
Journal of Cellular
Biochemistry

PROSPECT
Journal of Cellular Biochemistry 108:1233–1243 (2009)
Role of Matrix Metalloproteinases in Epithelial Migration
G

*
S

R

P

Peter Chen* and William C. Parks
Center for Lung Biology, Pulmonary and Critical Care Medicine, University of Washington, Seattle, Washington
ABSTRACT
In response to injury, epithelial cells migrate across the denuded tissue to rapidly close the wound and restore barrier, thereby preventing the

entry of pathogens and leakage of fluids. Efficient, proper migration requires a range of processes, acting both inside and out of the cell.

Among the extracellular responses is the expression of various matrix metalloproteinases (MMPs). Though long thought to ease cell migration

simply by breaking down matrix barriers, findings from various models demonstrate that MMPs facilitate (and sometimes repress) cell

movement by other means, such as affecting the state of cell–matrix interactions or proliferation. In this Prospect, we review some key data

indicting how specific MMPs function via their activity as proteinases to control closure of epithelial wounds. J. Cell. Biochem. 108: 1233–

1243, 2009. � 2009 Wiley-Liss, Inc.
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A variety of developmental, homeostatic, reparative, and

disease processes involve, if not depend on cell migration.

For example, during embryogenesis, gastrulation, and organo-

genesis could not occur without the proper temporospatial

regulation of the movement specific progenitor cells [Montell,

2008]. As part of normal immune surveillance, various leukocytes

constantly migrate in and out of tissues. Likewise, the inflammatory

and wound healing response after injury, inclusive of scarring and

re-epithelialization, are dependent on the movement and trafficking

of a variety of resident and infiltrating cell types.

As a consequence of being placed at the interface to an

environment filled with things that can infect and harm, epithelial

surfaces, such as the epidermis of skin and the mucosal lining of

lungs, kidney tubules, GI tract, and other organs, are subjected

nearly constantly to some degree of injury. Hence, these tissues

are particularly reliant on cell migration to heal injuries and to re-

establish as quickly as possible a barrier that quite importantly

separates the pristine internal body from a rather unsanitary outside

world. In response to injury—that is, denudation of an epithelial

layer due to abrasion, trauma, infection, or cell death—epithelial

cells at the wound edge lose their stationary, tissue-specific

differentiated phenotype as keratinocytes in skin, hepatocytes in

liver, enterocytes in the gut, etc., and take on a pro-migratory

phenotype characterized by a lost of cell–cell contacts and

expression of various intracellular, transmembrane, and secreted

proteins that function in cell motility. As a consequence of these
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changes, an injury-responsive epithelial cell resembles (from the

investigator’s perspective) a motile fibroblasts. Hence, the term

epithelial-to-mesenchymal transformation (EMT) is applied to

epithelial cells activity engaged in wound closure [Lee et al.,

2006]. However, with few exceptions, gastrulation being most

notable, the transformation is neither complete nor permanent. Once

epithelial integrity is reconstituted, the migratory program ceases,

and the epithelium returns to a differentiated state characteristic of

the tissue in which it resides.

Re-epithelialization, however, does not always proceed smoothly,

and pathological conditions (e.g., tumor invasion and metastasis,

chronic inflammation, fibrosis, and more) arise when an injured

epithelium either cannot repair or lose the contextual controls that

shut down the migration process [Ridley et al., 2003]. Thus,

understanding the determinants of re-epithelialization is relevant to

understanding development, tissue repair, and disease pathogenesis.

Matrix metalloproteinases (MMP), a family of extracellular

endopeptidases, are often thought to facilitate migration and

metastasis by breaking down barriers formed by extracellular matrix

(ECM), but clear demonstration of such a role for MMPs is limited to

only a few members [Parks et al., 2004; Sabeh et al., 2009a,b]. Other

MMPs do function in migration with no apparent activity against

ECM proteins, and several others have no demonstrated role in

controlling cell movement. In this review, we discuss how specific

MMPs function in re-epithelialization with an emphasis on normal

wound repair.
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EPITHELIAL CELL MIGRATION

Before we move on to MMPs, we need to discuss some features of

epithelial migration, specifically how these cells cover and

repopulated damaged tissue during normal wound repair. Mecha-

nisms of cell migration have predominantly been studied in culture

models using single cells, typically on two-dimensional surfaces.

Although compelling data now indicate that how cells move on 2D

substrates is distinct from how they migrate within 3D matrices, this

important distinction is likely relevant to cells that move through

tissues in vivo, such leukocytes, fibroblasts, smooth muscle cells,

angiogenic endothelial cells, invasive tumor cells, etc. [Hotary et al.,

2000, 2003; Chun et al., 2004; Doyle et al., 2009; Sabeh et al.,

2009b]. In contrast, during normal wound closure, epithelial cells

move across a 2D surface; they do not invade. Thus, we would argue

that studying epithelial migration on 2D substrata are relevant

experimental models of normal re-epithelialization.

Another important consideration is that injured epithelia migrate

while retaining cell–cell contacts, moving as an interconnected

sheet of cells [Friedl and Gilmour, 2009], replenished by daughter

cells that arise from a proliferation node located slightly behind the

wound edge. Careful in vivo ultrastructural observations from many

years ago showed that epidermal cells at a wound edge stretch and

spread over the denuded surface [Odland and Ross, 1968; Krawczyk,

1971; Gibbins, 1978] and, hence, do not migrate per se. The

epithelial cells that do migrate during normal wound repair are the

daughter cells that ‘‘leapfrog’’ over the cells at the wound edge and

adherent to the underlying ECM. These observations were made

studying wounded human epidermis, a stratified epithelium, and

our lab reported similar findings during re-epithelialization of

mucosal wounds in human trachea [Dunsmore et al., 1998], a simple

(pseudostratified) epithelium. At the wound edge, tracheal epithelial

cells were seen in a single layer, markedly elongated and stretched

over the denuded wound bed (Fig. 1). Just behind this monolayer

and extending back to the edge of the original wound site, the

epithelial cells over the newly covered wound bed were cuboidal and

clearly stratified into at least two layers. It is likely that the upper
Fig. 1. Morphology of the wound edge epithelium. Shown is the actively

repairing epithelium at 5 days post-wounding of a human tracheal explant.

Approaching the wound edge, the epithelial cells are squamated and stretched

widely across the denuded lining. Behind the wound front, the epithelium is

stratified over many cell diameters. However, the lining of intact airways is a

simple (pseudostratified) epithelium; that is, basal surface of all cells lie on the

basement membrane. In wounds, this normal histology is altered by reparative

cells that ‘‘leap frog’’ over epithelial cells that had earlier moved over and

covered the denuded tissue. These images suggest that much of the epithelial

migration in wounds involves cell–cell interactions rather than cell–matrix

interactions. Reproduced with permission from the American Society for

Clinical Investigation [Dunsmore et al., 1998].
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layer of tracheal cells are leapfrogging to extend the wound edge. As

has been demonstrated for the migration of individual cells,

migrating epithelial cycle through a repetitive process of forward

extension and attachment followed by cell contraction and rear

release [Lauffenburger and Horwitz, 1996; Kaverina et al., 2002;

Farooqui and Fenteany, 2005; Doyle et al., 2009].

These observations on re-epithelialization within tissues under-

score the importance of cell–cell contacts, particularly adherens

and tight junctions, held via homophilic interactions of specific

transmembrane proteins [Kaverina et al., 2002]. E-cadherin, the

major constituent of the adherens junction, plays a critical role by

regulating cell polarity [Desai et al., 2009; Dupin et al., 2009].

Epithelial surfaces maintain a constant apical/basolateral polarity

establishing their orientation based on contacts with neighboring

cells and the ECM substratum [Yeaman et al., 1999]. Once injured,

the normal contexts for maintaining the apical/basal compartments

are lost, and a programmed response reorganizes the cellular

machinery to a new front/rear polarity aligned with the direction of

migration [Ridley et al., 2003]. Another key element in maintaining

polarity is centrisome positioning, which appears to stabilize the

direction of cell motion [Ueda et al., 1997].

Migrating epithelial cells share many features of single-cell

migration, particularly in the polarization of adhesive contacts. Rac

and Cdc42, two members of the Rho family of small GTPases,

accumulate at the leading edge of the polarized cell and initiate a

cascade of events resulting in actin polymerization that, respec-

tively, drives the formation of lamellipodia and filopodia [Nobes

and Hall, 1995]. These cellular protrusions engage the substratum

primarily through the integrin receptor, which clusters and recruits

adaptor proteins to form the focal complex, thus, providing a

platform by which the cell front can advance [Kaverina et al., 2002].

Focal complexes contain many components of the classical focal

adhesion and are generally short-lived and turn over while spatially

within the lamellipodia or filopodia [Webb et al., 2002]. However, a

minority of focal complexes persists and matures into focal

adhesions. Focal adhesions are positioned at the termini of stress

fibers and act as anchors for cell contraction. Rho, another member

of the Rho GTPase family, plays a crucial role in focal adhesion

dynamics coordinating maturation, cell contraction, and rear release

resulting in a net forward translocation of the cell body.

Dynamic modifications of cell interactions with neighboring cells

and the substratum occur during epithelial migration. Changes to

cell junction proteins can induce a migratory phenotype [Friedl and

Gilmour, 2009]. In addition, because overly tight adhesion can

prevent rear retraction, whereas if too loose does not provide the

traction needed for forward movement, cell–matrix interactions

must be tightly tuned and constantly modulated to allow cells to

move [DiMilla et al., 1993]. Indeed, intermediate levels of adhesion

maximize migration speed [Gupton and Waterman-Storer, 2006].

Integrins are the primary cell adhesion receptors and can modify cell

adhesion by changing their avidity (number of receptors) and

affinity (integrin activation) [Hynes, 2002]. Remodeling of the

underlying matrix can also alter cell adhesion and, in turn,

migration [Gill and Parks, 2008]. Because MMPs cleave a number of

proteins involved with cell–cell and cell–matrix adhesion, it is

not surprising that these proteinases have been implicated in re-
JOURNAL OF CELLULAR BIOCHEMISTRY



epithelialization. Indeed, as discussed modifying the affinity of cell–

matrix interactions—either by affect matrix or adhesive proteins—

appears to a common means of how MMPs facilitate cell migration.

MATRIX METALLOPROTEINASES (MMPs)

MMPs comprise a family of 25 distinct extracellular endopeptidases,

of which 24 are found in mammals (Table I). They are a clan within

the larger metzincin family of proteinases, which includes ADAMs,
TABLE I. Mammalian Matrix Metalloproteinases in Epithelial Migratio

Membera Role in epithelial migrationb

MMP1
Collagenase-1 Promotes (human) keratinocyte migration on fibrillar collagen
McolA, McolBc Unknown

MMP2
Gelatinase-A Accelerates cell migration

MMP3
Stromelysin-1 Promotes re-epithelialization indirectly by affecting wound

contraction
MMP7

Matrilysin Required for re-epithelialization of mucosal wounds

MMP8
Collagenase-2 No direct role

MMP9
Gelatinase-B Promotes cell migration and re-epithelialization except in

cornea
MMP10

Stromelysin-2 Over-expression modestly promotes re-epithelialization
MMP11

Stromelysin-3 Unknown
MMP12

Metalloelastase Macrophage-specific; not expressed by epithelial cells
MMP13

Collagenase-3 Promotes re-epithelialization
MMP14

MT1-MMP Promotes keratinocyte outgrowth, airway
re-epithelialization and cell migration

MMP15
MT2-MMP Unknown

MMP16
MT3-MMP Unknown

MMP17
MT4-MMP Unknown

MMP19
RASI-1 Unknown

MMP20
Enamelysin Expressed in developing teeth

MMP21 Unknown
MMP22 Unknown
MMP23

CA-MMP Unknown
MMP24

MT5-MMP Unknown
MMP25

Leukolysin Unknown
MMP26

Endometase Unknown
MMP27 Unknown
MMP28

Epilysin Unknown

aMMP4, 5, and 6 turned out to be either MMP2 or MMP3 and have been eliminated. MM
found.
b‘‘Unknown’’ means that despite possible correlative data (e.g., the mmp may be expre
tested nor established.
cMcolA and B are possible mouse homologues of MMP-1 [Balbin et al., 2001]. Mcol
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astacins, and others [Greenlee et al., 2007; Page-McCaw et al., 2007;

Ra and Parks, 2007]. To be classified as an MMP, a protein must have

at least the conserved pro and catalytic domains (Fig. 2). The

prodomain of a typical MMP is about 80 amino acids and contains

the consensus sequence PRCXXPD. The catalytic domain contains

three conserved histidines in the sequence HEXXHXXGXXH, which

ligate the active site Zn2þ (hence, the prefix ‘‘metallo’’) [Bode et al.,

1993]. The thiol of the prodomain binds the zinc ion, and this

interaction keeps proMMPs in a latent state. To become an active

proteinase, this ‘‘cysteine switch’’ must be disrupted, which can
n

Determined in

Refs.
Cell

culture
In vivo,
ex vivo

H H Pilcher et al. [1997]

H Lechapt-Zalcman et al. [2006] and Giannelli
et al. [1997]

H H Bullard et al. [1999a,b]

H H Chen et al. [2009], Dunsmore et al. [1998], and
McGuire et al. [2003]

H Li et al. [2000]

H H Betsuyaku et al. [2000], Kyriakides et al. [2009],
Mohan et al. [2002], and Seomun et al. [2008]

H Krampert et al. [2004]

H Hattori et al. [2009]

H H Atkinson et al. [2007], Endo et al. [2003],
Mirastschijski et al. [2004], Nagavarapu et al.
[2002], Seomun et al. [2008], and others in the text

P18 (collagenase-4) is a Xenopus enzyme. A mammalian homologue has not been

ssed by migrating epithelial cells or in wounds), a functional role has neither been

A may be the murine orthologue of human MMP1.

ROLE OF MMPS IN EPITHELIAL MIGRATION 1235



Fig. 2. Domain structure of a typical MMP. The common motifs of MMPs are

the pro- and catalytic domains. The prodomain of a typical MMP is about

80 amino acids and contains the consensus sequence PRCXXPD. The exception

to this rule is MMP23, in which the critical cysteine is found within a distinct

run of amino acids [Velasco et al., 1999]. The catalytic domain contains three

conserved histidines in the sequence HEXXHXXGXXH, which ligate the active

site Zn2þ. Several MMPs have a furin recognition within the C-terminal half of

the prodomain allowing activation of zymogen by proprotein convertases

within the secretion pathway. For most other MMPs, the activation mechanism

is unknown [Ra and Parks, 2007]. As MMPs function in the extracellular space,

they each have a signal peptide (SP), the exception again being MMP23, which

has an N-terminal signal anchor. With the exceptions of MMP7, 23, and 26,

MMPs have a flexible proline-rich hinge region and a hemopexin-like

C-terminal domain, which functions in substrate recognition. Other additions

include transmembrane and cytosolic domains to the membrane-type MMPs, a

glycosylphosphatidylinositol (GPI) anchoring signal to MMP17 and 25, and

gelatin-binding domains that resemble similar motifs in fibronectin (FN) in

MMP2 and 9.
occur by various means [Van Wart and Birkedal-Hansen, 1990; Ra

and Parks, 2007]. The glutamate residue within the catalytic

motif activates a zinc-bound H2O molecule providing the

nucleophile that cleaves peptide bonds. With the exceptions of

MMP7, 23, and 26, MMPs have a flexible proline-rich hinge and a

hemopexin-like C-terminal domain (Fig. 2). Other domains are

restricted to subgroups of enzymes. For example, four membrane-

type MMPs (MMP14, 15, 16, 24) have transmembrane and cytosolic

domains. Although individual MMPs appear to serve distinct, non-

overlapping function, they share a remarkably similar 3D structure

[Massova et al., 1998].

MMPs are secreted or anchored to the cell surface, thereby

confining their catalytic activity to membrane proteins or proteins

within the secretory pathway or extracellular space. The concept

that MMPs act on ECM components arose from the original work of

Gross and Lapiere [1962] who isolated a metalloproteinase, now

called collagenase-4 (MMP18), with collagenolytic activity from

regressing tadpole tails. Thereafter, other secreted metalloprotei-

nases were discovered and shown in vitro to act on collagen or other

matrix proteins, leading to the addition of the ‘‘matrix’’ prefix. As a

consequence, MMPs were assumed to be the extracellular enzymes

responsible for turnover of ECM. However, with the emergence of

genetically defined animal models, it became clear that as a family

MMPs do not function in bulk ECM turnover or degradation in vivo.

Several reports in recent years have demonstrated that MMPs act on

a variety of non-matrix proteins, such as cytokines, chemokines,

surface proteins, receptors, junctional proteins, and more [Levi et al.,

1996; Wilson et al., 1999; McQuibban et al., 2000; Li et al., 2002;

McGuire et al., 2003; Stamenkovic, 2003; Page-McCaw et al., 2007;
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Van Lint and Libert, 2007]. About 10% of our genome encodes for

proteins with a signal peptide, leading to an extensive array of

potential MMP substrates. Thus, it is not surprising that MMPs

evolved to function in a variety of physiologic and disease processes

[McCawley and Matrisian, 2001; Stamenkovic, 2003; Parks et al.,

2004; Cauwe et al., 2007].

Some MMPs do act on ECM components, but their activity is

generally limited to a few matrix proteins. For example, MT1-MMP

(MMP14) and MT3-MMP (MMP15) have emerged as physiologic

collagenases [Holmbeck et al., 1999; Hotary et al., 2000, 2003; Shi

et al., 2008], and matrilysin (MMP7) seems to be the relevant elastase

in human macrophages [Filippov et al., 2003]. However, matrix

degradation is neither the sole or often predominant function of

MMPs. Depending on the enzyme, cell source, and process involved,

a given MMP can act on various proteins and, in turn, affect various

processes. Thus, although several MMPs do function in migration

and invasion, one cannot assume a priori that they do so by acting

on matrix. Below we discuss some specific examples where

mechanism of MMP action in epithelial cell migration is fairly

well described. For some MMPs the target substrate is an ECM

component, for others it is not, and a common consequence of MMP

action seems to be to alter the affinity of cell–matrix interactions.

MMPs IN EPITHELIAL REPAIR

MMP1 (COLLAGENASE-1)

In wounded human skin, MMP1 is induced in basal keratinocytes as

the cells move off of the basement membrane and contact type I

collagen in the underlying dermis (Fig. 3) [Saarialho-Kere et al.,

1993; Sudbeck et al., 1997]. This inductive response is specifically

controlled by ligation of the a2b1 integrin with dermal collagen

[Pilcher et al., 1997], and expression of MMP1 is rapidly turned off

once re-epithelialization is complete and the basement membrane

begins to reform [Inoue et al., 1995; Sudbeck et al., 1997]. The

expression patterns of MMP1 provide a good example demonstrat-

ing the important generalization that expression and activity of

specific MMPs are confined to specific locations in the wound (for

MMP1, the superficial plane of the wound bed) and to a specific

stages of repair (re-epithelialization).

The invariable expression of MMP1 by basal keratinocytes in all

forms of wounds and the confinement of its expression to periods of

active re-epithelialization indicates that this enzyme participates in

cell migration. During normal re-epithelialization, keratinocytes

migrate along a path of least resistance, dissecting underneath the

scab while remaining superficial to the underlying viable dermis

and wound bed [Stenn and Malhotra, 1992; Kubo et al., 2001].

Keratinocyte migration on type I collagen is completely stalled by

antibodies that specifically block MMP1 activity or if the cells are

plated on collagenase-resistant mutant type I collagen [Pilcher et al.,

1997]. Although other collagenases, including MT1-MMP (MMP14)

and MMP13, can make the same cleavage in type I collagen, the

blocking-antibody studies indicate that the proteolytic activity of

MMP1 is required for migration of human keratinocyte on native

type I collagen.

Based on the above observations, we proposed that MMP1

provides migrating keratinocytes with a mechanism to maintain
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Patterns of MMP expression skin and mucosal wounds. The bi-color line under the intact and proliferating cells represents the basement membrane, and below that lies

the interstitial matrix, which includes type I collagen. In skin, MMP1 is expressed by human keratinocytes and MMP13 is expressed by the analogous cell in mouse wounds.

Although both collagenases promote re-epithelialization, it is not clear if they both function by an analogous mechanism. In mucosal epithelia, MMP7, which is not expressed in

the wounded epidermis, is expressed at the wound front, and is required for efficient repair. In addition to these epithelial type-specific MMPs, other MMPs are expressed in all

wounds.
their course and directionality in the wound environment during

re-epithelialization. Basal keratinocytes constitutively express the

a2b1 integrin on their basolateral surfaces, and in wounds, this

receptor accumulates at the forward-basal tip of migrating

keratinocyte in contact with dermal type I collagen [Pilcher et al.,

1997; Dumin et al., 2001]. Because a2b1 binds native collagen with

high affinity, clustering this integrin at contact points would tightly

tether keratinocytes to the dermis rendering them unable to migrate.

MMP1 aids in dissociating keratinocytes from these high affinity

attachments by altering the nature of the collagen matrix and, in

turn, its affinity with a2b1. MMP1 makes a single, site-specific

cleavage through the triple helix. At body temperature, the

fragments unwind, and a2b1 binds relaxed collagen with lower

affinity than it does native collagen [Staatz et al., 1989]. Thus, by

simply making a single cut through the type I collagen triple helix,

MMP1 effectively mediates the loosening of the tight contacts

keratinocytes initially establish with the dermal matrix, thereby

allowing the cells to move forward.

Although MMP1 promotes epidermal wound closure by

modulating how cells interact with dermal collagen, at first glance,

this appears to be an inefficient process. If keratinocytes migrate

over dermal matrix, rather than through it, then why expend

the energy to cleave type I collagen? Why would the cells

initially adhere to collagen so tightly that cannot move if their

objective is to close the wound as quickly as possible? The

answer, we believe, is that the process of interacting with and

then cleaving type I collagen provides keratinocytes with a

mechanism to determine and maintain their directionality during

re-epithelialization. Because a2b1 binds native collagen much more

tightly than it binds collagenase-cleaved collagen, this integrin,

once loosened by the action of MMP1, would favor re-establishment

of high affinity interactions with native, uncleaved collagen. Thus,

by repeatedly establishing tight contacts, rapidly loosening this hold

by the action of MMP1, and re-establishing new tight contacts

keratinocytes use native type I collagen as a ‘‘molecular compass’’

guiding repair over the open wound surface. A similar ‘‘rear release’’

mechanism has been proposed to explain how MMP1 promotes the

migration of vascular smooth muscle cells on collagen [Li et al.,

2000].
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Rodents do not have MMP1 in their genome (Table I), but they do

express MMP13 (collagenase-3) in wound edge keratinocytes

[Madlener et al., 1998]. Mmp13�/� mice have slightly impaired

re-epithelialization of cutaneous wounds [Hattori et al., 2009], but

how the enzyme functions does not appear to be analogous to the

MMP1/a2b1/collagen mechanism in human epidermis. Blocking

antibodies against the a2b1 integrin completely bar keratinocyte

migration in culture and in wounded human skin explants [Pilcher

et al., 1997; Dumin et al., 2001], demonstrating, as for MMP1, the

importance of this receptor for wound repair in human skin.

However, closure of skin wounds is not impaired in a2 integrin-

deficient mice [Grenache et al., 2007; Zweers et al., 2007],

suggesting that MMP13 may function independently of cell–matrix

contacts. As discussed elsewhere [Parks, 2007], another considera-

tion is that the difference in ECM density between human and

mouse skin may dictate different proteolytic mechanisms and

targets in re-epithelialization among species.

MATRILYSIN (MMP7)

MMP7 is not expressed in epidermal wounds (Fig. 3) but is

prominently expressed in damaged epithelium of all mucosal

tissues examined, including lung, gut, kidney, cornea, and more

[Saarialho-Kere et al., 1996; Dunsmore et al., 1998; Lu et al., 1999; Li

et al., 2002; Kure et al., 2003; McGuire et al., 2003; Wroblewski

et al., 2003; Surendran et al., 2004; Chen et al., 2008, 2009; Swee

et al., 2008]. Thus, the expression of MMP7 is a common response of

injured mucosal epithelia. In these tissues, MMP7 is produced

primarily by cells bordering denuded regions of the epithelium,

analogous to where MMP1 is expressed in wounded skin. Whereas

the interaction with dermal collagen induces MMP1 in keratino-

cytes, cell–matrix contacts do not seem to influence expression of

MMP7. The signals that turn MMP7 on in response to injury have not

been identified.

Several studies using knock-out mice have reported that MMP7 is

required for efficient re-epithelialization [Dunsmore et al., 1998;

Li et al., 2002; McGuire et al., 2003; Wroblewski et al., 2003;

Surendran et al., 2004; Chen et al., 2008, 2009; Swee et al., 2008].

For example, using in vivo and ex vivo models of airway or colon

epithelial injury, we found that denuded areas and ulcers persist in
ROLE OF MMPS IN EPITHELIAL MIGRATION 1237



Mmp7�/� mice long after injuries have been fully repaired in wild-

type animals [McGuire et al., 2003; Chen et al., 2008; Swee et al.,

2008]. In fact, Mmp7�/� mice have the most severe wound-repair

defect among the MMP knock-out mice generated to date [Parks

et al., 2004].

The mechanism by which MMP7 regulates cell migration is an

evolving story. Our initial studies found that E-cadherin was a

physiologic, in vivo substrate of MMP7 [McGuire et al., 2003],

consistent with cell-based observations from others [Davies et al.,

2001; Noe et al., 2001]. Because loss of this junctional protein

induces a migratory phenotype [Friedl and Gilmour, 2009], we

postulated that E-cadherin shedding by MMP7 re-organized cell–

cell contacts, thus, promoting cell migration. However, MMP7-

mediated shedding of E-cadherin occurs several days after injury

[McGuire et al., 2003], at which time re-epithelialization is well

under way, if not completed. More recent data suggests that MMP7

shedding of E-cadherin regulates adaptive immunity responses, not

epithelial cell migration [Manicone et al., 2009].

We recently reported that MMP7 controls epithelial migration by

affecting the affinity of cell–matrix interactions [Chen et al., 2009], a

mechanism analogous to how MMP1 functions in human epidermis.

Whereas MMP1 acts on an ECM protein (type I collagen), MMP7

sheds a surface protein, syndecan-1, a transmembrane heparan

sulfate proteoglycan [Couchman et al., 2001]. Syndecan-1 was of

interest because it plays a role in keratinocyte migration [Stepp

et al., 2007] and because it is shed by MMP7 from lung epithelium

upon injury [Li et al., 2002]. We reported in the lung studies that KC,

a potent neutrophil chemokine, is bound to the shed syndecan-1

ectodomain and that releasing this complex is required for

neutrophils to advance into the alveolar airspace. Because shedding

of syndecan-1 occurs coincidence with the onset of re-epithelializa-

tion, we speculated that this proteolytic event is also needed for

wound closure. Indeed, we found that syndecan-1 is shed from

the lung epithelium by MMP7 after injury in both cell-based and in

vivo models [Chen et al., 2009]. Furthermore, wound closure is

accelerated in syndecan-1-null cells and tissues and slowed in cells

expressing a protease-resistant form of syndecan-1. Moreover,

MMP7 shedding of syndecan-1 attenuates the activation status of

the a2b1 integrin thereby lessening its affinity to matrix substrates

and, in turn, releasing restraints to cell migration. Thus, both MMP1

and MMP7 facilitate epithelial migration in different tissues by

reducing the affinity of the a2b1 integrin, but they control the

activity of this matrix receptor by fundamentally different

mechanisms. Whereas MMP1 influences outside-in signaling by

altering the ligand, MMP7 affects inside-out signaling by control-

ling integrin activation.

MMP2 (GELATINASE A) AND MMP9 (GELATINASE B)

The gelatinases have also been implicated in regulating epithelial

cell migration, but the affects are not always consistent among

models nor have they all been verified in vivo. For example,

exogenous MMP2 added to primary human nasal epithelial cultures

promote wound closure [Lechapt-Zalcman et al., 2006], and human

mammary epithelial cells supplemented with MMP2 accelerate cell

migration by cleaving a repressive peptide from one chain of

laminin 332 [Giannelli et al., 1997]. However, a repair or migration
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phenotype has not been reported for Mmp2�/� mice (Table I).

Furthermore, exogenous MMP2 may be added to cultured cells in

concentrations beyond that obtained in vivo, leading to cleavage of

biologically irrelevant substrates, highlighting the importance of

corroborating studies using physiological models [Overall and

Blobel, 2007].

Injured epithelia of the eye, skin, gut, and lung express MMP9

[Fini et al., 1996; Legrand et al., 1999; Betsuyaku et al., 2000; Mohan

et al., 2002; Castaneda et al., 2005], but its role in repair is somewhat

controversial. On one hand, excisional skin wounds heal poorly in

Mmp9�/� mice [Kyriakides et al., 2009], and over-expression of

MMP9 facilitates epithelial migration in an in vitro wound assay

[Seomun et al., 2008]. In addition, Legrand et al. [1999] reported that

MMP9 promotes lung epithelial cell migration in vitro potentially by

modifying cell adhesion to type IV collagen, and Betsuyaku et al.

[2000] found MMP9-mediated bronchiolization of injured alveolar

surfaces. Similarly, MMP9 has been suggested to be required for

smooth muscle cell migration during atherogenesis [Galis et al.,

2002]. Although these findings suggest that MMP9 facilitates

migration directly, impaired wound closure can arise from other

affected processes, such as reduced proliferation. In contrast, others

have reported that MMP9 slows migration of an enterocyte cell line

[Castaneda et al., 2005] and inhibits the closure of corneal wounds

by inhibiting cell proliferation [Mohan et al., 2002]. These disparate

findings may indicate that MMP9 does different things in different

tissues, and corneal repair is indeed unique.

When expressed by epithelial cells, particularly cancer cells, it is

often assumed that MMP2 and MMP9 are functioning to breakdown

the basement membrane by degrading type IV collagen. Indeed,

these two MMPs were initially called type IV collagenases because

they could degrade this abundant basement membrane component

in vitro [Collier et al., 1988; Wilhelm et al., 1989]. However, this

concept has been challenged (if not, in fact, debunked) by data—

largely negative data—with genetically modified mice [Stetler-

Stevenson and Yu, 2001; Parks et al., 2004]. Furthermore, as is

thoroughly discussed and referenced in a recent review [Rowe and

Weiss, 2008], several studies found that MMP2 and MMP9 are

actually weak type IV collagenases, and no basement membrane

defects have been reported in mice lacking either or both of these

proteinases. Although the lack of basement membrane effects can be

attributed to redundancy or compensation, the fact that Mmp2�/�

and Mmp9�/� mice do reveal distinct, non-overlapping phenotypes

in other processes [Parks et al., 2004; Cauwe et al., 2007] argues that

these MMP evolved to carry out specific functions—an argument, we

believe, that can be made for all MMPs. So what do MMP2 and

MMP9 act on to affect migration? Some putative substrates, linked

directly or indirectly to migration, have been identified for MMP2

and MMP9 in other systems, such as leukocyte influx and tumor cell

invasion [Larsen et al., 2003; Greenlee et al., 2006; Kenny et al.,

2008; Vaisar et al., 2009], but these have not been assessed in re-

epithelialization. Thus, how these two highly studied enzymes

function in normal epithelial repair remains an open question.

MT1-MMP (MMP14)

By being a transmembrane protein, MMP14, as well as the other

membrane-type MMPs, is in an advantageous position to affect cell
JOURNAL OF CELLULAR BIOCHEMISTRY



movement, and its role in promoting migration and invasion of

various cell types as been reviewed in detail [Seiki, 2002]. More

recently, Weiss and coworkers have demonstrated convincingly that

MMP14, via its ability to act as a collagenase, is required for tumor

cell invasion into and survival within 3D matrices [Hotary et al.,

2003; Sabeh et al., 2009b]. Furthermore, cleavage of syndecan-1,

CD44, and laminin-322 by MMP14 speeds migration of various

epithelial cells in culture [Koshikawa et al., 2000; Kajita et al., 2001;

Endo et al., 2003], suggesting that this enzyme can promote

re-epithelialization in vivo.

With respect to skin repair, MMP14 is produced by normal

keratinocytes in culture or intact skin [Baumann et al., 2000;

Krengel et al., 2002; Nagavarapu et al., 2002; Netzel-Arnett et al.,

2002], and its overall expression in skin increases in response to

injury. However, MMP14 is apparently not actively produced in the

epidermis of wounded human or rodent skin (although the protein

would still be present) but rather the increased levels in wounds

is due to expression by cells in the dermis [Okada et al., 1997;

Madlener et al., 1998; Mirastschijski et al., 2002]. Mirastschijski et al.

[2004] reported that wound closure is not affected in Mmp14�/�

mice, but because of the marked fragility of these mice [Holmbeck

et al., 1999; Zhou et al., 2000], they could only assess small wounds

in the skin of 3-day-old neonates. When they assessed keratinocyte

outgrowth from skin explants, they did find a modest reduction in

the rate of epiboly from Mmp14�/� tissue compared to wild-type

skin with no change in proliferation. Similarly, knockdown of

MMP14 slows keratinocyte migration [Nagavarapu et al., 2002;

Seomun et al., 2008]. Complementary to these findings, Atkinson

et al. [2007] reported that airway wounds are slow to heal in

Mmp14�/� mice, but they concluded that the enzyme was needed

for cell proliferation and not for migration. The substrate(s) that

MMP14 acts on to facilitate re-epithelialization in vivo has not been

identified, but the cell culture studies mentioned above point to

some reasonable candidates.

OTHER MMPS

Other MMPs, such as stromelysin-2 (MMP10) and epilysin (MMP28),

among others, are also expressed by wound edge epithelial cells in

various tissues (Fig. 3) [Saarialho-Kere et al., 1994; Okada et al.,

1997; Madlener et al., 1998; Vaalamo et al., 1998; Lohi et al., 2001;

Saarialho-Kere et al., 2002]. Over-expression of MMP10 by basal

keratinocytes led to modest acceleration of wound closure and

altered cell–matrix interactions [Krampert et al., 2004]; however, the

precise function and substrates of MMP10 and MMP28 have not yet

been determined (Table I). Whereas some MMPs are released by cells

at the forward edge of migration, others, such as stromelysin-1

(MMP3) and MMP28 are expressed by cells behind the migratory

front [Saarialho-Kere et al., 1994; Lohi et al., 2001]. MMP3 does

promote wound closure in skin, but the effect is apparently

secondary to controlling dermal fibroblast contraction [Bullard

et al., 1999a,b]. Other MMPs, such as MMP19, 21, and 26, are

expressed in intact and/or damaged epithelium [Bister et al., 2004,

2007; Skoog et al., 2009], but no functional data has yet been

reported for these enzymes. Mice lacking collagenase-2 (MMP8), a

product of neutrophils and some chondrocytes, also have reduced

wound closure rates, but this phenotype is thought to occur
JOURNAL OF CELLULAR BIOCHEMISTRY
secondary to excessive inflammation and not to a direct effect on

re-epithelialization [Li et al., 2000].

FUTURE PROSPECTS

Our concepts of what MMPs do in tissues have evolved from the

initial discovery as matrix degrading enzymes in the tadpole tail to

now being seen as a family of extracellular enzymes that function in

controlling a range of cell processes [Brinckerhoff and Matrisian,

2002; Cauwe et al., 2007]. Being proteinases, MMPs affect biologic

processes via their ability to cleave or degrade specific protein

targets, and most typically, they mediate gain-of-function proces-

sing of latent effector proteins on cell surface. Several studies in

diverse systems, from re-epithelialization to encephalitis to tumor

progression to acquired immunity, have demonstrated that specific

MMPs control a variety of processes. To understand MMP function,

we need to identify and verify their specific physiologic protein

substrates of MMPs.

Although in vitro biochemical assays are useful for showing what

a proteinase can cleave, they seldom are reliable for predicating the

physiologic substrates that they do cleave in vivo. Still, these

techniques have merit, such as for verifying possible substrates

[Overall and Blobel, 2007], but they do not duplicate the

complexities of the biological processes that restrict and regulate

the presentation of an MMP to its substrate [Ra and Parks, 2007].

Therefore, in trying to uncover the true in vivo role of MMPs,

physiological models, such as whole animals, tissue explants,

organotypic cultures, etc., that mirror biological settings are needed

for identifying MMP functions and substrates [Overall and Blobel,

2007; Sabeh et al., 2009b].

Identifying the physiological substrates of MMPs (or other

proteinases) is challenging but doable. Hypothesis-driven experi-

mentation has been by and far the most common approach to

finding candidate MMP substrates (largely because these were the

only strategies available). Close examination of phenotypes in

knock-out mice may point to candidates. Indeed, excess collagen

deposition in Mmp14�/� mice led to the demonstration that this

MMP is a physiologic collagenase [Holmbeck et al., 1999], and FasL

was identified as a substrate of MMP7 when reduced apoptosis was

seen in the prostate glands of castrated Mmp7�/� mice [Powell et al.,

1999]. Substrates can also be identified by less biased approaches.

Proteinases bind substrates by exosite regions away from the

catalytic domain, and these interactions can be exploited to design

affinity approaches, such as yeast two-hybrid assay, to find binding

partners [McQuibban et al., 2000]. Lately, however, proteomics has

emerged as the ‘‘way’’ to find substrates [Guo et al., 2002; Tam et al.,

2004; Overall and Blobel, 2007; Doucet et al., 2008; Vaisar et al.,

2009]. A basic strategy is to compare the differential proteomes of

shed or membrane proteins between wild-type and knock-out cells

or tissues. Identifying a manageable list of potential substrates

enables one to design further confirmatory experiments to verify

MMP/substrate interactions in a biological process (e.g., cell

migration).

Mapping out exact mechanisms (i.e., substrates) is crucial if any

therapeutic potential can be gained where MMPs mediate or are
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thought to mediate pathology. Because MMPs also serve homeo-

static functions, such as wound repair, delineating their role in

normal processes is a necessary complement to understanding their

function in disease pathogenesis. In addition, recognizing the

beneficial role of MMPs provides a point of comparison when

studying disease. Therapies must focused on inhibiting the ‘‘bad’’

MMPs that contribute to disease while sparing the activity of the

‘‘good’’ MMPs. As evidenced in clinical trials of broad-spectrum

MMP inhibitors in the treatment of advanced carcinomas, non-

specific inhibition of many MMPs leads quite disastrous results,

likely because the ‘‘good’’ MMPs are blocked along with the ‘‘bad’’

[Coussens et al., 2002]. Thus, future MMP research needs to focus on

substrate identification to truly understand biology of specific

MMPs in health and disease.
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