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CH calponin homology

ECM  extracellular matrix

FERM four point one ezrin radixin and
moesin

FAK focal adhesion kinase

ILK integrin linked kinase

mDia  mammalian homolog of diaphanous
PAK  p21 activated kinase
PDZ  PSD95/DIgA/ZO 1 homology

SH Stc homology
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ABSTRACT

Cell-extracellular matrix (ECM) is an important property of virtually all cells in
multi-cellular organisms. CellECM adhesion research, therefore, has broad impact on
biology and medicine. Studies over the past three decades have resulted in tremendous
advance in our understanding of the molecular basis and functions of cellECM adhesion.
Here, | focus on some of the general lessons that we have learned from recent studies
on cellECM adhesion. In addition, | highlight several topics in this rapidly advancing
research area. These topics, which include assembly, disassembly and regulation of
cellECM adhesion structures, the molecular mechanisms of bi-directional signaling
through cellECM adhesions, and the tissue and organ pathobiology of cellECM
adhesion, are pertinent to our understanding of cellECM adhesion and signaling.

Cell-ECM adhesion is a fundamental process through which cells interact and commu-
nicate with the environment. Cell-ECM adhesion is essential for organogenesis during
embryonic development. In adulg, it is vital for maintenance of tissue integrity and organ
functions. Alterations of celllECM adhesion hence are frequently associated with human
diseases. Because of the broad significance of cell-lECM adhesion in biology and pathology,
understanding how cell-ECM adhesion is mediated and regulated and determining how
cell-ECM adhesion influences cell behavior have been the subjects of numerous studies.
In particular, studies over the past three decades have led to major breakthroughs in our
understanding of cellECM adhesion. Many of the key discoveries, including identifica-
tion of integrins as major transmembrane receptors for ECM proteins, demonstration of
integrins as bi-directional (outside-in and inside-out) transmembrane signaling machines,
identification of talin, focal adhesion kinase (FAK), integrin-linked kinase (ILK) and
other cytoplasmic and membrane-associated proteins as key regulators and effectors of
integrins, and delineation of multiple downstream signaling pathways that relay signals
from cell surface integrins to diverse cytoplasmic and nuclear effectors, have been reviewed
in refs. 1-12. In this brief article, I will focus on some of the general features of cell-ECM
adhesion and discuss from my personal perspective several key questions that remain to
be answered in future studies.

SUBCELLULAR STRUCTURES THAT MEDIATE CELL-ECM ADHESION

The subcellular structures that mediate cell-ECM adhesion are quite heterogeneous,
often varying in size, shape, distribution, dynamics, and to certain extent, molecular
constituents. The morphological “plasticity” of cell-ECM adhesion perhaps reflects the
needs of cells to sense, adapt and response to a variety of extracellular environments. In
addition, cell type (e.g., differentiation status, oncogenic transformation, etc.) often exerts
marked influence on the structure of celllECM adhesions. Based on morphological and
molecular criteria, several different types of model cell-l ECM adhesion structures including
focal adhesions, focal complexes, fibrillar adhesions, podosomes and three-dimensional
matrix adhesions have been described.%!3 Despite the heterogeneity ECM adhesion
structures do share certain common features. For example, they all connect cell surface
integrins to the actin cytoskeleton. One of the earliest and perhaps best-characterized
cell-ECM adhesion structures is focal adhesion, which represents strong ECM adhesion
structures that are often found in adherent cells (e.g., fibroblasts) cultured on rigid ECM
substrata. Although cultured mammalian cells have been widely used as a model system
for analyses of focal adhesions, cellECM adhesions resembling focal adhesions have
been found in vivo, in both invertebrate (e.g., body wall muscle attachment structures in
C. elegans) and vertebrate organisms.4
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Studies on focal adhesion and focal adhesion-like structures have
greatly contributed to our understanding of molecular constituents
and organization of cell-ECM adhesions. Indeed, localization to focal
adhesions is often considered a good indication for the functionality
of a protein in cell-kECM adhesion. To date, more than sixty focal
adhesion proteins have been identified in vertebrates and a somewhat
smaller number of proteins have been found in focal adhesion-like
structures in invertebrates. Based on biochemical activities, these
proteins can be classified into two major groups, namely cata-
lytic proteins and adaptor proteins. The catalytic proteins can be
further divided into several sub-groups depending on their substrate
specificity, which include kinases (e.g., protein tyrosine kinases
such as FAK and Src, protein serine/threonine kinases such as ILK
and p2l-activated kinase (PAK), and phosphoinositide 3-kinase),
phosphatases (e.g., protein tyrosine phosphatase-PEST, protein
tyrosine phosphatase 1B and PTEN), proteases (e.g., calpain), and
other enzymes (e.g., phospholipase C-y). The adaptor proteins are
primarily involved in mediating multiple protein interactions and
hence they invariably contain domains mediating protein interac-
tions. One well-characterized protein-binding motif found in focal
adhesion adaptor proteins is LIM, a cysteine-rich consensus sequence
of approximately 55 amino acids that fold into two zinc fingers.
The LIM-containing focal adhesion protein sub-group includes
PINCH-1/2, which contain five (the most among all known LIM
proteins) LIM domains, four-and-a-half LIM domain protein 2/3,
paxillin/Hic-5 (four LIM domains), zyxin and migfilin (three LIM
domains), cysteine-rich protein 1 (two LIM domains), and LIM
and SH3 protein (LASP) (one LIM domain). Although the primary
sequences and the folding of different LIM domains exhibit consid-
erable similarities, they appear to be able to interact with a large
number of structurally diverse targets over a wide range of affini-
ties. Thus, the LIM domains provide a versatile system for protein
interactions at cell-ECM adhesions. Other well-characterized protein
binding motifs found in focal adhesion adaptor proteins include four
point one ezrin radixin and moesin (FERM), calponin homology
(CH), PSD95/DIgA/ZO-1 homology (PDZ) domain, and Src
homology (SH) 2 and 3 domains. Focal adhesion proteins frequently
contain more than one type of protein-binding motifs, which provides
another mechanism for mediating diverse protein interactions.

Although this classification is useful, it is not absolute. Many
focal adhesion proteins contain both catalytic and protein-binding
domains. Thus, these proteins can play not only a catalytic role but
also an adaptor role at focal adhesions. Indeed, recent studies suggest
that ILK, together with its binding partners PINCH and parvins,
provide an important physical connection between integrins and the
actin cytoskeleton, 1214

It is anticipated that new components of focal adhesions will
continue to be identified. However, major efforts in the next decade
will be shifted to determining how individual components are wired
to form a network that connects integrins to the actin cytoskeleton at
molecular and atomic levels and how signals are transduced through
focal adhesions. Because of the large number of the proteins that are
involved, defining the interactions that compose the “integrin-actin”
network will be a daunting, yet essential, task.

Although our knowledge about the “integrin-actin” network is
still in its infancy, several interesting features have emerged. First,
most if not all components of the “integrin-actin” network are
multi-domain proteins, which allow the formation of an extensive
interaction web. Second, although the “integrin-actin” network
comprises a large number of proteins and numerous interactions, a

14 Cell Adhesion & Migration

relatively small number of proteins appear to serve as network hubs
mediating a large number of interactions. This so called “scale-free”
wiring of the “integrin-actin” network probably reflects evolutionary
growth of the network. 14 Functionally, it facilitates intra-molecular or
inter-domain signal transduction and coordination for key network
components. Third, the “integrin-actin” network is particularly rich
in post-translational modifications (e.g., phosphorylation). The
post-translational modifications are often coupled to cell-ECM
adhesion and mechanical signals, allowing conversion between chem-
ical and mechanical signals. Fourth, the functionality of the network
requires interactions with affinities over a wide range (K|, ranging
from >102 M to <107 M). While high affinity (particularly those
with low off rates) interactions confer network stability, low affinity
interactions are crucial for dynamic regulation of signal transduction.
Studies at genetic, molecular and atomic levels in the next several
years should shed more light on the wiring of focal adhesions and
other types of cellECM adhesion structures.

ASSEMBLY AND DISASSEMBLY OF CELL-ECM ADHESIONS

The molecular and atomic interaction maps derived from
genetic, biochemical and structural studies provide valuable “snap
shots” of cell-ECM adhesion structures. An area of research that is
equally valuable to our understanding of cell-ECM adhesion is to
determine the dynamics of these structures and how these structures
are assembled and disassembled. Recent studies using total internal
reflection fluorescence microscopy, fluorescent speckle microscopy
and spatio-temporal image correlation spectroscopy have revealed
that the interactions between focal adhesion components and actin
filaments are dynamic and the correlation of movements between
different classes of focal adhesion proteins and actin filaments varies
considerably.!>10

It is generally believed that the assembly of cellECM adhesion
structures is initiated by interactions of cell surface integrins with
multivalent adhesive ECM proteins (e.g., fibronectin), which result
in integrin clustering and formation of nascent celllECM adhesion
structures (e.g., focal complexes). Focal complexes can mature into
more stable, larger cell-ECM adhesion structures such as focal adhe-
sions, which can in turn drive the formation of fibrillar adhesions.17
Conversely, focal adhesions can be disassembled in response to
certain extracellular stimuli (e.g., certain “matricellular” proteins such
as thrombospondin, tenascin, and SPARC).18

During assembly of celll ECM adhesions, certain components are
recruited to celllECM adhesions in a sequential fashion, whereas
other components, notably PINCH, ILK and o-parvin, are first
assembled into a multi-component protein complex and then
recruited simultaneously (as a pre-formed complex) to cellECM
adhesion sites.!” Thus, assembly of cellECM adhesions can be
regulated locally (i.e., at cellECM adhesion sites) as well as remotely
(e.g., during the synthesis or formation of intermediate protein
complexes).

How is the assembly of cell-ECM adhesion structures regulated?
Rac, a member of the Rho GTPase family, plays a pivotal role
in promoting the formation of nascent focal complexes.??!
Integrin-mediated cell-ECM adhesion activates Rac, which directly
binds and activates PAK and other effectors including phosphati-
dylinositol-4-phosphate 5-kinase, Nap125, PIR121 and IRSp53,
resulting in increased membrane protrusions and actin polymer-
ization. Although the precise mechanism by which Rac promotes
focal complex formation remains to be determined, increased actin
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polymerization and branching likely serve as a major driving force in
the induction of nascent focal complexes at cell-lECM contacts.

Maturation of focal adhesions is controlled by both tension force
and local actin polymerization.#?2 Rho, through downstream effectors
Rho kinase (ROCK) and mammalian homolog of diaphanous
(mDia), stimulates both contractility and actin polymerization,
thereby promoting maturation of focal adhesions.?!*23 While small
GTPases of the Rho family clearly can function as upstream regula-
tors of cellECM adhesions, the localization and activities of Rho
small GTPases can also be regulated by signals elicited by cell-ECM
adhesion and growth factors.?1*4 Defining the cross-talks and
coordination between cell-ECM adhesion, Rho/Rac/Cdc42, and
growth factor signaling pathways in the assembly of cell-ECM adhe-
sions is an important area of current and future research.

Protein phosphorylation plays important roles in regulation of
focal adhesion formation and turnover.?> Several components of focal
adhesions (e.g., FAK, paxillin, p130Cas, etc.) are phosphorylated at
specific tyrosine residues in response to integrin-mediated cell-ECM
adhesion. In general, tyrosine phosphorylation can influence focal
adhesion turnover through two mechanisms. First, it regulates catalytic
activities of certain key focal adhesion proteins. For example, phos-
phorylation of Tyr-576 and Tyr-577 within FAK kinase activation
loop enhances FAK activity.?® Second, tyrosine phosphorylation
provides docking sites for phospho-tyrosine recognition domains
(e.g., SH2) and thereby promoting formation of protein complexes
that control focal adhesion dynamics. For example, using antibodies
that recognize Y31- or Y118-phosphorylated paxillin, and non-phos-
phorylatable and phosphomimetic mutants of paxillin, Zaidel-Bar
et al have shown that phosphorylation of paxillin at Y31 and Y118
promotes the formation of nascent focal complex and turnover of
mature focal adhesions, probably through enhanced recruitment of
FAK to the tyrosyl-phosphorylated paxillin.?’

SIGNALING THROUGH CELL-ECM ADHESIONS

In addition to mediating physical attachment of cells to ECM,
cel-FECM adhesion provides an important means through which
cells sense and response to extracellular environment. The ability
of integrins to mediate bi-directional (inside-out and outside-in)
transmembrane signaling lies at its interactions with both ECM and
intracellular proteins and coupling of the extracellular and intra-
cellular interactions. The extracellular ligand binding activities of
integrins influence many cellular processes including cell adhesion,
migration and extracellular matrix assembly. Integrin ligand binding
activity can be regulated via inside-out signaling. A key step in this
process is the binding of talin FERM F3 subdomain to [ integrin
cytoplasmic domains, which induces separation of the o and 8
integrin cytoplasmic domains and consequently conformational
changes in integrin extracellular domains favoring ligand binding
(i.e., integrin activation) (reviewed in refs. 11, 28-31). Studies
in the next several years will likely yield more information on
upstream mechanism that controls the binding of talin to B integrin
cytoplasmic domains, factors that cooperate with talin in the binding
and activation of integrins, and the structural details of how signals
are propagated from the cytoplasmic domains to the extracellular
domains of integrins.

Integrin mediated celllECM adhesion exerts profound effects on
cells, including cell shape change, proliferation, differentiation and
survival. Integrins influence cell behavior through regulation of many
different intracellular signaling intermediates (e.g., Akt/PKB, MAP
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kinases and small GTPases). In general, cell.ECM adhesion promotes
integrin clustering and recruitment of integrin-associated proteins to
integrin-rich adhesion sites. The integrin-associated proteins (e.g.,
Src, FAK, paxillin and the PINCH-ILK-parvin complexes), in turn,
relay signals to specific downstream effectors. Although the precise
mechanisms by which signals are transmitted from cell surface
integrins to intracellular signaling intermediates are complex and
incompletely understood, previous studies have shed light on some
of the key events in focal adhesion-mediated signal transduction
(Fig. 1).

One important event in integrin-mediated signaling is cell
adhesion-dependent phosphorylation of key focal adhesion proteins
such as FAK.?323% Phosphorylation of FAK at Tyr-397 creates a
docking site for the SH2 domain of Src family kinases. Binding of
Src to FAK phospho-Tyr-397 site releases an autoinhibitory interac-
tion and consequently activates Src. Activated FAK/Src complex in
turn phosphorylates components of focal adhesions including FAK,
paxillin and p130Cas, resulting in recruitment of additional signaling
intermediates (e.g., Grb2) and activation of downstream signaling
pathways (e.g., the Ras and MAP kinase signaling pathway).

A second important event in integrin-mediated signaling is
recruitment of key protein complexes such as the PINCH-ILK-parvin
ternary complexes® to cell-ECM contacts. The PINCH-ILK-parvin
ternary complexes enhance the physical connection between integrins
and the actin cytoskeleton.>'?14 Furthermore, they play important
signaling roles.>® For example, ILK, PINCH and o-parvin are
required for optimal activation of Akt/PKB in many (albeit not all)
cell types. O-parvin facilitates membrane translocation of Akt/PKB,
an obligate step in Akt/PKB activation.” Furthermore, ILK can
directly promote phosphorylation of Ser-473, which is crucial for full
activation of Akt/PKB.?® Thus, ILK, PINCH and a-parvin appear
to play important roles in integrin-mediated regulation of Akt/PKB
signaling pathway.

The third important event is the changes of the conformation of
certain focal adhesion proteins in response to physical forces exerted
on focal adhesions. Mechanotransduction is an essential function
of focal adhesions. Conversion of physical signals into chemical
signals is critical for many biological and pathological processes
including morphogenesis, wound healing, cancer, atherosclerosis and
osteoporosis.>*4% In principle, mechanotransduction can be achieved
through force-induced protein conformational changes, modifications
and/or positional changes.?*4% Recent studies have provided exciting
evidence showing that p130Cas, a focal adhesion adaptor protein,
serves as an important force sensor in celllECM adhesion-dependent
mechanotransduction. Using recombinant extendable p130Cas fusion
protein containing the substrate domain and antibodies specific for
extended p130Cas or tyrosine phosphorylated p130Cas, Sawada
et al showed that the conformation and tyrosine phosphorylation
of p130Cas are changed in vitro as well as in cells in response to
mechanical stretches.4!

Itis evident from this brief discussion that signals can be transduced
through focal adhesions via different mechanisms (e.g., changes in
protein phosphorylation, conformation, catalytic activity, interaction
and translocation). Furthermore, the effects of celllECM adhesion
on cell behavior can be influenced by many factors, including the
constituents and organization of ECM, the repertoire and activities of
cell surface integrins, the wiring of the “integrin-actin” network and
the communication with other cell surface receptors and signaling
pathways. Thus, the responses of different cell types to ECM
adhesion can vary. While studies at the molecular and sub-cellular
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Integrin-ECM ligand
engagement and clustering
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Phosphorylation of focal
adhesion proteins (e.g.,
FAK, paxillin, efc.)

Recruitment of protein
complexes (e.g., the PINCH-
ILK-Parvin complexes)

Force-induced protein
conformational changes
(e.g., p130Cas)

Reinforcement of integrin-actin connection and regulation of downstream signaling pathways
(MAP kinases, Akt/PKB, Rho family of GTPases, etc.)

Figure 1. Signaling through celllECM adhesions. Integrin-mediated cellECM adhesion elicits a plethora of changes at the adhesion sites. Changes that are
critical for transduction of signals through celllECM adhesions include (1) protein phosphorylation, (2) recruitment of protein complexes, and (3) force-induced
protein conformational changes. Proteins depicted in the figure represent examples of these signaling events rather than an inclusive survey. For detailed
discussion of integrin-mediated signal transduction, readers are encouraged to read (Refs. 1-12).

levels in cultured cells are extremely valuable for elucidating the basic
mechanisms of cellECM adhesion and signaling, it is important to
also investigate the roles of celllECM adhesion proteins at the organ
and whole organism level.

CELL-ECM ADHESION AND SIGNALING IN EMBRYONIC
DEVELOPMENT AND DISEASES

Reverse and forward genetics provide powerful approaches to
investigate the roles of cell-lECM adhesion proteins in embryonic
development and diseases. Many focal adhesion proteins, including
Bl integrin,*>*3 o4 integrin, % 5% integrin, talin,* paxillin,4’
vinculin,*® FAK,% ILK,*° PINCH-1°12 and a-parvin,'? are essen-
tial for vertebrates (e.g., mouse) embryonic development. Loss of these
proteins often alters celllECM adhesion, cytoskeletal organization,
polarity, migration and/or during embryogenesis.
Orthologues of these proteins have been identified in invertebrates
such as C. elegans and Drosophila. In many cases, the orthologues are
also required for embryonic development in invertebrate organisms.
Remarkably, some of these invertebrate orthologues exhibit consider-
able functional similarities with their mammalian counterparts. For
example, invertebrate (e.g., C. elegans and Drosophila) orthologues of
PINCH, ILK and oi-parvin, like their mammalian counterparts, form
a ternary complex linking integrins to the actin cytoskeleton.>3-57

Some cell-ECM adhesion proteins are dispensable for mammalian
embryonic development but they are critical for tissue and organ func-
tions in postnatal or adult. These proteins often are highly expressed
in certain specific cell types and consequently loss of these proteins
results in adhesion defects in these cell types. For example, mutations
that eliminate or reduce the expression or activity of platelet aIIbp3
integrin cause Glanzmann thrombasthenia, whereas mutations in
B2 integrins, which are exclusively expressed by leukocytes, result in

survival
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the leukocyte adhesion deficiency-1 disorder (reviewed in ref. 58).
Kindler syndrome is a rare genetic disorder that is characterized
by skin blister formation, cytoskeleton alteration and atrophy in
epidermis and mucosal membranes of the digestive and urinary tracts
and other tissues. Recently, it has been found that null or truncation
mutations in kindlin-1, which encodes a FERM-domain containing
focal adhesion protein, are responsible for Kindler syndrome.>%¢0

Loss of certain individual celllECM adhesion proteins from
animals (e.g., mouse) results in no obvious defects in embryonic
development and adult. This does not necessarily mean, however,
these proteins do not contribute to the embryogenesis or tissue
and organ functions. In many cases, these proteins are co-expressed
with functionally redundant proteins and therefore defects are not
observed unless functional redundant proteins are removed. For
example, Nck-1 and Nck-2 are widely expressed in mammalian
cells. No defects were detected in mice deficient for either Nck-1
or Nck-2. However, elimination of both Nck-1 and Nck-2 results
in embryonic lethality and defects in cell migration and actin
cytoskeletal organization.®!

Focal adhesion proteins that are essential for embryonic
development are often required for the functionality of at least
certain tissues and organs in post-natal and adult. For example, ILK,
which is required for early embryonic development, is also critical
for the functionality of several tissues and organs (e.g., heart, kidney,
etc).%2°% Future studies using cell type-specific conditional knockout
techniques will provide detailed information on the functions of
cell-ECM adhesion proteins in different tissues and organs.

While celllECM adhesion proteins are often indispensable for
embryonic development and/or normal tissue and organ function,
numerous studies have shown that elevated levels of cell-ECM
adhesion proteins could also be detrimental. Increased expression
or activities of focal adhesion proteins have been associated with
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many human diseases. For example, increased levels and/or activities
of Src, FAK and ILK have been associated with malignant diseases
in a variety of tissues and organs (reviewed in refs. 32-34, 36). The
oncogenic focal adhesion proteins contribute to multiple facets of
cancer, including increased cell proliferation, resistance to apoptosis,
elevated cell motility and invasion, and promotion of angiogenesis.
Elucidation of the mechanisms, whereby focal adhesion proteins
function in the pathological processes represents a major challenge as
well as an exciting opportunity in the years to come.
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