment
and substrate presentation of the molecule at the cell surface (Buttner et al., 1997).

3. Cleavage of Cytokines and Growth Factors by MT-MMPs

Examples of soluble MMP-mediated release or activation of cytokines and growth
factors include FAS ligand, tumor necrosis factor (TNF«), the ectodomain of
FGF-1 receptor, heparin binding EGF, TGFg, IL-18, insulin-like growth factor
binding proteins, and IL-8 (Parks et al., 1998; Stamenkovic, 2000; Sternlicht
and Werb, 2001). MMPs modulate the activity of the CC chemokine monocyte
chemoattractant protein-3 by selective proteolysis to release an N-terminal te-
trapeptide. N-terminal processing at positions 4-5 of stromal-cell-derived factor-1¢
and B (SDF-1) by MMP-2, other soluble MMPs, and MT1-MMP resulted in loss
of binding to its cognate receptor CXCR-4. SDF-1« functions as an important
chemokine for hematopoietic progenitor stem cell migration, for breast cancer
metastasis, and as an inhibitor of HIV-1 entry into cells (McQuibban ez al., 2001).
A common chemokine-binding exosite is present on the MMP-2 hemopexin C
domain. Pro TNF« can be cleaved by MT4-MMP, but the physiologic relevance
of this observation is unknown (English et al., 2000; Murphy et al., 2000).

4. Other Methods for Examining MT-MMP Substrates

Other methods for examining potential protease substrate specificity, including
that of MT-MMPs, have emerged. These include substrate phage display libraries,
positional-scanning peptide libraries, and mixture-based libraries. Although MMPs
share many common features in their substrate consensus motifs including pro-
line in P3, serine in P1, hydrophobic residues at P2, and leucine or methionine
in P1’, the presence of subtle distinctions indicates that it might be possible to
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discriminate among MMPs with optimized peptide substrates (Turk ez al., 2001). It
has been reported that MT1-MMP is more efficient in cleaving synthetic substrates
containing unusual amino acids with extremely long side chains in their P1’ posi-
tions (Mucha et al., 1998). Using a hexamer substrate phage library consisting of
randomized amino acid sequences and then performing peptide cleavages, Ohkubo
et al. (1999) demonstrated that MT1-MMP preferentially digested a synthetic sub-
strate containing Pro in the P1 position. The consensus substrate sequence for
MT1-MMP appeared to be P-X-G/P- at the P3-P1’ sites. Of interest, this sequence
is present in human collagens and «2-M and is the site of substrate digestion by
interstitial collagenases (Ohkubo et al., 1999). In contrast, using mixture-based
oriented octapeptide libraries, Turk et al. (2001) concluded that MT1-MMP pre-
ferred serine or alanine at P1, and leucine at P1’. They reported that the predicted
optimal peptide was a significantly better substrate than the collagen peptide.

K. MT-MMP Sorting on the Cell Surface

Compartmentation of receptors and signaling intermediates into specialized mem-
brane domains represents a mechanism by which cells expressing MT1-MMP can
integrate extracellular signaling (Annabi et al., 2001). Localization of MT-MMP
at the cell surface in both clathrin-coated pits and caveoli has been reported; the
mechanistic relationships between these different functional compartments remain
to be described. Jiang ef al. (2001) demonstrated that cell surface MT1-MMP is
regulated by dynamin-dependent endocytosis in clathrin-coated pits; the cytoplas-
mic domain of MT1-MMP plays an important recognition role in the endocytic
process. MT1-MMP was colocalized with clathrin on the plasma membrane and
the early endosome antigen in the endosomes (Fig. 3). Wild-type MT1-MMP, not
the cytosolic domain truncated mutant, internalized into intracellular vesicles in
40 min (Jiang et al., 2001). Inhibition of endocytosis by concanavalin A treatment,
cytosolic domain deletion of MT1-MMP, or the expression of a dominant negative
dynamin mutant D44K all enhanced the expression of MT1-MMP on the cell sur-
face and consequently proMMP-2 activation (Jiang et al., 2001). Interestingly, the
cytoplasmic domain of MT1-MMP is divergent at the amino acid level from those
of MT2-, MT3-, and MT5-MMP, raising the possibility that MT1-MMP may be
regulated differently. Intracellular processing of various forms of MT1-MMP has
not been characterized as yet.

Using immunohistochemistry, Puyraimond et al. (2001) demonstrated that MT1-
MMP, pro MMP-2, and «, 3 integrin were localized with patches of caveolin-1 in
caveoli at the basolateral side of endothelial cells. Using physical cell membrane
separation techniques, MT1-MMP was shown to be preferentially compartmen-
talized and proteolytically processed in low density caveolin-enriched membrane
domains of cancer cells. Inhibition of MT1-MMP dependent cell migration, but not
proMMP-2 activation, by caveolin-1 cotransfection, suggested that the localization
of MT1-MMP to caveolin-enriched domains functions as a negative regulator of
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enzymatic activity. A role for caveolin-1 in inhibition of lamellipod extension and
cell migration has also been demonstrated (Annabi et al., 2001).

1. Endocytosis and Degradation of TIMP-2: Role of MT1-MMP

Magquoi et al. (2000a) reported that prolonged treatment of cells with phorbol
esters resulted in increased cell binding, internalization, and lysosomal/endosomal
degradation of TIMP-2, thus tipping the balance for activation of proMMP-2.
They similarly proposed that type IV collagen mediates proMMP-2 activation by:
(1) bringing cell membrane-associated MT1-MMP/TIMP-2/MMP-2 complexes
closer together, thereby promoting autolytic cleavage of intermediate MMP-2,
and (2) enhancing lysosomal degradation of TIMP-2; no modulation of MMP-2,
MT1-MMP, or TIMP-2 expression was demonstrated (Maquoi et al., 2000b). In
contrast to the Maquoi report, studies from the Zucker laboratory indicated that
short-term treatment of cells with phorbol esters and other agents that lead to acti-
vation of proMMP-2 had only a small effect on degradation of cell surface bound
TIMP-2; thus, the activation of proMMP-2 precedes the proposed degradation of
TIMP-2 (Zucker et al., 2002b). Zucker et al. hypothesized that presynthesized
MT1-MMP is routinely sorted to a transient storage compartment in the trans-
Golgi network/endosomes where it is available for rapid trafficking to the plasma
membrane in response to physiologic stimulation. In the absence of a stimulus
for matrix degradation, MT1-MMP activated by furin in the trans Golgi network
appears to undergo rapid autolytic cleavage and degradation, thus accounting for
the transient appearance of mature MT1-MMP on the plasma membrane.

L. Biologic and Pathologic Roles for MT-MMPs

1. Cell Migration and Invasion

The movement of cells within or through tissue barriers is an extremely complex
process; the role of proteases appears to vary depending on the milieu of the ex-
tracellular matrix (Ellis and Murphy, 2001). Major questions include whether cells
always use proteolytic mechanisms to modify the ECM in their path and whether
the path is simply a clearing mechanism, or a way of reorganizing the matrix to fa-
cilitate cellular interactions (Murphy and Gavrilovic, 1999). Of additional interest
is the role of MMPs in modulating cell adhesion interactions with the extracellular
matrix to release cells and to provide traction to their movement, as well as to expose
signals necessary to effect motor function and provide chemoattraction (Vu and
Werb, 2000). In addition to the positive effects on migration exerted by most
MMPs, MMP-9 has been reported to exert a negative control over cell migration
by inhibiting cell replication in the migrating epithelial sheet (Mohan et al., 2002).

A role for MMPs, especially MT1-MMP, in cell migration has been repeatedly
demonstrated using both in vitro and in vivo techniques (El Fahime et al., 2000;
Nabeshima et al., 2000). Soluble MMPs, especially MMP-1, interacting with the
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o, integrin subunit in keratinocytes, exert a positive influence on cell migration
(Parks et al., 1998). When cohort migration was induced with scatter factor/HGF,
MTI1-MMP and MMP-2 were immunolocalized primarily to the leading edges
of the cells at the front of the migrating sheet of cells, with the cells behind the
edge being negative for these MMPs. This phenomenon was also associated with
changes in tyrosine phosphorylation of the E-cadherin/catenin complex and pro-
duction of fibronectin (Nabeshima et al., 2000). The dominant expression of MMPs
in the front cells might be related to the inhibitory effect of abundant cell contact
on MMP expression or the enhancement effect of extracellular matrix contact on
MMP expression (Nabeshima er al., 2000). The role of promigratory neoepitopes
generated during extracellular matrix degradation remains to be clarified (Murphy
and Gavrilovic, 1999); aggregation of 81 integrins appear to be involved in mod-
ulating these events. As discussed earlier, the role of the cytoplasmic domain
of MT-MMPs in cell migration remains controversial. MT-MMP dependent cell
migration is not only accompanied by, but may require, the internalization of MT1-
MMP at the leading edge of the cell (Uekita et al., 2001). These authors proposed
that internalization of MT1-MMP occurs constitutively as a mechanism to “clean
up all forms of MT1-MMP molecules at the surface” of cells. Mechanistically, it is
not clear how internalization can propel the cells to migrate as observed by Ukeita
and colleagues (Uekita er al., 2001).

The role of soluble versus membrane-anchored MMPs in cell invasion and mor-
phogenesis has been addressed by stably transfecting cells to overexpress each
of 10 different MMPs that have been linked to matrix remodeling; cells were
then stimulated with scatter factor/HGF and observed. Neither secreted collage-
nases (MMP-1, -13), gelatinases (MMP-2, -9), stromelysins (MMP-3, -11), nor
matrilysin (MMP-7) affected migration responses. By contrast, MT1-MMP ex-
pression conferred invasion incompetent cells with the ability to penetrate and
remodel type I collagen matrices by using membrane-anchored MMPs as pericel-
lular collagenases (Hotary et al., 2000). In contrast with other reports (Nakahara
etal., 1998; Urena et al., 1999), not only was the MT1-MMP cytosolic tail-deleted
mutant processed to its mature form in a normal fashion, but it also induced an in-
vasion program indistinguishable from that of the wild-type enzyme. MT2-MMP
transfected cells disrupted type I collagen by degrading the underlying substratum
in a discoordinated fashion that prevented cells from establishing the adhesive in-
teractions necessary for migration. MT3-MMP was less efficient than MT1-MMP
and MT2-MMP in invasion/morphogenic properties.

MT1-MMP has been localized predominantly to invadopodia, specialized mem-
brane extensions that are the sites of ECM degradation (Nakahara et al., 1998);
this localization appears to be essential for ECM degradation and cancer cell in-
vasion. Overexpression of MT1-MMP in cells induces a marked increase in cell
migration. The extracellular signal-related protein kinase (ERK) cascade has been
proposed to be involved in the induction of cell migration. Osteoclasts are another
cell type in which MT1-MMP was associated with lamellipodia and invadopodia
with a “walking phenotype.” Cells with a “sitting phenotype” have MT1-MMP
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localized to small areas on the cell periphery and colocalization with actin staining
indicative of arrest and attachment of osteoclasts (Gilles et al., 2001; Sato et al.,
1997). MMP-9 and MMP-13 have also been implicated in these functions in os-
teoblasts (Sato et al., 1997). MT2-MMP appears to traffic in a different fashion
than MT1-MMP and is primarily confined to the Golgi when overexpressed in
CHO cells (Miyamori et al., 2000b). Matrix-dependent proteolysis of cell surface
transglutaminase by MT1-MMP has been reported to regulate cancer cell adhe-
sion and locomotion (Belkin et al., 2001). Reciprocally, fibronectin protects its cell
surface receptor, tissue transglutaminase, from proteolysis by MT1-MMP, thereby
supporting cell adhesion and locomotion. Transmigration of T lymphocytes into
perivascular tissues involves cell movement across endothelial cell layers; o488,
integrin engagement and the coordinated induction of MT1-MMP and MMP-2
have been implicated in this process (Graesser et al., 1998, 2000) (see Chapter13
for detailed discussion).

Numerous ECM proteins have been shown to contain “cryptic” information
which affects bound ECM organization as well as cell-ECM interactions (Davis,
1992). Laminin-5, an important glycoprotein component of epithelial basement
membranes, provides an important ECM substrate for cell adhesion and migra-
tion. Gianelli et al. (1997) initially reported that specific cleavage of the y, chain of
laminin-5 by MMP-2 exposed a cryptic promigratory site on this molecule and trig-
gered cell motility. These observations emphasize that proteolysis of extracellular
matrix components not only destroys matrix but also induces new biologic activ-
ity. Subsequently, a model was proposed whereby expression of MT1-MMP is the
primary trigger for migration over laminin-5, whereas MMP-2, which is activated
by MT1-MMP, may play an ancillary role, perhaps by amplifying the MT1-MMP
effects. In contrast, cells not expressing functional MT1-MMP leave laminin-5
intact and use it for static adhesion (Koshikawa et al., 2000). Recombinant soluble
MT1-MMP cleaved the y;, subunit of laminin-5. The codistribution of MT1-MMP
with laminin-5 in breast and colon carcinoma tissue specimens suggested a role
for this mechanism in cancer invasion. Gilles et al. (2001) confirmed the role of
MT1-MMP and laminin-5 y, chain degradation in epithelial cell migration; the
distribution of MT1-MMP in lamellipodia of migrating cells and in cells at the
periphery of the outgrowth was emphasized. The main receptors for laminin-5,
a6B4 and 38 integrins, have been implicated not only in cell adhesion, but also
in cell migration (Gilles et al., 2001).

The concept of proteolytic exposure of cryptic sites within extracellular matrix
components has been extended with the demonstration of cryptic sites induced by
MMP cleavage of type IV collagen; a monoclonal antibody directed to this cryptic
site disrupted integrin-dependent cell interactions and inhibited angiogenesis and
tumor growth in vivo (Xu et al., 2001). Among the intriguing issues raised by
these studies is the temporal sequence and directional effect of a migrating cell
laying down extracellular components, then degrading these matrix components
and releasing fragments that function as chemoattractants for the cells producing
the fragments.
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MMP processing of CD44, the multistructural and multifunctional cell adhesion
molecule that binds hyaluronic acid, collagen type-I, and fibrin at the cell surface,
has been reported to be involved in cell migration (Okamoto et al., 1999). MT1-
MMP induced shedding of CD44H from the cell surface results in stimulation of
cell migration (Kajita et al., 2001). Expression of mutant CD44H in the cells, as
well as MMP inhibitor treatment, effectively inhibited cell migration, suggesting
that these cells use CD44H and MT1-MMP as migratory devices. Based on these
studies, Kajita et al. (2001) postulated that timely and spatial processing of CD44H
at the adherent edge by MT1-MMP is critical for stimulation of migration, allowing
cells to be detached from the ECM and move onto different sites.

2. Embryology and Development

MT-MMPs are widely, yet selectively distributed in both embryonic and adult
tissues. MT1-MMP is coexpressed temporally and spatially with TIMP-2 during
mouse embryogenesis, which suggests common regulatory pathways with func-
tional implications for MMP-2 activation (Apte et al., 1997; Kinoh et al., 1996).
At the cellular level in the mouse embryo, MT1-MMP mRNA is expressed mainly
in mesenchymal cells including muscle cells, fibroblasts, chondrocytes, and neural
cells; expression decreases with postnatal maturation (Apte et al., 1997; Takino
et al., 1995b). ProMMP-2 and TIMP-2 mRNA were expressed in the same tissues
as MT1-MMP.

Various approaches have been taken to examine the role of MMPs in organo-
genesis. MT1-MMP is involved in organogenesis of the metanephros and in the
formation of kidney tubules (Kadono et al., 1998). Paracrine/juxtacrine epithe-
lial:mesenchymal interactions are involved. Other cell surface receptors and sig-
naling pathways participate in this complicated process. Renal epithelial cells
undergoing branching morphogenesis in vivo have been shown to transiently ex-
press high levels of MT1-MMP (Ota et al., 1998; Tanney et al., 1998). By in situ
hybridization, MT1-MMP mRNA was confined to ureteric bud epithelia and was
absent in the mesenchyme, while MMP-2 was confined to the mesenchyme. MT1-
MMP protein expression as detected by immunohistochemistry was more exten-
sive, also including induced mesenchyme and nascent nephrons, peaking during
mid-gestation when organogenesis is maximum (Ota et al., 1998).

Prominent expression of MT-MMPs and TIMP-2 mRNA in bone and perichon-
drium during mouse skeletal and muscle development have been noted; interesting
differences in distribution sites of endochondrial calcification have been described
(Kinoh et al., 1996; Knauper and Murphy, 1999).

Abundant expression of mRNA for MT1-MMP, MMP-2, and TIMP-2 have been
identified in mouse embryonic lungs from E11.5-18.5 days (Kheradmand et al.,
2002) and in rabbit embryonic lungs (Fukuda et al., 2000). MMP-2 expression was
confined to cells of mesenchymal origin and was absent from lung epithelium. By
contrast, MT1-MMP and TIMP-2 were expressed in both the epithelium and the
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mesenchyme. Expression of MMP-3, -9, -10, and TIMP-1 mRNA was not detected
in embryonic lung epithelium or mesenchyme at any stage of lung development
(Kheradmand et al., 2002). Fukuda et al. (2000) proposed that MMP degradation
of ECM proteins, especially elastin and collagens, is a necessary component for
migration of epithelial cells into the mesenchyme during the invagination step in
lung development.

MMP-mediated proteolysis of the ECM plays a major role in placental tro-
phoblast invasion of the uterus. Evidence obtained by Northern blot analysis,
in situ hybridization, and immunohistochemistry indicate that MT1-MMP is im-
portant in tissue organization of early human placenta acting alone and as a cell
surface activator of proMMP-2 (Hurskainen ef al., 1998; Tanaka et al., 1998). The
most abundant MT1-MMP mRNA signal was in the invasive trophoblastic cells,
less in decidual cells, with lower signal in endothelial cells, and virtually no signal
in fibroblasts (Tanaka et al., 1998).

A role for MT1-MMP and MMP-2 in cell migration through and invasion of
type IV collagen during epithelial mesenchymal transformation in the embryonic
heart has been demonstrated (Song er al., 2000). TGFg-3 is able to regulate the
expression of both MMP-2 and MT1-MMP in endocardial cells. It was suggested
that coordinated specific cell-matrix interactions which facilitate cell migration
only occur when the composition of the surrounding ECM is proteolytically altered.
Type IV collagen presents an initial barrier which must be overcome by newly
formed mesenchymal cells producing MMPs. Embryos injected with a hydroxamic
acid-based MMP inhibitor BB-94 showed depressed mesenchyme formation (Song
et al., 2000).

3. Animal Models Employed to Analyze the Function of MT-MMPs

a. MMP and TIMP Knockout Mice: Profound Effect of MT1-MMP

MTI-MMP knockout. To define the biologic role of MT1-MMP, two groups
have generated MT1-MMP deficient mice by gene targeting in embryonic stem
cells (Holmbeck et al., 1999; Zhou et al., 2000). Knockout mice exhibited se-
vere defects in skeletal development and angiogenesis. Postnatal development of
secondary ossification centers was markedly delayed. The basic defect was con-
sidered to be due to impairment in the mechanism responsible for dissolution of
cartilage matrix (Holmbeck ez al., 1999). MT1-MMP deficient fibroblasts derived
from mutant mice are incapable of degrading type I collagen matrices. However,
osteoclast-mediated degradation of bone or calcified cartilage matrix was unim-
paired since these functions are dependent on acidic proteases of the cathepsin
family (Holmbeck et al., 1999). Lack of MT1-MMP in knockout mice was not
sufficiently compensated by other MT-MMPs or secreted MMPs. In tissue extracts
from MT1-MMP null mice, proMMP-2 was minimally activated as compared to
wild-type mice. The craniofacial, axial, and appendicular skeletons were severely
affected, leading to a short, smaller, and domed skull, marked deceleration of
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postnatal growth, and death within 3—16 weeks. Shortening of the bones is a con-
sequence of decreased chondrocyte proliferation in the proliferative zones of the
growth plates. The enlargement of the hypertrophic zones in null mice is attributed
to delayed resorption of cartilage during endochondral ossification. Defective cell
production in the growth plate is likely to be the cause of dwarfism; the regulatory
function of MT1-MMP in cell growth is unknown. Defective vascular invasion of
cartilage leads to enlargement of hypertrophic zones of growth plates and delayed
formation of secondary ossification centers in long bones. Concurrently, MT1-
MMP deficient mice developed generalized arthritis; all joints showed overgrowth
of a hypercellular vascularized synovial tissue and destruction of articular carti-
lage, resulting in ankylosis. Increased cell proliferation and fibrosis occurred in
skeletal tissue. Dermal fibrosis and hair loss followed. Postnatal angiogenesis in
response to FGF-2 in MT1-MMP null mice was markedly deficient in an in vivo
corneal implantation assay (Zhou et al., 2000).

MMP-9 knockout. Similar to MT1-MMP, MMP-9 null mice have a defect with
hypertrophic zones in cartilage which is detected in the fetus. However, MMP-9
knockout mice do not exhibit problems with postnatal growth or craniofacial de-
velopment (Holmbeck et al., 1999; Zhou et al., 2000). It is probable that the peak
requirement for MMP-9 and MT1-MMP occurs at different ages so that one may
partially compensate for deficiencies in the other. In contrast to the profound effect
on embryonic development in MT1-MMP knockout mice, TIMP-2 deficient mice
display no gross anatomical or microscopic abnormalities despite severe impair-
ment of proMMP-2 activation in vivo or in vitro (Caterina et al., 2000; Wang et al.,
2000). Wang et al. (2000) concluded that both TIMP-2 and activated proMMP-2
are dispensable for normal development. The fact that TIMP-3 can substitute for
TIMP-2 in terms of MT1-MMP induced proMMP-2 activation may explain the
lack of an abnormal skeletal phenotype in TIMP-2 deficient mice.

MMP-2 knockout. MMP-2 knockout mice have smaller stature, diminished
tumor-related angiogenesis (Itoh et al., 1998), and abnormal lung alveolarization
(Kheradmand et al., 2002), but skeletal and joint defects have not been reported
(Itoh ef al., 1998). In contrast, nonsense mutations in the human MMP-2 gene
(16q12-21) have been associated with a disabling autosomal recessive multicen-
tric osteolysis (carpal and tarsal resorption and marked osteoporosis) and arthritis
syndrome associated with palmar and plantar subcutaneous nodules and distinc-
tive faces (Torg’s syndrome) in the kindred of several Saudi Arabian families
(Martignetti et al., 2001). As anticipated, no MMP-2 enzymatic activity was de-
tected in the serum or fibroblasts of affected family members. Two family-specific
homoallelic MMP-2 mutations were identified. The nonsense mutation effects
a deletion of the substrate binding domain and catalytic sites of the fibronectin
type II-like and hemopexin/TIMP-2 binding domains. Martignetti et al. (2001)
pointed out that the phenotype of people deficient in MMP-2 more closely resem-
bles the phenotype of MT1-MMP mice. The inherited osteolysis in these families
is counterintuitive considering the function of MMP-2 in degrading extracellu-
lar matrix substrates. One possible explanation is that defects in the osteoblast
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bone deposition are caused by incomplete degradation of extracellular matrix.
Vu (2001) proposed that features of familial osteolysis syndrome and MT1-MMP
knockout mice resemble those caused by deregulated TGFS signaling. MMP-2
activates TGFB by proteolytic cleavage of the latent-associated peptide. Thus,
lack of MMP-2 may affect bone formation and hemostasis through modulating
the level of active TGFS. An alternative explanation is that MMP-2 may help to
recruit osteoblasts to sites of new bone formation (Vu, 2001).

b. Growth Factor Receptor Knockouts. Studies of the Patch mouse, which
carries a deletion of the entire coding region of the « subunit of the platelet de-
rived growth factor receptor (PDGFR«) resulting in multiple connective tissue
defects of the first brachial arch (cleft face, heart defects), have shed light on the
developmental function of MMPs (Robbins et al., 1999). In contrast to the normal
embryo, tissue from the brachial arch of Patch mouse embryos exhibited a marked
decrease in MMP-2 and MT-MMP. Treatment of mutant brachial arch cells in vitro
with high dose recombinant PDGF-AA upregulated MMP-2 protein, leading to
the conclusion that PDGF-A regulation of MMP-2 and MT-MMP during normal
development is responsible, in part, for cell migration and development of the first
brachial arch. Robbins et al. (1999) concluded that the balance between MMP-2
and MT-MMP may be more important to normal development than the absolute
amount of each proteinase.

A more limited palatal defect has been reported in mice deficient in epidermal
growth factor receptor (EGFR) (Brunet et al., 1993). Delayed lung maturation
characterized by abnormal branching and poor alveolarization is seen in mice
deficient in EGFR and is associated with low levels of MT1-MMP expression
and activated MMP-2. At birth, MMP-2 knockout mice had a lung phenotype that
phenocopied that of EGFR knockout mice, albeit somewhat less severe. From
these phenotypes, MT1-MMP was identified as a major downstream target of
EGEFR signaling in lungs in vitro and in vivo (Kheradmand et al., 2002).

In transforming growth factor (TGF)-8-3 deficient mice, a cleft palate develops
due to the inability of the medial edge epithelia to fuse. Fusion of palatal shelves
can be restored in organ culture by adding the mature form of TGFB-3 into the
medium which is followed by increased MMP-13 production (Blavier et al., 2001).
Detailed analysis of MMP and TIMP production in the embryo implicated failure
of coordinated production and function of MMP-13, MT1-MMP, MMP-2, and
TIMP-2 leading to defective palatal fusion. Synthetic inhibitors of MMPs resulted
in phenocopying of the defect in TGFB-3 deficient mice. Blavier et al. (2001)
linked MMP-13 expression to epithelial-mesenchymal trans differentiation. They
further pointed out that functional redundancy of MMPs may explain why neither
MMP-2 or MT1-MMP deficient mice develop a cleft palate.

c. Transgenic Mice Overexpressing MT-MMPs. To investigate the role of
MT1-MMP in the mammary gland, transgenic mice overexpressing MT1-MMP
in the mammary gland were generated. Transgenic mice developed lymphocytic
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infiltration, fibrosis, hyperplasia, dysplasia, and adenocarcinomas. It was con-
cluded that overexpression of MT1-MMP may play a key role in development
of tumorigenesis in the breast as a result of aberrant degradation of the ECM (Ha
et al., 2001). MMP-3 overexpression in the mammary gland, resulting initially
in alteration of the stromal phenotype, has also been associated with mammary
carcinogenesis (Sternlicht ez al., 1999). These findings derived from studies with
MT1-MMP and MMP-3 transgenic mice are of considerable relevance because
they have provided additional evidence to support the concept that MMPs, includ-
ing MT-MMPs, may play essential roles in early stages of tumor evolution.

4. Involvement of MT-MMPs in Physiologic Functions, Wound Injury,
and Repair Processes

a. MT1-MMP Production in the Endometrium: Hormonal Control.
MMPs have specific spatial and temporal expression patterns in human endomet-
rium and are critical for menstruation; MMP-1 and MMP-3 are primarily impli-
cated. MMP-2 is localized in all cellular compartments, but with greatest intensity
in endometrial stromal cells, especially in degrading menstrual tissue. Intense focal
labeling for MT1-MMP mRNA expression was observed in desquamating stromal
cells around collapsed dispersing glands. MT1-MMP mRNA was present through-
out the menstrual cycle (Zhang et al., 2000) with the strongest staining in subsets of
macrophages, extravascular neutrophils, and granular lymphocytes and during the
menstrual, mid-proliferative, and mid-secretory phases. MT2-MMP staining was
more widespread than MT1-MMP without cyclical variation and with maximal in-
tensity in glandular epithelium. Of physiologic importance, progesterone inhibited
the activation of proMMP-2 by attenuating cell expression of MT1-MMP mRNA
(Zhang et al., 2000). Maata et al. (2000) pointed out that MT1-MMP expression
is involved most notably in the normal endothelium under progesterone control.

b. Role of MT-MMPs in Skin Wound Healing. Skin wound healing depends
on cell migration and extracellular matrix remodeling. Both processes, which are
necessary for reepithelialization and repair of the underlying connective tissue,
involve the action of MMPs. MMP-3, -9, and -13 are expressed early (days 1-5),
while MMP-2, -11, and MT1-MMP continue to be expressed late (after day 7)
following a cutaneous incision. In wound repair models of the skin, Parks et al.
(1998) have demonstrated that one group of MMPs produced by keratinocytes is
required for early cell migration into the wound, whereas other MMPs are produced
by other cell types at later stages in the repair process and presumably serve
different functions (Parks et al., 1998). Okada et al. (1997) proposed that MT1-
MMP activates proMMP-2 at the stromal cell surface primarily in the granulation
tissue, but not in the regenerating epidermis. Several MMPs have been identified
in normal corneas and are upregulated during corneal wound healing (Mohan
et al., 2002). MT1-MMP, MMP-9, -2, and -13 were proposed to be important in
reepithelialization after cornea wounding (Ye et al., 2000).
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c. Role of MT-MMPs in Inflammation. The finding that MT6-MMP or
leukolysin is specifically expressed by inflammatory granulocytes raises the possi-
bility that it may be important during inflammation (Kang et al., 2001; Pei, 1999).
During the inflammatory response, neutrophils respond to chemokines such as
IL-8, which leads to the influx of neutrophils into inflammatory sites where they
discharge their intracellular contents to destroy invading microbes in infected tis-
sues. Given the subcellular localization of leukolysin, Kang and colleagues (Kang
et al., 2001) have postulated that leukolysin is engaged in the interactions with
endothelial cells and the migratory process through the underlying basement mem-
branes. Interestingly, MT4-MMP, another GPI-anchored MT-MMP, was found to
be expressed in monocytes, which might reflect comparable function to leukolysin
in neutrophils (English et al., 2000).

d. Role of MT-MMPs in Liver Injury. It has been suggested that a mere ex-
pression of the component of the ternary complex consisting of MT1-MMP:TIMP-
2:MMP-2 is not sufficient to account for the activation of proMMP-2 in several
model systems and that additional factors might be necessary in the process (Young
et al., 1995; Yu et al., 1995). In the liver, MT1-MMP mRNA is associated prin-
cipally with stromal (stellate) cells which also express both MMP-2 and TIMP-2
mRNA, whereas MT2-MMP mRNA is found mostly in hepatocytes and bile duct
epithelial cells. Theret et al. (1997, 1998, 1999) proposed that hepatocytes and
bile duct epithelium may contribute to the membrane-mediated proMMP-2 acti-
vation by expressing MT2-MMP at the level of intimate hepatocyte—stellate cell
cell contact.

5. MT-MMPs in Disease

Up until the present, the focus of research on MT-MMPs in disease has been
primarily on cancer. This reflects a historic bias in which MMPs have been al-
most instinctively linked to cancer invasion. More recently, interest in the role of
MT-MMPs in numerous other diseases has been awakened.

a. Cancer. A close association between the expression of activated MMPs, in-
cluding MT-MMPs, and tumor dissemination has been demonstrated in a plethora
of studies (McKerrow et al., 2000; Murphy et al., 2000; Polette and Birembaut,
1998; Sato et al., 1994; Seiki, 1999; Stetler-Stevenson, 1995). In contrast to
classical oncogenes, MMPs are not upregulated by gene amplification or activating
mutations. The increased MMP expression in tumors is probably due to transcrip-
tional changes rather than genetic alterations (Egeblad and Werb, 2002). Poly-
morphisms in MMP promoters exist that affect gene transcription and may influ-
ence cancer susceptibility (Kanamon et al., 1999).

The importance of cell surface MMPs in this process has been emphasized re-
peatedly (Young et al., 1995). Serine, cysteine, and aspartic proteinase levels are
also increased in cancer tissue, leading to uncertainty of the role of each proteinase
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in cancer (McKerrow et al., 2000; Zucker et al., 2002a). In vitro, MT1-MMP trans-
fection of cells enhances their invasive characteristics. The preferential localization
of MT1-MMP at the advancing border of human tumor cell nests (Harada et al.,
1998) and within the cell at the leading edge invadopodia has been emphasized.
(1) MT-MMPs in clinical human cancer. The expression of MT1-MMP has
been detected in or on tumor cells and adjacent stromal cells in a variety of human
tumors, including lung (Polette et al., 1996; Sato et al., 1994; Tokuraka et al.,
1995), gastric (Mori et al., 1997; Nomura et al., 1995; Ohtani et al., 1996), breast
(Heppner et al., 1996; Polette et al., 1996; Ueno et al., 1997), colon (Kikuchi ez al.,
2000; Ohtani et al., 1996; Okada et al., 1995; Sardinhah et al., 2000), liver (Seiki,
1999; Theret et al., 1998), pancreatic (Ellenrieder et al., 2000; Imamura et al.,
1998), thyroid (Nakamura et al., 1999), head and neck (Imanashi et al., 2000;
Ohtani et al.,, 1996; Okada et al., 1995; Shimada et al., 2000), ovarian (Seiki,
1999), prostate (Upadhyay et al., 1999), bladder (Kitagawa et al., 1998), cervical
(Afzal et al., 1998; Davidson et al., 1999; Maata et al., 2000; Seiki, 1999), and
brain tumors (Gingras et al., 2000; Yamamoto et al., 1996). Employing mono-
clonal antibodies to recombinant human MT1-MMP in a specific enzyme-linked
immunoassay, increased levels of MT1-MMP have been demonstrated in clinical
tumor samples from patients with cancer (head and neck and lung cancer), as com-
pared to nonmalignant tissues. High levels of MT1-MMP were also detected in
cell lysates and conditioned media derived from cancer cell lines. However, MT1-
MMP was not detected in the serum of patients with cancer (Aoki et al., 2002).
Disagreement about the cellular origin of MMPs in human tumors has presented
difficulties in extrapolating from animal and in vitro data to explain the role of M'T-
MMPs in cancer progression (Zucker et al., 2000). Results using in situ hybridiza-
tion techniques seem to vary depending on the type of cancer and the technique
employed (Ellenrieder et al., 2000; Nakada et al., 1999; Okada et al., 1995; Polette
et al., 1996; Ueno et al., 1997). Nonetheless, these types of experiments have re-
vealed important clues to help decipher the role of MT-MMPs in human cancer.
Using the technique of in situ hybridization to identify mRNA in human tumor
specimens, several authors have demonstrated MT1-MMP mostly in stromal cells
within tumors or have shown that both cancer cells and surrounding fibroblasts
and macrophages express MT1-MMP (Afzal et al., 1998; Davidson et al., 1999;
Ohtani et al., 1996). In breast and lung tumors, MT1-MMP mRNA expression has
been reported in fibroblasts in close contact with cancer cells. MT1-MMP expres-
sion differences between adenocarcinomas and squamous cell lung cancer have
been noted (Polette ef al., 1996). The expression of MT1-MMP mRNA and the
activation of proMMP-2 are increased in hepatocellular carcinomas; MT1-MMP
is expressed in the stromal cells (Theret et al., 1998). The MT1-MMP stroma
induction near preinvasive and invasive tumor clusters supports the concept of
release/shedding of tumor derived factors enhancing tumor invasion (Polette and
Birembaut, 1998). These same stromal cells express MMP-2 and TIMP-2 mRNA.
The explanation for enhanced MMP production in peritumoral stromal cells
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became better appreciated with the demonstration that cancer cells display Ex-
tracellular Matrix Metalloproteinase Inducer (EMMPRIN) on their plasma mem-
brane; this immunoglobulin superfamily member functions to induce the expres-
sion of MMP-1, -2, -3, and MT1-MMP in neighboring stromal cells (Biswas et al.,
1995; Sameshima et al., 2000; Zucker et al., 2001). However, numerous other in
situ hybridization studies have claimed that cancer cells, rather than stromal cells,
express the dominant amount of MT1-MMP and MT2-MMP in human cancers
(human thyroid, brain, and head and neck cancers) (Nakada et al., 1999).

Immunohistochemical studies have identified MT1-MMP in both tumor cells
and stromal cells. In most reports, the specificity of the antibodies employed for
MT-MMP identification was not clearly demonstrated. It has been pointed out that
differences in antigen localization in tumors may be due to the nature of the antigen
employed in the mouse immunizations (Chenard et al., 1999). Using specific mono-
clonal antibodies produced against recombinant protein, MT1-MMP was identified
in the stromal cells of human adenocarcinoma almost exclusively, and not in can-
cer cells (Chenard ef al., 1999). A correlation has been demonstrated between
immunohistochemical detection of MT1-MMP/MMP-2 and both the depth of
tumor invasion and vascular invasion in human colon cancer (Kikuchi et al., 2000);
no correlation with distant metastasis was shown. TIMP-2 levels in the stroma
were found to be associated with lymphatic invasion and lymph node metastasis
(Kikuchi et al., 2000).

Activated MMP-2, as detected by gelatin zymography, has also been predomi-
nantly demonstrated in various tumors compared to the normal tissue counterparts
(Davies et al., 1993); increased activated MMP-2 generally correlated with MMP
expression in the primary tumor (Ellenrieder et al., 2000; Nakada ef al., 1999)
and in metastasis (Ueno et al., 1997). In a preliminary study, comparative RT-PCR
(tumor versus normal tissue MT1-MMP/MMP-2 ratios) has been proposed as a
preoperative molecular-level prognostic factor for overall survival in human gastric
carcinoma (Caenazzo et al., 1998).

Immuno-electron microscopy showed that MT1-MMP was localized along the
plasma membrane of cancer cells, whereas it was detected in the rough endoplas-
mic reticulum in stromal cells. Ohtani et al. (1996) suggested that the expression
of MT1-MMP in cancer cells may be related to the invasive growth and to tissue
remodeling process in fibroblasts. Upadhyay et al. (1999) have investigated the
expression and immunolocalization of MT1-MMP and MMP-2 in human prostate
tissue from patients undergoing radical prostatectomy. They reported that the basal
cells in benign glands were uniformly stained intensely for MT1-MMP, whereas
secretory cells were rarely positive. Conversely, in high grade prostate intraepithe-
lial neoplasm (PIN) showing patchy loss of basement membrane, secretory cells
showed consistent cytoplasmic staining for MT1-MMP. In cancer, staining was het-
erogeneous. Using Western blotting, MT1-MMP was detected as both the 63 kDa
latent and 57 kDa activated forms of MT1-MMP. A significant spatial association
between the patterns of MMP-2 and MT1-MMP immunostaining was noted. It was
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concluded that the regulation of these enzymes is altered during the earliest stages
of prostate cancer. A good correlation between MT1-MMP and MMP-2 expression
has been reported in human pancreatic cancer; MMP-2 expression and activation
were associated with the extent of desmoplastic reaction in pancreatic cancers
(Ellenrieder et al., 2000). Among seven different MMPs examined, the production
of proMMP-2 and its MT1-MMP mediated activation in carcinoma cell nests were
proposed to play an important role in lymph node metastasis of human thyroid and
oral carcinomas (Shimada et al., 2000). Of interest, overproduction of TIMP-1
seems to be a common feature of human carcinomas (Nakamura et al., 1999).

MT2-MMP has been found in a variety of carcinomas; however, it has not
been linked with disease progression (Sato and Seiki, 1996). Although Polette and
Birembaut (1998) reported that MT3-MMP is not often observed in tumor tissue,
other groups have reported the expression of MT3-MMP in melanoma, breast
cancer, astrocytic tumors, and renal cell carcinoma (Kitagawa et al., 1999; Nakada
et al., 1999; Takino et al., 1995a; Ueno et al., 1997). MT5-MMP and MT6-MMP
have also been found to be overexpressed in human brain tumors, especially those
with more aggressive behavior (Llano et al., 1999; Velasco et al., 2000).

(2) MT-MMPs in experimental cancer models. Numerous experimental ob-
servations have been made concerning the role of MT-MMPs in cancer progres-
sion. In contrast to human tissue specimens, cancer cell lines generally demonstrate
enhanced expression of many MMPs, including MT-MMP, as compared to nonma-
lignant cells. MT1-MMP is also shed from tumor cell surfaces in vitro (Harayama
et al., 1999; Imai et al.,, 1996). The relevance of these observations to clinical
disease remains an enigma. High levels of MMP expression generally, but not
invariably (Zucker et al., 1992), correlate with the more invasive and metastatic
phenotype in cancer cell lines (Liotta, 1992; Stetler-Stevenson, 1995). Not long af-
ter the identification of the MT-MMP subfamily, Tsunezuka et al. (1996) reported
that injection of MT1-MMP transfected cancer cells into mice resulted in increased
metastatic behavior of the cells in short-term experiments. It was also demonstrated
that a cooperation between the plasminogen/plasmin system and MT1-MMP en-
dowed cells with the ability to fully activate proMMP-2 and with enhanced invasive
properties in vitro; further development of this concept is awaited.

MT1-MMP and TIMP-2 mRNA have been demonstrated to be present in many
human melanoma cell lines. Cell surface expression of MT1-MMP, as determined
by flow cytometry, was similar in all cell lines, as was the relative amounts of active
MT1-MMP. However, the presence of functionally active MMP-2 was restricted
to the most aggressive cell lines. Whereas MT1-MMP and TIMP-2 mRNA were
detected by RT-PCR in subcutaneous xenografts from all tumors, MMP-2 mRNA
was detected only in xenografts derived from highly metastatic tumors (Hofman
et al., 2000). Another report demonstrated that human melanoma cell line invasive
potential was controlled not by the expression of MT-MMP, but by the expression of
TIMP-2, which regulates proMMP-2 activation; production of TIMP-2 correlated
inversely with cell invasion (Kurschat et al., 1999). In experiments with HCAT
epidermal tumor cell lines, following contact with fibrillar collagen type I, the
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more malignant cell line gained the capacity to activate proMMP-2, possibly due
to downregulation of TIMP-2 levels (Baumann et al., 2000).

Human brain cancer cell lines stably-transfected with MT1-MMP cDNA demon-
strated increased cell proliferation, migration, production of vascular endothelial
growth factor, and directional remodeling of a three-dimensional collagen matrix,
associated with activation of proMMP-2 in vitro. It was suggested that MT1-MMP,
independent of MMP-2, plays an important role in situ in cancer migration and
invasion along white matter fiber tracts. Of special relevance to brain tumors, a
human glioblastoma cell line and MT1-MMP mRNA transfected fibroblasts were
able to degrade the inhibitory protein of the brain (bN1-220), as well as migrate
and invade through brain tissue (Belien ez al., 1999). In other studies of brain can-
cer cells, MT1-MMP transfected cells displayed increased tumor growth rates and
elevated levels of angiogenesis following tumor cell injections into nude mice.

Coculture of human squamous carcinoma cells with normal fibroblasts has
been reported to mediate cell-cell contact, MT1-MMP dependent activation of
proMMP-2 on the tumor cell surface, and increased invasiveness in vitro. EGF
was proposed as a mediator of these events (Sato et al., 1999). This experimental
model is attractive in that it recapitulates the mixture of cells in human tumors.
Clustering of collagen-binding integrins (8 integrins) on ovarian cancer cell mem-
branes has been shown to induce proMMP-2 activation through a MT-MMP and
signal transduction pathway (Ellerbroek et al., 1999). High levels of lysophos-
phatidic acid in patients with ovarian cancer appear to contribute to metastatic
dissemination of cancer cells, possibly via upregulation of proMMP-2 activation
via enhanced trafficking of MT1-MMP to the plasma membrane (focalized to sites
of cell-matrix contact) and subsequent changes in MMP-dependent cell migration
and invasion. Gj protein-coupled receptors were proposed to participate in this
mechanism (Fishman ez al., 2001). In some studies, however, the amount of the
active form of MT1-MMP on the cell surface did not appear to be sufficient to
explain the ability of cancer cells to activate proMMP-2.

Aznavoorian ef al. (2001) examined three cell lines derived from human squa-
mous cell carcinomas for MMP activation and digestion of collagen fibrils. They
demonstrated that in the absence of exogenous growth factors or accessory stromal
cells, degradation of interstitial collagen by cancer cells required a threshold level
of active MT1-MMP on the cell surface. Invasive cells were capable of MT1-MMP
mediated proMMP-2 activation which was induced by culturing cells on collagen
matrix; this mechanism was lacking in noninvasive cells. The mechanism for dis-
playing high levels of active MT1-MMP in more aggressive cancer cell lines was
not identified in this study; no differences in collagen receptors (integrins) were
found.

A correlation between furin expression and aggressiveness of cancer cell lines
in vitro and in vivo has been demonstrated. Transfection of invasive human can-
cer cells with a furin-specific modified o |-protease inhibitor resulted in decreased
invasiveness demonstrated in tracheal xenotransplants and decreased tumorigenic-
ity after transplantation into nude mice. As anticipated, furin inhibitor-transfected
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cells displayed decreased activation of proMT1-MMP and proMMP-2. Although
it is tempting to speculate that the decreased tumorigenicity of furin-inhibited cells
was due to inhibition of activation of proMT-MMPs, it must be kept in mind that
other cancer-related proteins such as TGF-f, are activated by the furin pathway
(Bassi et al., 2001).

Increased expression of oncogene family members, that is, EIAF, appears to
contribute to the invasive cancer phenotype, including MT1-MMP expression and
enhanced cell migration, but is not sufficient for exhibiting high metastatic activity
in vivo (Habelhah et al., 1999).

Of interest, the a3 chain of type IV collagen, which is prominently displayed
in the basement membrane around bronchopulmonary carcinoma cells, but not in
normal bronchial epithelium, downregulates MT1-MMP expression (both at the
transcriptional and posttranscriptional levels) in lung cancer cell lines (Martinella-
Catusse et al., 2001). In contrast, elastin-derived hydrophobic peptides stimulate
MT1-MMP mRNA expression (Brassart et al., 1998); MMP-2 and TIMP-2 ex-
pression are also stimulated following peptide binding to a specific cell receptor.

Cyclooxygenase-1 or -2 is able to mediate the processing of proMMP-2 through
the induction of MT1-MMP in cancer cells (Takahashi et al., 1999). Tsujii et al.
(1997) reported that increased cyclooxygenase expression in colon cancer cells
resulted in increased MT1-MMP expression; higher tissue MT1-MMP levels were
noted in moderately and poorly differentiated tumors. This finding is of significance
in light of evidence that use of nonsteroidal antiinflammatory agents, which inhibit
cyclooxygenase activity, results in a decrease in mortality from colorectal cancer.

MT1-MMP expression by tumor cells has been reported to promote tumor vascu-
larization in nude mice (Sounni et al., 2002). These experiments, however, did not
take into consideration the effect of tumor size per se, on angiogenesis. Depending
on the experimental tumor model employed, the contribution of MT1-MMP to can-
cer progression and angiogenesis may be independent/dependent on its capacity to
activate proMMP-2 (Itoh et al., 1998; Sounni et al., 2002). Deryugina et al. (2002)
proposed that overexpression of MT1-MMP involves stimulation of angiogenesis
through the upregulation of VEGF production. One fascinating aspect of the MT1-
MMP transfections was the increased growth rate of the transfected cells. This out-
come suggests that MT1-MMP may be altering the phenotype of cells in a global
fashion, thereby complicating analysis of the role of individual factors in enhanced
tumorigenicity. Of relevance to these experiments, overexpression of TIMP-2 in
carcinoma cells resulted in delayed in vivo tumor growth and vascularization by
strongly reducing VEGF expression (Hajitou et al., 2001). In experimental studies,
antibodies directed against the catalytic domain of MT1-MMP blocked endothelial
cell migration, invasion, and capillary tube formation (Galvez et al., 2001).

b. Atherosclerosis. Considerable recent evidence suggests that MMPs play a
role in maintaining blood vessel integrity and in the pathogenesis of cardiovascular
diseases. Synthesis and removal of blood vessel wall proteins by endothelial cells,
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smooth muscle cells, and inflammatory cells in both physiologic and pathologic
conditions depend on the action of numerous neutral proteinases, especially MMPs,
and their inhibitors. To avoid weakening from the normal mechanical stresses of
blood pressure, a vessel must continuously remodel its connective tissue, primar-
ily by breaking down the ECM while new matrix is synthesized. MMPs have
been implicated in pathologic states in the coronary artery system (Celentano and
Frishman, 1997; Libby and Lee, 2000), in congestive heart failure (Spinale et al.,
2000), aortic aneurysms (Pyo et al., 2000), and aortic dissections (Dollery et al.,
1995; Ishii and Asuwa, 2000). The critical issue in these studies is whether MMPs
have a causal relationship in cardiovascular diseases or whether these enzymes are
components of the tissue repair mechanism. In the blood vessel wall and heart, the
outcome of the reconstructive process on organ function is difficult to discern.

MMPs can degrade the fibrous cap of an atherosclerotic plaque, thereby con-
tributing to plaque rupture (Celentano and Frishman, 1997; Wang and Keiser,
1998). Collagen degradation and synthesis take place simultaneously within the
same plaques (Rekhter ef al., 2000). A mechanistic link between hypercholes-
terolemia and collagen degradation resulting from MMPs and other proteolytic
enzymes produced by macrophages has been suggested (Rekhter e al.,, 2000).
In atherosclerotic arteries, MT1-MMP expression was noted within the complex
atheroma colocalized with smooth muscle cells and macrophages. Proinflamma-
tory molecules (IL-1¢, TNF-«, and oxidized LDL) upregulate MT1-MMP expres-
sion in vascular smooth muscle cells and macrophages, thus influencing extracellu-
lar matrix remodeling in atherosclerosis (Rajavashisth et al., 1999). An important
role for MT1-MMP in the remodeling of balloon-injured arteries in myocardia
ischemia and reperfusion injury involves upregulation and activation of MMP-2
and MMP-9 after vascular injury (Jenkins er al., 1998; Lu et al., 2000). Arterial
furin and MT1-MMP expression preceded or coincided with increased arterial
proMMP-2 activation during arterial remodeling, either enlargement or shrinkage
(Kleijn et al., 2001). Regulation of proMMP-2 activation depends on the degree of
shear stress and might be regulated by TGFg,. Stretch provides a mechanism for
increasing MT1-MMP in cardiac fibroblasts (Tyagi et al., 1998). A role for MT1-
MMP in cerebral aneurysm remodeling has also been proposed (Bruno et al., 1998).

Increased MT1-MMP expression in smooth muscle cells has been described at
an early stage (Jenkins et al., 1998) following experimental balloon catheter deen-
dothelialization of the aorta (Wang and Keiser, 1998). In both high and low blood
flow models in rabbits, increased furin and MT1-MMP mRNA levels occurred
prior to and at the onset of arterial remodeling and was followed by an increase in
activated MMP-2 in approximately 1 week (Kleijn et al., 2001). The magnitude
and rate of increase in furin and MT1-MMP transcription and proMMP-2 activa-
tion were considerably greater after blood flow increase than after decrease. Both
smooth muscle cells in media and fibroblasts in the adventia of the blood vessel
displayed increased MT1-MMP immunostaining. These cells are also the major
collagen producing cells of the arterial wall.
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Target specificity and selectivity is of primary importance in developing new
treatments for atherosclerosis (Celentano and Frishman, 1997). Peptide-based in-
hibitors of MMP activity have been shown to block early vascular smooth muscle
cell migration in both in vivo and in vitro models of atherosclerosis (Abbruzzese
etal., 1998; de Smet et al., 2000; El Fahime et al., 2000; Lu et al., 2000); reports of
long term outcomes have varied (Bendeck et al., 1996). Pasterkamp et al. (2000)
postulated that MMPs in the atherosclerotic plaque play a causal role not only
in plaque vulnerability, but also in de novo atherosclerosis. Leville et al. (2000),
however, emphasized that a cause—effect relationship was not established between
MMPs and intimal hyperplasia. Based on informative preclinical studies of car-
diovascular diseases (Lu et al., 2000), clinical trials of MMP inhibitors (MMPIs)
in patients with heart disease have been discussed, but uncertainty of outcome
(Godin et al., 2000) has hampered initiation of clinical trials to date (Carmeliet,
2000; Ducharme et al., 2000; Galis, 1999; Libby, 2000).

c. Rheumatoid Disease. A role for MMPs in the invasiveness and collageno-
lytic properties of the rheumatoid pannus has long been proposed; MMP-1, -8, and
-13 have been implicated. MMP-2/MT1-MMP seem to be focalized to pannocytes
at sites crucial for tissue destruction in arthritis (Konttinen et al., 1998). MT1-MMP
and MT3-MMP are highly expressed in both the lining and the sublining layers in
rheumatoid synovial tissue localized to fibroblasts, macrophages, and osteoclast-
like cells (Pap et al., 2000). An important role in the activation of proMMP-2 in
the rheumatoid lining cell layer and in cartilage destruction has been proposed
(Yamanaka et al., 2000). The level of expression of MT3-MMP in rheumatoid
synovial tissue was markedly lower than MT1-MMP. It has also been proposed
that MT1-MMP activation of proMMP-2 might contribute to aseptic loosening of
polyethylene prostheses (Nawrocki et al., 1999); cooperation between MT1-MMP
expression in macrophages and MMP-2 expression in fibroblasts was proposed.

d. Neurologic Disease. Astrocyte activation is a stereotype reaction to neu-
ronal injury leading to tissue remodeling and the formation of a glial scar. Ex-
tracellular matrix remodeling after nerve injury involves expression of MMPs by
neurons and astrocytes (Lukes ef al., 1999). mRNA levels and cellular distribution
of MT1-MMP were examined in wobbler mutant mice affected by progressive
neurodegeneration resembling amyotrophic lateral sclerosis; MT1-MMP mRNA
levels were elevated in affected tissues, primarily in reactive astrocytes (Rathke-
Hartlieb et al., 2000). TIMP-1 and TIMP-3 mRNA levels were also increased.
It was proposed that MT1-MMP may facilitate the breakdown of glia inhibitory
proteins, thereby enabling astrocytes to have access to sites of motor neuron degen-
eration. Examination of brain tissue of patients with Alzheimer’s disease demon-
strated production of MT1-MMP by white matter microglial cells (Yamada et al.,
1995). An effect on activation of proMMP-2 and subsequent processing of beta-
amyloid protein was proposed.
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e. Lung Disease. In a murine model of lung emphysema caused by trans-
genic overexpression of interleukin-13, MT1-MMP, MMP-2, -9, -12, and -13 were
increased; the severity of the emphysema was attenuated by treatment with a syn-
thetic MMP-inhibitor (Zheng et al., 2000). In an in vivo rat model of ventilator-
induced lung injury, an increase in MT1-MMP mRNA in vascular endothelial
cells and bronchial epithelial cells of lungs injured by high volume ventilation was
demonstrated. The injury was accompanied by upregulation and release of MMP-2,
MMP-9, and EMMPRIN in the lungs when compared to noninjured lungs ven-
tilated with low total volume. The ventilator-induced injury was attenuated by
treatment with an MMP inhibitor (AG3340, Prinomastat) (Foda et al., 2000). Fur-
thermore, in an in vitro model examining the effect of cell stretching on MMPs,
it was found that stress applied to pulmonary microvascular endothelial cells led
to an increase in mMRNA production, protein release, and activation of MT1-MMP
and MMP-2, as well as upregulation of TIMP-2 (Haseneen ef al., 2002).

f. Kidney Disease. A role for MT-MMPs in glomerular diseases, especially
the severe form of glomerulonephritis accompanied by disruption of glomerular
membranes, has been proposed. MT1-MMP has been demonstrated to be induced
in infiltrating macrophages during the development of crescentic glomerulonephri-
tis and may contribute to pathologic degradation of glomerular extracellular matrix
through activation of proMMP-2 (Hayashi et al., 2000).

M. Synthetic Inhibitors of MT-MMPs

Rational design of potent inhibitors of MMPs has resulted in production of nu-
merous agents which inhibit MT-MMPs and secreted MMPs. Initially drugs were
targeted to the chemical functional group that chelates the active site zinc (II) ion,
which is a ubiquitous feature of MMPs. Biochemical studies using collagen-like
substrates have shown that six amino acids are primarily responsible for the pro-
teolytic activity of MMPs. These six subsites within the enzyme catalytic do-
main span the locations designated S3 to S3'. Peptide and peptide-like compounds
have been designed that combine backbone features (P1, P1’, P2’, P3'regions) that
would favorably interact with the enzyme subsites (S1, S1’, S2/, S3’ pockets) and
with functional capabilities of binding zinc in the catalytic site (Borkakoti, 1998;
Gomis-Ruth et al., 1997; Grams et al., 1995). The S1’ site is the most prominent
pocket in the MT-MMP catalytic domain. Most drugs designed as MMP inhibitors
essentially mimic the collagen substrate of MMPs and thereby work as highly
competitive, but reversible inhibitors of enzyme activity.

Potent inhibitors have been developed that are selective for the deep-pocket en-
zymes (MMP-2, MMP-3, MMP-8, MMP-9, MMP-13, and MT-MMPs) over the
shallow pocket enzymes (MMP-1 and MMP-7). Achieving drug inhibitor selectiv-
ity among MMP-2, MMP-9, and MT1-MMP has been difficult (Yamamoto et al.,
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1998) [see Zucker et al. (2002a) for a review of the subject]. Several hydroxamic
acid-derived inhibitors of MMPs have shown promising results in preclinical stud-
ies in cancer and arthritis. However, clinical trials of MMP inhibitors in advanced
cancer have yielded disappointing results. It has been pointed out that the use of
these MMP inhibitors in patients with preexisting metastasis may have precluded
a more favorable outcome (Zucker et al., 2000).

An exciting new approach in the development of more specific MMP inhibitors
has involved the use of phage display random peptide libraries. Using this ap-
proach, Koivunen ez al. (1999) reported that peptides containing the sequence
cyclic HWGF are potent and selective inhibitors of MMP-2 and MMP-9, but not
MMP-8, MMP-13, and MT1-MMP. Another approach involves the screening of
combinatorial libraries to identify small molecule antagonists of MMP function
(Boger et al., 2001). Based on the prominent role of MT-MMPs in physiologic
and pathologic processes, the development of specific inhibitors of MT-MMPs is
anxiously awaited.

IV. Summary and Concluding Remarks

The original concept that MMPs function simply by excavating the structural
groundwork that supports cells and separates tissue compartment has undergone
extensive revision. Considerable evidence has accumulated over the past 15 years
to indicate that pericellular effects of MMPs play an important role in normal
development, normal physiologic processes, and homeostatic mechanisms in the
body (Sternlicht and Werb, 2001). The function of these proteinases at the cell
surface is consistent with their role in altering the local environment surrounding
the cell. It is recognized that extracellular matrices convey considerable inherent
information and that these structures act as profound modifiers of cell behavior.
The function of MMPs in altering the extracellular matrix and thereby unearthing
cryptic structural information and releasing sequestered signal molecules is only
beginning to be understood.

The discovery of the MT-MMP subfamily has greatly expanded our understand-
ing of mechanisms by which cells degrade extracellular matrices. MT-MMPs exert
profound effects, not only on extracellular matrix degradation, but also on cell mi-
gration. The role of individual MT-MMPs on cell function varies depending on the
cell type and the environment. MT1-MMP is the most prominent and appears to be
the most active member of this MMP subfamily. Our knowledge of the functional
roles of the remaining MT-MMPs is probably very limited. Much remains to be
uncovered in our understanding of interaction between MT-MMPs and cell surface
adhesion molecules, for example, integrins and activation of signal transduction
pathways. Likewise, the positive regulatory role of claudins and the negative role
of the testican gene family on MT-MMP function remain to be explored. Much ex-
citement has been generated by reports that MT1-MMP cleavage of laminin 5 and
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CD44 results in cell migration; the physiologic and pathologic relevance of these
observations remains to be clarified. Concerns about cellular functional modifica-
tions that may result from transfection of MT-MMP cDNAs into cells, resulting
in synthesis of nonphysiologic amounts of proteinases, need to be addressed.

The role of the propeptide domain of MT-MMPs as intramolecular chaperones
and the formation of MT-MMP oligomers at the cell surface need to be further
explored. Additional structural and enzymatic analyses of MT-MMPs are required
in order to identify the in vivo substrates of the different proteinases as well as to
design selective inhibitors for experimentation in pathological conditions. Further
studies will be necessary to identify the regulatory elements present in the pro-
moter regions of these genes, as well as to establish the determinants of specificity
of expression of each of them in normal and pathological tissues. It will be also
fascinating to examine putative SNPs that could be responsible for altered expres-
sion or activity of different variants of MT-MMPs in disease. With the exception
of MT1-MMP, we know little concerning the molecular mechanisms controlling
MT-MMP expression in health and disease.

Inappropriate proteolysis appears to be involved in numerous diseases. A major
challenge is to determine which aspects of MT-MMP proteolysis are causative
of disease and which represent a physiologic response to the underlying disease
process resulting in tissue repair. It is necessary to determine exactly which of the
many potential substrates and mechanism of enzyme function identified in vitro
actually regulate biologic processes in vivo.

The generation of animal models of gain or loss of function for MT2-, 3-, 4-,
5-, and 6-MMPs, similarly to those available for MT1-MMP, will be crucial for
a better understanding of the roles of these MT-MMPs. These studies may also
help to clarify the basis of the putative redundancy among MT-MMP subfamily
members.

Undoubtedly, future studies of MT-MMPs will provide new insights about the
function and regulation of a group of important, widely distributed cell surface
proteinases that have captured the fancy of numerous investigators from a variety
of scientific disciplines.
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l. Introduction

Proteolysis of the pericellular milieu is a fundamental physiological process by
which cells modify their immediate microenvironment to achieve homeostasis
and fulfill their biological destiny. The pericellular environment is a complex en-
semble of surface components and extracellular matrix (ECM) proteins and any
change in its composition and structure has a profound impact on cell behavior
and survival. The task of adjusting the nature and composition of the pericellular
milieu in the organism relies on specific proteases produced by a variety of cells
in the tissue. The tight control of proteolytic activity produces optimal cellular
responses while uncontrolled activity causes significant tissue damage. Various

proteolytic systems are at the cell’s command to carry out surface proteolysis.
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One of the major groups of proteases responsible for pericellular proteolysis is the
matrix metalloproteinases (MMPs), a family of zinc-dependent endopeptidases.
The MMP family comprises at least 27 members in vertebrates (Massova et al.,
1998; Nagase and Woessner 1999; Sternlicht and Werb, 2001), which are divided
into five major subgroups based on their substrate specificity and structural or-
ganization: collagenases, stromelysins, matrilysins, gelatinases, and membrane
type-MMPs (Massova et al., 1998). MMP-19 and MMP-23 do not fall into these
categories and thus may represent new subfamilies.

The members of the MMP family are key mediators of pericellular proteoly-
sis in many physiological and pathological conditions, and in the past 20 years
a considerable effort has been put forth to understand their mechanism of action
and inhibition. Targeting the MMPs may interfere with the pathogenesis of vari-
ous human diseases characterized by uncontrolled degradation of the ECM such as
cardiovascular diseases, arthritis, and cancer. Therefore, a vast number of synthetic
MMP inhibitors were developed and tested in animal models and in human clinical
trials for effectiveness. Although some MMP inhibitors have shown promise, the
targeting of MMPs is hampered by the structural similarities among the members
of the MMP family, which reduces selectivity. The MMPs possess considerable
structural similarities in their individual domain structures, in particular in the
catalytic and hemopexin-like domain (Massova et al., 1998), and with few excep-
tions, they have a considerable overlap in substrate specificity (Sternlicht and Werb,
2001). Biologically, the members of the MMP family also exhibit a high degree of
redundancy in their cellular function. For example, studies investigating the role of
MMPs in tumor cell migration and invasion have shown that these processes can
be equally mediated by a variety of both secreted and membrane-anchored MMPs.
Furthermore, knockout mice deficient in MMP genes, with the exception of MT1-
MMP (Holmbeck et al., 1999; Zhou et al., 2000), showed no significant phenotypes
when unchallenged (Parks and Shapiro, 2001). Also, the evidence shows that in
most physiological and pathological conditions there is a consistent coexpression
of various MMPs with overlapping properties. From the drug design perspective,
these properties of the MMPs represent a major challenge. From the biological
standpoint, the similarities between MMPs raise a fundamental dilemma on regu-
lation of pericellular proteolysis: how do cells execute their proteolytic programs
given the vast number of MMPs at the cell’s command? Obviously, differential
tissue expression and presence of tissue inhibitors of metalloproteinases (TIMPs),
a family of natural MMP inhibitors, afford the cells the ability to control MMP-
dependent proteolysis in tissues. However, these regulatory mechanisms, albeit
important, do not explain how do cells can control the activity of MMPs at the
pericellular space. New evidence indicates that focusing the activity of MMPs at
the cell surface represents an additional level of regulation that permits cells to
strictly control the initiation, inhibition, and termination of proteolytic activity on
the cell surface. Furthermore, surface proteolysis affords the cells the ability to
hydrolyze biologically relevant molecules in their immediate milieu.
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To concentrate MMP activity at the cell surface, the MMP family developed
unique structural (domain additions) and non structural features (recruitment of
binding proteins) and hence today the MMPs can be subdivided in two major
groups: the secreted and the membrane-anchored MMPs. A subgroup of MMPs
incorporated membrane-anchoring motifs and thus evolved as membrane type-
MMPs (MT-MMPs), which are the topic of Chapter 1. On the other hand, the
secreted MMPs recruited various cell membrane proteins to act as docking sites on
the cell surface. Many studies reported the association of secreted MMPs with the
cell surface in various cell types including primary, nonmalignant, and malignant
cells (Table I). The presence of secreted MMPs on the cell surface was investigated
using a variety of techniques including isolation of purified plasma membranes and
flow cytometry. These findings led to the search for specific surface components
responsible for the MMP binding, which culminated with the identification of

Table I Reported Cell Surface Association of Secreted MMPs

Enzyme Cell Type Reference
MMP-9 Human pancreatic cancer RWP-I cells Zucker et al., 1990
Human breast epithelial MCF10A cells Toth et al., 1997
Bovine microvascular endothelial cells Partridge et al., 1997
Human fibrosarcoma HT1080 cells? Ginestra et al., 1997
Human neutrophils Gaudin et al., 1997
Human breast carcinoma 8701-BC cells? Dolo et al., 1998
Rat vascular endothelial cells Olson et al., 1998
Murine mammary carcinoma Met-1 cells Bourguignon et al., 1998; Yu and
Stamenkovic, 1999
Human ovarian carcinoma CABA T cells® Dolo et al., 1999
Prostate cancer DU-145 cells Manes et al., 1999
Breast cancer MCF7 cells Mira et al., 1999
Murine mammary carcinoma TA3 cells Yu and Stamenkovic, 1999
Prostate cancer PC3 cells Festuccia et al., 2000
Normal mouse keratinocytes Yu and Stamenkovic, 2000
Human ovarian carcinoma OVCA 429 cells Ellerbroek et al., 2001
MMP-13 Rat osteosarcoma UMR 106-1 Barmina et al., 1999
Rat osteosarcoma ROS 17/2.8 Barmina et al., 1999
Normal rat osteoblasts Barmina et al., 1999
Normal rat embryo fibroblasts Barmina et al., 1999
MMP-1 Rat mammary carcinoma BC1-5 cells Whitelock et al., 1991
Human lung carcinoma LX-1 Guo et al., 2000
Primary human keratynocyttes Dumin et al., 2001
MMP-7 Human neuroblastoma SH-SY5Y Yu et al., 2002
MMP-19 Human peripheral blood mononuclear cells Sedlacek et al., 1998

Human myeloid THP-1 cells
Human myeloid HL-60 cells

Mauch et al., 2002
Mauch et al., 2002

“Presence in shed vesicles.
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Table II Identified Proteins Associated with Binding of Secreted MMPs

Enzyme Binding Protein Function
MMP-9 a2 chain of collagen IV (Olson et al., Surface association and matrix localization
1998)
CD44 hyaluronan receptor Surface association

(Bourguignon et al., 1998; Yu and
Stamenkovic, 1999)

RECK (Takahashi et al., 1998) Inhibition of expression and activity
LRP (Hahn-Dantona et al., 2001) Internalization of zymogen
MMP-1 aB1 integrin (Dumin et al., 2001) Localization at cell-collagen binding sites
EMMPRIN (Guo et al., 2000) Surface association
MMP-13 Endo180? (Barmina et al., 1999) Internalization
MMP-7 Heparan sulfate proteoglycan (Yu Matrix localization
and Woessner, 2000)
CD44/HSPG (Yu et al., 2002) Surface association

several MMP-binding proteins, each acting to control various aspects of enzyme
function (Table II). Today, the surface association of MMPs is no longer viewed
as a mere physical docking of the protease on the cell surface but a complex
array of cell-protease interactions that regulate enzymatic activity and substrate
preference. Indeed, new evidence shows that surface binding of MMPs provides the
cells with the capability to process a vast spectrum of surface precursor molecules
that, once activated, play pivotal roles in normal cellular and tissue functions
(Sternlicht and Werb, 2001). On the other hand, surface binding also allows cells to
terminate proteolysis by either inhibition (Takahashi ez al., 1998) or internalization
of extracellular proteases (Hahn-Dantona et al., 2001; Walling et al., 1998). As
later discussed in this review, these mechanisms allow the cells to fine-tune the
control of closely homologous proteases such as the MMPs by adding an extra
level of regulation involving subcellular localization. This review summarizes our
current knowledge of the surface association of those secreted MMPs on which
there is information available. MMP-2 (gelatinase A) is not included in this chapter,
and its surface binding is discussed in Chapter 1.

Il. Surface Binding of MMP-9

A. Overview

MMP-9 (gelatinase B), together with MMP-2 (gelatinase A), belongs to the gelati-
nase subfamily of MMPs, which comprise a distinct subgroup of MMPs char-
acterized by unique structural features, interactions with TIMPs, and substrate
specificity (Collier et al., 1988; Wilhelm et al., 1989). At the domain organization
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level, MMP-9, in addition to the basic domains of all MMPs, contains a so-called
gelatin-binding domain (GBD) inserted within the catalytic domain, which con-
sists of three tandem copies of 58 amino acid residues, each homologous to the
fibronectin type II-like module (Murphy and Crabbe, 1995). The GBD mediates
the binding of the latent and active gelatinases to denatured collagen, also known
as gelatin (Strongin et al., 1993). Consistently, the substrate profile of the gelati-
nases demonstrates that these enzymes are efficient gelatin-degrading proteases
and thus are thought to accomplish the later steps of collagen degradation by carry-
ing out hydrolysis of collagen molecules after the attack of interstitial collagenases.
However, MMP-2 was also shown to exhibit classical collagenase activity (Aimes
and Quigley, 1995). The gelatinolytic activity of the gelatinases has been exploited
as a means to identify these enzymes in biological samples including cell surfaces
using the gelatin zymography technique (for a detailed review of zymography,
see Toth and Fridman, 2001). Several unique features confer MMP-9 with dis-
tinct characteristics. For example, MMP-9 contains an additional 54-amino-acid
long, proline-rich extension with homology to the «2(V) chain of collagen V that
is located between the hinge region and the hemopexin-like domain (Wilhelm
et al., 1989). Furthermore, MMP-9, as opposed to MMP-2, is heavily glycos-
ylated with both N- and O-linked glycosylation sites, which comprise a significant
portion of the total molecular mass (Opdenakker et al., 2001a). The function of
the oligosaccharide moieties of MMP-9 remains unknown. In biological samples,
MMP-9 is found in three distinct forms: a monomer, a disulfide-linked homodimer
(Olson et al., 2000; Strongin et al., 1993), and as a covalent complex with lipocalin
(Kjeldsen et al., 1993; Yan et al., 2001). Although both the monomeric and dimeric
forms of MMP-9 are fully competent proteases, the zymogenic form of the dimer
exhibits a significantly slower rate of activation by MMP-3 when compared to the
monomeric form (Olson et al., 2000). The MMP-9—lipocalin complex has been
shown to play a role in potentiation of zymogen activation (Tschesche et al., 2001)
and to protect MMP-9 from degradation (Yan et al., 2001).

Like all MMPs, active MMP-9 is inhibited by the TIMPs, which bind to the
catalytic site with high affinity resulting in complete inhibition of enzymatic ac-
tivity (Olson et al., 1997). The latent form (referred to here as pro-MMP or pro-
gelatinase) of MMP-9 can form noncovalent complexes with TIMP-1, which are
mediated by specific molecular interactions between the hemopexin-like domain
of the enzyme and the C-terminal region of the TIMP (Strongin et al., 1993). Pro-
MMP-9 can also bind TIMP-3 (Butler ef al., 1999). The ability to generate zymo-
gen/inhibitor complexes is a unique feature of the gelatinases among the members
of the MMP family. The zymogen/inhibitor complex of pro-MMP-2 with TIMP-2
is involved in surface association and activation (Butler et al., 1998; Strongin et al.,
1995), whereas the role of the pro-MMP-9/TIMPcomplexes remains undefined.

MMP-9 has been extensively studied in the context of its role in tumor metastasis
and angiogenesis (Coussens et al., 2000). MMP-9 has also been shown to play a
critical role in the degradation of ECM in cardiovascular diseases (Ducharme
et al., 2000). Mice deficient in MMP-9 display an abnormal pattern of skeletal
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growth plate vascularization and ossification (Vu et al., 1998). MMP-9 is expressed
by various types of cells including endothelial, epithelial, fibroblast, and immune
cells, but the major producers of MMP-9 in tissues are the inflammatory cells
(Opdenakker et al., 2001b).

Most of the studies describing the association of MMP-9 with the cell surface
were carried out with cell lines exposed to physiological and nonphysiological
MMP-9 inducers such as growth factors (Ellerbroek et al., 2001; Manes et al.,
1999; Mira et al., 1999) and phorbol ester (Ginestra et al., 1997; Mazzieri et al.,
1997; Olson et al., 1998; Toth et al., 1997). Upon secretion, MMP-9 is usually
released into the culture media in a latent form. However, a fraction of the enzyme
pool can be detected on the cell surface (Ellerbroek et al., 2001; Festuccia et al.,
2000; Manes et al., 1999; Mira et al., 1999; Toth et al., 1997) and in purified plasma
membrane fractions (Toth et al., 1997; Zucker et al., 1990). Surface-bound MMP-9
can be readily extracted with aqueous solutions consistent with the fact that MMP-
9 is a peripheral plasma membrane-associated protein (Toth et al., 1997). MMP-9
was identified on the surface of a variety of cultured cells including endothelial
(Olson et al., 1998; Partridge et al., 1997), breast epithelial (Olson et al., 1998;
Toth et al., 1997), breast cancer (Mira et al., 1999), pancreatic cancer (Zucker et al.,
1990), ovarian cancer (Ellerbroek et al., 2001), prostate cancer (Festuccia et al.,
2000), fibrosarcoma (Mazzieri et al., 1997), and mouse mammary carcinoma (Yu
et al., 1999) cells. Other studies showed the presence of MMP-9 in shed plasma
membrane vesicles of human fibrosarcoma (Ginestra et al., 1997) and endothelial
(Taraboletti et al., 2002) cells. These studies helped to establish the concept that
MMP-9 is also a surface-associated protease and led to the search for MMP-9
binding proteins.

B. Binding of MMP-9 to the a2(1V) Chain

The «2(IV) chain of collagen IV was the first protein to be identified as an MMP-9
binding surface protein (Olson et al., 1998). Ligand binding studies of iodinated
pro-MMP-9 in breast epithelial MCF10A cells showed that MMP-9 binds to the cell
surface with high affinity (K4 ~ 22 nM) (Olson et al., 1998), which suggested the
presence of a specific MMP-9 binding molecule. To identify the putative MMP-9
binding molecule, cell extracts of surface biotinylated-MCF10A breast epithe-
lial cells were subjected to an MMP-9-affinity purification and a major biotin-
ylated protein of 190 kDa was identified (Olson et al., 1998). Sequencing data and
specific antibodies demonstrated that the 190-kDa protein was the «2(IV) chain
of basement membrane collagen I'V. Coimmunoprecipitation experiments further
confirmed the «2(IV) chain as the major MMP-9 binding protein in various cell
types including breast epithelial MCF10A, breast carcinoma MDA-MB-231, fi-
brosarcoma HT1080, and rat vascular endothelial cells (Olson et al., 1998; Toth
et al., 1999). These finding were consistent with immunohistochemical studies
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showing the presence of MMP-9 on the surface of cancer cells in breast carcinomas
(Visscher et al., 1994) and in the basement membrane of skin tumors (Coussens
etal., 1999; Karelina et al., 1993). Formation of the pro-MMP-9/TIMP-1 complex
did not preclude binding of pro-MMP-9 to the «2(IV) chain, suggesting that the
site of interaction is not the hemopexin-like domain, which is responsible for bind-
ing TIMP-1 (Olson et al., 1998). The gelatinases bind to denatured collagens via
the gelatin-binding domain, which exhibits a high degree of homology between
the two enzymes (Murphy and Crabbe, 1995). However, pro-MMP-2 showed a
significantly lower affinity for the 2(IV) chain when compared to pro-MMP-9
(Olson et al., 1998). Possibly, other sites and/or the enzyme conformation regulate
the interactions with the «2(IV) chain.

Functionally, the binding of MMP-9 to the «2(IV) chain does not appear to
play a direct role in the regulation of zymogen activation and/or enzyme inhibition
(Olson et al., 1998). It is also unknown whether the activity of MMP-9 is altered
in any way by this interaction. However, the fact that MMP-9 is an efficient gela-
tinolytic enzyme suggests that the binding of MMP-9 to the «2(IV) chain plays
a role in the degradation of the collagen IV network at the cell surface. If so, the
discovery of the «2(IV) chain is not surprising given the well-known ability of
the gelatinases to bind with high affinity to denatured collagens by means of the
gelatin binding domain (Allan et al., 1995). Consistently, the gelatinases are very
efficient gelatinolytic enzymes (Murphy and Crabbe, 1995), which are considered
to participate in the degradation of the collagen matrix subsequent to the action
of collagenolytic enzymes such as MMP-1, MMP-13, or MT1-MMP. Consistent
with this view, the gelatinases exhibit a weak affinity for native (trimeric) collagens
(Olson et al., 1998; Steffensen et al.,, 1998). It is conceivable that the binding
of MMP-9 to the «2(IV) chain is mediated by sites that are cryptic in native
collagen IV, which are only exposed after partial denaturation and/or degradation
of the collagen IV molecule. If so, the binding of pro-MMP-9 to the o2(IV)
chain uncovers a potential proteolytic mechanism that regulates the remodeling of
basement membrane collagen IV by localizing the zymogen at a precise location
where upon activation completes the breakdown of the collagen network.

Although both gelatinases can cleave denatured collagen IV with similar effi-
ciencies, MMP-9 exhibits a higher affinity toward the «2(IV) chain (Olson et al.,
1998), suggesting that the association of MMP-9 with «2(IV) may serve a differ-
ent purpose. Thus, beyond the potential role of the pro-MMP-9/a2(IV) complex
in degradation of denatured collagen IV, the existence of single «2(IV) chains in
the extracellular space raises the interesting possibility that «2(IV) chains may
serve as pro-MMP-9 binding proteins on the cell surface. However, the stability
of monomeric «2(IV) chains remains controversial (Toth ef al., 1999; Yoshikawa
et al., 2001). This fact does not minimize the potential significance of the high-
affinity binding of MMP-9 to «2(IV) and consequently its association with colla-
gen IV. Because collagen IV molecules are very closely associated with the cell
plasma membrane, most likely bound via integrins, a clear distinction between cell
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surface and ECM cannot be made. It is therefore permissible to consider the site
of MMP-9 interaction with collagen IV as pericellular rather than extracellular.
This pericellular milieu constitutes the biological front where relevant proteolysis
must take place.

C. Binding of MMP-9 to CD44

A series of studies (Bourguignon et al., 1998; Yu and Stamenkovic, 1999) showed
the association of MMP-9 with the hyaluronan receptor CD44. The adhesion recep-
tor CD44 is a heavily glycosylated transmembrane protein that as a consequence
of extensive alternative splicing exists in multiple variant forms. Numerous stud-
ies have implicated CD44 in tumor growth, invasion, and metastasis (Goodison
et al., 1999) and thus, the association of MMP-9 with CD44 has been suggested to
link cellular adhesion to ECM and pericellular proteolysis (Yu and Stamenkovic,
1999). Studies with murine mammary carcinoma and human melanoma cells ex-
pressing CD44 reported the presence of MMP-9 on the cell surface (Bourguignon
et al., 1998; Yu and Stamenkovic, 1999). The association of MMP-9 with CD44
was demonstrated by coimmunoprecipitation experiments and colocalization of
proteins on the cell surface by immunofluorescence (Bourguignon et al., 1998;
Yu and Stamenkovic, 1999), but the relative binding affinity of MMP-9 toward
CD44 remains unknown. Analyses of the surface-bound MMP-9 by gelatin zy-
mography revealed presence of the active form as determined by molecular mass
(Yu and Stamenkovic, 1999), suggesting that CD44 interacts specifically with the
active species of MMP-9. However, it is unclear whether binding to CD44 plays
a role in pro-MMP-9 activation. The binding of MMP-9 to CD44 appears to be
associated with the ability of CD44 receptors to aggregate on the cell surface and
binding of CD44 to hyaluronan is not necessary for the association of MMP-9 to
CD44. However, hyaluronan induces coclustering of CD44 receptors with active
MMP-9 in the mouse mammary cell line.

Functionally, the association of MMP-9 with CD44 has been shown to pro-
mote tumor cell invasion in vitro and in experimental metastasis assays (Yu and
Stamenkovic, 1999). Furthermore, expression of a soluble CD44 receptor abro-
gated invasion in vitro and in vivo and inhibition of MMP-9 activity by an inhibitory
antibody or antisense technology obliterated the invasive ability of the cells ex-
pressing CD44 and surface-bound MMP-9 (Yu and Stamenkovic, 1999). Although
surface-associated MMP-9 may focus ECM degradation on the immediate cellular
environment, active MMP-9 bound to the CD-44 receptor was also shown to pro-
cess latent tumor growth factor-8 (TGF-p8) to the biologically active form (Yu and
Stamenkovic, 2000). Generation of active TGF-8 on the cell surface may enhance
tumor growth and metastasis by promoting a degradative phenotype (Overall et al.,
1989) and by inducing angiogenesis (Yu and Stamenkovic, 2000).
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D. Binding of MMP-9 to RECK

A negative mechanism of MMP-9 expression and activity has been reported to
involve the action of the membrane-anchored glycoprotein RECK (Takahashi
et al., 1998). The RECK gene was identified after screening genes that could
suppress the transformed phenotype induced by the ras oncongene in mouse fi-
broblasts (Takahashi ez al., 1996). RECK codes for a glycosylphosphatidylinositol
(GPI)-anchored cysteine-rich glycoprotein containing serine protease inhibitor-
like domains and regions with weak homology to epidermal growth factor (EGF)
(Takahashi et al., 1998) and its expression is downregulated in a variety of tumor
cell lines and in cells transformed by a variety of oncogenes. Expression of the
recombinant RECK protein in various cell lines inhibited in vitro invasion and
metastasis in vivo without significant effects on the proliferative capacity of the
cells. Subsequently, it was found that the expression of RECK was associated with
specific reduction in the amounts of secreted pro-MMP-9 while no differences
were observed in pro-MMP-2 secretion. Although RECK has no homology to
TIMPs, a soluble RECK protein was shown to inhibit the enzymatic activity of
MMP-9 (Takahashi et al., 1998), MMP-2, and MT1-MMP (Oh et al., 2001), albeit
with a lower affinity than TIMPs. The mechanism by which the RECK protein
inhibits MMP activity is unclear given the homology of RECK to serine protease
inhibitors, but the inhibitory effects are not specific since various MMPs, both sol-
uble and membrane-anchored, were equally inhibited (Oh et al., 2001). In contrast,
there appears to be specificity in the recognition of pro-MMP-9 by a soluble re-
combinant RECK (Takahashi et al., 1998). However, whether membrane-anchored
RECK can bind pro-MMP-9 on the cell surface and regulate its activation remains
unclear. The inhibitory effect of RECK is believed to be the cause of the tumor-
suppressing effects of RECK and also for the lethal consequence of RECK gene
ablation in knockout mice (Oh et al., 2001). The RECK null mice fail to develop
beyond the embryonic stage and exhibit severe malformation of mesenchymal and
vascular tissues, which were ascribed to reduced MMP activity when compared
to the wild-type RECK embryos. Proteins such as RECK have been proposed to
represent a new class of protease inhibitors that act specifically on the cell surface
to control enzymatic activity in the pericellular space, as opposed to soluble MMP
inhibitors, which are secreted (Oh et al., 2001). Thus, surface-bound molecules
that can act as protease inhibitors may add an extra level of regulation during peri-
cellular proteolysis by trapping and inhibiting secreted MMPs on the cell surface.

E. Binding of MMP-9 to LRP

The control of pericellular proteolysis is also mediated by an active process of
internalization that eliminates proteolytic enzymes and inhibitors from the cell
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surface. Low-density lipoprotein receptor-related protein (LRP) is a member of the
LDL receptor family known to mediate the endocytotic intake of ligands as diverse
as lipoproteins, protease—inhibitor complexes, proteases, growth factors, ECM
components, viruses, and bacterial toxins (Herz and Strickland, 2001). More than
30 ligands were found to bind LRP with high affinity indicating the broad role that
LRP plays in the regulation of protein function by internalization. LRP-mediated
internalization of protease—inhibitor complexes has been shown to regulate the
activity of urokinase-type plasminogen activator (uPA) and its receptor (uPAr)
after inhibition by the plasminogen activator inhibitor (PAI)-1 (Nykjaer et al.,
1997). Internalization of the uPA/uPA1/PAI-1 complex permits recycling of uPAr
molecules to the cell surface to maintain plasmin-dependent activity (Nykjaer
et al., 1997). Evidence suggests that LRP also plays a role in the control of MMP
activity at the cell surface by mediating the internalization of various members of
the MMP family. MMP-9 was shown to bind with high affinity to purified LRP
either as a free enzyme or in complex with TIMP-1 (Hahn-Dantona et al., 2001).
Binding of MMP-9 to LRP was inhibited by RAP (receptor associated protein),
a protein that inhibits ligand binding to LRP (Herz and Strickland, 2001). Upon
binding to embryonic fibroblasts expressing LRP, the MMP-9/TIMP-1 complex
was shown to be internalized as a function of time, a process that was followed by
degradation in a chloroquine-dependent mechanism (Hahn-Dantona ef al., 2001).
Based on these studies a role for LRP has been proposed in which LRP controls
the level of MMP-9 in the pericellular environment by promoting the clearance
and subsequent catabolism of the latent enzyme and the complex of pro-MMP-9
with TIMP-1. Thus, LRP may act as a negative regulator of MMP-9 action. In
this regard, it is interesting that LRP internalizes the complex of pro-MMP-9 with
TIMP-1, which is catalytically inactive. There is not yet evidence that LRP can
promote the internalization of the active enzyme or the active enzyme in complex
with TIMPs.

I1l. Surface Binding of the Soluble Interstitial Collagenases
(MMP-1 and MMP-13)

A. Overview

The degradation of the connective tissue matrix is mediated by a limited number
of specialized MMPs, which acquired the capacity of hydrolyzing native triple
helical interstitial collagen molecules. These enzymes are efficient in promoting
the degradation of fibrilar collagen molecules at a single locus in both the o1 and
a2 chains and thus are known to generate the classical 3/4 and 1/4 degradation
fragments. Cleavage of collagen I molecules causes instability of the triple helical
structure and the denatured collagen becomes sensitive to the proteolytic attack
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of gelatinases. Fibrilar collagen degradation is a fundamental process during the
development and formation of connective tissues such as bone and cartilage and
for the remodeling and turnover of the collagenous matrix in normal and patho-
logical conditions that necessitate collagen degradation. Both membrane-anchored
and soluble MMPs can cleave interstitial native collagen (I to III) molecules in-
cluding MMP-1 (fibroblast collagenase, collagenase-1), MMP-13 (collagenase-3),
MMP-14 (MT1-MMP), MMP-8 (neutrophil collagenase, collagenase-2), and
MMP-2 (gelatinase A), albeit with various degrees of efficiency (Krane, 2001).

Degradation of interstitial collagens must be strictly regulated to prevent un-
necessary tissue damage. Localization of collagenolytic activity at the cell-matrix
interface would permit turnover and remodeling of the collagen matrix where it is
really needed. It is evident that by being anchored to the plasma membrane MT1-
MMP, a potent collagenolytic enzyme, can focus its collagenase activity at the cell
surface. However, how do the soluble interstitial collagenases achieve localized
degradation of fibrilar collagens? Recent studies have attempted to answer this
question in regard to the surface regulation of MMP-1 and MMP-13.

B. Surface Binding of MMP-1

1. Binding to a;3; Integrin

MMP-1 is produced by a variety of cell types and its major role is to promote
the degradation of native collagen I molecules in the interstitial connective tissue
matrix. MMP-1 is particularly active in normal and pathological processes that
require turnover and remodeling of fibrilar collagen, particularly during develop-
ment and wound healing, but it has also been associated with tumor invasion and
metastasis (Brinckerhoff et al., 2000). The activity of MMP-1 during wound heal-
ing must be efficiently and tightly regulated so that the proteolytic events produce
the appropriate cellular responses and accomplish effective tissue repair. A series
of studies in human keratinocytes, the major cell of the skin, elegantly demon-
strated that the latent form of MMP-1 associates with the cell surface via the a8
integrin (Dumin et al., 2001; Stricker et al., 2001). The a8 integrin is the major
collagen-binding receptor and is known to mediate the adhesion of keratinocytes to
collagen I. Coimmunoprecipitation experiments, cellular colocalization, and solid-
phase binding studies showed that pro-MMP-1 interacts with and binds specifically
to B integrin. Indeed, 381, another integrin receptor for collagen I, was not
detected in complex with MMP-1. MMP-1 binding to a8 integrin was shown
to be mediated by the I domain of the «2 integrin subunit and the hinge region
and hemopexin-like domain of pro-MMP-1 (Dumin et al., 2001; Stricker et al.,
2001). Solid-phase assay studies with purified «; I domain and MMP-1 (active and
latent) showed a high-affinity (around 10-40 nM) binding for both enzyme forms,
although the zymogen appeared to bind preferentially (Stricker et al., 2001). Under
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the experimental conditions used, the interaction of pro-MMP-1 with a8 was ev-
ident when the cells were plated on native collagen I and was significantly reduced
on gelatin. This observation suggested that the nature of the matrix influences the
ability of the a8, integrin to cluster pro-MMP-1 on the cell surface.

The significance of the binding of pro-MMP-1 to «,8; has been associated with
the ability of keratinocytes to migrate on collagen I during the process of wound
healing in the skin. In response to injury, keratinocytes on the epidermal layer
migrate to the underlying collagen I-rich connective tissue matrix to initiate the
process of tissue repair. Expression of o8, at the basal surface of the migrat-
ing keratinocytes confers on the cells the ability to form focal contacts with the
collagen matrix, which in turn transduce extracellular signals that stimulate the
repair process by inducing the expression of proteolytic enzyme such as MMP-1,
among other factors (Sudbeck et al., 1997). Dumin et al. (2001) proposed that
binding of MMP-1 to o, would promote the generation of denatured collagen I
molecules at areas of focal contacts. This process would cause a reduction in the
affinity of «,f, toward collagen resulting in the dislodging of the integrin from
its binding to the now-denatured collagen. This would allow the cells to detach
and generate new contacts at the leading front, in the uncleaved collagen I matrix.
In addition, hydrolysis of collagen I at focal contacts by MMP-1 would elicit a
negative feedback on enzyme gene expression and binding to 81 (Dumin et al.,
2001). This hypothesis was based on the observation that induction of pro-MMP-1
gene expression and binding to «,8; were more efficient when the cells were in
contact with native collagen I (Dumin et al., 2001). Paradoxically, Dumin et al.
(2001) found that the zymogen form of MMP-1 was the major enzyme species
that was consistently bound to ;8 and that pro-MMP-1 was the major form de-
tected in the supernatant of keratinocytes plated on collagen I. These observations
raise the question as to whether the binding of pro-MMP-1 to «,8; can regulate
zymogen activation and whether the enzyme remains associated with the integrin
after activation. Considering that the zymogen form is likely to be catalytically
inactive, the detection of surface bound pro-MMP-1 (Dumin et al., 2001) or pro-
MMP-9 as described earlier (Ellerbroek et al., 2001; Toth et al., 1997) represents
a major dilemma in our understanding of the relevance of cell surface association
of the zymogen for cellular function. Recent evidence suggests that pro-MMP-9
exhibits limited enzymatic activity without removal of the propeptide if the en-
zyme is bound to gelatin (Bannikov et al., 2002). Whether a similar process exists
in pro-MMP-1 upon binding to «,8; and/or collagen I is still unknown. Further
studies are required to support a functional role for the binding of pro-MMP-1 to
a8 on cell behavior or on enzymatic activity.

2. Binding to EMMPRIN/CD147

Invasive tumor cells migrate through the interstitial collagen matrix of the stroma
to reach the circulation and thus they must possess the necessary proteolytic
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machinery to degrade various collagen types during cell migration. There is ample
evidence indicating that MMP-1 expression is elevated in various invasive tumors
(Brinckerhoff et al., 2000). Similar to the findings with human keratinocytes and
MMP-1 (Dumin et al., 2001), the concept of surface localization as a means to
improve the effectiveness of collagen degradation can also be applied for MMP-1
and tumor cells. Supporting this view, early studies showed the presence of MMP-1
on the plasma membranes of tumor cells (Moll et al., 1990). In recent years, how-
ever, production of proteolytic enzymes, including MMPs, has been shown to take
place mostly in the stromal cells that are closely associated with the cancer cells
(Crawford and Matrisian, 1994; Hewitt and Dano, 1996). The expression of MMPs
by the stromal cells is a consequence of specific tumor—stromal interactions me-
diated by a variety of factors. One of this factors is the transmembrane protein
EMMPRIN (extracellular matrix metalloproteinase inducer) or CD147/basigin
(Biswas et al., 1995), a member of the immunoglobulin superfamily that is found
on the surface of many tumor cells and is known to induce the expression of several
MMPs in fibroblasts (Guo et al., 1997). For instance, tumor-bound EMMPRIN has
been shown to stimulate MMP-1 expression in fibroblasts and thus may contribute
to the degradation of the interstitial collagen matrix in tumor tissues. However,
this degradative process, if limited to the fibroblast pericellular space, may have
little impact on the immediate environment of the tumor cells and their ability to
migrate. The tumor cells, to take advantage of the MMPs produced by the stromal
cells, must be able to retain the released enzymes on their surface. A study has pro-
vided a possible answer to this dilemma by showing that EMMPRIN itself can act
as “receptor” for pro-MMP-1 on the surface of the tumor cells (Guo et al., 2000).
In that study, phage display screening was used to search for EMMPRIN binding
proteins. This resulted in the isolation of clones containing DNA sequences of
human MMP-1 suggesting that EMMPRIN may act as a surface binding protein
for MMP-1. The ability of EMMPRIN to bind MMP-1 was verified using various
approaches and the zymogen form of MMP-1 was found to bind preferentially
to EMMPRIN (Guo et al., 2000). Evidence suggests that EMMPRIN-mediated
induction of MMP expression also involves both heterotypic and homotypic cell-
cell interactions resulting in MMP expression in both fibroblasts and tumor cells
(Sun and Hemler, 2001). Thus, EMMPRIN may not only act to induce expression
of MMPs in the neighboring fibroblasts but also to serve as a docking protein for
pro-MMP-1 on the surface of the invasive tumor cells in either a paracrine or an
autocrine fashion. The functional consequences of binding the MMP-1 zymogen
to EMMPRIN for both enzyme and cellular functions remain to be elucidated.

C. Surface Binding of MMP-13

MMP-13, or collagenase-3, was originally identified in breast carcinomas us-
ing a genetic approach and has been associated with the invasive and metastatic
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properties of various human tumors (Pendas et al., 2000). MMP-13 has also been
shown to play a major role in bone formation (Jimenez et al., 2001) and in the
pathogenesis of osteoarthritis (Neuhold et al., 2001).

A series of studies demonstrated the binding of MMP-13 to the cell surface
suggesting the existence of a specific receptor (Omura et al., 1994). Studies in
rat osteoblastic cells showed that secreted or exogenously added MMP-13 was
gradually removed from the extracellular space by an active process of internal-
ization of the enzyme. Ligand binding studies further demonstrated the existence
of single high-affinity (nanomolar range) receptor (Omura et al., 1994; Walling
et al., 1998). However, it turned out that the initial binding and subsequent in-
ternalization of pro-MMP-13 was mediated by two distinct surface components.
The protein responsible for pro-MMP-13 internalization was identified as LRP.
This was supported by the observation that LRP null fibroblasts, albeit able to
bind pro-MMP-13, were unable to internalize the enzyme. Furthermore, RAP in-
hibited MMP-13 internalization consistent with a role for LRP in this process
(Barmina et al., 1999). A pro-MMP-13-binding protein with a relative mass of
170 kDa was isolated and identified as the transmembrane glycoprotein Endo180
(Barmina et al., 1999). However, this study did not show evidence for the inter-
action (Barmina et al., 1999). Later studies using various approaches and similar
cell lines failed to confirm the role of Endo180 in pro-MMP-13 surface binding
(Bailey et al., 2002) and thus the nature of the putative pro-MMP-13 receptor
remains elusive. The possible role of Endo180 as mediator of pro-MMP-13 cell
surface binding is nevertheless interesting. Endo180 is a member of the C-type
lectins of endocytic receptors, which presently include the macrophage mannose
receptor, the phospholipase A; receptor, and the DEC-205/MR6 receptor (Sheikh
et al., 2000). Structurally, these receptors are type I transmembrane glycoproteins
containing within the extracellular portion a cysteine-rich domain at the amino-
terminal region followed by a collagen binding domain (fibronectin type II) and
8 to 10 consecutive carbohydrate recognition domains (Sheikh ez al., 2000). This
family of proteins serves as endocytic receptors for extracellular glycoproteins in
a process mediated by clathrin-coated vesicles, which is followed by lysosomal
degradation (Sheikh et al., 2000). Endo180 was also found to bind the urokinase-
type plasminogen activator receptor (uPAr) in a process dependent on the presence
of pro-uPA, and thus Endo180 is also known as the urokinase-type plasminogen
activator receptor-associated protein (UPARAP) (Behrendt et al., 2000). In addi-
tion, Endo180/uPARAP was shown to bind collagen V via its collagen-binding
domain (Behrendt et al., 2000). Although the precise role of Endo180/uPARAP in
uPAr function remains unknown, the biological properties of the C type lectin sug-
gest that it may play a role in the internalization of the uPA/uPAr complex similar
to the role of LRP in this process (Engelholm et al., 2001). The multiple inter-
actions mediated by Endo180/uPARAP raise the interesting possibility that this
lectin may serve as a link between serine proteases, MMPs, and collagen degrada-
tion on the cell surface. Although the proposed interaction of Endo180/uPARAP
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with pro-MMP-13 has been disproved (Bailey et al., 2002), it is worth noting that
pro-MMP-13 is heavily glycosylated and thus may have the potential to interact
with lectin type proteins on the cell surface to mediate its internalization. Inter-
estingly, pro-MMP-9, which is also heavily glycosylated, is also internalized by
LRP (Hahn-Dantona et al., 2001) suggesting the possibility that glycosylation of
soluble MMPs may serve as a recognition signal for endocytic receptors to de-
plete the pericellular space of excess zymogens before they undergo activation.
For pro-MMP-13, surface binding may also be associated with activation (Bailey
et al., 2002; Knauper et al., 1997). However, whether this process necessitates the
presence of a specific cell surface receptor to bring about the zymogen in close
association with its activator remains unknown.

IV. Surface Binding of MMP-7

A. Overview

MMP-7 (matrilysin-1) (Wilson and Matrisian, 1996; Woessner, 1995), together
with MMP-26 (matrilysin-2) (de Coignac et al., 2000; Park et al., 2000; Uria and
Lopez-Otin, 2000), is the shortest member of the MMP family containing only a
signal sequence, a propeptide, and a catalytic domain. Structural studies suggested
that MMP-7’s minimal domain composition represents a retrograde process in
MMP evolution and thus MMP-7 may be a relatively new MMP in which deletion
of the hemopexin-like domain occurred late in evolution (Massova et al., 1998).
MMP-7 exhibits broad substrate specificity, which includes ECM and non-ECM
proteins (Wilson and Matrisian, 1996; Woessner, 1995). Accumulating evidence
indicates that MMP-7 cleaves various proteins known to be associated with the
cell surface including E-cadherin (Noe et al., 2001), tumor necrosis factor-o pre-
cursor (Gearing et al., 1994; Haro et al., 2000), and Fas ligand (Powell et al.,
1999). MMP-7 is involved in a variety of physiological and pathological processes
including uterus involution (Woessner, 1996), tumor progression (Fingleton et al.,
1999; Wilson and Matrisian, 1996), apoptosis (Powell et al., 1999), and microbial
defense (Wilson et al.,, 1999). Mice deficient in MMP-7 lack efficient antimi-
crobial defenses in the lung (Wilson et al., 1999) and do not support intestinal
tumorigenesis (Wilson et al., 1997).

B. Binding of MMP-7 to Heparan Sulfate

Several studies demonstrated the ability of MMP-7 to bind heparan sulfate (HS),
a major glycosaminoglycan of the ECM (Yu and Woessner, 2000). HS moieties
associate with a protein core forming heparan sulfate proteolglycans (HSPGs),
which are heterogeneous and ubiquitous components of the ECM, in particular
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basement membranes, but are also expressed on cell surfaces in transmembrane
proteins. The HS side chains are linear polysaccharides composed of alternating
dissacharide units of either uronic acid or L-iduronic acid and D-glucosamine and
are negatively charged because of the high content of sulfate groups (Esko and
Lindahl, 2001). HSPGs interact with a large number of proteins and thus play
key roles in many biological processes as diverse as tissue development, growth
factor signaling, angiogenesis, and tumor metastasis (Forsberg and Kjellen, 2001;
Iozzo and San Antonio, 2001; Sanderson, 2001), to name just a few. Thus, the
association of MMP-7 with HS may link proteolytic activity with HSPG-mediated
processes.

The association of MMP-7 with sulfated proteoglycans was inferred from the
fact that the enzyme was extracted from rat uterus with various sulfated compounds
and/or after heparitinase treatment. Further studies determined that MMP-7 colo-
calizes with HS in rat uterus and that they are similarly regulated during the estrous
cycle (Yu and Woessner, 2000). MMP-7 and HS were detected on the surface of the
epithelial cells lining the uterus glands. Although the relative affinity of MMP-7
toward the cell surface was not directly determined, affinity measurements were
carried out with immobilized heparin. These studies showed a high-affinity binding
of both the latent and active forms of MMP-7, although the latent form exhibited a
stronger affinity. Structural analyses of the catalytic domain of rat MMP-7 revealed
the existence of a putative heparin-binding site represented by a contiguous line
of positive residues, which may be responsible for the tight binding of MMP-7 to
HSPG (Yu and Woessner, 2000).

An isoform of the multifunctional CD44 hyaluronan receptor containing the
alternatively spliced exon v3 can incorporate HS side chains and thus is consid-
ered a nonclassical HSPG (lozzo, 2001). Functionally, CD44/HS exhibits some
of the functions of classical surface-associated HSPG including the ability to
bind fibroblast growth factor (FGF) and heparin-binding epidermal growth factor
(HB-EGF) (Bennett et al., 1995). One study reported the association of CD44/HS
with MMP-7 on the cell surface by colocalization, coimmunoprecipitation, and
heparin elution studies (Yu et al., 2002). The active form of MMP-7 appears to
be preferentially associated with the heparan sulfate—containing CD44 isoform.
The significance of this finding was then explained by the ability of MMP-7 to
cleave the precursor form of heparin-binding epidermal growth factor (pro-HB-
EGF) to generate active EGF. This growth factor can bind to CD44/HS and thus
becomes accessible to the proteolytic processing of MMP-7, as demonstrated after
coprecipitation of CD44/HS with pro-HB-EGF and exposure of the precipitated
growth factor to MMP-7. Furthermore, it was shown that the mature HB-EGF could
engage its receptor ErbB4 and directly affect organ remodeling in uterus and mam-
mary glands (Yu et al., 2002). These studies demonstrated that the association of
active MMP-7 with the cell surface via CD44/HS can promote the hydrolysis of
cell surface molecules and thus directly influence cell behavior. The findings with
CD44/HS and MMP-7 raise interesting possibilities for other secreted MMPs, as
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they have also been shown to bind to heparin (Butler et al., 1998). Furthermore,
TIMPs are also known to exhibit tight binding to heparin, which has been used for
their isolation and purification. TIMP-3 has been shown to bind to HSPG in rat
uterus in a similar fashion as MMP-7 (Yu et al., 2000), suggesting the possibility
that their close interaction may serve to regulate MMP-7 activity in the ECM and
on the cell surface. The ability of HS chains to bind MMPs and TIMPs suggests
the possibility that other HSPGs such as syndecans and glypicans could also act
as potential cell surface binding proteins for these molecules and thus regulate
pericellular proteolysis.

V. Surface Binding of MMP-19

MMP-19 is a secreted new member of the MMP family that was identified by
searching databases containing expressed sequence tags (Cossins et al., 1996;
Pendas et al., 1997) and by cDNA library screening (Kolb et al., 1997) and was
originally designated MMP-18 (Cossins et al., 1996) and RASI-1 (Kolb et al.,
1997). Structurally, MMP-19 contains the basic domains of all MMPs including
a signal peptide, a prodomain, a catalytic domain, and a hemopexin-like domain
(Pendas et al., 1997). However, the absence of several common structural features
present in other MMP subfamilies makes MMP-19 a unique enzyme (Pendas ez al.,
1997). MMP-19 contains two unique features including a hinge rich in acidic
residues and a threonine-rich region of 36 residues at the end of the hemopexin-
like domain downstream of the terminal cysteine (Cossins et al., 1996; Pendas
et al., 1997). The catalytic competence of MMP-19 has been characterized with
a recombinant catalytic domain, which was found to cleave a variety of ECM
components, in particular collagen IV, from the basement membrane, laminin, and
nidogen but shows no activity against triple helical collagens (Stracke et al., 2000).
MMP-19 is highly expressed in the synovial blood vessels of rheumatoid arthritis
(Kolb et al., 1997) and in myeloid cells (Mauch et al., 2002). MMP-19 is expressed
in normal breast tissues in myoepithelial, endothelial, and smooth muscle cells.
Interestingly, compared to normal and noninvasive breast tumors, invasive breast
carcinomas contain lower levels of MMP-19, suggesting that this enzyme may
play a role in early stages of tumor progression.

Evidence indicates that MMP-19 associates with the cell surface of myeloid
cells including activated blood mononuclear cells and various myeloid cell lines
as determined by flow cytometry and surface biotinylation (Mauch et al., 2002).
The surface association of MMP-19 appears not to be mediated by a putative GPI
anchor, and deletion of the hemopexin-like domain impaired surface association
(Mauch et al., 2002). The precise mechanism of MMP-19 surface association
remains unclear but the presence of the C-terminal threonine-rich region may play
a role in surface binding. Furthermore, the significance of the surface association
remains to be determined.
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VI. Concluding Remarks. Surface Binding: A Balance
between Positive and Negative Effects on
Pericellular Proteolysis

It is now evident that the surface association of secreted MMPs is a multifunctional
process mediated by diverse surface proteins and involving, so far, only a limited
number of secreted MMPs. It is also evident that binding of the secreted MMPs to
the cell surface to be functionally meaningful for the cells does not require binding
to a classical membrane-anchored molecule analogous to signaling or adhesion
receptors. Instead, it may include surface molecules that facilitate clustering of the
enzyme in the immediate pericellular microenvironment and surface proteins that
can terminate proteolysis by removing the protease from the extracellular space.
The differential effects of surface association on MMP function suggest that the
fate of a surface-bound enzyme is determined by a balance between positive and
negative elements. As shown in Fig. 1, binding of MMPs permits surface localiza-
tion as demonstrated with the findings with MMP-9 (Olson et al., 1998; Yu and
Stamenkovic, 1999), MMP-1 (Dumin et al., 2001), and MMP-7 (Yu et al., 2002),
and thus it may serve the cells to concentrate the secreted MMP at areas where

. Latent MMP
‘ Active MMP

Secretion

Surface
Localization Inhibition Internalization

Figure1 Distinct positive and negative aspects of surface association of secreted MMPs. The released
MMPs can be retained on the cell surface by a variety of surface molecules including cell adhesion
receptors or ECM components associated with the cell surface. This permits surface localization at
areas of cell-matrix contact. Upon binding of the zymogen to these molecules, activation may ensue
and the active enzyme may be released or remain bound. Alternatively, active enzyme may bind to
a surface component. Binding to a surface-anchored protein with a protease inhibitory domain will
result in inhibition of catalytic activity. Finally, surface binding may lead to enzyme internalization
by endocytic receptors and thus terminate surface proteolysis. Interactions between these mechanisms
and the action of TIMPs (not shown here) will determine the net proteolytic activity on the cell surface.
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proteolysis is required. To achieve surface association, each of the secreted MMPs
appears to utilize a different set of proteins suggesting a certain degree of speci-
ficity. If so, unique structural features in the secreted MMP molecules may target
the enzyme to a specific surface-binding component. The presence of a gelatin-
binding domain in the gelatinases is an example of adaptation for pericellular ECM
binding. On the cells, however, the evidence so far indicates that there are not spe-
cific “receptors” for MMPs. Instead, surface proteins as different as cell adhesion
receptors and ECM proteins have the ability to cluster secreted MMPs in areas
of cell-matrix contacts. Although this association may facilitate substrate degra-
dation at focal points, there is not yet evidence to indicate that such interactions
regulate enzymatic activity. Further studies are required to determine the effects
of surface binding on regulation of activation and catalytic activity of the secreted
MMPs. If surface binding is required for efficient and localized control of enzy-
matic activity, a mechanism of inhibition that is also accessible to the pericellular
environment must also exist to avoid excessive proteolysis. Membrane-anchored
proteins with inhibitory domains such as RECK (Section IILE) (Takahashi et al.,
1998) may provide a tighter control of MMP activity on the cell surface (Fig. 1)
by directly binding the active MMP or by inhibiting active enzyme bound to an
MMP surface “receptor.” On the other hand, surface binding of active enzyme may
disrupt enzyme—TIMP binding and thus act as a sort of safe haven for catalysis at
the cell’s doorstep. Although this is an interesting concept, there is no experimental
evidence to support such a possibility with surface-bound secreted MMPs. In fact,
the MT-MMPs, which are tethered to the plasma membrane, are readily accessible
and inhibited by TIMP-2, a secreted inhibitor. Thus, at this juncture, the effects
of surface binding on secreted MMP-TIMP interactions cannot be predicted. En-
zyme internalization is another component of the overall mechanism aimed at
terminating enzymatic activity on the cell surface. This process can be mediated
by proteins such as LRP as shown for MMP-9 (Hahn-Dantona et al., 2001) and
MMP-13 (Barmina et al., 1999) but may include other surface molecules. The
studies with MMP-13 suggest that cell surface binding and internalization are
mediated by different components and thus a complex process may regulate bind-
ing and subsequent internalization. The balance between positive and negative
elements determines the level of net enzymatic activity in the pericellular milieu
and permits the cells to tailor the appropriate proteolytic response. Further studies
into the mechanisms of surface regulation and the molecules involved in these
processes may provide new avenues for the development of specific inhibitors of
MMP action in pathological conditions.
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l. Introduction

Proteolysis has emerged as a key posttranslational regulator of the function of
molecules on the cell surface and the extracellular matrix. In principle, proteolysis
can activate or inactivate a substrate protein or can change its functional properties.
Metalloprotease-disintegrin proteins [also referred to as ADAMs (a disintegrin
and metalloprotease domain)] are a family of membrane anchored glycoproteins

Current Topics in Developmental Biology, Vol. 54
Copyright 2003, Elsevier Science (USA). All rights reserved.
0070-2153/03 $35.00



102 Becherer and Blobel

[ ] |
s P MP D CRR EGF CT
T™

Figure 1 A typical domain organization of an ADAM (a disintegrin and metalloprotease) consists of
an N-terminal signal sequence (SS), followed by a prodomain (P), a metalloprotease domain (MP), a
disintegrin domain (D), a cysteine-rich region (CRR), an EGF repeat (EGF), a transmembrane domain
(TM), and a cytoplasmic domain (CT).

that have been implicated in the processing of proteins on the cell surface and
the extracellular matrix. A typical domain organization of an ADAM is shown
in Fig. 1. Substrates of ADAMs are thought to include proteins with key roles in
development and in disease, such as cytokines, growth factors, receptors, adhesion
proteins, Notch, the amyloid precursor protein, and others. (Please see Chapter 4
by Arribas and Merlos-Sudrez for details on protein ectodomain shedding. For
other reviews on ADAMs, please see Black and White, 1998; Blobel, 1997, 1999,
2000; Evans, 1999; Huovila et al., 1996; McLane et al., 1998; Mullberg et al.,
2000; Myles and Primakoff, 1997; Primakoff and Myles, 2000; Schlondorff and
Blobel, 1999; Stone et al., 1999; Turner and Hooper, 1999; Wolfsberg and White,
1996).

Of the 34 ADAMs that have been identified to date, only about half contain a
zinc binding catalytic site consensus sequence (HEXXH), a hallmark of the metz-
incin superfamily of zinc-peptidases (Blundell, 1994; Bode et al., 1993; Jongeneel
et al., 1989; Stocker et al., 1995), in their otherwise conserved metalloprotease
domain. Thus, only half of the known ADAMs are predicted to be catalytically
active. Individual ADAMs are referred to by numbers (ADAM1, ADAM?2, etc.)
that are assigned by Dr. Judy White in the order in which full-length sequences
become available. Frequently updated tables of currently known ADAMs can be
found under two URLSs (http://www.uta.fi/%7Eloiika/ ADAMs/MMADAMSs.htm
or http://www.people.Virginia. EDU/%7Ejag6n/Table of the ADAMs.html). The
rate of discovery of new ADAMs has slowed considerably in the past few years,
suggesting that most of the more abundant or widely expressed ADAMs have now
been identified. Unfortunately, the annotation of the human genome sequence is not
yet complete, and therefore no conclusions about the total number of ADAMs can
be drawn. The list of 34 ADAMs that was available while this review was written
includes one that has only been described in Caenorhabditis elegans (ADAM14),
two that were only found in Xenopus laevis (ADAM13, 16), and two that have a
literature alias (ADAMSs 27 and 31). Therefore the number of ADAMs that have
been identified in a given species will be smaller than 34. In mice, for example, 24
ADAMs have been identified. Of these, 9 do not have a catalytic-site consensus se-
quence, whereas the remaining 15 carry such a site and are therefore predicted to be
catalytically active. Of the 15 catalytically active ADAMs, 6 are expressed mainly
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in the testis, whereas the remaining 9 (ADAMs 8§, 9, 10, 12, 15, 17, 19, 28, 33) are
expressed in a variety of somatic tissues. In this review we will focus mainly on
the biochemical properties and functions of ADAMs that are catalytically active
and expressed in somatic tissues.

Il. Structural Chemistry and Biochemistry
A. Domain Structure

All ADAMs are membrane anchored glycoproteins that are characterized by a con-
served domain structure: an amino-terminal signal sequence followed by pro-, met-
alloprotease, and disintegrin domains, a cysteine-rich region, usually containing an
EGF repeat, and finally a transmembrane domain and cytoplasmic tail (see Fig. 1)
(Black, 1998; Blobel and White, 1992; Blobel, 1997; Wolfsberg, 1996). ADAMs
that contain a catalytic site consensus sequence usually also have an odd-numbered
cysteine residue in their prodomain that is not found in ADAMs without a catalytic
site. This odd-numbered cysteine inhibits the catalytic activity via a cysteine switch
mechanism, thus presumably ensuring that the metalloprotease domain remains
inactive until the prodomain is removed (Van Wart and Birkedal-Hansen, 1990).
The disintegrin domain and cysteine-rich region of ADAMs are thought to have a
role in cell—cell interaction and potentially also in substrate recognition. The amino
acid sequence in these two protein domains is rich in cysteine residues, all of which
are presumably engaged in intramolecular disulfide bonds. As a result, ADAMs
migrate faster during sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) under nonreducing conditions (which leaves the disulfide bonds in-
tact) compared to reducing conditions (which breaks disulfide bonds and allows
the protein to unfold more completely). The cytoplasmic domains of catalytically
active ADAMs usually contain several signaling motifs such as potential phospho-
rylation sites and proline-rich SH3 ligand domains. In some cases, splice variants
of membrane-anchored ADAMs have been found to give rise to soluble secreted
proteins whose function would not be restricted to the cell surface (Gilpin et al.,
1998; Howard et al., 2000; Jury et al., 1999). The same would be true for ADAM
modules that are released from their membrane anchor through proteolysis, such
as the metalloprotease domain of ADAMI1 (Lum and Blobel, 1997). However, in
most cases the metalloprotease domain of catalytically active ADAMSs remains
membrane anchored.

In addition to the membrane-anchored ADAMs there is a growing family of
related molecules that are referred to as ADAMTS proteins (A disintegrin-like and
metalloprotease with thrombospondin motifs; Hurskainen et al., 1999; Rodriguez-
Manzaneque et al., 2000). These proteins, which will not be covered in this review,
contain a conserved amino terminal metalloprotease domain and disintegrin-like
domain that has a quite different pattern and spacing of cysteine residues compared
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to the disintegrin domain of membrane anchored ADAMs. In contrast to ADAMs,
ADAMTS proteins lack a transmembrane domain, and instead harbor throm-
bospondin motifs as well as other extracellular protein modules (see Tang and
Hong, 1999, for recent reviews).

B. Processing, Activation, Trafficking, and Degradation

All ADAMs contain an N-terminal signal sequence, which directs translocation
across the membrane of the endoplasmic reticulum and is immediately removed by
signal peptidase. During translocation across the ER membrane, N-linked carbo-
hydrates are attached and the proper disulfide bonds form. Following translocation,
the core glycosylated membrane anchored ADAM has lost its signal sequence, but
contains all other domains mentioned above, including the prodomain. A properly
folded ADAM molecule will then emerge from the endoplasmic reticulum and
migrate through the secretory pathway. Most N-linked carbohydrate residues are
modified during transit through the secretory pathway. These modifications result
in resistance to endoglycosidase H after the ADAM has moved through the medial
Golgi apparatus. Folding of ADAMs in the ER and their subsequent transport to
the surface can easily be disrupted by deletions within any of its protein domains,
or by certain point mutations, such as mutating a cysteine residue or any one of
the three Zn-coordinating histidines in the catalytic site. An unfolded ADAM is
expected to be retained by intracellular chaperones and subsequently degraded.
Therefore acquisition of endo H resistance provides a convenient assay for exit
from the ER, and is thus indicative of proper protein folding (Cao et al., 2002; Lum
and Blobel, 1997; Lum et al., 1998; Roghani et al., 1999; Schlondorff et al., 2000).

Most ADAMs contain a proprotein convertase cleavage site between their pro-
and metalloprotease domains. This is usually cleaved after acquisition of endoH
resistance, suggesting that the prodomain is removed shortly after transit through
the medial Golgi (Cao et al., 2002; Kang et al., 2002; Loechel et al., 1999; Lum
et al., 1998; Roghani er al., 1999; Schlondorff er al., 2000). This is consistent
with the well-established function of proprotein convertases such as furin in the
trans-Golgi network. However, at least one ADAM, fertiline/ADAM]1, contains
a furin cleavage site between the metalloprotease and disintegrin domain (Lum,
1997). Cleavage at this site releases a soluble metalloprotease domain. Further-
more, at least two ADAMs (ADAMs 8 and 28) do not have an evident proprotein
convertase cleavage site between the pro- and metalloprotease domain. In the case
of ADAM2S, a point mutation that inactivates the catalytic site without affect-
ing transport to the cell surface also prevents prodomain removal, suggesting that
prodomain removal is autocatalytic (Howard, 2000). Following cleavage between
the pro- and metalloprotease domains the prodomain or parts of the prodomain may
still remain noncovalently attached to the ADAM (Lum, 1998; Milla et al., 1999).
Indeed, in the case of the TNFo convertase/ADAM17, the disintegrin domain and
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cysteine-rich region appear to be necessary for releasing the prodomain after it has
been cleaved (Milla et al., 1999).

During biosynthesis and transit through the secretory pathway, the prodomain
of ADAMs is thought to keep the protease domain inactive via a cysteine-switch
mechanism (Loechel et al., 1999; Roghani et al., 1999). When coexpressed in
trans as separate polypeptides the prodomain inhibited the «-secretase activity of
wild-type ADAMI10 (Anders et al., 2001). Following prodomain removal, it is
likely that additional mechanisms regulate the catalytic activity of ADAMs. The
prodomain of ADAM 10 has a second important function. The prodomain acted
as a intramolecular chaperone and functionally rescued the «-secretase activity of
a former inactive ADAM10 mutant lacking the prodomain. This rescue appears to
be achieved by assisting the correct folding of the catalytically active site (Anders
et al., 2001). A similar chaperone function for the prodomain of MT1-MMP has
been reported (see Chapter 1 by Zucker, Pei, Cao, and Lopez-Otin).

Interestingly, TIMPs 1 and 2, which together are known to inhibit all currently
known MMPs, do not inhibit several ADAMs, with the exception of ADAMI10,
which is inhibited by TIMP1, but not TIMP2 (Amour et al., 1998, 2000, 2002;
Schwettmann and Tschesche, 2001). On the other hand, TIMP3 inhibits ADAM17
as well as ADAMI10, but not, for example, ADAMO. It will be interesting to
determine whether other TIMPs or other yet to be discovered inhibitors have a role
in regulating the function of ADAMs once the prodomain is removed.

Following prodomain cleavage, mature ADAMs may be targeted to different
subcellular localizations. This can be assessed using simple criteria such as cell
surface biotinylation, accessibility to trypsin on the cell surface, and immunoflu-
orescence microscopy (Cao et al., 2002; Howard et al., 2000; Lum et al., 1998;
Schlondorff et al.,, 2000; Weskamp et al., 1996). Mature ADAM2S, for exam-
ple, was found predominantly on the cell surface of transiently transfected Cos-7
cells. ADAMY also seems to reside mainly on the cell surface (Howard et al.,
2000; Weskamp et al., 1996). In contrast, mature ADAM15 and ADAM17/TACE
are mainly localized intracellularly, in a perinuclear compartment that resembles
the trans-Golgi network/endosome (Lum et al., 1998; Schlondorff et al., 2000).
These results suggests that some ADAMs, such as ADAMs 28 and 9, may func-
tion predominantly on the cell surface, whereas others, such as ADAMs 15 and
17, are mainly active in the lumen of an intracellular compartment. Further studies
will be necessary to more accurately define the subcellular localization of differ-
ent ADAMs and to confirm that the localization of endogenous ADAMs can be
compared to that of transiently transfected ADAMs.

Little is currently known about the degradation of ADAMs. Pulse chase analysis
suggests that the half-life of some ADAM:s is relatively long (on the order of
12-36 h; Lum et al., 1998; Schlondorff er al.,, 2000). Treatment of cells with
phorbol esters is known to activate TACE, while high concentrations lead to a
rapid downregulation of mature TACE, presumably by increasing degradation in
the lysosome (Doedens and Black, 2000). However, TACE activity can also be



106 Becherer and Blobel

stimulated with lower doses of PMA that do not result in its downregulation and
degradation (Zheng et al., 2002), suggesting that activation is not necessarily linked
to downregulation.

C. Protein Preparation and Catalytic Features

The first ADAM that was shown to have catalytic activity in vitro was ADAM10,
which was initially purified as an enzyme that cleaves the myelin basic protein
(Chantry et al., 1989; Howard and Glynn, 1995; Howard et al., 1996). Subse-
quently, the long-sought-after TNFa converting enzyme (TACE) was isolated by
two groups and found to be an ADAM (ADAM17) (Black et al., 1997; Moss et al.,
1997). Thus both TACE and ADAM10 were first purified from primary tissue or
cell lysates based on their specific activity toward a substrate of interest. Once the
genes for these two ADAMs were cloned, recombinantly expressed ectodomains
were used for further studies of substrate specificity and to determine their inhibitor
profiles.

Additional information on the catalytic activity of other ADAMSs has since
emerged from studies with recombinantly expressed soluble proteins. In addition
to TACE/ADAM17 and ADAMI10 (Rosendahl et al., 1997), two other ADAMSs
have been shown to have catalytic activity in assays in which peptide or protein
substrates are turned over. The recombinantly expressed metalloprotease domain
of ADAMD can cleave the insulin B chain in two positions, whereas a catalyti-
cally inactive control does not (Roghani et al., 1999). Active ADAM9 also can
process a number of other peptide substrates. In contrast, recombinantly expressed
ADAM28 can cleave myelin basic protein, but not several peptides that are cleaved
by other ADAMs, or extracellular matrix proteins that can be cleaved by certain
MMPs (Howard et al., 2001). One important conclusion from these studies is that
ADAMs apparently have distinct cleavage specificities in vitro, even though no
clear consensus cleavage site has emerged yet for any ADAM. This suggests that
the substrate specificity of ADAMs in vivo may at least in part be dictated by their
preference for different cleavage sites.

The first evidence for catalytic activity of ADAMs 12 and 19 was derived from
assays with the general protease inhibitor o2 macroglobulin (Loechel et al., 1998;
Wei et al., 2001). This inhibitor becomes covalently attached to the active site
of a protease after it is cleaved. The complex of «2M and an ADAM can then
be detected on an SDS gel, providing a convenient assay for catalytic activity.
An advantage of this assay is that it does not require purification of the protease
so long as specific antibodies against the protease are available for Western blot
analysis. However, since «2M is a “suicide inhibitor” that irreversibly binds to
the protease after it is cleaved, this assay is not suitable to determine inhibitor
profiles of competitive inhibitors, or the cleavage site and specificity constant of
an ADAM for biologically relevant peptides. In order to gather information on
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the inhibition of ADAMs by TIMPs or hydroxamic acid derivatives or to study
cleavage of peptides it is necessary to identify substrates that can be turned over
by a purified ADAM. It will be interesting to learn more about the inhibitor profile
and substrate specificity of other catalytically active ADAMs in order to gain a
better understanding of the potential selectivity of these enzymes in vivo.

D. Substrate Specificity

The substrate specificity of TACE has been explored via multiple strategies. Anal-
ysis of cells from TACE”™”™ mice reveals that TACE is involved in production not
only of soluble TNF but also of L-selectin, p75 TNFR, and TGF« (Peschon et al.,
1998). Immunoprecipitated TACE substrates are cut poorly by TACE, presumably
because both enzyme and substrate must be membrane anchored. A somewhat
more physiological approach takes advantage of TACE-deficient fibroblasts. Using
these cells in which the endogenous TACE gene is defective, putative sheddase
substrates are evaluated by cotransfection with catalytically active TACE. Using
this method, the type II IL-1 receptor and the pS5 TNF receptor also are shed by
TACE (Reddy et al., 2000).

A third approach utilizes synthetic substrates with purified TACE to determine
cleavage site specificity and k.,/K, values. The substrates are usually 8—14 amino
acids and represent the sequences spanning the cleavage sites of the ectodomain
of shed proteins (Table 1). Only TNF and TGF« peptides are processed efficiently
by TACE, with k.,/K;, values >1 x 10° M~ 's™!. Other peptide substrates, such
as BAPP, KL, Rank-L, TNFR p55 and TNFr p75, IL-6 R, and Notch, are cor-
rectly processed by TACE but at least 50- to 1000-fold less efficiently (Mohan
et al., 2002). These data raise the possibility that TACE does not function as a
broad-spectrum sheddase and that other ADAMs or metalloproteases may also be
responsible for the ectodomain shedding of the aforementioned proteins.

Finally, inhibitors can be used to further define the nature of the enzyme(s)
involved in shedding various surface molecules in cellular assays. A report profiles
~20 inhibitors in their capacity to inhibit shedding of CD23, APP, ACE, and TNF.
Consequently, several inhibitors can selectively discriminate among these shedding
events, yielding tools to specifically identify the corresponding sheddase and to
probe the role these sheddases play in various experimental systems. For example,
using a compound that discriminates between TACE and the BAPP sheddase,
Parkin et al. (2002) demonstrate that TACE is not the a-secretase involved in
BAPP shedding from neuronal cells.

Similar to TACE, ADAMY cleaves several peptide substrates but at sites dis-
tinct from that reported for the native protein (Roghani et al., 1999). Intriguing is
the cleavage of SAPP by ADAMY. Although ADAMY does not target the major
a-secretase site, it does cleave efficiently at a site two residues upstream, with a
keat! Koy of 2 % 100 M~ s, Perhaps in certain cell types ADAMS9 functions as the
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Table I Membrane Proximal Cleavage Sites of Proteins Known to be Shed by Metalloproteinases®

Peptide Sequence Cleaved by:

Predicted
Sheddase Substrate Cleavage Sequence TACE ADAM-9
TNF« SPLAQAVRSSSR SPLAQA*VRSSSR SPLA*QAVRSSSR
SPLAQAVRS*SSR
TNFp55 LPQLEN*VKGTED LPQLEN*VKGTED NP
TNFp75 SMAPGA*VHLPQP SMAPGAVH*LPQP SMAPGAVH*LPQP
SMAPGA*VHLPQP
SMAPG* AVHLPQP
TGFa (N terminus)  SPVAAA*VVSHFN SPVAAA*VVSHFN ND
TGFa (C terminus)  HADLLA*VVAASQ HADLLA*VVAASQ NP
BAPP EVHHQK*LVFFAE EVHHQK*LVFFAE EVHH*QKLVFFAE
C-Kit ligand LPPVAA*SSLRND LPPVAA*SSLRND LPPVAAS*SLRND
LPPVAAS*SLRND LPPVAA*SSLRND
LPPVAASS*LRND LPPVA* ASSLRND
Trance/Rank-L IVGPQR*FSGAPA IVGPQR*FSGAPA ND
IL-6R TSLPVQ*DSSSVP TSLPVQ*DSSSVP NP
Notch PYKIEA*VKSEPV PYKIEA*VKSEPV ND
HER4 HGLSLPVENRLYTYDH HGLSLPVE*NRLYTYDH ND
HGLSLPV*ENRLYTYDH
L-Selectin KLDK*SFSKIKEGDYN KLDK*SFSKIKEGDYN NP

“Peptides mimicking the predicted cleavage sites were incubated with TACE, or ADAMY, and
products formed were characterized by HPLC and mass spectrometry. All peptides were based on the
human sequence except for L-selectin, which is from the mouse sequence. Data are derived from the
following publications: Lum et al. (1999): Mohan et al. (2002): Peschon et al. (1998): Roghani et al.
(1999). ND, Not determined: NP, no proteolysis.

BAPP «a-secretase (Giulian et al., 1998). Further studies are required to determine
if there is any physiological significance to this activity of ADAMO.

E. Natural and Synthetic Inhibitors

Several ADAMs are inhibited by tissue inhibitors of matrix metalloproteinases
(TIMPs). In fact, inhibitor profiling was initially used to demonstrate that the
“TNF sheddase” belonged to a subfamily of metalloproteases distinct form the
MMPs. Whereas small molecular weight MMP hydroxamates are potent inhibitors
of TNF shedding, the endogenous MMP inhibitors TIMP-1, TIMP-2 and TIMP-4
do not significantly inhibit TNF shedding. TIMP-3, however, is a potent inhibitor
of both TNF and L-selectin release from cells, with an IC5y of ~100 nM and
~400 nM, respectively, in cellular assays (Borland et al., 1999). In enzyme assays
using murine TACE and a synthetic substrate, TIMP-3 inhibits the enzyme with
an apparent K; of 180 pM. In addition to TACE, TIMP-3 also inhibits ADAM12
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(Loechel et al., 2000) and both TIMP-1 and TIMP-3 inhibit ADAM10 (Amour
et al., 2000). The physiological relevance of these observations remains to be
demonstrated; however, it is intriguing that TIMP-3 is the only TIMP that binds
to heparan sulfate proteoglycans and can therefore be localized on the cell surface
in proximity to cell surface ADAMs.

As mentioned previously, small-molecular-weight MMP inhibitors also inhibit
ADAMI17/TACE (Gearing et al., 1994; McGeehan et al., 1994; Mohler et al.,
1994). To date, the majority of ADAM inhibitor development is due to the role
TNF plays in arthritis. Early TACE inhibitors such as TAPI and GW 9471 (Becherer
et al., 2000; Beckett and Whittaker, 1998) are potent against TACE and block TNF
release from cells both in vitro and in vivo. A growing collection of ADAM17/TACE
inhibitors exists in the literature today, driven by the desire to reproduce the clin-
ical efficacy seen with such biologicals as Enbrel (a soluble TNF receptor) and
Remicade (an anti-TNF antibody), but with a small-molecule TNF inhibitor in pill
form. For the most part, these inhibitors possess the characteristic hydroxamate
functionality, which is critical to their mechanism of inhibition. This evolution of
the TACE inhibitor is characterized by increasing selectivity for TACE relative to
the MMPs (>100-fold selectivity is now common), improved potency in cellular
TNF assays (IC50 <100 nM), and potent inhibition of TNF in vivo (Barlaam et al.,
1999; Holms et al., 2001; Kottirsch et al., 2002; Letavic et al., 2002; Levin et al.,
2002; Rabinowitz et al., 2001; Xue et al., 2001). However, very limited pharma-
cokinetic data are reported on these inhibitors and the challenge remains to develop
an orally bioavailable TACE inhibitor that shows efficacy in the clinic. To date,
the only published study of a TACE inhibitor in the clinic is that for GI 5402, a
broad-spectrum TACE and MMP inhibitor (Dekkers et al., 1999). This compound
effectively blocks TNF release in response to LPS without a concomitant increase
in the levels of membrane-bound TNF.

I1l. Expression in Different Tissues and Regulation
of Gene Expression

As outlined in the introduction, some ADAMs with a catalytic site are mainly
expressed in the testis, whereas others have a more ubiquitous expression pattern
in somatic tissues (ADAMs 8, 9, 10, 12, 15, 17, 19, 28, 33). Northern blot analysis
indicates that the expression pattern of several widely expressed ADAMs is at
least partially overlapping, although individual ADAMSs have distinct expression
profiles (Black et al., 1997; Howard et al., 2000; Inoue et al., 1998; Kritzschmar
etal., 1996; Lum et al., 1998; Moss et al., 1997; Rosendahl et al., 1997; Weskamp
et al., 1996; Yagami-Hiromasa et al., 1995). This conclusion is further supported
by RNA in situ hybridization experiments. For example, ADAMO is found in all
cells and tissues evaluated to date, but is highly expressed in the developing heart,
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in mesenchymal tissues, and in certain areas of the brain, such as the hippocam-
pus and hypothalamus (Weskamp et al., 2002). Expression of ADAMs 12 and
19 is high in the bone, although both proteins are also quite widely expressed
(Kurisaki et al., 1998). Xenopus laevis ADAM13 is highly expressed in the cra-
nial neural crest and somitic mesoderm (Alfandari et al., 1997). Further stud-
ies will be necessary to understand whether ADAMs have different functions
in different tissues, or whether their roles in different tissues is comparable and
conserved.

Little is currently known about the regulation of ADAMs at the transcriptional
level, although anecdotal evidence suggests that the expression of most catalyt-
ically active ADAMs can be regulated. ADAMS, for example, is upregulated in
affected brain areas of the wobbler mouse, a mouse model for neuronal degen-
eration (Schlomann et al., 2000). ADAM9 is upregulated in cells derived from a
prostate tumor (LnCAP cells) that are treated with androgen (DHT), suggesting
that ADAM9 may have a role in the androgen-dependent stage of prostate can-
cer (McCulloch et al., 2000). ADAM19 expression is enhanced during dendritic
cell maturation as well as during maturation of double positive to single positive
T cells, suggesting an important role in the immune system (Deftos et al., 2000;
Fritsche et al., 2000). We expect that a much better understanding of the regula-
tion of ADAMs will result from increasing use of gene chips, which allow a rapid
analysis of gene expression in cells treated with different stimuli, or in different
tissues or in normal versus diseased tissues.

IV. Interactions of ADAMs with Other Extracellular and
Intracellular Proteins

A. Evidence for Roles in Cell-Cell Interactions

ADAMs are related to snake venom integrin ligands termed disintegrins, and there-
fore they are predicted to function as membrane-anchored integrin ligands in addi-
tion to their predicted roles as metalloproteases. A number of studies now support
this prediction. Specifically, ADAM9 has been shown to interact with «681 in-
tegrins (Nath et al., 2000), and human ADAMI15, which contains the integrin
ligands consensus sequence RGD in its disintegrin domain, has been shown to
interact with the RGD-binding integrin «581 or avp3 (Nath ez al., 1999; Zhang
et al., 1998). In contrast to human ADAM15, mouse ADAM15 does not contain
an RGD sequence, and therefore does not bind to these two integrins (Lum et al.,
1998). Both mouse and human ADAMI15 as well as ADAM12 also interact with
integrin «9 B 1(Eto et al., 2000). Finally, ADAM28 has been shown to interact with
the w481 integrin (Bridges et al., 2002).

Since ADAMs are membrane anchored (with the exception of soluble splice
variants), one would predict that they should interact with integrins on adjacent
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cells, and thus promote cell-cell interactions. In this scenario, an ADAM may also
function as counterreceptor and transmit a signal back to the cell it is associated
with. However, it is also possible that an ADAM could interact with an integrin on
the same cell, although there is no experimental evidence for this. An interaction
of an ADAM with an integrin on the same cell in cis could, for example, attract
the ADAM to focal contacts or other structures where integrins are localized. This
could, in turn, direct the protease activity toward substrates that are colocalized
with an integrin. Now that the role of ADAMs as integrin ligands is well supported,
it will be important to determine what the functional relevance of this interaction
is. Does binding of an ADAM to an integrin, for example, have a role in mediating
cell—cell contact, or signaling, or both, or is it necessary for targeting the ADAM
to the vicinity of relevant substrates?

In addition to their predicted role as integrin ligands, ADAMs are also capable
of interacting with other extracellular proteins. ADAM12, for example, binds to
syndecans, which in turn triggers activation of betal integrins and thus promotes
cell spreading (Iba et al., 2000). At least two ADAMs can also interact directly with
specific substrates. ADAM10 binds ephrin 2A, a protein with a role in neuronal
repulsion (Hattori ez al., 2000), as well as Notch (Lieber et al., 2002). Indeed,
truncated forms of ADAMIO0 that lack the metalloprotease domain function as
dominant negative inhibitors of ADAM10 function, presumably because they can
bind and sequester the ligand (Pan and Rubin, 1997). The related ADAM17/TACE
reportedly also interacts with its substrate TNFo (Itai ef al., 2001). Although it
remains to be determined whether or not other ADAMs also interact with their
substrates, and whether TACE and ADAMI10 bind to all relevant substrates, it is
tempting to speculate that an interaction between an ADAM and its substrate may
contribute to substrate targeting and specificity of an ADAM.

B. Evidence for Regulation of the Catalytic Activity of ADAMs and for
Interactions with Cytoplasmic Proteins

All catalytically active and widely expressed ADAMSs have potential signaling
motifs, including SH3 ligand domains, in their cytoplasmic domains, suggesting
that cytoplasmic proteins affect the function of ADAMs. In principle, this could be
via an inside-out activation of an ADAM, or alternatively, binding of an integrin or
other cell-surface protein to the ectodomain of an ADAM may trigger an outside-
in signal. The best evidence for inside-out activation of the catalytic activity of
an ADAM has come from studies of TACE. Shedding of the TACE substrate
TGFalpha can be induced by receptor tyrosine kinases and activators of the MAP
kinase pathway, suggesting that the catalytic activity of TACE is regulated by
this pathway (Fan and Derynck, 1999). Shedding of TACE substrates such as
TNFo and TGFa can also be activated by other means, such as by inhibiting
tyrosine phosphatases or activating protein kinase C with phorbol esters such as
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PMA (Hooper et al., 1997). Remarkably, the cytoplasmic domain of TACE is not
essential for PMA-dependent stimulation of its catalytic activity (Reddy et al.,
2000). The mechanism underlying this activation thus may involve other proteins,
perhaps even another transmembrane protein which responds to PMA and can
activate TACE. Cholesterol apparently also has a role in regulating the function of
ADAMs, since depletion of cholesterol enhances the metalloprotease-dependent
a-secretase cleavage of the amyloid precursor protein, which is thought to depend
on ADAM10 (Kojro et al., 2001). The proposed mechanism of this activation of
a-secretase activity include increased membrane fluidity, decreased internalization
of APP that would remove APP from the cell surface, and increased ADAMI10
production.

Several cytoplasmic proteins have been found to interact with the cytoplas-
mic domain of different ADAMs. Two SH3-domain-containing proteins with a
role in intracellular protein transport, endophilin and sorting nexin 9 (SNXO9, ini-
tially named SH3PX1), were found to bind the different proline-rich sequences
in the cytoplasmic domains of ADAMY and ADAMI15 (Howard ef al., 1999).
Overexpression of endophilin or SNX9 leads to a relative increase in the immature
pro form of ADAMs 9 or 15, consistent with a role in regulating the intracellu-
lar maturation or transport of these ADAMs. In separate studies, ADAMs 12 and
15 were found to interact with Grb2 and with members of the Src family of ty-
rosine kinases (Lck, Fyn, Abl, Src for ADAMI1S5, p85« and Src for ADAM12)
(Poghosyan et al., 2002; Suzuki et al., 2000). These results suggest the possibility
of an integration of the function of ADAMs 15 and 12 and cellular signaling. The
cytoplasmic domain of ADAMI2 has also been shown to bind «-actinin-1 and
a-actinin-2 and may therefore have a role in myoblast fusion (Cao et al., 2001;
Galliano et al., 2000). TACE has been shown to bind the cell-cycle checkpoint
gene MAD?2, whereas ADAMO binds to the related MAD28 (Nelson et al., 1999).
While the functional relevance of these interactions remains to be determined, it
is tempting to speculate that they provide a link between the function of ADAMs
9 and TACE and the cell cycle. Finally, some of the most compelling evidence
for a functional regulation of an ADAM through a cytoplasmic protein in vivo has
come from studies of ADAM13, a protein with a role in neural crest development
in Xenopus laevis. ADAMI3 interacts with the SH3-domain-containing protein
X-pacsin2 via a cytoplasmic SH3 ligand domain (Cousin et al., 2000). Overex-
pression of X-pacsin2 reduces ADAM13 function in neural crest migration, but
can also rescue developmental alterations induced by overexpression of ADAM13
(see later discussion), suggesting a functionally relevant interaction between these
two proteins. Taken together, these results provide ample evidence for interactions
of ADAM cytoplasmic domains with intracellular proteins, including ones that
have clear links to signaling pathways or to the cytoskeleton. The next challenge
will be to elucidate functional relevance of these interactions in vivo and to learn
how exactly they are integrated in these signaling pathways.
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V. Roles in Embryogenesis and Development

The first evidence for a role of an ADAM in development came from studies of
a Drosophila ADAM named kuzbanian (KUZ/ADAM10), which was identified
as a critical component of the Notch signaling pathway (Rooke et al., 1996).
Flies carrying a mutation in KUZ have a neurogenic phenotype that resembles the
phenotype of flies lacking functional Notch. It has since become clear that KUZ is
important for signaling via Notch, either by cleaving and activating a ligand such as
Delta (Qi et al., 1999), or by cleaving Notch itself (Lieber et al., 2002) (see Blobel,
2000; Hartmann et al., 2001; Kopan and Cagan, 1997; Nye, 1997; Schlondorff and
Blobel, 1999, for a more detailed discussion of the role of proteolysis in Notch
signaling). The mammalian ortholog of KUZ, ADAMI0, has been implicated in
neurogenesis and cleaves the cell surface molecule ephrin 2A (Hattori ez al., 2000).
This finding provides an intriguing explanation for a previously unsolved dilemma
regarding the function of ephrin 2A. On the one hand, ephrin 2A was known to
function as a repellent for axons by activating the Ephrin receptor. However, both
ephrin 2A and its receptor are membrane anchored, and furthermore, they interact
with high affinity with one another. How then could a high-affinity interaction
between two cells result in repulsion? The answer is that ADAMI10 evidently is
activated by the interaction between ephrin 2A and its receptor, and then cleaves
ephrin 2A close to the plasma membrane, allowing the axon carrying the ephrin
receptor to retract.

Shortly after the discovery of TACE, the phenotype of mice lacking functional
TACE was reported (Peschon et al., 1998). Mice lacking TACE usually die in the
first days after birth, and have eye, hair, and skin defects that resemble those seen
in mice lacking TGF«. Indeed, in addition to being deficient in their ability to
secrete TNF, mice lacking TACE are also unable to process TGFa properly, which
provides a plausible explanation for why the phenotypes of mice lacking TACE and
TGFo« resemble one another. Further evidence that the lethality of this mutation
appears to be related to TACE’s role in TGF« shedding was provided by TNF-/-
mice and TNFRp55-/- and TNFRp75-/, which are overtly normal. Furthermore,
crossing the TACE deficient mice with the TNFRp55-/- and TNFRp75-/- mice had
no effect on lethality. Taken together, these results provide compelling evidence
for an essential role of ectodomain shedding in mammalian development and in
activation of TGF« and potentially also other EGFR-ligands (Peschon et al., 1998).

Additional information on the role of ADAMs in development has come from
studies of the African clawed frog Xenopus laevis, which is considered to be a
good experimental system to study early vertebrate development. Several Xenopus
ADAMs have been identified and their expression during development has been
analyzed (Alfandari ef al., 1997; Cai et al., 1998). The role of one of these proteins,
ADAMI13, in development has been characterized in more detail. ADAM13 was
initially reported as a gene that is highly expressed in the neural crest region
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of the developing brain and in somitic mesoderm (Alfandari et al., 1997). In
subsequent functional studies, ectopically overexpressed wild-type ADAM13 was
found to result in abnormal positioning of neural crest cells, whereas overexpressed
catalytically inactive ADAM13 decreased migration of neural crest cells (Alfandari
et al., 2001). These findings suggest that ADAMI13 indeed has a critical role in
cranial neural crest migration.

Little information has been published about the role of other ADAMs besides
ADAMI10, ADAM13, and ADAM17 in development. ADAMO is clearly not es-
sential for embryogenesis, as mice lacking ADAM9 develop normally, are viable
and fertile, and do not display any evident defects (Weskamp et al., 2002). The
same is true for mice lacking ADAMI15 (Weskamp and Blobel, manuscript in
preparation). In contrast, most mice lacking functional ADAMI19 die in the first
few days after birth, most likely due to a defect in heart development (Zhou and
Blobel, manuscript in preparation; Fujisawa-Sehara, personal communication).
It will now be interesting to learn about the functions of the remaining widely
expressed and catalytically active ADAMs in development.

VI. Roles in Disease

Little is known about the role of most ADAMs in disease. The exception to this is
TACE, which is responsible for the release of TNFo from cells. Because TNF plays
a pivotal role in rheumatoid arthritis, many pharmaceutical companies have devel-
oped potent inhibitors of TACE. Studies have confirmed that inhibition of TACE
is antiinflammatory and suppresses paw swelling in the PG-PS and adjuvant-
induced models of arthritis (Conway et al., 2001; DiMartino et al., 1997). The
pharmacologic affects of nonselective TACE inhibitors are often subject to the
criticism that many of their antiinflammatory properties are due to inhibition of
the collagenases and gelatinases. However, a selective TACE inhibitor is as effec-
tive as Enbrel in the collagen-induced model of arthritis (Newton et al., 2001).
These data support the supposition that soluble and not membrane-bound TNF
drives the autoimmune inflammation in this disease model (Letavic et al., 2002;
Ruuls ef al., 2001).

In addition to arthritis, TACE inhibitors are efficacious in other models of in-
flammation where TNF is implicated. These include acute models of airway in-
flammation induced by LPS or ovalbumin (Fiorucci et al., 1998; Trifilieff et al.,
2002), and pneumococcal meningitis (Lieb et al., 2001). However, in an exper-
imental model of pulmonary tuberculosis, i.p. treatment with the hydroxamate
BB-94 over a 30-day course delays granuloma formation and enhances the rate
of disease progression and mortality. This data is accompanied by an increase in
IL-4 in the lung, a diminished DTH response, and a general bias toward a type 2
cytokine response (Hernandez-Pando et al., 2000).
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TACE inhibitors (GW 9471) are effective at blocking both lethality and liver
injury in the D-galactosamine/LPS model of endotoxemia (Murakami et al., 1998).
These data are consistent with those observed when transgenic mice expressing
only the membrane bound form of TNF are challenged with D-galactosamine/LPS
(Nowak et al., 2000). However, unlike the D-galactosamine/LPS model of liver
injury, a TACE/MMP inhibitor (GM 6001) exacerbates the hepatic necrosis seen
when concanavalin A is used to induce hepatitis (Solorzano et al., 1997). This
increase in hepatic injury in the presence of GM 6001 is presumably due to the
broad inhibitory spectrum of this metalloprotease inhibitor, thereby stabilizing the
surface expression of the FAS-L and/or TNFRp5S5.

TNFw is one of the factors linked to obesity-induced insulin resistance, a char-
acteristic of type 2 diabetes. This is based on the observation that TNF levels
are increased in adipose tissues in rodent models for obesity (the fa/fa rat, db/db
rat, and the KKAy mouse, Hotamisligil et al., 1993). The TACE/MMP inhibitor
KB-R7785 reduces plasma glucose and insulin levels when administered orally to
insulin-resistant KKAy mice (Morimoto et al., 1997). Furthermore, studies with
the same inhibitor demonstrate that TNF« affects insulin resistance in nonobese
insulin-resistant hypertensive fructose-fed rats (Togashi et al., 2002). Neutralizing
TNF improves the metabolic profile in obese mice and it appears that TNF ex-
erts its affects in an autocrine or paracrine manner at the level of the adipocyte
(Uysal et al., 1997). Additional studies are required to better understand the role
TACE and TNF play in modulating insulin sensitivity and glucose metabolism,
both locally in the adipocyte as well as systemically (Xu et al., 2002).

In addition to releasing TNF, TACE is also involved in the shedding of TGFu (see
earlier discussion; Peschon ez al., 1998). Polycystic kidney disease is characterized
by massive kidney enlargement due to rapidly expanding cysts and by abnormal
expression of TGF in the cyst-lining epithelial cells of the kidney. In a mouse
model of PKD, inhibiting TACE results in a significant decrease in kidney size,
BUN and serum creatine levels and an improvement in cystic index (Dell et al.,
2001). This study provides good evidence that inhibiting TACE will block TGF«
shedding and suggests TACE inhibitors should be further evaluated in cancer
models where EGFR ligands are known to play a key role in driving tumor growth.

VIl. Concluding Comments and Future Directions

Since their discovery about a decade ago, some very intriguing insights into the
function of a few ADAMs have emerged. They have been linked to a role in cell-
cell interactions as potential integrin ligands, and in the cleavage and release and,
in several cases, activation of membrane-anchored substrates. Yet much still re-
mains to be discovered about the role of other ADAMSs in cell—cell interaction, in
protein ectodomain shedding, in processing of other molecules on the cell surface
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or in the extracellular matrix, or in signaling. From a medical point of view, it
will be particularly interesting to learn more about the role of ADAMs in diseases
such as cancer and autoimmune disorders. It is tempting to speculate that ADAMs
could both enhance or suppress tumor growth by cleaving growth factors or their
receptors. The exact consequences of this would depend on the stage of tumorige-
nesis and the nature of the substrate. One could imagine that release of an EGFR
ligand might promote tumor-cell proliferation and migration. In this scenario, it
might be beneficial to inhibit the catalytic activity of the appropriate ADAM, for
example by administering a selective hydroxamic acid derivative. Alternatively, it
could be that an ADAM may have a role in suppressing tumor growth, for exam-
ple by cleaving an inhibitory factor, or by inactivating a receptor that is required
for tumor growth. If this were to be the case, then care should be taken to not
inhibit the relevant protease. Other potential functions in cell adhesion and sig-
naling must also be taken into consideration. Given the insights that have already
emerged from studies of TACE as a prototypical ADAM, we expect that similar
approaches to characterizing other less well defined ADAMs will yield interest-
ing information about the roles of these proteins in normal homeostasis and in
pathophysiology.
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I. Introduction

It has long been known that certain cell-surface proteins can release their bi-
ologically active extracellular domains to the pericellular milieu through lim-
ited proteolysis; however, the broad recognition of this type of proteolysis as
a general mechanism that regulates the function of virtually all types of cell
surface proteins has been relatively recent. Initially, general terms such as “cleav-
age and release” (Bringman et al.,, 1987), “processing” (Esch et al., 1990), or
“cleavage-secretion” (Sen et al., 1991) were used by different authors. Currently,
the most frequently used term to designate this type of proteolysis is “ectodomain
shedding.”

Shedding affects type I, type II, and even GPI-bound membrane-anchored pro-
teins that function as receptors, ligands, cell adhesion molecules, or ectoenzymes.
This heterogeneity in the proteins seems to indicate that many different mecha-
nisms are involved in ectodomain shedding. However, as the shedding of different
proteins was analyzed, common features were found. The shedding of many pro-
teins could be enhanced by phorbol esters and blocked by compounds derived
from hydroxamic acid. Phorbol esters are well characterized activators of protein
kinase C (PKC), while hydroxamate-based compounds are known to inhibit Zn-
dependentmetalloproteases of the metzincin superfamily,indicating that metzincins
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regulated by PKC were responsible for the shedding of many proteins. In this
chapter, we will describe the shedding characteristics of many different proteins,
trying to emphasize recent findings that support the view that, despite the variety
of proteins shed, there are common components necessary for protein ectodomain
shedding.

Il. Functional Consequences of Ectodomain Shedding

Obviously, the functional consequences of shedding are as heterogeneous as the
proteins that can be shed. Therefore, in order to keep the length of this section within
reasonable limits, we will focus on representative examples of each functional type
of transmembrane protein.

A. EGF-Like Transmembrane Growth Factors

The epidermal growth factor receptor (EGFR) family of tyrosine kinases, also
known as HER, or ErbB, has been the prototype to study receptor tyrosine ki-
nases. In fact, EGFR was the first signaling protein and protooncogene product
to be characterized in depth (Ullrich et al.,, 1984). EGFR knockout mice show
numerous developmental abnormalities in the gastric tract, lung, skin, and brain
(Miettinen et al., 1995; Threadgill et al., 1995). The ligands of the EGFR family
form a large group of growth factors that contain at least one module, known as
the EGF domain, consisting in six conserved cysteine residues characteristically
distributed to form three intramolecular disulfide bonds (Massagué and Pandiella,
1993).

EGF-like ligands were initially characterized as soluble proteins (Todaro ef al.,
1980); however, they are synthesized as type I transmembrane glycoproteins that
give rise to the diffusible growth factor through ectodomain shedding (Massagué
and Pandiella, 1993) (Fig. 1). Experiments performed by coculturing cells that
overexpress EGFR with cells transfected with a nonsheddable form of
pro-transforming growth factor-o (proTGFew), a prototypical EGF-like ligand, in-
dicated that the transmembrane form of this growth factor are not mere precursors,
since they are capable of activating EGFR (Brachmann et al., 1989; Wong et al.,
1989). In support of this type of EGFR activation, known as juxtacrine stimulation
(Fig. 1), it has been shown that overexpression of the transmembrane forms of
the EGF-like ligands, pro-heparin binding-EGF-like growth factor (proHB-EGF)
and proamphiregulin, in the presence of the transmembrane protein CD9, also
induced the stimulation of EGFR (Higashiyama et al., 1991; Inui et al., 1997).
Also, it has been found that CD9 strengthens the activation of EGFR by proTGFo
in juxtacrine and autocrine assays by inhibiting the shedding of the growth factor
and, thus, increasing the expression of its transmembrane forms (Shi et al., 2000).
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Figure1l Mechanisms of action of EGF-like transmembrane growth factors. The ability of transmem-
brane growth factors of the epidermal growth factor (EGF) family to activate EGF receptors in adjacent
cells (juxtacrine signaling) remains controversial (see text for details). The soluble form of the growth
factor produced by ectodomain shedding is also able to bind and stimulate receptors expressed either
in the same cell that produces the ligand (autocrine signaling) or in cells located at a distance from the
signal-producing cell (paracrine signaling).

Finally, certain malignant cells show a defective cleavage of proTGF« that has
been linked to enhanced activation of EGFR (Yang et al., 2000).

Contrary to these findings, recent results cast doubts on the physiological and
pathological role of transmembrane EGF-like growth factors. Inhibition of
proTGFu shedding with hydroxamate compounds in human EGF-responsive mam-
mary epithelial cells that express EGFR reduces growth and migration, as well as
autocrine activation of EGFR (Dong et al., 1999). These effects can be prevented
by the addition of soluble EGF (Dong et al., 1999), indicating that shedding is
required for proTGFa-mediated signaling. In addition, the knockout of the gene
that codes for the protease responsible for the shedding of proTGFu results in a
phenotype very similar to that of proTGF-« knockout mice (Peschon et al., 1998)
indicating that transmembrane proTGFw« cannot fulfill the same functions of its
soluble counterpart.

Reports have indicated that cells use the shedding of transmembrane growth fac-
tors as a means to integrate physiological signals that stimulate diverse signaling
pathways. Stimulation of G-protein-coupled receptors (GPCRs) causes the acti-
vation of a metalloprotease inhibitable by hydroxamates that cleaves proHB-EGF
producing soluble HB-EGF that, in turn, stimulates EGFR (Prenzel et al., 1999)
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(Fig. 3). This result indicates that the shedding machinery that acts on proHB-EGF
plays a role in the crosstalk mechanism between GPCR activation and the EGFR
signaling pathway. In the experimental settings used for these assays, proHB-EGF
is not able to activate EGFR to the same extent as its soluble form, reinforcing
the notion that, at least in certain situations, transmembrane growth factors are not
active, but represent a reservoir that can be used for very short periods of time.

In summary, although during the past decade it has been frequently proposed that
the shedding of transmembrane growth factors is a means to transform a physically
restricted signal into a diffusible signal, more recent reports indicate that, at least in
certain situations, transmembrane growth factors are not active. In these situations,
shedding could be considered a way to rapidly produce active growth factors.
Clearly, more work is needed to clarify the role of the transmembrane forms of
these growth factors.

B. Receptors

The immediate outcome of shedding the ectodomain receptors on hormones, cy-
tokines, and growth factors is the release of soluble ligand-binding proteins and the
production of a cell-associated fragment that usually contains domains capable of
transducing intracellular signals. The soluble ectodomain of certain receptors can
also arise by expression of an alternatively spliced form that lacks the transmem-
brane/cytoplasmic domains. Whereas the cell where shedding takes place remains
desensitized to the ligand until newly synthesized receptors are delivered to the
cell surface, the soluble ectodomain can modulate the ability of the ligand to acti-
vate receptors in other cells, acting as an antagonist or as an agonist by preventing
or favoring the formation of signaling-competent complexes, respectively. On the
other hand, it is conceivable that the cell-associated domain left behind after shed-
ding can activate signaling pathways and, although this hypothesis has not been
proven, several lines of evidence indicate that it is highly feasible (Diaz-Rodriguez
et al., 1999; Esparis-Ogando A and Pandiella, 1999).

1. Agonistic Action of Soluble Receptors: IL-6Ra (gp80)

IL-6 is the major growth and survival factor of several cell types. IL-6 transduces
its biological activity via a receptor complex consisting of homodimers of gp130,
the signal-transducing subunit, and IL-6Rc, which specifically binds and presents
IL-6. The soluble form of IL-6R« is an agonist that enhances the activity of IL-6
(Peters et al., 1997), since the complex soluble IL-6R «/IL-6 recruits and activates
homodimers of gp130 (Fig. 2). Thus, cells that do not express specific receptors
for IL-6 become responsive to this cytokine in the presence of soluble receptors, a
process that has been termed transsignaling (Peters et al., 1998). Other cytokines
related to IL-6, such as IL-II or CNTF (ciliary neurotrophic factor) also signal
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Figure 2 The shedding of IL-6R« potentiates IL-6 signaling. The shedding of IL-6R« releases a
soluble form of the receptor (sIL-6R) which binds to IL-6R, forming a complex with the ability to
recruit and activate homodimers of gp130, the signaling receptor.

through gp130 and form biologically active complexes with their soluble receptors
(Peters et al., 1998). Thus, for this type of receptor, shedding is a way to produce a
potent agonist of the ligand that can present it even to cells that are not ordinarily
responsive to such ligand. The levels of soluble IL-6R « increase under a variety
of pathologies (Honda et al., 1992; Thabard et al., 1999) making the shedding of
this receptor a promising target for therapies against different diseases.

2. Antagonistic Action of Soluble Receptors
Growth Hormone Receptor (GHR)

The circulating levels of the ectodomain of the GH Receptor (GHR), originally
designated GH-Binding Protein (GHBP), caught the attention of many clinicians
because of its potential value to predict GHR expression and GH responsiveness
(Amit et al., 2000). A substantial fraction of GHBP complexes with circulating GH
and antagonizes its action by competing with the GHR. GHBP is also considered a
reservoir that compensates for the oscillations of circulating GH, thus prolonging
its half-life (Amit et al., 2000). GHBP can be originated either by GHR shedding
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or by expression of an alternatively spliced form that lacks the transmembrane
and cytoplasmic domains (Baumbach et al., 1989). Interestingly, in the rat, GHBP
arises mainly by alternative splicing, whereas in the human, shedding is the main
mechanism of GHBP generation (Baumbach et al., 1989).

C. Cell Adhesion Molecules: L-Selectin and Syndecans

The selectins are a family of adhesion molecules expressed in leukocytes and in
endothelial cells of blood vessels that mediate the interactions between these two
cell types (Ley, 2001). One of the members of the selectin family, L-selectin, was
initially described as a homing receptor, responsible for the interaction of lympho-
cytes with high endothelial venules and their subsequent migration into peripheral
lymph nodes (Gallatin et al., 1983). Later, it was shown that L-selectin expression
is also required for the attachment and rolling of neutrophils along the vascular
endothelium (Mulligan er al., 1994; Tedder et al., 1995). The definitive confirma-
tion of the role of L-selectin in these processes came with the characterization of
L-selectin knockout mice, which present significant defects in leukocyte rolling
and migration (Arbones et al., 1994).

Shortly after hydroxamates were found to inhibit the shedding of L-selectin
(Arribas et al., 1996; Feehan et al, 1996), the effect of these compounds on
the function of the protein was tested. The rolling velocity of neutrophils on
L-selectin was found to be reduced by inhibitors of shedding in both in vitro
and in vivo assays (Hafezi-Moghadam and Ley, 1999; Walcheck et al., 1996), in-
dicating that L-selectin cleavage from the cell surface regulates leukocyte rolling
velocity. On the other hand, L-selectin shedding seems to be also required for
lymphocyte transendothelial migration; Faveeuw et al. (2001) have reported that
L-selectin expression decreases lymphocyte migration to the lymph nodes and that
inhibition of shedding correlates with arrest of lymphocytes in the endothelial cell
lining of high endothelial venules. Therefore, evidence at hand support a critical
role of shedding in allowing the correct function of L-selectin as a leukocyte
homing receptor, since attachment to endothelial cells, rolling and transendothe-
lial migration, the fundamental steps in the homing process, are altered in the
presence of ectodomain cleavage inhibitors (Faveeuw et al., 2001).

Syndecans, another type of cell adhesion molecule, seem to regulate cell-
extracellular matrix interactions rather than cell-cell contact. The heparan sulfate
chains of syndecans bind to cell adhesion molecules, growth factors, cytokines, pro-
teases, and protease inhibitors (Bernfield ez al., 1999). The ectodomains of synde-
cans accumulate in bodily fluids following injury and inflammation (Subramanian
et al., 1997). Several functions have been attributed to soluble syndecan
ectodomains including inhibition of fibroblast growth factor-2 (FGF-2)-dependent
mitogenesis. Importantly, partial degradation of soluble syndecans by platelet hep-
aranase in wound fluids produces fragments that, in contrast to the full-length
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soluble syndecan, markedly activate FGF-2 mitogenicity (Kato et al., 1998). Sol-
uble syndecans also reduce the affinity of cathepsin G and elastase for their physi-
ological inhibitors, o 1-antichymotrypsin and squamous cell carcinoma antigen 2,
and « 1-proteinase inhibitor, respectively (Kainulainen et al., 1998).

D. Ectoenzymes: Angiotensin-Converting Enzyme (ACE)

Angiotensin converting enzyme (ACE) is a Zn-dependent metalloprotease that
plays a key role in blood pressure homeostasis and male fertility (Krege et al.,
1995). ACE generates angiotensin II, a potent vasopressor peptide, by cleavage
of angiotensin I and inactivates bradykinin, a vasodilator peptide (Corvol et al.,
1995). Inhibitors of ACE are ordinarily used to treat hypertension (Hooper, 1991).
Two ACE isoforms, testis and somatic ACE, are transcribed from a single gene by
two alternative promoters (Hubert ez al., 1991). Somatic and testis ACE consist of
two and one catalytic domains, respectively (Howard et al., 1990; Soubrier et al.,
1988). The soluble form of ACE is generated by shedding and is readily detected
in blood and in cerebrospinal and seminal fluid; however, the function of soluble
ACE is unknown, because most known physiological roles are performed by the
transmembrane form (Esther et al., 1997). It has been suggested that transmem-
brane and soluble ACE have different physiological functions; however, further
studies of ACE need to be performed to substantiate this hypothesis.

Ill. Proteases Involved in Ectodomain Shedding

In 1994, different groups showed that compounds derived from hydroxamic acid
block the shedding of proTNFo (Mohler et al., 1994). Since then, these types
of inhibitors have been shown to also block the vast majority of shedding events
examined. In vitro studies showed that hydroxamate-derived compounds blocked
the activity of matrix metalloproteases (Gearing et al., 1994), indicating that this or
a similar type of proteolytic activity was responsible for the ectodomain shedding.
In 1997, a metalloprotease, inhibitable by hydroxamate, which cleaved proTNF«
in vitro at the same site used to shed the ectodomain of proTNF« in vivo was
biochemically purified and subsequently cloned simultaneously by two groups
(Black et al., 1997; Moss et al., 1997). TACE (proTNF« converting enzyme) was
convincingly shown to be responsible for the shedding of proTNF« in vivo because
cell lines genetically deficient in TACE activity have a dramatically reduced ability
to shed proTNFa (Black et al., 1997). Subsequently, TACE knockout fibroblasts
have been used to show that TACE is necessary for the shedding of an unexpectedly
large number of proteins unrelated to proTNF« including: proTGFe, L-selectin,
p75 TNF« receptor (Peschon er al., 1998), BAPP (Buxbaum et al., 1998; Merlos-
Sudrez et al., 1998), the EGF-like receptor HER-4 (Rio et al., 2000), IL 1 receptor I,
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p55 TNFa receptor (Reddy et al., 2000), the Notch receptor (Brou et al., 2000),
IL-6 receptor (Althoff ez al., 2000), macrophage colony-stimulating factor receptor
(M-CSFR) (Rovida et al., 2001), proNRGa 2c¢ (Montero et al., 2000), proHB-
EGF (Merlos-Sudrez et al.,, 2001), GHR (Zhang et al., 2001), and Fractalkine
(Garton et al., 2001). The general lack of ectodomain shedding in cells that do not
express functional TACE, but do express other metalloprotease-disintegrins, such
as ADAMI10 (also known as kuzbanian) (Reddy ez al., 2000), shows a surprising
lack of overlapping specificities between metalloprotease-disintegrins. In contrast,
few examples of proteins correctly processed in TACE knockout fibroblasts, such
as ACE (Sadhukhan et al., 1999), TRANCE (Schlondorff et al., 2001), or Met
(Nath et al., 2001), have been reported to date. (See Chapter 3 by Becherer and
Blobel for details of the ADAM family of metalloproteinases.)

In addition to TACE, other ADAMs have been suggested to shed certain cell
surface proteins. In ADAMI10 knockout Drosophila embryos the processing of
Delta, one of the ligands of the Notch receptor, is severely impaired, indicating
that ADAMI10 is responsible for the shedding of Delta (Qi ef al., 1999). In mam-
malians, overexpression of wild-type and a mutant form of ADAMI10 enhances
and reduces, respectively, the shedding of SAPP (Lammich et al., 1999) indicating
that, in addition to TACE, ADAM10 may also play a role in the shedding of SAPP.
Several metalloproteases have also been implicated in the shedding of proHB-
EGF; overexpression of wild-type or dominant-negative forms of ADAM9 and 12
leads to enhanced or reduced shedding of proHB-EGF, respectively, indicating that
ADAMO and 12 may be responsible for the shedding of this protein (Asakura et al.,
2002; Izumi et al., 1998). However, more recent results show that fibroblasts from
ADAMDO knockout mice do not show apparent defects in the shedding of proHB-
EGF, thereby demonstrating that, at least in this cell type, ADAMO does not play
arelevant role in the shedding of the growth factor (Weskamp et al., 2002). There-
fore, although studies based on the overexpression of certain metalloproteases and
their dominant-negative forms support that the shedding of proHB-EGF can be
carried out by more than one protease, genetic evidence casts doubt on this notion
and, thus, further studies are needed to confirm this point.

Additional results indicate that other proteases could be involved in the shedding
of certain substrates of TACE. For example, although convincing results indicate
that TACE is responsible for the activated shedding of L-selectin (Peschon et al.,
1998), proline substitution mutations around the cleavage site of L-selectin com-
pletely block the shedding induced by phorbol esters without affecting the basal
shedding observed in unstimulated cells (Zhao et al., 2001). Hence, it has been
proposed that a protease different from TACE is responsible for the basal shedding
of L-selectin (Zhao et al., 2001). Similarly, it has been shown that while TACE is
responsible for the activated shedding of IL6R, one or more alternative proteases
may be involved in its basal cleavage, since it is not completely blocked in TACE
knockout cells (Althoff et al., 2000). Also, our group has reported the existence of
a metalloprotease independent from TACE with the ability to shed the ectodomain
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of proTGFa in mouse fibroblasts (Merlos-Sudrez et al., 2001). The alternative
proteases that shed these substrates and their contribution to ectodomain shedding
in vivo remain to be determined.

Several reports have suggested that Zn-dependent metalloproteases of the matrix
metalloprotease (MMP) family may also be involved in ectodomain shedding. It
has been shown that MMP-3, but not MMP-2 or MMP-9, can release active, soluble
HB-EGF in vitro (Suzuki et al., 1997). Based on overexpression experiments, it
has been suggested that membrane type 1 matrix metalloprotease (MT1-MMP; see
Chapter 1 by Zucker, Pei, Cao, and Lopez-Otin for details of the MT-MMP family)
may be responsible for the shedding of TRANCE (Schlondorff ef al., 2001). The
involvement of MT-MMPs in the shedding of TRANCE is further supported by
the use of specific inhibitors: one of the two metalloprotease activities that seem to
shed TRANCE is sensitive to TIMP-2 but not to TIMP-1 (Schlondorff ez al., 2001).
These details are consistent with the properties of MT1-MMP rather than TACE
or other metalloprotease-disintegrins putatively involved in ectodomain shedding.
Overexpression of MT1- and MT3-MMP (but not MT2-, MT4-, or MT5-MMP)
promotes the shedding of CD44 (Kajita et al., 2001). As is the case with TRANCE,
the shedding of CD44 is sensitive to TIMP-2 but not TIMP-1 in PaCa-2 cells,
further supporting the role of MMPs in this shedding event. However, different
inhibitors block the shedding of CD44 in different cell lines. In PANC-1 cells
and in U251MG glioma cells, TIMP-1 inhibits the cleavage while TIMP-2 has no
effect, indicating that different metalloproteinases can act on CD44 in different
cell lines (Okamoto et al., 1999). Also, in vitro assays indicate that MMP-9 can
specifically shed the ectodomain of IL-2Ra (Sheu et al., 2001). In addition, the
shedding of this receptor has been shown to be sensitive to TIMP-2 in a coculture
model of these cell and tumor cells (Sheu et al., 2001).

Since overexpression experiments are frequently used to assign one or more
metalloproteases to a particular shedding event, it should be noted that this tech-
nique may lead to a nonphysiological situation where certain proteins, normally
shed by a given metalloprotease, are shed by a different overexpressed metallo-
proteinase. The same rationale can be applied to experiments that overexpress a
given dominant negative construct; it may sequester a common factor necessary
for the activity of several metalloproteases, including the physiologically relevant
one. This kind of criticism has been applied to TACE knockout cell lines. It has
been shown that these cells express a form of TACE that could act potentially as
a dominant negative (Montero et al., 2000). However, because these cells express
physiological levels of the inactive form of TACE, in order for it to act as a dom-
inant negative, it has to be assumed that this inactive form of TACE is extremely
potent and has the ability to sequester a factor needed for the activity of other
metalloproteases at physiological levels. The lack of phenotype of heterozygous
mice seems to indicate that this is not a likely scenario and that the defect in
multiple shedding events reflects the fact that TACE acts on many different sub-
strates. Future analysis using knockout cells for other metalloprotease-disintegrins,
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especially those already shown to potentially participate in ectodomain shedding,
such as ADAM10 and ADAMO, will clarify the possible role of these proteases in
ectodomain shedding.

IV. How Are Substrates Selected?

The activation of the shedding machinery by phorbol esters causes the shedding
of hundreds of proteins with disparate structures and cleavage sites; however, the
majority of cell-surface proteins are not shed (Arribas et al.,, 1996; Arribas and
Massagué, 1995). Thus, arecurrent question has been how are “sheddable” proteins
selected. To answer this question, several authors have used two complementary
approaches. The first evaluates the importance of different residues at the cleavage
site of a given protein by analyzing the effect of deletions and point mutations.
The second uses domain swapping experiments aimed to identify regions of the
shedding substrates that confer “sheddability”” on nonsheddable proteins. The ma-
jority of these studies were performed before the identity of the involved proteases
was known. Now that TACE has been shown to be responsible for many of the
proteins shed, it is possible to reevaluate old data as a result of the recently resolved
structure of the catalytic domain of TACE.

For the substrates of TACE examined, the sequence surrounding the cleav-
age site seems to be of minor importance. Most mutations affecting the cleavage
site and neighboring residues of proTGFa (Wong et al., 1989), proTNFa (Tang
et al., 1996), BAPP (Sisodia, 1992), L-selectin (Migaki et al., 1995), p55 TNFR
(Brakebusch et al., 1994), or IL-6R (Miillberg et al., 1995) have no effect on
the shedding of these molecules. The only mutations that seem to affect shed-
ding are those which disrupt the secondary structure of the juxtamembrane region
such as proline or glycine residues introduced in L-selectin (Zhao et al., 2001),
proTGFa (Brachmann et al., 1989; Wong et al., 1989), BAPP (Sisodia, 1992),
p55 TNFR (Brakebusch et al., 1994), or p7STNFR (Herman and Chernajovsky,
1998). In contrast, with the modest effect of point mutations, small deletions of the
extracellular juxtamembrane domain prevent the shedding of all TACE substrates
tested to date, indicating that the length of the juxtamembrane region that links the
transmembrane domain with the cleavage site is critical. In support of this conclu-
sion, the 10-20 amino acids of the juxtamembrane domain of several substrates
of TACE, such as proTGFa, SAPP (Arribas et al., 1997), and IL-6R (Althoff
et al., 2001), introduced into reporter molecules confer phorbolester-dependent
cleavability, indicating that the juxtamembrane region of certain proteins is neces-
sary and sufficient for the recognition by TACE. Furthermore, the importance of
the juxtamembrane region was shown by naturally occurring variants of HER-4
that differ precisely in such regions (Elenius et al., 1997). In the JMa and JMb
isoforms, the membrane-proximal cysteine-rich region of HER-4 is linked to the
transmembrane domain by different stalk regions of 23 and 13 amino acids, re-
spectively (Elenius et al., 1997). The only functional difference found between
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these isoforms is that while JMa is readily shed from the cell surface upon phorbol
ester treatment, JMb is not (Elenius et al., 1997). Since the JMa isoform is shed
by TACE (Rio et al., 2000), one can conclude that “naturally occurring chimeras”
of TACE substrates behave just like the artificial ones.

In vitro, the catalytic domain of TACE shows preference for certain substrates;
the cleavage of a peptide mimicking the proTNF« cleavage site is 9 and 2250 times
more efficient than that of peptides corresponding to the cleavage sites of proTGF«
and L-selectin, respectively (Peschon et al., 1998). The preferential cleavage at
Ala-76/Val-77 of proTNF is partially explained by the 3D structure of TACE. The
side chains of Val-77, Arg-78, and Ser-79 would appear to interact with specific
pockets present in the catalytic domain of TACE. However, in cells, TACE cleaves
its substrates in a similar time course (#{ > ~ 5-10 min) and to a similar extent (cells
become virtually devoid of ectodomains; Arribas et al., 1996; Merlos-Suérez et al.,
2001), indicating that additional features facilitate the shedding mediated by TACE
in vivo. Docking between the upper surface of the catalytic domain of TACE and
the lower surface of the proTNFo complex has been suggested (Maskos et al.,
1998). This interaction would lock the Ala-76/Val-77 cleavage site into the ac-
tive site of TACE (Maskos et al.,, 1998). It has been shown that direct binding
between TACE and proTNF« occurs (Itai et al., 2001). A direct interaction be-
tween the catalytic domain of TACE and its substrates is also supported by studies
showing that the membrane-tethered catalytic domain of TACE is sufficient to
reconstitute the phorbol ester-activated shedding of proTNF« and p75TNFR in
TACE—/— cells (Reddy et al., 2000). Other domains of TACE also seem to play
arole in the selection of certain substrates. For example, the cysteine-rich domain
is necessary to reconstitute the PMA-activated shedding of IL-1R-II in TACE—/—
cells (Reddy er al., 2000). Also, a catalytic domain-lacking TACE construct in-
teracts with proTNFe, indicating that substrate binding sites outside the catalytic
domain may exist (Itai et al., 2001). Since the EGF domain has been found to be
necessary for the activated shedding of L-selectin, it has been suggested that EGF
domains could also be docking sites for TACE (Zhao et al., 2001). Several sub-
strates of TACE such as proTGFe«, proHB-EGF, or proamphiregulin also contain
EGF domains; thus the possible interaction of TACE with such domains should
be evaluated. Collectively, the data available indicate that although the catalytic
domain of TACE shows a certain degree of specificity against peptides in vitro,
in vivo TACE is able to cleave a great variety of sequences, providing that they
are located distal to a stalk of 10-20 amino acids from the plasma membrane.
This juxtamembrane region, which probably forms an alpha helix, is likely de-
void of tertiary structure. The outer surface of the catalytic domain of TACE may
interact with certain regions such as the TNFoe domain of proTNF« or the EGF
domain of L-selectin and other proteins facilitating the interaction of TACE and its
substrates.

The protease(s) responsible for the shedding of ACE has not been identified yet,
but studies have shown that it is different from TACE (Sadhukhan ez al., 1999). Sev-
eral studies have investigated the structural requirements for the shedding of ACE.
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Initial reports showed that, in contrast with substrates of TACE, the juxtamembrane
domain of ACE does not seem to confer sheddability by itself because when intro-
duced into a reporter molecule (CD4), even in the context of the transmembrane
and cytoplasmic domains of ACE, it has no effect (Sadhukhan ef al., 1998). In
contrast, the rest of the extracellular domain confers cleavability on a CD4 portion
that conserves its own juxtamembrane domain, uncleavable in the naive reporter
(Sadhukhan er al., 1998). More recent studies contradict this view, because similar
experiments using a different reporter, membrane dipeptidase, indicate that the jux-
tamembrane region of ACE is required to confer cleavability on the reporter (Pang
et al., 2001). It should be noted that these studies were performed using different
cell lines that may express different metalloproteases with diverse requirements to
select substrates. In addition, different reporters may yield chimeras with different
overall structures that may expose or hide the cleavage site. Therefore, when in-
terpreting these types of experiments the structure of the reporter molecule should
be considered.

One report also emphasizes the importance of the juxtamembrane domain of
ACE. Sequencing of ACE cDNAs from three apparently healthy unrelated in-
dividuals with very high plasma ACE levels revealed a single mutation in the
juxtamembrane region coding sequence of ACE: Pro-1199 to Leu (Eyries et al.,
2001). In vitro analysis showed that the shedding of mutant ACE was elevated
as compared to wild-type ACE. The shedding of mutant ACE occurs at the same
cleavage site as in wild-type, is stimulated by phorbol esters, and is inhibited by the
same concentrations of hydroxamate-based inhibitors, indicating that a very sim-
ilar, if not identical, metalloprotease cleaves both versions of the enzyme (Eyries
etal., 2001). These results suggest that local conformational change caused by the
Pro-1199 to Leu mutation leads to more accessibility at the stalk region of ACE.

To date, the studies performed indicate that TACE, and probably other metallo-
proteases involved in ectodomain shedding, are nonspecific proteases that cleave
virtually any peptide bond, provided that it is located at a given distance from the
plasma membrane and is exposed in juxtamembrane sequences devoid of tertiary
structure. Nonconservative mutations that cause dramatic changes to the secondary
structure of the juxtamembrane stalk may either prevent or enhance shedding, but
the distance from the plasma membrane to the cleavage site remains constant. In
certain instances, interactions between the exposed surface of the catalytic do-
main and/or additional extracellular domains of TACE and the ectodomain of the
substrates may facilitate the interaction.

V. Regulation

Phorbol esters are the most widely used compounds to activate ectodomain shed-
ding (Fig. 3; see color insert); however, the PKC isoforms that regulate ectodomain
shedding have only been identified in a few cases. It has been shown that phor-
bol ester-induced shedding of proHB-EGF is dependent on PKC§ in Vero cells
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(Izumi et al., 1998). In myeloma cells PKC§ and y control the shedding of the
IL6R« (Thabard et al., 2001). PKCe is required for PMA-activated cleavage of the
receptor-like protein tyrosine phosphatase LAR in 293 cells (Aicher et al., 1997).

Several physiological compounds, such as chemotactic peptides, cytokines, and
growth factors, have also been described as activators of ectodomain shedding
(Jomes et al., 1999; Subramanian et al., 1997; Yabkowitz et al., 1999) (Fig. 3).
Current efforts are focused on understanding the mechanism of activation medi-
ated by these physiological stimuli. The activation of tyrosine kinase receptors
augments the shedding of several substrates of TACE such as proTGF« (Baselga
etal., 1996), proTNF-« and L-selectin (Fan and Derynck, 1999). This pathway of
activation involves the Erk subfamily of MAP kinases as shown by experiments
with specific inhibitors and dominant negative mutants of certain MAP kinases
(Fan and Derynck, 1999). Erk MAP kinases have also been involved in the activa-
tion of the shedding of proHB-EGF (Gechtman et al., 1999), syndecans (Fitzgerald
et al., 2000), the hepatocyte growth factor receptor (Met) (Nath et al., 2001), and
the GHR (Guan et al., 2001). Kinetic and biochemical evidences indicate that the
activation of ectodomain shedding does not require synthesis of proteins de novo,
suggesting that the metalloproteases involved could be regulated by phosphoryla-
tion/dephosphorylation (Fan and Derynck, 1999; Gechtman et al., 1999). Previous
reports showed that activation of different PKC isoforms by phorbol esters stimu-
lated MAPK leading to cell proliferation (Schonwasser et al., 1998). More recent
experiments with inhibitors indicate that Erk kinases mediate the effects of phor-
bol esters on the shedding of BAPP (Desdouits-Magnen et al., 1998), proHB-EGF
(Gechtman et al., 1999), and proTGFa (Fan and Derynck, 1999) (Fig. 3). PKC
does not seem to be required, however, for the stimulation of ectodomain shed-
ding by growth factors, because PKC inhibitors do not alter their effect (Fan and
Derynck, 1999).

Agonists of G protein coupled receptors are also activators of ectodomain shed-
ding (Fig. 3). The shedding of proHB-EGF induced by the activation of GPCRs
is the cellular mechanism used to establish the crosstalk between GPCRs and re-
ceptor tyrosine kinases in certain instances (Prenzel et al., 1999). Further studies
have recently shown that activators of GPCRs can promote the shedding of Met
by first inducing the cleavage of proHB-EGF which activates the EGFR that, in
turn, induces the shedding of Met via the Erk MAP kinase pathway (Nath et al.,
2001).

In most cases tested to date, a basal level of shedding is present in the absence
of any exogenous stimulus. In the case of proTGFw, proTNF«, and L-selectin,
basal shedding seems to be mediated by the p38 MAP kinase (Fan and Derynck,
1999) (Fig. 3). Since the p38 kinase pathway can be stimulated by stress and
inflammatory signals, Fan and Derynck (1999) hypothesized that basal shedding
may reflect the “artifactual” conditions of cell culture rather than physiological
conditions.

The shedding of syndecan-1 and -4 seems to be subjected to a complex regu-
lation. It can be accelerated by EGF or thrombin receptors that activate the ERK
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MAP kinase pathway in a process that does not seem to involve PKC. In contrast,
the shedding of syndecans induced by cellular stress requires PKC activation that,
in turn, activates the JINK/SAPK MAP kinase pathway. Inhibition of p38 MAP ki-
nase activity has minimal effect on the shedding activated by any of these agonists
(Fitzgerald et al., 2000). Park et al. (2000) showed that Syndecan-1 shedding is
enhanced by LasA, a Pseudomonas aeruginosa virulence factor. Importantly, it has
been shown that in vivo, LasA enhances the virulence of gram-negative bacteria
in newborn mice by generating soluble Syndecan-1 through the activation of the
shedding of Syndecan-1 (Park et al., 2001).

The removal of metalloprotease disintegrin prodomains is also proposed as a
means of inducing shedding (Zhang et al., 2000a,b). Reactive oxygen species
are capable of inducing the TACE-mediated ectodomain cleavage of cell surface
proteins such as TNF« and the p7STNF receptor. This presumably occurs through
an oxidative attack on the cysteine residue in the prodomain that results in the
disruption of the cysteine switch, which keeps the TACE inactive. (See Chapter 1 by
Zucker, Pei, Cao, and Lopez-Otin for discussion of the cysteine switch mechanism
in metalloproteinases.) Given the wide repertoire of TACE substrates, it is expected
that these results will soon be tested on other proteins.

In summary, although several known components transduce signals that result in
the activation of ectodomain shedding, the mechanisms which cause the activation
of ectodomain shedding remain unclear. Elucidation of the mechanism responsible
for the activation of TACE and other metalloproteases involved in ectodomain
shedding will represent a milestone in this field.
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I. Introduction
A. Overview of Meprins: Discovery, Genes, and Localization

Meprins are complex, multidomain, oligomeric metalloproteinases that are highly
regulated at the transcriptional and posttranslational levels. They are tissue-
specific enzymes that are normally targeted to apical membranes of polarized
epithelial cells (Bond and Beynon, 1995; Eldering et al., 1997; Kadowaki et al.,
2000). The complex regulation of meprin activity and expression implies spe-
cific functions for these proteases and emphasizes the necessity for controlling
the localization, concentration, and enzymatic activity of these proteases lest they
become destructive.
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Meprins were discovered in the 1980s and purified as large metalloproteinases
from the kidneys of BALB/c mice (Beynon et al, 1981). Meprins have been
identified in leukocytes, certain cancer cells, and mouse, rat, and human intestine
and kidney. Other names for meprin are kinase-splitting membranal proteinase
(KSMP), neutral endopeptidase 2 (NEP 2), and PABA-peptide hydrolase (PPH).
They are particularly highly expressed in rodent brush border membranes of the
kidney and intestine (Fig. 1; Barnes et al., 1989; Craig et al., 1987). In 1983, it

Figure 1 Immunohistochemical detection of meprin « in mouse kidney brush border membranes.
Electron micrograph of proximal tubule cells from juxtamedullary region of kidney cortex of C57BL/6
mice. Kidney sections were incubated with anti-meprin « serum and peroxidase-conjugted goat anti-
rabbit IgG. The pattern of immunoperoxidase staining shows that meprin is evenly distributed on the
luminal surface of the microvilli and in apical invaginations.
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was discovered that different strains of inbred mice had markedly different levels
of kidney meprin activity (Beynon and Bond, 1983). More specifically, C Stock
inbred mouse strains (e.g., C3H, CBA) had approximately 100-fold lower kidney
meprin activity than random-bred mouse strains or other inbred strains (e.g., ICR,
C57BL/6 mice). The description of the variable levels of meprin activity in kidneys
of a large number of mouse strains led to the localization of one of the genes for
meprins on mouse chromosome 17 near the histocompatibility complex (Bond
et al., 1984; Jiang et al., 1992a; Reckelhoff et al., 1985).

It is now clear that meprins consist of two types of subunits, & and B, that
are coded for by two distinct genes: Mepla on mouse chromosome 17 near
the histocompatibility complex (MEPIA on human chromosome 6p21.2-p21.1),
and Meplb in the proximal region of mouse chromosome 18 (MEPIB on
human chromosome 18q12.2-q12.3) (Bond et al., 1995; Gorbea et al., 1993;
Jiang et al., 1993, 1995). The structures of the genes have been described and
promoter elements for tissues-specific expression have been identified (Hahn
et al., 2000; Matters and Bond, 1999a). Studies of the gene structure have been
particularly important for defining mechanisms of transcriptional regulation
(see Section III).

Meprins have been implicated in kidney fibrosis, injury, and end-stage kidney
disease (Ricardo ef al., 1996; Sampson et al., 2001; Trachtman et al., 1993, 1995).
In addition, linkage studies with the Pima Indian population of Phoenix, Arizona,
have identified meprin § as a candidate gene for diabetic nephropathy (Imperatore
et al., 2001). Studies are now being conducted to determine whether there are
polymorphisms in the gene or upstream regions that correlate with the susceptibility
to nephropathy in this population.

B. Relationship to Other Membrane-Associated Metalloproteinases

Meprins are members of the “astacin family” of metalloproteinases (Section II)
(Bond and Beynon, 1985, 1995). This family has a characteristic signature se-
quence in the protease domain that includes the zinc-binding motif (HEXXH);
the 19 amino acid sequence is HEXXHXXGFXHEXXRXDRD. Astacin family
protease domains also have a “Met-turn” with a conserved sequence, SXMHY, at
the base of the active site in the three-dimensional structure (Dumermuth et al.,
1991; Stocker et al., 1995). There are four evolutionarily defined families of zinc
metalloendopeptidases that have this Met-turn (astacins, adamalysins, serrilysins,
matrixins) (Hooper, 1994; Stocker et al., 1995). The primary sequence similar-
ity among the four families is low (except for the zinc binding motif and a third
histidine which is 11 amino acids from the beginning of the motif); however, there
is considerable three-dimensional similarity in the protease domains of these fam-
ilies (Stocker et al., 1993, 1995). The superfamily has been called “metzincins”
or Clan MA(M) (Fig. 2). Three types of membrane-bound metalloproteinases that



148 Norman et al.

MA(E) MA(X)
Gluzincins Miscellaneous
Peptidyl-dipeptidase A \ / Membrane dipeptidase
(ACE)

l

MA(M)

Metzincins

Meprin A and B
Pregnancy-associated plasma protein-A (pappalysin-1)
Leishmanolysin; Major surface protein (MSP)
Tumor necrosis factor o-converting enzyme (ADAM-17)
Hydra metalloproteinase-1
Procollagen N-endopeptidase
Von Willebrand-cleaving protease (ADAMTS-13)
Membrane-type 1 metalloproteinase (MMP14)

Figure 2 Metalloproteinases of the MA Clan. Metalloproteinases are a diverse and complex class
of proteases—more than 40 distinct evolutionary families have been identified in this class. Several
metalloprotease clans (consisting of evolutionarily related families) have been identified (see MEROPS
classification: www.merops.co.uk). The MA Clan contains gluzincins (MA(E)), metzincins (MA(M)),
and miscellaneous enzymes (MA(X)). Examples of enzymes in each of these superfamilies are shown
in this diagram. Membrane-associated enzymes in the metzincin superfamily that are highlighted in
chapters of this book are shown in bold.

are highlighted in this and other chapters of this book are indicated in bold print
in the figure [meprins; ADAMS such as tumor necrosis factor o (TACE); and
membrane-type matrix metalloproteinases (MT-MMPs)].

C. Structural Characteristics

The domain and oligomeric structure of meprins have been studied in detail. The
amino acid sequences of the meprin o and B subunits are 42% identical, and the
domain structures are similar (Fig. 3; Jiang et al., 1992b). One marked difference
between the subunits is the absence of the I (inserted) domain in the meprin S
subunit. The I domain enables proteolytic cleavage of the meprin & subunit during
biosynthesis, which releases this subunit from the membrane. The functional con-
sequence of this difference is that the meprin 8 subunit remains a type I integral
membrane protein at the plasma membrane, whereas meprin « is a secreted protein
unless it is associated with a meprin dimer that contains the anchored meprin 8
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o |[S[Po] Protease [ MAM [MATH| AM [ | [ecF|™™ [cC ]
134 78 276 446 529 628 684 734 755

B [S|Pro] Prottase | MAM [MATH| AM [ecF[TM|C|
121 63 261 431 507 611 655 679

Figure 3 Domain structure from the cDNA deduced amino acid sequences of the mouse meprin «
and S subunits. Domains are S, signal sequence; Pro, prosequence; Protease, catalytic domain; MAM,
meprin, A5 protein, protein tyrosine phosphatase ©; MATH, meprin and TRAF homology; AM, after
MATH; I, inserted domain; EGF, epidermal growth factor-like; TM, transmembrane-spanning; C,
cytoplasmic domain. Numbers are amino acid number at the beginning of the domain.

subunit (Hahn et al., 1997; Johnson and Hersh, 1992; Marchand et al., 1994, 1995).
The subunits differ in latency (removal of prosequence), in substrate specificity,
and in their ability to form large homooligomers (Bertenshaw et al., 2001, 2002;
Ishmael et al., 2001; Kounnas et al., 1991).

All isoforms of meprins contain disulfide-linked dimers that are highly glycosy-
lated (Fig. 4, see color insert; Butler and Bond, 1988; Gorbea et al., 1991; Marchand
et al., 1994). Homooligomers of meprin B (meprin B; EC 3.4.24.63) are primarily
membrane-bound dimers; meprin B has been isolated from mouse kidney mem-
branes and produced by recombinant methods. Meprin A (EC 3.4.24.18) is any iso-
form containing the o subunit. Meprin o/ heterooligomers are membrane-bound
in most cases (by virtue of containing the § subunit); however, there is evidence
that a small amount of heterooligomeric meprin A can be released from human in-
testinal membranes and as a consequence is soluble (Eldering et al., 1997; Johnson
and Hersh, 1994; Pischitzis et al., 1999). Homooligomers of mouse meprin o« are
large secreted multimers (primarily dodecamers) (Fig. 4; Ishmael et al., 2001).
The function of large secreted meprin o multimers may be to concentrate prote-
olytic activity in the extracellular milieu and enhance the ability of the complex to
degrade large proteins or complexes.

D. Functional Characteristics

Meprin « and B have distinct peptide bond specificities. Meprin g prefers peptides
that contain acidic amino acids (Asp, Glu) in or near the scissile bond; meprin «
prefers small or hydrophobic amino acids at the cleavage site, and proline residues
in the P2’ position (Bertenshaw et al., 2001). There are some overlapping sub-
strate specificities; two of the best substrates hydrolyzed by both subunits are
gastrin-releasing peptide and cholecystokinin (CCK). There are other substrates
that are specific to one or the other subunits [e.g., mouse meprin 8 cleaves gastrin
and osteopontin (Bertenshaw et al., 2001); meprin « does not hydrolyze these
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peptides, but cleaves the cytokine monocyte chemoattractant protein-1 (MCP-1),
unlike meprin 8 (see section IV)]. Several peptides of the gastrointestinal tract
are among the best substrates for meprins; this is of interest because meprins are
highly expressed in the intestine. The ability of meprins to hydrolyze chemokines
is also of interest because of the identification of meprins in leukocytes (see
Section I'V).

1. Expression and Proposed Functions of Astacin
Family Members

A. Localization and Proposed Functions of Astacins

The astacin family of proteases contains unique metalloproteases, important in a
wide range of processes from development to adulthood. They exhibit a mul-
tifaceted nature from involvement in food digestion and hatching, to growth
factor processing and extracellular matrix turnover (Bond and Beynon, 1995;
Stocker and Zwilling, 1995; Yasumasu et al., 1992). Astacins have been iden-
tified in a diverse set of organisms ranging from flavobacteria to mammals, and
have amino acid similarity ranging from 30 to 95% (Table I; Jiang and Bond,
1992). Members of the astacin family are all secreted proteins that work at or
near the cell surface, with the notable exception of the integral membrane protein,
meprin f.

Many astacin family proteases are capable of proteolytically cleaving extracel-
Iular matrix components such as collagens, laminin, and fibronectin (Bertenshaw
et al., 2001; Kaushal et al., 1994). Bone morphogenetic protein 1(BMP-1), tol-
loid (TLD), and tolloid-like (TLL) proteases are important in organizing zones of
embryonic differentiation and shaping the extracellular milieu through process-
ing fibrillar procollagens, prolysl oxidase, and probiglycan (Imamura et al., 1998;
Scott et al., 2000; Uzel et al., 2001). Meprins are capable of degrading a wide
panel of substrates from extracellular matrix (ECM) proteins to cytokines and thus
they likely mediate the actions of numerous bioactive proteins in vivo (Bertenshaw
et al.,, 2001; Kaushal et al., 1994).

B. Meprins in the Embryo and Postnatally

Meprins « and B are both expressed during rat and mouse embryonic (E) and
postnatal (PN) development. Microarray analyses to determine global renal gene
expression in rats from gestation to adulthood revealed that meprin 8 was ex-
pressed in the kidney at the earliest gestation point tested (day E13). Furthermore,
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Table I Members of the Astacin Family of Metalloproteases
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Name (selected references) Organism Location/Proposed Function
Alveolin (Shibata et al., 2000) Fish (medaka) Induces chorion hardening
Astacin (Stocker and Zwilling, 1995) Crayfish Hepato-pancreas
Astacus embryonic astacin (AEA) (Geier ~ Crayfish Embryo

and Zwilling, 1998)
Blastula protease-10 (BP-10) (Lhomond Sea urchin Blastula (1632 cell stage)

et al., 1996)

Bone morphogenetic protein-1 (BMP-1,
procollagen C-proteinase, PCP)
(Reynolds et al., 2000)

Chorioallantoic membrane protein 1
(CAM-1) (Elaroussi and DeLuca, 1994)

Flavastacin (Tarentino ef al., 1995)

Foot activator responsive matrix
metalloprotease (Farm-1)
(Kumpfmuller et al., 1999)

High and Low choriolytic enzymes (HCE
and LCE) (Yasumasu et al., 1989,
1992)

Hydra metalloproteases 1 and 2 (HMP-1
and HMP-2) (Yan et al., 2000, 1995)

Meprins « and 8 (Beynon et al., 1981;
Sterchi et al., 1988)

Myosinase III (Tamori et al., 1999)
Nephrosin (Hung et al., 1997)

Podocornyne metalloprotease 1 (PMP-1)
(Pan et al., 1998)

SpAN (Wardle et al., 1999)

Tolloid, Tolkin and Tolloid-like proteins
(TLD and TLL) (Nguyen et al., 1994)

Xenopus hatching enzyme (UVS.2)
(Katagiri et al., 1997)

More than 30 ESTs cataloged as astacin
family members

Human, rodent, other
mammals, chicken,
Xenopus, Drosophila

Quail

Flavobacterium

Chnideria (hydra)

Fish (medaka)

Chnideria (hydra)

Human, rodents, other
mammals

Spear squid

Carp

Cnideria (jellyfish)

Sea urchin

Human, rodents, other
mammals, Xenopus,
Drosophila, zebrafish

Xenopus

Caenorhabditis elegans

Embryo and various adult tissues;
removes C-terminal propeptide from
procollagen

Utilization of egg shell calcium by
avian embryo

Extracellular

Gastric epithelium

Hatching enzyme

Head regeneration and foot
morphogenesis

Kidney, intestine, colon, appendix,
leukocytes, in certain cancers and in
various embryonic tissues (see text)

Hydrolyzes myosine heavy chain,
isolated from liver

Lymphohematopoietic tissue such as
head kidney, kidney, and spleen

Medusa bud development and adult
manubrium (feeding organ)

Embryo

Embryo and various adult tissues;
dorsal/ventral patterning

Hatching gland cells and neurula stage
embryos
Unknown

the level of renal meprin B expression continued to increase until adulthood (Stuart
et al., 2001). In rats, meprin 8 expression was highest at PN day 4 in the jejunum;
expression then dropped dramatically at PN days 7-19. By weaning (PN day 22)
expression returned to levels seen at PN day 4. In contrast, meprin « mRNA levels
remained relatively constant in rat jejunum throughout the suckling period, and
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then declined at weaning. Additionally, it was demonstrated that administering
dexamethasone during the suckling period dramatically induced meprin 8 but not
meprin « expression. Thus, it was proposed that the pattern of meprin 8 expression
in the jejunum of suckling rats could be related to changes in circulating gluco-
corticoid levels, which are known to increase at weaning (Henning et al., 1999).
In mouse embryos, meprin « is expressed by day E11, which coincides with the
development of the metanephric kidney (Horster et al., 1999; Kumar and Bond,
2001). In situ hybridization analyses of ICR and C3H/He embryos at different
stages revealed that although these strains exhibit very different expression of
meprin « as adults, the embryonic expression of both meprins « and 8 was similar.
By day E16.5 both ICR and C3H/He mice express meprins « and j in the kidney
and intestine (Fig. 5; Kumar and Bond, 2001). The expression of meprins at E16.5
in the intestine coincides with the development of the intestinal epithelium into a
single cell layer with defined villi (Angres et al., 2001). For both mouse strains
meprin expression in the intestine during the suckling/weaning period was similar.

Antisense Sense Anlisense

Figure 5 In situ hybridization of ICR mouse embryos with mouse meprin « and S riboprobes.
Serial sagittal sections, 8 pum thick, of E16.5 embryos were probed with meprin « antisense (A, C),
meprin « sense (B), meprin 8 antisense (D, F), or meprin g sense (E) 33S-radiolabeled cRNAs. After
hybridization, sections were exposed to X-ray film for 1 week and then to photographic emulsion for
3 weeks. The mRNAs in A, B, D, E were visualized after autoradiography; C and F are dark-field
images of A and D, respectively. The mRNA localized to the kidney (k) and intestine (i) for both
subunits. Bar = 1 mm. This figure is reprinted from Biochem. Biophys. Acta, Vol. 1518, Kumar, J. M.,
and Bond, J. S. Developmental expression of meprin metalloproteases subunits in ICR and C3H/He
mouse kidney and intestine in the embryo, postnatally and after weaning, pp.106-114. ©@2001, with
permission from Elsevier Science.
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Meprin « tended to rise during suckling and then decreased at weaning, whereas
meprin B increased through suckling and then leveled off by adulthood (Fig. 6).
These data indicate that meprin « plays a role in the digestion of milk during
suckling. This point is further substantiated by the observation that casein, a major
milk protein, is an excellent in vitro meprin substrate (Kumar and Bond, 2001).
Meprins have also been detected in development and in adult mammals at sites
other than the kidney and intestine (Spencer-Dene et al., 1994). In rats, meprins
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Figure 6 Developmental expression of meprin o and 8 mRNA in ICR intestine. (A) Northern blots
of total intestinal RNA. Total RNA (15 ug) isolated from E15.5, newborn, 10-day- and 3-week-old
pups from two different litters, and adult was loaded on a formaldehyde/agarose gel as indicated,
electrophoresed, transferred, and probed with meprin and GAPDH cDNAs. The mRNAs specific for
meprin « and 8 and for GAPDH are indicated by arrows. (B) Values obtained from densitometry were
analyzed and graphed. This figure is reprinted from Biochem. Biophys. Acta, Vol. 1518, Kumar, J. M.,
and Bond, J. S. Developmental expression of meprin metalloproteases subunits in ICR and C3H/He
mouse kidney and intestine in the embryo, postnatally and after weaning, pp. 106-114. © 2001, with
permission from Elsevier Science.




154 Norman et al.

have been detected on neuroepithelial cells at E12. By E14 and E16 meprins
are also detected in the craniofacial region in tissues such as the choroid plexus, the
ependymal layer of brain ventricles, the nasal conchae, the developing lens, the
pigmented layer of the retina, the inner ear and in postcranial sites such as
the gut, bladder, and ureter. In adult mice meprin was immunohistochemically
detected in the salivary glands in both striated and intercalated ducts (Craig et al.,
1991). In mouse embryos an expressed sequence tag corresponding to meprin «
was detected in the heart by day E13 while a meprin B expressed sequence tag
was detected as early as the first blastocyst stage (B1) (WashU-HHMI Mouse EST
Project,dbEST 1d: 1317387 @ www.ncbi.nlm.nih.gov). Meprins are also expressed
by certain leukocytes found in the lamina propria of the intestine (Lottaz et al.,
1999a) (see Section 1V). Adult humans express meprin « in the kidney, small
intestine, colon, and appendix (Jiang and Le, 2000).

C. Developmental Functions of Bone Morphogenetic Protein 1
(BMP-1), Tolloid (TLD), and Hydra Metalloproteases (HMPs)

BMP-1 (procollagen C-proteinase) and TLD are products of alternatively spliced
mRNAs encoded by a single gene (Takahara ef al., 1994). TLD possesses an ex-
tra EGF-like repeat and two additional CUB (complement components C11/Cls,
sea urchin protein UeGF, and BMP-1) domains at its C terminus (Stocker et al.,
1993). A third protein, TLL-1 (tolloid-like), was cloned from a cDNA library from
BMP1/TLD knockout mice (Scott et al., 1999b). Yet another protease, TLL-2, was
cloned using degenerate PCR primers which corresponded to conserved regions
of BMP-1/TLD and TLL-1(Scott et al., 1999a, 1999b). All four of these secreted
proteases are important in ECM and cellular maturation in early development and
their expression overlaps in numerous tissues. Each is produced as a latent proen-
zyme, which requires removal of a prosequence for activity, and each has protein
interaction domains such as CUB and epidermal growth factor domains. Although
the domain and sequence structures of these four proteases are highly similar, they
differ in their proteolytic activities and as such are likely to differentially affect
development (Scott et al., 1999a,b).

In development, chordin can associate with certain BMPs and consequently
prevent them for associating with their respective receptors. In vivo, BMP-1 and
TLL-1 have been shown to cleave chordin—-BMP complexes, and in so doing
they can modulate the amount of these BMPs available for interaction with their
receptors. This action is an example of proteolysis in the extracellular matrix
affecting the activity of a growth factor at the cell surface. BMP-1 and TLL-1
generate growth factor gradients, which direct axis formation in embryogenesis.
Interestingly, TLL-2 and mammalian TLD do not cleave chordin. However, all
four of these proteases (BMP-1, TLD, TLL-1, and TLL-2) can cleave pro-lysyl
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oxidase, the enzyme that catalyzes the final step of elastin—collagen cross-linking
(Uzel et al., 2001). Furthermore, of the four proteases only TLL-2 lacks procollagen
C-proteinase activity (Scott et al., 1999a). Thus these structurally similar enzymes
have marked differences in proteolytic activity.

Two hydra proteases, HMP-1 and -2, have been characterized as key modulators
of head regeneration and foot morphogenesis, respectively. Hydras are organized as
a gastric tube with basal and apical poles. The mouth and tentacles are at the apical
pole while the foot process is at the basal pole. HMP-1 is expressed in the apical
pole and HMP-2 is predominantly expressed in the basal pole. By exploiting the
highly regenerative properties of hydra, it has been shown that HMP-1 expression
is highly induced during head regeneration. Using an antisense construct approach
it was shown that HMP-2 is necessary for foot morphogenesis (Yan et al., 1995,
2000). Interestingly, HMP-2 but not HMP-1 contains a MAM domain (meprin,
A-5 protein, and receptor tyrosine phosphatase p) which is only found in two
other astacin family proteins, meprins « and 8.

I1l. Meprin Expression in Cancer

Human carcinomas and cultured human cancer cell lines from numerous tissues
secrete a variety of proteases, including serine, cysteine, aspartic, and metallo-
proteases. Proteases are expressed at every stage of tumor progression, and their
targets can include growth factors and their receptors, chemokines, adhesion pro-
teins, and structural matrix components. A unique isoform of meprin § mRNA
has been detected in several cultured human cancer cell lines, and meprin « is
expressed in cancer cell lines with a more metastatic phenotype.

A. Intestinal Carcinomas and Invasive Cell Lines

Expression of meprin « in human tumor cell lines was first demonstrated in the
differentiated small intestine—like Caco-2 cell line (Lottaz et al., 1999b). Caco-2
cells secrete meprin « from both the apical and basolateral surfaces, as compared
to the strictly apical secretion of meprin « in enterocytes and proximal tubule cells
(Bond and Beynon, 1995). Several optimal binding sites for the GATA class of
transcription factors, especially GATA-6, were identified in the human MEP1A
promoter (Hahn ez al., 2000). Caco-2 cells have previously been shown to produce
these GATA class factors. Functional promoter assays, using 3 kb of genomic
DNA upstream of the MEP1A transcription start site, showed that this region is
capable of directing reporter gene expression in transiently transfected Caco-2
cells.
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In human colorectal adenocarcinomas, active meprin o was detected in about
half of the tumors tested (Lottaz e al., 1999b). The secreted meprin o accumulated
in the tumor stroma; thus the location of meprin « in the tumor stroma could
facilitate matrix degradation and increase the invasive and metastatic potential of
tumor cells. In vitro, meprins can cleave laminins, fibronectin, nidogen, and gelatin
(Bertenshaw et al., 2001; Kohler et al., 2000). Data from our laboratory support
a role for meprin ¢ in creating an invasive phenotype in cancer cells. Meprin «
mRNA and protein are produced by the invasive colorectal carcinoma cell line
SW620, but are not found in a noninvasive colorectal carcinoma cell line isolated
from the same individual, SW480 (Matters, G. L., Norman, L. P., and Bond, J. S.
unpublished). In addition, we have confirmed the expression of meprin « protein
in human colorectal tumors (Fig. 7).

Figure 7 Immunohistochemical detection of meprin o in human colorectal tumors. (A) Preimmune
serum negative control (original magnification 40x) (B) section stained using polyclonal anti-human
meprin « antibody (40x), (C) preimmune serum negative control (100x), (D) section stained using
polyclonal anti-human meprin « antibody (100x). The arrows indicates staining for meprin «. Note
that staining in the indicated regions is specific to the anti-human meprin antibody and is not detected
in the negative controls.
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B. Breast Cancer Cell Lines

A novel form of the meprin B8 subunit mRNA, meprin 8’, has been detected in the
cultured human breast cancer cell lines MCF-7, SK-BR-3, MDA-MB-231, and
MDA-MB-435; none of these cells express meprin «. To test the role of meprin
« in cancer cell invasion, MDA-MB-231 cells were stably transfected with the
meprin o gene. When the meprin « cDNA was constitutively expressed in 231
cells, the cells were significantly more invasive in vitro than nontransfected 231
cells, meprin g transfected 231 cells, or vector transfected 231 cells (Matters, G. L.,
Norman, L. P, and Bond, J. S. unpublished).

C. Molecular Mechanisms That Regulate Meprin Transcripts in
Transformed Cells

Adenocarcinoma and osteosarcoma cell lines from a variety of tissues express a
unique isoform of meprin § mRNA, meprin 8 prime (8’) (Dietrich et al., 1996;
Matters and Bond, 1999a,b). 5 RACE analysis of meprin § transcripts from normal
intestine and from cultured colon cancer cells (HT29-18C1) indicated that the
human MEPI1B gene is expressed from two independent transcription start sites:
one is utilized in normal epithelium and the other, about 70 bp upstream, is used in
cancer cells (Matters and Bond, 1999b). Use of the upstream start site results in a
slightly longer 5’ untranslated region of the mRNA, but does not change the protein
coding regions. The size of this mRNA is consistent with data from Northern blots,
which have shown that the HT29-18C1 colorectal carcinoma cell line produces a
larger meprin § mRNA (Dietrich et al., 1996). A potential function for the longer
5" UTR in the cancer cell nRNA may be to interact with mRNA binding proteins.
Transcript binding proteins could affect the translation and stability of the meprin
B’ mRNA.

Meprin 8/ mRNA expression is increased in cancer cells by tumor promoters
such as the phorbol ester PMA, as is the case for many cancer-related gene prod-
ucts. The PMA-enhanced expression is consistent with the presence of multiple
AP-1 and PEA3 elements (Fos/Jun and Ets binding sites) in the MEP1B promoter,
whereas these elements are rarely found in the MEP1A promoter (Hahn et al.,
2000; Matters and Bond, 1999b).

The mouse meprin 8 gene, Meplb, also produces a longer, 8/, meprin mRNA
in teratocarcinoma cells (Dietrich et al., 1996). However the mechanism by which
the mouse meprin 8/ mRNA is generated is different from that for the human
meprin 8/ mRNA. The mouse 8’ mRNA is a consequence of alternative splicing
that removes the first two B exons, and incorporates three new upstream exons
(exons B’ 1-3) (Fig. 8; Jiang and Le, 2000). The B’ exons are located 1.6 kb up-
stream of the B8 exons, and transcription from the 8’ start site utilizes independent
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Mouse Meplb Gene

1 2 3 1 2 3 4 15
o O O | o M u u I
B’ Promoter " Exon 1 B’ Exon 2 B’ Exon 3 B Promoter 3 Exon 1 B Exon 2 B Exon 3 PExon4 P Exon 15
5 UTR 1 2 3 4 15 3 UTR
Mouse Beta mRNA: ----------- [ FY FY FN FW/EY
SUTR 17 20 3 3 4 15 3 UTR
Mouse Beta prime mRNA: ----------- D+D+D+.+.+//+. ---------------

Human MEPI1IB Gene

1 2 3 4 15
B Promoter B> | | | .7//7._
B’ Promoter B Exon 1 B Exon 2 B Exon 3 BExon4 B Exonl5
SUTR 1 2 3 4 15 3 UTR
Human Beta mRNA: [ FH FY FNFW/EY
5" UTR 1 2 3 4 15 3 UTR
Human Beta prime mRNA: ----------—--—-—- .+.+.+.+//+. ———————————————

Figure8 Schematic of mouse and human meprin 8 and meprin 8/ mRNAs. In mouse, three additional
exons can be transcribed to generate a meprin 8/ mRNA. White boxes represent the extra exons
incorporated into the meprin B’ message. Black boxes represent exons present in both normal mouse
meprin B and mouse meprin 8/ mRNAs. A human meprin 8’ message is generated when an alternative
promoter is utilized in the human MEP1B gene; additional exons are not incorporated into the human
meprin / mRNA.

promoter elements. The protein encoded by the 8/ mRNA contains a unique 5’
untranslated region, signal peptide, and propeptide. The sequence of the fully pro-
cessed, active protease encoded by the 8/ mRNA should be identical to the mouse
B mRNA (Dietrich et al., 1996). Comparison of the human MEP1B promoter and
the mouse Mep 1b promoter revealed a few areas of sequence similarity, but there
are no identifiable transcription factor binding sites in common (Jiang and Le,
2000). Thus, the regulation of meprin 8 in human adenocarcinomas and in mouse
teratocarcinomas differs significantly.

IV. Meprins in Inflammatory Diseases

A. The Role of Chemokines and Proteases in the Inmune Response

Leukocyte extravasation into tissue is driven by the interplay of three molecular
processes: adhesion molecule/receptor interactions, cytokine/receptor interactions,
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and the digestion of extracellular matrix and basement membrane proteins (Ebnet
and Vestweber, 1999). Factors that affect the expression, activation, and half-life of
these three classes of molecules have the potential to dramatically affect leukocyte
compartmentalization. Extracellular proteases have the potential to hydrolyze all
the molecules involved in leukocyte movement and biology, and thereby have an
impact on the course of leukocyte biology and inflammation.

Chemokines (chemotactic cytokines) represent a separate supergene family of
cytokines which induce the chemotaxis of specific types of leukocytes at very low
concentrations (Mackay, 2001). As aresult, chemokines are important mediators of
leukocyte emigration into tissue. Chemokines comprise a free-rotating N terminus
protruding from a relatively large globular domain (comprising a B-pleated sheet
and «-helix) (Ward and Westwick, 1998). Mutagenesis studies indicate that the
N termini of chemokines are essential for receptor binding and activation (Ward
and Westwick, 1998). Removal of as few as two amino acids from the N terminus
of chemokines can alter receptor binding preferences, or ablate receptor binding
and activation (Gong and Clark-Lewis, 1995). The chemokine globular domain is
believed to protect chemokines from degradation by many proteases (Van Damme
et al., 1999). However, the chemokine N terminus, which protrudes from the
globular domain, is much more exposed than the rest of the molecule, making
it particularly susceptible to proteolysis. Several proteases are known to cleave
chemokines in vitro; for example, CD 26/DPP 1V hydrolyzes the N termini of
chemokines (Van Damme et al., 1999). Interestingly, CD 26/DPP IV cleaves the
N terminus of RANTES and ablates its ability to bind to CCRS, but not CCR1.
A truncated RANTES analog was synthesized that mimicked the CD 26/DPP
IV-truncated form of RANTES (Van Damme et al., 1999). This analog induced
T cell chemotaxis, but not macrophage chemotaxis. These findings are likely to
have functional significance, since CCRS is expressed at high levels on T cells,
and may explain the shift in the chemotactic potential of RANTES induced by
CD26/DPP IV. Thus, the coexpression of chemokines and proteases can have
important implications for the resident chemokine biology in a tissue.

B. Meprins in the Immune System and in Intestinal Inflammation

Meprins are abundantly expressed on the brush border membrane of the intes-
tine, particularly in the ileum (Bankus and Bond, 1996). The apical distribution of
meprins in normal intestine indicates that meprins may be involved in the degrada-
tion of antigens in the lumen, which is necessary for the development of mucosal
immune responses. Lottaz et al. (1999a) have shown by in situ hybridization that
meprin « and B are expressed in leukocytes isolated from the lamina propria of
the human inflamed bowel. These data indicate that meprins have the potential to
regulate leukocyte activities in vivo. As detailed above, proteases such as meprin
could target leukocyte emigration and activity by two primary mechanisms: the
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modulation of cytokine activity and the degradation of extracellular matrix com-
ponents. There is evidence that meprins in fact do both.

Meprin A degrades the cytokine and transitional extracellular matrix protein,
osteopontin (Bertenshaw et al., 2001). Recent results indicate that meprin «, and
not meprin B, selectively digests the N termini of some chemokines including
MIP-1 8, MIP-1a, RANTES, and MCP-1 (Fig. 9, see color insert). Meprin A
hydrolysis of MCP-1 yields a molecule that is truncated between amino acids
6 and 7. The truncated (7-76) MCP-1 molecule is known to have diminished
ability to activate a major receptor (CCR2) for MCP-1 (Gong and Clark-Lewis,
1995).

Another important process is the ability of chemokines to guide immune re-
sponses. MCP-1 is involved in the maintenance of oral tolerance in the intestine.
Karpus et al. (1998) demonstrated that the oral administration of proteolipid pro-
tein induces oral tolerance in mice, as well as the expression of MCP-1 in the
intestinal mucosa, Peyer’s patches, and mesenteric lymph nodes. The increase
in MCP-1 expression resulted in a decrease in mucosal interleukin-12 (associated
with Th1 immune responses), and a concomitant increase in mucosal interleukin-4
expression (associated with Th2 immune responses). Neutralizing antibodies to
MCP-1 inhibited tolerance induction and resulted in the restoration of mucosal
interleukin-12 expression, as well as peripheral antigen-specific T helper cell 1
responses.

The tissue localization of meprins is a key issue, since meprin B is apically
distributed on the intestinal epithelium. Meprin f spans the plasma membrane
and localizes meprin « subunits to the apical surface by heterooligomerization.
Meprin « homooligomers can also be secreted from cells. During inflammation, the
distribution of meprin is likely to localize to apical and basolateral surfaces of the
intestinal epithelium. Thus, MCP-1 would be exposed to meprin A and ultimately
result in the ablation of MCP-1-mediated tolerance mechanisms. This would have
important implications for diseases whose etiologies lie in the disregulation of oral
tolerance to food antigens, such as inflammatory bowel diseases.

Another chemokine, TECK, is completely digested by meprin 8. TECK is
specifically expressed in the crypts of the small intestine, particularly in the ileum
and jejunum (Kunkel et al., 2000). CCR9 (the receptor for TECK) is expressed
by CD4+ and CD8+ T cells in circulation. These T cells also express the o487
integrin and thus are targeted to the intestine. Immunohistochemistry has local-
ized these CCR9 (+4) cells to pockets of leukocytes found beneath the crypts. The
significance of these observations is underscored by the role of the crypt in in-
testinal immune responses (Ganz, 2000). Crypts contain a source of pluripotent
stem cells needed to regenerate the epithelial surface. Beneath the stem cells are
Paneth cells, which protect the stem cells from infection by the release of gran-
ules after the acetylcholine stimulation induced by bacterial or food antigens. The
granules contain a group of proteins known as defensins that have antimicrobial
activity. Defensins are remarkably similar to chemokines structurally. In fact, some
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chemokines (ELR (—) CXC chemokines) have antimicrobial activity (Cole et al.,
2001). Interestingly, meprins localize to epithelial cells found in the crypts. Our
data suggest that because meprins cleave chemokines they may also cleave de-
fensins. Furthermore, the meprin-induced cleavage products of some chemokines
may also have antimicrobial activity. The role of meprins in this process has yet
to be elucidated, but our observations open intriguing possibilities.

Overall, meprins are likely to play an integral role in regulating leukocyte em-
igration and other chemokine-mediated events in the intestine, including oral tol-
erance and resistance to bacterial infection.

V. Summary, Concluding Remarks, Future Directions

The expression patterns of meprin subunits observed thus far implicate meprins
in embryogenesis, tissue-specific functions (especially for kidney, intestine, and
leucocytes), and disease processes of cancer and inflammation. The abundance of
meprins in brush border membranes and the multimeric nature of secreted isoforms
indicate that localized high concentrations of latent and activated proteases are fun-
damental to the action of these metalloproteinases. The enzymes are highly reg-
ulated transcriptionally and posttranslationally, indicating that they have specific
functions and are not general “housekeeping” proteases, and are targeted to spe-
cific sites of action. There is now a base of knowledge about the structure/function
of the meprins, and about potential physiological substrates for the enzymes. With
the information provided by genomics, the mouse and human genome projects,
microarray analysis, molecular modeling, and high-throughput technologies, we
are learning of new sites of expression of the meprins (e.g., prostate and pancreatic
cells), about the enzymatic activities, and the potential contributions of these en-
zymes to the degradation and activation of peptides and proteins at the cell surface
and in extracellular compartments. The creation of specific inhibitors of meprins
and of genetically engineered mice and the identification of polymorphisms in the
meprin genes and regulatory elements for the genes will help decipher functions
of the enzyme in vivo and further define the role of these enzymes in heath and
disease.

References

Angres, B., Kim, L., Jung, R., Gessner, R., and Tauber, R. (2001). LI-cadherin gene expression
during mouse intestinal development. Dev. Dynam. 221, 182-193.

Bankus, J. M., and Bond, J. S. (1996). Expression and distribution of meprin protease subunits in
mouse intestine. Arch. Biochem. Biophys. 331, 87-94.

Barnes, K., Ingram, J., and Kenny, A. J. (1989). Proteins of the kidney microvillar membrane.
Structural and immunochemical properties of rat endopeptidase-2 and its immunohistochemical
localization in tissues of rat and mouse. Biochem. J. 264, 335-346.



162 Norman et al.

Bertenshaw, G. P, Turk, B. E., Hubbard, S. J., Matters, G. L., Bylander, J. E., Crisman, J. M.,
Cantley, L. C., and Bond, J. S. (2001). Marked differences between metalloproteases meprin A
and B in substrate and peptide bond specificity. J. Biol. Chem. 276, 13248-13255.

Bertenshaw, G. P,, Norcum, M .T., and Bond, J. S. (2002). Structure of homo- and hetero-oligomeric
meprin metalloproteases: Dimers, tetramers, and high molecular mass multimers. J. Biol. Chem.
Papers in Press, DOI 10.1074;bc. M2088200.

Beynon, R. J., and Bond, J. S. (1983). Deficiency of a kidney metalloproteinase activity in inbred
mouse strains. Science 219, 1351-1353.

Beynon, R. J., Shannon, J. D., and Bond, J. S. (1981). Purification and characterization of a
metallo-endoproteinase from mouse kidney. Biochem. J. 199, 591-598.

Bond, J. S., and Beynon, R. J. (1985). Mammalian metalloendopeptidases. Int. J. Biochem. 17,
565-574.

Bond, J. S., and Beynon, R. J. (1995). The astacin family of metalloendopeptidases. Protein Sci. 4,
1247-1261.

Bond, J. S., Beynon, R. J., Reckelhoff, J. F., and David, C. S. (1984). Mep-1 gene controlling a
kidney metalloendopeptidase is linked to the major histocompatibility complex in mice. Proc.
Natl. Acad. Sci. USA 81, 5542-5545.

Bond, J. S., Rojas, K., Overhauser, J., Zoghbi, H. Y., and Jiang, W. (1995). The structural genes,
MEPIA and MEP1B, for the alpha and beta subunits of the metalloendopeptidase meprin map to
human chromosomes 6p and 18q, respectively. Genomics 25, 300-303.

Butler, P. E., and Bond, J. S. (1988). A latent proteinase in mouse kidney membranes.
Characterization and relationship to meprin. J. Biol. Chem. 263, 13419-13426.

Cole, A. M., Ganz, T., Liese, A. M., Burdick, M. D., Liu, L., and Strieter, R. M. (2001). Cutting edge:
IFN-inducible ELR- CXC chemokines display defensin-like antimicrobial activity. J. Immunol.
167, 623-627.

Craig, S. S., Reckelhoff, J. F., and Bond, J. S. (1987). Distribution of meprin in kidneys from mice
with high- and low-meprin activity. Am. J. Physiol. 253, C535-540.

Craig, S. S., Mader, C., and Bond, J. S. (1991). Immunohistochemical localization of the
metalloproteinase meprin in salivary glands of male and female mice. J. Histochem. Cytochem.
39, 123-129.

Dietrich, J. M., Jiang, W., and Bond, J. S. (1996). A novel meprin beta” mRNA in mouse embryonal
and human colon carcinoma cells. J. Biol. Chem. 271, 2271-2278.

Dumermuth, E., Sterchi, E. E., Jiang, W. P., Wolz, R. L., Bond, J. S., Flannery, A. V., and Beynon,
R.J. (1991). The astacin family of metalloendopeptidases. J. Biol. Chem. 266, 21381-21385.

Ebnet, K., and Vestweber, D. (1999). Molecular mechanisms that control leukocyte extravasation: the
selectins and the chemokines. Histochem. Cell Biol. 112, 1-23.

Elaroussi, M. A., and DeLuca, H. F. (1994). A new member to the astacin family of
metalloendopeptidases: a novel 1,25-dihydroxyvitamin D-3-stimulated mRNA from
chorioallantoic membrane of quail. Biochim. Biophys. Acta 1217, 1-8.

Eldering, J. A., Grunberg, J., Hahn, D., Croes, H. J., Fransen, J. A., and Sterchi, E. E. (1997).
Polarised expression of human intestinal N-benzoyl-L-tyrosyl-p-aminobenzoic acid hydrolase
(human meprin) alpha and beta subunits in Madin—Darby canine kidney cells. Eur. J. Biochem.
247, 920-932.

Ganz, T. (2000). Paneth cells—guardians of the gut cell hatchery. Nat. Immunol. 1, 99-100.

Geier, G., and Zwilling, R. (1998). Cloning and characterization of a cDNA coding for Astacus
embryonic astacin, a member of the astacin family of metalloproteases from the crayfish Astacus
astacus. Eur. J. Biochem. 253, 796-803.

Gong, J. H., and Clark-Lewis, I. (1995). Antagonists of monocyte chemoattractant protein 1 identified
by modification of functionally critical NHp-terminal residues. J. Exp. Med. 181, 631-640.

Gorbea, C. M., Flannery, A. V., and Bond, J. S. (1991). Homo- and heterotetrameric forms of the
membrane-bound metalloendopeptidases meprin A and B. Arch. Biochem. Biophys. 290, 549-553.



5. Meprins in Health and Disease 163

Gorbea, C. M., Marchand, P, Jiang, W., Copeland, N. G., Gilbert, D. J., Jenkins, N. A., and Bond,

J. S. (1993). Cloning, expression, and chromosomal localization of the mouse meprin beta subunit.
J. Biol. Chem. 268, 21035-21043.

Hahn, D., Lottaz, D., and Sterchi, E. E. (1997). C-cytosolic and transmembrane domains of the
N-benzoyl-L-tyrosyl-p-aminobenzoic acid hydrolase alpha subunit (human meprin alpha) are
essential for its retention in the endoplasmic reticulum and C-terminal processing. Eur. J.
Biochem. 247, 933-941.

Hahn, D., Illisson, R., Metspalu, A., and Sterchi, E. E. (2000). Human N-benzoyl-L-tyrosyl-p-
aminobenzoic acid hydrolase (human meprin): genomic structure of the alpha and beta subunits.
Biochem. J. 346, 83-91.

Henning, S. J., Oesterreicher, T. J., Osterholm, D. E., Lottaz, D., Hahn, D., and Sterchi, E. E. (1999).
Meprin mRNA in rat intestine during normal and glucocortocoid-induced maturation: divergent
patterns of expression of alpha and beta subunits. FEBS Lett. 462, 368-372.

Hooper, N. M. (1994). Families of zinc metalloproteases. FEBS Lett. 354, 1-6.

Horster, M. F,, Braun, G. S., and Huber, S. M. (1999). Embryonic renal epithelia: induction,
nephrogenesis, and cell differentiation. Physiol. Rev. 79, 1157-1191.

Hung, C. H., Huang, H. R., Huang, C. J., Huang, F. L., and Chang, G. D. (1997). Purification and
cloning of carp nephrosin, a secreted zinc endopeptidase of the astacin family. J. Biol. Chem. 272,
13772-13778.

Imamura, Y., Steiglitz, B. M., and Greenspan, D. S. (1998). Bone morphogenetic protein-1 processes
the NHj-terminal propeptide, and a furin-like proprotein convertase processes the COOH-terminal
propeptide of pro-alphal(V) collagen. J. Biol. Chem. 273, 27511-27517.

Imperatore, G., Knowler, W. C., Nelson, R. G., and Hanson, R. L. (2001). Genetics of diabetic
nephropathy in the Pima Indians. Curr. Diabetes Rep. 1:3,275-281.

Ishmael, F. T., Norcum, M. T., Benkovic, S. J., and Bond, J. S. (2001). Multimeric structure of the
secreted meprin A metalloproteinase and characterization of the functional protomer. J. Biol.
Chem. 276, 23207-23211.

Jiang, W., and Bond, J. S. (1992). Families of metalloendopeptidases and their relationships. FEBS
Lert. 312, 110-114.

Jiang, W., and Le, B. (2000). Structure and expression of the human MEP1A gene encoding the alpha
subunit of metalloendopeptidase meprin A. Arch. Biochem. Biophys. 379, 183-187.

Jiang, W., Gorbea, C. M., Flannery, A. V., Beynon, R. J., Grant, G. A., and Bond, J. S. (1992a). The
alpha subunit of meprin A. Molecular cloning and sequencing, differential expression in inbred
mouse strains, and evidence for divergent evolution of the alpha and beta subunits. J. Biol. Chem.
267, 9185-9193.

Jiang, W., Gorbea, C. M., Flannery, A. V., Beynon, R. J., Grant, G. A., and Bond, J. S. (1992b). The
alpha subunit of meprin A. Molecular cloning and sequencing, differential expression in inbred
mouse strains, and evidence for divergent evolution of the alpha and beta subunits [published
erratum appears in J. Biol. Chem. 267, 13779]. J. Biol. Chem. 267, 9185-9193.

Jiang, W., Sadler, P. M., Jenkins, N. A., Gilbert, D. J., Copeland, N. G., and Bond, J. S. (1993).
Tissue-specific expression and chromosomal localization of the alpha subunit of mouse meprin A.
J. Biol. Chem. 268, 10380-10385.

Jiang, W., Dewald, G., Brundage, E., M, Cher, G. M., Schildhaus, H. U., Zerres, K., and Bond, J. S.
(1995). Fine mapping of MEP1A, the gene encoding the alpha subunit of the metalloendopeptidase
meprin, to human chromosome 6P21. Biochem. Biophys. Res. Commun. 216, 630—-635.

Johnson, G. D., and Hersh, L. B. (1992). Cloning a rat meprin cDNA reveals the enzyme is a
heterodimer [published erratum appears in J. Biol. Chem. 268, 17647]. J. Biol. Chem. 267,
13505-13512.

Johnson, G. D., and Hersh, L. B. (1994). Expression of meprin subunit precursors. Membrane
anchoring through the beta subunit and mechanism of zymogen activation. J. Biol. Chem. 269,
7682-7688.



164 Norman et al.

Kadowaki, T., Tsukuba, T., Bertenshaw, G.P., and Bond, J.S. (2000). N-Linked oligosaccharides on
the meprin A metalloprotease are important for secretion and enzymatic activity, but not for apical
targeting. J. Biol. Chem. 275, 25577-25584.

Karpus, W. J., Kennedy, K. J., Kunkel, S. L., and Lukacs, N. W. (1998). Monocyte chemotactic
protein 1 regulates oral tolerance induction by inhibition of T helper cell 1-related cytokines.

J. Exp. Med. 187, 733-741.

Katagiri, C., Maeda, R., Yamashika, C., Mita, K., Sargent, T. D., and Yasumasu, S. (1997). Molecular
cloning of Xenopus hatching enzyme and its specific expression in hatching gland cells. Internatl.
J. Develop. Biol. 41, 19-25.

Kaushal, G. P,, Walker, P. D., and Shah, S. V. (1994). An old enzyme with a new function:
purification and characterization of a distinct matrix-degrading metalloproteinase in rat kidney
cortex and its identification as meprin. J. Cell Biol. 126, 1319-1327.

Kohler, D., Kruse, M., Stocker, W., and Sterchi, E. E. (2000). Heterologously overexpressed,
affinity-purified human meprin alpha is functionally active and cleaves components of the
basement membrane in vitro. FEBS Lett. 465, 2-7.

Kounnas, M. Z., Wolz, R. L., Gorbea, C. M., and Bond, J. S. (1991). Meprin-A and -B. Cell surface
endopeptidases of the mouse kidney. J. Biol. Chem. 266, 17350-17357.

Kumar, J. M., and Bond, J. S. (2001). Developmental expression of meprin metalloprotease subunits
in ICR and C3H/He mouse kidney and intestine in the embryo, postnatally and after weaning.
Biochim. Biophys. Acta 1518, 106-114.

Kumpfmuller, G., Rybakine, V., Takahashi, T., Fujisawa, T., and Bosch, T. C. (1999). Identification of
an astacin matrix metalloprotease as target gene for Hydra foot activator peptides. Dev. Genes
Evol. 209, 601-607.

Kunkel, E. J., Campbell, J. J., Haraldsen, G., Pan, J., Boisvert, J., Roberts, A. 1., Ebert, E. C., Vierra,
M. A., Goodman, S. B., Genovese, M. C., Wardlaw, A. J., Greenberg, H. B., Parker, C. M.,
Butcher, E. C., Andrew, D. P.,, and Agace, W. W. (2000). Lymphocyte CC chemokine receptor 9
and epithelial thymus-expressed chemokine (TECK) expression distinguish the small intestinal
immune compartment: Epithelial expression of tissue-specific chemokines as an organizing
principle in regional immunity. J. Exp. Med. 192, 761-768.

Lhomond, G., Ghiglione, C., Lepage, T., and Gache, C. (1996). Structure of the gene encoding the
sea urchin blastula protease 10 (BP10), a member of the astacin family of Zn2+—metalloproteases.
Eur. J. Biochem. 238, 744-751.

Lottaz, D., Hahn, D., Muller, S., Muller, C., and Sterchi, E. E. (1999a). Secretion of human meprin
from intestinal epithelial cells depends on differential expression of the alpha and beta subunits.
Eur. J. Biochem. 259, 496-504.

Lottaz, D., Maurer, C. A., Hahn, D., Buchler, M. W., and Sterchi, E. E. (1999b). Nonpolarized
secretion of human meprin alpha in colorectal cancer generates an increased proteolytic potential
in the stroma. Cancer Res. 59, 1127-1133.

Mackay, C. R. (2001). Chemokines: immunology’s high impact factors. Nature Immunol. 2, 95-101.

Marchand, P., Tang, J., and Bond, J. S. (1994). Membrane association and oligomeric organization of
the alpha and beta subunits of mouse meprin A. J. Biol. Chem. 269, 15388-15393.

Marchand, P., Tang, J., Johnson, G. D., and Bond, J. S. (1995). COOH-terminal proteolytic
processing of secreted and membrane forms of the alpha subunit of the metalloprotease meprin A.
Requirement of the I domain for processing in the endoplasmic reticulum. J. Biol. Chem. 270,
5449-5456.

Matters, G. L., and Bond, J. S. (1999a). Expression and regulation of the meprin beta gene in human
cancer cells. Mol. Carcinog. 25, 169-178.

Matters, G. L., and Bond, J. S. (1999b). Meprin B: transcriptional and posttranscriptional regulation
of the meprin beta metalloproteinase subunit in human and mouse cancer cells. APMIS 107, 19-27.

Nguyen, T., Jamal, J., Shimell, M. J., Arora, K., and O’Connor, M. B. (1994). Characterization of
tolloid-related-1: a BMP-1-like product that is required during larval and pupal stages of
Drosophila development. Dev. Biol. 166, 569-586.



5. Meprins in Health and Disease 165

Pan, T., Groger, H., Schmid, V., and Spring, J. (1998). A toxin homology domain in an astacin-like
metalloproteinase of the jellyfish Podocoryne carnea with a dual role in digestion and
development. Dev. Genes Evol. 208, 259-266.

Pischitzis, A., Hahn, D., Leuenberger, B., and Sterchi, E. E. (1999). N-Benzoyl-L-tyrosyl-p-
aminobenzoic acid hydrolase beta (human meprin beta). A 13-amino-acid sequence is required for
proteolytic processing and subsequent secretion. Eur. J. Biochem. 261, 421-429.

Reckelhoff, J. F., Bond, J. S., Beynon, R. J., Savarirayan, S., and David, C. S. (1985). Proximity of
the Mep-1 gene to H-2D on chromosome 17 in mice. Immunogenetics 22, 617-623.

Reynolds, S. D., Zhang, D., Puzas, J. E., O’Keefe, R. J., Rosier, R. N., and Reynolds, P. R. (2000).
Cloning of the chick BMP1/Tolloid cDNA and expression in skeletal tissues. Gene 248, 233-243.

Ricardo, S. D., Bond, J. S., Johnson, G. D., Kaspar, J., and Diamond, J. R. (1996). Expression of
subunits of the metalloendopeptidase meprin in renal cortex in experimental hydronephrosis. Am.
J. Physiol. 270, F669-676.

Sampson, N. S., Ryan, S. T., Enke, D. A., Cosgrove, D., Koteliansky, V., and Gotwals, P. (2001).
Global gene expression analysis reveals a role for the alpha 1 integrin in renal pathogenesis.

J. Biol. Chem. 276, 34182-34188.

Scott, I. C., Blitz, I. L., Pappano, W. N., Imamura, Y., Clark, T. G., Steiglitz, B. M., Thomas, C. L.,
Maas, S. A., Takahara, K., Cho, K. W., and Greenspan, D. S. (1999a). Mammalian
BMP-1/Tolloid-related metalloproteinases, including novel family member mammalian
Tolloid-like 2, have differential enzymatic activities and distributions of expression relevant to
patterning and skeletogenesis. Dev. Biol. 213, 283-300.

Scott, I. C., Clark, T. G., Takahara, K., Hoffman, G. G., Eddy, R. L., Haley, L. L., Shows, T. B., and
Greenspan, D. S. (1999b). Assignment of TLL1 and TLL2, which encode human
BMP-1/Tolloid-related metalloproteases, to chromosomes 4q32—q33 and 10q23—q24 and
assignment of murine T112 to chromosome 19. Cytogenet. Cell Genet. 86, 64—65.

Scott, I. C., Imamura, Y., Pappano, W. N., Troedel, J. M., Recklies, A. D., Roughley, P. J., and
Greenspan, D. S. (2000). Bone morphogenetic protein-1 processes probiglycan. J. Biol. Chem.
275, 30504-30511.

Shibata, Y., Iwamatsu, T., Oba, Y., Kobayashi, D., Tanaka, M., Nagahama, Y., Suzuki, N., and
Yoshikuni, M. (2000). Identification and cDNA cloning of alveolin, an extracellular
metalloproteinase, which induces chorion hardening of medaka (Oryzias latipes) eggs upon
fertilization. J. Biol. Chem. 275, 8349-8354.

Spencer-Dene, B., Thorogood, P., Nair, S., Kenny, A. J., Harris, M., and Henderson, B. (1994).
Distribution of, and a putative role for, the cell-surface neutral metallo-endopeptidases during
mammalian craniofacial development. Development 120, 3213-3226.

Sterchi, E. E., Naim, H. Y., Lentze, M. J., Hauri, H. P., and Fransen, J. A. (1988).
N-benzoyl-L-tyrosyl-p-aminobenzoic acid hydrolase: a metalloendopeptidase of the human
intestinal microvillus membrane which degrades biologically active peptides. Arch. Biochem.
Biophys. 265, 105-118.

Stocker, W., and Zwilling, R. (1995). Astacin. Methods Enzymol. 248, 305-325.

Stocker, W., Gomis-Ruth, F. X., Bode, W., and Zwilling, R. (1993). Implications of the
three-dimensional structure of astacin for the structure and function of the astacin family of
zinc-endopeptidases. Eur. J. Biochem. 214,215-231.

Stocker, W., Grams, F.,, Baumann, U., Reinemer, P., Gomis-Ruth, F. X., McKay, D. B., and Bode, W.
(1995). The metzincins—topological and sequential relations between the astacins, adamalysins,
serralysins, and matrixins (collagenases) define a superfamily of zinc-peptidases. Protein Sci. 4,
823-840.

Stuart, R.O., Bush, K.T., and Nigam, S.K. (2001). Changes in global gene expression patterns during
development and maturation of the rat kidney. Proc. Natl. Acad. Sci. USA 98, 5649-5654.

Takahara, K., Lyons, G. E., and Greenspan, D. S. (1994). Bone morphogenetic protein-1 and a
mammalian tolloid homolog (mTId) are encoded by alternatively spliced transcripts which are
differentially expressed in some tissues. J. Biol. Chem. 269, 32572-32578.



166 Norman et al.

Tamori, J., Kanzawa, N., Tajima, T., Tamiya, T., and Tsuchiya, T. (1999). Purification and
characterization of a novel isoform of myosinase from spear squid liver. J. Biochem. 126, 969-974.

Tarentino, A. L., Quinones, G., Grimwood, B. G., Hauer, C. R., and Plummer, T. H. (1995).
Molecular cloning and sequence analysis of flavastacin: an O-glycosylated prokaryotic zinc
metalloendopeptidase. Arch. Biochem. Biophys. 319, 281-285.

Trachtman, H., Greenwald, R., Moak, S., Tang, J., and Bond, J. S. (1993). Meprin activity in rats with
experimental renal disease. Life Sci. 53, 1339-1344.

Trachtman, H., Valderrama, E., Dietrich, J. M., and Bond, J. S. (1995). The role of meprin A in the
pathogenesis of acute renal failure. Biochem. Biophys. Res. Commun. 208, 498-505.

Uzel, M. L, Scott, I. C., Babakhanlou-Chase, H., Palamakumbura, A. H., Pappano, W. N., Hong,

H. H., Greenspan, D. S., and Trackman, P. C. (2001). Multiple bone morphogenetic protein
1-related mammalian metalloproteinases process pro-lysyl oxidase at the correct physiological site
and control lysyl oxidase activation in mouse embryo fibroblast cultures. J. Biol. Chem. 276,
22537-22543.

Van Damme, J., Struyf, S., Wuyts, A., Van Coillie, E., Menten, P., Schols, D., Sozzani, S.,

De Meester, 1., and Proost, P. (1999). The role of CD26/DPP IV in chemokine processing. Chem.
Immunol. 72, 42-56.

Ward, S. G., and Westwick, J. (1998). Chemokines: understanding their role in T-lymphocyte biology.
Biochem. J. 333, 457-470.

Wardle, F. C., Angerer, L. M., Angerer, R. C., and Dale, L. (1999). Regulation of BMP signaling by
the BMP1/TLD-related metalloprotease, SpAN. Dev. Biol. 206, 63—72.

Yan, L., Pollock, G. H., Nagase, H., and Sarras, M. P. (1995). A 25.7 x 103 M; hydra
metalloproteinase (HMP1), a member of the astacin family, localizes to the extracellular matrix of
Hydra vulgaris in a head-specific manner and has a developmental function. Development 121,
1591-1602.

Yan, L., Leontovich, A., Fei, K., and Sarras, M. P., Jr. (2000). Hydra metalloproteinase 1: a secreted
astacin metalloproteinase whose apical axis expression is differentially regulated during head
regeneration. Dev. Biol. 219, 115-128.

Yasumasu, S., Tuchi, I., and Yamagami, K. (1989). Purification and partial characterization of high
choriolytic enzyme (HCE), a component of the hatching enzyme of the teleost, Oryzias latipes.

J. Biochem. 105, 204-211.

Yasumasu, S., Yamada, K., Akasaka, K., Mitsunaga, K., Iuchi, I., Shimada, H., and Yamagami, K.
(1992). Isolation of cDNAs for LCE and HCE, two constituent proteases of the hatching enzyme
of Oryzias latipes, and concurrent expression of their mRNAs during development. Dev. Biol. 153,
250-258.



6

Type Il Transmembrane Serine Proteases

Qingyu Wu

Department of Cardiovascular Research
Berlex Biosciences

Richmond, California 94806

III.

Iv.

VL

VIL

VIIL
IX.
X.

. Introduction

II. General Features of Type II Transmembrane Serine Proteases

A. Cytoplasmic and Transmembrane Domains
B. Motifs in the Propeptide Region

C. Protease Domains

Corin

A. Atrial Natriuretic Peptide

B. Discovery of Corin

C. Identification of Corin as the Pro-ANP Convertase

D. Corin in Human Diseases

Enteropeptidase

A. cDNA and Gene Structure

B. Protein Domain Structures

C. Biochemical Properties

D. Zymogen Activation

E. Congenital Enteropeptidase Deficiency
Hepsin

A. cDNA and Gene Structure

B. Protein Domain Structures

C. Biochemical Properties

D. Functions of Hepsin

E. Hepsin-Deficient Mice

F. Hepsin in Cancer

Matriptase

A. Molecular Cloning

B. Biochemical Properties

C. Functions of Matriptase

D. Matriptase in Cancer
Transmembrane Protease, Serine 2 (TMPRSS2)
A. Cloning of TMPRSS2 cDNA

B. Tissue Expression of TMPRSS2
C. TMPRSS?2 Protein

D. TMPRSS2 Function

Transmembrane Protease, Serine 3 (TMPRSS3)
Transmembrane Protease, Serine 4 (TMPRSS4)
Other Transmembrane Serine Proteases

Current Topics in Developmental Biology, Vol. 54
Copyright 2003, Elsevier Science (USA). All rights reserved.
0070-2153/03 $35.00

167



168 Qingyu Wu

A. Human Airway Trypsin-Like Protease
B. Spinesin
C. Mosaic Serine Protease L

XI. Perspective

References

I. Introduction

Serine proteases are essential for a variety of biological processes including food
digestion, hormone processing, blood coagulation, complement activation, wound
healing, and embryonic development (Davie et al., 1991; Kraut, 1977; Neurath,
1986; Stroud, 1974). Most trypsin-like serine proteases are secreted proteins. More
recently, several new serine proteases such as corin (Yan et al., 1999) and matrip-
tase (Lin et al., 1999c; Takeuchi et al., 1999) have been identified that are trans-
membrane proteins containing a trypsin-like protease domain at their extracellular
C terminus. Together with enteropeptidase and hepsin, these proteins represent a
distinct subclass of type II transmembrane proteases within the trypsin superfamily
(Hooper et al., 2001).

The biological importance of membrane-bound serine proteases was recognized
more than 100 years ago. Ivan Pavlov, who won the Nobel Prize in Physiology or
Medicine in 1904, was the first to discover that the walls of the upper section of
the small intestine contained a special enzyme necessary for the activation of pan-
creatic digestive enzymes (Pavlov, 1904). Using canine models, Schepovalnikov
in Pavlov’s laboratory established in 1899 that this special enzyme was abundant
in the duodenal mucosal fluid. The enzyme was named enterokinase and later re-
named enteropeptidase to emphasize its proteolytic function (Light and Janska,
1989; Lu and Sadler, 1998; Mann and Mann, 1994). In the following decades
after Pavlov’s discovery, enteropeptidase was purified and studied extensively. The
cloning of enteropeptidase cDNA sequences from several species in the 1990s re-
vealed that the enzyme is a type II transmembrane serine protease (Kitamoto et al.,
1994, 1995).

Cell surface serine proteases have also been shown to play a major role in
tumor invasion and metastasis (Mignatti and Rifkin, 1993; Mullins and Rohrlich,
1983). Tumor-associated proteolytic activities were first observed at the beginning
of the 20th century when tumor cells were found to have enhanced plasma clot-
degrading activities in tissue culture. The significance of this observation was
the implication that the proteolytic activities of tumor cells could be a molecular
mechanism in cancer progression and metastasis. Further studies in the 1970s led
to the identification of plasminogen activators as proteolytic enzymes associated
with oncogenic transformation (Ossowski et al., 1973a,b; Quigley et al., 1974;
Unkeless et al., 1973, 1974). In the early 1980s, Zucker and colleagues identified a
trypsin-like serine protease on the surface of rat Walker 256 carcino-sarcoma cells
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that was responsible for cancer cell-mediated cytolysis (DiStefano et al., 1982;
LaBombardi et al., 1983). In polyacrylamide gel electrophoresis—based assays, the
protein had a molecular mass of ~120 kDa but the sequence of this protease was not
determined (DiStefano et al., 1983). This enzyme may well be a hepsin-like type 11
transmembrane serine protease abundantly expressed on the surface of tumor cells.

Trypsin-like serine proteases also play an essential role in embryonic devel-
opment in Drosophila melanogaster (Belvin and Anderson, 1996). Serine pro-
teases encoded by the nudel (Hong and Hashimoto, 1995), gastrulation defective
(Han et al., 2000), easter (Jin and Anderson, 1990), and snake (DeLotto and
Spierer, 1986) genes are key components of a signaling pathway important for
the dorsal-ventral polarity in a developing embryo. The Stubble-stubbloid gene
encodes a type Il transmembrane serine protease with an overall domain structure
similar to that of hepsin (Appel et al., 1993). Genetic studies have demonstrated
that Stubble-stubbloid is critical for epithelial morphogenesis and development.
Defects in Stubble-stubbloid cause malformation of legs, wings, and bristles of
the fruitfly. In a recent genome-wide analysis of Drosophila genes in response to
bacterial and fungal infection, several type II transmembrane serine proteases have
been identified that share structural and sequence similarities with corin and hepsin.
These Drosophila transmembrane proteases may play a role in innate immunity
of the fruitfly (Irving et al., 2001).

This chapter will review the molecular biology and biochemistry of mammalian
type Il transmembrane serine proteases of the trypsin superfamily and discuss their
potential roles in physiological and pathological conditions.

Il. General Features of Type Il Transmembrane
Serine Proteases

The common structural features that define the type II transmembrane serine pro-
teases include a transmembrane domain near the N terminus and a trypsin-like
protease domain at the C terminus. Table I summarizes the properties of the genes,
mRNAs, and proteins of the published human type II transmembrane serine pro-
teases. The total number of these proteases is expected to increase as more and more
genomic sequences become publicly available. The general domain structures of
these proteases are shown in Fig. 1 and briefly described in the following sections.

A. Cytoplasmic and Transmembrane Domains

The length of the cytoplasmic domains of the type II transmembrane serine pro-
teases varies significantly. The functional significance of the cytoplasmic domains
is completely unknown. Although putative phosphorylation recognition sites have
been found in several proteins such as corin (Hooper et al., 2000; Yan et al., 1999),



Table I Properties of the Genes, mRNAs, and Proteins of Human Type II Transmembrane Serine Proteases

Gene mRNA  Amino Acids
Name Other Name  Chromosome  (kb)  Exons (kb) #) M, Reference
Corin LDL-RP4 4p12-13 150 22 5 1042 150,000  Yan et al. (1999)
Enteropeptidase  Enterokinase  21q21 90 25 44 1019 150,000 Kitamoto et al. (1995)
HAT 4ql3.2 62 10 1.9 418 48,000 Yamaoka ef al. (1998)
Hepsin TMPRSS1 19q11-13.2 26 13 1.8 417 51,000 Leytus et al. (1988)
Matriptase MT-SP1 11q24.3 50 21 33 855 87,000 Lin et al. (1999)
Takeuchi et al. (1999)
MSPL 11923.2 29 12 2.4 581 60,000 Kim et al. (2001)
Spinesin TMPRSS5 11q23.2 19 13 23 457 52,000 Yamaguchi et al. (2002)
TMPRSS2 Epitheliasin 21q22.2-3 44 14 2.5 492 70,000 Paoloni-Giacobino et al. (1997)
TMPRSS3 TADG-12 21q22.3 24 13 2.4 454 Scott et al. (2001)
TMPRSS4 TMPRSS3 11q23.2 41 13 2.3 437 64,000 Wallrapp et al. (2000)
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Figure 1 Schematic structure of human type II transmembrane serine proteases. A transmembrane
domain (TM) at the N terminus and a protease catalytic domain (PR) with active site residues His (H),
Asp (D), and Ser (S) at the C terminus are common features in these proteases. In the extracellular region,
a variety of protein domain structures are present, which include frizzled-like cysteine-rich repeats
(FRZ), LDL receptor repeats (LDLR), meprin-like domain (MAM), scavenger receptor cysteine-rich
repeat (SR), CUB repeats found in complement, urchin embryonic growth factor, and bone morphogeic
protein (CUB), and SEA repeats found in sea urchin sperm protein, enteropeptidase, and agrin (SEA).
A disulfide bond (S—S) that connects the propeptide and the protease domain is indicated.

TMPRSS2 (Paoloni-Giacobino et al., 1997), and matriptase (Lin et al., 1999c;
Takeuchi et al., 1999), their signaling activities have never been demonstrated ex-
perimentally in these proteins. Potential functions of the cytoplasmic domains in
membrane recycling, cytoskeletal protein binding, and signal transduction cannot
be excluded.
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The transmembrane domains in these proteases are approximately 20 amino
acids in length. There are, in general, more positively charged amino acid residues
immediately preceding the transmembrane segments, as predicted for the type 11
transmembrane proteins (Hartmann et al., 1989). Most of the proteases also contain
putative N-linked glycosylation sites in their extracellular regions. For example,
human enteropeptidase (Kitamoto et al., 1995) and corin (Yan et al., 1999) pro-
teins contain 17 and 19 potential N-linked glycosylation sites, respectively. The
predicted protein topology on the cell surface has been confirmed by immuno-
histochemistry, membrane fractionation, cell surface labeling, tryptic digestion,
and Western analysis in several proteases including enteropeptidase (Zheng et al.,
1999), hepsin (Tsuji et al., 1991), and matriptase (Lin ez al., 1997; Takeuchi et al.,
2000).

Under physiological conditions, proteases are highly regulated so that their
enzymatic activities are limited to specific sites and for specific substrates, pre-
venting potential proteolytic damage to normal tissues. This regulation is usu-
ally achieved by controlled zymogen activation of the protease and interactions
with cofactors and inhibitors. For the transmembrane proteases, the transmem-
brane domain may provide an additional mechanism to restrict the proteases at
desired locations. The transmembrane domain, however, is not required for the
enzymatic activity of these proteases because recombinant soluble enteropepti-
dase (Lu et al., 1997), matriptase (Lin et al., 1997; Takeuchi et al., 2000), hep-
sin (Kurachi et al., 1994), spinesin (Yamaguchi et al., 2002) and human airway
trypsin-like protease (HAT) (Yamaoka et al., 1998) were shown to be catalytically
active.

B. Motifs in the Propeptide Region

A variety of protein motifs have been identified in the extracellular space regions
between the transmembrane domain and the protease domain. These protein motifs
include frizzled-like cysteine-rich motifs, low-density lipoprotein (LDL) receptor
repeats, scavenger receptor cysteine-rich domains, CUB repeats found in comple-
ment C1s/Clr, the urchin embryonic growth factor and bone morphogenic protein,
and protein motifs found in meprin, mucin, and sea urchin sperm protein (Fig. 1).
The presence of the diverse domain structures may reflect long evolutionary his-
tories of these proteases. Interestingly, kringle-, epidermal growth factor (EGF)-,
fibronectin finger-, and apple-like domains that are common in the serine proteases
involved in blood coagulation and fibrinolysis are absent in the type II transmem-
brane serine proteases (Furie and Furie, 1988). The protein motifs in the propeptide
region are most likely to have a role in the regulation of the proteases. In fact, the
protein motifs in the enteropeptidase propeptide have been shown to be important
for its cell surface expression and substrate—inhibitor interactions (Lu et al., 1997;
Zheng and Sadler, 2002).
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C. Protease Domains

The protease domains at the C termini of these proteins are highly homologous
to the catalytic domain of other trypsin-like proteases. All the essential features
of serine protease sequences, including the catalytic triad (His, Asp, and Ser) and
the residues forming the substrate specificity pocket (Asp, Gly, and Gly), are well
conserved. There is a conserved activation cleavage sequence, Arg/Lys-Ile/Val-
Val/Leu-Gly-Gly, between the propeptide domain and the protease domain, whose
cleavage is required to activate the zymogen. There are five pairs of conserved
cysteine residues that are predicted to form disulfide bonds, one of which connects
the protease domain to the propeptide after the activation cleavage. Thus, the
activated enzymes are expected to remain on the cell surface. In corin, there is an
additional pair of cysteine residues, Cys-817 and Cys-830, in the protease domain
that are not found in any other serine proteases in vertebrates (Yan et al., 1999).
Computer modeling indicates that these two cysteine residues are likely to form
a disulfide bond connecting two B-sheets in the core of the protease domain. The
crystal structures of the protease domains from enteropeptidase (Lu et al., 1999)
and matriptase (Friedrich et al, 2002) have been determined. As expected, the
overall fold of these proteases is similar to that of chymotrypsin.

I1I. Corin
A. Atrial Natriuretic Peptide

Atrial natriuretic peptide (ANP), also called atrial natriuretic factor (ANF), and
related natriuretic peptides were discovered in the early 1980s. To examine poten-
tial renal effects of myocardium, de Bold and colleagues homogenized the atria
and ventricles of rats and injected the homogenates intravenously into anesthetized
Sprague-Dawley rats (de Bold et al., 1981). Muscle extracts from the atrium, but
not ventricle, caused a rapid increase of sodium and chloride excretions and urine
volume, suggesting the presence of a biological substance in atrial myocardium
that could regulate body fluid and electrolyte homeostasis. The results implied for
the first time that the heart acted not only as a mechanical pump in the circulation
system but also as an endocrine organ by secreting a hormone(s) that altered kidney
function.

This seminal finding quickly led to the isolation of ANP from human, porcine,
and rat hearts (de Bold, 1985). Biochemical and pharmacological studies have
established ANP as a cardiac hormone involved in the regulation of body fluid
and electrolyte homeostasis. In response to high blood pressure, ANP is secreted
from cardiomyocytes into the circulation. In target organs such as kidney and
peripheral blood vessels, ANP binds to its receptor and stimulates the intrinsic
guanylyl cyclase activity of the receptor, leading to accumulation of intracellular
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cGMP. The biological effects of ANP are to promote salt excretion, reduce blood
volume, and relax vessel tension, thereby reducing blood pressure (Inagami, 1989;
Koller and Goeddel, 1992; Levin et al., 1998; Wilkins et al., 1997).

In cardiomyocytes, ANP is synthesized as a prepropeptide of 126 amino acids
(Bloch et al., 1985; Schwartz et al., 1985). After removal of the signal peptide,
pro-ANP is stored in the dense granules of the cells. Upon secretion, pro-ANP is
activated on the cell surface by proteolytic cleavage at residue Arg-98, generating
an N-terminal propeptide and a biologically active peptide of 26 amino acids
(Ito et al., 1988; Lang et al., 1985; Manning et al., 1985; Shields and Glembotski,
1988). Several studies showed that a high-molecular-weight trypsin-like enzyme
associated with the membrane of cardiomyocytes was responsible for the activation
cleavage of pro-ANP but the identity of the pro-ANP convertase remained elusive
(Imada et al., 1987, 1988; Sei et al., 1992; Seidah et al., 1986).

B. Discovery of Corin

1. Corin cDNA and Gene Structure

Corin was first identified as an expressed sequence tag (EST) clone from a hu-
man heart cDNA library that shared sequence homology with trypsin-like ser-
ine proteases. In Northern analysis, the EST-derived probes detected an ~5-kb
mRNA in samples from human heart but not other tissues such as placenta, liver,
lung, skeletal muscle, spleen, and brain. A full-length cDNA was isolated that en-
codes a novel serine protease, designated corin for its abundant cardiac expression
(Yan et al., 1999). The human corin gene, which spans ~150 kb and contains
22 exons, has been mapped to chromosome 4 (4p12-13) by fluorescence in situ
hybridization (FISH) analysis (Yan et al., 1999). In an independent study, mouse
corin cDNA was isolated from a heart library in a search for LDL receptor binding
proteins (Tomita ef al., 1998). The protein was named LDLR-related protein 4. In
cell-based binding assays, however, no binding of recombinant mouse corin to very
low density lipoprotein (VLDL) was detected (Tomita et al., 1998). The mouse
corin gene is located on chromosome 5D, a syntenic locus to human chromosome
4pl12-13.

2. Corin Protein Domain Structures

The open reading frame of human corin cDNA encodes a polypeptide of 1042
amino acids with a calculated mass of 116 kDa (Yan et al., 1999). As shown in
Fig. 1, corin is a mosaic protein with a unique combination of domain structures.
In particular, corin is the only trypsin-like serine protease that contains frizzled-
like cysteine-rich domains. The frizzled-like cysteine-rich repeat, which is about
120 amino acids long and contains 10 conserved cysteine residues, has been found
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in a number of proteins from different species (Cadigan and Nusse, 1997; Shulman
et al., 1998). Many of the frizzled domain—containing proteins are involved in the
Whnt signaling pathways by interacting with Wnt proteins. It is possible that the
frizzled-like cysteine-rich domains in corin also are involved in protein—protein
interactions.

The propeptide region of corin contains eight LDL receptor class A repeats and
a macrophage scavenger receptor-like cysteine-rich repeat. These protein motifs
are also found in other type II transmembrane serine proteases such as enteropep-
tidase, matriptase, and TMPRSS2-4 (Fig. 1), as well as other proteins such as
LDL receptor-related proteins (Krieger and Herz, 1994), megalin (Kounnas et al.,
1993), complement proteins (Catterall ef al., 1987), and sea urchin spermatozoa
speract receptor (Dangott et al., 1989; Thorpe and Garbers, 1989). In the LDL
receptor, the cysteine-rich repeats have been shown to contain calcium ions and
play a role in endocytosis of the extracellular ligands (Brown et al., 1997). The
potential function of the LDL repeats in corin remains to be defined.

The protease domain of corin is homologous to those of trypsin-like proteases.
All essential features of trypsin-like serine protease are conserved, which in-
clude the residues of the catalytic triad at His-843, Asp-892, and Ser-985 and
the residues forming the substrate specificity pocket at Asp-979, Gly-1007, and
Gly-1018 (Yan et al., 1999). The substrate specificity of corin is predicted to favor
basic residues in the P1 position. The sequence of R-ILGG between residues 801
and 805 represents a conserved activation cleavage site, indicating that proteolytic
cleavage of the peptide bond between Arg801 and I1e802 is required to generate a
catalytically active enzyme.

3. Tissue Distribution of Corin mRNA

Corin mRNA expression is most abundant in the human heart (Yan et al., 1999).
By in situ hybridization, corin mRNA was detected in cardiomyocytes from both
the atrium and ventricle and the level of expression appeared to be higher in
the atrium than in the ventricle. In other tissues such as uterus, small intestine,
bladder, stomach, and prostate, no corin mRNA was detected, suggesting that
smooth muscle cells do not express corin. The cardiac expression of corin was
confirmed by immunohistochemical analysis using polyclonal antibodies against
human corin (Hooper et al., 2000). During embryonic development, corin mRNA
was first detected at E9.5 in both atrium and ventricle of a mouse developing heart.
By E15.5, corin mRNA expression in the heart was very abundant (Yan et al,
1999).

Corin mRNA was also detected in several other mouse tissues by in situ hy-
bridization (Yan et al., 1999). For example, corin mRNA was found in the uterus
from pregnant mice and in the developing kidneys. In mouse embryos, corin mRNA
was also identified in cartilage-derived structures, such as the vertebrae in the
tail, the turbinate in the head, and the long bones in the limbs. The expression in
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developing bones appeared to be limited in a specific cell type, the prehypertrophic
chrondrocytes, suggesting that corin may play arole in chondrocyte differentiation.

4. Recombinant Corin Protein

In sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and
Western analysis, recombinant human corin with a C-terminal epitope tag ex-
pressed in human embryonic kidney 293 cells appeared as a single band with a
molecular mass of ~150 kDa, indicating that corin is synthesized as a zymogen
(Yan et al., 2000). The protein was detected in total cell lysate and membrane
fractions but not in cell culture medium, consistent with the prediction that corin is
a transmembrane protein. Native corin from the human heart appeared as a major
band of ~130 kDa in SDS-PAGE and Western analysis (Hooper et al., 2000).
These results are consistent with the calculated mass of 116 kDa for human corin
protein that also contains 19 potential N-linked glycosylation sites in its extracel-
lular domains (Yan et al., 1999).

C. ldentification of Corin as the Pro-ANP Convertase

As in many genomics studies, determination of the function of a novel gene iden-
tified by database mining is a major challenge. Initial characterization of corin,
however, suggested that it might be the long-missing pro-ANP convertase. The pre-
dicted substrate specificity, the apparent molecular mass, and tissue distribution
patterns of corin all match the characteristics of the pro-ANP convertase suggested
from previous studies. To determine if corin is indeed the pro-ANP convertase, a
series of functional studies were performed. In 293 cells, cotransfection of plas-
mids expressing corin and pro-ANP led to cleavage of pro-ANP, producing a small
peptide fragment that was indistinguishable from ANP on Western blots and active
in cGMP assays (Wu et al., 2002; Yan et al., 2000). The corin-mediated cleavage
in pro-ANP is highly sequence-specific because a single mutation at pro-ANP
Arg-98, the predicted cleavage site, completely prevented the processing by corin
whereas mutations at nearby residues such as Arg-101 and Arg-102 did not. The
activity of corin in pro-ANP processing is inhibited by benzamidine, leupeptin,
and aprotinin but not soybean trypsin inhibitor (Wu et al., 2002; Yan et al., 2000).

To prove that corin is indeed the endogenous pro-ANP convertase, the corin-
mediated processing of pro-ANP was studied in a murine cardiomyocyte cell line,
HL-5 (Wu et al., 2002). The processing of pro-ANP in HL-5 cells was indistin-
guishable from recombinant corin-mediated processing of pro-ANP in 293 cells.
Overexpression of an active site mutant of corin, S985A, inhibited the processing
of pro-ANP in HL-5 cells. Furthermore, in RNA interference (RNAi)-based gene
silencing experiments, small interfering RNA duplexes directed against the corin
gene completely prevented the processing of pro-ANP in the cardiomyocytes.
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These results strongly support corin being the pro-ANP convertase that acts at the
top of the ANP-mediated pathway.

D. Corin in Human Diseases

1. Hypertension and Congestive Heart Failure

The biological importance of the ANP-mediated pathway in maintaining normal
blood pressure has been well established. In knockout mice, for example, defi-
ciency in either ANP or its receptor leads to spontaneous hypertension (John et al.,
1995; Lopez et al., 1995). High plasma concentrations of ANP and brain-type
natriuretic peptide (BNP) are consistently found in patients with congestive heart
failure. The levels of these natriuretic peptides often correlate with the extent
of ventricular dysfunction and subsequent development of cardiac arrhythmias
(Burnett et al., 1986; Gottlieb et al., 1989). Clinically, ANP and BNP have been
used as therapeutic agents in patients with decompensated congestive heart failure
and acute myocardial infarction to improve cardiac function. Administration of
ANP has also been used as a therapy in patients with renal failure (Allgren et al.,
1997; Colucci et al., 2000).

Identification of corin as the pro-ANP convertase suggests a potential new regu-
latory mechanism for the ANP-mediated pathway. In principle, deficiency in corin
could reduce ANP production, leading to pathological conditions such as hyper-
tension. In addition to the heart, corin mRNA expression was found in pregnant,
but not normal, uterus in mice (Yan et al., 1999). The biological significance of the
upregulation of corin in the uterus during pregnancy is not clear. ANP expression
in the uterus has been reported. Plasma levels of ANP are increased significantly in
pregnant women, especially in women with preeclampsia. It is possible that corin
is induced in the uterus during pregnancy to increase ANP production and prevent
preeclampsia.

2. Total Anomalous Pulmonary Venous Return

The human corin gene is located on chromosome 4p12-13 (Yan et al., 1999).
Interestingly, a disease locus, TAPVR, has also been mapped to this region. Total
anomalous pulmonary venous return (TAPVR) is arare cyanotic form of congenital
heart defects in which the pulmonary vein connected abnormally to the right atrium
or one of the venous tributaries instead of the left atrium. The molecular mechanism
responsible for this developmental defect in the heart is completely unknown. A
genetic study of a large Utah—Idaho family with 14 affected individuals localized
the TAPVR locus to a 30-centimorgan interval on 4p13-q12 (Bleyl et al., 1995).
The close proximity of the corin gene and TAPVR locus suggests an intriguing
possibility that corin deficiency might contribute to the TAPVR phenotype. Hooper
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et al. (2000) examined by immunohistochemistry corin protein expression in heart
tissue sections derived from a TAPVR patient and found no obvious reduction of
corin protein in these samples. To date, no sequence studies have been performed to
examine if there are point mutations present in the corin gene in TAPVR patients.

IV. Enteropeptidase
A. cDNA and Gene Structure

Although enteropeptidase (EC 3.4.21.9) was discovered more than 100 years ago
and its physiological importance in the digestive system had been well recognized,
the structure of this remarkable enzyme remained poorly defined until enteropep-
tidase cDNA clones were isolated in the 1990s. Based on the partial amino acid
sequence (Light and Janska, 1991), bovine enteropeptidase cDNA clones were first
isolated from small intestine libraries (Kitamoto et al., 1994; LaVallie et al., 1993).
Subsequently, human (Kitamoto et al., 1995), porcine (Matsushima et al., 1994),
mouse (Yuan et al., 1998), and rat (Yahagi et al., 1996) enteropeptidase cDNA
clones were also reported. By Northern analysis, enteropeptidase mRNA was most
abundantly expressed in the duodenum. Lower levels of the expression were also
detected in the proximal segment of jejunum. In the small intestinal tissues, the
enteropeptidase mRNA expression was found in the enterocytes throughout the
villus (Yuan et al., 1998). These results are consistent with the previous findings
that enteropeptidase activity and protein are associated with the brush border of
enterocytes in the duodenum and proximal jejunum (Hermon-Taylor et al., 1977;
Lojda and Gossrau, 1983). The human enteropeptidase gene is mapped to chro-
mosome 21q21 by FISH analysis (Kitamoto et al., 1995). The gene spans ~90 kb
and contains 25 exons (Holzinger et al., 2002).

B. Protein Domain Structures

The open reading frame of human enteropeptidase cDNA encodes a mosaic protein
of 1019 amino acids with a calculated mass of 113 kDa (Kitamoto et al., 1995)
(Fig. 1). The presence of a transmembrane domain explains the cell surface asso-
ciation of this enzyme. The combination of domain structures in the extracellular
region of enteropeptidase is unique among trypsin family members and suggests
that these protein domains play a role in its regulation. Indeed, the SEA domain
has been shown to be critical for targeting enteropeptidase to the apical cell sur-
face (Zheng et al., 1999; Zheng and Sadler, 2002). The other protein motifs in
the propeptide region have also been found to be important for efficient activation
of trypsinogen. Recombinant bovine enteropeptidase that contained only the pro-
tease domain retained its catalytic activity toward small peptide substrates but was
~500-fold less active in processing trypsinogen (LaVallie et al., 1993; Lu et al.,
1997).
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C. Biochemical Properties

Porcine (Maroux et al., 1971), bovine (Anderson et al., 1977; Liepnieks and Light,
1979), and human (Grant et al., 1978) enteropeptidase was purified from duodenal
juices. The duodenum-derived protein consists of a heavy chain of 100-140 kDa
and a light chain of 35-62 kDa that are linked by a disulfide bond. The enteropep-
tidase sequence contains a well-conserved activation site (K-IVGG) between the
propeptide and the protease domain, indicating that proteolytic cleavage is required
to convert the zymogen to an active two-chain enzyme (Kitamoto et al., 1995).
The sequence also predicts that the activated two-chain molecule is linked by a
disulfide bond between Cys-788 and Cys-912. Consistent with these predictions,
expression of recombinant bovine enteropeptidase in baby hamster kidney (BHK)
cells led to a single-chain species of ~150 kDa which had no detectable activ-
ity toward peptide substrates. Incubation with trypsin converted the zymogen to
an active enzyme containing two fragments of 133 and 43 kDa connected by a
disulfide bond (Lu et al., 1997). The catalytic activity of bovine enteropeptidase is
inhibited by bovine pancreatic trypsin inhibitor and small-molecule serine protease
inhibitors such as diisopropyl fluorophosphate (DFP), p-aminobenzamidine, and
benzamidine (Lu and Sadler, 1998).

In the 1930s, Kunitz was first to partially purify enteropeptidase from swine
duodenal fluid by ammonium sulfate precipitation and identify the enzyme as the
physiological activator of trypsinogen (Kunitz, 1939a,b). Enteropeptidase activates
trypsinogen by cleaving the VDDDDK-I peptide bond. This cleavage sequence
with a basic residue at the P1 and acidic residues at the P2—P5 sites is well conserved
in trypsinogen molecules from various species. Based on the enteropeptidase amino
acid residues, Asp-981, Gly-1008, and Gly-1018, which form the S1 subsite, the
basic residue at the P1 position is expected. However, the sequence of tandem
Asp residues at P2-P5 is unusual. Studies using protein substrates and synthetic
peptides have shown that a basic residue at P1 and acidic residues at P2 and P3
are required for the recognition by the enzyme. Acidic residues at P4 and P5 are
also preferred but less critical (Light and Janska, 1989; Lu and Sadler, 1998). Such
remarkable sequence specificity may provide an important mechanism to ensure
that trypsinogen is activated only by enteropeptidase after it has been secreted into
the small intestine but not by other proteases in pancreas. Excessive activation of
trypsinogen in pancreas leads to devastating conditions such as acute pancreatitis.
Despite the stringent sequence specificity for P1-P5 residues, enteropeptidase is
much less specific for the amino acid residues C-terminal to the scissile bond.
This property of enteropeptidase has been exploited for the in vitro cleavage of
fusion proteins by designing recombinant fusion proteins with the enteropeptidase
recognition sequence to achieve cleavage at a specific site (Collins-Racie et al.,
1995).

The structural determinants of the substrate specificity of enteropeptidase have
been localized within the protease domain. In addition to the common features such
as the catalytic triad and the substrate specificity pocket, the enteropeptidase light
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chain from most species contains a conserved sequence of four basic residues,
R/KRRK, at positions 96-99. Molecular modeling based on three-dimensional
structures from other serine proteases suggested that these basic residues may in-
teract with the acidic P2—-P5 residues within the trypsinogen activation sequence
(Kitamoto et al., 1994; Matsushima et al., 1994). This hypothesis has been con-
firmed in a crystal structure of the enteropeptidase light chain complexed with an
analog of the trypsinogen activation peptide (Lu et al., 1999). As one of the major
determinants in the substrate recognition, the Lys-99 residue in the enteropeptidase
light chain makes extensive contacts with P2 and P4 Asp residues in the trypsinogen
activation peptide. Substitution of Lys-99 with Ala by site-directed mutagenesis
virtually abolished the trypsinogen activation activity of enteropeptidase. In con-
trast, mutations at Lys-96, Arg-97, and Arg-98 in bovine enteropeptidase had much
less dramatic effects (Lu et al., 1999).

D. Zymogen Activation

As the physiological trypsinogen activator, enteropeptidase appears to act at the
top of the protease cascade in the digestive system. However, the presence of
the conserved activation cleavage site in the proenteropeptidase sequence and
the lack of apparent autoactivation of the zymogen (Lu et al., 1997) raise the
question of how proenteropeptidase is activated. In assays using purified proteins,
trypsin was shown to efficiently convert recombinant proenteropeptidase to an
active enzyme (Lu et al., 1997), suggesting the possible reciprocal activation of
proenteropeptidase and trypsinogen, but not answering the question of how the
“first cut” takes place. The identification of a new serine protease, duodenase,
from duodenal mucosa appears to solve this long-standing puzzle.

In 1995, Zamolodchikova et al. purified a novel serine protease of ~30 kDa from
bovine duodenal mucosa and named it duodenase (Zamolodchikova et al., 1995a).
Protein sequence analysis indicated that the enzyme is a chymase-like enzyme com-
posed of 226 amino acids (Zamolodchikova et al., 1995b). By immunofluorescence
and immunoelectron microscopy, duodenase was found to be highly expressed in
the secretory epithelial cells of Brunner’s glands that are abundant in the proximal
segment of duodenum (Zamolodchikova et al., 1997). Studies using protein and
peptide substrates indicated that the preferred cleavage sequences of duodenase
contain Lys at P1 and Pro at P2, matching the activation cleavage sequence of
proenteropeptidase (Zamolodchikova et al., 1997). These findings suggested that
duodenase could be the activator for proenteropeptidase. Further experiments have
shown that duodenase indeed activates recombinant proenteropeptidase although it
is ~100 times slower compared with trypsin under similar experimental conditions
(Zamolodchikova et al., 2000). It is not known whether a cofactor is still miss-
ing that may enhance the duodenase-mediated activation of proenteropeptidase.
Nevertheless, these results support a possible protease cascade in which duodenase
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converts proenteropeptidase to enteropeptidase which in turn activates trypsinogen
to trypsin (Zamolodchikova et al., 2000). In addition to activating the downstream
proteolytic enzymes such as chymotrypsinogen and proelastase, trypsin further
amplifies the enzymatic reactions by cleaving proenteropeptidase. Such a positive
feedback mechanism is well known in the serine protease-mediated cascades in
blood coagulation and fibrinolysis.

E. Congenital Enteropeptidase Deficiency

The first case of congenital enteropeptidase deficiency was described in 1969 in a
3-week-old female infant who suffered from diarrhea and failed to gain body weight
(Hadorn et al., 1969). Since then, additional cases of congenital enteropeptidase
deficiency have been reported (Ghishan et al., 1983; Hadorn et al., 1975). In these
patients, diarrhea, vomiting, edema, anemia, hypoproteinemia, and failure to gain
weight are common symptoms in early infancy. Very low or no enteropeptidase
activity can be detected in intestinal biopsies and duodenal fluid samples. Treat-
ment with pancreatic extracts usually is effective in these patients. Interestingly,
the pancreatic replacement therapy can be discontinued in later life and patients
live with essentially normal body weights and free of gastrointestinal symptoms
(Hadorn et al., 1975). This implies that, once initiated, the enzymatic reactions
of the digestive proteases can be sustained, possibly by a trypsin(ogen)-mediated
autoactivation mechanism.

The enteropeptidase gene in enteropeptidase-deficient patients from two unre-
lated families have been sequenced (Holzinger ef al., 2002). In one family with
two affected siblings, the patients carried compound heterozygous nonsense muta-
tions, one in exon 18 (2135 C > G) and another in exon 22 (2569 C > T), resulting
in premature stop codons at residues Ser-712 and Arg-857, respectively. In an-
other family with one patient, a heterozygous nonsense mutation was found in
exon 8 (781 C > T) and another heterozygous deletion mutation (2707-8 del GT)
in exon 23, resulting in a premature stop codon at residue GIn261 and a frameshift
at residue GIn-902, respectively.

V. Hepsin
A. cDNA and Gene Structure

Hepsin was discovered in Earl Davie’s laboratory in 1988 by screening a human
liver cDNA library with degenerate oligonucleotides derived from a serine protease
consensus sequence (Leytus et al., 1988). A novel cDNA was identified that was
~1.8 kb in length and encoded a trypsin-like serine protease. The protease was
designated hepsin for its expression in hepatocytes. In Northern analysis, hepsin
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mRNA was detected in several human tissues including liver, kidney, pancreas,
prostate, and thyroid. Rat and mouse hepsin cDNA clones were also isolated that
share high sequence homology (~88%) with the human sequence (Farley et al.,
1993; Kawamura et al., 1999; Vu et al., 1997). In mice, two alternatively spliced
forms of hepsin mRNA were reported. On Northern blots, these two alternatively
spliced forms appeared as 1.8- and 1.9-kb bands, respectively. Characterization
of PCR products and genomic sequences showed that the 1.9-kb species was
generated by an in-frame insertion of a 60-bp sequence near the 5'-end of the open
reading frame, resulting in an addition of 20 amino acids within the cytoplasmic
domain of mouse hepsin (Vu et al., 1997). The functional significance of the
alternatively spliced forms of hepsin is not known at this time. The human hepsin
gene is mapped to chromosome 19q11-13.2.

B. Protein Domain Structures

The full-length human hepsin cDNA encodes a polypeptide of 417 amino acids
with a calculated molecular mass of 45 kDa (Leytus et al., 1988). A highly hy-
drophobic segment between residues 18 and 44 represents a putative transmem-
brane domain. In the extracellular region, there is a macrophage scavenger receptor
class A cysteine-rich domain and a trypsin-like protease domain at the C terminus
(Fig. 1). A conserved activation cleavage sequence R-IVGG is present between
residues 162 and 166, suggesting that hepsin is synthesized as a zymogen. After
the activation cleavage at Arg-162, the catalytic domain of hepsin is expected to be
attached to the propeptide fragment on the cell surface by a disulfide bond between
Cys-153 and Cys-277.

C. Biochemical Properties

Human and rat hepsin was purified from the membrane fractions of hepatocytes and
liver tissues (Tsuji et al., 1991; Zhukov et al., 1997). In SDS-PAGE and Western
analysis, hepsin appeared as a major band at ~51 kDa, indicating that hepsin is syn-
thesized as a zymogen. The apparent molecular mass is consistent with predictions
from the hepsin protein sequence that also contains a putative N-linked glycosyla-
tion site at residue 112 (Leytus ef al., 1988). A smaller minor band of 28 kDa was
also detected by Western analysis, which represented the protease domain of hepsin
generated by cleavage at the activation site during purification. The predicted topol-
ogy for type II transmembrane protein was confirmed by immunohistochemistry
and proteolytic digestion followed by SDS—PAGE and Western analysis (Kurachi
etal., 1994). The substrate specificity of the purified hepsin toward small synthetic
peptides has been examined. The basic residues lysine and arginine, but not aro-
matic or aliphatic amino acids, are preferred at the P1 position. The catalytic activity
of hepsin is inhibited by protein and small molecule inhibitors such as leupeptin,
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antipain, N*-tosyl-L-lysine chloromethyl ketone, 4-amidiophenylmethylsulfonyl
fluoride, and antithrombin III (Kurachi et al., 1994; Zhukov et al., 1997).

D. Functions of Hepsin

Several potential functions for hepsin have been suggested in the past. Kazama
et al. (1995) first reported that hepsin might have a function in the activation of
blood clotting factors. Recombinant human hepsin expressed on the surface of
BHK cells was shown to convert factor VII (FVII) to active enzyme, FVIla. The
reaction appeared to be specific because hepsin did not activate other structurally
related proteases such as factors IX and X, prothrombin, and protein C under
similar experimental conditions. Because FVIIa is an important enzyme in the
tissue factor-dependent coagulation pathway, this finding implied that hepsin may
be involved in the initiation of blood coagulation.

In 1993, Torres-Rosado et al. reported that inhibition of hepsin by either antibod-
ies or antisense oligonucleotides altered the morphology of hepatoma cells and im-
paired their growth in cell culture, suggesting that hepsin may act as a growth factor
for hepatocytes. Several other serine proteases including thrombin and factor Xa are
known to have signaling functions and, for example, thrombin is a potent mitogen
for vascular fibroblasts and smooth muscle cells. To date, however, the molecular
mechanism by which hepsin stimulates hepatocyte growth has not been defined.

In 1997, Vu et al. suggested another potential function of hepsin in embryonic
development. In a search for membrane-associated serine proteases involved in
fertilization, hepsin mRNA was found in mouse embryos as early as the two-cell
stage. Furthermore, hepsin mRNA expression became most abundant in blastocysts
prior to implantation, suggesting that hepsin may be upregulated to digest the zona
pellucida, the extracellular coat of blastocysts, before the hatching of fertilized
embryos. This proteolytic process is critical for a fertilized embryo to be implanted
in the uterus. It was proposed that hepsin might be the enzyme responsible for
blastocyst hatching in mammalian development.

E. Hepsin-Deficient Mice

To assess the biological importance of hepsin, hepsin-deficient mice were gen-
erated by homologous recombination techniques (Wu, 2001; Wu et al., 1998;
Yu et al., 2000). Surprisingly, hepsin-deficient mice were viable and developed
normally. Both male and female hepsin-deficient mice were fertile and produced
viable offspring, indicating that hepsin is not essential for embryonic development.
Necropsies and histologic examinations failed to identify any gross abnormalities
in major organs including liver, kidney, brain, lung, heart, pancreas, spleen, and
bone. No inflammatory cell infiltration and hepatocyte degeneration, necrosis, or
apoptosis were detected in liver samples from hepsin-deficient mice.
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In hematological examinations, values for platelet, red and white blood cell
counts, hematocrit, and hemoglobin were similar in hepsin-deficient and wild-type
mice. The tail bleeding time and plasma clotting times (aPTT and PT) were also
normal in hepsin-deficient mice, indicating that hepsin deficiency has a minimal
effect on normal hemostasis in mice. These data are consistent with the observa-
tion that no spontaneous bleedings occur in hepsin-deficient mice. To examine the
potential function of hepsin under pathological conditions, hepsin-deficient mice
were challenged in thromboplastin-induced disseminated intravascular coagula-
tion (DIC) and lipopolysaccharide (LPS)-induced septic shock models (Wu et al.,
1998). The results were very similar in both hepsin-deficient mice and wild-type
controls, indicating that the tissue-factor-mediated coagulation pathway is not sig-
nificantly affected in hepsin-deficient mice under these experimental conditions.

To examine the effects of hepsin deficiency on liver function, blood sam-
ples were analyzed for liver-derived proteins. Serum concentrations of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), albumin, globulin,
y-glutamyltranspeptidase (GGT), amylase, creatine kinase, and lactate dehydro-
genase were all similar in hepsin-deficient and wild-type control mice, indicating
that the liver function is not significantly affected by hepsin deficiency. Hepsin-
deficient mice were also challenged in an acute liver regeneration model (Yu et al.,
2000). In this model, a partial hepatectomy was performed to remove two-thirds
of the liver and the liver mass restoration was examined at 24, 48, and 96 h after
the surgery. At each time point, the rate of liver mass restoration was similar in
hepsin-deficient and control mice, indicating that hepsin is not essential for hepato-
cyte proliferation during liver regeneration in mice. Together, studies with hepsin
knockout mice demonstrate that hepsin is not an essential enzyme for normal
hemostasis, embryogenesis, and maintenance of normal liver function.

Unexpectedly, serum alkaline phosphatase levels are ~2-fold higher in hepsin-
deficient male and female mice compared with wild-type controls (Wu et al., 1998;
Yu et al., 2000). Analysis of alkaline phosphatase isotype showed that the elevated
serum alkaline phosphatase from hepsin-deficient mice is mostly of bone origin.
X-ray examinations performed at the age of 5 months did not detect structural
abnormalities in long bones, pelvis, and vertebrae in hepsin-deficient mice. The
molecular mechanism responsible for the mild elevation of serum alkaline phos-
phatase and the significance of this phenotype in hepsin-deficient mice remain
unknown at present time.

F. Hepsin in Cancer

High levels of hepsin mRNA expression were first reported in advanced ovarian
cancer and kidney carcinoma (Tanimoto et al., 1997; Zacharski et al., 1998). In
ovarian cancer, hepsin mRNA overexpression correlated with the malignancy of the
tumor, suggesting that hepsin may play arole in cancer progression and metastasis.
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More recently, five laboratories independently reported that the hepsin gene was
highly upregulated in advanced prostate cancers (Dhanasekaran et al., 2001; Luo
et al., 2001; Magee et al., 2001; Stamey et al., 2001; Welsh et al., 2001). In these
studies, gene chips covering ~6500 to 9900 human genes were used to survey ex-
pression profiles in tissue samples from prostate cancer patients. Hepsin appeared
to be the most upregulated gene in the cancer tissues and the mRNA expression
was ~10 to 40-fold higher in advanced/metastatic prostate cancer than in normal
prostate or benign prostatic hyperplasia (BPH) controls. By immunohistochemical
staining, hepsin protein expression appeared to be higher in median-size (~1.3 cm)
prostate cancer than large-size (~1.5 cm) or hormone-refractory prostate cancers
(Dhanasekaran et al., 2001). Interestingly, no differential expression of prostate
specific antigen (PSA) mRNA was found in prostate cancer and BPH tissue sam-
ples (Stamey et al., 2001), despite plasma PSA being widely used as a molecular
marker for progressive prostate cancer in the clinic (Stamey et al., 1999).

The finding of hepsin overexpression in prostate cancers is intriguing but its bi-
ological significance has not been determined. Hepsin could contribute to prostate
cancer progression and metastasis by several molecular mechanisms. For example,
hepsin may act as a growth factor to stimulate the proliferation of cancer cells.
Such an activity of hepsin has already been reported for cultured hepatocytes
(Torres-Rosado et al., 1993). Alternatively, hepsin may function as a processing
enzyme that activates polypeptide growth hormones required for cancer progres-
sion. Hepsin may also degrade extracellular matrix proteins either directly or in-
directly by activating matrix metalloproteinases (MMPs). Proteolytic digestion of
extracellular matrix proteins is well known to play a critical role in tumor inva-
sion and metastasis. It is equally possible, however, that hepsin overexpression in
prostate cancer may simply reflect the state of poorly differentiated prostate cells
but has no significant impact on cancer growth. This question can be addressed
experimentally using hepsin-deficient mice to determine if the lack of hepsin ex-
pression prevents or impairs cancer development. Testing prostate cancer models
in these knockout animals should provide insights into the biological importance
of hepsin in cancer.

VI. Matriptase
A. Molecular Cloning

Matriptase, also called membrane type-serine protease 1 (MT-SP1), is an epithelial-
derived trypsin-like serine protease that was identified independently using differ-
ent approaches. In 1993, Shi et al. discovered a protease of 80 kDa in the condi-
tioned medium derived from a human breast cancer cell line, T-47D
(Shi et al., 1993). By zymography on gelatin-containing gels, the enzyme was pro-
teolytically active and it was named matriptase. The protein was partially purified
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and sequenced. Based on the protein sequence, a 2830-bp partial cDNA sequence
was found in an EST database and subsequently cloned from T-47D human breast
cancer cells by RT-PCR-based methods (Lin et al., 1999c).

Independently, Craik and colleagues identified the same protease from prostate
cancer cells (Takeuchi ez al., 1999). In a mouse model of cancer using human
prostate PC-3 cells, a bacterial polypeptide serine protease inhibitor, ecotin
(McGrath et al., 1991), was shown to inhibit primary tumor growth and metasta-
sis in nude mice. The results implied that serine protease activities derived from
PC-3 cells might contribute to tumor progression in vivo. Using RT-PCR-based
methods, Takeuchi et al. (1999) cloned a full-length cDNA from PC-3 cells that
encoded a novel type II transmembrane protease, named MT-SP1 (Fig. 1). It is
clear that matriptase and MT-SP1 are the same protein, but its official name still
remains to be resolved. By Northern analysis, matriptase mRNA was found in a
variety of human tissues including stomach, lung, placenta, prostate, small intes-
tine, and colon (Takeuchi et al., 1999). Lower levels of matriptase mRNA were
also detected in samples from the spleen and thymus. The human matriptase gene
is located on chromosome 11q24.3.

The mouse homolog of matriptase, called epithin, was identified in fetal thymic
stromal cells by screening genes differentially expressed in specific cell types
(Kimetal., 1999). The full-length epithin cDNA was isolated from a thymus library
from SCID mice. The predicted epithin protein shares 81% sequence identity with
human matriptase. The epithin gene was mapped at 17 centimorgan from the
centromere on mouse chromosome 9. More recently, rat matriptase cDNA was
also isolated by two independent groups (Kishi et al., 2001; Satomi et al., 2001).

B. Biochemical Properties

1. Matriptase Protein and Its Inhibitors

Matriptase protein contains 855 amino acids with a calculated molecular mass
of 95 kDa. In Western analysis under reducing conditions, native matriptase from
PC-3 cell lysate appeared as a doublet at ~87 kDa. A smaller band at ~30 kDa was
also detected that might represent the cleaved protease domain (Takeuchi et al.,
2000). Treatment with PNGase F reduced the 87-kDa doublet to a single band
at 85 kDa, consistent with the presence of four putative N-glycosylation sites in
matriptase (Takeuchi et al., 1999). The topology of matriptase on the cell surface
has been confirmed by immunofluorescent staining, biotinylation of cell-surface
proteins, and membrane fractionation (Lin ef al., 1997; Takeuchi et al., 2000).
Soluble forms of matriptase were also found in cell culture medium or human
milk either in a free form or in a complex with another protein (Lin et al., 1997,
1999b). Apparently, soluble matriptase is generated by ectodomain shedding. Cho
et al. (2001) showed that proteolytic cleavage of Gly-149 in mouse matriptase was
critical for generating the soluble protein in cultured cells.
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The protein forming the complex with soluble matriptase has been isolated
from human milk and identified as hepatocyte growth factor activator inhibitor-1
(HAI-1) (Lin et al., 1999b). HAI-1 is a Kunitz-type serine protease inhibitor that
was first isolated from the conditioned medium of a human stomach carcinoma cell
line and shown to inhibit hepaptocyte growth factor activator (Shimomura et al.,
1997). HAI-1 binds to active matriptase, but not the zymogen, and inhibits the ac-
tivity of matriptase in gelatin zymography and peptide substrate-based assays, sug-
gesting that HAI-1 is a physiological inhibitor of matriptase (Benaud et al., 2001).
In in vitro assays, the catalytic activity of matriptase is also inhibited by other ser-
ine protease inhibitors including ecotin, leupeptin, DFP, and phenylmethylsulfonyl
fluoride (PMSF) (Cho et al., 2001; Shi et al., 1993; Takeuchi et al., 1999).

2. Activation Mechanism

Human matriptase contains a conserved activation cleavage sequence, R-VVGG,
between residues 614 and 618, indicating that proteolytic cleavage at Arg-614 is
required to activate the enzyme. Takeuchi et al. reported that soluble matriptase
containing only the protease domain autoactivated when expressed and purified
from Escherichia coli (Takeuchi et al., 1999). Native matriptase from PC-3 or
184 A1N4 cancer cells, however, appeared as a major band of ~87 kDa in Western
blots under reducing conditions, suggesting that the majority of the protein re-
mained as a zymogen (Benaud et al., 2001; Takeuchi et al., 1999). Matriptase
on 184A1N4 cell surface was rapidly activated and cleaved from the cell mem-
brane when exposed to sera from various species, suggesting that another protease
or cofactor in the serum may contribute to the activation of matriptase (Benaud
et al., 2001). Most recently, a lipid component, sphingosine 1-phosphate (S1P),
has been identified in human serum as a matriptase activator (Benaud et al., 2002).
In 184A1N4 cell culture, S1P rapidly induced matriptase activation on the cell
surface in a calcium-dependent manner via an unknown molecular mechanism. It
is unlikely that S1P activates matriptase directly because it is not an enzyme and
does not bind to matriptase. In addition, SIP did not activate matriptase stably
expressed on the surface of a different cell line. It is possible, however, that in
184A1N4 cells S1P elicits a cellular response leading to exposure or activation of
an unknown protease that in turn activates matriptase.

3. Substrate Specificity and Protein Structure

The substrate specificity of recombinant matriptase toward small peptides has
been examined using a positional scanning synthetic combinatorial library and
substrate phage display (Takeuchi et al., 2000). The preferred cleavage sequences
are Arg/Lys at P4, basic residues or Gln at P3, Ser/Phe/Gly at P2, Arg/Lys at P1,
and Ala at P1’. Similar results were also found using soluble matriptase purified
from human milk (Lee et al., 2000). A crystal structure of the matriptase catalytic
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domain has been reported (Friedrich et al., 2002). The overall structure of the
matriptase catalytic domain is typically trypsin/chymotrypsin-like. It has a trypsin-
like S1 pocket, a small hydrophobic S2 subsite, and a negatively charged S4 cavity
that favors the binding of basic P3/P4 residues. The structure also contains unique
surface loops surrounding the active-site cleft that may contribute to the narrow
substrate specificity of the enzyme. These results are consistent with the preferred
substrate cleavage sequences determined experimentally.

C. Functions of Matriptase

Matriptase was initially identified as a gelatinase-like matrix-degrading enzyme
from breast cancer cells. The physiological function and macromolecular sub-
strate(s) of the enzyme have not been unambiguously defined. Takeuchi et al.
(2000) searched potential matriptase substrates based on the preferred substrate
cleavage sequences. Among potential candidates, protease-activated receptor-2
(PAR2) and urokinase (uPA) contain cleavage sequences matching the profile of
P4(Arg/Lys)-P3(basic/Gln)-P2(Ser/Phe/Gly)-P1(Arg/Lys). In addition, the tissue
expression patterns of PAR2 and uPA are similar to that of matriptase. When
tested in vitro, soluble matriptase was shown to activate both PAR2 and uPA at
low nanomolar concentrations (Takeuchi et al., 2000).

In asimilar search for potential matriptase substrates, Lee et al. (2000) looked for
molecules that may interact with epithelial cells but require proteolytic activation
cleavage at Arg or Lys residues. Hepatocyte growth factor (HGF), also called scatter
factor, appears to be a good candidate. HGF is a potent growth factor secreted by
stromal cells (Stoker et al., 1987) and its growth-stimulating function is mediated
by the cell surface receptor c-Met (Stewart, 1996). Previous studies have shown
that proteolytic cleavage at Arg-495 is required to convert the single-chain form of
HGEF to an active two-chain molecule (Naka ez al., 1992). Using purified protein,
Lee et al. (2000) showed that matriptase converted single-chain HGF to an active
two-chain molecule as measured by c-Met tyrosine phosphorylation and Madin—
Darby canine kidney (MDCK) cell scattering assays. In addition, matriptase also
activated uPA, confirming the finding by Takeuchi et al. In contrast, matriptase did
not cleave plasminogen that shares structural and sequence homology with HGF.

By activating HGF, uPA, and PAR2, matriptase may play a role in epithelial cell
differentiation, extracellular matrix degradation, and tissue remodeling. HGF is
essential for epithelial cell growth and differentiation. HGF deficiency impaired the
development of epithelial organs including liver and placenta, leading to lethality
in knockout mice (Schmidt et al., 1995; Uehara et al., 1995). Proteases of the
fibrinolytic system such as uPA and plasmin are also known to play an important
role in cell adhesion, tissue remodeling, and wound healing (Collen and Lijnen,
1991). It is not known, however, whether the matriptase-mediated activation of
HGEF, uPA, and PAR?2 is physiologically important. Other proteases such as the
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HGEF activator and tryptase have also been reported to activate HGF and PAR2,
respectively (Miyazawa et al., 1993; Molino et al., 1997). Additional biochemical
and genetic experiments are needed to define the physiological importance of
matriptase in vivo.

D. Matriptase in Cancer

In addition to PC-3 and T47D cancer cells where matriptase was originally iden-
tified, matriptase mRNA expression has also been found in many other cancers.
By Northern analysis, in situ hybridization, and immunohistochemistry, matrip-
tase mRNA expression was abundant in the primary breast carcinomas but barely
detectable in surrounding noncancerous tissues (Oberst et al., 2001). In ovarian
tumors, the expression was positive in tumors of epithelial origin but negative
in stromal cell-derived tumors. Matriptase mRNA was also found in most colon
tumors examined. In contrast, matriptase mRNA was not detected in osteosar-
comas, liposarcomas, histocytomas, and leiomyosarcoma. Dhanasekaran et al.
(2001) also reported matriptase mRNA overexpression in prostate cancer as com-
pared with normal prostate or BPH tissues. These studies indicate that matriptase
is selectively expressed in epithelium-derived tumors and may contribute to tumor
progression, invasion, and metastasis in cancer patients.

The role of matriptase in cancer is supported by studies with animal cancer
models. Craik and colleagues have shown that ecotin and its derivatives are highly
potent matriptase inhibitors. In both mouse and rat models of prostate cancer,
subcutaneous injection of these potent matriptase inhibitors led to significant sup-
pression of primary tumor growth and metastasis (Takeuchi et al., 1999). Ihara
et al. (2002) have reported an unexpected finding that further links matriptase
to cancer. It is known that overexpression of GlcNAc-branched N-glycan cor-
relates with poor prognosis in cancer patients. Increased activity of beta 1-6
N-acetylglucosaminyltransferase V (GnT-V), a Golgi N-linked glycan processing
enzyme, is associated with malignant transformation of fibroblasts and epithelial
cells (Dennis et al., 1999). Mice with GnT-V deficiency are more resistant to tu-
mor growth and metastasis (Granovsky et al., 2000). To study the pro-metastatic
effect of GnT-V, Thara et al. established tumor cell lines overexpressing GnT-V
and tested them in nude mice. The results showed that the transfected cells had
a higher incidence of tumor metastasis compared with control cells (Thara et al.,
2002). Analysis of the conditioned medium from the GnT-V transfected cells found
significant increase in both matriptase protein and activity. Apparently, overex-
pression of GnT-V increased the attachment of GlcNAc-branched N-glycans to
matriptase, thereby making the enzyme more resistant to degradation. To further
confirm the role of matriptase in tumor metastasis, Ihara ef al. established tumor
cell lines overexpressing matriptase. When injected in nude mice, these cells also
had a high incidence of metastasis to the lymph node.
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If matriptase is indeed critical in cancer cell migration and metastasis in human
patients, it will be possible to develop potent and selective matriptase inhibitors as
an anticancer therapy. In fact, Enyedy et al. (2001) have reported a structure-based
approach to design small-molecule matriptase inhibitors. By computer modeling
and structure-based compound screening, a series of bis-benzamidines were iden-
tified as potential matriptase inhibitors. In fluorescent substrate-based assays, a
lead compound inhibited the activity of human soluble matriptase with a K; value
of ~200 nM. This compound had 9- and 13-fold selectivity toward uPA and throm-
bin, respectively. The results demonstrate the feasibility of developing potent and
selective small molecule matriptase inhibitors. Additional studies are needed to
test these matriptase inhibitors in animal cancer models and demonstrate their
antitumor efficacy.

VII. Transmembrane Protease, Serine 2 (TMPRSS2)
A. Cloning of TMPRSS2 cDNA

Chromosome 21 is the smallest human autosome and known to be associated with
a number of genetic diseases. For example, patients with an extra copy of chro-
mosome 21 suffer from a series of developmental abnormalities, clinically known
as Down syndrome. There has been strong interest in determining the structure
of human chromosome 21 and identifying genes associated with human diseases.
Using an exon-trapping method to search for genes on human chromosome 21,
Paoloni-Giacobino ef al. (1997) cloned a transmembrane serine protease gene,
called TMPRSS2. The TMPRSS?2 gene, which spans 44 kb and contains 14 exons
(Jacquinet et al., 2001), is mapped to chromosome 21q22.3 (Paoloni-Giacobino
et al.,, 1997).

The full-length TMPRSS2 cDNA is ~2.5 kb in length and encodes a polypeptide
of 492 amino acids. The overall domain structure is similar to that of TMPRSS3
and TMPRSS4 (Fig. 1). The mouse TMPRSS2 homolog, also called epitheliasin,
was first identified by searching EST databases for potential serine protease genes
and subsequently cloned from a kidney cDNA library (Jacquinet et al., 2000).
Epitheliasin shares ~80% sequence identity with human TMPRSS2. By FISH
analysis, the mouse epitheliasin gene has been mapped to the telomeric region in
the long arm of chromosome 16 (16C2), which is syntenic to human chromosome
21q22.2-3.

B. Tissue Expression of TMPRSS2

By Northern hybridization, human TMPRSS2 mRNA was detected in many epi-
thelial cell-rich tissues such as prostate, kidney, colon, small intestine, pancreas,
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and lung (Jacquinet et al., 2001). TMPRSS2 mRNA expression in the human heart
was reported initially (Paoloni-Giacobino et al., 1997), but not confirmed by other
investigators (Afar et al., 2001; Jacquinet et al., 2001; Lin et al., 1999a). By im-
munohistochemistry and in situ hybridization, the expression of TMPRSS?2 protein
and mRNA in kidney and prostate was restricted to epithelial cells (Jacquinet ez al.,
2000; Lin et al., 1999a). In these cells, TMPRSS?2 protein is present mainly on the
apical side of the cell (Afar et al., 2001).

C. TMPRSS2 Protein

By SDS-PAGE analysis, in vitro-translated TMPRSS2 protein appeared as a major
band at 54 kDa, consistent with the calculated mass based on the protein sequence
(Afar et al., 2001). Recombinant and native TMPRSS?2 proteins had an apparent
molecular mass of ~70 kDa on Western blots. The apparent difference in molec-
ular mass between the in vitro-translated and native proteins is most likely due
to different glycosylation patterns in the different production systems. TMPRSS2
contains three putative N-linked glycosylation sites at residues 128, 213, and 249.
In human prostate tissue and cell lines, TMPRSS2 appears to be activated because
Western analysis of tissue or cell lysate detected a band at ~32 kDa that may rep-
resent the proteolytically cleaved protease domain. Mutagenesis studies confirmed
that the protein was cleaved at the predicted activation cleavage site. Afar et al.
(2001) showed that the proteolytic cleavage was mediated by an autoactivation
mechanism because mutation at the active site Ser-441 prevented the cleavage of
recombinant TMPRSS?2 in transfected 293T cells.

D. TMPRSS2 Function

The function of TMPRSS?2 has not been well defined. Although the gene is mapped
to human chromosome 21, TMPRSS?2 is unlikely to be involved in Down syn-
drome because the TMPRSS?2 locus lies outside the Down syndrome critical re-
gion (Delabar et al., 1993). Consistent with this notion, no TMPRSS2 mRNA
expression was detected in the human brain. In a recent report, TMPRSS2 was
shown to reduce epithelial sodium channel activity in a Xenopus oocyte expres-
sion system, suggesting a potential role of TMPRSS?2 in the regulation of sodium
transport in epithelial cells (Donaldson et al., 2002). Several other reports, how-
ever, suggest that TMPRSS2 may be involved in prostate cancer progression. In
a microarray-based study, Lin et al. (1999a) detected a six-fold increase of TM-
PRSS2 mRNA in androgen-stimulated prostate cancer (LNCaP) cells compared
with untreated controls. The upregulation of TMPRSS2 mRNA by androgen is ap-
parently mediated by the androgen receptor. In PC-3 cells, which do not express the
androgen receptor, TMPRSS2 mRNA was barely detectable. In contrast, in a PC-3
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cell-derived cell line (PC-3 AR) that expresses recombinant wild-type androgen
receptor, TMPRSS2 mRNA was significantly increased after androgen treatment
(Afar et al., 2001). In addition, androgen treatment also enhanced the activation
cleavage of TMPRSS2, generating a soluble form of the protein by LNCaP cells
in both cell culture and a mouse xenograft model (Afar et al., 2001). Sequence
analysis of the human TMPRSS2 gene promoter revealed a 15-bp androgen re-
sponse element at position —148 relative to the putative transcription start site
(Lin et al., 1999a). Since androgen plays an important role during the early stage
of prostate cancer development, the discovery of the androgen-mediated upregula-
tion of TMPRSS2 suggests an intriguing possibility that TMPRSS2 may contribute
to prostate cancer growth and invasion. Identification of the physiological sub-
strate(s) of TMPRSS2 will help to understand the role of this epithelium-derived
transmembrane protease in prostate cancer.

VIII. Transmembrane Protease, Serine 3 (TMPRSS3)

TMPRSS3 was identified by positional cloning in a search for genes responsible
for congenital deatness. In 1996, several independent genetic linkage studies using
DNA samples from families with autosomal recessive deafness mapped a disease
locus (DFNBI10) to chromosome 21q22 (Bonne-Tamir et al., 1996; Veske et al.,
1996). Cloning and characterization of the DFNBI0 critical region identified at
least nine genes in this locus. These genes, however, were eliminated later as
disease gene candidates because direct DNA sequencing failed to identify any
mutations in these genes (Bartoloni et al., 2000; Berry et al., 2000; Wattenhofer
et al., 2001).

In 2001, Scott et al. analyzed the DFNB10 locus by searching the newly com-
pleted genomic sequences from human chromosome 21 and discovered four addi-
tional genes in this locus. One of the genes, TMPRSS3, contains 13 exons and spans
24 kb. Northern analysis showed that the TMPRSS3 gene had two transcripts of 2.4
and 1.4 kb in length, respectively. The mRNA was detected in a variety of tissues
including kidney, lung, colon, thymus, and fetal cochlea (Scott et al., 2001). The
full-length TMPRSS3 cDNA encodes a polypeptide of 454 amino acids (Fig. 1).
TMPRSS3 and TMPRSS2 share 63% sequence similarities.

In a Palestinian family with a congenital form of deafness, a mutation in exon 11
of the TMPRSS3 gene was identified that consisted of an 8-bp deletion and insertion
of 18 B-satellite tandem units (Scott et al., 2001). The S-satellite tandem units are
repetitive sequences of ~68 bp in length and normally present on the short arms
of acrocentric chromosomes. Apparently, these repetitive sequences were inserted
into the TMPRSS3 gene through a recombination event. In another Pakistani family
with a childhood-onset form of deafness, a splice site mutation in exon 4 was
identified in the TMPRSS3 gene, resulting in a frameshift (Scott ef al., 2001). In
a separate study, Masmoudi et al. (2001) screened 39 Tunisian families affected
by autosomal recessive deafness and identified two additional TMPRSS3 missense
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mutations in two unrelated consanguineous families. In one family, a homozygous
G to C mutation was found in exon 8 (753 G > C), resulting in a Trp to Cys
substitution at residue 251 (W251C). In another family, a homozygous C to T
mutation occurred in exon 12 (1221 C > T), resulting in a Pro to Leu substitution
at residue 404 (P404L). These two mutations are close to active site residues,
His-257 and Ser-401, and would be expected to alter the conformation of the
active center, thereby affecting the proteolytic activity of the enzyme. In another
study, Ben-Yosef et al. (2001) identified additional TMPRSS3 mutations in four
Pakistani families with congenital autosomal recessive deafness. These mutations
include 325 C > T in exon 5, resulting in an Arg to Trp (R109W) substitution,
581 C>T in exon 7, resulting in a Cys to Phe (C194F) substitution, and 1219
T > C in exon 12, resulting in a Cys to Arg (C407R) substitution. Both R109W
and C194F mutations are located in the scavenger receptor cysteine-rich domain
whereas C407R mutation is near the active site Ser-401 in the protease domain.

These genetic studies indicate that the transmembrane serine protease TMPRSS3
is important for normal hearing. At this time, the biochemical function of
TMPRSS3 has not been characterized. None of the mutant TMPRSS3 proteins
has been expressed and characterized. Since TMPRSS3 is a transmembrane pro-
tease and its mRNA was detected in fetal cochlea, it is possible that TMPRSS3
plays a role in the development and maintenance of the function of the inner ear.
In a separate study, TMPRSS3, also called TADG-12, was reported to be overex-
pressed in ovarian cancers (Underwood et al., 2000). The biological significance
of this finding is not known. Further study of TMPRSS3 will help to identify the
physiological substrate(s) of this enzyme and may lead to a better understanding
of its potential function in the normal hearing process.

IX. Transmembrane Protease, Serine 4 (TMPRSS4)

TMPRSS4 was first identified as a cDNA clone that was overexpressed in pancre-
atic cancer. In a comparison of genes differentially expressed in pancreatic cancer
and normal pancreatic or pancreatitis tissues, Gress et al. (1997) identified 16 dis-
tinct cancer-specific cDNA fragments. One of the cDNA clones, RDA12, shared
sequence homology with other trypsin-like serine proteases. Further cloning of the
full-length cDNA identified a novel transmembrane serine protease gene that was
named TMPRSS3 for transmembrane protease, serine 3 (Wallrapp et al., 2000).
However, the name of TMPRSS3 had already been used for the transmembrane
serine protease gene localized on human chromosome 21 (Scott ez al., 2001). Sub-
sequently, the name of TMPRSS4 was given to this pancreatic cancer-derived trans-
membrane serine protease (Hooper et al., 2001). The TMPRSS4 gene is mapped
to human chromosome 11q23.3 (Wallrapp et al., 2000).

The predicted TMPRSS4 protein consists of 437 amino acids with a calculated
molecular mass of 48 kDa. The overall domain structure of TMPRSS4 is sim-
ilar to those of TMPRSS2 and TMPRSS3 (Fig. 1). TMPRSS2, TMPRSS3, and
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TMPRSS4 proteins share ~50% sequence similarities, suggesting that they may
have evolved from the same ancestral gene. In TMPRSS4, there are two putative
N-linked glycosylation sites at residues 130 and 178 in the extracellular region. In
SDS-PAGE and Western analysis, recombinant TMPRSS4 containing an epitope
tag had an apparent molecular mass of ~68 kDa (Wallrapp et al., 2000).

The function of this protease has not been defined. In Northern analysis,
TMPRSS4 mRNA was detected in a high percentage of primary pancreatic can-
cer tissues (9/13) and cell lines (10/16). In addition, strong TMPRSS4 mRNA
expression was also detected in other tumor tissues such as gastric and colorectal
cancers (Wallrapp et al., 2000). In contrast, TMPRSS4 mRNA was not detectable
by Northern blotting in normal pancreas, heart, brain, placenta, lung, liver, and
uterus. Low levels of expression of TMPRSS4 were found in tissues of the nor-
mal gastrointestinal and urogenital tracts such as stomach, small intestine, colon,
kidney, and bladder. Interestingly, TMPRSS4 mRNA expression in several pancre-
ative cancer cell subclones positively correlated with their metastatic potentials,
suggesting a possible role of TMPRSS4 in tumor progression and metastasis.

X. Other Transmembrane Serine Proteases
A. Human Airway Trypsin-Like Protease

Human airway trypsin-like protease (HAT) was first isolated as a ~27-kDa trypsin-
like protease in the sputum from patients with chronic airway diseases (Yasuoka
et al., 1997). In assays with synthetic peptide substrates, HAT has a trypsin-like
substrate specificity preferring Arg at the P1 position. The enzymatic activity was
inhibited by DFP, leupeptin, antipain, aprotinin, and soybean trypsin inhibitor but
not secretory leukocyte protease inhibitor. By immunohistochemical staining, the
protein was detected mainly in cells of submucosal serous glands of the bronchi
and trachea.

The full-length HAT cDNA was later cloned from the trachea that encodes a
polypeptide of 418 amino acids (Yamaoka et al., 1998) (Fig. 1). By Northern hy-
bridization, HAT mRNA of ~1.9 kb in length was detected only in samples derived
from human trachea but not in other tissues including heart, brain, pancreas, lung,
and liver (Yamaoka et al., 1998). Recombinant HAT protein expressed in insect
cells appeared as a major band of ~48 kDa on SDS-PAGE and Western analysis,
consistent with the calculated molecular mass of 46 kDa (Yamaoka et al., 1998).
The HAT protein sequence also contains two putative N-linked glycosylation sites
at resides 144 and 152. A minor species of ~28 kDa was also present in the prepa-
ration of recombinant HAT, which may represent the protease domain activated
during the purification. In assays using purified proteins, both recombinant HAT
expressed in the insect cells and native HAT purified from the sputum of patients
degraded fibrinogen «-chain but not 8- and y-chains. However, the physiologi-
cal significance of the fibrinogen-degrading activity still remains unclear. Because
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HAT is specifically expressed in the serous gland of the bronchi and trachea, it has
been postulated that HAT may be a part of the host defense system in the human
airway. The mucous membrane in the airway contains a host of secreted proteins
such as lysozyme, secretory IgA, and leukocyte protease inhibitor. It will be im-
portant to determine whether HAT is involved in the processing or degradation of
mucosal proteins in the airway.

B. Spinesin

Spinesin was cloned from a human spinal cord library by a PCR-base strategy
(Yamaguchi et al., 2002). The full-length cDNA is 2265 bp and encodes a type II
transmembrane serine protease of 457 amino acids, designated spinesin for spinal
cord-enriched trypsin-like protease. The protein sequence also contains five pu-
tative N-linked glycosylation sites in the extracellular region, two of which are
located in the protease domain. The overall domain structure of spinesin is similar
to those of hepsin, TMPRSS2, and TMPRSS3 (Fig. 1). In fact, these proteases
share ~40% sequence similarity in their protease domains. The human spinesin
gene is located on chromosome 11q23. By Northern analysis, spinesin mRNA was
found in samples derived from human brain but not kidney, liver, lung, placenta,
and heart, suggesting that spinesin is a specific protease in the central nervous
system. In immunohistochemical examinations using antibodies against human
spinesin, positive staining was identified in tissue sections from the spinal cord.
It appeared that spinesin protein was mainly present in neuronal cells and their
axons at the anterior horn of the spinal cord. The positive staining was also found
at the synapses of motoneurons in the spinal cord.

In SDS-PAGE and Western analysis, anti-spinesin antibodies detected a major
band of ~52 kDa in human brain homogenate, indicating that spinesin is syn-
thesized as a zymogen (Yamaguchi et al., 2002). An ~50 kDa band was also
detected in protein samples from the cerebrospinal fluid, suggesting the pres-
ence of soluble forms of spinesin in the cerebrospinal fluid, possibly gener-
ated by protease-mediated shedding. Recombinant soluble spinesin that contained
only the protease domain was active toward synthetic substrates with an opti-
mal pH of ~10. The recombinant protein was also active in gelatin-based zy-
mography assays. The catalytic active site of soluble spinesin was inhibited by
p-amidinophenylmethanesulfonyl fluoride (1 ©M) but not antipain and leupeptin
(1 mM). The physiological substrates and potential function of spinesin in the
central nervous system are not known at present time.

C. Mosaic Serine Protease L

In 2001, Kim et al. reported a cDNA isolated from a human lung library that
encodes a novel mosaic serine protease, named MSPL. Apparently, the cDNA has
another alternatively spliced form that encodes a shorter version of the protein,
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MSPS. The full-length MSPL cDNA encodes a putative type II transmembrane
serine protease of 581 amino acids. The predicted protein contains a cytoplasmic
tail, a transmembrane domain, an LDL receptor repeat and a trypsin-like domain
(Fig. 1). The protease domain shares sequence homology with those of human
kallikrein (42%), hepsin (39%), and TMPRSS2 (43%). The alternatively spliced
cDNA encodes a putative soluble form that lacks the transmembrane domain. By
PCR analysis, MSPL transcripts were detected in human lung, placenta, pancreas,
and prostate but not brain, liver, small intestine, kidney, thymus, muscle, or ovary.
In SDS-PAGE analysis, recombinant MSPL and MSPS appeared as single bands
of 60 and 57 kDa, respectively. To date, there is limited information on the activity
and function of this lung-derived serine protease.

XI. Perspective

The serine proteases of the trypsin superfamily are by far the most versatile and
best-characterized proteolytic enzymes. The importance of these enzymes in a va-
riety of biological processes has been demonstrated both biochemically and genet-
ically. Although the membrane-bound proteases have been known for many years,
the significance of type II transmembrane serine proteases as a distinct subclass
was not recognized until the recent discovery of several new members by func-
tional genomics studies. It is well known that cell membrane surfaces contribute
significantly to protease-mediated events. In blood coagulation, for example, as-
sembly of clotting factors on the cell surface greatly enhances the rate of catalytic
reactions. For soluble clotting enzymes, this is achieved by their interactions with
phospholipids on the cell membrane and by binding to integral membrane pro-
tein cofactors such as tissue factor and thrombomodulin (Davie et al., 1991; Furie
and Furie, 1988; Mann et al., 1990). The presence of a transmembrane domain in
the type II transmembrane serine proteases clearly provides a unique regulatory
mechanism to control the activity of these proteases.

Despite their structural similarities, the type II transmembrane serine proteases
evidently have distinct functions. For example, enteropeptidase is a key enzyme in
the protease cascade involved in food digestion whereas corin has a function in pro-
cessing natriuretic peptides important in maintaining normal blood pressure. The
biological functions of most type II transmembrane serine proteases have not yet
been defined. The specific expression of several enzymes such as hepsin, spinesin,
TMPRSS3, and HAT in different cell types and tissues suggests that these pro-
teases are involved in diverse physiological or pathological processes. Although
Drosophila transmembrane serine proteases such as Stubble-stubbloid are critical
in embryonic development, defects in mammalian transmembrane serine proteases
such as enteropeptidase and hepsin have less seve