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Abstract

In the process of matrix assembly, multivalent extracellular matrix (ECM) proteins are induced to
self-associate and to interact with other ECM proteins to form fibrillar networks. Matrix assembly
is usually initiated by ECM glycoproteins binding to cell surface receptors, such as fibronectin
(FN) dimers binding to a5p1 integrin. Receptor binding stimulates FN self-association mediated
by the N-terminal assembly domain and organizes the actin cytoskeleton to promote cell
contractility. FN conformational changes expose additional binding sites that participate in fibril
formation and in conversion of fibrils into a stabilized, insoluble form. Once assembled, the FN
matrix impacts tissue organization by contributing to the assembly of other ECM proteins. Here,
we describe the major steps, molecular interactions, and cellular mechanisms involved in
assembling FN dimers into fibrillar matrix while highlighting important issues and major
questions that require further investigation.
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INTRODUCTION

The extracellular matrix (ECM) has been recognized as an essential structural component in
multicellular organisms for millennia (Plato trans. 1965). However, the old view of ECM as
an inert scaffold is clearly incorrect. ECM is a dynamic network, a reservoir for growth
factors and fluids, and an essential organizer of tissues, cellular microenvironments, and
stem cell niches. It shows exquisite tissue specificity and adapts to changes in age,
development, and disease. Even so, the molecular events that assemble secreted ECM
proteins into complex networks are still not completely understood. Why do we care about
ECM assembly? Loss of assembly stops embryogenesis. Deranged assembly promotes
scarring, tumorigenesis, and fibrotic disease. Delayed assembly underlies birth defects,
chronic wounds, and skeletal malformations.

Using scanning electron microscopy (EM), two major structural forms of ECM are visible
within tissues (Alberts et al. 2008). The interstitial matrix or stroma is composed of
threadlike fibrils that form a fibrous and porous network surrounding cells, whereas the
basement membrane (basal lamina) has a sheet-like structure that serves as a platform for
cells and a boundary between tissue compartments. Although quite different structurally,
interstitial matrices and basement membranes are assembled from similar types of proteins
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(collagens, proteoglycans, cell adhesive glycoproteins). In addition, the initial steps of
assembly are quite similar for these two types of matrices (Mao & Schwarzbauer 2005a,
Wierzbicka-Patynowski & Schwarzbauer 2003, Yurchenco & Patton 2009): ECM protein
processing and secretion, binding to cell surface receptors, ECM protein self-association,
and fibril growth. Thus, understanding the mechanisms of matrix formation in the
interstitium can shed light on basement membrane assembly and vice versa.

This review will focus on our current understanding of fibronectin (FN) matrix assembly.
FN is a ubiquitous ECM glycoprotein that is assembled into a fibrillar matrix in all tissues
and throughout all stages of life. Its assembly is a cell-mediated process (McDonald 1988)
and is essential for life (George et al. 1993). FN fibrils form linear and branched meshworks
around cells and connect neighboring cells. EM images of cultured fibroblasts show long,
interconnected fibrils ranging from more than 25 nm down to approximately 5 nm in
diameter (Chen et al. 1978), which is approximately the size of the FN molecule itself at ~3
nm wide (Engel et al. 1981, Erickson & Carrell 1983, Leahy et al. 1996). Thin fibrils
predominate in early fibroblast cultures, and as the matrix matures, these fibrils are clustered
together into thicker fibril bundles (Chen et al. 1978, Singer 1979). What are the
mechanisms and interactions that convert FN molecules into fibrils, networks, and bundles?

It has been more than 20 years since the last Annual Review article on ECM assembly
(McDonald 1988). Since then, the amount of information about ECM organization and cell-
ECM interactions has grown significantly with the identification of ECM protein receptors,
new ECM components, signal transduction downstream of ECM, and mechanical properties
of ECM (see, for example, Aszddi et al. 2006, Bershadsky et al. 2003, Hynes 1990,
Schwartz et al. 1995). This information has led to new insights into the process of FN matrix
assembly and how FN matrix affects assembly of other ECM proteins.

FIBRONECTIN DOMAIN ORGANIZATION

Domains and Binding Activities

Many ECM proteins are modular and multidomain. This is well illustrated in the diagram of
a FN subunit (Figure 1). FN has domains for interacting with other ECM proteins, cell
surface receptors, glycosaminoglycans (GAGSs), and other FN molecules (Hynes 1990, Mao
& Schwarzbauer 2005a). This combination of domains allows FNs to bind simultaneously to
cells and to molecules within the surrounding matrix.

FN is encoded by an ~8-kb mRNA vyielding FN subunits that range in size from 230-270
kDa depending on alternative splicing (Hynes 1990). FN is a modular protein composed of
types I, I, and 111 repeating units (Figure 1). Two intramolecular disulfide bonds form
within each type | and type Il module to stabilize the folded structure. Type 111 modules are
seven-stranded B-barrel structures that lack disulfides (Leahy et al. 1996, Potts & Campbell
1994). Modules are organized into binding sites for collagen/gelatin, integrins, heparin, FN,
and other extracellular molecules (Figure 1). The ~500-kDa FN dimer forms through a pair
of antiparallel disulfide bonds at the C terminus.

FN exists in multiple isoforms generated by alternative splicing. The single FN gene
transcript encodes 12 isoforms in rodents and cows and 20 isoforms in humans. Alternative
splicing occurs by exon skipping at EIIIA/EDA and EIlIB/EDB and by exon subdivision at
the V region/I1ICS (Schwarzbauer 1991a; Figure 1). Roles have been identified for the V
region in FN secretion (Schwarzbauer et al. 1989) and integrin binding (Guan & Hynes
1990, Wayner et al. 1989). EIIIA and EINIB functions have been difficult to decipher using
in vitro systems, and mice expressing EIIIA™ or EIIIB™FN are viable and fertile (Muro et al.
2003, Tan et al. 2004). EHIA/EIIB double-null mice exhibit a requirement for these
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domains in vascular development during embryogenesis, but matrix incorporation of mutant
FN was not affected (Astrof et al. 2007). In cell culture experiments, recombinant FN
containing either EINIA or EINIB was somewhat more efficiently incorporated into an
existing matrix (Guan et al. 1990), and Ell1B-null mouse embryo fibroblasts showed a
modest reduction in FN matrix levels (Fukuda et al. 2002). From these results, it seems that
these alternative exons are not required for matrix assembly but may affect matrix levels.

Activities that play critical roles in assembly include dimerization of FN subunits, cell-
binding activity that localizes FN to the cell surface, and FN-binding activity that associates
FN dimers into fibrils. However, each FN dimer has multiple integrin- and FN-binding sites,
which raises questions about which sites directly participate in the assembly process and
which carry out nonessential activities or function in post-assembly processes. Studies of
matrix assembly have provided answers to some of these questions.

Domains Required for Fibronectin Matrix Assembly

The gold standard assay for demonstrating FN matrix assembly is conversion from
deoxycholate detergent (DOC) solubility to DOC insolubility as originally defined by
McKeown-Longo & Mosher (1983). This conversion is an irreversible process that
stabilizes FN interactions within matrix fibrils to yield a mature fibrillar network. As
visualized by fluorescence microscopy, FN matrix is a cell-associated fibrillar network
extending between adjacent cells (Figure 2). Binding sites involved in assembly have been
identified using these microscopic and biochemical assays combined with blocking reagents
(antibodies or peptides), mutant FNs lacking specific sites or domains, and protein-binding
assays.

FN’s dimer structure is mediated by a pair of disulfide bonds at the C terminus of each
subunit (Figure 1; Hynes 1990). This covalent link plays an essential role in multimerization
of dimers into fibrils. Expression of recombinant FN lacking these cysteines ablated
dimerization; the resulting monomeric FN was secreted but did not form fibrils
(Schwarzbauer 1991b). Recombinant dimeric proteins containing an FN-binding site but no
cell-binding site were efficiently coassembled with full-length FN whereas monomeric
versions were not (Ichihara-Tanaka et al. 1992, Sottile & Wiley 1994), which indicates that
the dimer structure is involved in matrix incorporation even in the absence of cell binding.
Interestingly, FN has endogenous protein disulfide isomerase activity that is located near the
C-terminal disulfide bonds (Langenbach & Sottile 1999), where it may be important in
forming the antiparallel dimer structure in the endoplasmic reticulum. This activity is
partially cryptic and is enhanced by proteolysis (Langenbach & Sottile 1999), so perhaps it
has an extracellular role in stabilizing FN interactions through disulfide exchange during
matrix remodeling.

Cells mediate FN matrix assembly through integrin binding to the RGD (Arg-Gly-Asp) cell-
binding domain. The primary receptor for FN matrix assembly is a5p1 integrin, which binds
to the RGD sequence in 111y (Ruoslahti & Obrink 1996) and the synergy site in I1lg (Aota et
al. 1994; Figure 1). Antibody blockade of integrin-cell binding domain interactions using
anti-integrin or anti-FN antibodies prevents fibril formation (Fogerty et al. 1990, McDonald
et al. 1987). RGD-dependent integrins including a5p1 can bind to FN that lacks the synergy
site (Danen et al. 1995, Sechler et al. 1996). However, both the RGD and synergy sites are
required to initiate fibril formation (Sechler et al. 1997).

The pioneering work of McKeown-Longo & Mosher (1983, 1985) showed that the N-
terminal 70-kDa fragment binds to cells in monolayer culture and, when added in excess,
blocks FN matrix assembly. Antibodies to this region also block assembly (McDonald et al.
1987), and recombinant FN lacking all or part of the first five type | repeats (11_s, Figure 1)
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is unable to form fibrils (Schwarzbauer 1991b). Within the 70-kDa fragment, the 40-kDa
collagen/gelatin binding portion does not appear to play a direct role in assembly, although
FN binding activity of the 70-kDa fragment is enhanced over binding of a fragment
containing only 11_5 (McKeown-Longo & Mosher 1985). Functional analyses using
recombinant fragments with various mutations showed that 1,_s functions as a unit to form
the primary FN-binding and matrix assembly domain (Sottile et al. 1991).

Other Fibronectin Binding Sites

Affinity chromatography of soluble FN fragments has been used extensively to map binding
sites for collagen/gelatin, heparin, fibrinogen, and other molecules (Hynes 1990, Ingham et
al. 1997). In contrast, most of the binding sites involved in FN self-association have been
detected using solid-phase binding assays. Surface adsorption of FN induces conformational
changes, as demonstrated by exposure of antibody-binding sites (Ugarova et al. 1995, 1996)
or by EM analyses (Engel et al. 1981, Erickson & Carrell 1983), and may also expose sites
for FN-FN interactions.

Essentially all reported FN-binding sites interact with the N-terminal assembly domain, and
most of these have been identified using the 70-kDa fragment in binding studies. Binding
sites in 11, (Aguirre et al. 1994), I114_5 (Maqueda et al. 2007), 11115_14 (Bultmann et al.
1998), and heat-denatured 1111 (Hocking et al. 1994) have been identified (Figure 1), as has
formation of a ternary complex containing the 70-kDa fragment, 1111, and heat-denatured
11119 (Hocking et al. 1996). In addition to FN, 11_g also binds to fibrinogen, heparin,
bacterial proteins, and thrombospondin (Hynes 1990).

Accessibility of FN binding sites in I114, ll15, and I111g is dependent on denaturation
(Hocking et al. 1994, 1996), which suggests that these sites are cryptic in native FN. The site
in 1114_5 appears to be cryptic in larger FN fragments because I114_g does not bind to FN
(Maqueda et al. 2007). The cryptic nature of some of these sites has raised the hypothesis
that type 111 unfolding exposes sites for FN-FN interactions during fibril formation. The -
barrel structures of type 111 modules are not stabilized by intramolecular disulfide bonds,
thus giving p-strands some conformational flexibility. No deficiencies in matrices assembled
from recombinant proteins lacking these sites (FNAIIl; or FNAIll4_g) were detected by
microscopy or DOC insolubility (Sechler et al. 2001), which makes it unlikely that these
cryptic sites are individually essential for FN fibril formation.

Other cryptic sites in FN include a site in 1,_g for tenascin-C binding (Ingham et al. 2004)
and a site in Illg that is made available by inclusion of the adjacent alternatively spliced
exon EINIB (Figure 1; Ventura et al. 2010). In addition to exposure by conformational
changes, cryptic sites might also be made accessible by proteolysis during matrix
remodeling. For example, proteolysis of FN can promote a4f1 integrin interactions with FN
matrix (Valenick et al. 2005).

Given the number of FN-binding sites, one wonders if they are equivalent. Does the
assembly domain use all of its binding sites to form fibrils? Our current understanding of the
requirements for all of these sites is limited because differences in experimental approach
yield different interpretations of function. For example, FNAIIl; (recombinant FN lacking
only the 1111 module) forms a normal matrix, but FNAIIl;_, does not (Sechler et al. 2001).
FNAIIl4_g also forms a normal matrix (Sechler et al. 2001), but addition of the I114_5
fragment blocks fibril formation by cells (Maqueda et al. 2007). FNAII1;,_, does not form
DOC-insoluble matrix, but FNAIIl;_7 (which lacks a larger FN segment) forms DOC-
insoluble fibrils at an enhanced rate (Sechler et al. 1996). Addition of fragments spanning
I114, 11y, or I112_14 have limited ability to block matrix assembly (Bultmann et al. 1998,
Chernousov et al. 1991) compared with the 70-kDa fragment, which is an extremely
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effective inhibitor of fibril formation (McDonald et al. 1987, McKeown-Longo & Mosher
1985, Sechler & Schwarzbauer 1998). One interpretation of these differential effects is that
temporal and spatial distributions of FN-binding sites within the matrix may determine
which domains interact. Perhaps there is a hierarchical order to FN interactions, or some of
these interactions may require formation of ternary complexes involving other ECM
components.

A FIBRONECTIN MATRIX ASSEMBLY MODEL

Using the key assays of DOC insolubility, microscopic visualization, and protein-binding
assays, the basic steps of FN matrix assembly have been defined (Figure 3). Integrins tether
FN dimers to initiate FN-FN interactions mediated by the N-terminal assembly domain.
Conformational changes expose additional FN-binding sites to promote further FN
interactions, associations between fibrils, and matrix insolubility. Evidence for these steps is
described below.

Fibronectin Dimer Secretion and Integrin Binding

FN in solution has a compact conformation, as detected by sedimentation, EM, and other
measurements (Hynes 1990). FN in solution does not form fibrils even at extremely high
concentrations, a property that is especially important in body fluids such as blood, where
FN fibril formation could have life-threatening effects. Soluble FN exhibits selective
binding to cell surface receptors and interacts with a5p1 but not with other RGD-dependent
integrins (Huveneers et al. 2008). FN binds to a5p1 via its RGD and synergy sites, both of
which are required for de novo FN fibril formation (Sechler et al. 1996, Sottile et al. 2000).
However, full-length recombinant FN lacking only the RGD sequence as well as small
dimeric FNs containing the N-terminal domain but lacking other parts of FN can coassemble
with full-length FN (Ichihara-Tanaka et al. 1992, Sechler et al. 1996, Sottile & Wiley 1994).
Incorporation of these recombinant proteins into fibrils must occur primarily through FN-FN
interactions. Thus, not all FNs in a matrix must directly interact with integrins. Mouse
embryos expressing FN with an inactive RGE sequence in place of RGD developed several
days longer than FN-null embryos and were phenotypically quite similar to a5-null embryos
(Takahashi et al. 2007, Yang & Hynes 1996). FN interactions with av integrins have been
shown to compensate for the absence of RGD or a5 integrin (Takahashi et al. 2007, Yang &
Hynes 1996). These results indicate that, within tissues, some FN matrix can be assembled
in the absence of RGD-a5p1 integrin interactions.

Fibronectin-Fibronectin Interactions

FN binding induces integrin clustering, which brings receptors together along with their
bound FNs (Figure 3). These clusters provide locally high concentrations of FN at the cell
surface, which is probably important to promote FN-FN interactions. The diameter of thin
FN fibrils approximates the dimensions of individual type 111 modules (Dzamba & Peters
1991, Engel et al. 1981, Leahy et al. 1996), which indicates that compact FN in solution is
extended during fibril polymerization. Intramolecular interactions between I11,_3 and
I1112_14 maintain the compact form of FN ( Johnson et al. 1999). These regions overlap with
FN-binding sites, which suggests that disrupting these interactions to extend compact FN
dimers frees these sites to participate in intermolecular interactions (Figure 3).

A key insight into FN conformational changes came from studies of the stimulatory effects
of Rho GTPase on FN assembly. Binding of lysophosphatidic acid (LPA) or sphingosine-1-
phosphate (S-1-P) to receptors activates Rho (Anliker & Chun 2004). Rho-GTP then
stimulates Rho kinases to enhance cell contractility by inducing actin-myosin interactions
and actin rearrangement into stress fibers (Hall 2005). Rho activation also stimulates FN
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incorporation into matrix (Yoneda et al. 2007; Zhang et al. 1994, 1999), and FN matrix
levels are reduced with blockade of Rho and loss of contractility (Zhong et al. 1998).
Mechanistic insights into the role of contractility came from studies with the monoclonal
antibody (MAb) L8 (Chernousov et al. 1987), which binds to the Ig-I111 region of FN
(Chernousov et al. 1991). Inhibition of Rho in cells with an established matrix reduced
binding of MAD L8, which indicates that accessibility of this epitope depends on the
contractile effects of cells on the matrix (Zhong et al. 1998). They also showed that binding
of FN, the 70-kDa fragment, or MAb L8 to FN attached to a rubber surface was enhanced by
stretching. Therefore, contractility and stretching affect availability of a 1111 FN binding site
through effects on FN conformation.

Another key discovery in FN binding was identification of a fragment of the 111 module
(1114-C) that could induce FN aggregation into complexes that resemble collapsed fibrils.
This 1111-C fragment, also known as anastellin, encompasses the C-terminal two-thirds of
the 1111 module and has FN-binding activity (Morla & Ruoslahti 1992). FN treated with this
fragment forms aggregates that can be stretched into structures that appear fibrillar (Morla et
al. 1994). Interestingly, this so-called superfibronectin has enhanced cell adhesion activity,
possibly because the aggregates bring multiple cell-binding domains into close proximity.
Anastellin reportedly can cause loss of FN matrix leading to changes in cell morphology,
cell signaling, and proliferation (Bourdoulous et al. 1998). However, whether FN matrix is
actually lost with anastellin treatment has been brought into question by data showing loss
of epitope accessibility without loss of FN fibrils upon addition of anastellin to cells in
culture (Klein et al. 2003). These observations indicate that anastellin affects FN
conformation in solution and within fibrils.

Only recently has the interaction of anastellin with FN been thoroughly investigated. It binds
with a stoichiometry of 4:1; three anastellins bind within I11;_3, and one binds at 1111
(Ohashi & Erickson 2005). Anastellin induces aggregation of FN or FN fragments that
contain I111_, or 111;_3 and enhances proteolytic sensitivity of FN, thus demonstrating that it
affects FN conformation (Ohashi & Erickson 2005, Ohashi et al. 2009). The authors propose
that spontaneous unfolding or “breathing” of type 111 modules allows anastellin binding,
which then prevents refolding and allows exposed hydrophobic regions in the module B-
strands to interact to form FN aggregates. -strand swapping has been demonstrated for an
individual type 111 module, I1lg, which formed amyloid-like fibrils upon temperature-
induced partial unfolding (Litvinovich et al. 1998). It seems likely that p-strand exchange
between FN molecules contributes to DOC insolubility, but this remains to be demonstrated.

GAG and proteoglycan interactions with FN have been implicated in matrix assembly
(Chung & Erickson 1997, Galante & Schwarzbauer 2007, Klass et al. 2000, Morla &
Ruoslahti 1992). Both syndecan transmembrane proteoglycans (Woods 2001) and ECM
proteoglycans such as perlecan (Chung & Erickson 1997) can participate in this process.
Interestingly, many of the FN-binding sites also have heparin-binding activity, which raises
the possibility that proteoglycans may contribute to ternary complexes and mediate
interactions between FN molecules or between FN and other ECM proteins or receptors.

Tethering of Fibronectin at the Cell Surface

An FN dimer bound to two integrins provides a way for cell contractility to apply forces that
could affect FN conformation. Tethering at the cell-binding domains of an FN dimer would
likely impact the C-terminal regions of each subunit and might also dissociate the
interactions between I11,_3 and I1115_14 in the compact form (Figure 3a,6). But can integrin
binding cause long-range conformational changes that affect the N-terminal assembly
domain and the FN-binding sites in 111;_? The finding that the 70-kDa fragment is able to
bind to cell layers and to block assembly raised the possibility of an FN matrix assembly
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receptor (McKeown-Longo & Mosher 1985). Molecules that have been implicated in 70-
kDa fragment-cell interactions include FN itself, heparan sulfate proteoglycans, collagen
(Colombi et al. 2003), molecules with large apparent molecular mass (Zhang & Mosher
1996), molecules associated with a laminin receptor (Bae et al. 2004), and integrins a.5p1
(Hocking et al. 1998) and avp3 (Takahashi et al. 2007). Despite much investigation, no
distinct molecule has emerged as the FN matrix assembly receptor, which suggests that it is
not a single entity but is instead an activity and that many different molecules can serve in
this role.

Evidence that multiple molecules affect assembly is supported by observations implicating
substrate composition in the assembly process. Fibroblasts grown on surfaces coated with
FN will rearrange the FN into fibrillar structures at matrix assembly sites that can be
detected by 70-kDa fragment binding (Christopher et al. 1997, Wierzbicka-Patynowski &
Schwarzbauer 2002). Using FN fragments as substrates, Mosher and colleagues (Xu et al.
2009) showed that assembly was limited when cells were grown on FN’s cell-binding
domain alone and that optimal assembly occurred on fragments containing 1111 plus C-
terminal FN domains. Matrix assembly is enhanced with cells on a 3D fibrillar FN matrix
(Mao & Schwarzbauer 2005b). Matrix assembly by cultured cells is facilitated by a rigid
substrate and hampered by growth on soft materials (Halliday & Tomasek 1995; C. Carraher
and J.E. Schwarzbauer, unpublished observations). Other ECM protein substrates negatively
impact assembly, as observed with cells growing on vitronectin (Bae et al. 2004, Hocking et
al. 1999). One possible interpretation of the substrate effects is that FN-binding activity
within the protein on the substrate provides a tethering site for FN, which can then be pulled
on to cause FN extension through conformational changes. This would explain why
fragments containing the 111,_, domain support assembly when attached to a surface (Xu et
al. 2009).

Integrin binding to FN induces receptor clustering, which brings together cytoplasmic
molecules such as focal adhesion kinase (FAK), Src kinase, paxillin, and others to form
protein-rich focal complexes that activate polymerization of actin filaments and intracellular
signaling through kinase cascades (Geiger et al. 2001). Differential effects of substrate on
FN matrix assembly may be sensed through formation of focal contacts and fibrillar
adhesions. By following integrin movements over time, Yamada and colleagues (Pankov et
al. 2000) showed that fibroblasts on an FN substrate maintained avp3 integrins in focal
contacts at the cell periphery whereas a5p1 integrins moved centripetally in parallel with
actin filaments. Focal contacts and fibrillar adhesions differ not only in location and
movement but also in the proteins associated with the integrin cytoplasmic domains, i.e.,
paxillin at focal contacts and tensin at fibrillar adhesions moving with a581 (Geiger et al.
2001, Pankov et al. 2000, Zamir et al. 1999). Formation of FN fibrils by the movement of
fibrillar adhesions is directional. Ohashi et al. (2002) observed that the ends of fibrils toward
the cell periphery were stationary while elongation occurred at the proximal ends, which
suggests that fibrillar adhesions are pulling against the substrate. Thus, cell-substrate
attachment can promote separation of adhesion sites from sites of FN assembly. This
provides a mechanism for extending compact FN dimers by applying tension through
pulling against substrate-attached protein and may explain some of the observed effects of
substrate on FN assembly.

Does Fibronectin Unfold?

The I11,_, domain has been the focus of many studies into FN conformational changes. It
contains two FN-binding sites, one of them cryptic, and its activity is affected by stretch
(Aguirre et al. 1994, Hocking et al. 1994, Zhong et al. 1998). Anastellin, which induces FN
aggregation, is derived from this region (Morla et al. 1994). In addition, the I11;_, domain is
unigue among type 111 module pairs in that there is a flexible 17-residue linker between the
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modules that extends into the first B-strand of 111, (VVakonakis et al. 2007). This linker might
increase the potential for domain extension. Fluorescence resonance energy transfer (FRET)
has been used to follow changes in conformation of a FRET sensor of 1111_, tagged at
opposite ends with cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP). A
significant change in FRET signal was detected with mutation of interfacial residues
predicted to form a salt bridge interaction between 111, and 111, (Karuri et al. 2009). Mutant
I111_o was further affected by 70-kDa fragment binding, which eliminated FRET (Karuri et
al. 2009). These results support the idea that a salt bridge between I111 and 111, stabilizes this
region and controls FN binding. Disruption of the salt bridge would then allow separation of
the modules, making FN binding sites more accessible and allowing intermolecular
interactions to occur.

The crystal structures of FN fragments show zigzag orientation of type 111 repeats with tilt
angles of up to 62° between adjacent modules (Leahy et al. 1996, Sharma et al. 1999).
Flattening of the zigzag into a more linear arrangement is one way to extend FN during fibril
formation. Erickson (1994) proposed a model for more dramatic conformational changes of
type 111 modules: Application of force might unravel a p-barrel into a random coil
conformation. FN fibrils can stretch to four times their original length when pulled by cells
(Ohashi et al. 1999), and fibril elasticity is easily visualized by video microscopy (Mao &
Schwarzbauer 2006) (Figure 4 and Supplemental Video 1, follow the Supplemental Material
link from the Annual Reviews home page at http://www.annualreviews.org). Both flattening
of tilt angles and unraveling of p-barrels would increase the length of an FN dimer and
provide some elasticity to fibrils. Single-molecule force spectroscopy measurements show
that type 111 modules can unfold in vitro (Oberhauser et al. 2002). Furthermore, fluorescence
microscopy with FRET spectroscopy has provided evidence for conformational changes in
individual FN molecules during fibril formation (Baneyx et al. 2001) that have been
interpreted as domain unfolding (Smith et al. 2007). Breathing of B-strands likely can briefly
expose sites normally buried inside a B-barrel. However, complete unfolding of modules
may be problematic, as the conformational changes could be irreversible, with the protein
prevented from refolding by intermolecular interactions within fibrils or by aggregation, and
such changes may also generate immunogenic sites that are not normally present in native
structures. There is a debate as to whether FN conformational changes and fibril elasticity
result from straightening of the zigzag orientation of type 111 modules, from unfolding,
partial unraveling, or breathing of type Il B structures, or from some combination of these
events (Erickson 2002, Ohashi et al. 2009, Smith et al. 2007). These questions are likely to
generate interest for the foreseeable future.

Molecular dynamics simulations and modeling have been applied to provide insights into
potential conformational changes at the cell-binding site in FN. Simulated application of
force to the 11119 module suggests that stepwise unfolding of p-strands could regulate
availability of the RGD sequence (Gee et al. 2008, Krammer et al. 1999) and may thus
provide a novel mechanism for regulating interactions of cells with FN fibrils.

ntegrin Bond Strength and Signaling

Many FN receptors can support cell adhesion and migration on FN substrates but lack
sufficient activity to assemble FN into fibrils. In contrast to a5p1, which is the primary
integrin for FN matrix assembly, a4p1 (Sechler et al. 2000), avp1 (Zhang et al. 1993),
avp3 (Wu et al. 1996), allbp3 (Olorundare et al. 2001), and perhaps others are unable to
assemble fibrils without treatments that increase their activities. These receptors also lack
the ability to bind to soluble FN (Huveneers et al. 2008), which would likely impact
recruitment of secreted FN to assembly sites on the cell surface. The distinction between
integrins probably relates to FN-binding strength. a5p1-FN bond strength is dependent on
engagement of FN’s synergy site, which leads downstream to increased FAK activation
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(Friedland et al. 2009). Both FAK activity (llic et al. 2004) and the synergy site (Sechler et
al. 1997) are required for a5p1-mediated assembly. Integrins can bind to FN lacking the
synergy site (Danen et al. 1995, Mao & Schwarzbauer 2006) but require stimulation using
either Mn2* or activating antibodies to assemble synergy-minus FN into fibrils. Taken
together, we conclude that the strength of integrin binding to FN is a requisite part of
initiating and propagating fibril formation and that the ability to achieve sufficient bond
strength for assembly is a property of a5p1 that distinguishes it from other integrins.

Facilitating interactions between integrins and FN is one role of the actin cytoskeleton.
Depolymerization of actin with drugs (Hynes 1990), deletion of the B integrin cytoplasmic
domain (Wu et al. 1995), or actin rearrangement with inhibition of Rho GTPase (Zhong et
al. 1998) causes loss of FN matrix, which demonstrates the importance of connections
between ECM polymers outside cells with actin polymers inside. Integrin cytoplasmic
domains also stimulate intracellular signaling, and certain pathways are critical for initiation
and maintenance of matrix assembly. FAK plays a central role in integrin signaling and is
essential for fibroblast assembly of FN fibrils (llic et al. 2004). Similarly, loss of talin
binding to 1 integrin reduces integrin activity and FN assembly (Green et al. 2009). Other
focal adhesion proteins participate in the assembly process, but their absence does not
eliminate assembly. For example, members of the Src kinase family work with FAK in
many cell types (Mitra & Schlaepfer 2006); assembly is delayed but not ablated in cells
lacking these kinases (Wierzbicka-Patynowski & Schwarzbauer 2002) and is reduced in
cells with enhanced Src activity (Huveneers & Danen 2009). Paxillin phosphorylation is a
consequence of Src activation (Mitra & Schlaepfer 2006) and also contributes to FN matrix
formation (Wierzbicka-Patynowski et al. 2007, Zaidel-Bar et al. 2007). Inhibition of Src
kinase activity in cells after matrix accumulation caused a rapid loss of that matrix
concomitant with a reduction in phosphopaxillin (Wierzbicka-Patynowski et al. 2007). Thus,
not only are focal adhesion proteins involved in the initiation phase of assembly, but once
matrix has been assembled, these proteins are needed to maintain matrix association with the
cell surface.

Syndecan transmembrane proteoglycans have been implicated in many of the intracellular
events that accompany integrin-FN binding. Syndecan-4 is involved in focal adhesion
formation (Woods 2001), FAK and Rho activation (Wilcox-Adelman et al. 2002), and cell
contractility (Yoneda et al. 2007). Although syndecan-4 small interfering RNA (siRNA)
knockdown does not have a major effect on FN matrix, knockdown of syndecan-2 causes a
significant reduction in DOC-insoluble FN fibrils (Galante & Schwarzbauer 2007), and
deletion of the syndecan-2 cytoplasmic tail prevents assembly of FN and other matrix
proteins (Klass et al. 2000). Syndecans bind to the hepll domain of FN (Woods et al. 2000)
adjacent to the a5B1 integrin-binding domain (Figure 1), which may position them to
contribute to cell-FN interactions. They also initiate syndecan-specific intracellular signaling
cascades that involve protein kinase C (for syndecan-4) (Bass & Humphries 2002) and PDZ
domain proteins (for syndecan-2) (Essner et al. 2006). Syndecans might act as coreceptors
for ECM along with integrins, but more research is needed to determine the specific roles of
syndecans in assembly.

Fibril Maturation and Conversion to Insolubility

Elegant experiments using an anti-FN MADb for immuno-EM analysis identified an 84-nm
space between epitopes, which predicts a 20-nm overlap of the N termini and suggests that
initially the fibrils form through end-to-end association of dimers (Dzamba & Peters 1991,
Figure 3). Initial thin fibrils then grow in length and thickness as matrix matures. During
fibril growth, FN matrix is converted to a DOC-insoluble form. This conversion follows
soon after the initiation of assembly such that more than half of a given population of FN is
DOC insoluble within 6 h (McKeown-Longo & Mosher 1983).
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Insolubility is a critical property of the ECM and provides tissues with stability, rigidity, and
shape. But how do FN fibrils become insoluble? For many years, disulfide exchange was
assumed to account for the insolubility because multimeric FN is dissociated by reducing
agents as detected by polyacrylamide gel electrophoresis, FN has protein disulfide isomerase
activity, and FN has many intrachain disulfide bonds. However, a tour de force of
fragmentation analysis failed to identify any disulfide-bonded fragments, which led to the
conclusion that DOC insolubility arises from strong, but noncovalent, protein-protein
interactions (Chen & Mosher 1996). These interactions could be related to the interactions
that form type 111 modules into amyloid-like fibrils (Litvinovich et al. 1998). Recently,
another mechanism was proposed to explain the requirement for reducing agents to
dissociate FN matrix. Experiments show that FN can be trapped at the top of the stacking gel
and appear multimeric simply by adding large ECM proteins to the gel samples (Ohashi &
Erickson 2009). These results suggest that FN within fibrils exists as covalent dimers but
that other interactions are noncovalent, again fitting with the strong protein-protein
interactions model.

The combination of multiple FN-binding sites and noncovalent FN-FN interactions in
multimeric fibrils may facilitate fibril elasticity. FN interactions initially appear to depend
on N-terminal FN binding sites generating thin fibrils with end-to-end association of FN
dimers (Dzamba & Peters 1991). FNs may be partially in the compact conformation, or type
I11 modules may be in a zigzag arrangement in these fibrils (Erickson 2002). Stretching by
cell contractility could then cause progressive extension by first unfolding the compact form
and then straightening the zigzag of the modules as well as perhaps inducing module
breathing. Binding sites exposed in extended fibrillar molecules would mediate lateral
interactions between thin fibrils. Multiple FN-binding sites may be needed so that
simultaneous interactions involving several sites along a fibril can stabilize relatively weak
binding at individual sites (Figure 3). Thus, fibril alignment may depend on the sites that are
available for interfibril interactions. Multiple binding sites might also contribute to fibril
elasticity. For example, the length of a fibril bundle could be extended by slippage of
individual fibrils along each other. Then, interactions between the N-terminal assembly
domain and its different binding sites along FN could provide stopping points as fibrils
move past each other.

Fibronectin Matrix Turnover

FN matrix assembly is a dynamic and continuous process. This point is well illustrated by
experiments showing that FN matrix is lost when cells are deprived of FN (Sottile &
Hocking 2002). FN fibrils are also dissociated when shear forces are applied to attached
cells (Engler et al. 2009). Continuous FN polymerization is needed for matrix to be
stabilized at the cell surface (Sottile & Hocking 2002, Wierzbicka-Patynowski et al. 2007).
If FN polymerization is inhibited or FN expression is eliminated, the existing FN matrix
subsides, which shows that a steady state exists between FN polymerization and turnover.

The a5p1 integrin, which carries out matrix assembly, may also be involved in its turnover.
Caveolin-1 regulates a5p1 endocytosis, and B1 integrin is involved in the endocytosis of
soluble FN (Shi & Sottile 2008, Sottile & Chandler 2005). Thus, our current understanding
of turnover suggests that events that slow polymerization of FN into fibrils (such as reduced
integrins or integrin activity, a reduced source of FN, or increased proteolysis) will increase
integrin-FN endocytosis. Further investigation is needed to understand the mechanisms and
regulation of this process.
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FIBRONECTIN-DEPENDENT ASSEMBLY OF OTHER EXTRACELLULAR
MATRIX PROTEINS

The list of ECM proteins that depend on FN for incorporation into the matrix is growing and
includes collagens, fibrillin, fibulin, latent TGF-p binding protein (LTBP), and tenascin-C
(Chung & Erickson 1997, Dallas et al. 2005, Kadler et al. 2008, Sabatier et al. 2009, Sottile
& Hocking 2002, Twal et al. 2001). Some of these proteins associate directly with FN
fibrils, whereas others appear to use FN matrix as a scaffold for deposition of independently
structured fibers. Initiation of basement membrane assembly does not involve FN but
instead relies on laminin-integrin interactions, connections to the actin cytoskeleton, and
formation of laminin multimers, all steps that are mechanistically similar to the early stages
of FN matrix assembly. This process has been recently reviewed by Yurchenco & Patton
(2009).

Fibronectin in Microfibril and Elastic Fiber Assembly

Microfibrils assemble through head-to-tail interactions of fibrillin that yield a linear fibril
that resembles beads on a string (Ramirez & Sakai 2010). Assembly of fibrillin-1 into
microfibrils occurs in cell culture but requires an extended time of several days for
significant material to accumulate. Using human dermal fibroblasts, two groups have
applied different approaches to show that FN matrix is required for microfibril assembly. In
one study, knockdown of FN expression with siRNAs or blockade of a5p1 integrin with
antibodies delayed accumulation of fibrillin-1 in the matrix (Kinsey et al. 2008). Similar
reductions were observed in p1 integrin—null cells or with inhibition of Rho GTPase, which
acts on the actin cytoskeleton downstream of integrins. In the other report, fibrillin-1 and FN
were shown to colocalize by immunofluorescence and, importantly, by immuno-EM
(Sabatier et al. 2009). Binding to FN depended on formation of fibrillin multimers, which
led to the proposal that fibrillin multimers act as assembly intermediates that ultimately
depend on FN matrix for organization into microfibrils (Sabatier et al. 2009).

Microfibrils have an important role in elastic fiber assembly. Tropoelastin is secreted and
subsequently formed into aggregates through association with either microfibrils or cells.
These elastin aggregates may nucleate further assembly. Live cell imaging studies using
tagged tropoelastin showed that elastin aggregates first appeared on the cell surface and
then, through cell motility, the small aggregates moved to and associated with elastin fibers
(Czirok et al. 2006, Kozel et al. 2006). The link to cells may involve FN. Antibody staining
of cultures over time detected FN fibrils first, but at later times fibrils positive for fibrillin,
microfibril-associated glycoprotein-1 (MAGP-1), fibulin-5, and finally elastin appeared in
the same location as FN (Wagenseil & Mecham 2007). Interestingly, lysyl oxidase (LOX),
the enzyme that forms covalent cross-links in elastin fibers, binds to FN, and this interaction
stimulates LOX activity (Fogelgren et al. 2005). Together these observations suggest a
model in which tropoelastin aggregates are cross-linked by LOX at the cell surface, perhaps
facilitated by LOX-FN interactions. These aggregates are associated with fibulins, which
may facilitate rearrangements of aggregates into fibers through interactions with microfibrils
(Wagenseil & Mecham 2007).

Type | Collagen Assembly

Triple-helical type I collagen molecules are assembled into ~1.5-nm diameter fibrils that
have a repeating pattern with 67-nm periodicity resulting from the head-to-tail and lateral
associations of individual collagen molecules (Alberts et al. 2008, Kadler et al. 2008).
Collagen chains assemble into triple-helical molecules in the secretory pathway but are
prevented from further assembly by the presence of N- and C-terminal procollagen domains.

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2013 April 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Singh et al.

Page 12

Activation of collagen for assembly into fibrils occurs by proteolytic cleavage of
procollagen domains.

Cells play an important role in type I collagen fiber assembly. As shown elegantly by EM
studies of cornea and tendon, there is close association of collagen molecules within cellular
compartments that surround the forming fibrils (Birk & Trelstad 1984, 1986). These
compartments facilitate end-to-end association of collagen molecules and lateral interactions
between fibrils. Narrow channels appear to merge to generate larger compartments in which
fibrils are assembled into fibers, perhaps through retraction of membrane protrusions (Banos
et al. 2008, Birk & Trelstad 1986, Zhang et al. 2005). Application of image reconstruction
techniques further defined these compartments and, because of their role in collagen fibril
deposition, the name “fibripositor” has been coined (Kadler et al. 2008).

One obvious advantage of such compartments is that they concentrate collagen molecules in
close proximity to promote interactions required for fibrillogenesis. In many cases, these
assembly compartments are oriented parallel to the long axis of the cell, which would serve
to orient nascent fibrils and may therefore play a critical role in directional deposition of
collagen fibers. FN and type | collagen fibers are frequently found together in tissues and
have been colocalized in the secretory pathway of fibroblasts (Ledger et al. 1980). Many
groups have shown that collagen fibrils do not accumulate in the absence of FN matrix
(Dallas et al. 2005, McDonald 1988, Sottile & Hocking 2002). In vivo, FN is found in
developing tissues prior to the deposition of collagen. Because collagen can bind to FN, the
temporal and spatial connections between FN and collagen suggest that FN acts as a scaffold
that may aid in alignment of collagen fibrils. Perhaps FN matrix orients cells so that
collagen fibrils are aligned and thus facilitates formation of parallel collagen fibers. FN
matrix might also guide the retraction of cell processes so that collagen fibrils are deposited
with parallel alignment.

Several reports have also indicated that collagen can enhance FN assembly. For example,
FN matrix was significantly increased in cells from the MOV13 mouse (deficient in type |
collagen) by expression of a collagen transgene (Dzamba et al. 1993). Presence of a 13—
amino acid collagen-binding site was required for assembly of recombinant FNs in chick
embryo fibroblasts (Colombi et al. 2003). One possible role for collagen in FN deposition
might be to provide a rigid collagen network that increases tension in the matrix to facilitate
FN assembly. This mechanism would be similar to the tensional effects of cell-cell
interactions on FN assembly in Xenopus embryos (Dzamba et al. 2009). Although it is
possible that collagen contributes to FN assembly, much more evidence shows that FN
matrix is a critical scaffold for collagen assembly.

Fibronectin Matrix and Disease

Despite FN’s abundance and importance in the ECM, surprisingly few diseases are caused
by defects in FN matrix assembly. One recently described example is glomerulopathy with
FN deposits, a kidney disease characterized by non-fibrillar FN aggregates (Castelletti et al.
2008). Gene mapping and sequencing of samples from several pedigrees of affected patients
identified mutations in 11113 and Il14. Interestingly, these mutations map to FN-binding
domains (Figure 1), which suggests that the mutations impact FN interactions during matrix
assembly. Another possibility is that 11113 mutations destabilize the compact conformation of
FN, which involves I111o_14 (Figure 3), and prematurely expose other binding sites, which
leads to dysregulation of FN-FN interactions.

The possibility exists that FN matrix contributes to other diseases. Defective or excessive
FN matrix is present in fibrotic diseases, keloids, and hypertrophic scars (see, for example,
Pozzi et al. 2009, Wolfram et al. 2009). Defects in FN matrix may underlie abnormalities
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attributed to other ECM proteins. For example, mutations in the diastrophic dysplasia sulfate
transporter (DTDST) cause gross skeletal defects with undersulfated cartilage proteoglycans
(Rossi et al. 1998). Loss of DTDST also causes a significant reduction in FN matrix
assembly (Galante & Schwarzbauer 2007), which raises the possibility that the effects of
DTDST mutations may extend to the organization or amount of FN matrix during
chondrogenesis and lead downstream to defects in collagen deposition and cartilage
formation. Whether FN matrix has a causal role or is an important contributing factor in
these diseases remains to be determined.
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SUMMARY POINTS

Initiation of matrix assembly requires binding of FN dimers to integrin receptors
followed by binding to other FN molecules via the N-terminal assembly domain.

Clustering of receptors bound to FN dimers generates a locally high FN
concentration that promotes FN-FN interactions.

FN subunits change conformation from compact to extended. This process is
mediated by integrins and depends on cell contractility through actin filaments
and Rho GTPase activity.

Conformational changes increase FN-FN interactions by exposing FN-binding
sites, some of which are cryptic in native FN.

Intracellular signaling downstream of integrins contributes to FN matrix
formation; FAK plays a central role in initiating the signals that promote
assembly.

FN fibrils are converted to a DOC detergent-insoluble form, which provides the
matrix with stability and rigidity.

A steady state exists between FN matrix assembly and matrix turnover such that
a decrease in fibril formation destabilizes the matrix and induces turnover.

Many questions remain about FN matrix assembly mechanisms and the role of
FN matrix in tissue homeostasis and disease (Figure 5).
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FUTURE ISSUES

There are at least four FN-binding sites in each FN subunit. The N-terminal
assembly domain has an essential role in fibril formation. Do the other sites
have defined roles, for example, in staggering dimers within fibrils, in lateral
interactions between fibrils, or in branching? Do several sites together form
ternary complexes to stabilize FN-FN interactions?

What molecular interactions convert fibrils to DOC insolubility? Does p-strand
exchange play a role, and are other ECM molecules involved in the process?

How does tissue tension regulate matrix assembly? Is it through integrin
activity, cytoskeletal organization, FN conformation, or other mechanisms?
Does deposition of collagen or other ECM proteins modulate tissue tension?

What events are involved in identifying fibrils for turnover and in converting
insoluble fibrils into a form that can be endocytosed?
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Figure 1.

Diagram of a fibronectin (FN) subunit. Each FN subunit consists of three types of repeats:
type | (hexagon), type |l (square) and type |11 (cylinder). Based on rotary shadowing
electron microscopy images, the two subunits of FN are curved with a contour similar to the
shape in this diagram (Engel et al. 1981). Domains required to initiate assembly (red)
include the cell-binding domain (RGD site in Ill1g + synergy site in Illg), the N-terminal
assembly domain (l1_g), and the intermolecular dimer cysteines at the C terminus. The 70-
kDa fragment extends from I through lg, including the assembly and the collagen/gelatin
binding domains. The 111,_, domain (red with stripes) has two FN-binding sites and
participates in conformational changes that promote assembly. Other FN-binding sites are
located in the 1114_5 domain and in the I111o_14/hepll domain that also binds to heparin and
syndecans. Alternatively spliced extra domains EIIIA, EINlIB, and the variable region (V) are
shown in white.
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Figure 2.

Fibronectin (FN) fibrillar matrix surrounds cells in culture. HT1080 cells were grown on a
glass coverslip for 20 hours in medium supplemented with 0.1 LM dexamethasone and 25
g mi~1 rat plasma FN as described in Brenner et al. (2000). Cells were fixed and stained
with anti-FN monoclonal antibody (IC3) followed by fluorescein-tagged goat antimouse
immunoglobulin G. Image shows FN fibrils ( green) around cells with 4”,6-diamidino-2-
phenylindole (DAPI)-stained nuclei (b/ue).
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Figure 3.

Major steps in fibronectin (FN) matrix assembly. Integrin-induced conversion of compact
FN to extended fibrils is shown in four steps. (&) A compact FN dimer binds to integrins

( gray). FN subunits of a single dimer are shown in two shades of orange. (6) Intracellular
proteins ( pink, yellow, blue) are recruited to integrin cytoplasmic domains and connected to
the actin cytoskeleton ( greer)). Cytoskeletal connections increase cell contractility (arrows),
which induces conformational changes in FN. (¢) Integrin clustering and exposed FN-
binding sites promote FN-FN interactions and further changes in FN conformation. (d')
Finally, these events trigger formation of stable insoluble fibrillar matrix. The inset (red box)
shows interactions between single subunits of FN dimers. N indicates the N terminus of an
FN subunit. Fibrils form through (/) end-to-end association of FN dimers, mediated by the N
-terminal assembly domain, followed by (/7)) lateral associations between fibrils that are
likely to involve the other FN-binding sites in I111_5, I1l4_s5, and 11115_14. Gray X’s represent
interactions between fibrils.
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Figure4.

Migration of HT1080 cells on fibrillar fibronectin (FN) matrix. Extraction of a highly
confluent fibroblast culture was used to prepare a cell-free fibrillar matrix in which FN is the
major protein component. HT1080 human fibrosarcoma cells were allowed to attach to the
matrix in serum-free medium for 2 h. Fetal bovine serum was then added to the medium to a
final concentration of 10% to initiate migration. To watch the migration in action, please see
Supplemental Video 1, which was originally published in Mao & Schwarzbauer (2006).

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2013 April 17.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Singh et al. Page 27
Modulatory molecules Multiple FN binding sites
Other ECM components Ternary complexes
4 Y y A |
FN dimer FN-EN I
- - nsoluble
blnc!lng £ asp1 interactions fibrils
integrin
Yx\ A "1 *
FN conformation \J

Tissue tension

Figureb5.

Matrix turnover
Fibrotic disease

Future issues. The basic steps of fibronectin (FN) matrix assembly are boxed in green. Other
proteins, interactions, processes, and mechanisms (b/ue) might impact various steps in
matrix assembly as indicated (dashed blue arrows). Additional investigation is required to

understand their effects. ECM, extracellular matrix.
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