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The extracellular matrix (ECM) serves diverse functions and is a major component of the
cellular microenvironment. constantly undergoin

a_remodeling process where [EGM) components are or_otherwise

modified. ECM dynamics are indispensible during restructuring of tissue architecture.

including processes such as the establishment and maintenance of/stem cell niches, branch-
ing morphogenesis, angiogenesis, bone remodeling, and wound repair. In contrast, SRR
(RINECVINEVRERIIES cad to deregulated cell proliferation and invasion, failure of cell
death, and loss of cell differentiation, resulting in congenital defects and pathological
processes including tissue fibrosis and cancer. (Undeérstanding thermechanisms of FECM)
(femodelingrandiitsiregulation) therefore, is essential for developing new therapeutic inter-

ventions for diseases and novel strategies for tissue engineering and regenerative medicine.

o il

surrounding cells that reciprocally influ-
ences cellular function to modulate diverse fun-
damental aspects of cell biology (Hynes 2009).
The diversity and sophistication of (ECM)
components and their respective cell surface
receptors are among the most salient features
during metazoan evolution (Har-el and Tanzer
1993; Hutter et al. 2000; Whittaker et al. 2006;
Engler et al. 2009; Huxley-Jones et al. 2009;
Ozbek et al. 2010). The (ECM) is extremely

versatile and performs many functions in addi-
tion to its structural role. As a major component
of the microenvironment of a cell, the ECM)
takes part in most basic cell behaviors, from
cell proliferation, adhesion and migration, to
cell differentiation and cell death (Hynes
2009). This pleiotropic aspect of BEM)function
depends on the highly dynamic structure of
(ECM and its remodeling as an effective me-
chanism whereby diverse cellular behaviors
can be regulated. This concept is particularly
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important when considering processes and cell
behaviors that need to be deployed promptly
and transiently and wherein cell-cell and
cell-matrix interactions are constantly chang-
ing (Daley et al. 2008).

ECM) dynamics are a feature of tissues
wherein radical remodeling occurs, such as dur-
ing metamorphosis of insects and amphibians
or remodeling of the adult bone and mammary
gland, and in developmental processes, includ-
ing neural crest migration, angiogenesis, tooth
and skeletal development, branching morpho-
genesis, maturation of synapses, and the nerv-
ous system (Berardi et al. 2004; Fukumoto and
Yamada 2005; Page-McCaw et al. 2007; Zim-
mermann and Dours-Zimmermann 2008).

(ECM) dynamics can result from changes
of ECM) composition, for example, because
of altered synthesis or (@€gfadation) of one or
more (EGM) components, or in architecture
because of altered organization. Mounting
evidence has shown how individual ECM)
components are laid down, cross-linked, and
organized together via covalent and noncova-
lent modifications and how they can greatly
influence the fundamental aspects of cell behav-
ior (Lopez etal. 2008; Engler et al. 2009; Egeblad
et al. 2010b). This higher level of EEM) organi-
zation is also dynamic and subject to sustained
remodeling as mediated by reciprocal interac-
tions between the@CMand its resident cellular
components (Daley et al. 2008). Understand-
ably, ECM) dynamics are tightly regulated to
ensure normal development, physiology, and
robustness of organ systems. This is achieved
by redundant mechanisms to modulate the
expression and function of ECM) modifying
enzymes at multiple levels. When such control
mechanisms are corrupted, (ECM) dynamics
become (@CTEGUIAEEE leading to various human
congenital defects and diseases, including
cancer.

Here, we examine the players involved in
(ECMremodeling and how they are tightly regu-
lated to achieve a delicate balance between
stability and remodeling of the ECM We focus
on the cellular and molecular mechanisms
through which €M) dynamics influence cellu-
lar behaviors. We illustrate how a wide variety

of cell behaviors can be deployed by exploiting
the important roles of ECM) dynamics to build
vertebrate organs and maintain their func-
tions, and how (@€Tegulaon of ECM) dynamics
contributes to the initiation and progression
of human cancer.

PLAYERS IN [ECHIDEGRADATION AND

REMODELING

The BCM) is composed of a large collection of
biochemically and structurally diverse com-
ponents. Biochemically, these components can
be divided into proteins, proteoglycans, and
glycoproteins, each of which has diverse sub-
categories of components and varying physical
and biochemical properties. Some of the ECM)
proteins, including fibrillar collagens and
elastin, form fibrils from protein monomers
and contribute the major tensile strength and
viscoelasticity of the tissue. Other proteins,
such as fibronectin, laminin, and nidogen,
also participate in building the matrix network
as connectors or linking proteins (Vakonakis
and Campbell 2007; Daley et al. 2008).

Protein Components of the @) Are

(BEBrEERd) by Proteinases

An effective strategy to remodel the ECM)is by
removal of one or more of its components.
This is necessary during profound tissue
remodeling processes such as insect and am-
phibian metamorphosis or mammary gland
involution (Sternlicht and Werb 2001). In these
cases, massive tissues are replaced by new ones.
In most other cases, however, tissue remodeling
is much less discernible with spatially restricted
cleavage, deposition, or rearrangement of its
components (Egeblad and Werb 2002).

All the protein components outside or
inside a cell are subject to (AEgfadation) and
modification. The most significant enzymes
in EGM remodeling are metalloproteinases
(Cawston and Young 2010). Two main fam-
ilies of metalloproteinases, including matrix
metalloproteinase (MMP) and a disintegrin
and metalloproteinase with thrombospondin
motifs (ADAMTS) families, are specialized in

2 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005058
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(@egradifg) the (ECMD) Serine proteinases, which

include plasmin and cathepsin G, are active at
neutral pH and also (@€gFad® ECM protein
components extracellularly. In contrast, cys-
teine, aspartate, and threonine proteinases are
predominantly active at acidic pH and mainly
digest intracellular proteins (Cawston and
Young 2010). However, the cysteine proteases
cathepsins B and L can be secreted outside the
cell and digest the ECM) as well (Green and
Lund 2005).

There are about 23 members in the MMP
family in vertebrates, all sharing a self-inhibi-
tory prodomain at the amino terminus, a
catalytic domain, a flexible hinge motif, and a
hemopexin domain at the carboxyl terminus
(Page-McCaw et al. 2007). Most of the MMPs
have the basic three-domain structures, whereas
others have certain variations: MMP-2 and
MMP-9, for instance, have fibronectin type II
repeats inserted in the catalytic domain to
mediate collagen binding (Table 1). Although
most MMPs are secreted molecules, the
membrane-type MMPs (MT-MMPs; MMP-
14, -15, -23, and -24) have a transmembrane
domain and a short cytoplasmic tail, whereas
MMP-17 and MMP-25 have glycosylphosphati-
dylinositol (GPI) linkages (Page-McCaw et al.
2007).

MMPs target a wide range of ECM) and
other extracellular proteins. MMP-3 and -10,
for instance, target proteoglycans, fibronectin,
and laminin. Whereas MMP-1 prefers collagen
III, MMP-8 and -13 selectively target collagen
I and II, respectively. In addition, both
MMP-2 and -9 (@&gfade denatured collagen
(gelatin) (Cawston and Young 2010). MMPs
are extremely pleiotropic and can perform
many functions other than digesting the ECMY
Various MMPs can cleave precursor proteins
such as pro-MMP precursors and interleukin-8
and activate them or release cleavage fragments
with new bioactivities, such as tumstatin from
type IVa3 collagen. Additionally, many MMPs
show essential functions unrelated to their pro-
teinase activities (reviewed in Page-McCaw et al.
2007; Kessenbrock et al. 2010).

Like MMPs, ADAMTS proteinases are a
multigene family, consisting of 19 members of

(ECM(DERIAEAEIGH) and Remodeling

closely related metalloproteinases (Table 1). As
their names indicate, ADAMs and ADAMTSs
share several structural domains, including the
prodomain, disintegrin domain, which binds
to integrins and prevents cell-cell interac-
tions, and the metalloproteinase domain. Unlike
ADAMs, however, ADAMTSs do not have a
cysteine-rich domain, an epidermal growth-
factor-like domain, or a cytoplasmic tail. Instead,
ADAMTSs have a thrombospondin type-1
(TSP-1) repeat, a Cys domain, and one or
more additional TSP-1 repeats (Apte 2009). As
membrane proteins expressed at the cell surface,
ADAMs are often involved with cytokine proc-
essing and growth factor receptor shedding
(Murphy 2008). ADAM-17, for example, can
release TNF-o from the cell surface. In contrast,
ADAMTSs are mainly responsible for (€gradas
({81 of ECM) components, particularly proteo-
glycans. Indeed, ADAMTS-1, -4, -5, -8, -9,
-15, -16, and -18 are regarded as proteoglyca-
nases because they can (@€gFade) aggrecan, ver-
sican, brevican, and other proteoglycans. In
contrast, ADAMTS-2 participates in the re-
moval of amino prodomain from procollagen
Iin the dermis (Apte 2009).

The serine protease plasmin (AEgTAdES
matrix proteins such as fibrin, fibronectin, and
laminin, and thus contributes to M) remod-
eling (Smith and Marshall 2010). Likewise,
neutrophil elastase and cathepsin G are serine
proteases that(@€grad§ECM)components (Caw-
ston and Young 2010). These proteases can tar-
get essentially all the (EGM) components and
ensure the effective removal of unwanted matrix
during a dynamic developmental process and
drastic tissue remodeling. Importantly, like
MMPs and ADAMTSs, they have many func-
tions, including processing and activating pro-
teinase precursors, besides (@€grading the ECM)
(Cawston and Young 2010; Smith and Marshall
2010).

(ECM proteoglycans and glycoproteins are
also targeted by MMPs and ADAMTSs. Addi-
tionally, the various GAG polysaccharide chains
can be modified or removed by enzymes that
specifically target them, presumably changing
(ECM) function. For example, the extracellular
sulfatases SULF1 and SULF2 are extracellular

Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005058 3
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Table 1. Properties of the MMP and ADAMTS family members

Members Alias Activators

(ECM targets

Other targets

MMPs (23 members)

Basic domains (prodomain + catalytic domain + hemopexin-containing ancillary domain)
Collagens I, I, 1IL, VII, and IGFBP-2, -3, -5; pro-IL-1b;

MMP-1 MMP-3, -10,
plasmin,
kallikrein,
chymase

Plasmin,
kallikrein,
chymase,

tryptase

Collagenase-1

MMP-3 Stromelysin-1

MMP-8 Collagenase-2 MMP-3, -10,
plasmin

Plasmin,
kallikrein,
chymase,
tryptase

Furin, plasmin

MMP-10 Stromelysin-2

MMP-11 Stromelysin-3

MMP-12 Metalloelastase n.d.

MMP-13 MMP-2,
MMP-14,
plasmin,
kallikrein,
chymase,
tryptase

n.d.

n.d.

Collagenase-3

MMP-21
MMP-27

XMMP

Minimal domains (prodomain + catalytic domain)

MMP-7 Matrilysin-1 MMP-3, -10,
plasmin
MMP-26 Matrilysin-2 n.d.

MMPs with fibronectin-domain inserts

MMP-2 Gelatinase A MMP-1, -7, -13,
-14, -15, -16,
-24,
-25, plasmin

MMP-2, -3, -10,
-13, plasmin

MMP-9 Gelatinase B

X; gelatins; aggrecan;
entactin; tenascin;
perlecan

Aggrecan; decorin;
gelatins; fibronectin;
laminin; collagens III,
1V, IX, and X; tenascin;
perlecan

Collagens I, II, and III;
gelatins; aggrecan;

Aggrecan; fibronectin;
laminin; collagens III,
IV,and V

Fibronectin; laminin;
aggrecan; gelatins

Elastin; aggrecan;
fibronectin;
osteonectin; laminin;
nidogen

Collagens L, 11, IIL, IV, IX,
X, and XIV; aggrecan;
fibronectin; tenascin;
SPARC/osteonectin;
laminin; perlecan

n.d.
n.d.

Aggrecan; gelatins;
fibronectin; laminin;
elastin; entactin;
collagen IV; tenascin;
decorin

Gelatin; collagen IV;
fibronectin; fibrinogen;
vitronectin

Gelatins; collagens IV, V,
VII, X, and XI;
fibronectin; laminin;
elastin; aggrecan

Gelatins; collagens III, TV,
and V; aggrecan; elastin;
entactin; vitronectin;
N-telopeptide of
collagen I

CTGF; MMP-2, -9

IGFBP-3; pro-IL-1b;
HB-EGF; pro-TGE-B;
CTGF; E-cadherin;
plasminogen; uPA;
pro-MMP-1, -7, -8,-9,-13

Pro-MMP-1, -8, -10

IGFBP-1

Plasminogen

CTGF; pro-TGF-3; MCP-3

n.d.
n.d.

4 integrin; E-cadherin;
pro-TNFa; CTGF;
HB-EGF; RANKL;
IGFBP-3; plasminogen,
MMP-1, -2, -9

Pro-MMP-9

Pro-TGF-f3; FGF receptor I;
MCP-3; IGFBP-5;
pro-IL-1b; galectin-3;
plasminogen

Pro-TGF-f3; IL-2 receptor a;
Kit-L; IGFBP-3;
pro-IL-1b; ICAM-1;
galectin-3; plasminogen

Continued
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(ECM(DERIAEAEIGH) and Remodeling

Members

Alias Activators

(ECMtargets

Other targets

Membrane-bound MMP anchored by GPI or a transmembrane domain (TM)

MMP-14

MMP-15

MMP-16

MMP-17
MMP-24
MMP-25

MTI1-MMP (TM) Furin

MT2-MMP (TM) Furin

MT3-MMP (TM) Furin

MT4-MMP (GPI) Furin
MT5-MMP (TM) Furin
MT6-MMP (GPI) Furin

ADAMTSs (19 members)

Hyalectanases

ADAMTS-1

ADAMTS-4

ADAMTS-5

ADAMTS-8
ADAMTS-9
ADAMTS-15
ADAMTS-20

METH], n.d.
KIAA1346
KIAA0688, n.d.
aggrecanase-1,
ADMP-1
ADAMTS-11, n.d.
aggrecanase-2,
ADMP-2
METH2 n.d.
KIAA1312 n.d.
n.a. n.d.
n.a. n.d.

Procollagen N-peptidases

ADAMTS-2

ADAMTS-3

ADAMTS-14

Others
ADAMTS-13

ADAMTS-7

ADAMTS-12

ADAMTS-6

ADAMTS-10
ADAMTS-16

Procollagen N-  n.d.
proteinase

KIAA0366 n.d.

n.a. n.d.

vWFCP, C9orf8  n.d.

n.d.

n.a. n.d.

PRO4389, n.d.
AI605170

n.a. n.d.

n.a. n.d.

n.a. n.d.

Collagens I, II, and III;
gelatins; aggrecan;
fibronectin; laminin;
fibrin;

Fibronectin; laminin;
tenascin; nidogen;
aggrecan; perlecan

Collagen IIT; fibronectin;
gelatin

Gelatin; fibrinogen

Fibrin, gelatin

Gelatin; collagen IV; fibrin;
fibronectin; laminin

Aggrecan, versican

Aggrecan, brevican,
versican, fibronectin,
decorin

Aggrecan, versican,
brevican

Aggrecan
Aggrecan
Aggrecan
Aggrecan

Processing of procollagens
I, 11, and III
N-propeptides

Processing of procollagen
IT N- propeptides

Processing of procollagen I
N-propeptides

von Willebrand factor

Cartilage oligomeric
protein
n.d.

n.d.
n.d.
Aggrecan

Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005058

pro-MMP-2; pro-MMP-13;
CD44; MCP-3; tissue
transglutaminase

Pro-MMP-2; tissue
transglutaminase

Pro-MMP-2; tissue
transglutaminase

n.d.

Pro-MMP-2

Pro-MMP-2

n.d.

n.d.

n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.

n.d.

n.d.
n.d.
n.d.
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Table 1. Continued

Members Alias Activators (ECM targets Other targets
ADAMTS-17 FLJ32769, n.d. n.d.
LOC123271
ADAMTS-18 ADAMTS-21 n.d. Aggrecan n.d.
ADAMTS-19 n.a. n.d. n.d. n.d.

MMP, matrix metalloproteinase; (B€ME) extracellular matrix; IGFBP, insulin-like growth factor binding protein; n.d., not
determined; CTGE connective tissue growth factor; TGF-@, transforming growth factor-B; uPA, urokinase plasminogen
activator; HB-EGE heparin-binding epidermal growth factor; SPARC, secreted protein acidic and rich in cysteine; TGE
transforming growth factor; XMMP, extensible messaging and presence protocol; pro-TNFa, tumor necrosis factor;
RANKIL, receptor activator of NF-kB ligand; FGE fibroblast growth factor; ICAM, intercellular adhesion molecule; TM,
transmembrane; GPI, glycosylphosphatidylinositol; n.a., not applicable.

Data in table was primarily adapted from references Ghajar et al. (2008), Page-McCaw et al. (2007), Raffetto and Khalil
(2008), and Shiomi et al. (2010). Much of the knowledge regarding MMP and ADAMTS proteolytic activities is based in

vitro assays and is yet to be confirmed in vivo.

enzymes that remove 6-O-sulfates from hep-
aran sulfate proteoglycans altering Wnt, vascular
endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), fibroblast
growth factor (FGF), and other signaling events
(Rosen and Lemjabbar-Alaoui 2010). Hyaluro-
nidases are abundant in the limb bud meso-
derm and are responsible for the dynamic
expression of their substrate, hyaluronic acid,
during early vertebrate limb development (Bas-
tow et al. 2008). Likewise, heparanases are
highly expressed in several developmental proc-
esses to regulate the levels of heparan sulfate and
its associated signaling pathways (Ruiz-Espejo
et al. 2003; Tlan et al. 2006).

-Modifying Enzymes Are Essential for
Regulation of (@@ Topography

Another effective strategy to remodel the ECM)
is to modulate the levels and organization of
(ECM)components assembled within the protein
network. Interstitial collagens, for example, are
subject to a myriad of posttranslational modifi-
cations, including covalent and noncovalent
cross-linking. Both lysyl oxidase (LOX) and
lysyl hydroxylases determine the extent of inter-
molecular cross-linking between collagens and
elastin. Up-regulation of collagen cross-linking,
for example, because of excess LOX activities,
increases tissue tensile strength and matrix stift-
ness and can profoundly change various cellular

behaviors (Levental et al. 2009; Frantz et al.
2010).

and Remodeling Enzymes
Are Regulated at Multiple Levels

As evident from amphibian metamorphosis,
(ECM @egfadifig) and remodeling enzymes are
potent and, left unchecked, can have devastat-
ing destructive consequences on tissues and
cause demise of the whole organism (Page-
McCaw et al. 2007; Aitken and Bagli 2009). It
thus comes as no surprise that enzyme activities
are controlled at multiple levels from trans-
criptional to posttranslational regulation. At
the transcriptional level, expression of ECM)re-
modeling enzymes is tightly controlled so that
they are produced in specific cells at specific
times (Fig. 1A). Drosophila MMP-2, for exam-
ple, is specifically expressed in early fly embryos
to facilitate tracheal branching morphogenesis
(Wang et al. 2009b). Likewise, MMP-2 and -3
activities are required for collective epithelial
migration of the mammary gland in postpuber-
tal female mice (Wiseman et al. 2003).

(ECM) remodeling enzymes are also modu-
lated via posttranscriptional regulation. One
way this is accomplished is by distributing
proteinases to specific sub/extracellular loca-
tions. MMPs and other proteinases, for in-
stance, have been shown to localize specifically
in the invadopodia, a special cellular extension

6 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005058
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Figure 1. Regulation of E@M)remodeling enzymes and biological consequences of E@GM)dynamics. (A) Some of
the mechanisms whereby activities o E@GMremodeling enzymes are regulated. The spatiotemporal expression of
(ECMremodeling enzymes is regulated by transcription factors (1). Once expressed, enzymes may be delivered to
specific subcellular locations, including the migration front of a cell. Depending on whether they carry a trans-
membrane domain, enzymes may anchor in the plasma membrane or be secreted (2). When initially produced,
mostECMremodeling enzymes exist as precursors that are inactive until processed and the autoinhibitory pro-
domain is removed by other proteases (3). Active enzymes can be quickly neutralized by endogenous specific or
paninhibitors (4), which then are subject to permanent removal via (@€gFadation) in the lysosomes (5). (B) The
versatile functions of the €M) depend on its diverse physical, biochemical, and biomechanical properties.
Anchorage to the basement membrane is essential for various biological processes, including asymmetric cell
division in stem cell biology and maintenance of tissue polarity (1). Depending on contexts, theE€M)may serve
as a barrier (2) or facilitator to cell migration (3). In addition, by binding to growth factor signaling molecules
and preventing their otherwise free diffusion, the@@Macts as a sink for these signals and helps shape a concen-
tration gradient (4). Certain@M)components, including heparan sulfate and E@Mreceptors such as CD44, can
selectively bind to different growth factors and function as signal “coreceptors” (5) or “presenters” (6) and help
determine the direction of cell—cell communication. Finally, €M) biomechanical properties, including stift-
ness, have profound influences on various cell behaviors, including cell differentiation (7).
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thought to participate in cell migration (van
Hinsbergh and Koolwijk 2008). Likewise, cath-
epsin K, which is expressed by osteoclasts, accu-
mulates on the basal and acidic side of the cells.
Such localization allows cathepsin K to func-
tion in an optimal local microenvironment
and ensures efficient (@€gFadation) and resorp-
tion of the bone matrix (Zelzer and Olsen
2003).

Many proteinases have evolved effective
strategies to keep their destructive powers under
control. MMPs and plasmin, for example, exist
as precursors that are enzymatically inactive
until they are processed into mature proteinases.
For MMPs, this is accomplished by including
a prodomain at the amino terminus, which
when present masks the catalytic Zn-binding
motif (Page-McCaw et al. 2007). The prodomain
can be removed by other proteinases, which
often are other MMPs (Fig. 1A). For instance,
MMP-3 and -10 can cleave precursors of
MMP-1, -8, and -13 to activate them. Likewise,
the membrane-type MMP family (MMP-14,
-16, -24, and -25) can activate pro-MMP-2,
and MMP-14 can activate pro-MMP-13 (Page-
McCaw et al. 2007; Kessenbrock et al. 2010).

The precursor form of plasmin is plasmino-
gen, which can be processed and activated by
plasma kallikrein, urokinase plasminogen acti-
vator (uPA), and tissue PA (tPA) (Green and
Lund 2005). uPA is generally thought to be
the PA involved in tissue remodeling events
and functions together with a cofactor uPA
receptor (uPAR). In contrast, tPA is primarily
expressed by endothelial cells and concerned
with blood clotting in the circulatory system
(Smith and Marshall 2010). Interestingly, active
plasmin can in turn cleave and activate uPA pre-
cursor, and thus further facilitate its own activa-
tion. By forming such a positive-feedback loop,
plasmin activities can be amplified very quickly
and have an immediate impact on tissue remod-
eling (Van den Steen et al. 2001; Smith and
Marshall 2010).

Once activated, proteinases can be inacti-
vated by permanent removal through protein
(@egradationd Alternatively, for example, when
a temporary or prompt response is desired,
their activities can be blocked by endogenous

inhibitors. Some of these inhibitors, including
a2-macroglobulin, a1-proteinase inhibitor, and
al-chymotrypsin, which are produced in the
liver and released into the plasma, are general,
and can inhibit a large variety of proteinases
(Nagase and Woessner 1999). Tissue inhibi-
tors of metalloproteinases (TIMPs) are potent
MMP inhibitors (Fig. 1A). The four members
of the vertebrate TIMP family all show two
structurally and functionally distinct domains:
an amino-terminal domain of about 125 amino
acid residues, where much of the MMP in-
hibitor activity resides, and a carboxy-terminal
domain of around 65 residues, which promotes
binding between TIMPs and MMPs (Olson
et al. 1997; Brew and Nagase 2010). TIMPs
bind to MMPs at a 1:1 ratio and the resultant
complexes can be recognized by a scavenger
receptor and engulfed by macrophages. Al-
though most TIMPs can inhibit various MMPs,
some show preference for certain targets.
TIMP-1 is less effective than other TIMPs in
inhibiting the membrane-type MMPs, MMP-
14, -16, -19, and -24 (Brew and Nagase 2010).
In addition to blocking MMP activities, TIMPs
can also inhibit the proteinases of the ADAM
and ADAMTS families (Murphy 2008). Simi-
larly, the plasminogen activation system can
also be negatively regulated. Thus, whereas
plasminogen activator inhibitor (PAI)-1 and -2
inhibit uPA, «2-antiplasmin blocks plasmin
activities (Fig. 1A) (Green and Lund 2005).

(EERD PROPERTIES DETERMINE EFFECTS ON
CELL BEHAVIORS

The ECM) is highly dynamic during organ
development and tissue homeostasis. The @59
@6rmal changes in the EM)under various dis-
ease conditions, including tissue fibrosis and
cancer, however, are by no means coincidental;
rather, they reflect the important roles that the
(ECM) plays in controlling cell behaviors, (ASTegD
@I&EGH of which can promote, or sometimes
initiate disease progression (Egeblad et al.
2010a). Clearly, the essential roles of the (ECM)
are based on its unique physical, biochemical,
and biomechanical properties as a network of
dynamic, biologically diverse macromolecules.

8 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005058
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Physical Properties Support the Structural

Role of the (EGK)

The physical properties of the BEM) often refer
to its rigidity, porosity, insolubility, topography,
and other characteristics that are essential for its
scaffolding role in supporting tissue structure
and integrity, and for its role in migration and
anchorage of the cell (Fig. 1B) (Daley et al.
2008). ECM) plays dynamic and opposing roles
in regulating cell migration. On the one hand,
basement membrane, as a densely knit fibrillar
protein network, is an obvious barrier to
migrating cells (Egeblad et al. 2010b; Rozario
and DeSimone 2010), such as cranial neural
crest (Kang and Svoboda 2005), sea urchin
primary mesenchyme cells (Shook and Keller
2003), or cancer cell dissemination (see
Fig. 5C) (Thiery et al. 2009). In many cases
basement membrane breakdown is neither
complete nor permanent. Migration of single
cells, including endothelial and immune cells,
depends on expression of MMPs at the leading
edge and focal ([@€gFAAAEGH of the ECM) such
that local paths are generated into which cells
can freely migrate (van Hinsbergh and Koolwijk
2008; Friedl and Gilmour 2009). Similarly,
MMPs are expressed at branching tips of the
epithelial network, mediating dynamic (ECM)
remodeling and facilitating collective epithelial
migration during branching morphogenesis of
the mammary gland (Fig. 2) (Wiseman et al.
2003; Friedl and Gilmour 2009).

On the other hand, BECM) cleavage and
remodeling can promote cell movement
through the formation of oriented or “super-
highways,” on which cells can migrate (Condee-
lis and Segall 2003; Wyckoft et al. 2007). In
addition, the orientation of (EGM)components,
such as collagen fibers, can profoundly influ-
ence the directed migration of cells, possibly
by potentiating growth factor receptor signaling
or by mechanically reinforcing cell migration
(Hynes 2009; Egeblad et al. 2010b). This sug-
gests (ECM=dependent cell movement is non-
random and that cells have machinery in place
to senseBEM)organization and tension during
migration. Remarkably, polystyrene latex beads
can also move along collagen fibers in vitro

(ECM(DERIAEAEIGH) and Remodeling

(Newman et al. 1985) and, when placed in
vivo, follow the normal route of neural crest
cell migration to a certain extent (Bronner-
Fraser 1982). These data suggest that, in addi-
tion to forming migration tracks, the ECM)
may also provide force, presumably released
from collagen assembly or cell {EGM interac-
tions, to propel cell movement.

Finally, through ECM) receptors such as
integrins, discoidin domain receptors (DDRs),
syndecans, and CD44, cells can be immobilized
and anchored to the matrix and reciprocally
help organize the CMY Such an anchorage is
essential for epithelial cells, including adult
stem cells, to maintain tissue polarity, organiza-
tion, and function (Li and Xie 2005). When
(ECM) anchorage is obliterated, for example,
because of loss of integrin function, stem cells
fail to maintain a delicate balance between
self-renewal and differentiation, and as a conse-
quence, organ homeostasis is disrupted in both
invertebrate and vertebrate systems (Tanentzapf
et al. 2007; Taddei et al. 2008).

Biochemical Properties Confer the Dynamic
and Versatile Signaling Properties of the (EGEl

As a highly charged protein network rich in
polysaccharide modifications, the ECM) can
bind to a myriad of growth factors and, in
so doing, limit the diffusive range and accessi-
bility of ligands to their cognate receptors.
Binding to ligands allows the €M) to function
as a ligand “reservoir” or “sink” and help
create a concentration gradient, an important
process especially for potent growth factors, or
“morphogens,” that can determine cell fate
based on their dosage. Indeed, the (ECM is
essential for shaping the concentration gradient
for many growth factors, including bone
morphogenetic proteins (BMPs), FGFs, HHs
(Hedgehogs), and Wnts (Fig. 1B) (Hynes
2009; Rozario and DeSimone 2010). Moreover,
the €M) can participate in ligand maturation.
TGF-B, when first secreted, is in an inactive
form and stored in the ECMY It remains as a
latent signal until activation via MMP-depend-
ent proteolysis or by mechanical tension (ten
Dijke and Arthur 2007). In addition, (ECM)

Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005058 9
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Epithelial cell Fibroblast
Adipocyte Eosinophil
Macrophage MMP
€ ~
Membranous ECM
MMP Fragments

Figure 2.[BE@M)dynamics determine epithelial branch patterning in vertebrate organs. The@€Mis dynamic and
plays essential roles in various steps during vertebrate epithelial branching morphogenesis. Deposition of newly
synthesized BEM) ( green solid line) including fibronectin and laminin is required for splitting the epithelial bud
and primary branching (1). In contrast, partial [A€gfadation) of theECM) (gray dotted line) by MMP is necessary
for epithelial cells to sprout from the side of the duct and undergo side branching (2). MMP activities are also
required at the invasion front to maintain a constant@CMremodeling process that is essential for collective epi-
thelial migration (3). MMP activities also generate functional €M) fragments to promote cell proliferation in
the tip epithelial cells and thus are essential for supplying the necessary building blocks to sustain the rapid prog-
ress of epithelial branching. Interestingly, newly synthesized BEM is also deposited around the “neck” of the
branching tip (4).ECM) deposition at this place may be important for the ductal remodeling process that has
been observed in kidney epithelial branching. (Figure was revised from the original version created by Mark
Sternlicht [Sternlicht et al. 2006] and reprinted, with permission, from Elsevier © 2006.)

components can enhance the binding affinity
between receptors and their growth factor
ligands. Heparan sulfate proteoglycan, for
example, binds to various growth factors and
facilitates interactions between ligands and

their receptors (Lonai 2003). Likewise, betagly-
can (TGF-B type III receptor), an integral
membrane proteoglycan, binds to TGF-$ and
presents it to the core type II receptor (Shi
and Massagué 2003).

10 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005058
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Importantly, the BEM) can selectively bind
to growth factors and, as a consequence, help
determine the binding specificity between
ligands and receptors and the signaling direc-
tion of epithelial-mesenchymal crosstalk dur-
ing development. For example, during vertebrate
limb development, heparan sulfate selectively
binds FGF10 derived from the mesenchyme
but not FGF8 derived from the ectoderm
to facilitate FGF signaling targeting the ecto-
dermal cells (Norton et al. 2005). Conversely,
CD44, a hyaluronan receptor, selectively binds
ectodermal FGF10 to facilitate FGF signaling
targeting the mesenchymal cells (Sherman
et al. 1998).

The BCM) can also participate in signal
transduction by directly initiating signaling
events, particularly by functioning as precur-
sor of biologically active signaling fragments
(Rhodes and Simons 2007). The NCI fragment,
for example, is a proteolytic product of the car-
boxyl terminus of collagen IV required for pro-
moting cell proliferation in epithelial branching
morphogenesis of the submandibular gland
(Rebustini etal. 2009). Moreover, the proteogly-
can versican is targeted by ADAMTS to generate
functional fragments that induce cell death and
promote regression of interdigital webbing dur-
ing mouse limb development (McCulloch et al.
2009). Indeed, a large group of functional
fragments, including endostatin, tumstatin,
canstatin, arresten and hexastatin, are derived
from precursor collagens type IV and XVIII
and have potent stimulatory or inhibitory
effects on angiogenesis (Mott and Werb 2004).
The CM) may directly set off a signaling event
by using its endogenous growth-factor-like
domains that are present in laminin, tenascin
and thrombospondin. It remains a tantalizing
possibility, therefore, that these domains could
be released by MMP-mediated proteolysis to
unleash their signaling potentials much the
same way as the above functional fragments
(Fig. 1B). The(&Mreceptors, such as integrins
and DDRs, are in essence signal transduction
receptors. Binding of the BEM) motifs activates
the receptors and initiates a cascade of signaling
events including Rho and Rock signaling, and
directly or indirectly MAPK activities (Hynes

(ECM(DERIAEAEIGH) and Remodeling

2009). Finally, the€Mcan directly participate
dynamically in signal transduction by utilizing
its biomechanical properties.

Cells Probe the Biomechanical Properties
of the (§@8via Force

A key area that has recently witnessed major
advances is the understanding of how the bio-
mechanical properties of the (ECM) influence
cell behaviors during normal development
and disease (Frantz et al. 2010). Strictly speak-
ing, the biomechanical properties of the ECM)
belong to a subcategory of its physical pro-
perties that determine how the (ECGM) reacts to
various forms of force, including tensile, com-
pressive, shear, and other types of force loads
applied by cells residing in the matrix (Yu
et al. 2010). Depending on its composition
and topography under different developmental
and physiological conditions, the ECM) varies
greatly in its biomechanical properties, includ-
ing elasticity, which can range from soft,
compliant, to stiff and rigid (Reilly and Engler
2010), and this in turn plays an important
role in determining cell behaviors and tissue
function.

The notion that (ECM elasticity may play
an important role in organ homeostasis and
function was first suggested by clinical studies.
Clinicians have long recognized that diseased
tissues have markedly different elasticity than
healthy ones (Wolfe 1976; Lieber 2006). Fi-
brotic tissues, for example, are often unusually
stiff and rich in BCM) components. Moreover,
the extent of tissue stiffness is often a good prog-
nostic indicator for diseases (Frantz et al. 2010).
Indeed, increased stiffness of the arterial wall
has been shown as a sensitive early marker of
atherosclerosis (Claridge et al. 2009). Remark-
ably, as one of the most dramatic examples,
implantation of metal into normal tissue can
cause tissue fibrosis and, in some cases, tumor
development (Bischoff and Bryson 1964; Hahn
et al. 2002), suggesting that changes in tissue
stiffness play causative roles in pathology.

The role of (E€M elasticity has been con-
firmed in normal development as well. Differ-
ent tissues have varying elasticity, from being
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Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight


m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

P. Lu et al.

soft in adipose tissue or the brain, somewhat
compliant in muscles, to being very stiff and
rigid in bones. In addition, ECM elasticity can
play an important role in cell differentiation
processes (Lopez et al. 2008; Reilly and Engler
2010). Together, differences in ECM) biome-
chanical properties can have great impact on
basic cell behaviors and developmental
processes.

Cells sense(BCMelasticity by exerting forces
against the BCM) and receiving forces from it.
Importantly, not only motile cells, such as
immune cells, apply forces against other cells
and the matrix to propel their movement. Non-
motile cells, for example, those in adult epithe-
lia, also constantly engage in tugging and
pulling of the matrix (Paszek et al. 2005; Lopez
et al. 2008; Gehler et al. 2009). How do cells
respond to forces? It turns out that cells have
developed sophisticated molecular devices to
sense mechanical forces during evolution.
Most cell types have mechanosensors at the
cell surface and inside the cell (Paszek et al.
2005; Berrier and Yamada 2007; Levental et al.
2009; Geiger and Yamada 2011 Schwartz
2011). The nucleus can be regarded as a mecha-
nosensor, whose envelope, filaments, and chro-
matin are directly connected to the (ECM) via
integrin complexes and cytoskeleton. Indeed,
artificially applied forces can change nuclear
architecture, chromatin organization, and sub-
sequently, gene expression much faster than
conventional signaling transduction cascades
triggered by growth factor ligands (Fig. 1B)
(Butcher et al. 2009; Wang et al. 2009a). By
probing the BCM) via forces, therefore, cells
can determine and quickly respond to subtle
or transient changes in the biomechanical prop-

erties of the ECMD

Reciprocal Interactions between Cells and the
EEMAllow Cells to Adapt Promptly to
Environmental Changes

An important characteristic of the ECM)is that
its different properties are not independent;
rather they are intertwined so that changes in
one [ECM) feature often accompany changes
in another category. For instance, when the

(ECM stiffens, as, for example, under patholog-
ical conditions, its biomechanical properties
change and cells respond by exerting markedly
different kinds of force (Yu et al. 2010). In ad-
dition, stiffer matrix also changes ECM) phys-
ical properties and, as a consequence, directly
impacts how migrating cells interact with the
(ECMD Thus, linearized, cross-linked collagen
bundles, which are quite stiff, potentiate cell
migration, whereas a dense network of stiff,
cross-linked matrix fibers impedes migration
unless MMPs are simultaneously activated
(Egeblad et al. 2010D).

Finally, one of the most prominent features
of cell{EEM interactions is that they are recip-
rocal. On the one hand, as the producers and
modifiers of theCMj)cells are constantly creat-
ing, breaking down, or otherwise rearranging
and realigning BCM) components to change
(ECM composition and topography. On the
other hand, because of the fundamentally
important roles that ECM) plays in regulating
diverse cell behaviors, any changes in (ECM)
dynamics owing to cellular activities will in
turn influence adjacent cells and change their
behaviors. By putting into place such a feedback
regulatory mechanism between cells and (ECM)
dynamics, cells and tissues become very adap-
tive to their environment, being able to respond
swiftly to subtle environmental changes and
adjust their behaviors accordingly.

(EER) DYNAMICS IN DEVELOPMENT
AND DISEASE

Consistent with the numerous cell biological
functions in which the ECM participates, ECM)
remodeling is tightly regulated, especially in
developmental processes wherein cell behaviors
and signaling events are transient and dynamic,
for example, during epithelial branching
morphogenesis, skeletal development, stem cell
maintenance, and differentiation (Rozario and
DeSimone 2010). Despite multiple regulatory
mechanisms, EEM) dynamics can go awry
when activities of (ECM) remodeling proteins
are (ACTEGUIATEE) resulting in devastating conse-
quences manifested in various human diseases
(Muschler and Streuli 2010).

12 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005058
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@R Dynamics Determine Epithelial
Branch Patterning during Vertebrate
Organogenesis

Branching morphogenesis is the process where-
by a cell or a group of cells expand their surface
area by forming cellular or tissue extensions
during development. Many vertebrate organs,
including the lung, kidney, and mammary
gland, undergo branching morphogenesis as
an essential part of their ontogeny (Lu et al.
2006; Affolter and Caussinus 2008; Andrew
and Ewald 2009). It is well documented that
mice carrying gain- or loss-of-function alleles
of MMPs or TIMPs show defects in branched
organs, suggesting that ECM) dynamics are
involved in epithelial branching morphogenesis
(Fata et al. 2004; Sternlicht et al. 2006; Page-
McCaw et al. 2007). During branch bifurcation,
for example, fibronectin is specifically expressed
at the future site where epithelium invaginates
to split the epithelial tip. Loss of fibronectin
reduces branch number, suggesting that local-
ized fibronectin deposition participates in epi-
thelial bifurcation (Sakai et al. 2003). Likewise,
collagen (Fukuda et al. 1988) and laminin
(Rebustini et al. 2007) also play a role in epithe-
lial branching (Fig. 2).

Control mechanisms used for side branch-
ing are distinct from those for primary branch-
ing. Specifically, cells in the duct are much less
motile and proliferate less frequently than do
tip cells (Shakya et al. 2005; Ewald et al. 2008;
Lu et al. 2008a). To sprout a branch from the
side, cells have to break down, most likely par-
tially, mature (E€M) that is much thicker and
very different in its physical, biochemical, and
biomechanical properties than the ECM) sur-
rounding the tip (Silberstein and Daniel 1982;
Fata et al. 2004). E€M) breakdown can in part
be attributed to activities of MMP-3, whose
loss blocks side branching, but not primary
branching (Wiseman et al. 2003). Indeed,
mice overexpressing MMP-3 show excessive
side branching and eventual tumor formation
in the mammary gland (Sternlicht et al. 1999).

The decision of where to form a branch is
finalized by a process called ductal elongation
(Watanabe and Costantini 2004; Davies 2005).

(ECM(DERIAEAEIGH) and Remodeling

The tip ECM) is much thinner than mature
basement membrane surrounding the duct,
presumably by preferential (ECM) [@€gradation
at the invasive front of the epithelium (Fig. 2).
Several membrane-type MMPs are expressed
in the branching epithelium of the mammary
gland (Szabova et al. 2005). For example,
MMP-2 is expressed at the epithelial tip, and
mice lacking MMP-2 show defect primary but
not side branching (Wiseman et al. 2003). In
both submandibular and mammary glands,
MMP-15 is expressed at the epithelial tip. Inter-
estingly, MMP-15 is required to digest collagen
IV to generate the derivative NC1, which is
essential to sustain the high proliferation rate
of tip cells (Rebustini et al. 2009). However,
MMP activities do not always promote epithe-
lial branching, as the data mentioned thus far
would indicate. Indeed, excess MMP activities,
for example, because of loss of TIMP3 function,
can inhibit branching morphogenesis in the
mouse lung (Gill et al. 2006). Together, these
data suggest that €M) dynamics play multiple
roles, including promotion of collective epithe-
lial migration and cell proliferation, during epi-
thelial branching morphogenesis.

(EEM) Dynamics Are a Fundamental Aspect
of Skeletal Development and Remodeling

The BCM) of bone is highly dynamic with dif-
ferent components and remodeling enzymes
expressed throughout various stages of bone
development, from skeletal patterning, con-
densation, and differentiation, to adult bone
remodeling. In the mouse, limb development
starts at around embryonic day 9 as small pock-
ets of cells from the lateral plate mesoderm
bulge out and form limb buds at the flanks of
the body wall (Martin 1998). Following this,
skeletal progenitor cells proliferate to promote
limb bud outgrowth until a fully patterned
limb emerges at E13.5.BCM) expression is very
dynamic during early limb development. The
hyaluronic acid receptor CD44 is specifically
expressed in the apical ectodermal ridge
(AER) and extinguished when the AER re-
gresses at E12.5 (Sherman et al. 1998). Similar
changes in expression of hyaluronic acid,
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fibronectin, and collagen have also been docu-
mented (Hall and Miyake 2000).

An essential function of ECM) dynamics is
to facilitate FGF signaling during the cross talk
between the AER and the limb bud mesen-
chyme. Notably, at this stage, both the AER
and mesenchyme can produce FGF ligands to
target cells in the opposing tissue compart-
ments (Ornitz and Marie 2002). Specifically,
whereas FGF10 is secreted by limb bud mesen-
chyme to target cells in the AER (Coumoul
et al. 2005), FGF8 and, to a lesser extent,
FGF4, 9, and 17 are produced by the AER to tar-
get cells in the mesenchyme (Sun et al. 2002).
So how does FGF signaling acquire its direc-
tionality to ensure that FGF ligands function
as paracrine signals on target cells in the oppos-
ing compartment, rather than as autocrine
signals on target cells that produce them? One
mechanism is that B€M) dynamics participate
to ensure the directionality of FGF signaling.
The “low-affinity receptor” heparan sulfate is
expressed in the apical ectodermal fold (AEF),
the equivalent of the mouse AER, during
zebrafish fin development. Loss of heparan sul-
fate in the AEF abrogates only FGF10 signaling,
which targets the AEE but not AEF-FGF8/4
signaling, which targets the mesenchyme
(Norton et al. 2005). These data suggest that
heparan sulfate can selectively bind FGF10 so
that only ectodermal cells are targeted. Con-
versely, CD44 expressed in the AER can selec-
tively bind to AER-FGFs and “present” them
to the underlying limb bud mesenchyme (Sher-
man et al. 1998). Thus, selective binding by
(ECM) components and their receptors, includ-
ing CD44, of growth factor ligands allows a
creative and expanded use of an otherwise
limited number of signaling pathways, possibly
an important strategy for the innovation of
diverse tissues and organs during metazoan
evolution.

At later stages, the proteoglycan versican is
highly expressed in the mouse limb bud at the
E13 stage and is essential for providing func-
tional fragments required for regression of the
AER and interdigital webbing. In the absence
of these functional fragments in mice lacking
ADAMTS, interdigital mesenchyme fails to

regress and, as a consequence, webbing persists
in the mutant mouse limbs (Fig. 3) (McCulloch
etal. 2009). Thus, in addition to promoting cell
proliferation and influencing angiogenesis as
mentioned earlier, EGM) functional fragments
have a wide range of other cellular activities
such as inducing apoptosis.

Once skeletal progenitor cells are patterned,
they undergo a series of stereotypic morpholog-
ical changes and differentiation steps until os-
sification, to give rise to the adult bone. Bone
maturation and ossification can occur via either
endochondral or intramembraneous develop-
ment (Aiken and Khokha 2009). ECM) expres-
sion is very dynamic, accompanying distinct
changes in morphology and differentiation sta-
tus of progenitor cells during this process. In the
early limb bud, for example, the mesenchyme is
rich in hyaluronic acid and collagen I (Lonai
2003). At the onset of skeletal condensation,
hyaluronic acid decreases because of increased
hyaluronidase activities, and fibronectin, synde-
can, tenascin, and thrombospondin deposition
increases (Hall and Miyake 2000; Bastow et al.
2008). Interestingly, a complete absence of hya-
luronic acid is also detrimental, as mice lacking
Has2 (hyaluronic acid synthase 2) show defec-
tive chondrocyte condensation and maturation,
and @BRGEMAD joint formation (Matsumoto
et al. 2009). Likewise, versican plays a role in
chondrocyte differentiation and joint morpho-
genesis (Choocheep et al. 2010).

After condensation, chondrocyte progeni-
tors go through differentiation stages includ-
ing “resting,” proliferation, “hypertrophy,” and
maturation stages, with cells at each stage form-
ing a distinctive zone that is linearly arranged
from both ends toward the center of the bone
(Fig. 3). The resting and proliferating chondro-
cytes make collagen Ila and aggrecan, whereas
hypertrophic chondrocytes produce collagen
type X and calcify the(BEM) (Aiken and Khokha
2009). Importantly, both the production of new
(ECM)and the removal of old BCM)are essential
for proper bone maturation process and in-
crease of bone strength and resilience. Indeed,
disorganized columns of chondrocytes and
overproduction of hypertrophic chondrocytes
are observed in mice lacking MMP-9, -13, or

14 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005058
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Figure 3. BCM)dynamics during digit patterning, regression of interdigital webbing, and bone remodeling. (A)
Vibratome section of a mouse limb bud at the 36-somite stage. The epithelial signaling center, the apical ecto-
dermal ridge (AER), was detected by green immunofluorescence against CD44. Section was counterstained with
anuclear dye TO-PRO-3 (red). Inset shows that, through the activities of heparan sulfate and CD44 on the sur-
face of AER cells, AER-FGF8 and mesenchymal FGF10 selectively target cells in the opposing tissue compart-
ments and achieve unidirectional signaling activities during epithelial-mesenchymal cross talk in limb
development. (B) In the E13.5 mouse limb bud, skeletal progenitors have been patterned and the interdigital
webbing is regressing. Skeletal rudiments, as detected by Sox9 mRNA in situ hybridization, are evident. Inset
shows that versican proteolytic fragments owing to ADAMTS activities are essential for cells in the interdigital
mesenchyme to undergo apoptosis and to ensure timely webbing regression. (C) Skeletal preparations of the
forelimb of a newborn mouse, with cartilage stained blue and bone stained red. Inset shows that maturing chon-
drocytes in various “differentiation zones,” which express distinctive E@M)components. Timely production of
corresponding matrix components and removal of “old” matrix are essential for the chondrocyte maturation
process. (Images of the limb buds and skeleton were adapted from Lu et al. [2008b] and reprinted, with permis-
sion, from The Company of Biologists ©) 2008.)

-14 (Page-McCaw et al. 2007), suggesting that
timely removal of the@CMis essential for tissue
architecture and chondrocyte progenitor differ-
entiation. Conversely, mice lacking collagen
Xal showed compressed proliferative and hy-
pertrophic zones and altered mineral deposi-
tion (Jacenko et al. 2001). In the mature bone,

(ECM is continuously remodeled by activities
of the osteoclasts, which (@€gfad® the bone
matrix, and the osteoblasts, which deposit
it. An imbalance between resorption and
deposition underlies diseases wherein bone
density is altered, including osteopetrosis, and
more commonly, osteopenia and osteoporosis.
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Cathepsin K, in particular, is responsible for
matrix destruction during bone remodeling
(Zelzer and Olsen 2003). Together, ECM)
dynamics ensure that specific €M) compo-
nents are deposited at the right times and places
to play specific roles, and thatCM)is removed
in a timely manner once a particular function
has been accomplished.

EEEDs an Essential Component of Stem
Cell Niches and (@ Dynamics Regulate
Stem Cell Differentiation

Research in stem cell biology has garnered major
momentum in the past decade because of its
potential applications in biomedical sciences,
for instance, in wound healing, regenerative
medicine, and cancer biology (Xie and Li
2007). An important aspect of the stem cell
concept is the proposal that there exists a
“niche,” a special local microenvironment that
is essential for the establishment and /or main-
tenance of stem cell function (Schofield 1978).
Recent studies have indicated that an essential
component of the niche is (B€M) macromole-
cules. Circumstantial evidence for this conclu-
sion was first derived from the widely adopted
protocol wherein many ECM) receptors are
used as markers for the identification and isola-
tion of adult stem cells in various in vitro and in
vivo systems (Raymond et al. 2009), which sug-
gests that contact with theCMis necessary for
cells to acquire or maintain stem cell properties.

Indeed, in the subventricular zone of the
mouse brain, neural stem cells are not randomly
distributed; rather, they localize along the blood
vessels. Such localization reflects an anchorage
of neural stem cells, which express a6@1 integ-
rins, on laminin in the vascular basement mem-
brane ECM (Shen et al. 2008). Consistent with
these results, loss of function of theECMrecep-
tor integrin, by ablation of genes encoding
integrins (Yamashita et al. 2005), or their tran-
scriptional regulator, Myc (Frye et al. 2003),
causes reduction of stem cell number. These
data suggest that €M) binding is essential for
the maintenance and maybe establishment of
stem cell properties in the niche. A potential
mechanism whereby (BGM) anchorage regulates

stem cell biology is to maintain cell polarity,
orient the mitotic spindle, and undergo asym-
metric cell division, a fundamental mechanism
whereby stem cell self-renewal and differentia-
tion are thought to be determined (Fig. 4)
(Yamashita et al. 2005).

(ECM) components can also directly influ-
ence stem cell biology. In the hematopoietic sys-
tem, osteopontin, a niche component secreted
by osteoblasts, negatively regulates the number
of stem cells (Kollet et al. 2006; Lymperi et al.
2010). Nephronectin, a basement membrane
component produced by bulge cells in the hair
follicle, is required for creating a smooth muscle
stem cell niche (Fujiwara et al. 2011). Likewise,
both tenascin C and biglycan are critical stem
cell niche components of the subventricular
zone and tendon systems, respectively (Garcion
et al. 2004; Bi et al. 2007). One way (ECM) may
function in stem cell niches is to modulate
various growth factor signaling pathways that
are essential for stem cell biology. For example,
FGF2 and BMP4 signaling, which play an
important role in neural stem cell biology, are
modulated by the levels of tenascin C in the sub-
ventricular zone (Garcion et al. 2004 ). Likewise,
the accessibility of the ligand Upd, which acti-
vates the JAK/STAT signaling pathway and plays
an essential role in stem cell biology of the fly
testis, is modulated by the ECMas well (Yama-
shita et al. 2005).

The biomechanical properties of the ECM)
may also play an important role in regulating
stem cell biology. Mesenchymal stem cells
(MSCs) grown on polymer gels with similar
elasticity to the brain express neuronal markers
and morphology, whereas those grown on gels
that are semi-compliant like smooth and skele-
tal muscle tissues or rigid like the bone, express
muscle or bone proteins, respectively (Engler
et al. 2006). Likewise, muscle stem cells grown
on soft hydrogels with elasticity mimicking
that of real muscle differentiate into functional
muscle (Gilbert et al. 2010), highlighting the
great promise that tissue engineering may hold
in regenerative medicine. Together, by changing
the ECM) composition and topography, and
thus the niche environment, E€M) dynamics
may be integrated into the regulatory network
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Figure 4. BE€M)dynamics in maintenance of the stem cell niche and cell differentiation. Together with hormones,
oxygen, and Ca”", the@@M)may play multiple roles in maintaining stem cell properties. The@@Manchors stem
cells in the niche, and thus allows them to be exposed to paracrine (1) and cell—cell contact signals (not depicted)
that are essential for maintaining stem cell properties. Anchorage is also important for orienting the mitotic
spindle and makes it possible for stem cells to undergo asymmetric cell division (2), which is essential for
stem cell self-renewal and generation of daughter cells that are destined to undergo cell differentiation. The exact
mechanism whereby@M)anchorage controls asymmetric cell division remains unclear, although one possibil-
ity is to allow cytoplasmic cell-fate determinants to be differentially distributed between the daughter cells. The
(ECM) may also maintain stem cell properties via its many other features including biochemical signaling poten-
tials and, as has become increasingly clear, its biomechanical properties including@@Mstiffness, which may play
a major role in cell-fate determination (3).

that modulates the stem cell differentiation
processes (Lutolf et al. 2009).

part reflects elevated collagen and proteoglycan
levels, is a prognostic indicator of breast cancer
treatment and response in young female
patients (Wolfe 1976; Lieber 2006). Conversely,
softening of the breast after tamoxifen treatment
is a good response and prognostic indicator for
breast cancer treatment (Lasco et al. 2006; Cuzick

@M Dynamics in Cancer Initiation
and Progression

There is growing interest in understanding

the role of @BHGEMANECM) dynamics, especially

in the “cancer stem cell niche” and “metastatic
niche,” at major stages of cancer progression.
Recent studies have highlighted the role of the
(ECMand shown the importance of(deTegulated
(ECM) dynamics in molecular etiology of can-
cer development. Excess E€M) production or
reduced BEC€M turnover, for example, are a sali-
ent feature in tissue fibrosis of many organs
(Frantz et al. 2010). Breast density, which in

et al. 2011). Increased breast density and high
collagen content may be because of enhanced
deposition, reduced remodeling, or heightened
posttranslational modifications such as cross-
linking of certain €M) components. For exam-
ple, various collagens, including collagen I, II,
I, V, and IX, show increased deposition
during tumor formation (Egeblad et al. 2010b).
In addition to changes in its composition,
the architecture of tumor-associated (ECM) is
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fundamentally different from that of the normal
tissue stroma; rather than relaxed nonoriented
fibrils, the collagen I in breast tumors is often
highly linearized and either oriented adjacent
to the epithelium or projecting perpendicularly
into the tissue (Levental et al. 2009; Egeblad
et al. 2010b).

Consistent with the changes in (ECM) com-
position and topography, expression of many
(ECM) remodeling enzymes is often (€Tegulated)
in human cancers. For example, heparanases,
sulfatases, and, most notably, many MMPs
are frequently overexpressed in various cancers
(Ilan et al. 2006; Page-McCaw et al. 2007; Kes-
senbrock et al. 2010). Excess activities of LOX,
which cross-links collagen fibers and other
(ECM) components to increase BCM stiffness, are
also frequently observed in various carcinomas
(Levental et al. 2009). Major contributors to
(@bnermal ECM metabolism are stromal fibro-
blasts, particularly “cancer-associated fibroblasts”
(CAFs). However, immune cells and epithelial
cells in late-stage tumors also contribute (Bhow-
mick et al. 2004; Egeblad et al. 2010Db).

An important question is whether @O
(@& ECM) buildup is merely one of the many
secondary outcomes of aberrant cell behaviors,
or whether it has any functional consequences
during cancer progression. LOX overexpression
increases (BCM stiffness and promotes tumor
cell invasion and progression; conversely, inhi-
bition of LOX reduces tissue fibrosis and tumor
incidence in the Neu breast cancer model (Lev-
ental et al. 2009). These data suggest that colla-
gen (@CFEGHIAHBH) and (ECM stiffness are more
than just a secondary outcome, but may play a
causative role in cancer pathogenesis. Interest-
ingly, overexpression of LOX alone is insuffi-
cient to cause tumors to form (Levental et al.
2009), suggesting that (@€iegulation of ECM)
dynamics is a “coconspirator,” rather than a pri-
mary inducer of tumorigenesis in the breast.
Together, (@CFEgUIaHON of ECM dynamics is
common in various human diseases and plays
an important role in cancer development.

(DEfEgulated) ECM) dynamics play an impor-
tant role in cancer initiation and progression.
As a potent facilitator and modifier, the ECM)
can promote many growth factor signaling

pathways such as Wnt, FGE and HH, all of
which have potent oncogenic potentials when
excessive. Consistently, many ECM) compo-
nents, such as heparan sulfate proteoglycan
(HSPG), are frequently overproduced in cancer
(Nasser 2008; Orian-Rousseau 2010). In addi-
tion, (E€M) components with ((Efegulated) bio-
mechanical properties can also be oncogenic.
Increases in collagen deposition or (ECM stift-
ness, alone or in combination, up-regulate
integrin signaling, and thus promote cell sur-
vival and proliferation (Egeblad et al. 2010b).
Indeed, increased collagen cross-linking and
(ECM stiffness owing to LOX overproduction
facilitate Neu-mediated oncogenic transforma-
tion (Levental et al. 2009). Because various
(ECMcomponents or their functional fragments
have pro- or antiapoptotic effects, it is conceiv-
able that (ASFEGHEIAHBH) of ECM) remodeling can
lead to an evasion of apoptosis by mutant cells.

Considering that modulation of ECM
biomechanical properties is an effective me-
chanism to regulate cell differentiation and
maintain tissue polarity, both of which are cor-
rupted during cancer progression (Feigin and
Muthuswamy 2009), it is reasonable to suggest
that@eregalatediECM dynamics can derail these
two characteristics and contribute to carcino-
genesis (Fig. 5). An important role that excess
MMPs may play in cancer is to remove the phys-
ical barrier posed by basement membraneECM)
to promote tissue invasion. Moreover, (ECM)
topographical changes, including thickening
and linearization of collagen fibers, are often
observed in areas where cancer epithelial cells
invade and are adjacent to the tumor vascula-
ture (Egeblad et al. 2010b). Consistently, studies
using live imaging have shown that cancer cells
migrate rapidly on collagen fibers in areas
enriched in collagen (Condeelis and Segall
2003; Egeblad et al. 2010b). Together, (ACTESHIED
{81 of ECM) dynamics promotes cancer cell
proliferation, loss of cell differentiation, and
cancer cell invasion, and thus plays essential
roles in cancer progression.

Importantly, an @SROEMANECM) influences
the behavior of not only cancer cells but those
of stromal, endothelial, and immune cells of
the local microenvironment as well. Many

18 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005058
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Figure 5.(@ABRGTMANECM) dynamics promote cancer initiation and progression. (A) NormalEMdynamics are
essential for maintaining tissue integrity and keep rare tumor-prone cells in check by maintaining an overall
healthy microenvironment. With age or under pathological conditions, tissues can enter a series of tumorigenic
events (B). One of the earlier events is the generation of “activated” fibroblasts or cancer-associated fibroblasts
(1), which contributes to @BROFMANECM buildup and @EFEgEIAED cxpression of EEM)remodeling enzymes (2).
@BHRGERANECN) may have profound impacts on surrounding cells, including epithelial, endothelial, immune
cells, and other stromal cell types. (DefegulatedECME) for example, may promote epithelial cellular transforma-
tion and hyperplasia (3). Many aspects of immune cell biology, including infiltration, maturation, activation,
etc., may also be greatly influenced by (@€fegulaté@ECM dynamics. (C) In late-stage tumors, immune cells
are often recruited to tumor sites to promote cancer progression (4). In addition, (A€TEGUIGEAECN affects var-
ious aspects of vascular biology and promotes tumor-associated angiogenesis (5). Creation of a leaky tumor vas-
culature in turn facilitates tumor cell invasion and metastasis to distant sites (6).
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fragments ofEEGM)components are chemotactic
and can attract endothelial and inflammatory
cells to migrate into areas of active tumor cell
proliferation and growth (Fig. 5) (Mott and
Werb 2004). As in normal development, new
(ECMis deposited to form basement membrane
to surround blood vessels during tumor angio-
genesis. Importantly, however, basement mem-
brane (ECM) of the tumor vasculature is more
porous and leaky than normal and promotes
tumor cell metastasis during cancer progression
(Egeblad et al. 2010a). Collagen I and its deriv-
ative fragments, which are chemoattractants for
immune cells, are often up-regulated in cancers
and their up-regulation correlates with in-
creased numbers of macrophages and neutro-
phils at tumor sites. Consistent with these
results, activation of collagen receptor DDR1
promotes macrophage infiltration in athero-
sclerotic plaques (Egeblad et al. 2010b).

The ECM) also regulates the activation of
immune cells. Although collagen type I promotes
infiltration of certain immune cells, it also inhi-
bits the ability of macrophages to kill cancer cells
by blocking polarization, and thus activation of
macrophages (Egeblad et al. 2010b). The inhibi-
tory effect of collagen I on immune cells is likely
mediated by its binding with the leukocyte-asso-
ciated Ig-like receptor (LAIR), which is expressed
on most immune cells (Fig. 5) (Frantz et al. 2010).
Finally, research has also shown that increased
(ECMstiffness promotes integrin-mediated adhe-
sion complex assembly and T-cell activation (Ege-
blad et al. 2010b; Geiger and Yamada 2011;
Schwartz 2011).

Thus, in addition to (ACTEEHIAHTRY) cpithelial

or stem cell behaviors in the local microenvi-
ronment, @BHGTMANECM) dynamics also cause
aberrant stromal cell behaviors, leading to tu-
mor-promoting angiogenesis and inflamma-
tion by endothelial cells and immune cells,
respectively.

CONCLUSIONS AND FUTURE
PERSPECTIVES

It is unequivocal that EGM) components are
not only functionally diverse, being able to
trigger a wide range of cellular activities, but

also extremely dynamic, constantly undergoing
remodeling processes wherein one or more of
their essential properties are modified. Together
with the reciprocal nature of cell{ECM) inter-
actions, it is evident that modulation of (ECM)
dynamics is an effective strategy for cells to
respond to environmental changes, adjust their
behaviors accordingly, and maintain tissue
integrity and function.

An important area of future research is to
identify the diverse and novel roles of (ECM)
components, especially with regard to its dis-
tinct physical, biochemical, and biomechanical
properties, in various cellular and developmen-
tal processes. The fact that different CM)com-
ponents can selectively bind to growth factors,
which are often repeatedly used in multiple
tissue compartments and at different times of
organ development, and mediate directional
signaling, has profound implications in under-
standing normal development and cancer. It is
conceivable that(@€fegtlation) o (ECM dynamics
may lead to a disruption of directional epithe-
lial-mesenchymal cross talk, the basis of normal
organ formation and homeostasis. Understand-
ing the roles of €M) dynamics in the dialogues
between different tissue components, therefore,
can lead to a better understanding of the etiol-
ogy of certain human congenital defects and
cancers.

Considering the advances that have been
made in the field of €M) biomechanics, an
important next challenge will be to understand
how different tissues establish and maintain
their distinctive elasticity, and how normal
tissue elasticity may be lost with age or under
disease conditions. (Abfiofmal ECM stiffness,
as observed in tissue fibrosis, clearly plays an
important role in cancer progression. It remains
unclear, however, at the molecular level, how
such@PRGrmalifies) ead to changes in cell behav-
ior and how different cell types may be affected.

Although the niche role has been well
accepted in stem cell biology and has an increas-
ing role in the cancer stem cell concept, and
evidence supporting the B€M)as an important
and dynamic component of the niche is emerg-
ing, the mechanisms whereby ECM) compo-
nents function in stem cell biology still remain
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sketchy. What are the B€M) components in the
established invertebrate and vertebrate model
systems? How do they interact with niche cells
and paracrine signals and participate in the
establishment and maintenance of stem cells?
How does the niche€Mdiffer from non-niche
(ECM)) and why does the former maintain stem
cell properties, whereas the latter promotes dif-
ferentiation? Clearly, a better understanding of
the role of ECM) biomechanics and dynamics
in adult stem cell biology will have profound
implications in the field of tissue engineering
and regenerative medicine.
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