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Abstract

The fibronectin matrix provides mechanical and biochemical information to regulate homeostatic 

and pathological processes within tissues. Fibronectin consists of independently-folded modules 

termed Types I, II and III. In response to cellular contractile force, Type III domains unfold to 

initiate a series of homophilic binding events which result in the assembly of a complex network 

of intertwining fibrils. The unfolding of Type III modules provides elasticity to the assembled 

fibronectin matrix allowing it to function as a dynamic scaffold which provides binding sites for 

cellular receptors, growth factors and other matrix molecules. Access to bioactive sites within the 

fibronectin matrix is under complex regulation and controlled through a combination of 

mechanical and proteolytic activity. Mechanical unfolding of Type III modules and limited 

proteolysis can alter the topographical display of bioactive sites within the fibronectin fibrils by 

exposing previously cryptic sites and disrupting functional sites. In this review we will discuss 

cryptic activity found within the first Type III module of fibronectin and its impact on tissue 

angiogenesis and inflammation.
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INTRODUCTION

Fibronectin is a high molecular weight, dimeric glycoprotein which is found in a soluble 

protomeric form in the blood plasma and as an insoluble polymer in the extracellular matrix 

[1, 2]. Fibronectin is synthesized by the liver and found in the plasma at 400 μg/ml where it 

functions as a reservoir for tissue fibronectin [3, 4]. Fibronectin consists of independently-

folded modules termed Types I, II and III. Polymerization of fibronectin into the matrix is a 

cell-dependent process and depends on the amino terminal five Type I modules which 

comprise the matrix assembly domain (Fig. 1). Fibronectin regulates basic cellular processes 

such as cell adhesion, migration, growth and survival, thus serving important roles in 

development, angiogenesis and wound repair [5, 6]. Fibronectin is also secreted by most cell 

*Corresponding author: mckeowp@mail.amc.edu. 

CONFLICT OF INTEREST STATEMENT There are no conflicts of interest.

HHS Public Access
Author manuscript
Curr Top Pept Protein Res. Author manuscript; available in PMC 2016 August 12.

Published in final edited form as:
Curr Top Pept Protein Res. 2015 ; 16: 37–47.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



types in response to injury and in association with disease states [7–13]. Cellular synthesized 

fibronectin is characterized by the inclusion of additional Type III modules termed extra 

domains A (EDA) and B (EDB) which arise through alternative splicing [14]. Polymerized 

fibronectin both regulates the composition of the matrix by providing binding sites for other 

matrix proteins and functions as a scaffold to sequester growth factors and associated 

proteins [15, 16]. Fibronectin associates with cells through interactions with integrin 

receptors. The primary integrin interacting with fibronectin is the α5β1 integrin, which binds 

the arginine-glycine-aspartic acid (RGD) sequence and synergy sites within the III9–III10 

modules (Fig. 1). This integrin mediates fibronectin polymerization and bi-directionally 

transduces both mechanical and biochemical information between the cells and the matrix. 

In the adult, estimates of the turnover of tissue fibronectin suggest a half-life of 

approximately 3 days [17, 18]. The fibronectin matrix is therefore a dynamic structure which 

is in a continual state of remodeling. Dysregulation of fibronectin homeostasis contributes to 

tissue pathologies such as inflammation and fibrosis. The availability of bioactive sites 

within the fibronectin matrix is under complex regulation and controlled through a 

combination of mechanical and proteolytic activity. In this review, we discuss the role of 

cryptic activities within the first Type III module in fibronectin fibrillogenesis and in the 

regulation of tissue angiogenesis and inflammation.

The III1 module of fibronectin is a homophilic binding site involved in fibronectin matrix 
assembly

Polymerization of fibronectin is a cell-dependent process driven by cellular contractile force 

which unmasks cryptic homophilic binding sites required for fibrillogenesis. Exposure of 

these sites is under strict control to prevent inappropriate aggregation of fibronectin within 

the blood plasma. Early studies on purified plasma fibronectin documented a propensity for 

self-aggregation [19, 20] leading to the hypothesis that the insoluble matrix represented the 

biologically active form [21]. The self-association activity of fibronectin could also be 

demonstrated using heparin or denaturants [22–24], consistent with conformational changes 

within the molecule exposing the homophilic binding sites that control the aggregation of 

fibronectin into higher-order multimers. These in vitro formed fibronectin multimers 

exhibited functional characteristics distinct from the protomeric fibronectin monomer, 

providing the first evidence that the organization of fibronectin into fibrils could alter its 

biological activity [25]. To understand the process of fibronectin matrix assembly, early 

studies on the structure-function of fibronectin were focused on the identification of self-

association sites in fibronectin which mediated fibrillogenesis. Limited proteolysis of plasma 

fibronectin using chymotrypsin led to the identification of a 14 kD heparin-binding fragment 

adjacent to the collagen binding site as a region involved in self-association [26, 27]. This 

fragment spanned the carboxy and amino terminal regions of the III1 and III2 modules (Fig. 

1) and inhibited fibronectin matrix assembly by directly binding to fibronectin and 

preventing fibronectin self-association [28]. Together these studies provided support for the 

involvement of the III1 module in fibronectin fibrillogenesis. Additional support for a role 

for this region in matrix assembly was demonstrated in studies showing that two monoclonal 

antibodies (L8 and 9D2) directed at epitopes within the III1 module inhibited the assembly 

of soluble fibronectin into extracellular matrix fibrils [29–31]. Subsequent studies using 

recombinant modules of fibronectin identified the homophilic binding partner for III1 as 
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fibronectin's amino terminal matrix assembly domain. Thermal denaturation of the 

recombinant III1 module was shown to expose a high affinity binding site for both the 70 kD 

and 25 kD amino-terminal proteolytic fragments of fibronectin representing the matrix 

assembly domain [32]. A second study demonstrated that both intact fibronectin and the 70 

kD amino-terminal fragment could bind to recombinant fusion proteins containing the 

III1/III2 domains, suggesting that the binding site for 70 kD spanned both modules [33]. 

Subsequent mutational analysis showed that the I4 and I5 modules within the matrix 

assembly domain were required for the interaction between the matrix assembly domain and 

the III1 module [34]. These studies all pointed to the interaction between III1 and the amino 

terminal I1-5 modules as a critical homophilic binding event in the assembly of the 

fibronectin matrix.

The Type III modules of fibronectin consist of approximately 90 amino acids organized into 

a folded beta sandwich structure (Fig. 2). In response to cellular contractile force, Type III 

modules unfold allowing fibronectin fibers to stretch up to several times their length [35, 

36]. Cell-derived contractile force and substrate rigidity work together to regulate the 

polymerization of soluble fibronectin by controlling the accessibility of homophilic sites [37, 

38]. Mediators which stimulate the cell's contractile apparatus such as TGF-β or 

lysophosphatidic acid (LPA) increase the assembly of soluble fibronectin into the 

extracellular matrix [39–42]. The generation of forces required for the unfolding of 

fibronectin Type III modules depends on cytoskeletal-driven contraction which is transduced 

to the matrix through integrin adhesion receptors. This mechanical coupling of integrin to 

fibronectin matrix depends on the cytoskeleton and an activated α5β1 integrin [38, 43–45]. 

Mechanical stretching of fibronectin results in the exposure of cryptic binding sites for the 

amino-terminal matrix assembly domain which are blocked by the L8 monoclonal antibody 

directed at the III1 module [46]. These data suggest that cellular contractile force regulates 

fibrillogenesis by controlling the availability of homophilic binding sites within the 

assembling fibronectin molecules.

The exposure of the cryptic self-association activity within the III1 module may be regulated 

through an association with the neighboring III2 module. III1-2 and isolated III2 bind to the 

amino-terminal matrix assembly domain of fibronectin weakly in their native forms; 

however, in its open conformation, III1-2 binds almost irreversibly to the 70 kD fragment 

[47, 48], consistent with the interaction between III1 and III2, controlling the high affinity 

binding between I1-5 and III1. Recent images of fibronectin fibers in cultured cells using 

single-molecule localization microscopy are consistent with fibril formation being mediated 

by a substantial N-terminal overlap, which allows for an interaction between the III1-2 

modules of one molecule and the I4-5 modules of the adjacent molecule [49]. Thus, the data 

suggests a model whereby fibrillogenesis depends on a high affinity interaction between III1 

and I4-5 which is regulated by cellular contractile force (Fig. 3).

The III1 module also associates with other Type III modules [50, 51] including III10, which 

contains the RGD sequence required for integrin binding [50]. The binding of III10 to III1 

was shown to be conformation-dependent and required the unfolding of III10. Once 

unfolded, III10 promoted the fibrillogenesis of intact fibronectin into high molecular mass 

multimers. The formation of these multimers occurred in the absence of cells but required 
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the III1 and the amino-terminal I1-5 modules [50]. Predictions based on steered molecular 

dynamics described a mechanical unfolding profile for III10 which resulted in the exposure 

of hydrophobic regions within the N-terminal β-strands A and B [52]. Subsequent studies 

identified a sequence SLLISWD within the B strand that promoted the aggregation of 

fibronectin in the absence of cells. This 7-amino acid `multimerization sequence' could also 

stimulate the assembly of matrix fibronectin in cultured fibroblasts [53]. These data suggest 

that fibronectin fibrillogenesis depends on the regulated exposure of cryptic homophilic 

binding sites within Type III modules.

Anastellin: Anti angiogenic activity within III1 module

Studies using a series of peptides derived from the 14 kD homophilic binding chymotryptic 

fragment of fibronectin, identified a region in the III1 module which binds to fibronectin and 

stimulates fibronectin polymerization in the absence of cells. The 76 amino acid peptide 

represented the carboxy-terminal two thirds of the III1 module and was designated III1c (Fig. 

4). The in vitro fibronectin polymerized by III1c was found be more adhesive than the 

fibronectin matrix assembled by fibroblast cells, and hence it was termed `superfibronectin' 

[28]. Subsequent analysis using various recombinant modules of fibronectin identified III1–3 

and III11 as III1c binding sites involved in the formation of in vitro fibronectin aggregates 

[54–56]. The formation of these in vitro multimers by III1c was thought to depend on 

intermolecular β-strand exchange between unfolded modules [54, 57].

In vivo studies in mouse xenograft models identified III1c as having anti-tumor activity. 

Intraperitoneal injections of either III1c or superfibronectin were found to inhibit the growth 

and metastasis of several human tumors in mouse models of experimental and spontaneous 

metastasis [58]. Blood vessel density in tumors of mice treated with III1c was reduced 

compared to untreated controls, suggesting that III1c was inhibiting tumor angiogenesis. 

Based on its anti-angiogenic properties, III1c was then termed `anastellin' derived from the 

Greek word `to retreat'. The anti-angiogenic activity of anastellin required plasma 

fibronectin as tumors implanted in mice lacking plasma fibronectin were unaffected by 

anastellin, suggesting that complexing with fibronectin in the plasma was required for 

anastellin's inhibitory activity [59]. As plasma fibronectin is continuously deposited in the 

tissue matrix, anastellin's dependence on plasma fibronectin for activity may reflect a 

requirement for plasma fibronectin to target and concentrate anastellin within tissues 

undergoing matrix remodeling [4].

Early studies done to address the molecular mechanism underlying the inhibition of 

angiogenesis by anastellin indicated that anastellin inhibited cell growth. These effects were 

proposed to result from an anastellin-mediated disassembly of the established fibronectin 

matrix, leading to a loss of actin stress fibers, activation of p38 mitogen-activated protein 

(MAP) kinase and an inhibition of the cell cycle [60]. Studies on human microvessel 

endothelial cells confirmed the inhibitory effects of anastellin on cell growth. These studies 

demonstrated that anastellin selectively inhibited serum-dependent extracellular signal 

regulated kinase (ERK) signaling and prevented G1/S phase transition in endothelial cells, 

while having little effect on the growth of other cell types [61]. In addition, anastellin also 

inhibited ERK activation in response to the lysophospholipids LPA and S1P. These 
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phospholipids regulate growth, migration and stress fiber formation through G-protein 

dependent activation of the ERK, PI3K and Rho pathways, respectively. Interestingly, 

anastellin inhibited only the ERK/growth pathway while having no effect on migration or 

stress fiber formation, consistent with anastellin specifically inhibiting only the ERK arm of 

the lysophospholipid signaling pathway [62]. A subsequent quantitative study looking at the 

effect of anastellin on the established fibronectin matrix found that in contrast to the earlier 

study [60], treatment of cells with anastellin did not result in any decrease in the amount of 

matrix fibronectin. Rather, anastellin caused a rapid conformational remodeling of 

fibronectin within the assembled fibrils which could be detected as a selective loss of 

antibody epitopes [63]. A more recent study has now shown that the antiangiogenic activity 

of anastellin is linked to anastellin-mediated changes in the topography of the fibronectin 

matrix which result in loss of the synergy site within the III9 module and an inactivation of 

the α5β1 integrin [64]. The synergy site is known to regulate the bond strength between 

α5β1 and fibronectin [65, 66]. The effect of anastellin was specific to the α5β1 integrin as 

ligation of the αvβ5 integrin and the number of adhesion sites were unaffected. Integrin 

inactivation was accompanied by an inhibition of vascular endothelial growth factor (VEGF) 

signaling which was specific to the 165 isoform of VEGF (VEGF165). Anastellin did not 

inhibit signaling in response to either VEGF121 or EGF. The inhibitory effect of anastellin 

on VEGF165 was due to the inability of the cells to assemble the complex between the 

VEGF receptor and neuropilin which is required for VEGF165 signaling. The data suggest a 

model whereby anastellin-mediated changes in the topographical display of α5β1 integrin 

binding sites within the established fibronectin matrix specifically impact signaling 

pathways regulated by the α5β1 integrin (Fig. 5). These data also suggest that homophilic 

binding peptides of fibronectin may have applications in the design of engineered tissue 

scaffolds by reprogramming the cellular response to growth factors.

III1c as a ligand for Toll-like receptors

Invading pathogens (Pathogen Associated Molecular Patterns, PAMPs) or endogenous 

molecules released following tissue damage (Damage Associated Molecular Patterns, 

DAMPs) promote inflammation by activating Toll-like receptors (TLRs), a family of 

receptors which regulate the NFκB-dependent synthesis of cytokines. Extracellular matrix-

derived products of tissue injury including proteoglycans, hyaluronic acid, Tenascin C and 

the EDA isoform of fibronectin have been proposed as ligands for the TLR4 receptor [67]. 

The EDA isoform of fibronectin is synthesized in response to tissue injury and has been 

shown to activate TLR4 signaling in a variety of cell types [68–71]. In addition, EDA+ 

fibronectin has been shown to promote both chronic inflammation and fibrosis in several 

disease models [72–76]. Recent studies have identified III1 as a second fibronectin domain 

which activates TLR4 [71, 77]. Addition of the III1c peptide to human fibroblasts induced 

the TLR4-dependent nuclear translocation of NFκB and induced robust expression of a 

select group of pro-inflammatory cytokines. Most notably, expression of the cytokines 

CXCL1, -2, -3, IL-8 and TNF-α were found to be highly upregulated in response to III1c 

[71, 77]. The role of III1c as a DAMP was further evaluated in studies designed to 

understand the effects of p38 MAP Kinase activation via this region of fibronectin. Earlier 

studies had shown that III1c activated p38 in fibroblast cells [60, 63]. The p38 MAP Kinase 

pathway is well-documented as being a downstream effector of TLR4 and the activation of 
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p38 by III1c in human dermal fibroblasts was found to be dependent on TLR4. Inhibitors of 

p38 kinase activity and its downstream target MAPKAP Kinase2 (MK2) resulted in a 

significant decrease in III1c-induced cytokine expression through effects on cytokine 

message stability [71]. Studies using human lung fibroblasts showed that III1c induced 

expression of similar pro-inflammatory cytokines through the activation of TLR2, 

suggesting that III1c may serve as an agonist for both TLR2 and TRL4 [78]. A comparative 

study between EDA and III1c showed that each module induced an identical inflammatory 

gene signature in dermal fibroblasts. Additionally, each module induced comparable 

amounts of the IL-8 cytokine, which was sensitive to inhibitors of NFκB, p38 and MK2 as 

well as the blocking antibody to TLR4. Surprisingly, when cells were treated with both 

modules, the amount of IL-8 secreted was eight times greater than the expected additive 

effect, indicating that the modules worked synergistically to induce cytokine expression 

[71]. The synergy between the two modules suggests that injury-induced expression of 

EDA+ fibronectin by tissue fibroblasts coupled with increased proteolysis of matrix may 

allow fibroblasts within the site of injury to mount a rapid and robust release of cytokines in 

response to tissue damage.

Currently, the physiological conditions required for the manifestation of TLR4 agonist 

activity within the III1 module are not known, but likely arise through a change in the 

balance of mechanical forces or active proteases. As described above, the III1 module is 

under mechanical regulation. Increases in myofibroblasts within wounded tissue would be 

expected to increase contractile forces in the tissue. Fibronectin fragments generated during 

proteolytic remodeling of matrix have also been documented in injured and diseased tissues 

[79–84]; however, very little is known about their specific sequences and concentrations 

within local microenvironments. Proteomic analysis has indicated that fibronectin cleavage 

at the amino acid site 600NAPQ by MMP2 will effectively remove the first two beta strands 

from the III1 domain [85], thereby creating the III1c structure which could either be released 

from the matrix by further proteolysis or remain tethered to the fibrils at the carboxyl end 

(Fig. 6). Tethering would provide a mechanism for the local concentration of III1c to reach 

biologically active (μM) amounts within a localized area. Ultraviolet absorption microscopy 

has estimated the density of fibronectin in a polymerized fibronectin fiber at 177 mg/ml [86], 

which corresponds to a concentration of 400 μM within the fiber: a concentration that would 

be expected to increase as the fiber is placed under increased strain. Therefore, limited 

MMP-2 mediated proteolysis of the fiber has the potential to generate a high local 

concentration of fibronectin-derived DAMPs from the III1 domain.

CONCLUSION

Remodeling of the extracellular matrix occurs in response to tissue injury and during the 

course of many diseases. Dysfunctional remodeling of the matrix disrupts normal cell 

behavior which leads to a loss of tissue homeostasis, often resulting in chronic inflammation 

and fibrosis which left unchecked can lead to neoplasia and organ failure. While it is well 

accepted that fibronectin matrix fibrils contain cryptic biological activities, very little is 

known about how these activities are regulated. Homophilic binding peptides released from 

the matrix, associate with fibronectin fibrils and affect the pattern of ligated integrins. These 

findings suggest that reagents based on anastellin or other peptides (i.e., bacterial adhesins, 
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anginex, dermatopontin) which have been demonstrated to bind to fibronectin and alter its 

conformation [87–90] may have useful applications for modulating the tissue 

microenvironment by specifically regulating the display of biologically active sites within 

the fibronectin matrix. The III1 module can also serve as an agonist for TLR4. This activity 

is cryptic within III1 and may be exposed through mechanical unfolding or proteolytic 

fragmentation. The impact of the III1 and EDA modules of fibronectin on disease 

pathologies, such as inflammation and fibrosis, is just beginning to be understood [91]. 

Understanding the mechanisms controlling the interaction of these domains with TLR4 may 

prove to be helpful in therapeutically designing reagents to specifically target DAMP-

mediated inflammation.
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Fig. 1. Fibronectin structure
Fibronectin is a 450 kD dimeric multimodular extracellular matrix protein consisting of 

three repeating modules termed Types I, II and III. Each subunit contains 12 Type I ( ), 2 

Type II ( ), and 15 Type III modules ( ). Additionally, there are two alternatively spliced 

Type III domains, EDB and EDA, as well as variable ( ) region. The two subunits are joined 

by a disulfide bond (S-S) at the carboxy terminus. Alternative splicing of a single pre-

mRNA can generate multiple isoforms including or excluding the EDB and EDA modules 

and the variable region can also be entirely spliced out, entirely spliced in, or partially 

spliced out. Its multi-modular structure and inter-modular regions allow for the flexibility of 

the fibronectin molecule and regulates its function. The fibronectin molecule contains sites 

for self-assembly, integrin-receptor ligation and other matrix proteins. Binding sites for 

collagen, heparin and the α5β1 integrin are shown. The matrix assembly site was localized to 

the N-terminal domain via the production of proteolytic fibronectin fragments 25 kD and 70 

kD. The 14 kD chymotryptic fragment contains a self-association site involved in matrix 

assembly.
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Fig. 2. Secondary structure of a Type III domain
The Type III modules of fibronectin are structurally characterized by seven anti-parallel beta 

strands in two separate beta sheets arranged into a beta sandwich. Beta strands A, B and E 

form one sheet which is packed against the second beta sheet containing strands C, D, F and 

G.
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Fig. 3. Unfolding of III1-2 promotes high affinity binding of I4-5 during matrix assembly
A self-association site required for matrix assembly was isolated to the III1 and III2 domains 

which are connected by a flexible inter-domain linker. Unlike other Type III domains, the A-

strand of III2 is disordered in solution and is included in the inter-domain linker. In the 

native conformation, there is a weak association between the III1-2 and I1-5 amino-terminal 

modules. In response to mechanical force, III1-2 is stretched into a more open conformation 

to unmask a high affinity binding site for I4-5.
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Fig. 4. The derivation of anastellin (III1c) from the first Type III domain of fibronectin
Proteolysis of fibronectin using chymotrypsin releases a 14 kD heparin-binding fragment. 

This fragment begins within the III1 module and extends into the III2 module. It inhibits 

fibronectin matrix assembly by binding directly to fibronectin and blocking self-association. 

Studies evaluating a series of peptides derived from the 14 kD fragment identified a region 

in the III1 module which stimulated fibronectin polymerization in the absence of cells. This 

76 amino acid peptide has the amino-terminal sequence asparagine-alanine-proline-

glutamine (NAPQ) and is derived from the carboxy-terminal two thirds of the III1 module. 

This peptide was designated III1c and named anastellin.
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Fig. 5. Identification of anastellin sensitive signaling pathways in endothelial microvessel cells
Anastellin-mediated effects on matrix topography selectively inhibit growth factor and 

lysophospholipid (LPL) signaling to ERK (shown in red). Remodeling of the fibronectin 

matrix in response to anastellin causes an inactivation of the α5β1 integrin thereby 

disrupting LPA S1P and VEGF165 signaling. Anastellin inhibited the Lysophospholipid 

Receptor (LPL-R) activation of Gi without affecting the activation of G12/13. Anastellin also 

inhibited VEGF165 signaling to ERK by inhibiting the formation of the VEGFR2/NRP 

complex. Anastellin had no effect on ERK activation in response to either VEGF121 or 

EGF.
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Fig. 6. Unmasking of TLR4 agonist activity within the III1 module by mechanical unfolding or 
MMP-2-mediated cleavage of fibronectin fibers
A) In response to cellular contractile force, the A and B strands of the III1 module of 

fibronectin unfold to produce a stable intermediate structure which recapitulates III1c. B) 
Alternatively, the MMP2 cleavage sites within III1 and along the length of the molecule will 

allow for the generation of various sized soluble fibronectin fragments whose amino-

terminus contains III1c [85]. C) Limited proteolysis of fibronectin fibrils with MMP2 would 

be expected to release III1c-like structures which remain tethered to the fibril at the carboxyl 

end. Tethering would be expected to facilitate the localized increases in the concentration of 

TLR4 ligands.
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