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PDGF-BB Platelet-derived growth factor BB 
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PECAM-1 Platelet/endothelial cell adhesion molecule 1 
PFA Paraformaldehyde 
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PI3K Phosphoinositide 3-kinase 
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PTEN Phosphatase and tensin homolog 
pY Phosphorylated tyrosine residue 
R  
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RGD Arg-Gly-Asp 
RIPA Radio Immuno Precipitation Assay 
RNA Ribonucleic acid 
ROCK Rho kinase 
S  
S Serine 
SDS Sodium dodecyl sulfate 
SDS-PAGE SDS-polyacrylamide gel electrophoresis 
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T  
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TBS Tris-buffered saline 
TGF-β Transforming growth factor-β 
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VEGF-A Vascular endothelial growth factor A 
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3 SUMMARY 
 

Fibronectin (FN) is a vertebrate-specific high-molecular-weight glycoprotein that is deposited into 

the extracellular matrix by virtually all cell types and is secreted into the blood plasma by hepatocytes. 

Effectively all FN is secreted as globular and dimerised molecules. Dimerisation of FN molecules is 

mediated by disulfide bonds between two pairs of C-terminal cysteine residues; this pair of cysteines 

constitutes the FN dimerisation motif. Cells adhere to FN through integrin cell surface receptors. The 

main FN-binding integrins are integrins α5β1 and αVβ3. The ability of integrins to bind specific 

integrin-binding motifs in FN not only facilitates cell-anchorage to a FN substrate, but also facilitates a 

fundamental step in the conversion of soluble, globular FN into an insoluble, fibrillar matrix. FN 

fibrillogenesis, the assembly of a fibrillar fibronectin matrix, is crucial because the fibrillar form of FN 

is the biologically active form that allows FN to serve as a master scaffolding protein among the 

extracellular matrix proteins and to regulate growth factor bioavailability. A dogma of FN 

fibrillogenesis, originating from early studies of FN fibrillogenesis examined in vitro (Schwarzbauer, 

1991), dictates that FN dimerisation is an absolute requirement for FN fibrillogenesis and hence FN 

function. 

The aim of this PhD project was to characterise the function of the FN dimerisation motif in vivo. 

The strategy was to address the requirement for FN dimerisation with a mouse model carrying mutant 

FN alleles in which the two critical cysteine residues of the dimerisation motif were mutatated to serine 

residues (FNCC>SS/CC>SS).  

The main findings of this study are (1) the FNCC>SS knock-in mutation causes recessive embryonic 

lethality in mice, (2) FNCC>SS/CC>SS mouse embryos die between E9.5 and E11.5, (3) embryonic lethality 

is most prominently associated with severe remodelling defects of the cardiovascular system, affecting 

both embryo proper and extraembryonic tissue and (4) monomerised FNCC>SS is assembled into a 

fibrillar extracellular matrix, which is, however, macroscopically distorted and compromises the 

mechanical properties of the associated extracellular matrix. However, neither integrin signalling nor 

migration speed of fibroblasts on ECM platforms are affected by the presence of FNCC>SS matrix. 

Furthermore, (5) FNCC>SS disrupts the fibrillar morphology, but not the protein level, of latent TGF-β 

binding protein 1 deposited in the extracellular matrix, but (6) does not affect the storage capacity of 

the extracellular matrix transforming growth factor-β storage or the abilty of integrin αVβ6 to release 

transforming growth factor-β from the extracellular matrix, and, finally, (7) neither does FNCC>SS affect 

the levels of vascular endothelial growth factor receptor signalling in embryonic tissue. 

With this study, I demonstrate that monomerised FNCC>SS is assembled into a fibrillar matrix both 

in vivo and in vitro, but that this monomerised FNCC>SS matrix retains partial functionality of dimeric FN 

in vivo. Dimerisation of FN is required to establish robust structural and mechanical features of the 

resulting fibrillar matrix. Although cardiovascular remodelling defects suggest malfunction of integrin 

function and/or growth factor bio-unavailability, these features of the FNCC>SS matrix do not appear to 

affect integrin function or the ability of the ECM to regulate growth factor bioavailability. 
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4 INTRODUCTION 
 

4.1 Cell adhesion and the extracellular matrix 

The ability of cells to adhere to each other and to their immediate environment is a fundamental 

aspect of multi-cellular organisation and order among the Metazoa. With the evolution of complex 

multicellular organisms, individual cells were required to specialise in function. As part of a 

coordinated effort to propagate the survival of the organism, individual cells had to both create and 

interact with a specialised microenvironment of other cells and non-cellular components. Cell adhesion 

to each other and the extracellular matrix (ECM) are fundamental to basic cellular and tissue function. 

These processes guide cellular migration, regulate differentiation and define the spatial dimensions and 

physical limits of higher-order structures. Equally important for the benefit of the multicellular 

organism is strict adherence to a developmental programme that avoids dysplastic growth. For 

example, the survival of many cell types depends critically on contacts they make with each other and 

the (ECM), and without anchorage, these cell types undergo anoikis (Frisch and Francis, 1994). Thus, 

cell adhesion is fundamental to the propagation and protection of multicellular organisms.  

The mechanical integrity of tissues is crucial to its homeostasis and is established through the 

interconnection of cytoskeletal networks and ECM through cell-cell junctions and cell-matrix 

adhesions. By providing a highly interconnected extracellular scaffold, the ECM is responsible for 

much of this mechanical integration. The ECM is an acellular, insoluble protein- and carbohydrate-

based microenvironment, in which composition, supramolecular organisation and degree of 

intramolecular and intermolecular crosslinking create the properties that provide physical cues to cells 

and structural integrity to tissues. Importantly, cells create their own ECM by secreting and 

coordinating the deposition and arrangement of all components of the ECM. While most cells types 

express ECM proteins, the types and amounts of ECM typically relate to the function of the cell and 

tissue. Each of the various components of the ECM, including glycoproteins, proteoglycans and, in the 

case of bone, mineral deposits, confers a specific property to the ECM. The fibrous ECM proteins, 

including collagen, elastin, fibronectin and laminin, form highly fibrillar and cross-linked matrices that 

confer tensile strength and flexibility to tissues, but also have adhesive functions. The proteoglycans 

and their respective glycosaminoglycan chains represent a second major class of ECM components 

that are higly hydrated, fill cell-free spaces and resist compressive forces. In addition to structural and 

mechanical integrity, the ECM provides instructive information. Many ECM glycoproteins are 

recognised by cell surface receptors and allow cells to adhere to and move directionally along ECM. 

Also, both glycoproteins and proteoglycans within the ECM bind specific paracrine growth factors, 

such as fibroblast growth factor (FGF), vascular endothelial growth factor A (VEGF-A) and 

transforming growth factor β (TGF-β), and thereby regulate their bioavailability in space and time. All 

these functions make the ECM an important regulator of developmental and regenerative processes. 

The ECM is a dynamic compartment, as the proteins and carbohydrates within are continuously 



PhD Thesis - Josefine Gibson  Introduction 
 

 7 

remodelled, both in response to developmental signals and mechanical stimuli, and this dynamic 

behaviour is fundamental to developing, shaping and maintaining tissue (Aszódi et al., 2006).  

Whether a sponge or a mammal, the ability of a cell to adhere to the ECM relies on cell surface 

receptors that allow cells to recognise, bind, manipulate and respond to the ECM. Therefore, in 

addition to composition, quantity and architecture of ECM components, the profile of cell surface 

receptors that bind ECM proteins are fate-determining factors in cell-ECM adhesion, cell behaviour 

and tissue homeostasis.  

4.2 The integrin family of adhesion receptors 

The integrin family of adhesion receptors represents a major class of metazoan cell surface 

receptors involved in cellular adhesion to the ECM, and in certain cases in vertebrates, to each other 

(Hynes, 2002b). In doing so, integrins play key roles in fundamental biological processes by integrating 

cell migration, differentiation, growth and apoptosis. Consequently, integrins are important regulators 

of diverse biological processes, such as development, the immune response, leukocyte trafficking and 

hemostasis, but are also implicated in diseases including artherosclerosis, autoimmune diseases and 

cancer. 

4.2.1 The integrins and their ligands 

Integrins are heterodimeric type I transmembrane proteins that arise through non-covalent 

association of integrin α and β subunits. These integrin α and β subunits are modular proteins, each of 

which has a large extracellular domain, a single transmembrane α-helix and a short (10-70 amino acid) 

cytoplasmic domain (this is true for all subunits except the β4 subunit, which has large cytoplasmic 

domain of 1072 residues). The mammalian genome encodes eighteen α subunits and eight β subunits, 

which combine into twenty-four distinct αβ heterodimeric integrins (Hynes, 2002b). Alternative 

splicing of integrin transcripts and their tissue-specific expression patterns add further complexity to 

the map of integrins. The combination of α and β chain determines both ligand and signalling 

specificity of the integrin. However, while some integrins are specific in their recognition of ligands, 

others are promiscuous; hence there exists significant redundancy in ligand-recognition, i.e. various 

integrins will recognise the same ligand, and some integrins recognise more than one ligand.  

Generally, integrins are classified into four clusters with respect to ligand-specificity (fig 1). Three 

of these clusters represent ECM-binding integrins: (i) the collagen-binding integrins, (ii) the laminin-

binding integrins and (iii) the integrins that recognise ECM molecules that contain and display an 

arginine-glycine-aspartate (RDG) motif, such as fibronectin, vitronectin, LAP-TGF-β, tenascin, 

osteopontin and thrombospondin in vertebrates (Humphries, 2006) and tiggrin in Drosophila (Hynes, 

2002b). The fourth cluster of integrins does not interact with ECM molecules, but recognises cellular 

counter receptors and thus participates in cell-cell adhesion. These are leukocyte-specific integrins, that 

bind intercellular adhesion molecules (ICAMs), vascular cell-adhesion molecules (VCAMs) and 

mucosal vascular addressin cell adhesion molecules (MadCAMs) and are thereby paramount to cell-cell 

interactions in the hematopoetic system.  
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Figure 4.1. The mammalian family of integrin adhesion receptor heterodimers. Adapted from 
(Barczyk et al., 2009). 

 

4.2.2 Integrin activation 

Integrins are inserted into the plasma membrane in an inactive state that have low affinity for 

extracellular ligands and are thus unable to bind ECM or cellular counter-receptors. Integrins are 

rendered inactive by a closed structural conformation that is enforced by (1) the clasping of the α and 

β subunit tails through both electrostatic and hydrophobic interactions (Vinogradova et al., 2000; 

Vinogradova et al., 2002), (2) a coiled-coil interaction between transmembrane domains of both α and 

β subunits (Gottschalk, 2005) and (3) the bending of the extracellular domains (Xiong et al., 2001) (fig. 

4.2). Upon activation, integrins signal bidirectionally across the plasma membrane. An extracellular 

stimulus, such as the binding of an extracellular ligand to integrins, induces intracellular signalling 

(outside-in signalling), while intracellular signals induced by integrin-independent events can also 

promote signalling cascades that alter the ligand-binding activity of integrins and cause extracellular 

changes (inside-out signalling). Hence, the determining events of integrin activation are conformational 

changes induced by the binding of either an extracellular ligand (outside-in signalling) or cytoplasmic 

proteins (inside-out signalling) and generally involve unclasping of the α and β integrin cytoplasmic 

tails (Kim et al., 2003) and extension of the integrin extracellular domains (Zhu et al., 2007) (fig. 4.2).  
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Figure 4.2. Diagrammatic representation of the integrin heterodimer the conformational 
changes that are associated with integrin activation. The α integrin subunit is shown in green 
and the β is shown in purple. The integrin heterodomer consists of a ligand-binding head 
domain formed of the β propeller of the α integrin subunit and the hybrid and βA domains 
of the β integrin subunit. The βA domain contains Mg2+ and Ca2+ binding sites essential for 
ligand binding. The ligand-binding head domain rests on both α and β integrin subunit 
ectodomains. Specific contacts between the ectodomains, transmembrane domain and 
cytoplasmic domains keep the integrin in a bent conformation, which is inactive. Integrin 
activation occurs with the separation of the ectodomains, transmembrane and cytoplasmic 
domains and an extension of the integrin conformation. Adapted from (Moser et al., 2009b). 

 

The talins and kindlins are key intracellular integrin activators. Inside-out signalling promotes the 

translocation of talin and kindlin to integrin complexes where they drive integrin activation by binding 

the β integrin cytoplasmic tails at membrane-proximal and -distal NPxY motifs, respectively, and by 

promoting the unclasping of the α and β integrin cytoplasmic tails (Calderwood et al., 2002; Jiang et 

al., 2003; Shi et al., 2007; Ma et al., 2008; Montanez et al., 2008; Moser et al., 2008; Ussar et al., 2008; 

Moser et al., 2009a). Kindlins are proposed to aid talin in inducing conformational changes that switch 

the integrins from a bent, inactive and low-affinity state to an extended, active and high-affinity state 

that exposes the ligand-binding site (Xiao et al., 2004; Luo et al., 2007; Montanez et al., 2008; Moser et 

al., 2008) (not sure if these references actually show that kindling promotes this conformational 

change; Shi and Ma demonstrate that it activates integrins. The effect of talin and kindlin on integrin 

activation relies on their ability to interact with phosphoinositides (this might be an exaggeration, PIP 

binding is not necessary for integrin activation) in the plasma membrane (Saltel et al., 2009; Qu et al., 

2011; Liu et al., 2011). Local increases in phosphatidylinositol (4,5)-bisphosphate (PIP2) synthesis at 

the leading edge of cells or within focal complexes creates PIP2-rich lipid rafts that serve as docking 

sites for talin and kindlin, which, upon binding PIP2, undergo conformational changes that allow them 

to bind β integrin tails and capture both vinculin and F-actin filaments (Humphries et al., 2007; 

Goksoy et al., 2008; Saltel et al., 2009; Legate et al., 2011) (nb PI binding is required for kindlins to 

activate integrins, but there is no evidence that PIPs induce conformational changes in kindlin. PIPs 

most likely disrupt the autoinhibitory interaction between the talin head and rod). An additional 

possibility is that activators are needed to displace inhibitors of integrin activation, such as sharpin 

(Rantala et al., 2011) and integrin cytoplasmic domain-associated protein-1 (ICAP-1) (Bouvard et al., 



PhD Thesis - Josefine Gibson  Introduction 
 

 10 

2003; Shattil et al., 2010) (nb latter ref is review). However, the crosstalk mechanisms between talin 

and kindlin is still an active field of investigation, and it remains unclear if talin and kindlin function 

sequentially or simultaneously (Moser et al., 2009b) (fig. 4.3), although recent work shows that both 

adaptor proteins can bind the β integrin tail simultaneously (Bledzka et al., 2012) (nb because they 

don’t bind the same sequence). A recent report addressing the role of phosphoinositides in integrin 

activation shows that kindlin accumulates at newly forming focal adhesions at a higher rate than talin 

(Legate et al., 2011), which suggests that kindlin is either always associated with the plasma membrane 

or arrives at focal adhesions first and is followed by talin, although neither talin nor kindlin play a 

direct role in the recruitment of the other partner (Kahner et al., 2012; Bledzka et al., 2012).  

 

 
Figure 4.3. Three possible modes of integrin activation by talin and kindlin. (A) In the model 
for sequential binding, kindlin binding to the membrane distal NxxY motif in β integrin 
subunit tails facilitates talin binding to the same membrane proximal NPxY and concomitant 
displacement of kindlin and integrin activation. (B) Simultaneous binding in cis of kindlin to 
the membrane distal NxxY motif and binding of talin to the membrane proximal NPxY 
motif in β integrin subunit tails could facilitate integrin activation. (C) Cooperation of kindlin 
and talin bound to β integrin subunit tails in trans is speculated as a means of seeding 
integrin clusters. Adapted from (Moser et al., 2009b). 

 

The initial contact between an active integrin and an extracellular ligand, such as FN, leads to the 

formation of nascent adhesions. Nascent adhesions form in the lammelipodium, which is a zone of 

membrane protrusion at the leading edge of the cell that is projected forward by the continuous 

creation of new mesh-like actin networks (Alexandrova et al., 2008; Choi et al., 2008) (fig. 4.5). These 

early integrin complexes are inherently unstable and transient structures. To persist, the integrin-ECM 

bond must be reinforced and the integrin adhesion complex must undergo further maturation. Upon 

activation, integrins undergo conformational changes that expose docking sites within the β integrin 

tail that allow the allosteric recruitment of cytoplasmic proteins. Almost all β integrin tails contain two 
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conserved docking sites consisting of a membrane-proximal NPxY motif and a membrane-distal NxxY 

motif (where x represents any amino acid), which serve as docking sites for phosphotyrosine-binding 

domain-containing adaptor proteins, such as talin (Calderwood et al., 2003; Legate and Fässler, 2009). 

Unlike the integrins themselves, these newly recruited adaptor proteins have scaffolding, enzymatic or 

F-actin-binding and -regulating activity. Together, these adaptor proteins build adhesion structures that 

function both as biochemical signalling hubs and mechanical links between the ECM and the 

cytoskeleton. 

A distinctive feature of integrins in cell-ECM complexes is their tendency to cluster and assemble in 

a hierarchical manner (Miyamoto et al., 1995; Carman and Springer, 2003; Zaidel-Bar et al., 2004). 

Through the progressive clustering of hundreds or even thousands of activated integrins, adaptor 

proteins and actin filaments, collectively referred to as the integrin “adhesome” (Zaidel-Bar et al., 

2007), integrin adhesion complexes mature into large and powerful adhesome-associated signalling 

hubs, referred to as focal adhesions. Focal adhesions exist in various sizes and stages of maturation. 

Despite the continuum of maturation stages, the ultrastructural architecture of all focal adhesions is 

uniform; an approximatly fourty nanometre thick core of focal adhesion proteins arrange vertically 

between the membrane-bound integrin and the actin stress fibre, forming distinct functional layers of 

signalling proteins, force-transducing proteins and actin-regulating proteins (Kanchanawong et al., 

2010) (fig. 4.4).  

 
Figure 4.4. The nanoscale architecture of focal adhesions. The protein positions, but not the 
protein stoichiometry, in this model were experimentally determined. Adapted from 
(Kanchanawong et al., 2010). 

 

Mechanical coupling of integrins, such as integrin α5β1, to the actin cytoskeleton is a key step in 

reinforcing the integrin adhesion complex (Friedland et al., 2009) and enables the cell to perform work 

on its extracellular environment (Li et al., 2005a; Legate et al., 2009). The earliest points of mechanical 

coupling between the integrins, the actin cytoskeleton and extracellular ligand are within focal 

complexes that develop from nascent adhesions at the transition zone between the lamellipodium and 

the lamellum (Choi et al., 2008) (fig. 4.5). The initial link between integrins and the cytoskeleton 

following integrin activation relies on the adaptor function of talin to form a slip bond between the 

integrin β tail and F-actin, which allows the very first application of cytoskeleton-generated force to the 
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extracellular ligand (Jiang et al., 2003). Vinculin binds both talin and actin and thereby cross-links and 

stabilises the talin–actin interaction (Gallant, 2005; Humphries et al., 2007) nb! not sure why Gallant 

was added here, while the presence of the large paxillin molecule provides an assembly platform for 

subsequent waves of focal adhesion adaptor proteins (Laukaitis et al., 2001; Digman et al., 2008) 

Zaidel-Bar 2007 phospho-paxillin study would have been good to add here. Incorporation of α-actinin 

into the integrin adhesion complex promotes the organisation, stabilisation and strengthening of the 

link between integrins and the cytoskeleton by cross-linking F-actin filaments (Brown et al., 2006; Choi 

et al., 2008). A core scaffolding ternary protein complex consisting of integrin-linked kinase (ILK), 

PINCH and parvin (termed the IPP complex) assists in the mechanical coupling of integrins to the 

actin cytoskeleton in effect of ILK binding integrins β tails directly and parvin interacting with F-actin 

(Legate et al., 2006; Wickström et al., 2010). The kindlins also participate in the mechanical coupling of 

integrins to the actin cytoskeleton through their direct binding to integrin β tails (β1 and β3) and by 

interacting with F-actin either through the IPP complex or through a complex of migfilin and filamin 

(Tu et al., 2003; Moser et al., 2008; Montanez et al., 2008; Ussar et al., 2008). Fine-tuning the stability 

of the integrin-actin linkage within focal complexes is in part achieved by focal adhesion kinase (FAK) 

(Ilić et al., 2004), which has both scaffolding and signalling functions.  

 

 
Figure 4.5. A schematic representation of the adhesion structures in a migrating cell. Nascent 
adhesions form in filopodial and lamellipodial protrusions at the cell front. Maturation of 
nascent adhesions to focal complexes and focal adhesions occurs in the transition zone 
between the lamellipodium and lamellum and with the mechanical coupling of integrins to 
cross-linked actin filaments. Focal adhesions are stabilised and grow upon contractile force 
exerted on integrins by actomyosin filaments. Adapted from (Parsons et al., 2010). 

 

Filaments of F-actin connected to adhesion complexes are under tension in effect of pulling by 

non-muscle myosin II (NMII) molecular motors that associate with the actin cytoskeleton 

(actomyosin) and are as such referred to as stress fibres. Along with α-actinin, NMII plays an 

important role in the maturation of focal adhesions and the stability of actomyosin stress fibres that 

become connected to focal adhesions (Even-Ram et al., 2007; Choi et al., 2008) (fig. 4.5). The dynamic 

behaviour of the actomyosin machinery is regulated by the RhoA GTPase family and its effectors 

(Chrzanowska-Wodnicka and Burridge, 1996). In the context of actin cytoskeleton dynamics, the 

prominent members of the Rho GTPases family are RhoA, Rac1 and Cdc42, as they are general 
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regulators of actin cytoskeleton remodelling in response to mechanical stimuli. As a GTPase, each 

member cycles between an active, GTP-bound state and an inactive, GDP-bound state (fig. 4.6). This 

cycle is regulated through the joint effort of guanine nucleotide exchange factors (GEFs), GTPase-

activating proteins (GAPs) and guanine nucleotide-dissociation inhibitors (GDIs). GEFs and GAPs of 

RhoA family proteins are among the many proteins that are recruited to and activated at focal 

adhesions (Jaffe and Hall, 2005). 

  
Figure 4.6. Schematic representation of the RhoA cycle and RhoA effector signalling. Left: 
As a GTPase, RhoA cycles between an inactive GDP-bound form and an active GTP-bound 
form. The exchange of GDP for GTP, i.e. activation, is catalysed by the GEFs, while the 
GAPs stimulate intrinsic GTPase activity and thereby inactivate RhoA. The GDIs sequester 
RhoA in its GDP-bound state and prevents RhoA activation. Right: In its active form, RhoA 
interacts with multiple cytoplasmic effectors that promote actomyosin contractility and actin 
polymer stability. Adapted from (Lessey et al., 2012). 

 

In its active state, RhoA interacts with a number of effectors, one of which is the Rho kinase 

(ROCK1 and ROCK2 in mammals) (fig. 4.6). ROCK enhances NMII activity by promoting 

phosphorylation of the regulatory light chain of NMII, both by (i) directly phosphorylating and 

activating the regulatory myosin light chain subunit of NMII (MLC, also known as myosin regulatory 

light chain) (Amano et al., 1996) and (ii) phosphorylating and inactivating MLC phosphatase (Kimura 

et al., 1996; Totsukawa et al., 2000) (nb – Totsukawa shows that MLCK in the cell periphery 

phosphorylates MLC. Phosphorylation of MLC at serine 19 has an activating effect on the ability of 

NMII to interact with actin and thereby contract and bundle F-actin stress fibres. ROCK also stabilises 

F-actin filaments by phosphorylating and thereby activating LIM kinase, which in turn phosphorylates 

and inactivates the actin-severing activity of cofilin (Maekawa, 1999; Ohashi, 2000). An additional 

effector of RhoA is the mDia1 formin, an actin nucleation factor that cooperates with ROCK to build 

stress fibres (Watanabe et al., 1999; Li and Higgs, 2003) (fig. 4.6). In response to biochemical signals 

from the focal adhesion through the RhoA/ROCK axis, NMII and α-actinin cross-link and bundle F-

actin filaments and thereby promote the clustering of both actin-binding adhesion components and 

integrins. Hence, biochemical signals through the RhoA/ROCK axis changes the dynamics of the 

contractile actinmyosin in response to new sites of adhesion, generating mechanical forces that will 

allow the cell to stabilise its adhesion sites, migrate in a polarised fashion and, as I shall describe in a 

subsequent chapter, modulate the fibrillar architecture of the ECM (Yoneda et al., 2005; Yoneda et al., 

2007) inappropriate to use yoneda 2005 – talks only bout functional diff betw rock 1 and 2. 
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While the generation of contractile force by NMII is not required for nascent adhesion formation, 

the transmission of mechanical force through integrins may drive the maturation of the integrin 

adhesion complex (Stricker et al., 2013). For example, the interaction dynamics of integrin α5β1 

integrins with FN is based on catch bond behaviour, which implies that the lifetime of the integrin-FN 

interaction is increased with the application of force to the bond (in the force range of 10–30 

pN)(Kong et al., 2009). Also, integrin α5β1 is known to transition from a relaxed to a tensioned state 

in response to force transduction, inducing a molecular switch in the integrin-FN interface that allows 

the α5 integrin subunit to engage with the synergy motif in FN and strengthen the integrin-FN 

interaction (Friedland et al., 2009). NMII-dependent tension also brings about dramatic changes in the 

protein profile of the integrin adhesion complex, which serves to mature the adhesion complex (Kuo 

et al., 2011; Schiller and Fässler, 2013). However, the attachment of integrins to F-actin cytoskeleton is 

not only critical to the formation of focal adhesions. By virtue of this association with the actin 

cytoskeleton, integrin-based adhesions can confer to the cell both biochemical, physical and 

topographical information about the immediate microenvironment (Geiger et al., 2009). Given the 

dynamic and highly responsive nature of the actin cytoskeleton in terms of polymerisation and 

actomyosin contraction, environmental sensing by integrins gives the cell the ability to rapidly adjust its 

cytoskeletal organisation, and hence its shape and motility, which is the basis by which integrins 

facilitate cell adhesion, spreading and migration.  

Even after integrins have reached full activation within a focal adhesion, adhesion complexes 

remain highly dynamic in structure and molecular composition. Some cell types, like fibroblasts, have 

very dynamic cell-matrix adhesion complexes, and when anchored to two-dimensional substrates, 

integrin α5β1-containing focal adhesions are remodelled into a structurally and functionally distinct 

class of cell-matrix adhesions called fibrillar adhesions (Katz et al., 2000; Pankov et al., 2000; Zamir et 

al., 2000). Fibrillar adhesions differ from focal adhesions in their location and morphology; rather than 

dots at the cell periphery, which is typical for focal adhesions, fibrillar adhesions are elongated fibrils or 

arrays of dots distributed in more central areas under the cells.  

The formation of fibrillar adhesions was originally described using pulse-chase experiments with 

antibodies targeting the active conformations of integrins (Pankov et al., 2000). Yamada and colleagues 

demonstrated that once a cell anchors to an ECM substrate and the αVβ3- and α5β1-containing focal 

adhesions have matured, integrin α5β1 segregates from the medial end of a mature focal adhesion and 

translocates centripetally from the lamellae towards the cell body, forming the streak-like adhesion 

complexes that were termed fibrillar adhesions (Pankov et al., 2000). These fibrillar adhesions are 

devoid of focal adhesion components such as vinculin and paxillin, and instead acquire tensin (Zaidel-

Bar et al., 2003) nb this reference is inappropriate. Tensin couples integrins to actin via minimum two 

actin-binding domains in the N-terminus and acts as a cross-linker between these integrins and actin 

during during translocation (Lo et al., 1994). Although the rate of translocation differs depending on 

cell type (Pankov et al., 2000; Zamir et al., 2000), the translocation of integrin α5β1 is always driven by 

stress fibre contractility generated by the same actomyosin machinery that was required to stabilise 

focal adhesions (Pankov et al., 2000; Zamir et al., 2000). It will become clear in subsequent chapters 
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that the formation of fibrillar adhesions is a particularly interesting phase of adhesion complex 

maturation and dynamics because it involves FN organisation and remodelling (Pankov et al., 2000).  

4.2.3 Integrin signalling 

In the context of cell adhesion, integrins are just as important as signal transduction receptors as 

they are adhesion receptors. Integrin cell-matrix adhesions are highly active signalling hubs, and 

importantly, integrin signalling does not occur in isolation, but crosstalks with growth factor receptor 

(GFR)-induced signalling pathways to fine-tune the chemical and mechanical integration of the cell 

within their extracellular milieu. 

Important examples of integrin-GFR crosstalk are the integrin-mediated transactivation of receptor 

tyrosine kinases such as FGF receptor (FGFR), epithelial growth factor (EGFR), platelet-derived 

growth factor (PDGFR) and VEGF receptor (VEGFR), which, in turn, are known to amplify an 

integrin signal (Sundberg and Rubin, 1996; Moro et al., 1998; Zou et al., 2012). For example, the 

simultaneous activation of integrins and GFR, such as EGFR and PDGFR, prolongs and intensifies 

the activation of extracellular signal-regulated kinase (ERK) within the mitogen-activated protein 

kinase (MAPK) signalling pathway, to an extent that is not seen with GFR activation alone (Miyamoto 

et al., 1996; Roovers et al., 1999). Also VEGF receptor (VEGFR) signalling in endothelial cells is most 

potent when integrins are activated (Soldi et al., 1999). 

Receptor crosstalk is facilitated by the transient complex formation between integrins, GFR and 

their respective adaptor scaffolding proteins and signalling kinases. For example, at early stages of 

integrin-mediated adhesion of EGF-stimulated fibroblasts, macromolecular complexes form between 

integrins, EGFR, the adaptor protein p130 Crk-associated substrate (p130Cas) and the c-Src kinase 

(Moro et al., 2002). Studies like this suggest that a substantial part of integrin-mediated signal 

tranduction actually could be mediated by integrin-transactivated GFR, as exemplified by the 

requirement for EGFR activation for integrin-mediated cell adhesion (Marcoux and Vuori, 2003). 

At the very early stages of integrin activation, Src and FAK cooperate to initiate a variety of 

biochemical signal transduction pathways. Src is a member of the Src family kinase (SFK) non-receptor 

tyrosine kinases, whose kinase activity is regulated by phosphorylation of a number of internal 

tyrosines and are recruited to and activated at nascent adhesions. FAK is an early component of the 

integrin adhesion complex, acting both as a scaffolding protein and a signalling protein (Kim and Kim, 

2008) (this reference seems inappropriate, it’s about dynamics of FAK phosphoryl.). FAK responds to 

activated integrins by auto-phosphorylating a tyrosine residue (Tyr 397), which creates a docking site 

for SH2 domains in Src, allowing Src to bind FAK and phosphorylate additional tyrosine residues, 

which overall serve to enhance the signalling potential of the Src-FAK complex (Schaller et al., 1994; 

Schlaepfer et al., 1994; Calalb et al., 1995; Calalb et al., 1996; Thomas et al., 1998). 

The Ras-MEK-MAPK pathway is a significant signal transduction pathway downstream of the 

activated Src-FAK complex and is necessary for cellular responses to both activated GFRs and 

integrins. There are multiple points of convergence between GFR/RTK and integrin signalling. One 

point of intersection between activated integrins and EGFR occurs at the level of Raf1, the 
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phosphorylation of which is required for downstream phosphorylation of ERK (Edin and Juliano, 

2005). Another point of convergence occurs at p21-activated kinase 1 (PAK1), which phosphorylates 

MEK and thereby drives the Ras-MEK-MAPK signalling pathway (Slack-Davis et al., 2003). ERK 

phosphorylation modulates focal adhesion dynamics through MLCK-mediated stress fiber 

organisation, but is also necessary for protein synthesis, cell cyle progression and cell proliferation 

(Treisman, 1996; Webb et al., 2004; Walker et al., 2005). 

A second signalling pathway that is regulated by the Src-FAK complex, and which is of major 

importance to the pro-survival effects of integrin activation, involves the serine-threonine kinase Akt 

(also known as protein kinase B, PKB). Upon integrin activation, the autophosphorylation of FAK (at 

Tyr 397) provides a docking site for the SH2 domain of the p85-regulatory subunit of 

phosphoinositide 3-kinase (PI3K) and thereby recruits PI3K to focal adhesions (Chen et al., 1996). 

PI3K catalyses the deposition of phosphoinositide-3,4,5-P3 (PIP3) lipids into the plasma membrane 

surrounding focal adhesions. This local increase in PIP3 concentration recruits proteins with plekstrin-

homology (PH) domains to the focal adhesion, and among these proteins are the PIP3-dependent 

kinase 1 (PDK1) and Akt. Bringing Akt and PDK1 within close proximity of each other allows PDK1 

to phosphorylate and activate Akt (King et al., 1997; Vanhaesebroeck and Alessi, 2000). Complete 

activation and substrate specificity of Akt requires further phosphorylation by mammalian target of 

rapamycin (mTOR) kinase as part of the mTOR complex 2 (mTORC2) (Guertin et al., 2006; Ikenoue 

et al., 2008). It is possible that mTOR is brought to the focal adhesion by ILK (McDonald et al., 2008). 

Akt activation affects a number of cellular responses, and one major consequence of Akt activation is 

the suppression of apoptosis pathways (Kennedy et al., 1997; Downward, 1998; Brunet et al., 1999). 

PI3K has also been shown to be required for the activation of the Ras-Raf1-MEK-MAPK signalling 

pathway, most probably downstream of Ras and upstream of Raf1 (King 1997). 

Within focal adhesions, FAK also regulates focal adhesion turnover and cell migration by recruiting 

and phosphorylating p130Cas (Cary et al., 1998). This initiates the recruitment of a series of adaptor 

proteins (involving adaptor protein Crk (Chicken Tumor Virus 10 regulator of kinase) and the Rac 

GEF Dock180 (180 kDa protein downstream of Crk)) that lead to the activation of the small GTPase 

Rac1 at the plasma membrane to promote actin cytoskeletal rearrangements and focal adhesion 

turnover in preparation for cellular adhesion and migration (Kiyokawa et al., 1998) (nb this ref doesn’t 

refer to ELMO). FAK also associates with p190RhoGEF to stimulate RhoA activity and promote 

actin cytoskeleton contractility (Zhai et al., 2003). 
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Figure 4.7. Integrin outside-in signalling elicits multiple biochemical signalling pathways that 
ultimately lead to changes in gene expression. Integrin outside-in signals are generated in 
response to extracellular mechanical properties and biochemical composition. These integrin-
mediated signals are integrated with growth factor-mediated signals to fine-tune the cellular 
response to microenvironmental cues. Adapted from (Legate et al., 2009). 

 

The composition of integrin-bound proteins affects the signalling properties of the integrin 

complex. As outlined above, some biochemical signalling pathways downstream of integrin adhesions 

have been characterised. Given that integrins interact with hundreds of different molecules, the 

adhesome signalling network becomes very complex. Biochemical signals emanating from the integrin 

adhesome feed into complex signalling pathways that ultimately regulate gene expression, cell cycle 

progression, focal adhesion turnover and actin dynamics. Collectively, this elicits a plethora of 

fundamental, yet diverse cellular outputs such as survival, proliferation, differentiation, migration, 

adhesion and cell polarity (Legate et al., 2009) (fig. 4.7). 

4.2.4 Integrins in mouse development 

Mouse genetic tools have contributed enormously to the wealth of knowledge on the roles that 

integrins play in mouse development as well as their contribution to adult tissue homeostasis and 

regenerative processes. The genetic ablation of integrin genes leads to a variety of phenotypes, ranging 

from apparently normal mice to early embryonic lethality. The diversity of integrin mutant phenotypes 

reflects the many specialised functions of integrins during the development or maintainance of tissue 

integrity.  

Targeting single α and β integrin subunits has been important in elucidating their respective 

functional contributions of specific integrin heterodimers. For example, the genetic disruption of 

integrin β1 essentially ablates the entire subfamily of β1 integrins and results in peri-implantation 

lethality (Fässler and Meyer, 1995; Stephens et al., 1995). However, among the integrin α subunits that 

are known partners of β1 integrin, only the deletion of specific integrin α subunits cause embryonic 

lethality, and none of these α subunit knockout mice show the same degree of severity as integrin β1 

knock out, suggesting a level of functional compensation. 
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To provide an overview of integrin function in mouse development, I have summarised the 

phenotypes for single integrin α or β subunit knockout mice (table 4.1). In subsequent chapters of this 

introduction, I shall describe in greater detail the phenotypes of the FN-binding integrin knockout 

mice in the context of FN function. A large proportion of these constitutive integrin subunit genetic 

manipulations cause recessive embryonic lethality. The study of integrin function in processes related 

to integrin cell adhesion and signalling, but which would normally occur after the time of lethality, is 

grately facilitated by the use of conditional, tissue-specific integrin subunit knockout mouse models. I 

will return to such tissue-specific ablation of FN-binding integrins in subsequent chapters.  
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Table 4.1. Phenotypes of single-integrin-knockout mice. Adapted from (Bouvard et al., 2013). 

Integrin 
subunit 

 
Phenotype 

 
Effect of loss 

 
Reference 

α1 Viable, fertile Defects in collagen synthesis, skin thickening, 
reduced tumour vascularisation. 

(Gardner et al., 1999) 
(Pozzi et al., 2000) 

α2 Viable, fertile Defects in platelet adhesion and response to 
collagen, diminished mammary gland 
branching morphogenesis. 

(Holtkötter et al., 2002) 
(Chen et al., 2002) 

α3 Perinatal lethal Defects in kidney and lung development, skin 
blistering, disorganised basement membrane. 

(Kreidberg et al., 1996) 
(DiPersio et al., 1997) 

α4 Embryonic 
lethal 

Defects in placenta formation, cardiac 
development and abnormal development of 
hematopoietic lineages in fetal liver. 

(Yang et al., 1995) 
(Arroyo et al., 1999) 
(Sengbusch et al., 2002) 

α5 Embryonic 
lethal 

Defects in mesoderm-derived tissues and in 
neural crest cell survival. 

(Yang et al., 1993) 
(Goh et al., 1997) 

α6 Embryonic or 
perinatal lethal 

Vascular hemorrhaging, abnormal vascular 
smooth muscle. Absent hemidesmosomes and 
skin blistering. 

(Flintoff-Dye et al., 2005) 
(Georges-Labouesse et al., 1996) 

α7 Perinatal lethal Muscular dystrophy. (Mayer et al., 1997) 
α8 Perinatal lethal Defects in kidney morphogenesis, inner ear 

stereocilia defects. 
(Müller et al., 1997) 
 

α9 Perinatal lethal Defects in lymphatic valve formation and in 
the development of the lymphatic system, 
chylothorax. 

(Huang et al., 2000b) 
(Bazigou et al., 2009) 
(Danussi et al., 2013) 

α10 Viable, fertile Dwarfism, abnormal chondrocyte behaviour, 
defects in growth plate morphogenesis and 
function. 

(Bengtsson et al., 2005) 

α11 Viable, fertile Dwarfism, increased mortality, most likely due 
to failed incisor eruption. 

(Popova et al., 2007) 

αv Embryonic or 
perinatal lethal 

Deficient placentation, distended blood vessels, 
intracerebral and intestinal hemorrhage, cleft 
palate. 

(Bader et al., 1998) 

αx Viable, fertile Monocyte recruitment and atherosclerosis 
development. 

(Wu et al., 2009) 

αD Viable, fertile T cell defects, reduced immuned response to 
bacterial infections. 

(Wu et al., 2004) 

αL Viable, fertile Impaired immune response, failed tumour 
rejection.  

(Schmits et al., 1996) 
(Shier et al., 1996) 

αM Viable, fertile Impaired phagocytosis and neutrophil 
apoptosis. 

(Coxon et al., 1996) 

αE Viable, fertile Reduced lymphocyte numbers, inflammatory 
skin lesions. 

(Schön et al., 1999) 
 

αΙIb Viable, fertile Impaired blood clot formation, platelet 
abnormalities. 

(Tronik-Le Roux et al., 2000) 

β1 Embryonic 
lethal 

Inner cell mass deterioration, peri-implantation 
defect E5.5, defective BM assembly. 

(Fässler and Meyer, 1995) 
(Stephens et al., 1995) 

β2 Viable, fertile Impaired leucocyte migration, skin infections. (Scharffetter-Kochanek et al., 1998) 
β3 Viable, fertile Impaired blood clot formation, platelet 

abnormalities, enhanced pathological 
angiogenesis, bone defects. 

(Hodivala-Dilke et al., 1999)  
(Reynolds et al., 2002)(McHugh et al., 
2000) 

β4 Perinatal lethal Skin blistering. (Dowling et al., 1996) 
(van der Neut et al., 1996) 

β5 Viable, fertile No apparent phenotype. (Huang et al., 2000a) 
β6 Viable, fertile Inflammation in skin and lungs, TGF-β 

activation defect. 
(Huang et al., 1996) 
(Munger et al., 1999) 

β7 Viable, fertile Impaired T cell migration to Peyer’s patches, 
reduced lymphocyte number associated with 
gut epithelia. 

(Wagner et al., 1996) 

β8 Embryonic or 
perinatal lethal 

Defects in vascular morphogenesis placenta, 
yolk sac, central nervous system and 
gastrointestinal system, cleft palate. 

(Zhu et al., 2002) 
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4.3 Fibronectin (FN) 

FN is a prominent constituent of the vertebrate connective tissue ECM, basal laminae and plasma. 

As a ligand of multiple integrin heterodimers and a binding partner of various ECM components, FN 

plays versatile roles in regulating cellular function. As an integrin ligand, a core function of FN is to 

support cell adhesion and migration of mesenchymal (and hematopoietic) cells. Yet with its many 

extracellular interaction partners, FN supports important biological processes during development and 

in adult physiology. As one of the earliest proteins to assemble within the extracellular space, FN is 

believed to coordinate the assembly of other matrix proteins and can be thought of as a “master 

organiser” of the ECM (Dallas et al., 2006; Schwarzbauer and DeSimone, 2011). FN is also involved in 

the propagation of diseases like cancer, fibrosis and artherosclerosis, and is considered a diagnostic 

marker for various pathologies. 

The fibrillar form of FN is the principal biologically functional form of FN. Yet, cells secrete FN as 

inert globular units, which must undergo fibrillogenesis to become multi-functional supra-molecular 

fibrillar structures. FN fibrillogenesis is a complex, cell-driven assembly process that is initiated and 

governed by integrins and thermodynamics (Singh et al., 2010). The assembly of FN into a fibrillar 

matrix will be described in subsequent chapters, but first I shall introduce the important structural 

features of FN that are required for FN assembly and function.  

4.3.1 Modular composition and alternative splice forms of FN 

FN is a complex glycoprotein with a molecular weight of about 250 kDa and a carbohydrate 

content of 4-10% O-linked and N-linked glycosylation units (Choi and Hynes, 1979; Fibronectin, 

1989; Hynes, 1990). FN is composed of three types of repeating, but structurally and functionally 

defined modules (FNI, FNII and FNIII) arranged in an array along the length of the protein and 

essentially integrating multiple functions into one molecule (Petersen et al., 1983; Hynes, 1990). More 

specifically, FN consists of twelve FNI repeats (FNI1-12), two FNII repeats (FNII1-2) and fifteen FNIII 

repeats (FNIII1-15) (fig. 4.8). Despite FN being an exclusively vertebrate protein, the FNIII module is 

an ancient domain that is found in both intracellular and extracellular proteins expressed by both 

animals (as cell surface receptors and cell adhesion molecules, such as tenascin), plants and bacteria 

(Bork and Doolittle, 1992; Tsyguelnaia and Doolittle, 1998). 

FN is encoded by a single gene, Fn1, that gives rise to significant protein heterogeneity through 

alternative splicing of the Fn1 mRNA transcript. Alternative splicing of the Fn1 transcript shows cell-

type specific and species-specific patterns, which are regulated throughout development, but always 

targets three regions of the Fn1 mRNA transcript, resulting in isoforms with complete or partial 

excision of individual modules; this gives rise to at least twelve isoforms in mouse and twenty isoforms 

in humans (Schwarzbauer et al., 1983; Kornblihtt et al., 1984; Kornblihtt et al., 1985; Schwarzbauer et 

al., 1987; Hynes, 1990). Alternative splicing activity within the polynucleotide array of FNIII1-15 

determines the presence or absence of exons encoding extra FN type III domain B (EIIIB, between 

FNIII7-8) and EIIIA (between FNIII11-12) as well as subdivisions of the variable (V) region (also 
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known as IIICS, between FNIII14-15). Whereas regulated alternative splicing of EIIIA and EIIIB either 

includes or excludes these single extra FN type III-encoding exons, splicing within the V region either 

removes the entire V sequence (V0) or generates segments of varying lengths (generally termed V+ 

and include V64, V89, V95 and V120, where numbers denote the number of amino acids included in 

the V region, and the two latter forms are exclusively found in human). EIIIA- and EIIIB-containing 

FN are predominantly expressed during embryonic development, but are subsequently lost at postnatal 

stages (Pagani et al., 1991; Chauhan et al., 2004) (Ref Chauhan not really relevant). Although the 

expression of these extra FNIII domains is lost in normal adult tissue, they seem to play an essential 

part in the developing embryo; when both alternatively spliced segments are excised from the mouse 

genome by genetic recombination (FN EIIIA-/-/EIIIB-/- double null), mice die during embryonic 

development with multiple severe cardiovascular defects (Astrof et al., 2007). However, mice 

expressing FN that lacks either EIIIA or EIIIB show only mild defects, but are otherwise viable and 

fertile (Fukuda et al., 2002; Muro et al., 2003; Tan et al., 2004). It is peculiar that EIIIA and EIIIB 

isoforms become reexpressed under pathological circumstances such as wound healing (Ffrench-

Constant et al., 1989; Muro et al., 2003; Kilian et al., 2008), cancers (Koukoulis et al., 1993; Villa et al., 

2008), artherosclerosis (Tan et al., 2004; Babaev et al., 2008), thrombosis (Chauhan et al., 2008), lung 

fibrosis (Muro et al., 2008) and kidney disease (Van Vliet et al., 2001). Alternatively spliced forms of 

FN carrying the V region are expressed both during embryogenesis and in adult tissue (Ffrench-

Constant et al., 1989; Oyama et al., 1989). 

 
Figure 4.8. A diagrammatic representation of the modular structure of dimeric FN. FNI 
repeats are indicated in blue, FNII in brown, FNIII in green and the alternatively spliced 
extra FNIII repeats, EIIIA, EIIIB and the V-region are indicated in sand. Prominent binding 
partners of FN to other ECM proteins are indicated above the molecule, while integrin 
heterodimers and their recognition sites in FN are denoted below. Note the dimerisation 
motif mediated by C2458 and C2462 at the C-terminal of FN. Adapted from (Leiss et al., 2008). 

 

Several features of FN are critical for its biological function. FN segregates into two functionally 

distinct pools on the basis of solubility and fibrillity. So-called cellular FN (cFN) is a ubiquitously 

expressed form of FN that becomes converted into an insoluble and fibrillar constituent of the ECM 

or basal laminae of most mesenchymal and epithelial cell types. Hepatocytes, on the other hand, 

secrete large amounts of so-called plasma FN (pFN) into the plasma, reaching concentrations of about 

300 µg/ml. pFN circulates in plasma in a globular and soluble state until converted into an insoluble 

and fibrillar form by activated integrins, typically upon vascular injury or lesions, where fibrillar FN 



PhD Thesis - Josefine Gibson  Introduction 
 

 22 

supports the growth and stability of platelet thrombi during haemostasis (Ni et al., 2003; Cho and 

Mosher, 2006). cFN-type isoforms of FN include both EIIIA- and EIIIB-containing FN, whereas 

pFN has no extra domains. pFN isoforms are heterogenous in that FN dimers tend to carry one V0 

subunit and one V+ subunit (V0/V+), whereas cFN is almost always found to contain either full-

length or shortened stretches of the V region (Hynes, 1990). 

As will become clear in subsequent chapters, the conversion of soluble FN into a fibrillar matrix is 

a cell-driven, integrin-dependent process. Indeed, the segregation of cFN and pFN in time and space is 

largely a consequence of the temporal and spatial regulation of integrin activation. Cells depositing FN 

into the ECM or basal lamina constitutively express active forms of integrins that will convert globular 

FN into a fibrillar form. However, haematopoetic cells circultating in the blood, where they are 

constantly exposed to pFN, must temporally restrict the conversion of soluble FN into a fibrillar form 

to times when blood clots are needed to prevent bleeding. By maintaining their repertoire of surface 

integrins in an inactive state and only shifting to an active state in response to signals emanating from 

vascular injury, heamatopoietic cells ensure that pFN is converted into a fibrillar matrix only at the 

right time and place. While pFN plays an important part in blood clotting, it is also implicated in 

artherosclerosis and liver fibrosis. It is also noteworthy that pFN and cFN are not fully separated in 

space; pFN has been found to leak into tissues from the blood and become integrated into the cell-

associated fibrillar matrix (Moretti et al., 2007). 

A crucial feature of FN is its dimerisation. Dimerisation is allegedly required for the de novo 

assembly of a fibrillar FN matrix and thus FN function (Schwarzbauer, 1991). Dimerisation of FN is 

achieved in the endoplasmic reticulum by inter-chain disulfide bond formation between two pairs of 

cysteine residues (C2458 and C2462) in the extreme C-terminus of two FN molecules (Choi and Hynes, 

1979). The dimeric form of FN is by far the most prevalent form in tissues. However, naturally 

occurring single-chain isoforms do exist. In cartilage, a unique pattern of alternative splicing creates a 

FN isoform that lacks the entire V region along with the FNIII15 and FNI10 repeats [termed (V+C)-] 

(MacLeod et al., 1996). Although this FN splice variant retains the two C-terminal cysteine residues 

essential for dimerisation, cellular and/or structural constraints appear to impair the ability to dimerise, 

and as such this FN isoform exists not only as a homodimer but also in an unusual monomeric 

configuration (Burton-Wurster et al., 1999). The tissue-specific expression pattern of this fibronectin 

isoform suggests that it may have an important function in the matrix organisation of cartilage, but the 

contribution of a single-chain form of FN to the properties of the ECM are still unknown. Zebrafish 

express a truncated form of FN (FN2) that lacks the two cysteines that are usually involved in the 

formation of interchain disulfide bonds (Zhao et al., 2001). This single-chain isoform must retain 

important biological activity as it is expressed throughout zebrafish development and supports cell 

adhesion and spreading of fish embryonic cells.  

4.3.2 FN-binding integrins 

FN is an integrin ligand and provides a platform for cell adhesion and migration. While eleven 

integrins have been shown to interact with FN in vitro (Humphries, 2006; Leiss et al., 2008), four of 
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these integrins (α5β1, αVβ3, α4β1 and αIIbβ3) interact with FN to the extent that they regulate FN 

fibril assembly. However, the binding specificity of this group of FN-binding integrins is not always 

limited to FN. A variety of ECM proteins contain an asparagine-glycine-aspartate (RGD) tripeptide 

motif that is recognised by integrins, but the ease by which an integrin can structurally accommodate 

the RDG sequence in a given ECM protein determines relative affinities of the integrin for its various 

ligands. It is also noteworthy that the ability of FN to serve as an adhesive substrate to cells is not 

strictly dependent on integrins; FN binding is also promoted by the interaction of heparin-binding 

domain in FNIII13-14 with heparin or heparan sulphate proteoglycans, such as the syndecans, that are 

expressed on cell membranes (Saunders and Bernfield, 1988; Barkalow and Schwarzbauer, 1991; 

Barkalow and Schwarzbauer, 1994; Couchman, 2010). The interaction between FN and syndecans is 

significant in that it has been shown to synergise with integrin-FN binding in promoting adhesion-

dependent processes such as integrin-based focal adhesion formation and cell spreading (Woods and 

Couchman, 1998; Woods and Couchman, 2001; Klass et al., 2000; Couchman, 2010; Morgan et al., 

2007). I will now focus exclusively on the interaction of FN with integrins. 

Integrins interact with FN at one of two main central “cell-binding sites” to promote cell adhesion 

and FN fibrillogenesis. One central cell-binding domain is represented by the RGD tripeptide motif in 

FNIII10 (Pierschbacher and Ruoslahti, 1984a). Crystal structures of FNIII10 have revealed that the 

RGD motif is on a conformationally flexible loop between two β strands and becomes exposed and 

available for binding by integrins when FN is absorbed to a surface (such as cell culture glass or plastic) 

(Baron et al., 1992; Leahy et al., 1992; Main et al., 1992) then how to thrombin-stimulated, activated 

platelets bind globular FN. The RGD motif in FN is recognised by integrins α5β1, αVβ1, αVβ3, 

αVβ6, α8β1, α9β1 and αIIbβ3 (Humphries, 2006; Leiss et al., 2008) (fig. 4.8) The specificity and 

importance of the interaction between integrins and the RGD motif is demonstrated by the ability of 

RGD motif-containing peptides to support fibroblast attachment to an RGD peptide-coated surface, 

and, when administered in soluble form, to inhibit adhesion of both freshly seeded fibroblasts and 

thrombin-stimulated platelets to FN (Pierschbacher et al., 1983; Pierschbacher and Ruoslahti, 1984a; 

Pierschbacher and Ruoslahti, 1984b; Ginsberg et al., 1985). Furthermore, the addition of RGD motif-

containing peptides to adherent cells abolishes the ability of cells to assemble FN fibrils (Plow et al., 

1985). Deletion of genes in the mouse encoding integrins α5 and αV causes embryonic lethality and is 

associated with a complete failure to assemble a fibrillar FN matrix (Yang et al., 1999). The importance 

of the integrin interaction with the RGD motif is made even more clear by the phenotype of the 

mouse expressing FN in which the aspartic acid residue in the RGD motif was mutated to glutamic 

acid (FNRGE); here, the FN integrins that rely on RGD motif can no longer interact with FNIII10 and 

embryos die with mesodermal and vascular defects, reminiscent of the embryonic lethal phenotype of 

the integrin α5 knock-out mouse (Yang et al., 1993; Takahashi et al., 2007). However, the findings that 

both FNRGE/RGE embryos and integrin α5 knock-out mouse embryos show nearly equal quantities of 

fibrillar FN in the anterior trunk tissue suggested that αV integrins in this tissue were able to interact 

with FN and induce its assembly in an RGD motif-independent manner. This led to the discovery of 

new αV integrin-binding sites at the N-terminus of FN; in FNI5, an asparagine-glycine-arginine (NGR) 
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sequence becomes a high-affinity binding site for integrin αVβ3 through the deamidation of the 

asparagine residue, possibly catalysed by protein l-isoaspartyl methyltransferase, which thereby creates 

a spatially accessible iso-DGR sequence that is recognised by RGD-binding integrin αVβ3 (Curnis et 

al., 2006; Leiss et al., 2008) Leiss 08 is the wrong reference. Use Takahashi 07. Although FN 

deamidation has not been demonstrated in vivo, it presents a plausible mechanism of αV-dependent 

and α5β1-independent FN fibril assembly (in a way it is still RGD dependent because it depends on 

deamindation of the asparagine to arspartic acid) in the embryo anterior trunk (Takahashi et al., 2007).   

Some FN-binding integrins, most notably integrin α5β1 and αIIbβ3 require an additional binding 

motif in FN, called the synergy motif, to maximise binding affinity of the FN-integrin interaction 

(Bowditch et al., 1994; Danen et al., 1995; Chada et al., 2006). The synergy motif comprises the (at 

least) minimal peptide sequence Pro-His-Ser-Arg-Asn (PHSRN) within the centre of FNIII9, and is 

thus placed in the vicinity of the RGD motif in FNIII10 (Nagai et al., 1991; Aota et al., 1994; Bowditch 

et al., 1994; Redick et al., 2000; Chada et al., 2006) (fig 4.9). The synergy motif was once proposed to 

exert its positive effect only when the RGD and the synergy motifs were simultaneously bound by 

integrin β1 and α5 subunits, respectively, but more recent studies have shown that the synergy motif 

does not engage integrins directly, but exerts a positive, indirect effect on the affinity of integrins for 

the RGD motif by (a) optimally orienting the loop containing the RGD motif for integrin binding or, 

alternatively, (b) by so-called long range electrostatic steering whereby electrostatic repulsion between 

negative charges within FNIII7-10 and its binding pocket in the integrin α5 subunit becomes neutralised 

by basic residues within the synergy motif (Takagi et al., 2003). Despite the substantial contribution of 

the synergy motif to overall binding affinity and a report claiming that the synergy motif is essential for 

α5β1-mediated de novo accumulation of a FN matrix (Sechler et al., 1997), it is intriguing that a mouse 

model engineered to express a knock-in mutation that disrupts the synergy motif shows no obvious 

developmental or adult physiological defects (Dr Mercedes Costell, unpublished observation). 

 

 
Figure 4.9. A schematic depiction of FNIII9-10. These two adjacent type III modules contain 
the synergy motif (PHSRN) and the cell-binding RGD motif (both highlighted in red). 
Although probably not in contact with integrin α5β1, the synergy motif is thought to 
increase the binding affinity of integrin α5β1 for the RGD motif. Adapted from (Leiss et al., 
2008). 

 

As described above, the expression of alternatively spliced FN isoforms is spatially and temporally 

regulated during development and disease. This suggests that the various FN isoforms have unique 

functions during both physiological and pathological tissue remodelling. Interestingly, all three major 

sites of alternative splicing flank domains that allow FN to interact with integrins. EIIIA- and EIIIB-
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containing isoforms of cFN are particularly interesting in this respect because they flank the cell-

binding domains in FNIII9-10 and could modulate the ability of integrins to regulate FN fibrillogenesis 

and/or cell adhesion. Alternative splicing could give rise to FN isoforms with different cell-adhesive, 

ligand-binding and solubility properties that allow cells to alter the chemical composition and 

mechanical properties of the ECM in a developmental and tissue-specific manner. Some cell types 

require the presence of EIIIA-containing FN for integrin-mediated adhesion (Manabe et al., 1997); for 

example, EIIIA contains a EDGIHEL sequence that is recognised by integrins α4β1 and α9β1 (Liao 

et al., 2002; Shinde et al., 2008). The contribution of each extra domain to FN fibrillogenesis has also 

been tested in cell culture experiments. These showed that fibroblasts cultured in the presence of 

recombinant FN fragments containing either EIIIA or EIIIB domains would enhance the 

incorporation of the recombinant FN into a pre-existing matrix (Guan et al., 1990). Another study 

showed that EIIIB-/- mouse embryonic fibroblasts (MEFs) tend to deposit less FN into cell-derived 

ECM (Fukuda et al., 2002). Structural studies support the notion that the presence of EIIIB stabilises 

macromolecular fibril formation and integrin clustering (Schiefner et al., 2012). Interestingly, MEFs 

expressing FNEIIIA-/-/EIIIB-/- deposit FN into a fibrillar state in the ECM (Astrof et al., 2007), but such 

an FNEIIIA-/-/EIIIB-/- matrix must contain qualitative distortions that account for the embryonic lethality 

of FNEIIIA-/EIIIB- mice, perhaps by modulating the ability of integrins to interact with FN.  

V+ FN isoforms could also have a role in regulating cell adhesion. The V120 isoform of FN, which 

contains the peptide sequence spanning the Heparin-II (HepII) binding domain and the type III 

connecting segment (IIICS), includes the minimal sequences REDV, which are functionally related to 

the RGD motif, and LDV. Various cell types specifically attach to FN through integrins α4β1 and 

α4β7 by recognition of these sequences (Wayner et al., 1989; Guan and Hynes, 1990; Nojima et al., 

1990; Mould et al., 1991). Other cell types use α4 integrins to bind the V-region (IIICS) of FN and 

thereby initiate FN fibril assembly (Sechler et al., 2000).  

4.3.3 The assembly of a fibrillar FN matrix 

At physiological pH and salt concentration, the native conformation of FN is compact and globular 

due to intramolecular ionic interactions between the two arms of the dimeric FN molecule (Johnson et 

al., 1999), and remains soluble as long as there is no encounter with cells expressing active integrins. 

Activated integrins will bind soluble FN and initiate an elaborate conversion of FN into a highly 

fibrillar and organised form that is chemically cross-linked to a degree that resists solubilisation in 

sodium deoxycholate detergent. In its fibrillar form, FN provides a platform for cell attachment, cell 

migration and tissue organisation as well as a depot to store growth factors. Essentially, FN acquires all 

its functionality once in a fibrillar form, and therefore it is crucial to understand the mechanism 

underlying this conversion. FN fibrillogenesis is the process by which soluble FN transitions into to a 

fibrillar form, and I shall now provide a detailed account of this mechanism.  

4.3.3.1 Integrins initiate FN fibrillogenesis 

While a number of integrins have been found to interact with FN (Zhang et al., 1993), the integrin 

α5β1 is considered the prime integrin responsible for promoting FN fibril assembly. This was 
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demonstrated in early experiments where chinese hamster ovary (CHO) cells transfected with integrin 

α5 showed an enhanced ability to assemble FN fibrils (Giancotti and Ruoslahti, 1990), and in other 

experiments where blocking antibodies against α5 or β1 integrins prevented FN matrix assembly 

(Akiyama et al., 1989; Fogerty et al., 1990). Even small fragments of FN containing the RGD motif 

(i.e. an integrin cell-binding site) will inhibit the assembly of FN fibrils by cells (McDonald et al., 1987), 

and experimental work with chimeric β1 integrins, rendered incapable of binding an ECM ligand, 

inhibit FN fibril assembly (LaFlamme, 1994). However, some cell types lacking α5 integrins will 

initiate FN fibrillogenesis using the αV integrins, which bind FN through either the RGD motif or 

peptide sequences within FNI1-5 (Wennerberg et al., 1996; Wu et al., 1996; Takahashi et al., 2007). The 

employment of αV integrins could account for the FN fibrillogenesis that has been shown to occur in 

α5 knockout mice or in cultures of α5 knockout MEFs (Yang et al., 1993; Yang and Hynes, 1996). 

However, it is widely accepted that integrin α5β1 is superior over integrin αVβ3 in driving de novo 

fibrillogenesis. Firstly, integrin αVβ3 cannot bind soluble FN, whereas α5β1 can (Huveneers et al., 

2008). The RGD motif is not exposed in soluble FN, but the ability of integrin α5β1 to bind the 

synergy motif could stabilise a particular orientation of the RGD motif within FNIII10 that favours its 

ligation to integrin α5β1 (Altroff, 2004). Although integrin α5β1 will bind to FN lacking the synergy 

motif, both the RGD and synergy motifs are necessary for integrin α5β1 to induce fibrillogenesis 

(Danen et al., 1995; Sechler et al., 1997). Secondly, the ability of integrin α5β1 to engage the synergy 

motif in response to tension strengthens the integrin-FN bond, and this could distinguish integrin 

α5β1 from integrin αVβ3 in terms of ability to initiate adhesion and FN fibrillogenesis (Friedland et 

al., 2009). Third, integrin α5β1 is known to stimulate higher levels of RhoA-GTP loading than integrin 

αVβ3 and thereby generate a different degree of tension to allow the process of fibrillar adhesion 

formation and concomitant FN fibrillogenesis (Danen et al., 2002) These differences could explain 

why fibroblasts performing αV integrin-mediated FN assembly creates, at best, a network of stunted 

fibrils. In vivo, however, it is most likely that the two integrin heterodimers cooperate within the same 

focal adhesion to regulate FN fibril architecture. The platelet-specific integrin αIIbβ3 will also 

assemble fibrillar FN matrix upon stimulation (Wu et al., 1995; Olorundare et al., 2001), and this 

process is an important part of thrombus formation. 
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Figure 4.10. Schematic representation of the major steps in FN fibrillogenesis. (A) Integrin 
α5β1 (grey) capture globular FN dimers (orange/brown) in the extracellular matrix. (B) 
Recruitment of signalling and actin-binding cytoplasmic proteins (pink, blue, yellow) to the 
integrin cytoplasmic tail ensures the mechanical coupling of integrins to the contractile 
actomyosin machinery (green). Biochemical signals emanating from integrin signalling 
platforms lead to the generation of contractile force by the actomyosin machinery, which, 
when transduced through integrins, induces conformational changes in FN. (C) Integrin 
clustering and FN-FN interactions promote the build-up of stretches of FN fibrils. (D) The 
presence of multiple FN-binding sites in the FN dimer allows a high degree of intramolecular 
cross-linking in FN, which stabilises the formation of supramolecular (DOC-insoluble) 
structures of FN in a fibrillar matrix. Adapted from (Singh et al., 2010). 

 

The early events of FN fibrillogenesis require the mechanical coupling of the extracellular ligand to 

the contractile actin cytoskeleton via integrins (fig. 4.10 A). This was demonstrated by early 

experiments where cells expressing a recombinant truncated form of integrin β1 cytoplasmic domain 

failed to assemble a FN matrix (Wu et al., 1995) and where the pharmacological interruption of the 

actin cytoskeleton inhibited FN fibrillogenesis (Ali and Hynes, 1977; Christopher et al., 1997). FN 

fibrillogenesis is coupled to the maturation of integrin adhesions into fibrillar adhesions (Pankov et al., 

2000; Yamada et al., 2003). FN is first seen as punctate structures associated with integrins within 

maturing focal adhesions in the lamellae. FN follows the same centripetal segregation pattern as 

integrin α5β1, transitioning into structurally compact fibrils en route that align with stretches of integrin 

α5β1, actin stress fibres and adhesion-associated signalling molecules, such as tensin. Here the role of 

integrins as mechanotransducers is paramount to FN fibrillogenesis; binding of FN by integrins 

stimulates the generation of mechanical force by the contractile actin cytoskeleton, leading to a build-

up of mechanical tension across the ligand-bound integrin, which, when transduced to the bound FN, 

stretches the globular FN molecule. This stretching overcomes intramolecular forces holding the FN 

dimer in a compact globule and pries apart the two arms of the dimer (Baneyx et al., 2002; Smith et al., 

2007) (fig. 4.10 B and 4.11). As will become apparent in the following chapter, FN harbours hidden 

hydrophobic domains that represent cryptic FN-binding sites. The unravelling of these cryptic FN-

binding sites upon integrin binding allows intermolecular FN-FN interactions to drive the propagation 

of a polymerisation reaction that transforms FN into fibrils. 
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Figure 4.11. FN extension within fibrillar adhesions. Transition of integrin α5β1 (blue) from 
focal adhesions at the cell periphery along stress fibres towards the cell body (arrow) forms 
fibrillar adhesions that pull on bound FN (green) and thereby manipulate FN into a fibrillar 
matrix. This transition involves the acquisition of tensin and loss of other focal adhesion 
components such as paxillin and vinculin. Adapted from (Yamada et al., 2003). 

 

A number of focal adhesion components are directly involved in the processes of fibrillar adhesion 

formation and FN fibrillogenesis. Talin is one of the earliest activators of β1 integrins, and if prevented 

from binding the intracellular domain of integrin β1, both integrin activation and FN fibril formation is 

diminished (Green et al., 2009). Cells lacking FAK in focal adhesions fail to translocate integrin-bound 

FN and other focal adhesion proteins along the actin fibres in fibrillar adhesions (Ilić et al., 2004). Src 

is another central kinase of focal adhesion dynamics, and cells lacking Src also show a reduced ability 

to initiate FN fibrillogenesis (Wierzbicka-Patynowski and Schwarzbauer, 2002). Furthermore, the 

pharmacological inhibition of Src after FN matrix formation shows that Src is required to maintain a 

FN matrix (Wierzbicka-Patynowski et al., 2007).  

4.3.3.2 Lateral self-association of FN molecules drives FN fibrillogenesis 

Of fundamental importance to FN fibrillogenesis, and thus FN function, is the ability of FN 

molecules, once partially extended, to associate laterally with one another through internal FN-binding 

domains. Lateral self-association of FN is the driving force behind the propagation of FN 

fibrillogenesis and is facilitated by the clustering of FN-bound integrins, which increases the local 

concentration of FN (fig. 4.11 C and D).  

The earliest approaches to identify the sequences within FN responsible for self-association relied 

on the ability of exogenous (purified and recombinant) FN to become incorporated into a cell-derived 

matrix, then systematically assaying the ability of a given truncated segment of recombinant FN to do 

the same (Hayman and Ruoslahti, 1979; McKeown-Longo and Mosher, 1983; Millis et al., 1985; 

Chernousov et al., 1987; Guan et al., 1990). Approaches based on affinity chromatography and solid-

phase binding assays with proteolytic FN fragments, recombinant truncated FN polypeptides and 

blocking antibodies (i.e., monoclonal antibodies L8 or 9D2 (Chernousov et al., 1987; Chernousov et 

al., 1991)) that bound FN, but did not affect binding of FN by integrin α5β1, led to the identification 

of an essential self-association site, a 70kDa region within N-terminal FNI1-5 termed the assembly 

domain (McKeown-Longo and Mosher, 1983; McKeown-Longo and Mosher, 1985; Chernousov et al., 

1985; McDonald et al., 1987; Allio and McKeown-Longo, 1988; Quade and McDonald, 1988; Barry 
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and Mosher, 1989). The requirement for FN-FN interactions in FN fibrillogenesis was later confirmed 

with experimental setups studying de novo assembly of recombinant FN fragments expressed and 

assembled by mammalian cells (Schwarzbauer, 1991). 

The 70kDa N-terminal FNI1-5 assembly domain is recognised by a multitude of sites within the 

more C-terminal FNIII repeats. These FN-binding sites are cryptic in the native globular state of FN 

and require extension to become available to participate in intermolecular interaction. The FN 

assembly domain has been shown to interact with sites in FNIII1 (Hocking et al., 1994), FNIII2 

(Aguirre et al., 1994; Sechler et al., 2001), FNIII4-5 (HepIII) (Maqueda et al., 2007), FNIII10 (Hocking et 

al., 1996) and FNIII12-14 (HepII) (Bultmann et al., 1998). As these binding sites are hidden in the 

soluble globular form of native FN, they could only be identified experimentally through the partial 

denaturation of FN in vitro. In vivo, the availability of cryptic FN-binding domains requires 

conformational changes imposed by forces generated by the actin-cytoskeleton in response to integrin 

activation. 

FN recognition sites within the FN subunit are hydrophobic stretches that lie buried in the globular 

native state of FN, and which, upon extension, become exposed in a thermodynamically unfavourable 

state. Thus, hydrophobic domains in semi-extended FN molecules would be thermodynamically driven 

to interact with each other. The extent of intermolecular alignment through lateral association depends 

on the number of FN-binding sites available as extension progresses. Thus, as FN becomes extended, 

it transitions from a globular form, where hydrophobic domains are sheltered from the water-based 

milieu, to an extended state that allows the hydrophobic domains to rapidly self-associate laterally 

among each other into multimeric fibrils. As to whether each individual FN-binding site is required 

and becomes occupied during fibrillogenesis, there appears to be substantial overlap in the interaction 

profile of the FN-binding domains. Not all of the above-mentioned binding sites are essential for 

fibrillogenesis, but their abundance would stabilise newly formed fibrils simply by lowering the rate of 

dissociation of FN subunits or by providing a means of controlling fibril length. Increasing the 

numbers of occupied FN-FN bonds along the length of the molecule would also strengthen the 

matrix, prevent breakage of the matrix in response to force and reduce the ease by which cells can 

detach from the ECM by ECM fibril breakage (Engler et al., 2009). 

This combination of binding sites allows end-to-end elongation of FN as well as lateral growth of 

thin FN fibrils into bundles that possess extraordinary flexibility and elasticity (Klotzsch et al., 2009). 

As the matrix matures and fibrils grow in thickness and length, FN fibrils achieve a level of cross-

linking that renders the matrix resistant to solubilisation in a detergent like sodium deoxycholate 

(DOC) (Choi and Hynes, 1979). Reaching the DOC-insoluble state is biochemical feature of FN that 

endows the ECM of a mature cell culture or tissue with physical stability. Also, DOC fractionation 

assays have long been the gold standard for assessing the degree of chemical cross-linking within a FN 

matrix (Pankov and Yamada, 2004). The insolubility of FN fibrils reflects the ability of FN to interact 

with itself, but the nature of these interactions has been uncertain. One possibility is that FN cross-

linking bonds are covalent in nature and perhaps arise from disulfide exchange between FN molecules, 

which was plausible given that FN has many intra-chain disulfide bonds and putative protein disulfide 
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isomerase activity (Chen and Mosher, 1996; Langenbach and Sottile, 1999). However, a more recent 

study concluded that FN matrix DOC-insolubility is non-covalent in nature, but is strengthened by the 

shear number of non-covalent interactions that take place between FN molecules (Ohashi and 

Erickson, 2009).  

4.3.3.3 The requirement for FN dimerisation in FN fibrillogenesis  

More than two decades ago, Dr. Schwarzbauer published the results of experiments that were 

designed to identify the sites within FN involved in de novo FN fibrillogenesis and matrix formation 

(Schwarzbauer, 1991). Recombinant FN polypeptides representing defined segments of FN were 

expressed in mammalian cells and assayed for incorporation into a DOC-insoluble cell matrix fraction 

and for the formation of fibrils at the cell surface, as detected by immunofluorescence microscopy 

(Schwarzbauer, 1991). In one experiment, a recombinant fragment of FN lacking the C-terminal 

dimerisation motif was expressed in a mammalian cell culture system and thus probed for its ability to 

undergo de novo fibrillogenesis. This construct resulted in the synthesis and secretion of a form of FN 

that could not dimerise and which failed to assemble into a fibrillar matrix upon secretion. The 

conclusion was that dimerisation mediated by the C-terminal interchain disulfide bonds is essential for 

the conversion of FN into a fibrillar DOC-insoluble form. No earlier study had reported a requirement 

for the dimerisation motif for de novo FN fibrillogenesis, for previous experimental setups were limited 

to studying the ability of proteolytic fragments of FN devoid of C-terminal cysteines to become 

incorporated into pre-assembled matrices (Chernousov et al., 1985; McKeown-Longo and Mosher, 

1985; Quade and McDonald, 1988). With both biochemical and immunocytochemical approaches, Dr. 

Schwarzbauer reported the minimum domain requirements for FN fibrillogenesis, which included the 

70kDa N-terminal FNI1-5 assembly domain (described earlier) and the C-terminal region containing the 

dimerisation motif (Schwarzbauer, 1991). These minimum domain requirements were soon to be 

confirmed by other reports (Ichihara-Tanaka et al., 1992). 

This finding laid the foundation for current models describing FN fibrillogenesis, and it is now 

widely accepted that the dimerisation motif at the C-terminus of FN is essential for the ability of FN to 

undergo fibrillogenesis. 

4.3.4 Fibrillar FN is a master scaffolding protein of the ECM  

As an extracellular ligand of a significant number of integrins, FN clearly has a prominent role as an 

adhesive substrate for cells. Yet the activity of FN goes beyond that of cell adhesion, owing to a variety 

of domains along the length of the FN molecule that endow it with the ability to interact with other 

ECM proteins and proteoglycans. FN is a very early fibrillar component of the ECM, and during the 

early steps of ECM build-up, the organisation of FN fbirls is often found to first precede and then co-

localise with late ECM components. Observations like these gave the impression that FN could guide 

the organisation of the ECM, and indeed, it is now widely accepted that FN regulates the initial and 

continuous deposition and stability of several other ECM components, including ECM-associated 

growth factors Include Sottile and Hocking 2002 (Dallas et al., 2006). 
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A number of ECM proteins depend on FN, directly or indirectly, for their incorporation into the 

ECM. Binding domains within the N-terminal FNI1-5 allow FN to interact with various extracellular 

proteins. As examples, the ability of this region of pFN to interact with hepatocyte-derived plasma 

fibrinogen and fibrin clots at a site of vessel injury underlies the role of FN in hemostasis and 

stabilisation of a blood coagulation (Pereira et al., 2002; Ni et al., 2003). Efficient blood clots consist of 

polymerized fibrin that become covalently cross-linked to FN via FNI1-5 by factor XIII 

transglutaminase (Mosher, 1975; Fibronectin, 1989; Hynes, 1990). A stretch of consecutive FNI 

modules interrupted by two FNII modules comprise a collagen/gelatin binding domain of FN which 

underlies the ability of FN to organise collagen fibrils; indeed, collagen-I and -III fibril deposition has 

been shown to depend on the presence of fibrillar FN (McDonald et al., 1982; Sottile and Hocking, 

2002; Velling et al., 2002; Li et al., 2003; Kadler et al., 2008). The same is true for thrombospondin-1; 

conversion of thrombospondin-1 into fibrils takes place only in the presence of FN fibrils (Sottile and 

Hocking, 2002). The incorporation of latent TGF-β binding protein (LTBP) into the ECM at early 

stages of ECM assembly is dependent on direct interactions between FN and LTBP-1 (Dallas et al., 

2005; Koli et al., 2005), and at later stages of ECM assembly, fibrillin associates with and stabilises 

these LTBP fibrils (Massam-Wu et al., 2010). Fibrillin, too, interacts with FN, and fibrils of fibrillin co-

localise with and strictly depend on FN fibrils at early stages of ECM formation (Sabatier et al., 2009). 

The organisation of fibulin into the ECM is also dependent on a preassembled FN matrix (Roman and 

McDonald, 1993; Godyna et al., 1995) and tenascin C is incorporated into a FN matrix by directly 

binding FN (Ingham et al., 2004a) and via perlecan binding to FN (Chung and Erickson, 1997). Even 

gram-positive cocci strain of bacteria, such as Streptococcus aureus and Streptococcus pyogenes, have evolved 

FN-binding proteins that recognize the FNI1-5 domain and exploit this interaction in the process of 

infection (Ingham et al., 2004b; Schwarz-Linek et al., 2006; Atkin et al., 2010). 

4.3.5 FN regulates growth factor availability  

As part of the ECM, FN has effects beyond providing structural support to cells and tissues. An 

important function of ECM in general, and FN specifically, is to bind, store and present growth 

factors. A large number of growth factors are released into the extracellular space and target a 

particular cell type that displays the cognate receptor. To prevent diffusion and to regulate the timing, 

dosage and mode of growth factor bioavailability, numerous growth factors become immobilised in 

the extracellular space through binding to specific components of the ECM. As such, the ECM 

functions as a solid-state growth factor depot for essential and potent growth factors, such as FGF, 

hepatocyte growth factor (HGF), TGF-β, bone morphogenic protein (BMP) and VEGF-A 

(Flaumenhaft and Rifkin, 1992; Taipale and Keski-Oja, 1997; Gregory et al., 2005; Rahman et al., 2005; 

Wijelath et al., 2006). Furthermore, the binding of growth factors to the ECM is perceived as a means 

to establish gradients of growth factors; such gradients are very important in patterning developmental 

processes, such as angiogenesis (Ruhrberg et al., 2002). In some cases, such as for FGF, the binding of 

a growth factor to the ECM is even a prerequisite for activating its cognate receptor (Goetz and 

Mohammadi, 2013). A group of growth factors (e.g. FGF and VEGF-A) bind heparin and heparan 
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sulphate, glycosaminoglycan moieties found on several proteoglycans of the ECM. Other growth 

factors bind to ECM proteins directly, and here there is growing evidence that FN plays an important 

part. While some growth factors are secreted in an active state and become sequestered by the ECM to 

prevent them from diffusing and activating their cognate receptor, other growth factors are secreted in 

an inactive state, and their incorporation into the ECM is a critical step of their activation mechanism. 

The spatial and temporal release ensures the correct order of events during tissue morphogenesis and 

repair. 

Various modes of growth factor release have been described; they are all complex and multi-

faceted, and the ECM can be either a passive or an active participant of the release mechanism, i.e. 

while some growth factors can be released simply by the degradation of ECM, other mechanisms 

employ specific properties of the ECM. Of particular interest to the topics of this thesis are growth 

factors whose storage and release requires FN, and so the following chapters serve to introduce these 

aspects of VEGF-A and TGF-β in greater detail. 

4.3.5.1 VEGF  

VEGF-A is a key regulator of blood vessel growth and is both absolutely critical for vascular 

development and a principle regulator of pathological angiogenesis. VEGF-A promotes vascular 

morphogenesis by activating the VEGF receptor 2 (VEGFR2) tyrosine kinase expressed by endothelial 

cells. The characteristic tree-like patterning of vessels is orchestrated by gradients of soluble and 

insoluble VEGF-A. The ECM helps to shape these gradients by providing a solid-state binding 

platform that regulates VEGF-A diffusion (Ruhrberg et al., 2002; Ruhrberg, 2003). While VEGF-A 

has long been known to bind heparan sulfates expressed on cell surfaces or on heparan sulphate 

proteoglycans in the ECM, it is becoming increasingly clear that FN has an important function in 

promoting sprouting angiogenesis by facilitating the deposition of VEGF-A into the extracellular 

space. 

The single VEGF-A gene transcript in mammals undergoes extensive alternative splicing to 

generate several isoforms; what differs among the most common of these isoforms is the presence or 

absence of two heparin-binding domains that enable VEGF-A to interact with heparan sulfate (Park et 

al., 1993). In mouse, the VEGF-A120 isoform (VEGF-A121 in human) lacks both heparin-binding 

domains and is freely diffusible in a heparin-containing environment. VEGF-A164 (VEGF-A165 in 

human) retains one heparin-binding domain and has intermediate affinity for heparin-based substrates, 

while VEGF-A188 (VEGF-A189 in human) contains both heparin-binding sites and is fully retained on 

heparin-containing proteoglycans expressed on the cell surface or in the ECM. The spatial restriction 

in expression and differential localisation of heparin-binding forms of VEGF-A is key to establishing 

the VEGF-A gradients that guide blood vessel branching (Ruhrberg et al., 2002; Ruhrberg, 2003; 

Gerhardt et al., 2003) (fig. 4.12). 

Two VEGF-A-binding domains have been described in FN. One binding site is located within N-

terminal first nine FNI and the only two FNII repeats and includes a heparin-binding site I (HepI) 

(Wijelath et al., 2002). The second VEGF-A binding site was found within a second heparin-binding 
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site, HepII, in FNIII13-14 (Barkalow and Schwarzbauer, 1991; Wijelath et al., 2002). The interaction of 

VEGF-A with FN influences integrin α5β1-VEGFR2 crosstalk and the endothelial cell response to 

VEGF-A (Wijelath et al., 2002; Wijelath et al., 2006). This crosstalk requires intact FN containing both 

the VEGF-binding site in FNIII13-14 and the integrin-binding site in FNIII9-10, which in turn reflects a 

need for juxtapositioning of integrin and VEGFR2 (Wijelath et al., 2006). Crosstalk between integrins 

and VEGFR is regarded as indispensable for the regulation of angiogenic processes (Byzova et al., 

2000; Wang et al., 2001b; Podar et al., 2002; De et al., 2005) remove podar – wrong cell type. Whether 

the heparin-binding sites in VEGF are important for this interaction, or whether there is an 

independent FN-binding site in VEGF-A that can be included or excluded by alternative splicing?? 

awaits investigation. Not only does this interaction enhance the effect of VEGF-A on endothelial cells 

in culture (Wijelath et al., 2002)(Wijelath et al., 2006) merge refs, the VEGF-FN complex appears to 

have strong implications in vivo. Thrombin-activated platelets secrete VEGF-A pre-bound to FN, 

which could be significant with regards to neovascularisation during wound healing (Wijelath et al., 

2006). In the mouse retina, FN cooperates with heparan sulphate proteoglycans in binding VEGF-A 

to promote directional migration of endothelial tip-cells and expansion of the retinal vasculature 

(Stenzel et al., 2011). The functional implications of the interaction of VEGF-A with FN will be 

addressed in a subsequent chapter (4.4.2.4). 

4.3.5.2 TGF-β  

The cytokine TGF-β has evolved a particularly interesting mode of storage because immobilisation 

of latent TGF-β in the ECM depends on the presence of fibrillar FN. TGF-β 1, -2 and -3 isoforms are 

prototypes of the large, multi-potent TGF- β family of secreted cytokines that bind and activate 

membrane-bound TGF-β receptor serine/threonine kinase signalling complexes I and II (TGF-βR-I 

and –II) to regulate cell growth, inflammation, matrix synthesis and apoptosis (Taipale et al., 1998). In 

this signalling complex, ligand binding to TGF-βR-II phosphorylates and thereby activates the TGF-

βRI, which propagates signals from the plasma membrane to the nuclus via the SMAD (a portmanteau 

of the names for the homologous Drosophila protein, mothers against decapentaplegic (MAD) and the 

Caenorhabditis elegans protein SMA (from gene sma for small body size)) family of proteins. In most cell 

types, receptor-regulated SMADs (R-SMAD; SMAD2, SMAD3, SMAD1, SMAD5 and SMAD8) are 

specifically phosphorylated in response to TGF-β R-I activation. Upon phosphorylation, they associate 

with the common mediator SMAD4 (co-SMAD4) and translocate into the nucleus to facilitate the 

transcriptional activation of TGF-β target genes. Among other major morphogeneic processes, the 

TGF-β family proteins are involved in cardiovascular development and hematopoiesis in the embryo 

as well as adult tissue homeostasis (ten Dijke and Arthur, 2007). 

Most cell types secrete TGF-β, which is synthesised as a homo-dimeric pro-protein (fig. 4.12). The 

dimeric pro-peptide, also known as latency associated peptide (LAP), undergoes cleavage by furin 

convertase, but remains non-covalently associated with mature TGF-β, and, as the name implies, 

renders the mature TGF-β latent by preventing it from binding TGF-β receptors (Lawrence et al., 

1984; Dubois et al., 1995). The complex formed through association of mature TGF-β and LAP is 
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referred to as the small latent complex (SLC). During synthesis, the SLC becomes covalently associated 

with an ECM protein called latent TGF-β binding protein (LTBP) through disulfide bonds between 

cysteines in LAP and LTBP (Miyazono et al., 1991; Gleizes et al., 1996; Saharinen et al., 1996; 

Saharinen and Keski-Oja, 2000). This ternary complex is commonly referred to as the large latency 

complex (LLC). In essence, LTBP functions as a chaperone of TGF-β, serving three important roles 

by (i) facilitating the secretion of the SLC, (ii) targeting the SLC to the ECM and (iii) keeping mature 

TGF-β in inactive state (Miyazono et al., 1991; Taipale et al., 1994; Rifkin, 2005). 

 
Figure 4.12. The TGF-β large latent complex, comprising TGF-β, LAP and LTBP. TGF-β 
and its propeptide are non-covalently associated, while LAP and covalently linked to LTBP 
via disulfide bonds. LAP contains two RGD motifs. LTBP is cross-linked to other ECM 
components, such as FN and fibrillin, through transglutaminase-generated isopeptide bonds. 
In FN, this involves the N-terminal 70kDa fragment. Adapted from (Annes et al., 2004). 

 

The LTBP proteins are members of the LTBP/fibrillin family of extracellular proteins, which 

comprises fibrillin-1, -2 and 3, as well as LTBP-1, -2, -3 and -4 (Ramirez and Pereira, 1999). The 

LTBPs have distinct binding specificities for TGF-β isoform pro-peptides; LTBP-1 and -3 are the 

most prominent in their binding to all three TGF-β pro-peptide isoforms, whereas LTBP-4 bind only 

weakly to LAP1/TGF-β1 and LTBP-2 fails completely to bind any of the LAP1/TGF-β1 isoforms 

(Saharinen and Keski-Oja, 2000) (fig 4.13). Mice homozygous for a knock-in mutation that disrupts 

the association of LAP1 with LTBP show traits similar to the TGF-β1 knockout phenotype 

(Yoshinaga et al., 2008). 
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Figure 4.13. A schematic illustration of LTBP isoforms and comparison with part of the 
fibrillin-1 structure. On the right, the relative binding affinities of cloned LTBPs for TGF-β,  
where LTBP-1 and -3 are found to bind all LAP-TGF-β isoforms and LTBP-4 binds only 
LAP1-TGF-β1. Adapted from (Rifkin, 2005). 

 

The interaction of LTBPs and LLC with ECM is essential in maintaining tissue homeostasis; an 

inability to store the LLC in the ECM may result in excess LLC, which can interact with latent TGF-β 

activators that are normally separated from sequestered LLC (Neptune et al., 2003). LTBPs become 

incorporated into the ECM through covalent bond formation involving one or several 8 cysteine 

repeats (8-cys repeat) (Nunes et al., 1997; Unsöld et al., 2001). This covalent association with the ECM 

involves a glutamine-lysine isopeptide bond in the 8-cys repeat near the N-terminus of LTBP that is 

catalysed by tissue transglutaminase (Nunes et al., 1997). A number of studies have investigated ECM 

binding partners of the LTBPs and there is a general agreement that direct binding of LTPB with 

fibrillin or fibronectin provides two potential modes for LTBP to interact with the ECM(Dallas et al., 

2005; Taipale et al., 1996; Kantola et al., 2008) (Isogai et al., 2003; Vehviläinen et al., 2009; Massam-Wu 

et al., 2010). A recent systematic approach to understanding the contributions of fibrillin-1, -2 and 

fibronectin to LTBP deposition into the ECM in vivo has demonstrated that while LTBP-1 association 

with the ECM relies on the presence of a fibrillar FN network, LTBP-3 and -4 rely on fibrillin-1 for 

their incorporation into the ECM (Zilberberg et al., 2012). Interestingly, fibrillin assembly into the 

ECM has also been shown to depend on FN (Kinsey et al., 2008; Sabatier et al., 2009). These results 

collectively build a scenario in which fibrillar FN is at centre stage for the incorportation of LTBP and 

LLC into the ECM (Zilberberg et al., 2012). Heparin-binding domains in LTBP-1 and LTBP-4 have 

been shown to be critical for their deposition into the ECM (Chen et al., 2007; Kantola et al., 2008), 

suggesting that heparan sulfate proteoglycans may play a critical role in controlling the association of 

LTBP with FN and subsequent deposition of LTBP into the ECM.  

The activity of latent TGF-β activity is governed by the release of TGF-β from latency. Several 

diverse mechanisms have been described for the process of latent TGF-β activation. Denaturing 

conditions, such as heat, low pH, enzymatic digestion and detergents have proven efficient for TGF-β 

release in in vitro assays (Miyazono and Heldin, 1989; Brown et al., 1990). TGF-β is also reported to 

undergo activation when exposed to reactive oxygen species or irradiation (Barcellos-Hoff et al., 1994; 

Barcellos-Hoff and Dix, 1996). The activation of TGF-β in cell culture is achieved by proteolytic 
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cleavage of LAP by plasmin and other proteases (Taipale et al., 1994; Yu and Stamenkovic, 2000; Ge 

and Greenspan, 2006). Thrombospondin-1 has been identified as a physiological regulator of latent 

TGF-β activation by binding LAP and inducing conformational changes that reduce its affinity for 

TGF-β and thereby enable TGF-β to interact with its cognate receptor (Crawford et al., 1998; Ribeiro 

et al., 1999). Perhaps of greatest physiological relevance is integrin-mediated activation of TGF-β 

(Yang et al., 2007; Wipff and Hinz, 2008). Many of the αV integrins bind RGD motifs present both in 

LAP-1 and -3, and integrins αVβ3, αVβ5, αVβ6 and αVβ8 have been shown to release and activate 

TGF-β in cell culture experiments (Munger et al., 1999; Annes et al., 2002; Mu et al., 2002; 

Fjellbirkeland et al., 2003; Annes et al., 2004). The physiological relevance of αVβ6 and αVβ8 integrin-

mediated TGF-β activation by binding LAP in vivo is supported by the fact that mice lacking αV, β6 or 

β8 or possessing a LAPRGE/RGE mutation phenocopy important aspects of TGF-β1 and TGF-β3 

knockout mice (Shull et al., 1992; Dickson et al., 1995; Kaartinen et al., 1995; Munger et al., 1999; Zhu 

et al., 2002; Yang et al., 2007; Aluwihare et al., 2009). 

Integrins are proposed to facilitate latent TGF-β activation by either of two distinct mechanisms. In 

one model, integrin αVβ8 bound to the LLC via LAP recruits trans-membrane type 1 matrix 

metalloproteinase (MT1-MMP) to cleave LAP and liberate TGF-β (Araya et al., 2006; Mu et al., 2002). 

A second mechanism of integrin-mediated latent TGF-β release has been demonstrated for αVβ5, 

αVβ6 and αVβ8 and is independent of proteases in that it relies on the role of integrins as mechano-

transducers to transmit traction generated by the contractile actin-myosin machinery to LAP to 

mechanically pry apart the LLC and release TGF-β (Munger et al., 1999; Annes et al., 2004; Wipff et 

al., 2007). Analysis of the level of mechanical force that is required to induce the conformational 

changes in the latent complex that release TGF-β1 has demonstrated that TGF-β1 activation can be 

achieved by application of mechanical force in the order of magnitude of what can be transmitted by 

single integrins (Buscemi et al., 2011). 

4.3.6 FN in early vertebrate development and morphogenesis 

Given the multitude of functions involving FN, it comes as no surprise that a variety of 

morphological events in vertebrate development rely on FN, and that ultimately, FN is an absolute 

requirement for vertebrate survival. This is made explicitly clear by the embryonic lethality of fish, 

frogs and mice carrying mutations that disrupt FN expression. While quite a few ECM molecules, such 

as laminins and collagens, arose early in evolution and are conserved from fly to human, FN evolved in 

the vertebrate phylum and thus coincided with the development of an endothelial-lined cardiovascular 

system (Hynes and Zhao, 2000). Indeed, the embryonic lethality of these vertebrate model organisms 

is to a great extent related to defects in the developing cardiovascular system. However, FN expression 

and function is certainly not restricted to the vascular system. In vertebrates, FN is an abundant 

component of ECM in a variety of embryonic tissues where it generally serves as a provisional guide to 

support cellular events and maintain borders in the developing vertebrate embryos, as well as in adult 

tissues where it serves as a provisional matrix in the healing wound.  



PhD Thesis - Josefine Gibson  Introduction 
 

 37 

Vertebrate embryos with disrupted FN expression die during gastrulation with a number of defects. 

Much of our understanding of FN functions during embryonic development comes from genetic 

knockout experiments in mouse, morpholino experiments in zebrafish and the use of function-

blocking antibodies in frog (George et al., 1993; Georges‐Labouesse et al., 1996; George et al., 1997; 

Marsden and DeSimone, 2001; Davidson et al., 2002; Trinh and Stainier, 2004b; Davidson et al., 2006). 

FN is expressed at early stages of vertebrate embryogenesis, and examination of both frog and fish 

embryos show that FN is assembled into an elaborate network before gastrulation movements even 

begin (Critchley et al., 1979; Duband and Thiery, 1982; Sanders, 1982; Boucaut and Darribere, 1983; 

Lee et al., 1984). Fibrillar FN is primarily depositied in the endodermal and ectodermal basal surfaces 

in the chick embryo, and in frog embryos fibrillar FN is found along the blastocoel roof, where it is 

has been shown to serve as a migration platform for the mesoderm (Boucaut et al., 1984a; Boucaut et 

al., 1984b; Brown and Sanders, 1991; Winklbauer and Keller, 1996). 

In general, inactivation of the Fn1 gene permits partial progression through gastrulation, and the 

absence of FN does not affect the gastrulation movements that give rise to the three germ layers, the 

endoderm, mesoderm and ectoderm. Neither does the absence of FN affect the specification of the 

various mesoderm regions (axial, paraxial/presomitic or lateral mesoderm). Likewise, neither the 

timing and location of induction of mesodermal lineages, such as the notochord, somites and heart, 

nor the ability of the precursor cells of these lineages to migrate, depend on the presence of FN 

protein (Georges‐Labouesse et al., 1996; George et al., 1997; Trinh and Stainier, 2004b; Davidson et 

al., 2006). Later events, such as migration of neural crest cells to their final destinations is also 

independent of FN (Mittal et al., 2010). However, despite apparent correct cell fate specification, 

differentiation and migration of precursors in the absence of FN, the correct morphogenesis of the 

structures they will assemble ultimately relies on the presence of FN protein. For regardless of species, 

the consequences of disrupting the expression of FN are that somite precursors will fail to condense 

into somites (Georges-Labouesse et al., 1996; Jülich et al., 2005; Koshida et al., 2005), the notochord 

precursors will fail to form a notochord (Georges‐Labouesse et al., 1996) and the cardiac precursors 

will fail to form a functional heart (George et al., 1997). 

Elegant work in re-investigating the FN knockout mouse has revealed that FN is required as early 

as during morphogenesis of the node, which takes place at the tip of the primitive streak, and for the 

subsequent establishment of left-right asymmetry in the embryonic body plan (Pulina et al., 2011). FN 

protein localises to the basal surface of the ventral node, and is speculated to be important for the 

proper orientation and vertical intercalation of nodal cells. In the absence of FN, cells within the node 

fail to arrange into two well-organised layers and instead become aberrantly oriented, which gives the 

node a disrupted, narrow and flat appearance. Absence of FN also renders the node cells incapable of 

creating the leftward nodal flow (Pulina et al., 2011), which represents the very first symmetry-breaking 

event in the mouse embryo. Left-right asymmetry is maintained by barriers of morphogens established 

at the embryonic midline and by the notochord, and this recent report by Astrof and colleagues 

suggests that FN specifically regulates the expression of Lefty1/2 through Nodal signalling and 

activation of SMADs 2/3 at the floor plate (Pulina et al., 2011). 
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Closer examination of the morphogenesis defects in the frog model showed that FN plays subtle, 

but important roles in cellular activity during gastrulation. FN is required to establish cell adhesion and 

cell polarity, which are key processes underlying the major cell rearrangements of gastrulation 

(Marsden and DeSimone, 2001). Interaction between FN and integrins modulates cadherin-dependent 

cell-cell adhesion, which in turn influences cell intercalation (Marsden and DeSimone, 2003). Fibrillar 

FN is required to establish the elongate shape of migrating cells seen in wild type embryos and to 

polarise actin-rich protrusions of cells in the gastrulating embryo, all of which is essential to axial 

extension (Davidson et al., 2006). One speculation is that the density of FN fibrils maintains a level of 

stiffness and rigidity of the tissue, which is important for convergence and extension (Moore et al., 

1995).  

New light was recently shed on the role of FN in early lineage specification. It was recently shown 

that FN in cell culture experiments plays a role in the ability of endoderm to induce mesoderm 

formation through a FN/β1 integrin/Wnt/β-catenin signalling cascade (Cheng et al., 2013). FN, along 

with known diffusible factors, promotes the emergence of Brachyury positive mesoderm (Brachyury is 

a T-box-containing transcription factor expressed in the primitive streak and early mesoderm and one 

of the earliest lineage markers of mesodermal precursors (Wilkinson et al., 1990; Kispert and 

Herrmann, 1994; Inman and Downs, 2006)). In an integrin β1/Wnt/β-catenin axis, FN biases the 

mesoderm towards cardiac mesoderm (Cheng et al., 2013).  

ECM formation and remodelling is also important as the embryo transitions into stages of 

organogenesis. Somite formation is a critical event during development and occurs as the paraxial 

mesoderm undergoes mesechymal-to-epithelial transition and condenses into epithelialised structures. 

As previously mentioned, the FN knockout mouse embryos lack somites (George et al., 1993). From 

analyses of the zebrafish FN null mutant (natter) and frog embryos injected with a dominant negative 

form of FAK (FAK-related nonkinase), it is known that FN plays both a structural and morphogenetic 

role in specifying domains of mesoderm during gastrulation. During somitogenesis in zebrafish, 

integrin α5 and FAK activation (pFAKY397) drives the accumulation of FN at the borders of newly 

formed somites, and this, in cooperation with other local signalling systems such as the Eph-Ephrin 

system, both establishes and maintains somite boundaries that stabilise the epithelialisation of the 

somites (Jülich et al., 2005; Koshida et al., 2005; Kragtorp and Miller, 2006). 

A number of organs (lung, salivary gland, kidney) are formed during embryonic development by 

epithelial branching, and basement membrane remodelling is an important feature of branching 

morphogenesis. Branching morphogenesis entails repetitive formations of clefts and buds. Cleft 

formation requires remodelling of both epithelia and indentation of the basement membrane. During 

the development of salivary glands, transient expression and fibrillar deposition of FN in the cleft has 

been found to promote cleft formation; while FN promotes the interaction of the cell with the ECM, 

its presence in the cleft was found to alleviate cell-cell interactions by down-regulating E-cadherin in 

the epithelium (Sakai et al., 2003).  

Gene knock-out studies in mice have shown that each FN-binding integrin has a unique function, 

but only integrin α5 knock-out gives rise to phenotypes reminiscent of the total FN knock-out mouse 



PhD Thesis - Josefine Gibson  Introduction 
 

 39 

(George et al., 1993; Georges‐Labouesse et al., 1996; George et al., 1997); all embryos deficient in 

integrin α5 suffer defects in mesoderm-derived structures in both extra-embryonic and embryonic 

structures such as vasculature, heart and somites that cause lethality at E9.5-10. This strongly suggests 

that integrin α5β1 mediates the early functions of FN during embryogenesis. Yet, the loss of integrin 

α5 does not fully account for the FN knock-out phenotype and implies that other FN-binding 

integrins compensate, if only to some extent, for the loss of integrin α5β1. Integrin αVβ3 is another 

highly recognised FN-binding integrin, and genetic studies of αV integrin knock-out mice showed that 

80% of all embryos deficient in αV integrins show placental defects and die around E10.5, while the 

remaining 20% survive until birth, but die shortly after with several defects, most notably intracerebral 

hemorrhage (Bader et al., 1998). The incomplete embryonic lethality most likely reflects the 

promiscuity of αV integrins, both for their β subunit and their extracellular ligand. Integrin αVβ3 

alone, which binds FN, also interacts with fibrinogen, fibrillin, LAP-TGF−β, von Willebrand factor, 

vitronectin, osteopontin, tenascin, PECAM-1 and thrombospondin, while other αV integrins bind an 

equally wide range of ligands (Humphries, 2006).  Interestingly, the compound knock-out of α5 and 

αV integrins showed synergies in their phenotypic defects, causing lethality at, or even slightly earlier 

than, the developmental stage of FN knock-out embryos, suggesting cooperative functions of these 

FN-binding integrins during mesoderm development (Yang et al., 1999). Other integrin knock-out 

mice show phenotypes at later developmental stages than the FN knock-out and α5/αV integrin 

double knock-out mouse, which indicates that the ability of these integrins to interact with FN and 

mediate functions of FN is not essential during development and/or that these integrins primarily rely 

on other ligands. Embryos lacking FN-binding α4 integrins are unable to undergo chorio-allantoic 

fusion and die between E10-12 (Yang et al., 1995) and mice that are deficient in FN-binding α8 

integrins develop defects which cause lethality at or shortly after birth remove Kreidberg (alpha3 

study) (Kreidberg et al., 1996; Müller et al., 1997). Integrin αIIbβ3 is a platelet-specific FN-binding 

integrin, and its ability to bind FN is essential in blood homeostasis and thrombus formation in adult 

stages of life. 

4.4 Cardiovascular development in the mouse 

4.4.1 Cardiogenesis 

The heart is the first organ to form in vertebrate embryos, and it is vital for the distribution of 

blood-bourne oxygen, nutrients and waste products throughout the developing embryo. The heart’s 

purpose as a central pump relies on the contractile nature of its principle component, the myocardium. 

The myocardial progenitor cells are derived from the epiblast and ingress through the primitive streak, 

along with head mesoderm and foregut endoderm, during gastrulation between E6.5 and E7.5. 

Although the morphogenetic process of gastrulation plays no role in cardiac specification, it serves to 

coordinate the spatial and temporal arrival of these cardiac precursor cells at the primary heart fields, 

which are two bilateral regions of splanchnic mesoderm on both sides of the embryonic midline that 

are specified shortly after gastrulation and fated to form the myocardium by the late primitive streak 
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stage (Tam et al., 1997). The two heart fields later converge at the embryonic midline to form the 

cardiac crescent just below the cranial parts of the embryo (Kaufman and Navaratnam, 1981; DeRuiter 

et al., 1992) (fig. 4.14 A and B).  

Steps towards shaping the heart are induced by factors secreted from the surrounding endoderm 

(e.g. gut endoderm). In response to inductive signals, the cardiac crescent expresses several 

transcriptional regulatory genes of the cardiac programme, such as Mesp1, Nkx2-5, Gata4 and 

Mef2b/c (Lints et al., 1993; Edmondson et al., 1994; Heikinheimo et al., 1994) that induce the cardiac 

precursors to contribute to the three main cardiac tissues; endocardium, myocardium and pericardium. 

First, the formation of the intra-embryonic coelom introduces a lumen that spatially segregates the 

cardiac precursors into heart mesoderm on the ventral side of the lumen and pericardial mesoderm on 

the dorsal side. By E8.0, the heart mesoderm will undergo a lineage split to give rise to the 

myocardium and the endocardium which spatially orient themselves into a hollow tube structure; the 

endocardium will form the lining of the heart tube and the myocardium will become the muscular layer 

of the heart tube (fig 4.14 C and D).  

By E8.5, the primitive heart has elongated in the cranio-caudal axis and is a peristaltic pump that 

moves blood unidirectionally as a result of a contractions along the tube, with the inflow region 

established caudally and the outflow region cranially (Moorman et al., 1998). The transformation of the 

primary heart tube into the four-chambered heart occurs as the myocardium undergoes a complex 

programme of local differentiation and proliferation along the length of the primary heart tube. 

Simultaneously, by local regions of growth and contraction within the heart tube and in effect of forces 

exerted on the heart by surrounding tissues, the heart tube is perturbed into a rightward torsion, a 

process referred to as looping morphogenesis (Harvey, 1998; Ramasubramanian et al., 2008), during 

which the caudal region of the heart becomes displaced to the left and the outflow region loops to the 

right of the embryo (fig 4.14 E and F). Hence looping morphogenesis lays out the basic plan for the 

future heart. The mechanical properties of the heart tube tissue and the induction of intracardiac blood 

flow are key factors in promoting this stage of cardiogenesis (Hove et al., 2003; Zamir et al., 2003) 

Additional myocardial precursors arrive from the secondary heart field, which originates from the 

pharynx, to build the outflow tract (Kelly et al., 2001; Mjaatvedt et al., 2001). By E9.5, the 

atrioventricular canal is formed to delimit the atrial and ventricular regions. Endocardial cardiac 

cushion forms in both the outflow tract and the atrioventricular channel (Savolainen et al., 2009). The 

endocardial cushion is a subset of mesenchymal cells that arise from both the endocardium and neural 

crest cells migrating from the hindbrain (Jiang et al., 2000). These cells migrate into a FN-rich cardiac 

jelly and are known to deposit additional FN (Mjaatvedt et al., 1987; Ffrench-Constant and Hynes, 

1988; Roman and McDonald, 1992; Eisenberg and Markwald, 1995). Cardiac cushions will condense 

to divide the outflow tract into the aorta and the pulmonary artery, and in both the outflow tract and 

the atrioventricular canal, cardiac cushion will contribute to the major valves of the heart (aortic, 

pulmonic, tricuspid and mitral valves) and closure of the heart septum (Webb et al., 1998; Savolainen 

et al., 2009). 
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Figure 4.14. Major events in early cardiac development in the mouse embryo. Left column 
shows the early embryonic cardiac tissues, while the right column shows internal features in 
heart sections; (B) and (D) are transverse sections; (F) and (H) are longitudinal sections. 
Myocardium and progenitors are highlighted in red. (A-B) Cardiac progenitors assemble into 
the cardiac crescent extending cranio-laterally. (C-D) A linear heart tube is formed as cardiac 
progenitors move ventrally and fuse, differentiate and organise into an inner endocardial 
lining and an outer myocardial cover. Inflow occurs caudally and outflow occurs cranially. 
(E-F) During cardiac looping, the inflow region is placed dorsally and cradially above the 
developing ventricles. Endocardial cushions (EC) form in the atrioventricular (AV) canal and 
in the outflow tract to form the valves and split the outflow tract, respectively. Myocytes 
form trabeculae (T) along the inner surface of the ventricles. (G-H) By E12.5 the heart has 
been divided into left and right ventricles (LV, RV) and left and right atria (LA, RA) and 
begins to resemble the adult heart. Adapted from (Harvey, 2002).  

 

At around E9.0, the epicardium develops and surrounds the heart to provide cellular elements of 

the connective tissues and coronary vasculature. Epicardial progenitor cells originate outside the 

developing heart and migrate onto the heart through a cyst-mediated mechanism in which the 

progenitors are released from the tissue of origin as cysts. These cysts float in the fluid of the 

pericardial cavity and attach to the myocardial surface of the heart. Once attached, the cysts 
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disintegrate and the cells migrate out and flatten into the epithelial sheet of the epicardium (Komiyama 

et al., 1987; Sengbusch et al., 2002). 

Looping morphogenesis will eventually align the developing chambers according to left/right 

asymmetry and place the inflow portion of the heart, including the common atrium, dorsally and 

cranially so that it is placed above the developing ventricles by the end of E10.5 (fig 4.14 E and F). 

Chamber formation occurs through ballooning effect of chambers along the outer curvature of the 

looping heart. These chambers are characterised by trabeculated working myocardium forming a 

specialised inner muscle layer along the outer curvature, to which the endocardium adheres through 

finger-link protrusions (Christoffels et al., 2000). Trabeculated myocardium is a specialised layer of 

cardiac muscle that generates the contractile force of the heart and transforms the primary heart tube 

into a high-capacity, fast-contracting pump.  

With further looping, the outflow region becomes pushed between the developing ventricles 

ventrally (fig. 4.14 G and H), and the inflow region spans the ventricles dorsally, now resembling the 

final heart structure that will persist into adulthood. The ultimate division of the heart chambers occurs 

by septation between the left and right ventricles and left and right atria. Finally, the cardiac 

conduction system is established by a specialised cardiac muscle cells that infiltrate the cardiac tissue 

and have distinct contractile, conductive, and pace-making properties to establish the coordinated 

activation of the heart (Moorman et al., 1998). 

4.4.2 Requirement for FN in cardiogenesis 

FN appears to be a critical regulator of cardiovascular development and vascular remodelling of the 

developing embryo and in the adult. Disrupting FN expression is mice causes severe defects in the the 

heart, vasculature and somites, causing them to die by E9.5 (George et al., 1993; George et al., 1997; 

Francis et al., 2002). As already mentioned, FN is dispensable for initial specification of cardiac 

precursors, endocardial and myocardial cells. However, the precursor cells fail to undergo the 

morphogenetic processes that form the functional heart and great vessels (Francis et al., 2002). Heart 

and vessel morphogenesis requires both the ability of the endothelium to organise into tube structures, 

but also requires non-endothelial cells such as mural cells to stabilise the remodelling tissue as it 

undergoes morphogenesis. Indeed, one speculation stemming from these studies is that FN has a role 

in mediating the interaction between endothelial and peri-endothelial cells (mural cells) in the heart and 

the dorsal aorta of the mouse. 

Early studies of the WT chick embryo revealed deposits of fibrillar FN at the endoderm-mesoderm 

interface of the lateral heart-forming region (Linask and Lash, 1986). Precardiac (myocardial) cells 

encounter this fibrillar FN as they migrate along the endoderm-mesoderm interface. Levels of FN 

along the precardiac cell migratory route appeared to vary, with lowest amounts of fibrillar FN 

posterior and largest amounts anterior, where precardiac cells must stop moving. This gradient of 

fibrillar FN coincides with directional migration, i.e. haptotaxis, suggesting that precardiac cells find 

their destination by migrating along a substrate with increasing adhesiveness provided by FN. 
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During heart tube formation in zebrafish, FN is also critical for the timely migration of myocardial 

cells and their subsequent organisation at the embryonic midline to form the primitive heart tube 

(Trinh and Stainier, 2004a; Trinh and Stainier, 2004b). FN becomes deposited in the basal substratum 

around sheets of myocardial precursors and along the midline between endoderm and endocardial 

precursors (Trinh and Stainier, 2004b). The nat mutation, which stalls FN expression, allows 

myocardial specification, but the heart fails to form correctly and develops into cardia bifida because 

adherens junctions in the myocardial epithelia are not formed properly (Trinh and Stainier, 2004b). 

The interaction of the myocardium with a FN-based substratum stabilises the formation of adherens 

junctions between myocardial precursors, which in turn provides integrity to the organisation of the 

myocardial epithelia (Trinh and Stainier, 2004b). This integrity is critical to the coordinated movement 

of myocardial precursors during heart formation. 

The high expression of FN in the cardiac jelly and cushion (Mjaatvedt et al., 1987; Ffrench-

Constant and Hynes, 1988; Roman and McDonald, 1992; Eisenberg and Markwald, 1995) prompts the 

question of what function FN has in the cardiac cushion. The role of FN in cushion formation has 

been tested in chick embryos by microinjecting antibodies against FN into the cushion tissue. These 

experiments showed that FN plays a role in the migration of mesenchymal cushion cells into the 

cardiac jelly (Loeber and Runyan, 1990; Icardo et al., 1992), although FN is most likely not the only 

ECM component to modulate the activity of these mesenchymal cardiac cells (Loeber and Runyan, 

1990).  

4.4.3 Vasculogenesis and angiogenesis 

The development of blood vessels is a key step during early vertebrate development, and the ability 

of blood vessels to form and remodel after birth sustains the growth and repair of tissue throughout 

life. Dysregulation of blood vessel formation has dire consequences at early stages of development, as 

the growing embryo requires greater oxygen and nutritional supply from the blood. Consequently, 

mutations that delay or impair blood vessel formation cause embryonic lethality. 

The vascular system is a specialised network of vessels that branch in a hierarchical fashion to 

spatially accommodate all parts of the organism and to both deliver and collect nutrients, respiratory 

gases and waste products as well as transport surveying immune cells to sites of infection. The main 

components of the blood vessel wall are the endothelial cells, mural cells and the ECM that constitutes 

the vascular basement membrane. The important features of a vascular tube include apical–basal 

polarity of the endothelium, a continuous lumen, a glycocalyx, the distinct transmembrane proteins 

lining the luminal side, elaborate junction complexes at the lateral side between the lining endothelial 

cells and deposition of basement membrane at the basal, ablumenal side (Wacker and Gerhardt, 2011). 

The vascular system arises very early during development through a series of dynamic, but highly 

coordinated events, generally referred to as vasculogenesis and angiogenesis. By branching, expanding 

and pruning of vessels, the vascular bed becomes highly optimised to meet local demands. Each step is 

under tight and complex molecular regulation, and a significant part of blood vessel formation depends 

on integrins and ECM components such as FN. 
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4.4.3.1 Vasculogenesis 

Vasculogenesis is initiated in the developing embryo as FGFs secreted by the mesoderm induce the 

differentiation of hemangioblasts to give rise to the angioblast lineage (Risau and Flamme, 1995). 

Within the embryo, the very first embryonic blood vessels form as angioblasts acquire arterial or 

venous fate in the process of coalescing into the dorsal aorta and the cardinal vein, respectively. In the 

yolk sac, populations of haemangioblasts merge into primitive blood islands, from which both 

endothelial cells and cells of the hematopoietic lineages segregate. These blood islands fuse and 

remodel extensively in response to hemodynamic stimuli, oxygen levels and gradients of pro-

angiogenic growth factors, to form a primitive plexus of arterial and venous vessels. Vasculogenesis 

will ultimately accomplish the complete vascularisation of the organism. 

Initially, angioblasts fuse into an initial cord-like structure and maintain this structure through 

adhesive forces to the ECM (mediated by integrins) and neighboring cells (through adherens 

junctions). Within the endothelium, adherens junctions are composed of vascular endothelial cadherin 

(VE-cadherin), α-catenins and β-catenins and are linked to the actin cytoskeleton. The balance of cell-

ECM and cell-cell junctions is important during cell polarisation and lumen formation (Zovein et al., 

2010; Xu et al., 2011). 

Various models and mechanisms have been described for lumen formation during vasculogenesis 

(Iruela-Arispe and Davis, 2009). For various vessel types, such as the mouse embryo dorsal aorta and 

the zebrafish embryo intersegmental vessels, lumen formation occurs by lumenisation, where the 

coalesced angioblasts/EC undergo dramatic shape changes to create a lumen at the cell-cell junction 

(Blum et al., 2008; Strilić et al., 2009). 

To accommodate this lumen, the endothelial cells within the early cord must collectively determine 

polarity to establish apical and basolateral membranes. In the mouse aorta, adherens junctions 

containing VE-cadherin initially fully line the interface between what will become the apical surfaces 

between opposing endothelial cells (fig. 4.15). Integrins in the basolateral endothelial cell surface will 

mediate the interaction of the developing blood vessel with the ECM in the vascular basement 

membrane. Polarity is established in part by the activation of the Par3 (Partitioning defective 3) 

complex (consisting of Par3, Par6 and the atypical protein kinase C) (Koh et al., 2008; Zovein et al., 

2010). In vitro studies have shown that PTEN (phosphatase and tensin homolog) is subsequently 

recruited to the apical surface, where it converts PIP3 to PIP2 and thereby recruits Cdc42 to promote 

the cytoskeletal rearrangements that assist in lumen formation (Koh et al., 2008; Kesavan et al., 2009). 

VE-cadherin probably play multiple roles in defining the apical surface and driving lumen 

expansion. It has been shown to drive the accumulation of negatively charged CD34 sialomucin 

glycoproteins (CD34 and podocalyxin (PODXL). First, CD34 sialomucins were shown to participate 

in directing the cytoskeletal events that underly changes in cell shape with the induction of apical/basal 

polarity and lumenisation by integrating with the F-actin cytoskeleton through phosphorylated ERM 

adaptor protein moesin. Moesin requires PKC for phosphorylation, and hence both the recruitment 

and phosphorylation of moesin at the apical membrane could be related to the activation and 

localisation of the PCK-containing Par3 complex (Bretscher et al., 2002; Strilić et al., 2009; Wang et al., 
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2010). A follow-up study demonstrated that in addition to participating in cytoskeletal remodelling 

events, the enrichment of sialomucin gives rise to an accumulation of negative charge on opposing 

membranes that serves to electrostatically repel apical membranes away from each other and thereby 

initiate the expansion of the extracellular space (Nielsen and McNagny, 2008; Strilić et al., 2010). VE-

cadherin has also been shown to influence the contractility of the F-actin cytoskeleton in endothelial 

cells during lumen formation. Via β-catenin, plakoglobin and α-catenin, VE-cadherin becomes linked 

to the F-actin-cytoskeleton. Through its interaction with p120, a RhoA GDI, VE-cadherin is thought 

to fine-tune the regulation of the RhoA pathway. To form a tube of an appropriate diameter, 

endothelial cells acquire a stretched, flattened morphology. This change in shape is driven by an 

enrichment of MLC phosphorylation and NMII-driven actomyosin contractility at the apical 

membrane, which is triggered by VEGF-A-induced ROCK activation (Strilić et al., 2009).  

 

 
Figure 4.15. A diagrammatic representation of early endothelial cell polarisation events 
leading up to vascular lumen formation of an endothelial cord. Two opposing endothelial 
cells within a cord are shown in cross-section. (A) Junctional proteins line what is to become 
the apical surfaces of opposing endothelial cells. Activation of the Par3 polarity complex 
downstream of active β1 integrins on the basolateral surface promotes the deposition of PIP2 
in the apical plasma membrane, which in turn recruits Cdc42 to drive the exocytosis of 
vesicles containing negatively charged CD34 sialomucins at the apical surface that will repel 
the surfaces. (B) VE-cadherin translocates to the apical-basolateral borders, and both VE-
cadherin and CD34 siamomucins become linked to the F-actin cytoskeleton. Adapted from 
(Zeeb et al., 2010). 
 

4.4.3.2 Angiogenesis 

The remodelling of the early primitive plexus of newly lumenised blood vessels into a functional 

hierarchy of branched vessels requires extensive morphological events, which are collectively referred 

to as angiogenesis (Risau, 1997). Angiogenic sprouting from the dorsal aorta, cardinal vein and vessels 

of the vascular plexus underlies much of this hierarchy of arteries, arterioles, capillary beds, venules 

and veins. VEGF-A induces many distinct aspects of endothelial cell behaviour during sprouting 

angiogenesis, including endothelial proliferation, migration, differentiation and survival. In the early 

postnatal retina, for example, VEGF-A induces angiogenic sprouting by guiding filopodial extension 

from specialised endothelial cells, called tip cells, situated at the tips of the vascular sprouts (Gerhardt 

et al., 2003). Growth of an angiogenic sprout occurs as a tip cell expresses proteases, including MMPs 

and MT-MMPs, to digest the surrounding basement membrane and allow outgrowth from the pre-

existing vessel (Pepper, 2001; Chun et al., 2004). Tip cells are followed by proliferating stalk cells, 
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which form the base of the angiogenic sprout and are both far less motile and extend far fewer 

filopodia than tip cells (Gerhardt et al., 2003). The shape of an angiogenic sprout is determined by the 

weight of tip cell migration against stalk cell proliferation, which in turn is dictated by both the 

expression pattern of VEGFR types (VEGFR-1, -2 and -3) as well as gradients of VEGF-A (Gerhardt 

and Betsholtz, 2005). The molecular signature underlying the functional differences between tip and 

stalk cells is based on a delta-like4-(Dll4-) and Notch-mediated lateral inhibition mechanism in which 

VEGF-A induces Dll4 expression in the tip cell, which in turn induces Notch signal activation in the 

neighboring stalk cell. Notch activation in stalk cells downregulates the expression of VEGFR-2 and 

thereby their response of the stalk cell to the VEGF-A gradient (Hellström et al., 2007; Leslie et al., 

2007; Lobov et al., 2007; Roca and Adams, 2007; Siekmann and Lawson, 2007; Suchting et al., 2007). 

Newly formed vessel sprouts will anastamose and form new lumens, thereby opening new sites of 

blood flow. 

Although there is an absolute requirement for all known VEGFR types for vascular development, a 

differential expression pattern of VEGFR types on tip and stalk cells fine tunes the effect of VEGF-A 

on the angiogenic sprout. While tip cells express VEGFR-2 and VEGFR-3, which are both potent 

receptor tyrosine kinases and signal transducers, stalk cells express and secrete a soluble form of 

VEGFR-1, which serves as a decoy receptor that sequesters soluble VEGF-A (Chappell et al., 2009). 

Soluble VEGFR-1 secreted at the base of the angiogenic sprout modulates the local VEGF-A gradient 

to promote sprouting away from the stalk and prevents the new sprout from fusing with the vessel it 

originated from (Chappell et al., 2009). 

 

 

 
Figure 4.16. Cellular mechanisms that pattern vascular sprouting. The sequential steps from 
left to right illustrate the induction of a tip cell (green) and the extension of a vascular sprout 
towards along a gradient of VEGF-A (orange) through migration of the tip cell and polarised 
proliferation of the stalk cells (white). The steepness of the VEGF-A gradient determines the 
efficiency of the sprouting, such that a steep VEGF-A gradient promotes long and directed 
filopodial extension and fast migration in the tip cell (A) and a weak VEGF-A gradient 
results in undirected extension of short filopodia extension and slow migration of the tip cell, 
while stalk cells proliferate more in response to more abundant VEGF-A, but in an 
unpolarised manner, causing vessel dilation. Adapted from (Gerhardt, 2008).  
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VEGF-A gradients are established through a combination of secreted VEGF-A isoforms that differ 

in their ability to become immobilised by the ECM. Through alternative splicing, VEGF-A either lacks 

or acquires heparin-binding domains; those VEGF-A isoforms that lack heparin-binding domains are 

freely diffusible, while others are bound by ECM or cell surface heparan sulfates upon secretion and 

cannot diffuse far from the cellular source (Ruhrberg, 2003; Gerhardt, 2008). A steep VEGF-A 

gradient is key to polarising the endothelial tip cell and promoting long, directed filopodia extension 

towards higher VEGF-A concentration (fig. 4.16 A). In the mouse retina, heparan-sulfate 

proteoglycans cooperate with FN in binding and storing VEGF-A secreted by astrocytes to promote 

directional filopodial extension and migration of the endothelial tip cells and guide the radial expansion 

of the retinal vasculature (Stenzel et al., 2011). If a sharp gradient of VEGF-A fails to form, tip cells 

will extend short filopodia in all directions and migrate slower, while stalk cells will proliferate due to 

the abundant VEGF-A and cause vessel dilation and hypertrophy (fig. 4.16 B).  

Following the establishment of the basic capillary plexus of vessels through sprouting angiogenesis, 

the distribution of vessels is optimised to meet the local demand of the tissue. To this end vessels 

undergo splitting and growth in situ through a process termed intussusceptive angiogenesis. This mode 

of angiogenesis remodels the plexus into a tree-like arrangement. Intussusceptive angiogenesis is 

intiated as opposing endothelial cells of the same vessel walls protrude into the lumen and establish 

interendothelial contact in the form of transvascular pillars. Perforation and expansion of these pillars 

splits a single vessel in two (Burri et al., 2004). Both the sprouting and intussusceptive modes of 

angiogenesis are depicted in figure 4.17. 

Vessel remodelling, maturation and stabilisation are critically dependent on both the deposition of 

ECM into the vascular basement membrane (Iruela-Arispe et al., 1991a; Iruela-Arispe et al., 1991b) and 

the acquisition of mural cell coverage of the newly formed blood vessel (Darland et al., 2003; Gerhardt 

and Betsholtz, 2003). Depending on the type and function of the blood vessel, mural cells differ in 

number, type, origin and organisation. The type of mural cell that associates with newly formed vessels 

and microvessels in general, such as arterioles and venules, is referred to as a pericyte. Those mural 

cells that line larger vessels, such as arteries and veins, are called vascular smooth muscle cells (vSMCs). 

Mural cells are generally contractile, owing to the expression of contractile filaments such as α-smooth 

muscle actin (α-SMA) and desmin. They use long cytoplasmic processes to wrap themselves around 

the abluminal surface of an endothelial cell-lined vascular tube. Mural cells originate from various 

embryonic tissues (Gerhardt and Betsholtz, 2003), such as the neural crest (Bergwerff et al., 1998; 

Etchevers et al., 2002), the coronary vessels of the heart (Vrancken Peeters et al., 1999) or 

mesenchymal cells surrounding the dorsal aorta (Drake et al., 1998; Hungerford and Little, 1999). 

Mesenchymal cells associate with the sprouting endothelium by responding to a chemotactic gradient 

of PDGF-BB secreted by the sprouting endothelium (Hellström et al., 1999; Enge et al., 2002; 

Abramsson et al., 2003), after which they progressively differentiate into mural cells. Although still 

little is known about the mechanisms by which these two cell types associate with each other during 

developmental vascularisation, integrin α4β1 expression on the endothelium and VCAM-1 expression 

by proliferating mural cells is thought to mediate their close intercellular adhesion and is critical for the 
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survival of both endothelial cells and mural cells (Garmy-Susini et al., 2005). Pericytes help to stabilise 

the newly formed vasculature by contributing to the vascular basement membrane, either by secreting 

ECM proteins themselves and/or by stimulating the endothelium to secrete ECM proteins, such as 

FN, nidogen, perlecan and laminin isoforms (Mandarino et al., 1993; Stratman et al., 2009; Turlo et al., 

2012). Pericytes are particular in that they embed themselves within the basement membrane of 

microvessels and are thought to interact with the endothelium through paracrine signalling and by 

direct physical contact at gap junctions and adhesion plaques shared with endothelial cells (Rucker et 

al., 2000). Functions of pericytes include ensuring the survival of the endothelium by secreting growth 

factors like VEGF-A (Shepro and Morel, 1993; Darland et al., 2003), regulating the capillary diameter 

of newly formed vessels by controlling endothelial proliferation (Orlidge and D’Amore, 1987; Hirschi 

et al., 1999; Hellström et al., 2001) and controlling lumen morphology (Hellström et al., 2001), which is 

how pericytes influence the flow of blood. The absence of pericytes correlates with endothelial 

hyperplasia, increased capillary diameter, abnormal EC shape and ultrastructure, changed cellular 

distribution of certain junctional proteins, and morphological signs of increased endothelial 

permeability (Hellström et al., 2001). 

TGF-β is implicated in the maturation of new vessels by acting on both endothelium and pericytes 

(ten Dijke and Arthur, 2007) (fig 4.17). Both endothelial cells and pericytes produce latent TGF-β, 

which is stored in the vascular basement membrane. Results from in vitro studies implicate that the 

activation of the latent TGF-β may require the presence of both cells and their cell-cell adhesion via 

direct physical contact at gap junctions or adhesion plaques (Antonelli-Orlidge et al., 1989; Sato and 

Rifkin, 1989; Sato et al., 1990; Ding et al., 2004). 
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Figure 4.17. TGF-β signalling in blood vessel development. Vasculogenesis is not dependent 
on TGF-β. However, the progression of the primitive vascular plexus into a remodelled state 
by angiogenesis is blocked in the absence of TGF-β signalling components. Latent TGF-β is 
stored in the vascular basement membrane and requires juxtapositioning of mesenchymal cell 
and endothelial cell. Mesenchymal cells are recruited to the remodelling vasculature through 
PDGF gradients. TGF-β induces vSMC differentiation and regulates the angiogenic activity 
of the remodelled vasculature. Adapted from (ten Dijke and Arthur, 2007). 

 

Endothelial cells promote paracrine TGF-β signalling to neighbouring mesenchymal cells to 

promote their differentiation to pericytes or vSMCs (Chen and Lechleider, 2004; Ding et al., 2004; 

Hirschi et al., 2003). The effects of TGF-β on the endothelium are far less clear. Both pro- and anti-

angiogenic properties have been ascribed to TGF-β. Endothelial cells express high amounts of TGF-β 

during embryogenesis (Akhurst et al., 1990), but in vitro studies show that the response of endothelial 

cells to TGF-β is contextual, dose-dependent and biphasic (Pepper, 1997) (fig 4.18). This biphasic 

dose-response curve of TGF-β on endothelial cell migration may be attributable to the fact that 

endothelial cells express two distinct TGF-β type I receptors (ALK1 and ALK5) that respond to 

different concentrations of TGF-β, utilise different co-receptors (e.g. endoglin promotes TGF-β-

activation of ALK1, specifically (Lebrin et al., 2004)) and phosphorylate specific sets of SMAD 

proteins, which in turn elict distinct genetic programmes (Goumans et al., 2002). Therefore, whether 

TGF-β promotes endothelial cell proliferation, migration and tube elongation, i.e. features of the active 

phase of angiogenesis, or whether TGF-β puts endothelial cells in a quiescent state depends on the 

balance in the activation of ALK1 and ALK5.  
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Figure 4.18. The biphasic effect of TGF-β on VEGF-induced angiogenesis in vitro. Total 
additive length of invading cell cords of bovine microvascular endothelial cells grown on the 
surface of three-dimensional collagen gels and treated with VEGF-A and TGF-β. TGF-β 
has a positive effect on VEGF-induced invasion of collagen gels, but has an inhibitory effect 
on VEGF-induced invasion at high concentrations. Adapted from (Pepper, 1997). 
 

4.4.4 Role of integrins in blood vessel formation and remodelling 

Endothelial cells express a range of integrin heterodimers, which in turn facilitate the interaction 

with a number of ECM proteins to coordinate the cytoskeletal rearrangements underlying endothelial 

morphogenesis, sprouting, vacuole and lumen formation during vasculogenesis and angiogenesis 

(Avraamides et al., 2008). 

While there is substantial evidence that endothelial cell-ECM adhesions containing β1 integrins are 

generally required to establish a functional vascular bed (Drake et al., 1992; Carlson et al., 2008; Lei et 

al., 2008; Tanjore et al., 2008; Zovein et al., 2010), β1 integrins play a key mechanistic role in shaping 

the endothelial cytoskeleton, orchestrating vascular morphogenesis during EC polarisation, expansion 

of the arterial lumens as well as guiding the processes that define branching points and arterial-venous 

borders (Zovein et al., 2010). 

In the mouse arterial endothelium, β1 integrins are predominantly found on the basal membrane 

and anchors the endothelium to the basement membrane and mesenchyme (Xu et al., 2011). From 

here, β1 integrins regulate endothelial cell polarity by inducing the activation of the Par3 complex, a 

well-documented determinant in cell polarity (Suzuki and Ohno, 2006; Zovein et al., 2010) that 

localises with β1 integrins at the endothelial basal membrane (Zovein et al., 2010). β1 integrins help to 

promote lumen formation by regulating the expression levels of junction proteins, such as VE-

cadherin and PECAM-1 (Zovein et al., 2010), and driving these and other junction proteins (such as 

claudin 5 and CD99) to the lateral membranes of the lumenised vessels, where they build adherens 

junctions and stabilise EC-EC contacts (Zovein et al., 2010). β1 integrins are involved in promoting 

lumenisation by promoting the apical localisation of the CD34 sialomucin glycoprotein, PODXL 

(Zovein et al., 2010). The rapid expansion of an ECM-free luminal space between apical surfaces 

depends on the formation and coalescence of pinocytic intracellular vacuoles at the apical surface of 

endothelial cells. Intracellular vacuole formation and membrane targeting in endothelial cells are driven 

by integrin signalling and both Ccd42 and Rac1 GTPase-dependent modifications of the actin 

cytoskeleton (Folkman and Haudenschild, 1980; Bayless and Davis, 2002; Davis and Bayless, 2003; 
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Downs, 2003; Davis et al., 2007; Koh et al., 2008) (fig. 4.19). The importance of vacuole delivery to an 

intercellular lumen has been confirmed in vivo with two-photon live imaging studies in zebrafish 

(Kamei et al., 2006), although this mode of lumen expansion is disputed by other observations (Blum 

et al., 2008). However, when β1 integrins are deleted from the arterial endothelium, endothelial cells 

tend to accumulate vacuoles intracellularly (Zovein et al., 2010). This confirms that once intracellular 

vacuoles form, β1 integrins are required to promote their directional transport to, and fusion with, the 

apical plasma membrane to expand the lumen. 

 

 
Figure 4.19. Schematic diagram illustrating the role of integrin β1 subunit in promoting 
lumen formation. The activation of b1 integrins on the basolateral surface of the 
endothelium induces the expression of Par3, which will direct the formation of vacuoles and 
their fusion with the apical surface. The expansion of the lumen is associated with the 
redistribution of junctional proteins, such as VE-cadherin, and changes in cell shape caused 
by remodelling of the actin cytoskeleton. Adapted from (Zovein et al., 2010). 

 

There is also an essential requirement for β1 integrins in the assembly of vascular ECM by mural 

cells. An example is that of vSMCs that line the aorta during embryonic development; here, β1 

integrins are not required for smooth muscle cell proliferation, migration or differentiation, but rather 

specifically required for aortic arch remodelling and for the assembly of ECM proteins within the 

vessel wall (Turlo et al., 2012). 

While it is clear that β1 integrins are strong players in developmental angiogenesis, it is far less clear 

which α integrins are involved. The complete knockout of α4 integrins in mouse (α4β1 and α4β7, 

which both bind CS1 regions present in specific isoforms of FN and VCAM1) causes embryonic 

lethality at E10.5-11.5 due to defective chorio-allantoic fusion and defects in both epicardium and 

coronary vessels causing cardiac hemorrhage (Yang et al., 1995; Sengbusch et al., 2002). Integrin α4β1 

is thought to promote endothelial motility and transient association of the endothelium with pericytes 

in a manner that underlines the survival of both cell types during angiogenesis (Garmy-Susini et al., 

2005). Indeed, α4 knock-out embryos show dilated cranial vessels due to ineffective mural cell 

coverage (Grazioli et al., 2006). The endothelial-specific knock-out of integrin α4 integrins, however, 

does not cause any vascular defect, and these mice are viable (Priestley et al., 2007), suggesting that the 

main requirement for α4 integrins lies in non-endothelial cells. The deletion of integrin α9β1, which 
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binds osteopontin, tenascin C, VCAM-1, either constitutively or specifically in the endothelium, gives 

rise to lymphatic defects (interestingly, α9β1 also binds lymphangiogenic VEGF-C and VEGF-D 

(Vlahakis et al., 2005)), which ultimately causes cyclothorax and lethality at a postnatal stage (Huang et 

al., 2000b; Bazigou et al., 2009). 

The major FN receptors in endothelial cells are the α5β1 and αVβ3 integrins, and considerable 

effort is still being made to elucidate the functional contributions of α5 and αV integrins in vascular 

formation and function. The role of αV integrins (of which αVβ3 and αVβ5 are FN receptors) in 

developmental and pathological angiogenesis has been addressed in vivo with both pharmacological and 

genetic tools. Early characterisations pointing to a pro-angiogenic function of αV integrins originate 

from reports showing that αV integrin expression in the endothelium becomes upregulated in tumour 

vessels or in a normal vasculature upon treatment with angiogenic growth factors (Brooks et al., 

1994b) and are required to support angiogenic growth factor-induced angiogenesis, both under 

physiological and pathological (tumour) conditions in vivo (Brooks et al., 1994a; Brooks et al., 1994b; 

Friedlander et al., 1995; Friedlander et al., 1996; Hammes et al., 1996). Studies with agonists and 

antagonists specific for integrin αVβ3 indicate that integrin αVβ3 sustains neovascularisation by 

promoting endothelial cell survival, e.g. by activating the MAP kinase, FAK and Src signalling 

pathways (Eliceiri et al., 1998), inhibiting p53 activity, decreasing expression of the cell cyle inhibitor 

p21WAF1/CIP1 and suppressing the bax cell death pathway (Strömblad et al., 1996). Generally, results 

from studies of integrin antagonists indicate that αV integrins promote angiogenesis. 

However, genetic experiments show that αV integrins are only remotely involved in vascular 

development. For example, mice that are genetically depleted of all αV integrins (i.e. αVβ1, αVβ3, 

αVβ5, αVβ6 and αVβ8) develop blood vessels (Bader et al., 1998); all αV knockout embryos develop 

normally until E9.5, and 20% of these embryos survive until birth. The remaining 80% of αV 

knockouts die of placental defects around E10.5-11.5. Those mice that do survive until birth ultimately 

die of cleft palates and brain hemorrhage, stemming from distended and leaky blood vessels (Bader et 

al., 1998). Thus, αV integrins seem to be involved in development of blood vessels in specific tissues 

such as placenta and brain. The Tie2-Cre mediated αV integrin knockout in endothelium, however, 

shows no detectable vascular defects, whereas αV integrin knockout in neural cells, such as glia, 

showed that αV integrins in cells associated with the endothelium are necessary to support cerebral 

vascular development (McCarty et al., 2005). This phenotype has been attributed to the loss of integrin 

αVβ8 since β8 integrin knockout mice most closely resemble the αV integrin knockout (Zhu et al., 

2002). Interestingly, the brain hemorrhage phenotype of αV knockouts has been linked to an inability 

of astrocytes associated with the brain vasculature to induce αVβ8-mediated TGF-β activation 

(McCarty et al., 2002; Cambier et al., 2005; McCarty et al., 2005). 

Hence there is a discrepancy in the reported functions of αV integrins in physiological and 

pathological blood vessel formation. While results from studies of integrin antagonists indicate that 

αVβ3 integrin promotes angiogenesis, genetic deletion studies generally suggest that αV integrins are 

not critical for neovessel formation and might even be negative regulators of angiogenesis given that 
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αV integrin knockout gives rise to such large and dilated vessels. One view on this discrepancy is that 

αV integrins can act both as positive and negative regulators of angiogenesis in different phases of 

angiogenesis and depending on environmental context (Hynes, 2002a). According to the model in 

which integrin αVβ3 acts as a negative regulator of angiogenesis, the engagement of the αV integrins 

by pharmacological agonists (e.g. monoclonal antibodies or RGD motif-containing peptides) would 

activate their negative regulatory functions in tissue and supress tumour angiogenesis. In turn, 

genetically or pharmacologically ablating integrin αV function during development would disturb an 

angiogenic regulatory mechanism and allow angiogenesis to occur at an accelerated rate, forming 

largely defective blood vessels that could support tumour growth. One mechanism for achieving anti-

angiogenic activity would be for integrin αVβ3 to bind, and thereby localise, antiangiogenic 

thrombospondin (TSP-1 and -2) to relevant sites during vessel development (Jiménez et al., 2000; 

Lawler, 2000; Adams, 2001; Rodriguez-Manzaneque et al., 2001). Integrin αVβ3 has also been 

implicated in either generating or binding and mediating the anti-angiogenic effects of specific 

proteolytic ECM fragments, such as tumstatin (Brooks et al., 1998; Maeshima et al., 2000; Petitclerc et 

al., 2000; Rehn et al., 2001; Tarui et al., 2001). Another mode of anti-angiogenic regulation could stem 

from the ability of integrin αVβ3 to regulate and maintain low VEGFR2 expression in endothelium 

once the vasculature has formed, creating a negative feedback mechanism of angiogenesis (Reynolds et 

al., 2002). The role of integrins in regulating apoptosis represents yet another way of regulating 

angiogenesis. It is widely accepted that integrin-mediated adhesion to the ECM creates an intracellular 

pro-survival signal (deleted because references does not mention sigaling pathways) and forms the 

basis of anchorage-dependent survival (Meredith et al., 1993). A more recent model proposes that 

integrins in an unligated or antagonised state actively induce apoptosis by recruiting caspase-8. Such an 

“integrin-mediated death” model applied to integrin αVβ3 in the endothelium could account for the 

enhanced angiogenesis in tissue lacking integrin αVβ3 (Cheresh and Stupack, 2002).  

A characteristic trait of both physiological and pathological angiogenesis is the enhanced expression 

of integrin α5β1 and its ligand FN (Kim et al., 2000; Muether et al., 2007), and administrating blocking 

antibodies or peptides that block the interaction of integrin α5β1 with FN suppresses angiogenesis 

(Kim et al., 2000). In full agreement with such blocking experiments, genetic ablation of integrin α5 

creates a lethal phenotype dominated by vascular defects (Yang et al., 1993). The expression of integrin 

α5β1 also becomes induced in endothelium in response to angiogenic growth factors such as FGF-2, 

IL-8 and Del-1 remove kim – no mention of GF-induced integrin expression (Kim et al., 2000; 

Boudreau and Varner, 2004). Although these data unanimously establish integrin α5β1 as a pro-

angiogenic integrin, they could not clarify how the endothelium specifically uses integrin α5β1. To this 

end, a recent report describes the endothelial-specific (Tie2-Cre-mediated) α5 integrin knockout 

mouse as viable and lacking any obvious phenotype (van der Flier et al., 2010). To address a possible 

functional compensation by αV integrins in the conditional integrin α5 knockout mouse, the same 

author group generated endothelial-specific α5/αV compound knockout mice (van der Flier et al., 

2010). This model revealed that mice lacking α5 and αV integrin expression in the endothelium still 

show, to a large extent, vascular morphogenesis through formation of vascular plexi, large vessels and 
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the heart by mid-gestation. However, around mid-gestation (i.e. E11.5 onwards), the expression and 

cooperation of these integrins becomes crucial for the remodelling of the branchial arch arteries and 

vascular structures derived from these arteries. It is very interesting that a few of these compound 

conditional knockout mice are reported to complete development and survive to adulthood. Whatever 

function integrin α5β1 might have in the endothelium, it is likely that integrin α5β1 and FN also play 

an important part in pericytes and/or smooth muscle cells that support the growing vasculature. 

4.4.5 Role of FN in blood vessel formation and remodelling 

The ECM that supports the developing vasculature is dynamic, and multiple integrins participate in 

vascular morphogenesis, depending on the ECM context in which the vasculature is remodelling. The 

composition of the vascular ECM changes as the endothelium progresses through vasculogenesis and 

angiogenesis. During development, new vessels arise from endothelial cells proliferating, migrating and 

sprouting within a FN-rich matrix, while mature vessels are associated with a sheet-like basement 

membrane containing laminins, collagen IV and heparan sulphate proteoglycans (Risau and Lemmon, 

1988). The supporting role of FN in blood vessel formation is illustrated by the phenotype of FN-null 

embryoid bodies; they contain PECAM-1-positive endothelial cells, but these endothelial cells do not 

organise into islands or form vascular structures (Francis et al., 2002). During development, the 

abundance of FN associated with sprouting vessels is complemented by high expression of FN-

binding integrin α5β1 in the endothelium (Goh et al., 1997; Francis et al., 2002). In adult tissues, where 

collagen expression around blood vessels becomes more prominent, collagen receptors α1β1 and 

α2β1 are likely to be more important in maintaining vascular stability (Davis and Camarillo, 1996; 

Senger et al., 2002; Perruzzi et al., 2003). Injured adult tissue undergoing the process of wound healing 

shows a marked, but temporary increase in the deposition of FN while the endothelium grows and 

sprouts into the healing tissue (Clark et al., 1982). In this case both FN-binding integrins and collagen-

binding integrins play important roles (Davis and Senger, 2005). In various pathological instances, such 

as in a hypoxic central nervous system, the expression of FN is induced on angiogenic vessels with 

concomitant expression of FN-binding integrins α5 and αV (Li et al., 2012). There is also strong 

evidence that FN is deposited around new blood vessels forming in tumours and enhances tumour 

angiogenesis, which in turn contributes to tumour growth in vivo (Kim et al., 2000).  

There is a complex pattern of interaction among integrins, ECM and growth factor receptors 

throughout vasculogenesis and angiogenesis. Signals stemming from anchorage of endothelial cells to 

the ECM by integrins is important for both the survival and proliferation of endothelial cells, in part 

through activation of the mitogen-activated protein kinase (MAPK) signalling pathway, by promoting 

cell cycle progression and by preventing apoptosis (Eliceiri et al., 1998; Short et al., 1998; Aoudjit and 

Vuori, 2001). On a cellular level, FN has been shown to regulate endothelial cell migration by 

promoting the β1 integrin and Src-dependent phosphorylation of FGFR at tyrosines 653/654 and 766 

(Zou et al., 2012). Integrins and the ECM also facilitate the chemotactic migration of sprouting 

endothelial cells in response to gradients of angiogenic growth factors (e.g. VEGF-A) (Dejana et al., 

1985; Ruhrberg et al., 2002; Senger et al., 2002; Wijelath et al., 2006), and it is likely that sprouting 
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angiogenesis relies on both chemotactic gradients of angiogenic growth factors and haptotactic 

gradients of ECM.  

The requirement for fibrillar FN in angiogenesis has been addressed with endothelial cell 

tubulogenesis assays in three-dimensional fibrin gels (Zhou et al., 2008). To test the consequence of 

preventing FN fibrillogenesis by the embedded endothelial cells, the authors of this study used a 49-

mer peptide (termed the functional upstream domain, or FUD) derived from the Streptococcus pyogenes 

adhesion F1 protein, which binds directly to the N-terminal assembly domain of FN and thereby 

prevents self-association of FN, but does not block the binding of integrin α5β1 to the cell-binding 

RGD motif in FN (Tomasini-Johansson et al., 2001). Without affecting apoptosis, the presence of this 

peptide ablated the ability of the endothelial cells to construct a pericellular fibrillar FN matrix and also 

blocked their migratory and proliferative preparation to transition into tubular structures (Zhou et al., 

2008). While the absence of fibrillar FN did not affect phosphorylation of MAPKs (ERK1 and 2), it 

disrupted the organisation of the actin cytoskeleton and attenuated the ability of the endothelial cells to 

exert myosin-dependent traction forces on their three-dimensional environment (Zhou et al., 2008).   

From work dealing with alternatively spliced variants of FN in various vertebrate model organisms, 

it has become clear that the extra domains EIIIA and EIIIB are instrumental in forming a fully 

functional cardiovascular system. The expression of alternatively spliced variants of FN containing 

exons EIIIA and EIIIB is a hallmark of the developing vasculature. EIIIA- and EIIIB-containing FN 

is amply expressed around new vessels that form both during embryonic development and wound 

healing as well as during pathological events that require vascular remodelling, such as tumour 

development and artherosclerosis. Yet these alternatively spliced isoforms are silenced in the quiescent 

vasculature (Ffrench-Constant and Hynes, 1989; Ffrench-Constant et al., 1989; Oyama et al., 1989; 

Castellani et al., 2002; Peters et al., 2002; Astrof et al., 2004; Matter et al., 2004). Deletion of both the 

EIIIA- and EIIIB-containing splice variants in the mouse does not affect FN expression level, but 

clearly affects FN function as these embryos die around E10.5 with vascular defects of the placenta, 

yolk sac and heart (Astrof et al., 2007). 

A more recent study addresses the functions of FN in mouse retinal angiogenesis (Stenzel et al., 

2011). In the retina, astrocytes enter from the optic nerve and form a network that expands radially 

towards the periphery of the retina. Astrocytes respond to hypoxia in this avascular tissue by 

expressing and establishing a gradient of VEGF-A. Endothelial tip cells expressing high levels of 

VEGFR2 extend filopodia and migrate towards the gradient of VEGF-A laid down by the astrocytic 

network (Stone et al., 1995; Ruhrberg et al., 2002; Gerhardt et al., 2003). Retinal astrocytes also secrete 

FN ahead of growing vessels and thereby deposit a field of FN to guide the growing vascualture (Jiang 

et al., 1994; Uemura et al., 2006; Stenzel et al., 2011). 
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Figure 4.20. Schematic model of astrocytic VEGF-FN interaction regulating vessel migration. 
In the mouse retina, astrocytes migrating ahead of the growing vasculature assemble a 
fibrillar FN matrix. Integrins exprsesed on endothelial tip-cell filopodia mediate adhesion to 
the FN matrix and allow filopodial alignment along the astrocyte network. However the 
ability of integrins to interact with FN is not crucial to the expansion of the vascular network. 
Astrocytes also secrete VEGF-A, which is stored by FN. The astrocyte-derived FN 
establishes VEGF-A gradients that regulate filopodial extension and migration of tip cells as 
well as polarised proliferation of stalk cells during sprouting angiogenesis. Without astrocytic 
FN, the VEGF-A gradient becomes diffuse, and vascular expansion is disrupted. Adapted 
from (Stenzel et al., 2011). 

 

Genetic studies showed that astrocytic FN plays a role in retinal angiogenesis by regulating vessel 

extension towards the retinal periphery (fig. 4.21); loss of astrocytic FN results in increased number of 

filopodia, increased number of vessel branch points and increased vessel diameter whereas the 

migration and expansion of vessels towards the periphery is diminished (Stenzel et al., 2011). These 

findings indicated that astrocytic FN promotes tip-cell migration and filopodial elongation. 

Interestingly, these functions of FN are to a large extent independent of integrin binding to FN. While 

the abilty of endothelial integrins to interact with FNRGD does affect filopodial alignment and 

stabilisation, and the authors speculate that the altered fibril complexity of FNRGE versus FNRGD could 

compromise filopodial interactions with astrocytic FN, preventing integrin ligation of FN does not 

overwhelmingly affect radial expansion of the retinal vasculature (Stenzel et al., 2011). Rather, it is the 

abilty of FN to bind VEGF-A (Wijelath et al., 2002; Wijelath et al., 2006) that has the greatest 

implications for retinal angiogenesis, and the effects of deleting astrocytic FN can be explained by an 

inability to store and establish gradients of VEGF-A and a consequent reduction in VEGFR2-

mediated stimulation of endothelial migration (Stenzel et al., 2011) (fig. 4.20). Hence, in the retinal 

vasculature, FN has both integrin-dependent and –independent functions in promoting angiogenesis. 
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5 AIM OF THIS STUDY 
 

Fibronectin is deposited into the extracellular matrix and secreted into the plasma in a dimerised 

form. The reported requirement for FN dimerisation to promote FN fibrillogenesis, and hence FN 

function, is based on past studies that examined the cell-mediated deposition of truncated FN peptide 

fragments. The overall aim of this PhD project was to characterise the function of the FN dimerisation 

motif with in vivo and in vitro tools. The strategy was to address the requirement for FN dimerisation 

with a mouse model carrying mutant FN alleles in which the two critical cysteine residues of the 

dimerisation motif were mutatated to serines residues (FNCC>SS/CC>SS).  

More specifically, the first aim of this study was to address the requirement for FN dimerisation in 

FN fibrillogenesis, i.e. fibril matrix assembly. The second aim of this study was to understand the 

implications of preventing FN dimerisation in integrin function during mouse development. Finally, 

this study was aimed to understand the contribution of dimerised FN for the ability of the extracellular 

matrix to regulate growth factor bioavailabilty. 
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6 PREFACE 

 
 A few of the figures presented in this thesis have been adopted from the PhD thesis of Dr. M. 

Leiss (2009), who performed his thesis work in the laboratory of Dr. Reinhard Fässler and whose 

thesis work laid a foundation for this current PhD project. They are important for the understanding 

of the experimental design of this project and are clearly labelled in figure legends.  

 Dr. Julien Polleux and Dr. Kyle Legate assisted with preparation towards and performance of 

AFM experiments, respectively. 
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7 MATERIALS AND METHODS 
 

7.1 Chemicals 

The chemicals used in this work were acquired from AppliChem (Darmstadt, Germany), Carl Roth 

GmbH (Karlsruhe, Germany), Eurofins MWG Operon (Ebersberg, Germany), Merck (Darmstadt, 

Germany), Sigma Aldrich (Munich, Germany), Serva (Heidelberg, Germany) and Roche Diagnostics 

GmbH (Mannheim, Germany). 

7.2 Mice 

The mice used in this study were hosted by the animal facility of the Max Planck Institute of 

Biochemistry (Martinsried, Germany). The FN+/CC>SS knockin mouse strain was back-crossed for at 

least seven generations with C57BL6. 

The FNfl/fl strain (Sakai et al., 2001) was crossed with the Mx1Cre mouse strain (Kühn et al., 1995; 

Schneider et al., 2003). The FNfl/fl Mx1Cre mouse strain was maintained on a 129Sv genetic 

background.  

FNfl/CC>SSMx1Cre and control FNfl/+Mx1Cre mice were generally made by crossing FNfl/flMx1Cre 

mice with FN+/CC>SS mice. Deletion of the floxed FN allele was induced in 4–5-wk-old mice by 3 

intraperitoneal injections of 250 µg polyinosinic:polycytidylic acid pI:C at 2-day intervals (Kühn et al., 

1995). For experiments, mice were used at least 1 month after pI:C injection. 

Mice were weaned and ear-tagged at 3-4 weeks of age. DNA for genotyping PCR was prepared 

from lysed tail biopsies and purified by isopropanol precipitation. Genotyping was accomplished by 

polymerase chain reaction (PCR) analysis of tail biopsy DNA, using oligonucleotides (Eurofins MWG 

Operon) listed in table 5.1. PCRs were performed in a 25µl volume according to Metabion Taq 

instructions. The relevant thermo-cycle conditions are listed in table 5.2.  

• Tail lysis buffer: 100 mM Tris pH8.0, 5mM EDTA, 0.2% w/v SDS, 200 mM NaCl 
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Table 7. 1 Oligonucleotide sequences for genotyping PCR. 

Application 5' - 3' sequence Primer name Product size  

GTG GAG ATT TGT GTC ACA GGT G Rb2 
FNCC>SS 

CGG GAT CCG CTC ATG AAC AAA GCA GAC AGC Fb (HpaI BamHIF) 

FN+ 202 bp 

Deleted Neo 298 bp 

GTA CTG TCC CAT ATA AGC CTC TG mFn E1f1 
FNfl 

CTG AGC ATC TTG AGT GGA TGG GA mFn E1r2 

FN fl 300 bp 

FN+ 250 bp 

GCC TGC ATT ACC GGT CGA TGC AAC GA Cre1 
Cre 

GTG GCA GAT GGC GCG GCA ACA CCA TT Cre2 
720 bp 

 
 

Table 7. 2 Genotyping PCR programmes. 
Gene Temperature Time # of cycles 

95°C 3 min 1x 

95°C 30 sec 

58°C 30 sec 

72°C 30 sec 

5x 

95°C 30 sec 

62°C 30 sec 

72°C 30 sec 

28x 

FNCC>SS 

4°C pause  

95°C 3 min 1x 

95°C 30 sec 

61°C 30 sec 

72°C 45 sec 

35x 

72°C 3 min 1x 

FNfl 

4°C pause  

95°C 5 min 1x 

95°C 45 sec 

61°C 45 sec 

72°C 1 min 

35x 

72°C 5min 1x 

Cre 

4°C pause  

 

7.2.1 Mouse breeding 

Crosses were initiated between males and females once 8 weeks of age. For timed matings, a male 

and a female mouse were joined overnight. The presence of a female vaginal plug the next morning 

was taken as successful mating, and this time point was set as E0.5. 

7.2.2 Dissection of mouse embryos 

To analyse the features of the recessive embryonic lethal phenotype, embryos were harvested and 

dissected at indicated days of gestation. Dissected uteri were transferred to ice-cold PBS, and each 

embryo was separated from decidual tissue, yolk sac and amnion. Embryos and yolk sacs were 

preserved for analysis. A small piece of the yolk sac or embryo tail bud was sampled for genotyping 

purpose. Embryos and yolk sacs were fixed in a fixative that was compatible with the subsequent 

immunological staining.  
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• PBS: 137 mM NaCl, 2.7 mM KCl, 1.4 mM KH2PO4, 10mM Na2HPO4 

7.3 Whole mount stainings of embryos and yolk sacs 

7.3.1 Critical buffers 

• Dent’s fixative: 80% MeOH, 20% DMSO 

• MEMFA: 2mM EGTA, 1mM MgSO4, 3.7% PFA in 0.1 M MOPS, pH7.4 

• TBS: 0.1M Tris-HCL pH7.5, 0.15M NaCl 

7.3.2 Whole mount immunofluorescence staining 

Staged embryos and yolk sacs were fixed overnight at 4°C with gentle agitation in Dent’s fixative or 

MEMFA, depending on the antibody (5.5). Tissues that had been fixed in MEMFA were subsequently 

dehydrated in 100% MeOH. All tissues were sequentially rehydrated in MeOH/TBS solutions with 

decreasing MeOH concentration (75%, 50%, 25% (v/v) MeOH/H2O, for 20 minutes each) at room 

temperature. Rehydrated embryos were blocked in 5% (v/v) normal goat serum/2% (w/v) BSA/TBS 

for 3 hours at room temperature with agitation. Primary antibody (diluted in 5% (v/v) normal goat 

serum/2% (w/v) BSA/TBS) was applied for incubation for a minimum of 24 hours at 4°C with 

agitation. To wash away excess primary antibody, tissues were washed extensively for a minimum of 3x 

1 hour in 0.05% (v/v) Tween-20/TBS. Rinsed tissues were re-blocked in 2% (w/v) BSA/TBS for 3 

hours at room temperature with agitation. Fluorophore-conjugated secondary antibody (diluted 1:300 

in 2% (w/v) BSA/0.05% (v/v) Tween-20/TBS) was applied for overnight incubation in the dark at 

4°C with agitation. To wash away excess secondary antibody, tissues were extensively washed in 0.05% 

(v/v) Tween-20/TBS for a minimum of 4x 1 hour in the dark at room temperature with agitation, 

followed by 1 hour in 0.05% (v/v) Tween-20/TBS containing 6-Diamidino-2-phenylindole (DAPI) to 

stain nuclei. Tissues were mounted onto a glass microscope slide (Thermo Scientific) in Elvanol 

(Roth).  

7.3.3 Whole mount diaminobenzidine (DAB) staining 

Staged embryos and were fixed overnight at 4°C with gentle agitation in Dent’s fixative. Tissues 

were transferred to 3% (v/v) H2O2/MeOH solution at room temperature for 1 hour with gentle 

agitation to quench endogenous peroxidase activity. Tissues were sequentially rehydrated in 

MeOH/PBS solutions with decreasing MeOH concentration (75%, 50%, 25% (v/v) MeOH/H2O, for 

20 minutes each) at room temperature. Rehydrated embryos were blocked in 2% (w/v) skim milk 

powder/0.1% (v/v) Triton-X100/PBS for 2x 1 hour at room temperature with gentle agitation. 

Primary antibody (diluted in 2% (w/v) skim milk powder/0.1% (v/v) Triton-X100/PBS) was applied 

for incubation at 4°C for minimum 24 hours. Tissues were washed extensively in 2% (w/v) skim milk 

powder/0.1% (v/v) Triton-X100/PBS, first 2x 1 hour at 4°C, then 3x 1 hour at room temperature. 

Horse radish peroxidase (HRP)-conjugated secondary antibody (1:200 diluted in 2% (w/v) skim milk 

powder/0.1% (v/v) Triton-X100/PBS) was applied for overnight incubation at 4°C. Tissues were 

washed extensively in 2% (w/v) skim milk powder/0.1% (v/v) Triton-X100/PBS, first 2x 1 hour at 
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4°C then 3x 1 hour at room temperature followed by washes in 0.2% (w/v) BSA/0.1% (v/v) Triton-

X100/PBS for 20 minutes at room temperature. Tissues were incubated in 0.3 mg/ml DAB in 0.2% 

BSA (w/v)/0.1% (v/v) Triton-X100/PBS for 20-40 mininutes at room temperature. To develop the 

histochemical signal, H2O2 was added to 0.03% (v/v) for 5-15 minutes, during which time the 

HRP-catalysed deposition of brown precipitate would occur where antibody is bound to antigen. 

When sufficient signal was obtained, the reaction was stopped by rinsing tissues extensively in 

0.2% (w/v) BSA/0.1% (v/v) Triton-X100/PBS. To clarify the tissues for imaging, they were 

sequentially dehydrated in MeOH/PBS solutions with increasing MeOH concentration (25%, 50%, 

75% (v/v) MeOH/H2O, for 20 min each) at room temperature. Then tissues were transferred to a 

clearing solution consisting of a benzyl alcohol and benzyl benzoate (1:2) for 20 minutes. Tissues were 

kept in clearing solution for imaging. 

7.4 Embryo histology 

7.4.1 Paraffin sectioning 

In preparation for paraffin sectioning, embryos and yolk sacs were fixed in 4%PFA/PBS at 4°C 

with gentle agitation. For embryos at or younger than E9.5, fixation time was 1 hour. If older than 

E9.5, embryos were fixed for 3 hours. Tissues were sequentially dehydrated in EtOH/PBS with 

increasing EtOH concentrations (70%, 80%, 90%, 95% and 100% (v/v) EtOH/H2O for 20 minutes 

each) at room temperature. Once fully dehydrated, the tissues were incubated in 100% EtOH for 6x 1 

hour at room temperature with gentle agitation. Then tissues were transferred to 100% butanol and 

incubated at ascending temperature, i.e. 1 hour at 35°C, 1 hour at 40°C and 1 hour at 45°C. Finally 

tissue were transferred to melted paraffin at 60°C for 4 hours and transferred into fresh melted 

paraffin after the first and second hour. Next, tissues were embedded in a paraffin block using an 

embedding machine (Shandon, HistoCentre 2). Paraffin sections were cut at 8 µm thickness on a 

microtome (Microm, Vacutome HM5000M) and dry-mounted onto glass microscope slides. Warm 

water (37°C) was applied to the sections, and slides were kept on a warm surface until the sections had 

smoothend out before removing the water and drying the paraffin sections at 37°C overnight. 

7.4.2 Cryo-sectioning 

In preparation of cryo-sectioning, embryos and yolk sacs were fixed overnight in 4% (w/v) 

PFA/PBS at 4°C with gentle agitation. Tissues were incubated in increasing concentrations of sucrose 

(0.5%, 1%, 2%, 5%, 10%, 20% (v/v) sucrose/PBS, for 1 hour each, or until tissue reaches the density 

of the sucrose solution). Tissues were transferred to a mixture of 20% sucrose and Cryomatrix 

(Thermo Scientific) (1:1) for a 20-minute incubation before embedding tissue in Cryomatrix in a 

cryomold (Sakura, Tissue-Tek). Tissues were kept in cryomatrix for 1 hour at room temperature before 

freezing the tissue in the Cryomatrix on dry ice. Cryosections were cut at 10 µm thickness on a 

cryotome kept at -18°C. The cryosections were transferred to glass microscope slides and dried for a 

minimum of 20 minutes at room temperature before being stored away for later use at -80°C. 
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7.4.3 Haematoxylin and eosin (H&E) staining of tissue sections 

H&E staining was performed to highlight morphological features of embryonic and 

extraembryonic tissues in effect of a blue nuclear staining by hemalum (a complex formed from 

aluminum ions and hematein, an oxidation product of haematoxylin) followed by a pink staining of 

cytoplasm and extracellular matrix by Eosin G. H&E stainings were performed on cryosections. To 

prepare cryosections for H&E staining, the cryomatrix was rinsed away from the tissue section 

through washes in destilled water 2x 3 minutes. Next, the slides were stained for 1 minute in a 

Hematoxylin solution (Merck, diluted 1:5 in distilled water), followed by continuous rinsing of the 

slides. Next the slides were stained for 1 minute in Eosin G solution (Merck). When complete, the 

excess eosin was washed away with distilled water. Tissue sections were mounted under dehydrated 

conditions, which involved sequentially dehydrating the sections in increasing concentrations of EtOH 

(70%, 80%, 90%, 95% and 100% (v/v) EtOH/H2O for 1 minute each) before moutning sections in 

Entellan (Merck). 

7.4.4 Immunofluoresence stainings of tissue sections 

Both paraffin sections and cryosections of embryonic tissue were used for immunofluorescence 

stainings. 

To prepare paraffin sections for immunofluorescence stainings, sections were deparaffinised and 

rehydrated. Sections were processed sequentially in xylene (3x 5 minutes), 100% EtOH (2x 10 

minutes), 95% (v/v) EtOH/H2O (2x 10 minutes) and were then sequentially rehydrated in decreasing 

concentrations of EtOH (90%, 80%, 70%, 60%, 50% (v/v) EtOH/H2O for 1 minute each) at room 

temperature. Sections were washed in water 2x 5 minutes at room temperature. Primary antibodies 

used here required antigen unmasking of paraffin sections, in which case either 1mM ETDA pH8.0 or 

10mM citrate buffer pH6.0 in combination with heat was applied to tissue sections. Sections were 

brought to 95°C in 1mM ETDA pH8.0 or 10 mM citrate buffer pH6.0, followed by 15 minutes at sub-

boiling temperature. Following 10 minutes cooling time, sections were washed in distilled water for 3x 

5 minutes. 

To prepare embryonic cryo-sections for immunofluorescence staining, slides were air-dried for 30 

minutes and washed in PBS for 3x 5 minutes.  

To prepare tissue sections for stainings, tissue sections were permeablised in 0.1% (v/v) Tween-

20/TBS for 5 minutes and blocked in 5% (v/v) normal goat serum/2% (w/v) BSA/0.1% (v/v) 

Tween-20/TBS for 1 hour at room temperature. Blocking solution was replaced with primary antibody 

solution (diluted in 5% (v/v) normal goat serum/2% (w/v) BSA/0.1% (v/v) Tween-20/TBS) and 

incubated with sections overnight at 4°C. Sections were washed in 0.1% (v/v) Tween-20/TBS 3x 5 

minutes and fluorophore-conjugated secondary antibody (diluted 1:300 in 0.1% (v/v) Tween-20/TBS) 

was applied for 1 hour in the dark at room temperature. Excess secondary antibody was removed 

through washes with 0.1% (v/v) Tween-20/TBS for 2x 5 minutes, followed by a 5-minute incubation 

with DAPI diluted in 0.1% (v/v) Tween-20/TBS before sections were mounted in Elvanol. 
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7.4.5 DAB staining of tissue sections 

To prepare embryonic paraffin sections for DAB stainings, sections were deparaffinised and 

rehydrated essentially as described in 5.3.4. Once fully rehydrated, sections were incubated in 3% (v/v) 

H2O2/water for 10 minutes at room temperature to quench endogenous peroxidase activity. Tissues 

were blocked in 5% (v/v) normal goat serum/0.1% (v/v) Tween-20/PBS for 1 hour at room 

temperature and primary antibody (diluted in 5% (v/v) normal goat serum/0.1% (v/v) Tween-

20/PBS) was applied for overnight incubation at 4°C. Excess primary antibody was washed off 

sections with 0.1% (v/v) Tween-20/PBS for 3x 5 minutes, and HRP-conjugated secondary antibody 

(diluted 1:300 in 0.1% (v/v) Tween-20/PBS) was applied for 1 hour at room temperature. Thereafter, 

sections were washed in 0.1% (v/v) Tween-20/PBS and processed for the HRP-catalysed DAB 

reaction by immersing sections in a solution of 0.05% (w/v) DAB/0.015% (v/v) H2O2/Tris pH7.6 for 

2-10 minutes, during which HRP-catalysed deposition of brown precipitate would occur where 

antibody is bound to antigen. The reaction was quenched in water and sections were counterstained 

with haematoxylin (diluted 1:5 in distilled water) for 2 minutes. After rinsing off excess haematoxylin, 

tissue sections sequentially dehydrating in increasing concentrations of EtOH (70%, 80%, 90%, 95% 

and 100% (v/v) EtOH/H2O for 1 minute each) and mounted in Entellan. 

7.5 Immunofluorescence staining of adherent cells and ECM in culture 

For immunofluorescence staining of adherent cells and the ECM they deposit, cells were seeded 

onto glass coverslips contained in plates or onto LabTek chamber slides (Nunc). All surfaces were 

precoated with LM-111 at 5µg/mL in PBS prior to seeding cells at a density of 2-10 x 103 cells/cm2. 

To prepare for immunofluorescence staining, cultures were rinsed in PBS and fixed in 4% PFA/PBS 

at 4°C for 10 minutes. Fixed cultures were rinsed in PBS for 3x 5 minutes and incubated in 2% (w/v) 

BSA/PBS for 1 hour at room temperature. The blocked cultures were incubated in primary antibody 

(diluted in 2% (w/v) BSA/PBS) overnight at 4°C. Excess primary antibody was washed away with PBS 

for 3x 5 minutes and fluorophore-conjugated secondary antibody (diluted 1:1000 in PBS) was applied 

for 1 hour at room temperature. Further washing in PBS for 3x 5 minutes removed secondary 

antibody. DAPI staining was performed for 5 minutes at room temperature. Thereafter, cultures were 

mouted in Elvanol.  
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7.6 Antibodies 

Table 7. 3 Primary and secondary antibodies 
Dilutions Antibody Company Cat. # Species 

IF/IHC WB IP 

Requirements 

Endomucin Santa Cruz Sc-53941 rat 1:300 - -  

PECAM-1 PharMingen 01951D rat 1:300 - - IF: Fix in Dent’s 

pFAKY397 Biosource 44-624G rabbit - 1:1000 - WB: 1% BSA 

FAK Abcam ab71563 rabbit - 1:1000 - WB: 1% BSA 

FN Millipore ab2033 rabbit 1:300 1:5000 - WB: 1% BSA 

pMLC2 Cell Signaling 3675L mouse - 1:1000 - WB: 1% BSA 

MLC2 Santa Cruz sc-15370 rabbit - 1:1000 - WB: 1% BSA 

GAPDH Calbiochem CB1001 mouse - 1:1000 - WB: 1% BSA 

β-actin Sigma A5441-2ML mouse - 1:1000 - WB: 1% BSA 

α5 integrin Cell Signaling 4705 rat 1:50  -  

4G10 Axel Ullrich  mouse - 1:12000 - WB: 1% BSA 

LTBP-1 Heldin/ Rifkin pAb 8579 rabbit 1:300 1:200 -  

pSMAD2 Millipore ab3849 rabbit -  - WB: 1% BSA 

SMAD2/3 Santa Cruz sc-8332 rabbit - 1:1000 - WB: 1% BSA 

pSMAD1/5/8 Cell Signaling 9511 rabbit - 1:1000 - IF: Fix in MEMFA 
WB: 1% BSA 

SMAD5 Calbiochem st1104 rabbit - 1:1000 - WB: 1% BSA 

Phalloidin Alexa488 Molecular Probes A12379  1:300 - -  

α-SMA-Cy3 Sigma C6198 mouse 1:400 - -  

VEGFR2 Cell Signaling 2479 rabbit 1:200 - 1:100  

Anti-mouse HRP BioRad 170-6516 goat - 1:10000 -  

Anti-rabbit HRP BioRad 170-6515 goat - 1:10000 -  

Anti-rat HRP    1:300 - -  

Anti-rabbit Alexa 488 Invitrogen A11008 goat 1:1000 - -  

Anti-rabbit Alexa 546 Invitrogen A11010 goat 1:1000 - -  

Anti-rat Alexa 488 Life Technologies A21208 goat 1:1000 - -  

Anti-rat Alexa 546 Invitrogen A11081 goat 1:1000 - -  

 

All primary and secondary antibodies used for western blot analysis were diluted in 1% BSA/0.5% 

tween-20/TBS. 

6-Diamidino-2-phenylindole (DAPI) was used at 1:10000 dilution in PBS 

7.7 Microscopy 

7.7.1 Fluorescence microscopy 

Confocal images of immunofluorescence stainings were acquired on a Leica SP5 confocal 

microscope using either a ×40 (oil), ×100 (oil) or ×10 (dry) objective. Fluorescence images were 

acquired on a Zeiss Apotome microscope with a ×20 dry objective. 

7.7.2 Light microscopy 

Light images of histological sections were taken using a Zeiss Axioskop light microscope equipped 

with a ×10 objective (Zeiss, Plan-NEOFLUAR) and a LCD camera (Leica, DCC500). 

Time-lapse bright-field movies of migrating cells on decellularised ECM platforms were recorded at 

5-minute intervals using an inverted Zeiss Axiovert 40 microscope equipped with a ×10 objective and 

a PAL cameras (Prosilica), which was triggered by custom-made software (SVS Visitek). 
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7.8 Cell culture methods 

7.8.1 Cell lines 

FNCC>SS/CC>SS and WT control mouse embryonic fibroblasts (MEFs) were described in the PhD 

thesis of Dr. Michael Leiss. Briefly, these fibroblasts were isolated from E9.5 FNCC>SS/CC>SS or WT 

embryos and immortalised through multiple rounds of retroviral transfection with the simian virus 40 

large T antigen. These MEFs were either used as mixed populations (i.e. no clonal selection) or as 

clonal cell lines, which were isolated by limited dilution and characterised by FACS analysis of integrin 

expression.  

FN-/- MEFs were described by Sakai et al. 2001. Briefly, these fibroblasts were prepared by isolating 

MEFs from FNflox/flox mouse embryos at E13.5 (Sakai et al., 2001). The floxed FN gene was deleted by 

transfecting MEFs with Cre-transducing adenovirus. The deletion of floxed FN alleles was confirmed 

by PCR. 

Both the CHO cells stably transfected with the β6 integrin subunit (CHO-β6) (Annes et al., 2004) 

and the mink lung epithelial cells (MLEC) transfected with the reporter construct p800neoLuc (Abe et 

al., 1994) were kind gifts from Dr. Daniel Rifkin. Both of these cell lines were cultured in the presence 

of neomycin (PAA). 

All cells were maintained in DMEM (Gibco) supplemented with 5% (v/v) heat-inactivated fetal 

bovine serum (FBS) and 1x penicillin/streptomycin supplement, unless otherwise stated. Cell 

passaging was done by incubating cultures in 1x Trypsin – EDTA for 2 minutes at 37°C and 

resuspending cells in fresh medium. 

For all cell biological assays, cells were cultured in media supplemented with 0.5-2% FBS depleted 

of FN by affinity purification with gelatin sepharose 4b (GE Healthcare Life Sciences). To compensate 

for the very low serum levels, cells were cultured in a home-blended “serum replacement medium”, 

consisting of DMEM, AIM-V (Gibco), RPMI 1640 (Gibco) and non-essential amino acids (Gibco) at 

47.5: 47.5: 5: 1 ratio.  

7.8.2 Plasma preparation from mouse whole blood 

Plasma was prepared from whole blood of pI:C-treated FNfl/CC>SSMx1Cre and control 

FNfl/+Mx1Cre mice for cell culture purposes. Whole blood was collected by retro-orbital bleeding into 

tubes containing 0.5M EDTA to prevent platelet activation. To isolate plasma, the blood samples were 

centrifuged at 3000 x g for 20 minutes at 4°C. The low density top layer of clear plasma was collected 

and centrifuged again at 3000 x g for 20 minutes at 4°C. Clarified plasma was collected and stored at -

20°C.  

Plasma from multiple mice of the same genotype was pooled and used to supplement normal 

DMEM growth media at 5% (v/v). Growth media containing mouse plasma was sterile-filtered before 

use. 
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7.8.3 Preparation of MEF-derived decellularised ECM platforms 

MEF-derived ECM was decellularised in one of two different ways, depending on the application.  

ECM platforms that were used for analysis of cell signalling and migration were generated by 

seeding FNCC>SS/CC>SS and WT MEFs at 31 x 103 cells/cm2 onto a gelatin-coated 35-mm culture dish 

and incubating cells in serum replacement medium supplemented with 0.5% (v/v) FN-depleted FBS 

for 3 days to allow the deposition of ECM. Cultures were rinsed with PBS and cells were selectively 

detached from the cell culture plate with EDTA-based cell extraction buffer at 37°C for 2 hours. 

Subsequent rinses in PBS rendered the dishes free of rounded cells. To monitor the quality of the 

decellularised ECM platforms, EDTA-treated decellularised ECM was prepared on LM111-coated 

LabTek chamber slides to enable immunofluorescence staining of FN and detection of residual cells by 

nuclear staining with DAPI.  

ECM platforms that were used for analysis of mechanical properties by atomic force microscopy 

analysis were generated by seeding FNCC>SS/CC>SS and WT MEFs at 10 x 103 cells/cm2 onto 22-mm 

coverslips covalently coated with a monolayer of WT fibronectin as described elsewhere (Prewitz et al, 

2013). Cultures were kept for ten days with daily changes of serum replacement medium supplemented 

with 2% (v/v) FN-depleted FBS. ECMs were decellularised by treatment with a detergent-based cell 

extraction buffer for 5 minutes at 37°C with gentle agitation, followed by treatment with DNAse 

(AppliChem; 0.1 mg/ml in DNase buffer containing 40 mM Tris pH7.4, 10 mM NaCl, 6 mM MgCl2 

and 1 mM CaCl2). Decellularized matrices were rinsed and maintained in PBS at room temperature and 

probed immediately. The quality of the decellularised and anchored ECM platforms was monitored by 

fixing the decellularised ECM and carrying out an immunofluorescence staining of FN and detection 

of residual cells by nuclear staining with DAPI. 

• EDTA-based cell extraction buffer: 20 mM EDTA in PBS 

• Detergent-based cell extraction buffer: 20 mM ammonium hydroxide and 0.5% (v/v) Triton X-

100 in PBS 

7.8.4 Cell signalling assays on ECM platforms 

To test the effect of FNCC>SS on selected cell signalling pathways downstream of integrin outside-in 

signalling, FN-/- fibroblasts were starved overnight and put into suspension at 37°C for 1 hour to 

essentially inactivate all signalling pathways related to cell adhesion. The starved, suspended FN-/- 

fibroblasts were seeded onto decellularised ECM platforms derived from either FNCC>SS/CC>SS or WT 

MEFs at equal cell densities in DMEM. FN-/- fibroblasts were incubated on the ECM platforms for 30 

minutes, allowing cells to attach to the ECM and initiate integrins signalling.  The media was aspirated, 

cells were gently rinsed and then lysed in cell lysis (RIPA; 7.9.1) buffer for subsequent detection of 

signalling activity by SDS-PAGE and western blot analysis. 

7.8.5 Cell migration assays on ECM platforms 

To test migration speed of FN-/- fibroblasts on ECM platforms containing either FNCC>SS or WT 

FN, FN-/- fibroblasts were starved overnight and seeded onto decellularised ECM platforms derived 
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from either FNCC>SS/CC>SS or WT MEFs (2 x 103 cells/cm2). FN-/- fibroblasts were incubated for 1 

hour before migration was stimulated by adding recombinant human PDGF-BB (Preprotech) to the 

culture medium at a final concentration of 50 ng/ml. Still images of fibroblasts were acquired for 12 

hours at 5 minutes intervals. Single migrating fibroblasts were tracked and migration speeds were 

calculated using 64-bit ImageJ 1.47 with the MBF ‘ImageJ for Microscopy’ plugin Chemotaxis and 

Migration Tool installed. 

7.8.6 Atomic force microscopy (AFM) of ECM platforms 

The stiffness of decellularised ECM platforms derived from either FNCC>SS/CC>SS or WT MEFs was 

determined using a tipless silicon nitride cantilever with a nominal spring constant of 0.01 N/m 

(MLCT-O10, Veeco), functionalized by attaching a 20 µm glass bead (Kisker Biotech, Germany) using 

a two-component epoxy. Coverslips containing ECM were mounted onto the stage of a Zeiss Axiovert 

200 M and force spectroscopy was conducted using a NanoWizard II together with a CellHesion 

module (JPK Instruments). Cantilevers were blocked with 100% FBS and calibrated by the thermal 

noise method prior to measurements. Force-distance curves were recorded in closed loop mode at an 

approach and retract velocity of 0.5 µm/s until a trigger force of 500pN was reached, and retracted to 

3 µm. 

Young’s moduli were determined by fitting the approach curve using the Hertz model within the 

JPK analysis software. 

7.8.7 TGF-β  bioassays 

The MLEC cell line is a sensitive tool to assay the amount of active TGF-β in a conditioned 

medium. The MLEC cell line is stably transfected with a luciferase gene fused to the promoter of 

plasminogen activator inhibitor 1 (PAI-1), which is a prominent gene target downstream of the TGF-

β/SMAD signalling pathway. In this project, the MLEC cell line was used to assay the levels of latent 

TGF-β deposited into the ECM as well as the ability of CHO-β6 cells to activate latent TGF-β. All 

assays involving MLEC reporter lines were performed in 96-well plate format. 

To test the deposition of latent TGF-β into ECM containing either FNCC>SS or WT FN, ECM was 

generated by seeding FNCC>SS/CC>SS and WT MEFs into 24-well plates, 40 x 103 cells/well, and 

culturing them in serum replacement medium supplemented with 0.5% (v/v) FN-depleted FBS. 48 

hours later, the cultures were rinsed in PBS and MEFs were selectively detached from the cell culture 

plate with 20 mM EDTA/PBS at 37°C for 2 hours. The decellularised matrices were covered in fresh 

serum replacement medium, and through a heat-activating treatment at 80°C for 10 minutes the total 

latent TGF-β was released into the medium in an active form. This conditioned medium containing 

active TGF-β was cooled and incubated with a MLEC monolayer for 16 hours and luciferase activity 

in MLEC monocultures was assayed with Bright-GloTM Luciferase Assay System (Promega) on a 

GloMaxTM luminometer. 

To test the ability of CHO-β6 cells to activate latent TGF-β deposited into ECM containing either 

FNCC>SS or WT FN, ECM was generated by seeding FNCC>SS/CC>SS and WT MEFs into 96-well plates, 
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10 x 103 cells/well, and culturing them in serum replacement medium supplemented with 0.5% (v/v) 

FN-depleted FBS. 48 hours later, the cultures were rinsed in PBS and MEFs were selectively detached 

from the cell culture plate with 20 mM EDTA/PBS at 37°C for 2 hours. The decellularised matrices 

were rinsed with PBS, and a co-culture of CHO-β6 cells (2 x 104 cells per well) and MLEC reporter 

cells (1.5 x 104 cells per well, giving a final volume of 100 µl) were plated onto the decellularised ECM 

in DMEM. A TGF-β neutralizing antibody (1D11; 15 µg/ml) or an αVβ6-blocking antibody (10D5; 

20 µg/ml) was added to the co-culture wells as indicated. The MLEC and CHO-β6 co-cultures were 

incubated for 24 hours. Luciferase activity in MLEC/CHO-β6 co-cultures was assayed with Bright-

GloTM Luciferase Assay System (Promega) on a GloMaxTM luminometer. 

7.9 Biochemical methods 

7.9.1 Preparation of total protein lysates from embryonic tissues and cell cultures 

For preparation of total protein lysates from embryonic tissues, dissected embryos and yolk sacs 

were either snap-frozen in liquid N2 and stored prior to lysis or processed immediately upon dissection 

by lysis in cell lysis buffer. Single E9.5 embryos or yolk sacs were lysed directly in 50 µl 1x Laemmli 

sample buffer. Complete tissue disintegration was achieved by pipetting rigorously and incubation on 

rotating wheel for 30 minutes at 4°C. Debris was collected by centrifugation at 15,000 x g for 5 

minutes at 4°C. The concentration of soluble protein was determined with the BCA assay kit (Pierce) 

and spectrophotometric absorbance at 562 nanometre. Lysates were analysed by SDS-PAGE and 

western blotting. 

For preparation of total protein lysates from cell cultures, the cultures were initially rinsed twice in 

ice-cold PBS. Cells were lysed in cell lysis (RIPA) buffer for 5 minutes on ice, and using a cell scraper 

the lysate was collected and lysis was continued by incubation on a rotating wheel for 30 minutes at 

4°C. Cellular debris was collected by centrifugation at 15,000 x g for 10 minutes at 4°C. The 

concentration of soluble protein was determined with the BCA assay kit (Pierce) and 

spectrophotometric absorbance at 562 nanometre. Lysates were analysed by SDS-PAGE and western 

blotting. 

• 4x Laemmli sample buffer: 2% (w/v) SDS, 10% (v/v) glycerol, 0.01% (w/v) bromphenol blue in 

62.5 mM Tris-HCl pH 6.8 (+ 300 mM β-mercaptoethanol for a reducing Laemmli sample buffer) 

• Cell lysis (RIPA) buffer: 150 mM NaCl, 1 mM EDTA, 1% (w/v) Na-deoxycholate, 0.1% (w/v) 

SDS, 1% (v/v) Triton X-100, 1mM PMSF, 10 mM NaF, 1 mM Na3VO4 in 50 mM Tris-HCl pH 

7.4 and futher supplemented with protease inhibitor cocktail (Roche). 

7.9.2 Na-deoxycholate (DOC) fractionation of the FN matrix 

The quantification of FN matrix assembly by DOC fractionation was performed as described by 

Pankov and Yamada (Pankov and Yamada, 2004) and based on the work of McKeown-Longo and 

Mosher (McKeown-Longo and Mosher, 1983). Briefly, WT and FNCC>SS/CC>SS MEFs were seeded in 

gelatin-coated 35-mm dishes at approximately 90% confluency (i.e. 250 x 103 cells/well) in serum 

replacement medium containing 0.5% (v/v) FN-depleted FBS. After 48 hours in a tissue culture 
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incubator, the medium was aspirated and cells were washed three times in ice-cold PBS. Cells and 

ECM were lysed in 0.5 ml DOC extraction buffer for 5 minutes on ice, and the lysates were collected 

with a cell scraper. The lysate was passed through a 23-G needle attached to a 1-ml syringe to reduce 

viscosity and allow sedimentation of small, insoluble matrix aggregates during centrifugation. Lysates 

were centrifuged at 20,000 x g for 20 minutes at 4°C to pellet the DOC insoluble fraction. 

A 100 µl aliquot of the supernatant (DOC soluble fraction) was transferred to a fresh tube, mixed 

with 100 µl 2 x Laemmli sample buffer and heated at 95°C for 5 minutes. The remaining supernatant 

was removed and the DOC insoluble pellet was washed extensively in 100 µl DOC extraction buffer 

before sedimentation by centrifugation at 20,000 x g for 10 minutes at 4°C. All supernatant was 

removed and the DOC insoluble pellet was dissolved in 50 µl 2x Laemmli sample buffer. DOC soluble 

and insoluble fractions were analysed by SDS-PAGE and western blotting. 

• DOC extraction buffer: 1% (w/v) DOC, 20 mM Tris-HCl pH 8.5, 2 mM EDTA, 1 x protease 

inhibitor cocktail (Roche), 1 x phosphatase inhibitor cocktails 2 & 3 (Sigma Aldrich).  

7.9.3 Immunoprecipitation of VEGFR2 

Immunoprecipitation of VEGFR2 was performed in order to concentrate the protein from 

embryonic and yolk sac lysates and subsequently monitor the extent of VEGFR2 phosphorylation at 

specific tyrosine residues. E9.5 embryos and yolk sacs (7 of each) were pooled in 300 µl cell lysis 

buffer containing protease and phosphatase inhibitors. The lysates were passed through a 23-G needle 

attached to a 1-ml syringe to shear DNA, and lysis was completed under rotary agitation for an 

additional 30 minutes at 4°C. Insoluble protein and debris was sedimented by centrifugation at 15,000 

x g for 10 minutes at 4°C. The concentration of soluble protein was determined with the BCA assay 

kit. The lysate volumes were adjusted to appropriate concentrations such that embryo lysates contained 

250 µg and yolk sac lysates contained 150 µg. Lysates were pre-cleared with 20 µl Protein G Sepharose 

beads (Sigma) under rotary agitation for 30 minutes at 4°C, in order to reduce unspecific binding of 

proteins to the Protein G Sepharose beads in subsequent steps. To the pre-cleared lysates, VEGR2 

rabbit mAb was added for overnight incubation under rotary agitation at 4°C. After the antibody 

incubation, 20 µl Protein G Sepharose beads were added and the lysate-antibody-bead mix was 

incubated under rotary agitation for 4 hours at 4°C. Next, the Protein G Sepharose beads were 

sedimented and the lysate was removed. After multiple rounds of washes in cell lysis buffer, VEGFR2 

was eluted from the Protein G Sepharose beads with 50 µl 2x Laemmli sample buffer and heating to 

95°C for 5 minutes. Lysates were analysed by SDS-PAGE and western blotting. 

7.9.4 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting 

Total protein lysates were adjusted in protein concentration and resolved on Tris-glycine gels (8%-

12% resolving acrylamide gels, depending on application) by SDS-PAGE in SDS running buffer at 

constant 100 volts. Once resolved, the proteins were transferred onto PVDF membrane (Millipore) by 

wet transfer in Towbin buffer at constrant 50 milliampere overnight at 4°C. PVDF membranes were 

air dried and subsequently immersed in primary antibody (diluted in 1% bovine serum albumin/0.1% 
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Tween-20/TBS) for overnight incubation at 4°C. After multiple washes in 0.1% Tween-20/TBS, 

membranes were incubated in HRP-conjugated secondary antibody (diluted in 1% (w/v) bovine serum 

albumin/0.1% (v/v) Tween-20/TBS) for 1 hour at room temperature. Following multiple washes in 

0.1% (v/v) Tween-20, protein bands were detected using enhanced chemiluminescence reagents (ECL, 

Millipore). Where necessary, PVDF membranes were stripped of antibodies using a mild stripping 

buffer for 2x 10 minutes at room temperature followed by extensive washing in 0.1% (v/v) Tween-

20/TBS. PVDF membranes were air-dried prior to any further antibody incubation. 

• SDS running buffer: 25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS 

• Towbin buffer: 25 mM Tris, 192 mM glycine, 10% (v/v) MeOH 

• Mild stripping buffer: 1% SDS (w/v), 25 mM glycine pH 2 

7.10 Real-time PCR (RT-PCR) 

Total cellular RNA was isolated using RNeasy Mini kit (Qiagen). RNA concentration and purity 

were determined spectrophotometrically on Nanodrop equipment. 5 µg of RNA was reverse 

transcribed to cDNA using a blend of oligo(dT) and random hexamer primers provided as part of the 

iScript cDNA Synthesis Kit (BioRad). 

The reaction mixes for RT-PCR were prepared with the cDNA template, oligonucleotides designed 

with IDT PrimerQuest (table 5.4) and the iQTM SYBR Green supermix (BioRad). A 3-step RT-PCR 

protocol with a melting curve step was executed in an iCycler thermocycler (BioRad) (table 5.5). 

The specificity of the amplified product was verified both by analysis of the melt curve and by agarose 

gel analysis of the amplified products. For the relative quantification of gene expression, the threshold 

cycle (CT) values for genes of interest were internally normalised to that of GAPDH. These relative CT 

values formed the basis for the quantitative comparison of WT and FNCC>SS/CC>SS samples. 
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Table 7.4 Oligonucleotide sequences for RT-PCR 
Gene 5' - 3' sequence Primer name 

GTG GAG ATT TGT GTC ACA GGT G FN1 forward 
FN 

CGG GAT CCG CTC ATG AAC AAA GCA GAC AGC FN1 reverse 

AGC TGA ACT CGG AGT CTG AAG TCG ID1 forward 
Id1 

TTT CCT CTT GCC TCC TGA AGG GCT ID1 reverse 

TTC AGT GGC CAA TGG AAG ACT CCT PAI1 forward 
PAI-1/Serpine1 

GTG GCA GAT GGC GCG GCA ACA CCA TT PAI1 reverse 

TCC TGC ACC ACC ACC TGC TTA GAPDH forward 
GAPDH 

TGG ATG CAG GGA TGA TGT TCT GG GAPDH reverse 

 

Table 7.5 3-step RT-PCR protocol with melting curve 
Cycling step Temperature Hold time (min:sec) # of cycles 

Initial denaturation  
and enzyme activation 

95°C 3:00 1 

Denaturing 95°C 0:15 
Annealing 65°C 0:30 
Extension 72°C 0:30 

40 

Melt curve 55-95°C 
(in 0.5°C increments) 

0:10-0:30 1 
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8 RESULTS 
 

8.1 Targeted disruption of the FN dimerisation motif in v ivo  

All murine and human isoforms of FN are secreted as dimers. Dimerisation of FN molecules is 

mediated by a dimerisation motif that consists of a pair of closely positioned cysteines at the C-

terminus of each FN molecule. It has become widely accepted that FN dimerisation is one of a few 

criteria for FN to undergo de novo fibrillogenesis. However, the current study is the first to address 

the function of FN dimerisation in vivo with a mouse model carrying mutations in the dimerisation 

motif of the Mus musculus Fn1 gene that are designed to prevent FN dimerisation. Consequently, this 

mouse expresses only a monomeric form of FN. The strategy behind this approach to monomerise all 

FN was to replace the two critical C-terminal cysteine residues of the dimerisation motif with serines 

by site-directed mutagenesis, i.e. FNCC>SS (fig. 8.1) and to introduce this mutation into the mouse 

germline by homologous recombination technology. The FNCC>SS knock-in mouse was generated by 

Drs. Reinhard Fässler and Takao Sakai prior to the initiation of this PhD project. 

 

 
Fig 8.1. Site-directed mutagenesis of cysteine residues to serine residues in FN to create 

FNCC>SS. 
 

To generate the FNCC>SS knock-in targeting construct, a fragment of FN containing exon 44 and 45 

was cloned into a pKS vector, and site-directed mutagenesis of Cys-encoding codons TGC to TCC 

was performed to achieve the substitution of C2458 and C2462 with serine residues within exon 45. In 

addition to the amino acid substitutions, a loxP-flanked neomycin resistance cassette (NeoR) was 

inserted into intron 44 to allow for positive selection of ES clones that had genomically incorporated 

the targeting construct by homologous recombination (fig 8.2 A). The targeting construct FNCC>SS NeoR 

was introduced to 129/Sv mouse-derived embryonic stem (ES) cells through electroporation. Among 

the neomycin-resistant ES cells, those carrying correct gene targeting were identified byBamHI 

restriction enzyme digestion and subsequent Southern blotting of ES cell DNA. A 5’ external probe to 

distinguish between fragments of a WT allele (12.9 kbp) and a targeted allele (8.8 kpb) (fig 8.2 B). To 

generate heterozygous mice (FNCC>SS/+), ES cell clones carrying FNCC>SS NeoR were injected into 

blastocysts, and these blastocysts were transferred to C57Bl/6 recipient females. Chimeric offspring 
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were identified by coat colour, and chimeric males were crossed to C57Bl6 females. Germ-line 

transmission was confirmed if offspring were found to contain FNCC>SS/+ NeoR mice, as validated by 

Southern blot analysis of tail biopsy DNA, following the same validation concept as described above 

for ES cells (fig 8.2 C). The neomycin selection cassette was removed by crossing FNCC>SS/+ NeoR males 

with deleter-Cre C57Bl/6 females. Both the deletion of neomycin selection cassette by Cre 

recombinase and the presence of a WT or targeted allele in FNCC>SS/+ mice was validated by PCR of 

tail tip DNA. Here, the PCR analysis was designed to detect and distinguish between FNCC>SS/+ Neo 

(342bp), FNCC>SS/+ (298 bp) and FN+/+ (202 bp) (fig. 8.2 D, E).  

 

 
Fig 8.2. Genetic targeting of the dimerisation motif in FN. (A) Schematic representation of 
the FN-monomer (FNCC>SS) knock-in strategy. The targeting vector FNCC>SS neo contains the 
loxP flanked neomycin cassette and the mutated exon 45 (**). Homologous recombination in 
ES cells results in the depicted targeted allele. The removal of the neo selection cassette from 
the targeted allele was performed by intercrossing FNCC>SS neo/+ heterozygous mice with a 
deleter-Cre recombinase mouse strain. Probe indicates the binding position of the external 
probe used in southern blotting. Restriction sites: B, BamHI; S, SpeI; RV, EcoRV. (B-C) 
Confirmation of the FNCC>SS mutation in ES cells (B) and mice (C) by southern blot analysis 
of genomic DNA. DNA was hybridized with an external probe after BamHI digestion. 
Successful insertion of the targeting vector changes the size of WT genomic DNA fragment 
of 12.9 kbp to 8.8 kbp, and heterozygous FNCC>SS/+ mice contain both the WT (12.9 kbp) 
and the targeted allele (8.8 kbp). (D-E) Genotyping PCR of tail DNA. Primers were designed 
to distinguish between a 202 bp WT allele and a 298 bp targeted allele (FNCC>SS), from which 
the neo sequence had been removed by deleter-Cre (D). PCR products were resolved by 
electrophoresis on an agarose gel containing ethidium bromide (E). This dataset was 
obtained by Dr. Takao Sakai. 

 

FNCC>SS/+ mice were viable and fertile. To monitor weight development among heterozygotes and 

control littermates, all were weighed at weasning age. This analysis showed that heterozygotes are of 
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normal weight and thus apparently indistinguishable from WT littermates (fig. 8.3). To generate mice 

homozygous for the FNCC>SS knock-in, intercrossings of heterozygous FNCC>SS/+ mice were 

performed. 

 

 
Fig 8.3. Weight distribution of WT and FNCC>SS/+ (HET) male and female mice at weaning 
age (postnatal day 21). 

 

8.2 Phenotypic analysis of the FNCC>SS/CC>SS mouse 

FNCC>SS/+ mice were intercrossed to generate FNCC>SS/CC>SS mice. As indicated in table 8.1, among 

the large number of progeny of FNCC>SS/+ intercrossings that were genotyped at weaning age (21 days 

postnatal), none were FNCC>SS/CC>SS homozygous mutant. 

To estimate the age at which FNCC>SS/CC>SS die off, timed matings were initiated between FNCC>SS/+ 

mice and embryos were collected at specific developmental stages. Among embryos collected between 

E8.5 and E10.5, we found WT, FNCC>SS/+ and FNCC>SS/CC>SS embryos at normal Mendelian ratios, i.e. 

1:2:1, respectively. However, the proportion of FNCC>SS/CC>SS embryos was found to decline between 

E9.5 and E11.5, such that by E11.5, the representation of FNCC>SS/CC>SS embryos within a litter was 

drastically reduced to ca. 2.5%. Of the twenty-seven embryos recovered at E12.5, none were 

homozygous for the FNCC>SS knock in mutation. With this, we concluded that the FNCC>SS knock-in is 

a recessive embryonic lethal mutation. 

 

 
Table 8.1: Genotypes of offspring from intercrosses of FNCC>SS/+ heterozygous mice. The 
normal Mendelian ratio of 1 WT: 2 FNCC>SS/+: 1 FNCC>SS/CC>SS was observed for embryos 
collected between E8.5 to E10.5. Homozygous mutants (FNCC>SS/CC>SS) were never 
identified after E11.5, indicating that lethality commences between E10.5 and E11.5. Dr. 
Michael Leiss contributed to this dataset. 
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The cause of embryonic lethality was examined in close detail. Inspection of embryos recovered 

between E8.5 and E10.5 revealed that all FNCC>SS/CC>SS embryos proceed well beyond the egg cylinder 

stage and the early stages of gastrulation and reach the early stages of organogenesis. At E8.5, 

FNCC>SS/CC>SS embryos were morphologically indistinguishable from WT (fig. 8.4 A and B) and 

heterozygous littermates (not shown). This specifically refers to finding that FNCC>SS/CC>SS embryos 

showed a proper head fold and were proceeding through somitogenesis at comparable rates, showing 

6-12 somite pairs at the time of dissection. FNCC>SS/CC>SS embryos showed normal length and 

curvature along the anterior-posterior axis. Likewise, the neural tube of FNCC>SS/CC>SS embryos 

appeared normal. The heart of FNCC>SS/CC>SS embryos was normally enclosed by the body wall and the 

heart tube was producing regular contractions at the time of dissection. At the embryonic posterior, 

both FNCC>SS/CC>SS and WT embryos had developed an allantois that either had made or was in the 

process of making contact with the chorion at the base of the placenta, in preparation of forming the 

placental blood vessels and building the umbilical cord. 

The mutant phenotype became apparent at E9.5, with several anomalies, albeit at various degrees 

of severity (fig. 8.4 C). Although most FNCC>SS/CC>SS embryos had successfully turned into the fetal 

position, they began to exhibit a general delay in growth; the head region was small and posterior 

region was short compared to WT littermates. Whereas WT embryos at E9.5 had developed up to 24 

somite pairs, the FNCC>SS/CC>SS embryos were rarely found to have more than 20 somite pairs. At this 

embryonic stage, WT embryos had always developed the first, second and third pair of pharyngeal 

arches, while FNCC>SS/CC>SS embryos typically only develop the first pair of pharyngeal archs 

(occasionally a second pair). These are vascularised anlage that arise from the aortic sac, extend 

ventrally from the dorsal aorta to meet at the midline and will give rise to several major arteries. 

FNCC>SS/CC>SS embryos had an overall anaemic appearance with only trace amounts of blood in the 

dorsal aorta, heart and in the general circulation, suggesting vascular or hematopoietic malfunction. 

Although the heart still maintained regular contractions in E9.5 FNCC>SS/CC>SS embryos, the heart 

appeared under-developed and lacked features of a looped and segmented cardiac tube. Most striking 

at this stage of development was the appearance of an enlarged pericardial sac surrounding the 

FNCC>SS/CC>SS cardiac tube. The pericardial sac is a fibrous sac surrounding the heart, and under 

normal WT circumstances it contains only little fluid. This swelling of the pericardium seen in 

FNCC>SS/CC>SS embryos is strongly indicative of accumulating plasma, i.e. oedema, arising from leaky 

vessels and/or insufficient cardiac output from the under-developed heart. 

Of those FNCC>SS/CC>SS embryos that advanced to E10.5, many showed signs of deterioration and 

were very fragile (fig. 8.4 D). The major phenotypic features seen in younger FNCC>SS/CC>SS embryos, 

such as anaemia and oedema, had only become more severe by E10.5. Also, the allantoic mesoderm of 

most FNCC>SS/CC>SS embryo had failed to establish the umbilical vasculature (not shown), despite the 

fact that at E8.5, the allantois of all FNCC>SS/CC>SS embryos examined had grown and appeared to have 

fused with the chorion. Where chorioallantoic fusion had occurred, the allantois often appeared 

constricted, while the base of these allantois often appeared swollen and oedemic. Brain, somite and 
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pharyngeal arch development had stalled, and there were no sign of forelimb development to the 

extent seen in WT littermates. 

 

 
Figure 8.4. Whole mount presentation of WT and FNCC>SS/CC>SS embryos between E8.5 and 
E10.5. (A) Lateral view of E8.5 WT and FNCC>SS/CC>SS embryos. (B) Dorsal view of E8.5 
WT and FNCC>SS/CC>SS embryos. Insets show magnified view of somites, 6 pairs in both 
embryos. (C) Lateral view of E9.5 WT and FNCC>SS/CC>SS embryos. (D) Lateral view of 
E10.5 WT and FNCC>SS/CC>SS embryos. al, allantois; DA, dorsal aorta; FL, forelimb, Hd, 
head; H, heart, NT, neural tube; OPP, optic pit; OP otic pit; PA, pharyngeal arch; S, somites. 
Scale bar: (A-C) 500 µm; (D) 1 mm. This dataset was obtained by Dr. Michael Leiss.  

 

8.2.1 Extraembryonic vascular defects 

Morphologically abnormal FNCC>SS/CC>SS embryos also exhibited defects in the development of the 

vasculature in extra-embryonic tissues, such as the yolk sac and the placenta. A striking, but typical, 

phenotypic feature of FNCC>SS/CC>SS yolk sacs between E9.5 and E10.5 was a blistered and anaemic 

appearance of the yolk sac surface revealed to stem from an unusual swelling of a highly primitive 
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vascular plexus (fig. 8.5).  The primitive blood vessels were devoid of blood, yet small amounts of 

blood were often found to have accumulated within the exocoelomic cavity. Although the presence of 

blood indicates that hematopoiesis must have occured within the blood islands of FNCC>SS/CC>SS yolk 

sacs, the blood leakage into the exocoelomic cavity suggests that the dilated vessels of the 

FNCC>SS/CC>SS yolk are inappropriately permeable to erythrocytes and other blood components. This 

inevitably is associated with the deficiency of erythrocytes within the embryonic circulation and 

explains the anaemic appearance of the FNCC>SS/CC>SS embryo. Overall, these findings demonstrate that 

FNCC>SS does not support yolk sac angiogenesis and that FN dimers are required for ensuring the 

integrity of the yolk sac vasculature. 

 

 
Figure 8.5. Abnormal vascular development in FNCC>SS/CC>SS yolk sac. Gross morphology of 
whole-mount yolk sacs of FNCC>SS/CC>SS embryos is compared to that of WT littermates at 
late E9.5. FNCC>SS/CC>SS yolk sacs exhibit severe defects in vascular development. 
Arrowheads show a defined and organized vessel structure in the WT yolk sac (left), whereas 
the FNCC>SS/CC>SS yolk sac contains a primitive vascular plexus of dilated blood vessels that 
leak into the yolk sac tissue. H, heart; P, placenta; VP, vascular plexus; VV, vitelline vessel; 
YS, yolk sac. * denotes oedema within the pericardium surrounding cardiac tissue in 
FNCC>SS/CC>SS embryos. Scale bar 500 µm. 

 

Vascular development in the FNCC>SS/CC>SS yolk sacs was examined in closer detail by visualising 

vessels with an antibody specific for PECAM-1. First, I compared the vascular plexus of E8.5 yolk sacs 

of WT and FNCC>SS/CC>SS embryos and found that at this stage all yolk sacs were of comparable size 

and showed similar characteristics of a primitive plexus of vessels with uniform diameter and 

extending throughout the entire yolk sac (fig. 8.6 A). Hence vasculogenesis occurs normally in 

FNCC>SS/CC>SS yolk sacs. 

Next I compared yolk sacs from E9.5 embryos. At this stage, a WT yolk sac vasculature will have 

undergone substantial remodelling to build a hierarchy of highly branched large and small calibre 

vessels. However, the vasculature of FNCC>SS/CC>SS yolk sacs had failed to undergo the same 

remodelling programme and therefore lacks any hierarchical organisation and branching of vessels (fig. 

8.6 B). 

Futher histological analysis of E9.5 yolk sac sections demonstrated that FNCC>SS/CC>SS yolk sacs 

have abnormally large vessel lumens (fig. 8.6 C), explaining the blistered gross-morphological 

appearance of FNCC>SS/CC>SS yolk sacs. Large vascular lumens in the yolk sac have been described 
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before and are often interpreted as deriving from defective cell-matrix adhesion resulting in weak 

attachment between the extra-embryonic endoderm and mesoderm layers of the yolk sac. Consistent 

with this interpretation, large lumens were described for yolk sacs of both FN knock-out (George et 

al., 1993; George et al., 1997) and integrin α5 knock-out mice (Yang et al., 1993), but have also been 

described for mutant mice lacking diverse growth factor signals such as TGF-β1 (Larsson et al., 2001) 

and VEGF-A (Carmeliet et al., 1996). Together these findings suggest defects in the complex interplay 

of growth factor- and cell adhesion-mediated vascular remodelling in the FNCC>SS/CC>SS mouse.  

 

 
Figure 8.6. Defective remodelling of the primitive vascular plexus in FNCC>SS/CC>SS yolk sacs. 
Flat-mounted WT and FNCC>SS/CC>SS yolk sacs at (A) E8.5 and (B) E9.5 were 
immunostained with an antibody against PECAM-1. (C) Cryo-sections of WT and 
FNCC>SS/CC>SS yolk sac at E9.5 stained by H&E. BC, blood cell; E, extraembryonic 
endoderm; M, extraembryonic mesoderm. Scale bars: (A) 100 µm, (B) 200 µm, (C) 100 µm. 

 

8.2.2 Distribution of mural cell within the FNCC>SS/CC>SS yolk sac primitive vascular plexus 

Although vasculogenesis does not depend on mural cells, the subsequent survival, remodelling and 

stabilisation of remodelled vessels (i.e. angiogenesis) relies strongly on the short-range signalling 

between mural cells and endothelium (Abramsson et al., 2003) Also add Lindahl et al 1997a. 

FNCC>SS/CC>SS yolk sac vasculatures show clear signs of stalling their development at the remodelling 

stage, and therefore I investigated the extent of mural cell differentiation and investment of yolk sac 

blood vessels.  

Using α-smooth muscle actin (α-SMA) as a marker for mural cells, WT yolk sacs were found to 

contain mural cells associating with the underlying endothelium according to vessel calibre; high-
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calibre vessels were associated with a high density of mural cells whereas low-calibre capillaries showed 

more sparse association with mural cells (fig. 8.7 A). In FNCC>SS/CC>SS yolk sacs, α-SMA-positive mural 

cells were present in the vascular plexi, but in contrast to WT yolk sacs, these mural cells were highly 

abundant and distributed randomly across the entire plexus.  

 

 
Figure 8.7. Abnormal distribution of mural cells within the vasculature of FNCC>SS/CC>SS yolk 
sac. (A) Flat-mounted WT and FNCC>SS/CC>SS yolk sacs at E9.5 were immunostained with 
antibodies against PECAM-1 (green) and α-SMA (red), and nuclei were stained with DAPI 
(blue). (B) Cryo-sections of WT and FNCC>SS/CC>SS yolk sacs at E9.5 were immunostained with 
antibodies against PECAM-1 (green) and α-SMA (red), and nuclei were stained with DAPI 
(blue). MC, mural cell; EC, endothelial cell; M, extraembryonic mesoderm; E, extraembryonic 
endoderm. Scale bar: 100 µm. 

 

The association of mural cells with the endothelium was also examined in histological sections of 

E9.5 yolk sacs. Cross-sections of WT yolk sacs showed an intimate association between mural cells and 

the endothelium surrounding narrow lumens (fig. 8.7 B). Most fields of FNCC>SS/CC>SS yolk sac cross 

sections revealed abnormally large lumens that were fully lined with endothelium, but only sparsely 

lined by mural cells. The majority of α-SMA-positive mural cells appeared to be associated with the 

extraembryonic mesoderm, and those that were found lining the vessel appeared correctly associated 

with the endothelium. While these data unanimously indicate that the FNCC>SS/CC>SS endothelium 

supports both the recruitment of mesenchymal cells and their differentiation into α-SMA-positive 

mural cells, where else the functional defect lies remains unclear. The random distribution of mural 

cells along the FNCC>SS/CC>SS yolk sac endothelium appears to reflect the lack of vascular hierarchy 

within the underlying endothelium and suggests that the failure of the primitive plexus to remodel 
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primarily relates to an endothelial cell-autonomous defect. However, an inability of mural cells to 

migrate and align correctly with the endothelium could also abrogate the pro-angiogenic paracrine 

signalling events between endothelial cells and mural cells and thereby stall angiogenesis. Given that 

FN is a prominent component of the vascular basement membrane shared between endothelial cells 

and mural cells, it is possible that FNCC>SS impairs the alignment and paracrine signalling between 

endothelium and mural cells. 

8.2.3 Placentation defects in FNCC>SS/CC>SS embryos  

Placental development is accompanied by chorioallantoic fusion, vascular growth from the allantoic 

mesoderm and vascular infiltration of the placenta. As shown earlier, the majority of both 

FNCC>SS/CC>SS and WT embryos alike had built an allantois that appeared to have made contact to the 

chorion between E8.5 and E9.5. Normally, just hours after chorioallantoic fusion, embryonic vessels 

develop from the allantoic mesoderm and sprout into the placenta to establish the embryonic 

components of the placental vascular network. By E10.5, these embryonic vessels will have formed 

finger like projections into the placental labyrinth layer (Rossant and Cross, 2001). Indeed this was 

evident for WT placenta sectioned parasagitally and immunostained against endomucin (fig. 8.8). In 

contrast, immunohistochemical analysis of FNCC>SS/CC>SS placental tissue revealed a complete failure of 

embryonic vessels to emerge from the allantois to penetrate the chorion and sprout into the maternal 

labyrinthine layer of the placenta. This finding could explain the cause of the abnormal appearance of 

the allantoic tissue at E10.5. 

 

 
Figure 8.8. Placental vascularisation defects in FNCC>SS/CC>SS embryos. Histological cross-
sections of E10.5 placental tissue were stained with an antibody against endomucin. c, 
chorion; ev, embryonic vessel; ll, labyrinthine layer. Scale bar 100 µm. This dataset was 
obtained by Dr. Michael Leiss. 

 

In response to failing to establish circulation between embryonic and maternal tissue, the allantoic 

tissue begins to regress and degenerate, while plasma originating from the embryo accumulates at the 

base of the allantois and causes oedema. Without intermingling of embryonic and maternal vessels, 

there can be no exchange of waste products or nutrients to support the growth of the embryo. Thus 
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placental insufficiency caused by inefficient vascularisation is a plausible cause of lethality in 

FNCC>SS/CC>SS embryos.  

8.2.4 Embryonic vascular remodelling defects 

To investigate the vascular infrastructure of E9.5 FNCC>SS/CC>SS embryos, the embryo proper was 

examined by detecting vessels with an antibody against endomucin. A striking feature of the 

FNCC>SS/CC>SS embryos at E9.5 was the weak antigenicity for endomucin antibody in the cranial tissue, 

indicating a paucity of cranial vessels in a region where the WT littermate otherwise show dense, 

clearly patterned and elaborate networks of endomucin-positive blood vessels (fig. 8.9). In 

FNCC>SS/CC>SS embryos blood vessels in appear constricted and chaotically arranged, in contrast to the 

hierarchical arrangement of branching vessels in the head of WT embryos. Beyond the head region, 

the endomucin staining highlights the vascular lining of the dorsal aorta and pharyngeal arches. Again, 

these vascular structures were found to appear narrow in FNCC>SS/CC>SS embryos, which would 

obstruct the flow of blood to the tissues they supply. 

 

 
Figure 8.9. Abnormal vascular patterning in the FNCC>SS/CC>SS embryo proper. Whole mount 
E9.5 WT and FNCC>SS/CC>SS embryos were immunohistochemically stained with an antibody 
against endomucin. The dotted line outlines the dorsal aorta and pharyngeal arteries, which 
are well-defined in WT embryos, but appear constricted in FNCC>SS/CC>SS embryos. DA, 
dorsal aorta H, head; OP, optic pit; PA, pharyngeal artery. Scale bar: 250 µm. These data 
were obtained by Dr. Michael Leiss. 

 

Similar traits of immature vascular development and defective vascular interconnections emerged 

from whole mount immunostainings of the vasculature in the trunk region of E9.5 FNCC>SS/CC>SS 

embryos stained with antibodies against PECAM-1 (fig. 8.10). WT embryos at E9.5 showed an 

extensive vascular network infiltrating the entire trunk and tail region. Vessels were found to sprout 

from the dorsal aorta into the intersomitic regions and emerge on the dorsal side of the somites where 

they anastamose. Compared to WT littermates, the blood vessels appeared scarce throughout the 

entire trunk and tail region of FNCC>SS/CC>SS embryos. Similar to the endomucin stainings above, 

PECAM-1 stainings outlined a very thin dorsal aorta and pharyngeal arch arteries, and particularly 

striking was the deficiency in sprouting of intersomitic vessels from the dorsal aorta into the 

intersomitic region. 
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I assessed the presence of myocardial tissue in E9.5 embryos by whole mount immunostaining of 

α−SMA, which is a prominent intracellular component of the contractile myocardium (fig. 8.10). Both 

WT and FNCC>SS/CC>SS embryonic hearts showed prominent α−SMA-positive myocardium encasing 

the endocardium, but highlighted striking differences in the size and shape of the FNCC>SS/CC>SS heart 

tube.  

 

 
Figure 8.10. Lack of vascular expansion throughout FNCC>SS/CC>SS embryos. Confocal 
immunofluorescence images of whole mount E9.5 WT and FNCC>SS/CC>SS embryos stained 
with antibodies against PECAM-1 (green) and αSMA (red). DA, dorsal aorta; ISV, 
intersomitic vessel; OP, otic placode; PA, pharyngeal arch arteries; S, somite. Scale bar 500 
µm. 

 

8.2.5 FNCC>SS/CC>SS embryos develop cardiac defects 

The enlarged pericardial sacs, heart oedema and signs of a growth defect of the myocardium shown 

earlier suggested a failure of the FNCC>SS/CC>SS primitive heart tube to elongate and undergo looping 

morphogenesis. This prompted me to examine how FNCC>SS distorts endocardial morphogenesis. 

Endocardial morphology in E9.5 WT and FNCC>SS/CC>SS embryos was analysed by immuno-staining 

with an antibody against PECAM-1. At E9.5, the WT heart tube had proceeded through rightward 

looping morphogenesis to bring the segments of the heart tube close to their final topographical 

position whereas the endocardial morphology of FNCC>SS/CC>SS embryos was severely distorted (fig. 

8.11 A). The degree of distortion varied among FNCC>SS/CC>SS embryos, but in all cases observed the 

endocardium curvature appeared irregular and the endocardial heart tube was both stunted and had 

failed to complete rightward looping morphogenesis. Immuno-histological analysis of E9.5 embryonic 

hearts sectioned in transverse and stained with antibodies against PECAM-1 demonstrated an inability 

of the FNCC>SS/CC>SS endocardium to extend and interact with the surrounding myocardium (here 

indicated by DAPI stain) (fig. 8.11 B).  

Although these structurally deformed heart tubes in FNCC>SS/CC>SS embryos appeared to have 

adequate ample myocardial coverage (cf. fig. 8.10) and were showing regular contractions at the time of 
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dissection, the failure to undergo looping morphogenesis is likely to affects the ability of the mutant 

heart to establish and maintain a sufficient level of blood circulation as the embryos grow. 

Interestingly, very recent work has shown that vascular remodeling in the mouse yolk sac is secondarily 

affected when cardiac function and proper circulation is reduced or absent (Lucitti et al., 2007). This 

raises the possibility that blood vessel remodelling defects in FNCC>SS/CC>SS embryos is a secondary 

effect of the malformed cardiac tissue and a lack of hemodynamic force. 

While such cardiac remodelling defects could relate to a number of faulty mechanisms, such as a 

general left/right asymmetry abnormality in FNCC>SS/CC>SS embryos, ventral closure defects or even 

deficiencies in the lateral plate mesoderm.  

 

 
Figure 8.11. Failure in cardiac looping morphogenesis in FNCC>SS/CC>SS embryos. (A) 
Confocal images of whole mount E9.5 WT and FNCC>SS/CC>SS endocardiac tissue from a 
parasastained with an antibody against PECAM-1. The dotted line outlines the endocardium. 
(B) Immunofluorescence images of paraffin sectioned E9.5 WT and FNCC>SS/CC>SS embryos 
that were stained with an antibody against PECAM-1 (green) and DAPI (blue) for nuclei. * 
indicates point of contact between endocardium (green) and myocardium (blue), of which 
there are only a few in FNCC>SS/CC>SS cardiac tissue. DA, dorsal aorta; E, endocardium; M, 
myocardium; NT, neural tube. Scale bar 200µm. 

 

8.2.6 Misoriented and deformed myotomal myocytes in FNCC>SS/CC>SS embryos  

Although malformations in the cardiovascular system are prominent features of the FNCC>SS/CC>SS 

embryos and likely to be the cause of embryonic lethality, the developmental defects caused by the 

FNCC>SS knock-in mutation are not restricted to the cardiovascular system. For example, α-SMA-
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immunostaining of whole mount E9.5 embryos revealed a striking difference in the organisation of 

myotomal cells within the somites. WT embryos showed clusters of fully aligned α-SMA-positive cells 

that were stretched and elongated through what appeared to be attachments to the intersegmental 

borders. In stark contrast, α-SMA-positive myotomal cells in FNCC>SS/CC>SS embryos were strongly 

reduced in numbers and found to populate only the anterior-most somites (fig. 8.12). 

 

 
Figure 8.12. Abnormal number and orientation of α-SMA-positive myocytes residing in the 
somites. Confocal immunofluorescence images of a parasagittal view on whole-mount E9.5 
WT and FNCC>SS/CC>SS embryos, stained with antibodies against PECAM-1 (green) and α-
SMA (red). Nuclei are stained with DAPI (blue). Paired images compare tissue at the 
anterior-most somite level. A, anterior; D, dorsal; isv, intersomitic vessel; m, myotomal 
myocyte; P, posterior; s, somite; V, ventral. Scale bar 100 µm. Experiments of this type was 
performed on at least 3 indiviual embryos. 

 

The myotome is a segmented, transitory muscle that forms within the somite and transitions into 

the epaxial and hypaxial muscles (deep back muscles) of the adult vertebrate organism (Deries et al., 

2010). Myotomal myocytes differentiate from myoblasts and elongate to span the length of each 

somite in parallel to the anterior-posterior axis of the embryo by attaching to the intersegmental 

boundary of the somite. The unusually low number of myotomal myocytes in FNCC>SS/CC>SS embryos 

suggests an inability of dermomyotomal myoblasts to differentiate into myocytes. The misorientation 

and misalignment, in turn, suggest an inability of the myotomal myocytes to sense the alignment of 

neighboring myocytes and/or attach to the intersegmental boundary. These myotomal myocyte defects 
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are accompanied by their rounding up and disintegration in an anoikis-like manner. Such an 

attachment defect could reflect a failure of monomerised FNCC>SS matrix to support myocyte 

attachment due to mechanical flaws of the matrix, which is a theme that will be explored futher. 

 

8.3 Characterisation of FN expression and distribution in FNCC>SS/CC>SS embryos 

To begin understanding the cellular and molecular consequences of preventing FN dimerisation, an 

analysis of FN expression, distribution and assembly was performed in WT and FNCC>SS/CC>SS 

embryos. The expression level of FN in WT and FNCC>SS/CC>SS littermate embryos was determined by 

real time quantitiative PCR (RT-qPCR) analysis of cDNA isolated from single E8.5 yolk sacs. Here, 

WT and FNCC>SS/CC>SS littermates were found to have comparable levels of FN transcript (fig. 8.13 A).  

 

 
Figure 8.13. FN expression and synthesis in WT and FNCC>SS/CC>SS tissue. (A) RT-PCR 
analysis of FN gene expression based on cDNA prepared from individual E8.5 WT (n=3) 
and FNCC>SS/CC>SS (n=4) yolk sacs. Error bars represent standard deviation. (B) Non-
reducing SDS-PAGE and western blot analysis of total FN in single E9.5 WT, FN+/CC>SS 
and FNCC>SS/CC>SS embryo lysates. di, dimeric FN; mo, monomeric FN. Data shown in (B) 
was obtained by Dr. Michael Leiss. 

 

Both the total levels and molecular weight distribution of non-reduced FN protein isolated from 

WT and FNCC>SS/CC>SS embryos was analysed by western blotting. Single E8.5 embryo lysates were 

resolved by SDS-PAGE under non-reducing conditions to preserve disulfide-mediated dimers, when 

present. Western blot analysis showed that total FN protein levels were comparable between WT and 

FNCC>SS/CC>SS embryos. Furthermore, while WT embryos accumulated mainly a high molecular weight 

form of FN (i.e., greater than 400 kDa), representing the dimeric form of FN, the FN isolated from 

FNCC>SS/CC>SS embryos was exclusively of a low molecular weight form (i.e., ca. 250 kDa), which 

represents monomeric FN (fig. 8.13 B).  

The distribution of FN in WT and FNCC>SS/CC>SS embryos was analysed by histological analysis of 

E9.5 embryo parasagittal sections stained with antibodies against FN. In both WT and FNCC>SS/CC>SS 

embryos, FN is abundant in the majority of tissues, including the head mesenchyme, endocardium, 

intersomitic regions and pre-somitic mesoderm. Hence, the monomerised form of FN is expressed 

and distributed normally throughout the FNCC>SS/CC>SS embryo (fig 8.14). 
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Figure 8.14. Distribution of FN in E9.5 WT and FNCC>SS/CC>SS embryos. 
Immunofluorescent images of parasagittal embryo paraffin sections stained with antibody 
against FN (green). Nuclei are stained by DAPI (blue). H, head mesenchyme; E, 
endocardium; ISR, intersomitic region; PSM, presomitic mesoderm. Scale bar 500 µm. These 
data were obtained by Dr. Michael Leiss. 

 

Given the striking vascular remodelling defects of the yolk sac, I also examined the distribution of 

FN in histological sections of E9.5 WT and FNCC>SS/CC>SS yolk sacs. Cross-sections contained FN in 

the basement membrane between endothelium and mural cells and showed little difference in the 

amounts or distribution of FN between WT and FNCC>SS/CC>SS yolk sacs (fig. 8.15).  

 

 
Figure 8.15. Distribution of FN in E9.5 WT and FNCC>SS/CC>SS yolk sacs. 
Immunofluorescence images of yolk sac cryosections stained with antibody against FN 
(green). Nuclei are stained by DAPI (blue). EE, extraembryonic endoderm; EM, 
extraembryonic mesoderm. Scale bar 50 µm. 
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Having found normal patterns of expression and distribution of FN in FNCC>SS/CC>SS embryos and 

yolk sacs, I asked whether the monomeric form of FN in FNCC>SS/CC>SS embryos was present in a 

fibrillar form. Studies from other labs have concluded that if FN is prevented from dimerising, it 

cannot undergo de novo fibrillogenesis and is therefore not deposited in a fibrillar form 

(Schwarzbauer, 1991). The fact that FNCC>SS/CC>SS embryos survive longer than FN knock-out mice 

suggests that the FNCC>SS deposited in embryonic tissues could retain some functions that relate to its 

fibrillar state. To investigate the fibrillar state of FN in WT and FNCC>SS/CC>SS tissue, E9.5 embryos 

were stained with an antibody against FN and examined as whole-mounts by confocal microscopy.  

Representative images of FN in comparable regions of somite and cranial tissue demonstrate the 

fibrillar nature of FN in WT and FNCC>SS/CC>SS (fig. 8.16 A). All embryonic tissues unanimously 

revealed that FN in FNCC>SS/CC>SS embryos is present in a fibrillar form. This is the first demonstration 

that FN that is prevented from dimerising can undergo de novo fibrillogenesis and that FN 

fibrillogenesis does not strictly require FN dimerisation.  

When compared to the FN fibrillar matrix in corresponding tissues of WT embryos, subtle 

morphological differences in the fibrillar character of FN in FNCC>SS/CC>SS embryos are noticed. In 

FNCC>SS/CC>SS embryos, FN fibrils appear both structurally less compact and mostly shorter than fibrils 

of WT FN. To quantify the distribution of FN fibril length, projections of high-magnification confocal 

z-stacks of WT and FNCC>SS/CC>SS embryonic tissue were analysed with a tracking function in ImageJ 

software. Single fibrils in z-stack projections of equal thickness were tracked manually, and the lengths 

of these traces were collected for statistical analysis. Care was taken to track fibrils that had clear 

inititation and end points within the plane of the image. To ensure an unbiased analysis, fibrils were 

tracked under blinded conditions, which meant that genotype of a given tissue was revealed only after 

the analysis. 

This fibril length analysis confirmed that FN matrix in FNCC>SS/CC>SS tissue represents a distinct 

population of fibrils that are shorter than FN fibrils in WT tissue (fig. 8.16 B). FN fibrils in WT tissue 

tend to form fibrils greater than 6-8 µm long and have a median length of 7.46 µm, while most fibrils 

of monomeric FN are less than 4-6 µm long and have a median length of 4.45 µm. Statistical analysis 

using the Wilcoxen-Mann-Whitney test, which does not assume Gaussian distribution, showed that 

this difference in fibril length is highly significant (p<0.001) (fig. 8.16 C). 
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Figure 8.16. Morphology of the FN fibrillar matrix in WT and FNCC>SS/CC>SS embryonic 
tissue. (A) Confocal immunofluorescence images of head (left column) and somite tissue 
(right column) in whole-mount E9.5 embryos stained with antibody against FN. Scale bar 50 
microns. (B) Histogram of the FN fibril length distribution in WT and FNCC>SS/CC>SS tissue. 
(C) Box and whisker plot of fibril lengths, shows that FNCC>SS fibrils are significantly shorter 
than WT FN fibrils. Grey dots indicate data points that lie outside the 75th percentile and 
clear dots indicate presumed otliers. Absolute median fibril length of WT FN=7.46 µm, and 
FNCC>SS =4.45 µm. Significance was determined by the Wilcoxen-Mann-Whitney test, *** 
p<0.001. Analysis was performed on at least three individual embryos of each genotype. 
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8.4 Biochemical and physical characterisation of the FNCC>SS matrix 

The data presented in the previous chapter established that FN deposited by FNCC>SS/CC>SS 

embryonic tissue is fibrillar, but this fibrillar monomeric FN matrix is morphologically distinct from 

WT FN matrix. The following characterisation of the monomeric FN matrix is based on in vitro, cell 

culture-based experiments with cell-derived ECM. The ability to culture cells that deposit ECM allows 

us to investigate the kinetics of FN fibrillogenesis in a way that cannot be done in vivo. ECM generated 

in culture setups also provides a means to assay the cellular response to mutant FN, which in turn 

could help us understand the effect of mutant FN on embryonic development. Some of the following 

experiments relied on mouse embryonic fibroblasts (MEFs) that were isolated from E9.5 WT and 

FNCC>SS/CC>SS embryos by Dr. Michael Leiss and described in his thesis work. Both mixed populations 

and clonal cell lines of MEFs were used to address questions related to the characterisation of FNCC>SS. 

Clonal MEFs were selected on the basis of their integrin surface expression profile, which was 

determined by fluorescence-activated cell sorting (FACS) analysis. The selection criteria for WT and 

FNCC>SS/CC>SS clones were (a) a comparable surface expression level of FN-binding integrins, (b) low 

surface levels of α4 integrins, which interact with FN in an RGD motif-independent manner, and (c) 

low levels of α2 integrins that bind laminin, collagen and thrombospondin. As such, the clones that 

were chosen for subsequent analysis had equal levels of α2, α5, α6, αV, α4, β1 and β3 integrins (fig. 

8.17 A). 

To assess the ability of the selected clones of WT and FNCC>SS/CC>SS MEFs to assemble FN, the 

MEFs were cultured in serum replacement medium supplemented with exogenous pFN at 60 nM for 2 

days. The resulting ECM was stained with antibodies against FN and integrin α5, as a molecular 

marker of fibrillar adhesions. The movement of α5β1 integrins along actin stress fibres to form 

fibrillar adhesions induces the extension of FN fibrils on the cell surface, which exposes cryptic 

binding sites within FN and allows it to associate with other FN molecules and form supramolecular 

bundles. Immunofluorescence imaging revealed the presence of long bundles of FN fibrils deposited 

in the ECM of both WT and FNCC>SS/CC>SS MEFs and that in both cultures, the FN fibrils aligned with 

streaks of α5 integrin-positive fibrillar adhesions. Importantly, these results indicate a comparable 

capacity of the FN-binding integrins expressed on the surface of WT and FNCC>SS/CC>SS MEF clones 

to assemble exogenous pFN (fig. 8.17 B). Furthermore, given that FNCC>SS/CC>SS clones assemble WT 

FN in the presence of endogenous mutant FN implies that FN derived from FNCC>SS/CC>SS MEFs does 

not have a dominant-negative effect on FN fibrillogenesis. 
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Figure 8.17. Surface integrin expression profile and FN fibrillogenesis competence of 
selected WT and FNCC>SS/CC>SS MEF clonal cell lines (A) Representative histograms of 
FACS analysis of integrins α2,  α4,  α5,  α6,  α6, β1 and β3 expression (red lines) compared 
to isotype controls (black). (B) Immunofluorescence images of WT and FNCC>SS/CC>SS MEF 
clonal cell lines, cultured in the presence of exogenous pFN (60nM), stained with antibodies 
against FN (red) and integrin α5 (green). Nuclei were stained by DAPI (blue). Scale bar 15 
µm. These data were obtained by Dr. Michael Leiss. 

 

8.4.1 FN fibrillogenesis by FNCC>SS/CC>SS mouse embryonic fibroblasts 

To determine the capacity for fibrillogenesis of endogenous FN by FNCC>SS/CC>SS MEF and to 

compare the kinetics of FN fibrillogenesis by WT and FNCC>SS/CC>SS MEF clones, I designed time-

course assays to follow the progressive deposition and assembly of FN fibrils over time. To this end, 

WT and FNCC>SS/CC>SS MEF clones were seeded on laminin111-coated glass and cultured in serum-

replacement medium supplemented with 0.5% FN-depleted FBS to avoid introducing WT pFN to the 

cultures. At defined time points ranging from eight to ninety-six hours after cell seeding, the cultures 

were fixed in 4% PFA and stained with antibodies against FN. 

A typical FN fibrillogenesis assay showed that after eight hours of culture time, both WT and 

FNCC>SS/CC>SS MEFs had initiated FN fibrillogenesis, generating a nearly complete carpet of short and 

delicate fibrils (fig. 8.18). By twenty-four hours of culture, the fibrillar morphology of FN derived from 

FNCC>SS/CC>SS MEFs remained indistinguishable from WT FN. Hence both WT and FNCC>SS/CC>SS 

MEF clones showed comparable kinetics of early fibril formation. However, after fourty-eight hours 

of culture time, WT FN fibrils had developed into long bundles, spanning multiple cell bodies and 

interconnecting with other long FN fibrils, whereas the complexity of the FN matrix derived from 

FNCC>SS/CC>SS MEFs had not changed from the previous time point such that individual FN fibrils still 
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appeared short and delicate. Over the course of the following fourty-eight hours, the WT FN matrix 

continued to evolve into a highly complex matrix of large, and heavily inter-twined bundles. In 

contrast, the FN matrix derived from FNCC>SS/CC>SS MEF cultures appeared static and failed to 

undergo any structural elongation or compaction. Hence, these data reiterate that FN lacking the C-

terminal dimerisation motif does undergo de novo fibrillogenesis. However, fibrillogenesis of 

monomeric FN beyond the early stages appears to reach a growth plateau beyond which fibrils cannot 

grow in length or thickness. 

 

 
Figure 8.18. Kinetics of FNCC>SS fibrillogenesis. Immunofluoresence images of WT and 
FNCC>SS/CC>SS MEF clonal cell lines cultured for the indicated period of time in the presence 
of 0.5% FN-depleted FBS. The FN matrix is stained with antibodies against FN and nuclei 
are stained by DAPI. Scale bar 25 µm. 

 

To exclude that a distinct morphology of the monomeric FN matrix arises due to differences in the 

total levels of FN protein deposited into the ECM, the FN content in lysatses of WT and 

FNCC>SS/CC>SS MEF cultures was analysed by western blotting. This analysis confirmed that the levels 

of FN synthesised and deposited into the matrix by WT and FNCC>SS/CC>SS MEFs was comparable (fig. 

8.19). Thus the inability of monomeric FN fibrils to grow in length and thinkness was neither related 

to the quantity of FN nor an inability of integrins expressed on the surface of FNCC>SS/CC>SS MEFs to 

induce FN fibrillogenesis.  

 
Figure 8.19. Western blot analysis of WT FN and FNCC>SS levels deposited into the ECM by a WT 
and FNCC>SS/CC>SS MEFs. Representative western blot comparing the FN content of lysates of 
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both WT and FNCC>SS/CC>SS MEF clonal cell line resolved by SDS-PAGE under reducing 
conditions. 

 

To confirm the unique features of monomeric FN fibrillogenesis and exclude possible artefacts 

derived from MEF clonal cell lines, I tested the ability of FN-/- mouse fibroblasts (Sakai et al., 2001) to 

assemble either monomeric mouse pFN or WT mouse pFN. To generate monomeric mouse pFN, 

FN+/CC>SS females were crossed with males carrying the inducible Cre recombinase transgene under the 

control of the Mx1 promoter (Mx1Cre) (Kühn et al., 1995) and both FN alleles flanked by loxP sites 

(FNfl/fl Mx1Cre). Among the offspring of this cross, I selected FNCC>SS/fl Mx1Cre test mice and FN+/fl 

Mx1Cre control mice for intraperitoneal injection of poly(I:C). This double-stranded RNA induces 

Mx1Cre expression in the liver and thus drives the excision of the floxed FN allele in hepatocytes 

(Kühn et al., 1995), while the second FN allele remains intact and is continuously expressed. Succesful 

ablation of the floxed FN allele in liver tissue upon poly(I:C) treatment was monitored by PCR (not 

shown). By western blot analysis of FN content in plasma samples, I confirmed the presence of 

exclusively pFNCC>SS or WT pFN derived from the single intact FN allele in hepatocytes after 

poly(I:C)-induced, Cre-mediated excision of the floxed FN allele. (fig. 8.20).  

 

 
Figure 8.20. Western blot analysis of FN content in plasma from FN+/fl and FNCC>SS/fl mice 
after treatment with pI:C. These are representative western blots to demonstrate the analysis 
that was routinely performed to ensure the excision of the floxed FN allele upon pI:C 
treatment. These blots show that there is no floxed (WT) FN after pI:C treatment of 
FNCC>SS/fl Mx1Cre mice. Under non-reducing conditions, WT (dimeric) FN migrates as a 
high-molecular weight protein (>400 kDa), and monomerised FNCC>SS migrates at 
approximately 250 kDa. Under reducing conditions, both WT and monomerised FN migrate 
at 250 kDa. Although plasma samples from two different FN+/fl mice were loaded onto these 
gels for analysis, one sample shows no FN, indicating a technical error in the experiment. 

 

Plasma for cell culture experiments was isolated from whole blood isolated from poly I:C-treated 

FNCC>SS/fl and FN+/fl Mx1Cre mice and pooled for use and storage. I specifically chose not to purify 

pFN from plasma to avoid artefacts that could arise from this manipulation. The pFN assembly assay 

was performed by seeding FN-/- mouse fibroblasts onto LM111-coated glass coverslips and culturing 

them in serum replacement medium supplemented with 5% (v/v) mouse plasma containing either 

pFNCC>SS or WT pFN. After two days of culture, the assembled pFN matrix was examined by 

immunostaining with antibodies against FN and integrin α5.  
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Immunofluorescence imaging showed a drastic difference between the fibrillar morphology of FN 

matrix generated with WT pFN and pFNCC>SS (fig. 8.21). WT pFN is assembled into a complex matrix 

of long and thick bundles of fibrils, whereas pFNCC>SS is assembled into very short fibrils that do not 

bundle into supramolecular structures like WT pFN fibrils do. The short fibrils within the pFNCC>SS 

matrix versus the highly complex fibrillar arrangement within a WT pFN matrix is remarkable given 

that the same cell type generated these two very different matrices. This finding implies that the 

distinct fibrillar morphology of monomeric FN is exclusively related to properties of the FN, rather 

than the cell line. Furthermore, these assembly assays of both pFN and cFN support the in vivo data 

showing that FN fibrils are shorter in FNCC>SS/CC>SS tissue ECM compared to WT ECM (fig. 8.16). 

These results unanimously show that preventing C-terminal disulfide bond-mediated dimerisation of 

FN imposes a structural limitation on the degree of fibril complexity that can be achieved once 

integrins have unfolded FN. 

 

 
Figure 8.21. Fibrillar morphology of WT pFN and pFNCC>SS as assembly by FN-/- mouse 
fibroblasts. Immunofluorescence images of FN-/- fibroblasts cultured in the presence of 
mouse plasma containing either WT pFN (from FN+/fl Mx1Cre mouse) or pFNCC>SS (from 
FNCC>SS/fl Mx1Cre mouse) for 48 hours and stained with antibodies against FN (red) and 
integrin α5 (green). Nuclei are stained by DAPI. Scale bar: 15 µm.  

 

The abnormal fibrillar morphology of FN observed in both the ECM of FNCC>SS/CC>SS MEF clones 

(fig. 8.18) as well as the pFNCC>SS matrix generated by FN-/- fibroblasts (fig. 8.21) raised the question 

whether integrin α5β1 might cluster differently within fibrillar adhesions during the assembly of 

FNCC>SS. Within the same experimental framework as used to demonstrate the fibrillar nature of 

FNCC>SS matrix, I examined the morphology of fibrillar adhesions in FN-/- cells assembling either WT 

or monomeric pFN, using integrin α5 as a marker of fibrillar adhesions (fig. 8.21). Despite the 
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dramatic differences between pFNCC>SS and WT matrices in terms of supramolecular organisation of 

FN fibrils, the α5β1-containing fibrillar adhesions in FN-/- fibroblasts showed no overt difference in 

size or cellular distribution (fig. 8.21). Such a finding indicates that the ability of integrin α5β1 to 

segregate from focal adhesions and move centripetally along stress fibres does not require FN 

dimerisation. Furthermore, the full alignment between pFNCC>SS and integrin α5β1 within fibrillar 

adhesions shows that FNCC>SS incorporates into fibrillar adhesions and becomes unfolded sufficiently 

to allow interaction with other FNCC>SS molecules and thereby form small local bundles. The 

subsequent failure of FNCC>SS to transform into complex supramolecular structures indicates that 

failure to dimerise limits the process of lateral association and fibril elongation. 

A similar approach to understanding the relationship between fibrillar adhesions and fibrillogenesis 

of FNCC>SS was taken in the clonal MEF lines depositing endogenous cFN. To this end, WT and 

FNCC>SS/CC>SS MEF clones were seeded onto LM-111-coated glass coverslips and cultured in serum 

replacement medium supplemented with FN-depleted FBS for eighteen hours to allow fibrillar 

adhesion formation and fibrillogenesis of endogenous FN. FN and integrin α5 were stained with 

antibodies to detect cFN fibrils and fibrillar adhesions, respectively, while cytoskeletal F-actin was 

stained with fluorophore-conjugated phalloidin. 

 

  
Figure 8.22. Morphology of fibrillar adhesions in WT and FNCC>SS/CC>SS MEFs. 
Immunofluorescence images of WT and FNCC>SS/CC>SS MEF clonal cell lines cultured in 
0.5% FN-depleted serum for 18 hours and stained with antibodies against FN (green) and 
integrin α5 (red). Nuclei are stained by DAPI (blue). Scale bar 15 µm. These data were 
obtained by Dr. Michael Leiss. 

 

Immunofluorescence imaging showed that WT MEF clones developed elongated and streak-like 

fibrillar adhesions in which long FN fibrils align with both integrin α5β1 and F-actin (fig. 8.22). In 
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contrast, fibrillar adhesions on FNCC>SS/CC>SS MEFs were considerably shorter, thereby closely 

resembling the short fibrils of FNCC>SS associtated with the cell surface of the FNCC>SS/CC>SS MEFs. 

Once again, the association of integrin α5β1 with FNCC>SS in FNCC>SS/CC>SS MEFs indicates that 

these integrins participate in the initial processing of FNCC>SS. The stunted appearance of fibrillar 

adhesions could suggest that FNCC>SS affects the abilty of integrin α5β1 to cluster and trigger the 

biochemical signals that activate the bundling and contractile effect of NM-II on F-actin, resulting in 

the failure to extend fibrillar adhesions. However, it is worth stressing that the discrepancy of these 

results with those of FN-/- cells cultured in the presence of pFN could relate to the fact that the WT 

and FNCC>SS/CC>SS MEF clones used in the latter experiment are essentially different cell lines. Despite 

having been selected for comparable integrin surface expression levels, we know little about how else 

these cells might differ. As such, the FN-/- cells represent a more robust system with which to evaluate 

the fibrillogenesis of normal and mutant FN.  

8.4.2 Chemical cross-linking within a FNCC>SS matrix 

The unique fibrillar morphology of both pFNCC>SS and cFNCC>SS prompted an investigation into 

the degree of intermolecular cross-linking within the FNCC>SS matrix. FN cross-linking is commonly 

addressed by assaying the fraction of total FN that remains insoluble in 1% deoxycholate (DOC), as 

described by Pankov and Yamada (Pankov and Yamada, 2004). Solubilising the ECMin 1% DOC 

fractions FN into a DOC-soluble and –insoluble fraction. While the DOC-insoluble fraction contains 

FN that, over time, has become cross-linked to the extent that it resists solubilisation in detergent, the 

DOC-soluble fraction contains only newly assembled FN that has yet to become cross-linked. Hence, 

the distribution of FN in DOC soluble and insoluble fractions reflects the degree of chemical cross-

linking within a fibrillar FN matrix. 

To perform DOC fractionation of WT FN and FNCC>SS, mixed populations of WT and 

FNCC>SS/CC>SS MEFs were seeded onto plastic culture dishes and cultured in serum replacement 

medium supplemented with 0.5% (v/v) FN-depleted FBS. After fourty-eight hours in culture, at a 

stage of fibrillogenesis where the fibrillar morphology of FNCC>SS matrices begins to differ substantially 

from that of WT FN (cf. fig. 8.18), the cultures and ECM were lysed in an extraction buffer containing 

1% DOC and essential protease inhibitors. The insoluble fractions were resolved by SDS-PAGE 

under reducing conditions, and the FN content was analysed by western blotting, using the DOC-

insoluble intermediate filament vimentin as a loading control. 

Western blot analysis of the DOC insoluble fractions showed that FN matrices derived from 

FNCC>SS/CC>SS MEFs contained only slightly less DOC-insoluble FN compared to matrices generated 

by WT MEFs. Hence, despite the stunted appearance, the degree of chemical cross-linking within the 

monomeric FN fibrils does not differ much from that of a WT FN matrix (fig. 8.23). 
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Figure 8.23. Biochemical characterisation of the WT FN and FNCC>SS fibrillar matrix. 
Western blot analysis of the DOC-insoluble fraction of FN derived from WT and 
FNCC>SS/CC>SS MEFs (mixed populations) cultured for 48 hours. This is a representative 
western blot out of three independent assays. 

 

8.4.3 Mechanical properties of ECM layers containing FNCC>SS 

An increasing body of research suggests that the mechanical properties inherent to the ECM are 

critical regulators of cell behaviour and tissue morphogenesis. The requirement of fibrillar FN for the 

deposition and stabilisation of a range of structural ECM molecules puts FN at a central position to 

dictate the compliance of an ECM. Given the short, poorly bundled and perhaps less chemically cross-

linked features of the FNCC>SS fibrillar matrix, I asked whether FNCC>SS affects the compliance of the 

ECM. 

Measuring the compliance of embryonic tissue is technically challenging. Instead, I sought to 

prepare tissue-mimetic ECM platforms derived from WT and FNCC>SS/CC>SS MEFs. To isolate stiffness 

contributions of ECM only, the ECM platforms had to be decellularised. However, decellularising 

ECM derived from FNCC>SS/CC>SS MEFs has represented a recurring technical problem in that cell 

extraction caused partial or complete ECM delamination from the culture dish, leaving inconsistent 

amounts of FNCC>SS fibrillar matrix and ECM on the dish for subsequent stiffness assays. This 

inherent instability of an ECM containing FNCC>SS was speculated to be related to mechanical 

properties of the FNCC>SS fibrillar matrix. 

A major technical advance came by adopting a novel ECM immobilisation protocol to stably 

anchor cell-derived ECM to a glass sufrace (Prewitz et al., 2013). This anchorage relied on 

immobilising a thin film of poly(octadecene-alt-maleic anhydride) (POMA) on a glass surface and 

subsequently depositing a monolayer of a commercially available form of pFN through covalent bond 

formation between reactive anhydride moieties in POMA and amino-terminated lysine residues in FN. 

Onto these FN-coated glass surfaces I seeded WT and FNCC>SS/CC>SS MEFs mixed populations and 

cultured them in serum replacement medium supplemented with 2% (v/v) FN-depleted FBS. Over the 

course of ten days, the MEFs were allowed to deposit ECM, which by virtue of the ability of FN to 

interact with multiple ECM components, such as collagen, fibrin and heparan sulfate proteoglycans, 

would become robustly anchored to the FN-coated glass and withstand decellularisation. After ten 

days of culture, MEFs were extracted from the ECM with an extraction buffer based on Triton X-100 

and ammonium hydroxide, and the cellular content of DNA was removed by treatment with DNase. 
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Figure 8.24. Anchored ECM platforms derived from WT and FNCC>SS/CC>SS MEFs. 
Immunofluorescence images of decellularised ECM generated by WT and FNCC>SS/CC>SS 
MEF (mixed populations) and covalently anchored to glass to provide stability during 
decellularisation. FN was stained with antibodies against FN. * indicate holes in the FNCC>SS 

fibrillar matrix. Scale bar 100 µm. This analysis was performed once. 
 

To monitor the quality of the decellularised MEF-derived ECM and to ensure that the anchoring of 

the ECM to the glass coverslip was beneficial, the decellularised matrices were fixed and 

immunostained with an antibody against FN. Immunofluorescence imaging of the ECM revealed 

dense carpets of fibrillar FN matrices left on the coverslips after decellularisation (fig. 8.24). ECM 

containing FNCC>SS had been stabilised by the anchoring chemistry applied during preparation and had 

maintained a morphology distinct from WT FN fibrils characterised by a fine meshwork of short 

fibrils. In some regions of the ECM, however, FNCC>SS was found to have formed a considerably 

complex fibrillar network. Despite FNCC>SS having formed fibrils longer than seen previously, the 

integrity of the matrix appeared compromised, with large holes where the long fibrils of FNCC>SS 

appear to have given in to tension maintained in the ECM upon cell extraction (indicated by * in fig. 

8.24). 

The elasticity analysis of ECM by indentation atomic force microscopy (AFM) showed that the 

ECM derived from FNCC>SS/CC>SS MEFs is significantly more compliant (mean Young’s modulus 

137.249 Pa) than ECM generated by WT MEFs (mean Young’s modulus 371.418 Pa) (fig. 8.25). Non-

coated glass surfaces were orders of magnitude stiffer than coverslips containing ECM (not shown). 

Statistical analysis by the Mann-Whitney test indicated that the difference in elasticity between ECM 

containing FNCC>SS and WT FN are significantly different. Hence FNCC>SS truely affects the 

mechanical properties of an ECM. 
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Figure 8.25. Characterisation of the mechanical properties of ECM containing WT FN and 
FNCC>SS by the indentation AFM technique. The box plot shows Young’s moduli of ECM 
derived from WT (mean Young’s modulus 371.418 Pa) and FNCC>SS/CC>SS (mean Young’s 
modulus 137.249 Pa) MEF mixed populations. Each data point represents a single 
measurement, in total n=103 (WT ECM) and n=109 (ECM containing FNCC>SS/CC>SS) 
distributed over 3 separate coverslips. ***p<0.001.  

 

8.5 Functional characterisation of FNCC>SS  

8.5.1 Cell migration on ECM layers containing FNCC>SS 

Cells sense and respond to the mechanical properties of their microenvironment, and it has long 

been recognised that substrate flexibily affects focal adhesion dynamics and cell migration and that 

substrate rigidity regulates the formation and maintenance of tissues (Pelham and Wang, 1997; Guo et 

al., 2006). Most cell types respond to a gradient in matrix stiffness by moving toward areas of stiffer 

ECM in a process termed durotaxis (Lo et al., 2000). Durotaxis is thought to be critical for 

development and wound healing, and tumor cell invasion through tissue is strongly regulated by the 

microstructural and mechanical properties of the ECM.  

In the preceding chapter, I presented indentation AFM measurements of decellularised tissue-

mimetic ECM platforms and demonstrated that ECM containing FNCC>SS is significantly more 

compliant than ECM containing WT FN.  This, and other features of the FNCC>SS matrix led to the 

hypothesis that ECM containing FNCC>SS would affect the speed of migration of cells. To test this 

hypothesis, I prepared decellularised, tissue-mimetic ECM platforms derived from WT and 

FNCC>SS/CC>SS MEFs seeded onto gelatin-coated plastic surfaces and cultured in serum replacement 

medium supplemented with 2% (v/v) FN-depleted FBS for three days. In this context, ECM 

platforms were decellularised by treatment with EDTA, which causes adherent cells to round up and 

detach from the ECM. 

To characterise the morphology of the FN fibrillar matrix in these MEF-derived, decellularised 

ECM platforms, WT and FNCC>SS/CC>SS MEF clones were seeded onto LM111-coated glass coverslips, 
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cultured and subsequently removed from the ECM with EDTA. FN in ECM with and without cells 

was immunostained with antibodies against FN. 

 

 
Figure 8.26. Characterisation of decellularised ECM derived from WT and FNCC>SS/CC>SS 
MEFs. (A) Immunofluorescence image of FN matrix generated by WT and FNCC>SS/CC>SS 
MEF clonal cell lines before and after cell extraction with EDTA. FN is stained with 
antibody against FN (green) and nuclei are stained by DAPI (blue). Scale bar: 100 µm. (B) 
Western blot analysis of FN content in lysates of decellularised ECM derived from WT and 
FNCC>SS/CC>SS MEF clonal cell lines (as shown in A). Decellularised ECM lysates were 
resolved by SDS-PAGE under reducing conditions. “no ECM” denotes a blank dish to 
demonstrate the abundance of FN after decellularisation. This analysis was performed twice. 
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Immunofluorescence images showed rather substantial changes in the fibrillar morphology upon 

EDTA-mediated decellularisation of MEFs cultured on plastic (fig. 8.26 A). In particular, the FN 

matrix derived from WT MEFs appeared to have collapsed upon cell extraction, whereas the 

morphology of FN fibrils derived from FNCC>SS/CC>SS MEFs maintained had changed very little upon 

cell extraction. The collapse of WT FN matrix upon cell removal could be due to the fact that cells 

maintain this highly complex fibrillar matrix under very high tension, and when cells are removed, this 

tension is lost and the matrix collapses. Finding that the matrix of FNCC>SS appears much less collapsed 

upon cell removal might reflect that less strain is exerted on the fibrils by FNCC>SS/CC>SS MEFs. Since 

the MEFs used here were clonal cell lines, it is not possible to say whether this differential strain is a 

response of the cell to the FN matrix or whether it is a clonal feature. 

To assess the levels of FN remaining in the decellularised ECM, I prepared lysates of decellularised 

ECM derived from WT and FNCC>SS/CC>SS MEFs. Lysates were resolved by SDS-PAGE under 

reducing conditions, and the FN content was analysed by western blotting. Western blot analysis 

showed that decellularised ECM derived from WT and FNCC>SS/CC>SS MEFs contain comparable 

amounts of FN (fig. 8.26 B). 

The decellularised ECM derived from WT and FNCC>SS/CC>SS MEFs were subsequently used as 

migration platforms for FN-/- fibroblasts. I chose FN-/- fibroblasts (Sakai et al., 2001) for these 

migration assays to eliminate the contribution of endogenous (WT) fibronectin during the analysis. 

FN-/- fibroblasts were seeded onto the decellularised ECM platforms at low density and left for one 

hour in serum replacement medium without supplemental FBS. During this hour, FN-/-fibroblasts 

attached and spread equally well on ECM containing WT FN and FNCC>SS. To induce migratory 

activity, FN-/-fibroblasts were stimulated with PDGF-BB and transferred to a brightfield microscope 

where cellular position was recorded at five min time intervals for twelve hours. Movies of migrating 

cells were compiled from the still-images of FN-/- fibroblasts. Using the Manual Tracking plugin for 

ImageJ, I tracked the migration path of individual cells, and with the ImageJ Chemotaxis Tool, I 

calculated the average speed of migration of FN-/- fibroblasts migrating on ECM containing either WT 

FN or FNCC>SS (fig. 8.27) 
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Figure 6.27. Migration analysis of FN-/- fibroblasts on ECM containing WT FN and FNCC>SS. 
Histograms indicate mean migration speed of FN-/- fibroblasts on ECM derived from WT 
and FNCC>SS/CC>SS MEF clonal cell lines. PDGF-BB was added at 50 ng/ml in serum 
replacement medium. No directionality data is provided because not all tracks were recorded 
for the same period of time. This experiment was performed four times, where n>40 cells 
per condition. 

 

Analysis of the cellular migration speeds suggested a tendency for FN-/- fibroblasts to migrate at a 

higher speed on ECM containing FNCC>SS compared to when seeded onto ECM containing WT FN 

(fig. 7.27). This, in turn, would point to an effect of FNCC>SS on adhesion stability. However, statistical 

analysis of the data set indicated that the difference in migration speeds were not statistically 

significant. 

8.5.2 Effect of FNCC>SS on outside-in integrin signalling 

Cells use their integrins and focal adhesion-associated proteins to probe and respond to the 

mechanical properties of their environment. Matrix rigidity regulates integrin function, as stiff matrices 

promote the assembly of large focal adhesions that change the cytoskeletal organisation of the cell, 

while compliant matrices only support the assembly of small dot-like structures containing integrins 

(Choquet et al., 1997; Pelham and Wang, 1997; Riveline et al., 2001; Paszek et al., 2005). As 

mechanotransducers, integrins convert mechanical input into intracellular biochemical signals by 

recruiting intracellular signalling complexes. Integrin signalling, in particular those that are triggered by 

active integrin α5β1 are crucial to developmental vasculogenesis and angiogenesis (Francis et al., 2002). 

The abnormal vascular development observed in FNCC>SS/CC>SS embryos, combined with altered 

mechanical properties of ECM deposited by FNCC>SS/CC>SS MEF mixed populations and the stunted 

appearance of fibrillar adhesions in FNCC>SS/CC>SS MEF clones, led to the hypothesis that outside-in 

signalling downstream of integrin α5β1 may be affected in FNCC>SS/CC>SS mice.  

Autophosphorylation of FAK at tyrosine residue Y397 (pFAKY397) is sensitive to both number and 

bond-strength of the interaction between integrin α5β1 and FN.  Levels of pFAKY397 thus reflect the 

mechanical tension across focal adhesions resulting from the resistance of FN to the pulling forces of 

the contractile actomyosin cytoskeleton (Shi and Boettiger, 2003; Friedland et al., 2009). Semi-

quantitative analysis of pFAKY397 levels therefore reflects not only the quantity and strength of 

interactions between integrin α5β1 and FN, but also provides an indirect cellular read-out of ECM 
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stiffness. FAK is also reported to be involved in mechanosensing during fibroblast migration (Wang et 

al., 2001a).  

First, I compared the kinetics of FAKY397 phosphorylation in WT and FNCC>SS/CC>SS MEFs in the 

process of assembling a fibrillar matrix of endogenous FN. In this assay, cellular pFAKY397 levels were 

compared as cells deposited FN into the ECM and thereby became increasingly exposed to fibrillar 

matrix containing either WT FN or FNCC>SS. The assumption here was that integrin-binding sites 

within FNCC>SS are intact, and if FNCC>SS were to have a unique effect on integrin outside-in signalling, 

it would have so exclusively in a fibrillar form with true mechanical that can be probed by integrins. 

The time points for assaying the level of pFAKY397 matched those of the FN fibrillogenesis time 

course presented earlier (cf. fig. 8.19). This allowed a correlation to be made between pFAKY397 levels 

and the complexity of the FN fibrillar matrix.  

WT and FNCC>SS/CC>SS MEF clones were seeded onto gelatin-coated culture dishes and cultured in 

serum-replacement medium supplemented with 0.5% (v/v) FN-depleted FBS. At defined time points 

after seeding, ranging from four to seventy-two hours, the cultures were lysed in the presence of 

protease and phosphatase inhibitors. Lysates were resolved by SDS-PAGE under reducing conditions, 

and both pFAKY397 and total FAK protein contents were analysed by western blotting. 

 

 
Figure 8.28. Integrin outside-in signalling through FAKY397 in WT and FNCC>SS/CC>SS 
MEFs. A representative western blot of pFAKY397, total FAK and GAPDH protein levels 
in WT and FNCC>SS/CC>SS MEFs clonal cell lines cultured in serum replacement medium 
supplemented with 0.5% FN-depleted FBS for the indicated number of hours. This assay 
was performed once. 

 

At the four hour time point, where FN fibrillogenesis has already begun and traces of small FN 

fibrils can be seen in a MEF culture, the ratio of pFAKY397 to total FAK protein in a FNCC>SS/CC>SS 

MEF culture was indistinguishable from a WT MEF culture (fig. 8.28). Over the course of the next 

seventy-two hours, there continued to be no difference in the steady state levels of pFAKY397. If the 

levels of pFAKY397 reflects the degree of integrin force coupling to the contractile actomyosin 

cytoskeleton, this lack of difference in pFAKY397 levels between WT and FNCC>SS/CC>SS MEF lysates 

suggests that the unique structural and mechanical properties of FNCC>SS do not affect integrin force 

coupling. An alternative interpretation is that both WT and FNCC>SS/CC>SS MEFs reach the same 

steady-state ratio of pFAKY397 to FAK ratio because FNCC>SS/CC>SS MEFs compensate for short 

fibrillar adhesions by generating more fibrillar adhesions, such that overall, the same number of 

integrins are activated and force-coupled to actomyosin to the same degree as in WT MEFs. 

Unfortunately, the method employed here cannot resolve such putative compensatory mechanisms.  
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In order to assay the level of pFAKY397 in a setup that mimics the three-dimensional extracellular 

environment in vivo, I adopted a setup seeding FN-/- fibroblasts onto MEF-derived, tissue-mimetic 

ECM. FN-/- fibroblasts were seeded onto ECM platforms that had been decellularised with EDTA, 

and cultured in the presence of serum replacement medium without any supplemental FBS or growth 

factors. After thirty minutes, by which time the FN-/- fibroblasts had spread on both WT and ECM 

platforms containing FNCC>SS, cells were lysed and the ratio of pFAKY397 to total FAK protein in cell 

lysates was assessed by western blot analysis. Additionaly, lysates were probed for the levels of 

pMLC2S19 and total MLC2 protein to address whether integrin signalling via ROCK/pMLC2 is 

changed in the presence of FNCC>SS. Western blot analysis showed that FN-/- fibroblasts responded 

similarly to ECM derived from WT and FNCC>SS/CC>SS MEF, resulting in no difference in the activation 

status of FAK or MLC2 (fig. 8.29 A and B, respectively).  

 

 
Figure 8.29. Integrin outside-in signalling in FN-/- fibroblasts on ECM platforms containing 
WT FN and FNCC>SS/CC>SS. Representative western blots of (A) pFAKY397, total FAK and 
GAPDH and (B) pMLC2S19, total MLC2 and β-actin protein levels in FN-/- fibroblasts 
cultured for 30 minutes on decellularised ECM generated by WT and FNCC>SS/CC>SS MEFs 
clonal cell lines. Experiments like that shown in (A) was performed three times, and the 
experiment shown in (B) was performed once. 

 

A final approach to investigating the impact of FNCC>SS on integrin outside-in signalling focused on 

comparing the levels of pFAKY397 in FNCC>SS/CC>SS embryonic and extra-embryonic tissue with that of 

WT embryonic tissues. Single E9.5 embryos or yolk sacs were lysed, and the ratios of pFAKY397 to 
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total FAK protein in embryo and yolk sac lysates were assessed by western blotting (fig. 8.30 A and B, 

respectively).  

Western blot analysis revealed a degree of natural variation in pFAKY397 to FAK in lysates of tissues 

of the same genotype. However, band densitometry of the ratios of pFAKY397 to total FAK protein 

showed that there was no significant difference in FAKY397 activation between WT and FNCC>SS/CC>SS 

tissue (fig. 8.30 C).  

 

 
Figure 8.30. Integrin outside-in signalling in WT and FNCC>SS/CC>SS embryonic and extra-
embryonic tissue. Levels of pFAKY397, FAK and GAPDH protein in lysates of single E9.5 
embryos (A) or single E9.5 yolk sacs (B). (C) Histogram shows mean ratios of pFAKY397 to 
total FAK, where n(WT embryo)=6, n(FNCC>SS/CC>SS embryo)=6; n(WT yolk sac)=2; 
n(FNCC>SS/CC>SS yolk sac)=6. Error bars represent standard deviation. This experiment was 
performed five times with different sets and numbers of embryos and yolk sacs, but the 
quantification provided in (C) accounts for the pFAKY397/FAK levels presented in (A) and 
(B).  

 

8.5.3 Effect of FNCC>SS on latent TGF-β  storage and activation 

With vascular remodelling defects in both embryonic and extra-embryonic tissue as well as 

abnormal cardiac development resulting in embryonic lethality, the FNCC>SS/CC>SS mouse also shares 

phenotypic features with mice where TGF-β signalling has been disrupted through genetic 

manipulation (Dickson et al., 1995; Oshima et al., 1996; Sanford et al., 1997; Arthur et al., 2000; Oh et 

al., 2000; Bartram et al., 2001; Stenvers et al., 2003; Jiao et al., 2006; Seki et al., 2006; Carvalho et al., 

2007; Sridurongrit et al., 2008). The phenotypic parallels between mice carrying mutations in an ECM 

component and mice with compromised growth factor signalling pathway reflects an important 

function of the ECM in regulating growth factor activity, and this relation is pivotal to tissue 

morphogenesis programmes such as cardiovascular patterninng. 

FN is a core component of the machinery regulating the bio-availability of TGF-β by immobilising 

the LTBP-1 component of LLC into the ECM (Dallas et al., 2005; Koli et al., 2005). LTBP-1 plays a 

role in a mechanism of integrin-dependent latent TGF-β activation (Annes et al., 2004), and as LTBPs 
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become anchored to FN, this puts FN at centre stage in the latent TGF-β activation mechanism. This 

led to the hypothesis that the lethal cardiovascular defects in the FNCC>SS/CC>SS mouse relate to either 

(1) an inability of FNCC>SS to support the deposition of the LLC into the ECM and/or (2) a failure of 

FNCC>SS to facilitate the integrin-dependent mechanism of latent TGF-β activation.  

The first hypothesis was addressed by investigating the deposition of LTBP-1 into an ECM 

containing FNCC>SS. WT and FNCC>SS/CC>SS MEF clones were seeded onto LM-111-coated glass 

coverslips and cultured in serum replacement medium supplemented with 0.5% (v/v) FN-depleted 

FBS. After five days, the cultures were fixed and immunostained with antibodies directed against 

LTBP-1 and FN (fig. 8.31).  

 

 
Figure 6.31. Fibrillar morphology and protein levels of LTBP-1 deposited into ECM 
containing WT FN and FNCC>SS. (A) Immunofluorescence images of five-day WT and 
FNCC>SS/CC>SS MEF clonal cell lines cultured in FN-depleted FBS and stained with 
antibodies against FN (red) and LTBP-1 (green). Nuclei were stained by DAPI (blue). Scale 
bar 25 µm. (B) Representative western blot analysis of LTBP-1 protein levels in lysates of 
five-day cultures of WT and FNCC>SS/CC>SS MEF clonal cell lines. (C) LTBP-1 protein levels 
in WT and FNCC>SS/CC>SS embryos; representative western blot analysis of the total LTBP-1 
protein levels in lysates of single E9.5 WT and FNCC>SS/CC>SS embryos. A Ponceau S staining 
of the PVDF membrane after protein transfer shows equal protein loading in the two lanes. 
These data were obtained by Dr. Michael Leiss. 

 

Consistent with a scaffolding role for FN in directing the deposition of LTBP-1 during early ECM 

formation (Dallas et al., 2005; Koli et al., 2005), immunofluorescence imaging showed a high degree of 

colocalisation and similarity in fibril structure between LTBP-1 and FN (fig. 8.31 A). In five-day-old 

ECM derived from WT MEFs, LTBP-1 appeared as bundles of long fibrils. In contrast, LTBP-1 in the 

ECM derived from FNCC>SS/CC>SS MEF appeared punctate and those fibrils that had formed were 

severely stunted and thus reminiscent of the FNCC>SS fibrillar matrix. While this result shows that 

FNCC>SS does not prevent the deposition of LTBP-1, it suggests that the fibrillar growth and 

complexity of an LTBP-1 matrix in an early ECM is limited by the structural features of the FNCC>SS 

matrix.  
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To complement these data, the total amount of LTBP-1 protein deposited into the ECM was 

assessed by western blot analysis. WT and two different FNCC>SS/CC>SS MEF clones were seeded onto 

gelatin-coated culture dishes and cultured in the presence of serum-replacement medium 

supplemented with 0.5% (v/v) FN-depleted FBS. After 5 days, protein lysates of these cultures were 

resolved by SDS-PAGE under reducing conditions and the LTBP-1 content assessed by western 

blotting. This experiment showed that only very minute decreases in total LTBP-1 protein levels 

complemented the drastic change in LTBP-1 fibril morphology (fig. 8.31 B). This indicates that the 

major effect of FNCC>SS on LTBP-1 is on the structural arrangement of its deposition into the ECM. 

The protein levels of LTBP-1 in WT and FNCC>SS/CC>SS embryonic tissue was also compared. For 

this purpose, single E9.5 embryos were lysed, and the relative content of LTBP-1 protein was assessed 

by western blotting analysis, which showed that the levels of LTBP-1 protein were comparable 

between WT and FNCC>SS/CC>SS embryo lysates (fig. 8.31C).  

The minute changes in LTBP-1 protein levels in lysates of MEF-derived ECM (fig. 8.31 B) and 

E9.5 embryo (fig. 8.31C) suggest that the levels of LLC containing latent TGF-β embedded in the 

ECM would be comparable between WT and FNCC>SS/CC>SS embryos. To test this hypothesis and 

compare the latent TGF-β storage capacity of ECM containing WT FN or FNCC>SS, FNCC>SS/CC>SS and 

WT MEFs were seeded to confluency onto gelatin-coated culture dishes and cultured for three days in 

serum replacement medium supplemented with 0.5% (v/v) FN-depleted FBS. To collect the latent 

TGF-β stored in the ECM only, MEFs were rinsed and selectively removed with EDTA. 

Decellularised ECMs in serum replacement medium were incubated at 80°C for ten minutes, causing 

all latent TGF-β stored in the ECM to be released into the conditioned medium in an active form 

(Brown et al., 1990). To assay the levels of active TGF-β present in the conditioned medium a TGF-β 

reporter cell line (mink lung epithelial cell line, MLEC) was cultured in the presence of the conditioned 

medium (Abe et al., 1994). Following incubation, the MLEC were lysed, and this lysate was assayed for 

total intracellular luciferase activity. 

Luciferase measurements reflected comparable amounts of active TGF-β in conditioned medium 

derived from heat-treated ECM derived from WT and FNCC>SS/CC>SS MEFs (fig. 8.32 A). Hence the 

fibrillar complexity of LTBP-1 and FN did not affect the capacity of the ECM to store latent TGF-β. 

The disrupted structural feature of LTBP-1 fibrils in an ECM derived from FNCC>SS/CC>SS MEFs 

also inspired the hypothesis that FNCC>SS would disrupt the ability of integrins to activate TGF-β upon 

traction. To examine whether the abnormal morphology of the LTBP-1 matrix formed in the presence 

of FNCC>SS could be associated with a change in integrin-mediated activation of latent TGF-β from the 

ECM, ECMs were generated from WT and FNCC>SS/CC>SS MEF clones seeded onto gelatin-coated 

culture dishes and cultured in serum replacement medium supplemented with 0.5% (v/v) FN-depleted 

FBS. Residing MEFs were removed from the ECM with ETDA, and a co-culture of TGF-β reporter 

MLEC and chinese hamster ovary (CHO) cells stably expressing integrin αVβ6 (CHO-β6) (Weinacker 

et al., 1994) was seeded onto the decellularised ECM. The co-culture was incubated on the 

decellularised ECM for twenty-four hours before lysing all cells and assaying intracellular luciferase 

activity. In this experimental setup, latent TGF-β stored in the ECM becomes activated by integrin 
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αVβ6, expressed by CHO-β6 cell line. Active TGF-β is released into the medium and detected by the 

TGF-β reporter MLEC, and luciferase activity in the lysates is proportional to the amount of active 

TGF-β released by integrin αVβ6. To evaluate the specific contributions to TGF-β reporter activation 

by integrin αVβ6-mediated TGF-β activation, co-cultures were cultured in the presence of αV integrin 

blocking antibody. To test the specificity of the assay, co-cultures were cultured in the presence of 

TGF-β pan-specific polyclonal antibody. 

Analysis of luciferase activity in MLEC lysates showed no statistically significant difference in the 

ability of integrin αVβ6 to activate more latent TGF-β from ECM derived from FNCC>SS/CC>SS MEFs 

compared to WT MEF (fig. 8.32 B) and hence monomerised FN does not affect the ability of integrins 

to release TGF-β from ECM. 

 

 
Figure 8.32. TGF-β storage capacity of FNCC>SS and the effect of FNCC>SS on αVβ6 integrin-
mediated latent TGF-β activation. (A) Conditioned medium of heat-treated decellularised 
ECM generated by WT and FNCC>SS/CC>SS MEF clonal cell lines was added to TGF-β 
reporter MLEC and incubated for further sixteen hours prior to detection of TGF-β-induced 
luciferase expression. Histogram shows mean luciferase activity in TGF-β reporter MLEC 
and error bars represent standard deviation. (B) Co-cultures of TGF-β reporter MLEC and 
CHO-β6 on decellularised ECM generated by WT and FNCC>SS/CC>SS MEF clonal cell lines. 
Luciferase activity in TGF-β reporter MLEC was measured twenty-four hours after seeding. 
TGF-β N.A., pan-TGF-β neutralising antibody (1D11; 15 µg/ml); αV B.A., αV blocking 
antibody (10D5; 15 µg/ml). Histogram shows mean luciferase activity in TGF-β reporter 
MLEC and error bars represent standard deviation.  RLU, relative light units. Experiments 
were performed in triplicates and performed four times. 

 

8.5.4 TGF-β  signalling in FNCC>SS/CC>SS embryos 

TGF-β is thought to play a pivotal role in driving vascular remodelling (ten Dijke and Arthur, 

2007). Although there is little mechanistic support from cell-based assays for an effect of FNCC>SS on 

either latent TGF-β storage in the ECM or on integrin-mediated latent TGF-β activation, the vascular 

remodelling defects in FNCC>SS/CC>SS embryos nevertheless called for an analysis of TGF-β receptor 

signalling in embryonic tissue.  
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SMAD phosphorylation occurs upon activation of TGF-β binding and activation of type I and type 

II receptors. Differences in the intracellular levels of phosphorylated SMAD complex therefore reflect 

the relative abundance of TGF-β ligand. In the endothelium, TGF-β activates either one of two 

distinct type I receptor/R-SMAD signalling pathways (Goumans et al., 2002). TGF-β activation of 

activin-like kinase 1 (ALK1) in the endothelium induces phosphorylation of R-SMAD1/5S463/465 

complexes, while TGF-β activation of ALK5 phosphorylates and activates R-SMAD2S465/467 

complexes. The activation of these two SMAD signalling pathways trigger different genetic responses 

that elicit opposing effects on endothelial biology; activation of the ALK5/SMAD1/5 pathway 

initiates a genetic programme that inhibits endothelial cell migration and proliferation, while activation 

of the the ALK1/SMAD2/3 triggers endothelial cell migration and proliferation (Goumans et al., 

2002). The spatial and temporal fine-tuning of angiogenic events requires a delicate balance between 

these two canonical TGF- β signalling pathways.   

To address and compare TGF- β signalling in embryonic tissue, single E9.5 embryos were lysed, 

and the ratios of pSMAD1/5/8S463/S465 to total SMAD5 protein and pSMAD2/3S465/S467 to total 

SMAD2/3 protein were assessed by western blot analysis. I found that the ratios of both 

pSMAD1/5/8S463/S465 and pSMAD2/3S465/S467 to total SMAD protein were comparable between WT 

and FNCC>SS/CC>SS embryo lysates (fig. 8.33 A and B, respectively). 

 

 
Figure 8.33. TGF-β signalling in WT and FNCC>SS/CC>SS embryonic tissue. Representative 
western blots and quantification of (A) pSMAD1/5/8S463/S465, SMAD5 and GAPDH and (B) 
pSMAD2/3S465/S467, SMAD2/3 and GAPDH protein levels in lysates of single E9.5 WT and 
FNCC>SS/CC>SS embryos. Histograms show mean ratio of pSMAD to SMAD protein levels 
for n=5 embryos of each genotype. Error bars represent standard deviation.  

 

Comparable levels of phosphorylated SMAD complexes in whole embryo lysates do not exclude 

the possibility of there being significant differences in TGF-β signalling in a minor subset of tissues. 

Upon their phosphorylation, R-SMAD complexes associate with SMAD4 and translocate to the 

nucleus, and so to compare TGF-β signalling activity in WT and FNCC>SS/CC>SS tissue, I examined the 

distribution of pSMAD-positive nuclei in WT and FNCC>SS/CC>SS embryonic tissue. Given the 

cardiovascular defects and that the endothelium is sensitive to changes in bioavailability of TGF-β, 

particular focus was given to the distribution of phosphorylated SMAD-positive nuclei in highly 

vascularised tissues such as yolk sac and heart. 
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 Embryos and yolk sacs were harvested at E9.5 and immunostained with antibodies against 

phospho-specific SMAD1/5/8S463/S465 and PECAM-1. Whole-mount and stained embryos and yolk 

sacs were imaged by confocal microscopy (fig. 8.34). 

A large proportion of the embryonic tissues were found to contain pSMAD1/5/8S463/465-positive 

nuclei, stemming not only from TGF-β signalling, but also from BMP receptor activation in both 

endothelial and non-endothelial tissues (Miyazono et al., 2005). Both PECAM-1 and the characteristic 

flattened appearance of endothelial nuclei lining a WT vessel were used to identify the 

pSMAD1/5/8S463/465-positive nuclei belonging to endothelium. In both WT and FNCC>SS/CC>SS yolk 

sacs, a fraction of the most prominent pSMAD1/5/8S463/465-positive nuclei appeared to be associated 

with the PECAM-1 stain. Although the heavily distorted appearance of the endothelium in the 

FNCC>SS/CC>SS made it difficult to faithfully identify endothelial nuclei, overall there was no indication 

that FNCC>SS/CC>SS yolk sac endothelium suffered excess or moderation of TGF-β-induced 

pSMAD1/5/8S463/465.  

In the developing cardiac tissue of both WT and FNCC>SS/CC>SS embryos, the most prominent of 

the pSMAD1/5/8S463/465-positive nuclei were associated with the PECAM-1-positive endocardium. 

Despite the compromised growth and morphology of the FNCC>SS/CC>SS endocardium, the 

endothelium appeared to contain pSMAD1/5/8S463/465-positive nuclei. This would indicate that the 

endocardial remodelling defects cannot be attributed to an absence of TGF-β signalling. Overall, there 

is no strong indication that endothelium of FNCC>SS/CC>SS tissue shows any difference in TGF-β 

signalling activity compared to WT endothelium.  
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Figure 8.34. Distribution of pSMAD1/5/8S463/S465-positive nuclei in WT and FNCC>SS/CC>SS 
embryonic tissue. Confocal immunofluorescence images of whole mount E9.5 WT and 
FNCC>SS/CC>SS embryonic tissues stained with antibodies against pSMAD1/5/8S463/S465 (red) and 
PECAM-1 (green). Nuclei are stained by DAPI (blue). (A) Dorsal view of flat-mounted yolk sac and 
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(B) parasagittal view of embryonic heart. Scale bar 50 µm. This analysis was performed once on at 
least three individual embryos/yolk sacs. 

 

A final approach to comparing the level of TGF-β signalling activity between WT and 

FNCC>SS/CC>SS embryonic tissue was undertaken through quantitative real-time PCR (RT-PCR) analysis 

of pSMAD target gene mRNA. Plasminogen activator inhibitor 1 (PAI-1) and Inhibitor of DNA 1 

(Id1) are targets genes of activated pSMAD2/3S465/467 and pSMAD1/5/8 S463/465, respectively, and thus 

implicated in generating the endothelial response to TGF-β (Goumans et al., 2002). cDNA was 

prepared from mRNA isolated from single E8.5 yolk sacs, and the transcript levels of both PAI-1 and 

Id1 were normalised to GAPDH transcript levels (fig. 8.35). Both Id1 and PAI-1 transcript levels were 

lower in FNCC>SS/CC>SS yolk sac compared to WT, and the 1.6 fold decrease in Id1 transcript level was 

statistically significant. Id1 is a target of pSMAD1/5/8S463/465, and so this suggests that TGF-β 

signalling is very mildly compromised in FNCC>SS/CC>SS yolk sac tissue. 

 

 
Figure 8.35. Expression of TGF-β/SMAD target genes in WT and FNCC>SS/CC>SS yolk sac. 
RT-PCR of cDNA that was isolated from single E8.5 WT and FNCC>SS/CC>SS yolk sacs. For 
each sample, the transcript level of the gene of interest was normalised to the transcript level 
of GAPDH. Histogram shows relative mean transcript levels of Id1 and PAI-1 for n(WT)=3 
and n(FNCC>SS/CC>SS)=4, and the mean WT relative transcript levels are set to 1. *p=0.025, 
statistically analysed by Student’s T-test. 

 

8.5.5 Effect of FNCC>SS on VEGF signalling 

The phenotype of the FNCC>SS/CC>SS mouse cannot be explained by an ECM-related defect in latent 

TGF-β storage and activation. Focusing on the vascular defect and staying with the hypothesis that 

monomeric FNCC>SS could disturb FN-mediated growth factor deposition into the ECM, I asked 

whether FNCC>SS could alter the availability of VEGF-A in FNCC>SS/CC>SS embryos. VEGF-A is a 

growth factor that becomes immobilised in the ECM, and the interaction between VEGF-A and FN is 

important for establishing the VEGF-A gradients that promote angiogenesis, for example in retinal 

angiogenesis (Stenzel et al., 2011). These observations led to the hypthesis that FNCC>SS affects 

vascular remodelling by disturbing the ability of ECM to regulate the availability of VEGF-A. 

To begin exploring the effect of FNCC>SS on the availability of VEGF-A, I compared the levels of 

VEGFR2 phosphorylation between WT and FNCC>SS/CC>SS embryonic and extraembryonic tissue. One 

approach was based on immunohistochemical analysis of phosphorylated VEGFR2 in embryonic and 

extraembryonic tissue sections. However, for technical reasons, multiple attempts to detect various 
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forms of phosphorylated VEGFR2 (pVEGFR2Y951 and pVEGFR2Y1175) failed to provide specific 

immunohistochemical signals (not shown). 

VEGFR activation was then investigated by western blot analysis. An intial attempt to detect the 

pVEGFR2Y951 in lysates of embryos or yolk sacs, either single or pooled, failed to provide single 

specific bands to allow a fair comparison of VEGFR2 activation between WT and FNCC>SS/CC>SS 

lysates (not shown). To circumvent this technical problem, I decided to compare the level of 

phosphorylated tyrosine residues (pY) in VEGFR2 immunoprecipitated from either embryo or yolk 

sac lysates.  

From lysates of either pooled embryos or yolk sacs, VEGFR2 was immunoprecipitated using a 

monoclonal VEGFR2 antibody. The VEGFR2 immunoprecipitate was resolved by SDS-PAGE, and 

the content of phospholated tyrosine residues was analysed by western blotting using the 4G10 

monoclonal antibody (fig. 8.36). 

Western blot analysis of phosphorylated tyrosine content in the immunoprecipitated VEGFR2 

showed that WT and FNCC>SS/CC>SS embryonic and yolk sac lysates contain comparable levels of 

tyrosine-phosphorylated VEGFR2 (fig. 8.36). Thus, on a global, whole tissue level, the activation status 

of VEGFR2 is the same between WT and FNCC>SS/CC>SS embryonic tissue, which suggests that the 

VEGF-A ligand availability is not affected by FNCC>SS. However, these data do not reflect whether the 

gradients of VEGF-A are intact or achieve the appropriate strength within FNCC>SS/CC>SS tissue, which 

is crucial for the correct extent of endothelial activation and vascular growth. 

 

 
Figure 8.36. VEGFR2 activation status in WT and FNCC>SS/CC>SS embryonic tissue. 
VEGFR2 was immunoprecipitated from lysates of pooled E9.5 embryos and yolk sacs (n=7 
of each) and the phospho-tyrosine content of immunoprecipitated VEGFR2 was analysed by 
western blot, using the 4G10 monoclonal antibody to detect phosphorylated tyrosine 
residues in VEGFR2. Input: the embryo and yolk sac lysates before VEGFR2 
immunoprecipitation. IP: immunoprecipitated VEGFR2. 
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9 DISCUSSION 

 
In this study, I have addressed the requirement for the dimerisation motif for FN fibrillogenesis 

and its role in FN function in vivo. With the analysis of a genetically modified mouse strain that 

exclusively expresses a form of FN that cannot dimerise, this study provides a more complete 

understanding of the requirement for FN dimers in FN fibrillogenesis. Here I provide evidence that 

dimerisation of FN is important for maintaining structural and mechanical properties of the FN matrix 

and the ECM that assembles around FN, and I demonstrate the consequences of preventing FN 

dimerisation to mouse development. 

Disruption of the FN dimerisation motif was achieved by replacing the two critical cysteines within 

the dimerisation motif with serines (FNCC>SS/CC>SS) and thereby ablating the formation of the two 

critical disulfide bonds responsible for dimersing FN (fig. 8.1 and 8.2). This mutation in FN disrupts 

embryonic development at mid-gestation and is recessive lethal around E10.5, such that the majority 

of FNCC>SS/CC>SS mice are lost by E11.5 (table 8.1). This demonstrates vital functions of FN that rely 

on properties unique to the dimerised form of FN. Preventing FN dimerisation causes defects in 

mesoderm-derived structures of both the embryo proper and extraembryonic tissue. This mutant 

phenotype is consistent with, albeit milder than, mice lacking expression of FN (George et al., 1993; 

George et al., 1997; Georges‐Labouesse et al., 1996) or FN-binding integrin α5β1 (Goh et al., 1997; 

Yang et al., 1993; Yang et al., 1999). Hence, while the lethality of FNCC>SS/CC>SS embryos clearly 

demonstrates that FNCC>SS fails to support normal development, the survival beyond that of FN 

knockout or integrin α5 knock-out implies that FNCC>SS is not a null-mutation. For this thesis, I have 

explored the functional implications of monomerising FN and conclusively show that the FNCC>SS 

fibrillar matrix is both structurally and mechanically compromised. 

9.1 Monomerised FN undergoes de novo  fibrillogenesis 

Reports published more than two decades ago proposed that the minimal requirements for de novo 

fibrillogenesis are (1) the assembly domain within the N-terminal FNI1-5 and (2) the C-terminal 

disulfide bonds bridging two monomers of FN into a dimer (Schwarzbauer, 1991; Ichihara-Tanaka et 

al., 1992). In the FN field, two main criteria are applied to determine the competence of FN (or a 

recombinant, truncated version thereof) in matrix assembly: (1) incorporation of the FN into a DOC-

insoluble fraction and (2) formation of fibrils associated with cells that are detectable by 

immunofluorescence microscopy. In the studies reported by Dr. Schwarzbauer, cultured cells were 

engineered to express and secrete fragments of FN lacking the C-terminal dimerisation motif. The 

result was a complete failure of such FN fragments to become assembled into a fibrillar matrix 

(Schwarzbauer, 1991). From these in vitro studies a dogma emerged stating that FN dimerisation is 

essential for FN fibrillogenesis. Projecting this conclusion to predict the consequences of genetically 

disrupting FN dimerisation in the mouse, the hypothesis would be that cells fail to deposit 
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monomerised FN into the ECM, and the mouse would succumb with lethal defects reminiscent of the 

FN knock-out mouse (George et al., 1993).  

Two decades later, with the analysis of the FNCC>SS/CC>SS mouse and work based on MEFs isolated 

from the FNCC>SS/CC>SS mouse, the requirement for C-terminal disulfide bond-mediated FN 

dimerisation in de novo FN fibrillogenesis has been thoroughly revisited. In both embryonic tissue and 

MEF systems, FNCC>SS protein was confirmed to be exclusively monomeric (fig. 8.13), deposited into 

the ECM at normal levels (fig. 8.14) and, importantly, exhibits a fibrillar nature (fig. 8.15). First and 

foremost, this demonstrates that dimerisation of FN is not strictly essential for FN fibrillogenesis, as 

was once proposed. Yet close examination of the fibrillar monomerised FNCC>SS matrix revealed 

morphological features that suggested a structural compromise in the ability of monomerised FNCC>SS 

to undergo supramolecular remodelling into a complex network of fibrils. In FNCC>SS/CC>SS embryos, 

FNCC>SS fibrils distribute within a distinct regime of short fibril lengths compared to FN fibrils in WT 

embryos. On average, FNCC>SS forms significantly shorter fibrils than WT FN (fig. 8.15). The 

morphological difference was more pronounced between FNCC>SS and WT FN matrices derived from 

cultured MEFs. Within just two days of culture, WT MEFs build an elaborate, highly branched and 

interconnected network of long fibrils of FN, while the matrix of FNCC>SS derived from FNCC>SS/CC>SS 

MEFs consists of only short and thin fibrils, with fewer branch points and a low degree of 

interconnectivity (fig. 8.18). The same was true for pFN matrices deposited by FN-/- fibroblasts 

cultured in the presence of plasma containing either pFNCC>SS or WT pFN (fig. 8.21). It is remarkable 

that this drastic compromise in fibril complexity was not reflected in biochemical DOC fractionation 

assays of chemical cross-linking within the FNCC>SS matrix (fig. 8.23). 

Following the generation of FN matrices in cultures of FNCC>SS/CC>SS MEF and WT MEFs over 

time was particularly informative about the kinetics of FNCC>SS fibrillogenesis (fig. 8.18). Fibrillogenesis 

of both WT FN and FNCC>SS was well underway by eight hours of incubation, and matrices were 

morphologically indistinguishable from one another up until fourty-eight hours of incubation. Beyond 

this time point, the morphological features of FNCC>SS began to deviate substantially from a WT FN 

matrix. As these WT FN fibrils continued to grow longitudinally and associate laterally among each 

other into complex supramolecular structures, the FNCC>SS fibrillar matrix fails to remodel beyond a 

state of short and delicate structures. 

These findings give reason to reconsider the details of the model describing integrin-dependent FN 

fibrillogenesis (Singh et al., 2010). The current model of FN fibrillogenesis predicts that the initial 

unfolding and stretching of FN molecules in nascent adhesions requires that each of the two RGD 

motifs within the dimeric FN molecule become engaged by integrin α5β1, such that each FN molecule 

is ligated by two α5β1 integrins. The mechanical coupling of FN-bound α5β1 integrins to the F-actin 

cytoskeleton allows contractile acto-myosin-generated forces to translocate integrin α5β1 centripetally 

from the cell-peripheral focal adhesions towards the cell body, pulling bound FN along and thereby 

giving rise to fibrillar adhesions. During translocation, the two α5β1 integrins that are bound to the 

same molecule of FN segregate, and this segregation exerts the force required to pry open the globular 

FN dimer. The exposure of FN-binding sites within FN upon unfolding of the globular state allows 
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lateral self-association among multiple FN molecules and thereby drives the transformation of FN into 

a fibrillar form (Ohashi et al., 2002). Subsequently, FN fibrils undergo extensive branching, cross-

linking and bundling as cells continue to remodel the ECM, creating a complex three-dimensional 

matrix with mechanical properties that dictacte cell behaviour. 

Monomerised FNCC>SS presents only a single RGD motif to integrins, yet in a cell-dependent 

manner, FNCC>SS does become deposited into the ECM in a fibrillar state (fig. 8.18). Hence despite the 

presence of only a single intact RGD motif, the integrin-dependent phase of FNCC>SS fibrillogenesis 

was intact,. It became clear that integrin α5β1 could associate with FNCC>SS, both in focal adhesions 

and fibrillar adhesions (figs. 8.21 and 8.22) and that during early time points of FNCC>SS fibrillogenesis, 

this association of integrin α5β1 with FNCC>SS was accompanied by the formation of FNCC>SS fibrillar 

structures. These observations revealed a sufficient degree of integrin-mediated unfolding and lateral 

self-association in FNCC>SS. Whether the binding of one integrin α5β1 to the single RGD motif in 

FNCC>SS is sufficient to promote fibrillogenesis, or whether compensatory mechanisms are needed to 

assist in promoting fibrillogenesis of monomerised FNCC>SS, are issues I will speculate on in the 

following paragraphs. 

In order to achieve the conformational changes in FNCC>SS molecule and expose its FN-binding 

sites for lateral association, tension must build up within FNCC>SS that overcomes the intramolecular 

interactions that maintain FNCC>SS in a globular state. A single integrin α5β1 bound to the one RGD 

motif in FNCC>SS will transduce the contractile force emanating from the actomyosin machinery, but in 

order to establish tension across FNCC>SS, a level of resistance to the contractile force must be met by 

FNCC>SS. In the absence of a second α5β1 integrin bound to FNCC>SS to create this resistance, there 

must be alternative means of inducing the conformational changes. Perhaps the FNCC>SS molecule that 

is bound by integrin and still in its globular state interacts with the microenvironment to an extent that 

integrin α5β1 meets resistance when tugging on FNCC>SS. In cell culture experiments, the FNCC>SS that 

is secreted by FNCC>SS/CC>SS MEFs is likely to become partially absorbed by the uncoated or gelatin-

coated culture surface. In embryonic tissue, FNCC>SS is secreted into a confined three-dimensional 

extracellular environment that offers ample opportunity for FNCC>SS to immobilise through non-

covalent interactions with other glycoproteins, and this might be sufficient to assist integrin α5β1 in 

building the tension required for stretching FNCC>SS molecules. 

Another possibility is that the monomerised state of FNCC>SS is less globular than WT FN and that 

fibrillogenesis of FNCC>SS does not require the same level of integrin-mediated tension to open 

FNCC>SS. The compact, globular conformation of WT pFN is reported to rely on intramolecular ionic 

interactions between FNIII12-14 of one subunit and FNIII2-3 of the other subunit of the FN dimer 

(Johnson et al., 1999). These interactions between subunits are far less likely to exist between 

monomerised FNCC>SS molecules, but given that plasma FNCC>SS is expressed in a solube state there 

must be other intramolecular interactions that maintain a globular conformation. The strength of these 

interactions would determine the degree of integrin-mediated build-up of tension required to induce 

conformational changes in FNCC>SS molecules that expose FN-binding sites. If these intramolecular 
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forces are weak, then one can imagine that contractile forces transmitted to globular FNCC>SS through a 

single integrin would be sufficient to achieve this unfolding.  

Finally, there is the possibility that integrin α5β1 might not be the only integrin involved in the 

extension of FNCC>SS. Hypothetically, extension is achieved through engagement of multiple integrin-

binding sites along the length of the FNCC>SS molecule. Previous studies have demonstrated that the 

RGD motif in FN is dispensable for FN fibrillogenesis, albeit strictly required for mouse development, 

because αV integrins can engage a GNGRG peptide sequence motif within the FNI1-5 domains and 

promote fibrillogenesis (Takahashi et al., 2007). One way of explaining the fibrillogenesis of FNCC>SS is 

that integrin α5β1 and αV integrins cooperate to promote FNCC>SS fibril formation by engaging the 

RGD motif in FNIII10 and the GNGRG motif within FNI1-5 domains, respectively. In such a scenario, 

one would expect the fibrillar adhesions to be stunted because of an inability of αV integrins to 

translocate into fibrillar adhesions like integrin α5β1. 

In a FNCC>SS/CC>SS MEF clonal cell line, the short FNCC>SS fibrils were accompanied by similarly 

stunted fibrillar adhesions (fig. 8.22). Although short fibrillar adhesions were not apparent in FN-/- 

fibroblasts assembling pFNCC>SS (fig. 8.21), it suggests that FNCC>SS either delays the formation or 

affects the stability of fibrillar adhesions. In speculating how FN dimerisation could affect the 

formation and stabilisation of fibrillar adhesions, it is clear that dimerisation of WT FN not only 

duplicates both the number of integrin-binding sites and the number of FN-binding sites within one 

molecule, but also brings these binding potentials into closer proximity of each other. For each FN 

dimer, two integrins can be brought into close proximity of each other and essentially seed an integrin 

cluster. Similarly, for each integrin-bound stretched FN dimer, additional FN dimers can be brought to 

the adhesion complex, which in turn, will favour additional integrin clustering. By reducing the degree 

of freedom between essential components of the fibrillogenesis reaction (i.e. integrin-binding sites and 

FN-binding sites), dimerisation facilitates integrin clustering and FN–FN interactions such that 

fibrillogenesis can occur at a higher rate. In contrast, monomerised FN molecules possess half the 

potential for interacting with integrins and other FN molecules. Here, an increase in the degree of 

freedom between the reaction components of FNCC>SS fibrillogenesis causes the reaction to rely to a 

greater extent on diffusion of each molecule FNCC>SS molecules to integrins compared to dimeric FN. 

The diffusion-limited arrival of globular FNCC>SS molecules will delay their incorporation into fibrillar 

adhesions, and hence at any given point, fibrillar adhesions will appear shorter than normal.  

Once assembled into short fibrillar structures in fibrillar adhesions, FNCC>SS fibrils do not continue 

to mature into as complex a fibrillar matrix as seen with WT FN. The question is, why does the 

disruption of a single pair of interchain disulfide bonds have such a major effect on fibril growth at a 

stage of fibrillogenesis that is driven by lateral association? The limitation in fibrillar remodelling of 

FNCC>SS is most probably related to the fact that fibrils start out so small. Although FNCC>SS protein 

levels are normal and despite that FN-binding sites in FNCC>SS are intact and fully competent to 

associate laterally with each other, the delay in fibril growth at the fibrillar adhesion renders the average 

FNCC>SS fibril shorter and lacking the capacity to build the same complex supramolecular network as 

WT FN. The difference in fibrillar complexity is more obvious in MEF-derived matrices than in tissue, 
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and this might reflect that three-dimensional confinement of tissues creates a favourable environment 

to promote the fibrillar remodelling process.  

The FNCC>SS/CC>SS mouse offers a model for examining the specific requirement for the pair of 

disulfide bonds, constituting the dimerisation motif, for FN fibrillogenesis. This model provides a pure 

system to evaluate the monomerisation of an otherwise full-length FNCC>SS molecule. In contrast, the 

study published by Dr. Schwarzbauer, which established the current dogma on the requirement for the 

dimerisation motif, were based on mammalian cells expressing a fusion construct of FNI1-9 and the 

most extreme 100 kDa of the C-terminus (recFNI1-9/C110) that lacked a twenty-amino acid segment 

containing the C-terminal dimerisation motif (recFNI1-9/C110M). The cells expressing this recombinant 

fragment failed completely to deposit this form of FN into fibrillar matrix, and all the protein was 

released into the medium (Schwarzbauer, 1991). 

Based on the observation that monomerised FNCC>SS is assembled into a matrix of shortened 

fibrils, there appears to be no absolute requirement for FN dimerisation, if simply for the purpose of 

duplicating the number of RGD motifs that can employ integrin α5β1. Nevertheless, the fibrillar 

morphology of monomerised FN is strongly compromised, and I conclude that dimerisation is crucial 

to achieving the appropriate rate of FN fibrillogenesis because it serves to limit the degrees of freedom 

and increases the local concentration of the reaction components. The delay in fibril elongation will 

render fibrils of monomerised FNCC>SS shorter, and these short fibrils will never have the capacity to 

achieve the same matrix complexity as WT FN.  

The discrepancy between the results presented herein and those presented by Dr. Schwarzbauer 

must relate to the design of the recombinant fragment (recFNI1-9/C110M). First of all, deleting a 

twenty-amino acid segment of the C-terminus, including the dimerisation motif, might cause more of a 

change to FN than controlled for. Secondly, and possibly most importantly, although the recFNI1-

9/C110M contains both the N-terminal assembly domain and the cell-binding domain RGD motif, it 

has a large internal deletion of repeats FNIII1-7 such that the collagen-binding domain becomes 

connected to the cell-binding domain. Although the FNIII1-7 segment might not be critical for 

fibrillogenesis of FNI1-9/C110 when both the assembly domain and dimerisation motif are available, 

the FNIII1-7 might very well become essential in the absence of a dimerisation motif because the 

FNIII1-7 repeats offer abundant potential to interact with the N-terminal assembly domain and 

promote the lateral association among extended FN molecules. For example, the 70kDa N-terminal 

assembly domain in FN has been shown to interact with sites in FNIII1 (Hocking et al., 1994), FNIII2 

(Aguirre et al., 1994; Sechler et al., 2001) and FNIII4-5 (HepIII) (Maqueda et al., 2007) in addition to 

sites within FNIII10 and FNIII12-14 (Hocking et al., 1996; Bultmann et al., 1998). Therefore, it is 

conceivable that the failure of recFNI1-9/C110M to undergo conversion into a fibrillar and DOC-

insoluble matrix (Schwarzbauer, 1991) relates to more than just the inability of this form of FN to 

dimerise and highlights the important contributions of the cryptic FN-binding sites to fibrillogenesis. 

With the FNCC>SS/CC>SS mouse, monomerised FNCC>SS is full-length and all FN-binding sites are intact 

as well as in their correct positions relative to each other. 
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9.2 Unique properties of the FNCC>SS fibrillar matrix 

The structural characterisation of the FNCC>SS fibrillar matrix was complemented with an analysis of 

the mechanical properties of cell-derived ECM containing FNCC>SS fibrils (fig. 8.24). Applying the 

state-of-the-art AFM indentation technique to MEF-derived ECM platforms, I found that the unique 

structural features of FNCC>SS fibrillar matrix were associated with a change in the elasticity of ECM 

that forms around FNCC>SS, despite the fact that FN is far beyond the only matrix component of a cell-

derived ECM. In comparing the elasticity of WT ECM with an ECM containing FNCC>SS, I concluded 

that FN dimerisation contributed to make the ECM nearly three times stiffer than an ECM containing 

FNCC>SS. It is quite possible that this difference in elasticity reflects the fibrillar complexity of the FN 

matrix and that of other fibrillar ECM components, whose deposition relies on FN (e.g. LTBP-1). 

The ECM is being recognised for its influential role in controlling cell behaviour, particularly with 

regards to the functional importance of physical/mechanical properties of the ECM. Cells are very 

sensitive to tissue-level elasticity; diverse cell types such as fibroblasts, tumour cells and stem cells have 

the ability to detect and respond to local matrix stiffness and deformability. A collection of seminal 

papers demonstrates the importance of matrix stiffness in development, differentiation, tissue 

morphogenesis, regeneration and disease (Discher et al., 2005; Engler et al., 2006; Guo et al., 2006; 

Levental et al., 2009; Mammoto et al., 2009). In the absence of AFM indentation analysis of 

FNCC>SS/CC>SS embryonic tissue, I can only speculate that the differences in ECM stiffness that were 

shown between MEF-derived ECM are representative of the relative differences in the tissue 

mechanical properties between FNCC>SS/CC>SS and WT embryos. The measured elasticities in MEF-

derived ECM fell in the range of elasticity found in bone marrow ECM (~0.1–0.3 kPa) (Prewitz et al., 

2013). Interesting questions are those that ask what the implication of such stiffness differences is on 

tissue function and cell behaviour, and could an increase in embryonic tissue pliability of ECM 

containing FNCC>SS compared to WT ECM explain the cardiovascular phenotype of the FNCC>SS/CC>SS 

embryo? 

At the cellular level, ECM rigidity is reported to influence morphology, adhesion, contractility 

(Yeung et al., 2005), differentiation (Engler et al., 2004) and motility (Lo et al., 2000). These cellular 

responses to ECM stiffness are largely mediated by active integrins in focal adhesions. Matrix stiffness 

modulates integrin adhesions by strengthening the mechanical link between integrin and the actin 

cytoskeleton and altering the clustering of integrins (Paszek et al., 2005; Levental et al., 2009). A 

number of intracellular signalling kinases associated with the focal adhesion are tension-sensitive, and 

in this way, ECM stiffness can affect the volume of biochemical signals emanating from the adhesion. 

Integrins relay biochemical signals on ECM compliance through major signalling pathways involving 

ROCK, FAK, ERK and Akt (Wozniak et al., 2003; Paszek et al., 2005). For example, FAK activation 

at tyrosine residue 397 is regulated by acto-myosin contractility, integrin-mediated adhesion and matrix 

stiffness in a tension-responsive manner (Tilghman and Parsons, 2008). It is noteworthy that only on 

stiff subtrates are cells found to assemble stress fibres and phosphorylate FAKY397 within focal 

adhesions (Paszek et al., 2005).  
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Integrin α5β1 and F-actin in FNCC>SS/CC>SS MEF clonal cell lines displayed markedly altered fibrillar 

adhesion structures (fig. 8.22). In addition to previously mentioned speculations the stunted 

appeareance of fibrillar adhesions could relate to the compliant FNCC>SS matrix unable to resist the 

contractile force transmitted by integrins to the same degree as a WT FN matrix, and this would cause 

a weakening of the integrin adhesion complex. In an approach to evaluating cell-matrix adhesion 

stability, I compared motility of FN-/- fibroblasts seeded onto tissue-mimetic ECM platforms derived 

from either WT or FNCC>SS/CC>SS MEFs. This analysis showed no difference in migration speed 

between cells migrating in response to PDGF-BB on an ECM platform containing WT FN and 

FNCC>SS (fig. 8.27). In addition, I addressed integrin outside-in signalling through pFAKY397 in (1) WT 

and FNCC>SS/CC>SS MEFs generating their own fibrillar matrix (fig. 8.28), (2) FN-/- fibroblasts seeded 

onto tissue-mimetic ECM derived from WT and FNCC>SS/CC>SS MEFs (fig. 8.29) as well as (3) WT and 

FNCC>SS/CC>SS embryonic tissue (fig. 8.30). In none of these systems did I identify an abnormality in the 

levels of pFAKY397 in response to FNCC>SS matrices. Similiary, I saw no change in the levels of 

pMLC2S19 between FN-/- fibroblasts seeded onto ECM derived from WT and FNCC>SS/CC>SS MEFs, 

indicating that integrin outside-in signalling through the RhoA/ROCK axis is also unaffected by the 

structural and mechanical properties of FNCC>SS matrices. 

Unfortunately, I do not have measurements of Young’s moduli of the ECM preparations that were 

used to perform cell migration assays and integrin outside-in signalling assays. These matrices were 

prepared through decellularisation with EDTA of three-day cultures (fig. 8.26). When prepared in this 

fashion, the resulting ECM platforms are too thin for AFM indentation measurements. Yet, these 

matrices were morphologically similar to the thicker matrices used for AFM indentation analysis. 

Therefore the relative difference in compliance of these matrices is assumed to compare to those of 

thicker matrices prepared through anchorage (cf. fig. 8.24), such that ECM containing FN dimers is 

still about three-fold stiffer than ECM containing FNCC>SS. Despite this assumption, it is not clear why 

the cellular response to the structural and mechanical features of the FNCC>SS matrix is undetectable. It 

could be that even though I find a three-fold difference in stiffness between ECM containing WT FN 

and FNCC>SS, the absolute Young’s moduli for these matrices are very low and hence too soft for 

changes of hundreds of Pascals to trigger differences that are significant enough to detect by the 

biochemical or cell biological techniques employed here. Indeed, when naïve mesenchymal stem cells 

have been shown to commit to a lineage and phenotype with extreme sensitivity to tissue-level 

elasticity, this was on matrices that range between 100 Pa (“soft”) and 40 kPa (“stiff”) (Engler et al., 

2006). When matrix stiffness has been found to regulate focal assembly, modify growth factor 

signalling and cell phenotype through ERK and Rho activity, it was based on culturing cells on soft 

and stiff matrices that range for 400 Pa (“soft”) to 5000 Pa (“stiff”) (Paszek et al., 2005). Also, 

comparison of smooth muscle cell migration speeds have been based on substrates designed with 

Young's moduli values ranging from 1000 Pa (“soft”) to 308 kPa (“stiff”). Hence, while the Young’s 

moduli of both the WT ECM and ECM containing FNCC>SS must be relevant to cells in the developing 

embryo because they were generated by MEFs from E9.5 embryos, it appears that conventional 
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methods to detect cellular output (e.g. integrin outside-in signalling and migration assays) are 

insufficient to distinguish between differences within such a low stiffness regime. 

9.3 The FNCC>SS knock-in mutation causes cardiovascular remodelling defects  

Even though I could identify no accute change in the cellular response to the unique structural and 

mechanical properties of FNCC>SS matrix, the complete halt in development is evidence that the 

qualities of the FNCC>SS matrix severely disturb cellular function. Most prominent were the defects 

arising within the cardiovascular system. The cardiovascular system is the first functional organ to 

develop in vertebrates, and failure of the cardiac or vascular tissue to perform is lethal. 

9.3.1 Cardiac defects 

The effused pericardial sac and the malformed ventricular structures in the heart of E9.5 

FNCC>SS/CC>SS embryos (fig. 8.4) suggested severe defects of the developing heart. Immunological 

whole mount stainings of the endocardium in FNCC>SS/CC>SS embryos revealed an irregular curvature of 

the endocardium, an inability of the endocardium to interact extensively with the myocardium, the 

stunted growth of the heart tube and a failure of the heart tube to undergo rightward looping 

morphogenesis (figs. 8.10 and 8.11). These heart looping morphogenesis defects could possibly reflect 

a general left/right asymmetry defect in FNCC>SS/CC>SS embryos. FN is known to have an important 

effect on establishing left-right asymmetry along the embryonic body anterior-posterior axis by 

regulating morphogenesis of the node at very early stages of development (Pulina et al., 2011). 

Preventing FN dimeristaion could change structural features of the FN matrix to a degree that 

prevents it from shaping the node and promoting the establishment of asymmetric gene expression 

patterns. Such questions would require electron microscopical analysis of embryonic structures, such as 

the node, and in situ hybridisation to visualise the spatial expression patterns of Nodal and other genes, 

such as Lefty1, Lefty2 and Pitx2c, which are known to be asymmetrically expressed on the left side of 

the lateral plate mesoderm (Pulina et al., 2011). 

At this critical stage of cardiac development, FN is an abundant component of the cardiac jelly, into 

which mesenchymal cells migrate to establish the cardiac cushion that must form in both the outflow 

tract and the atrioventricular channel, a process that involves additional deposition of FN (Mjaatvedt et 

al., 1987; Ffrench-Constant and Hynes, 1988; Roman and McDonald, 1992; Eisenberg and Markwald, 

1995). Cardiac cushion is essential to heart development because it will condense to divide the outflow 

tract into the aorta and the pulmonary artery and contribute both to forming the major valves of the 

heart and closure of the heart septum (Webb et al., 1998; Savolainen et al., 2009). Given the 

morphology of the FNCC>SS/CC>SS cardiac tissue, it is apparent that dimerisation of FN confers specific 

properties that support the formation of these cardiac structures.  

The physical mechanisms that drive and regulate cardiac looping morphogenesis are currently 

incompletely understood (Taber et al., 2010). Elegant work on chick embryos, which, with caution, can 

be extrapolated to that of other vertebrate organisms such as the mouse embryos, has demonstrated 

that the first phase of cardiac looping occurs as specific regions of the heart tube grow and contract. 
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Looping is driven further by forces exerted on the heart tube by surrounding tissues as they press 

against the ventral surface of the heart. One interesting study sheds light on the role of regional 

stiffness along the heart tube in promoting the bending and rightward looping (Zamir et al., 2003). 

Based on microindentation measurements along intact embryonic heart tubes, the tissue lining what 

would become the inner curvature of the embryonic cardiac tube was significantly stiffer than the 

tissues that would line the outer curvature or dorsal and ventral sides of the heart tube. In the process 

of cardiac looping, the tissue lining the outer curvature of the cardiac tube has to stretch and extend 

further than tissue lining the inner curvature and therefore it appears that that modulating the local 

stiffness along the cardiac tube dictates which of the faces of the tube forms the outer and inner 

curvatures in response to the external pushing at the ventral side. The authors of this study suggest 

that this regional variation in stiffness is due to the mechanical properties of the myocardium. FN is 

important for establishing the integrity of myocardial tissue during cardiogenesis (Trinh and Stainier, 

2004b), and perhaps fibrillar FN plays a role in shaping the mechanical properties of the myocardium, 

either by the complexity of the FN fibrillar matrix itself or that of the ECM components that rely of 

the presence of a fibrillar FN matrix. The inability of FNCC>SS/CC>SS cardiac tubes to undergo looping 

morphogenesis could be associated with a decrease in the tissue stiffness caused by the presence of 

FNCC>SS in the myocardial basement membrane, and this alteration in the elasticity of the myocardium 

would cause the failure to establish the regional stiffness that dictates the correct bending of the 

cardiac tube. 

The cardiac malformation in FNCC>SS/CC>SS embryos could also reflect an inadequate level of 

intracardiac shear forces as blood flows through the heart tube. Hemodynamics is considered a key 

epigenetic factor in cardiogenesis, as impaired blood flow disrupts looping morphogenesis and impairs 

the formation of heart valves (Hove et al., 2003). Cardiac endothelial cells have been shown to respond 

to shear forces by reorganising their cytoskeleton and changing their genetic expression profiles 

(Davies, 1995; Topper and Gimbrone, 1999). FN is a core basement membrane component of the 

developing vessel wall (Risau and Lemmon, 1988), which provides mechanical resistance to the 

increasing flow of blood of the growing embryo. Having learned that FNCC>SS causes a softening of the 

ECM, it is plausible that the vascular basement membrane containing FNCC>SS does not provide 

adequate mechanical support to the endothelium. As a result, blood flow would not expose the 

endocardium to normal hemodynamic forces to promote its development. 

9.3.2 Vascular defects 

Another hallmark of the FNCC>SS/CC>SS phenotype are the vascular remodelling defects, both in the 

embryo proper (fig. 8.9) and extraembryonic tissues (figs 8.5, 8.6 and 8.8). Very prominent are both the 

anemic appearance and the failure to form a hierarchical network of branched high-calibre and low-

calibre vessels in the yolk sac (fig. 8.5). The yolk sac is a large, but thin extra-embryonic tissue that 

envelops the embryo proper at E7.0. This tissue is of major importance to the development of the 

embryo because it is a source of the first primitive erythrocytes cells and progenitors of the 

hematopoitic system, which are required until the aorta/gonad/mesonephros-derived hematopoetic 
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stem cells seed into the fetal liver, where they can differentiate into erythrocytes (Palis and Yoder, 

2001; McGrath and Palis, 2005). The delivery of these first primitive erythrocytes to the embryo 

proper relies on the development of a yolk sac vasculature and its connection to the embryonic 

vasculature. The immunological and histochemical analyses of the FNCC>SS/CC>SS yolk sac revealed that 

vasculogenesis had succeeded to build a primitive vascular plexus, but that the endothelial branching, 

remodelling and pruning events of angiogenesis that must follow the establishment of a primitive 

plexus (Risau, 1997) had failed in FNCC>SS/CC>SS yolk sac. A strong indication of integrity failure of the 

primitive vascular plexus in FNCC>SS/CC>SS yolk sacs was the accumulation of erythrocytes in the yolk 

sac, strongly suggestive of leaky vessels. Immunohistochemical analysis of the E9.5 FNCC>SS/CC>SS 

embryo proper revealed a chaotic vascular infrastructure in the head as well as an abnormal vessel 

length and diameter of the dorsal aorta, pharyngeal arteries and intersomitic vessels. The allantoic 

mesoderm in FNCC>SS/CC>SS had also failed to grow to allow the embryonic vasculature to intermingle 

with the maternal vasculature in the placenta for the effective blood-based exchange of gases and 

nutrients between embryo and mother. These defects in vascular development in both embryonic and 

extra-embryonic tissues appear at the stage of development where the normal mouse embryo can no 

longer survive by direct diffusion-based exchange of gases, nutrients and toxic metabolites with the 

surrounding amniotic fluid (Rossant and Cross, 2001). Hence I conclude that the vascular defects in 

FNCC>SS/CC>SS embryos are the cause of embryonic growth arrest prior to the 20 somite stage of 

development and ultimately result in lethality. 

The expansion and remodelling of the blood vasculature is closely coordinated with the 

development of the embryonic heart. The yolk sac vasculature is particularly sensitive to increasing 

heart fuction, and so it is relevant to explore the possible relationship between the defective cardiac 

tissue in FNCC>SS/CC>SS embryos and the concurrent failure in vascular remodelling. By E8.0 (4-6 

somite stage), the heart has become physically connected to the yolk sac via an extensive network of 

blood vessels such that as the heart begins to beat, primitive erythroblasts originating in blood islands 

of the yolk sac can flow into the blood circulation of the embryo proper (Ji et al., 2003; McGrath, 

2003). The major remodelling events of the yolk sac vasculature take place immediately following the 

established circulation. 

The development of the cardiovascular system has been shown to rely on interplay between a great 

number of genes (e.g. Hedgehog, TGF-β and VEGF-A) (Solloway and Harvey, 2003; Trinh and Stainier, 

2004a; Argraves and Drake, 2005). However, not all genes that are required for vascular remodelling 

are actually expressed by the endothelium; in some cases, genes (e.g. Nkx2.5, Ncx1, MLC2a and Titin 

genes) that are critical for vascular remodelling are primarily expressed by cardiac cell types (Tanaka et 

al., 1999; Koushik et al., 2001; Huang et al., 2003; May et al., 2004). A clear example of the key 

function of the heart in promoting vascular remodelling is given by the rescue of the vascular defects 

in the complete N-cadherin knockout mouse by re-introducing expression of either N- or E-cadherin 

only in heart tissue (Luo et al., 2001). One conclusion from these mouse knockout studies is that 

vascular remodelling defects arise as secondary effects of impaired cardiac contractility and circulation. 

Circulation is essential to the embryo because it delivers both oxygen and nutrients to all tissues of the 
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organism (Conway et al., 2003), but in recent years it has become clear that circulation also positively 

influences developmental angiogenesis by exerting hemodynamic force on the endothelium (Lucitti et 

al., 2007). Endothelial cells respond to the hemodynamic force exerted by blood flow (i.e. shear stress 

and circumferential strain) with changes in cell morphology, activation of intracellular signalling 

pathways and induction of specific genetic expression patterns (Li et al., 2005b). A disturbance or 

reduction in fluid dynamics caused by cardiac defects has been proposed to lead to the disruption of 

the mechanical signals necessary for proper vascular development (Jones et al., 2004). An elegant study 

by Lucitti and colleagues has demonstrated that vascular remodelling in the yolk sac is driven by those 

very first events occurring at E8.0, where the heartbeat-driven entrance of erythrocytes from blood 

islands into circulation (Ji et al., 2003; McGrath, 2003) causes a change in the effective viscosity of the 

blood flow that mechanically stimulates the endothelium and initiates proper remodelling (Lucitti et al., 

2007).  

This intimate coupling between cardiac function and vascular development offers a possibility that 

the vascular remodelling defects of the FNCC>SS/CC>SS embryos are secondary effects of cardiac 

malfunction. Although the cardiac tissue of FNCC>SS/CC>SS embryos show spontaneous contractions, 

the failure of the cardiac tube to remodel and the accumulation of plasma in the pericardial sac suggest 

that its pumping function is compromised and fails to establish the embryonic circulation. 

Furthermore, the anemic appearance of the FNCC>SS/CC>SS yolk sacs, accompanied by an accumulation 

of small amounts of blood in the yolk sac cavity, indicate that the vessels of the primitive vascular 

plexus are leaking erythrocytes into extravascular space. The combination of cardiac failure with the 

loss of erythrocytes from the yolk sac would prevent the heartbeat-driven entrance of erythrocytes into 

the embryonic circulation to elevate the hemodynamic force exerted on the endothelium and drive the 

remodelling of the FNCC>SS/CC>SS yolk sac vasculature. The phenotypic parallels between mice deficient 

in atrial MLC2a (Huang et al., 2003) and FNCC>SS/CC>SS embryos lend support to the possibility that 

cardiac dysfunction in FNCC>SS/CC>SS embryos relates to the inability of FNCC>SS in adhesions to 

stabilise the atrial myofibrillar apparatus and sustain atrial contraction.  

The cardiac and vascular remodelling the FNCC>SS/CC>SS embryos could also be uncoupled events in 

that the vascular defect does not derive from the heart defect. In this case, developmental angiogenesis 

fails to occur because of a negative response of endothelial and/or mural cells to FNCC>SS present 

within the vascular basement membrane. In the FNCC>SS/CC>SS yolk sac, the endothelial cells were 

found to have coalesced into a primitive plexus of lumenised vessels, characterised by several 

abnormalities; but lumens were abnormally wide, mural cell recruitment and investment of the vessel 

wall appeared chaotic, and sprout formation, fusion, pruning and remodelling of these vessels had 

failed. Several studies have shown that endothelial-specific knockout of β1 integrins results in severe 

vascular defects and lethality at E10 (Carlson et al., 2008; Lei et al., 2008; Tanjore et al., 2008; Zovein 

et al., 2010). This prompted the hypothesis that FNCC>SS disrupts developmental angiogenesis by 

interfering with β1 integrin activation in the endothelium. However, my investigation of integrin signal 

activation by western blot analysis of FAKY397 phosphorylation and MLC2S19 in FNCC>SS/CC>SS 

embryonic tissue or highly vascularised tissue such as the yolk sac showed no obvious change in 
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integrin outside-in signalling via FAK or RhoA/ROCK. If FNCC>SS was influencing the activation of 

integrins, the change in pFAKY397 was either below detection level or simply not reflected in the levels 

of pFAKY397 or pMLC2S19 (figs. 8.28, 8.29, 8.30). Interestingly, Richard Hynes and colleagues have very 

recently demonstrated that the endothelial-specific knockout of the FN receptor integrin α5β1 has no 

obvious effect on developmental angiogenesis; in fact neither FN receptors α5β1 or αVβ3 are 

required by the endothelium for vasculogenesis or angiogenesis at early stages of development. 

Instead, they are necessary for the subsequent remodelling of the great vessels and heart occurring 

from E11.5 onwards (van der Flier et al., 2010). This stands in contrast to the early cardiovascular 

defects of Tie2-Cre-mediated endothelial-specific knockout of all β1 integrins (Carlson et al., 2008; Lei 

et al., 2008; Tanjore et al., 2008; Zovein et al., 2010) or the endothelial-specific knockout of integrin 

adhesion scaffolding or signalling molecules, such as ILK (Friedrich et al., 2004) and FAK (Braren et 

al., 2006), all of which succumb to early angiogenesis defects in embryo, placenta and yolk sac and die 

before E11.5. This contrast suggests that at early stages of angiogenesis, (1) the endothelium operates 

with β1 integrins other than FN-binding integrin α5β1 (e.g. receptors for laminin, collagen, 

thrombospondin), and (2) these β1 integrin-mediated signals drive the cellular processes of early 

developmental angiogenesis. Which β1 integrins are responsible for these early angiogenic processes 

awaits further investigation. In light of these studies, the developmental angiogenesis defects found in 

FNCC>SS/CC>SS embryos cannot be interpreted to reflect aberrant activation of endothelial α5β1 integrin 

by FNCC>SS.  

The discrepancy between the vital requirement for FN and integrin α5β1 in vascular development 

on the one hand (Yang et al., 1993; George et al., 1997), and the ability of endothelial cells to manage 

without FN-binding integrins on the other also highlights the likelihood that FN-binding integrin 

function is required in non-endothelial cell types, such as mural cells (pericytes and vSMCs). These 

cells associate with the endothelium, either directly or through a shared basement membrane 

containing FN (Courtoy and Boyles, 1983), among other ECM proteins, and promote vascular 

development and function in part because this association stimulates VEGF-A production by mural 

cells (Darland et al., 2003). A transient, but direct interaction of mural cells with endothelial cells is 

mediated though integrin α4β1 expressed by endothelial cells and VCAM-1 expressed by mural cells 

(Garmy-Susini et al., 2005) and therefore this mode of integrin-dependent interaction between 

endothelial cells and mural cells to interact is probably not influenced by the presence of FNCC>SS in 

the vascular basement membrane. Yet within FNCC>SS/CC>SS yolk sacs, α-SMA-positive mural cells are 

chaotically distributed and aberrantly associated with the endothelium, giving the impression that 

despite the correct differentiation from precursor cells (an observation I will return to shortly), these 

mural cells might not associate properly with the endothelium to support their development. 

Interestingly, there is a reported case showing that FAK plays a role in promoting the motility of 

vSMCs, and this is particularly important for their recruitment to the outflow tract of the heart, which 

they divide into the aorta and pulmonary artery (Cheng et al., 2011). As a signalling molecule that is 

activated within focal adhesions, FAK could propagate motility signals downstream of FN-binding 

integrins expressed on mural cells. Here it is tempting to speculate that FNCC>SS deposited by the 
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developing endothelial cells and mesoderm affects the ability of mural cells to mobilise and invest the 

endothelium. Without the appropriate balance in mural cell investment, the FNCC>SS/CC>SS endothelium 

might not be receiving the necessary levels of VEGF to promote its remodelling (Darland et al., 2003). 

The ability of mural cells to support blood vessels integrity relies on β1 integrin-mediated cell adhesion 

(Abraham et al., 2008), although the requirement of FN-binding integrins remains to be formally 

proven. However this β1 integrin-mediated effect of mural cells on the endothelium is apparently not 

essential at early stages of developmental angiogenesis because mice lacking β1 integrins in mural cell 

die at perinatal stages (Abraham et al., 2008). Clearly there is a very complex interplay between 

endothelial and mural cells, and with both cell types in such close proximity and dependent on each 

other, it is difficult to draw conclusions on which cell type is affected by FNCC>SS and disrupts 

developmental angiogenesis. The proximity of both endothelium and mural cell to FNCC>SS makes it 

very likely that both cell types are challenged by FNCC>SS. 

There is substantial evidence in the scientific literature that both endothelium and mural cells are 

sensitive to the mechanical properties of their microenvironment. The processes of vascular 

differentiation and remodelling are sensitive to tensional homeostasis, of which ECM stiffness is a key 

parameter. Therefore ECM stiffness must be considered as a possible contribution to the vascular 

defects in the FNCC>SS/CC>SS embryos and yolk sacs. In vitro studies have demonstrated that endothelial 

behaviour is regulated by ECM stiffness. For example, increases in collagen gel stiffness increases 

endothelial cell spreading as well as the number and length of angiogenic sprouts extended by 

endothelial spheroids (Mason et al., 2013). Another study addressed the positive effect of hydrogel 

stiffness on endothelial proliferation (Yeh et al., 2012). Furthermore, both the stiffness and shape of 

endothelial cells changes according to the stiffness of a substrate (Byfield et al., 2009; Califano and 

Reinhart-King, 2010). A groundbreaking paper on this topic describes how angiogenesis is directed by 

endothelial cell integration of both chemical cues, such as VEGF gradients, and mechanical cues from 

the substrate. Here, the degree of elasticity of the endothelial substrate governs a complex 

transcriptional programme that regulates the expression of VEGFR2 by the endothelial cell and 

thereby regulates the sensitivity of the endothelium to soluble VEGF gradients (Mammoto et al., 

2009). 

vSMCs are known to show a response to changes in substrate stiffness in terms of cell motility, and 

through intracellular mechanisms that involve Rho-mediated cytoskeletal rearrangements and cell 

contractility, the vSMC reaches an optimum migration speed on a substrate that is “neither too soft 

nor too stiff” (Peyton and Putnam, 2005). Furthermore, the activation and differentiation of α-SMA-

positive myofibroblasts from progenitors cells depends on both TGF-β (Desmoulière et al., 1993; 

Hirschi et al., 2003; Chen and Lechleider, 2004; Ding et al., 2004) and ECM stiffness (Hinz et al., 2001; 

Goffin et al., 2006; Hinz, 2010). The spontaneous contractile activity of myofibroblasts is also 

governed by the mechanical environment, as demonstrated by a very recent study in which the 

mechanical conditions of the extracellular environment controlled the contractile activity of 

myofibroblasts by modulating the oscillation frequency of intracellular calcium ions (Godbout et al., 

2013). It is not only the absolute values of matrix stiffness that determine the cellular response, but 



PhD Thesis - Josefine Gibson  Discussion 
 

 127 

also the steepness in the gradient of matrix stiffness sensed by cells. For example, durotaxis of vSMCs 

depends on substrate stiffness gradient strength (Isenberg et al., 2009).  

When it comes to building a functional vasculature, there is still far to go before understanding how 

endothelium and mural cells respond to abnormal mechanical properties of the ECM in vivo, if at all. 

This is because we are still far from defining the stiffness requirements of the embryos and recognising 

defects that relate to tissue stiffness. Perhaps the change in the mechanical properties of the ECM 

lower the proliferation and sprouting activities in the FNCC>SS/CC>SS endothelium. Perhaps it affects the 

expression of VEGFR2 by the endothelium and renders the endothelium insensitive to VEGF 

gradients. Alternatively, the change in the ECM stiffness regime caused by FNCC>SS could affect the 

steepness of the gradient in ECM stiffness, which could be hypothesised to affect the ability of the 

vSMCs to reach their correct destination at the right time. 

9.4 Exploring growth factor signalling defects in the FNCC>SS/CC>SS mouse 

Growth factors and their cognate receptors are in large part responsible for the morphogenetic 

induction and shaping of tissues within the cardiovascular system. Given the defects in cardiac 

development in the FNCC>SS/CC>SS mouse, it was of great importance to investigate the impact of 

monomerised FN on growth factor signalling. A significant part of this project was dedicated to 

investigating the phenotypic parallels between the FNCC>SS/CC>SS mouse and mice in which TGF-β 

signalling is compromised, while a minor part went to exploring the effect of monomerised FNCC>SS 

on VEGF receptor signalling. 

Just like the FNCC>SS/CC>SS mouse, cardiac remodelling defects causing embryonic lethality are a 

common theme of TGF-β (Dickson et al., 1995; Sanford et al., 1997; Bartram et al., 2001), TGF-β 

receptor (Oshima et al., 1996; Oh et al., 2000; Jiao et al., 2006; Seki et al., 2006; Carvalho et al., 2007; 

Sridurongrit et al., 2008) and TGF-β co-receptor knock-out mice (Arthur et al., 2000; Stenvers et al., 

2003). The prominent roles of TGF-β signalling during heart development appears to be in promoting 

endothelial-mesenchymal transition in the endocardium leading up to the formation of the cardiac 

cushions as well as regulating cell-cell contacts to shape the modelling of chambers. 

TGF-β is also a potent regulator of angiogenesis, acting both on the endothelial and the mural cell 

compartments of the developing vasculature. However, TGF-β has context-dependent effects on 

endothelial cells, and different endothelial responses are mediated by signalling through 

ALK1/SMAD1/5 (triggering proliferation) and ALK5/SMAD2/3 (triggering quiescence) (Goumans 

et al., 2002). The expression of endoglin by endothelial cells promotes ALK1 signalling, thereby 

shifting the TGF-β response toward proliferation. In vivo, an important role of TGF-β is to stabilise 

the vasculature post-angiogenesis by inducing a stabilising microenvironment. One way by which 

TGF-β stabilises the vasculature is by promoting the buildup of the vascular basement membrane. 

TGF-β1 is a potent inducer of numerous ECM protein-coing genes, both of provisional matrix 

proteins, such as FN, but also of proteins of the mature ECM, such as collagen (Roberts et al., 1986; 

Ignotz et al., 1987; Keski-Oja et al., 1988). Consistent with this role of TGF-β, the TGF-βRI knockout 

mice show a lack of FN synthesis by extraembryonic mesoderm in the yolk sac vasculature and the 
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vasculature fails to remodel correctly (Larsson et al., 2001). In fibroblast- or endothelial cell-based 

studies, TGF-β was also found to modulate the activity of ECM-degrading enzymes by increasing the 

expression of PAI-1, an inhibitor of the plasminogen activator (Laiho et al., 1986; Pepper et al., 1990), 

tissue inhibitor of metalloprotease (TIMP) as well as inhibiting the expression of collagenase (Edwards 

et al., 1987) so as to minimise the proteolytic degradation of the ECM. Furthermore, TGF-β 

modulates integrin expression, both positively (Heino et al., 1989; Riikonen et al., 1995; Nejjari et al., 

1999; Thibault et al., 2001; Giannelli et al., 2002) and negatively (Heino and Massagué, 1989; Kumar et 

al., 1995; Lim et al., 1998), in a contextual manner.  

Another way by which TGF-β stabilises the endothelium is achieved through the recruitment of 

mural cells. Indeed, as mesenchymal cells are recruited to the endothelium through PDGF-BB 

gradients, they become exposed to TGF-β and differentiate into mural cells which will invest and 

stabilise the vasculature (Hirschi et al., 1998; Sinha, 2004; Wurdak et al., 2005). TGF-β is involved in 

crosstalk between endothelial cells and mural cells, for diisrupted TGF-β signalling in endothelial cells 

impairs the TGF-β/ALK5 signalling in adjacent mesenchymal cells, inhibiting their differentiation into 

mural cells and association with the endothelial tubes (Carvalho et al., 2004).  

In addition to exogenous agents, such as heat, pH and proteolysis, studies have highlighted the 

importance of juxtaposition of endothelial and mural cell types for the activation of latent TGF-β and 

its availability to either cell type (Antonelli-Orlidge et al., 1989; Sato and Rifkin, 1989; Sato et al., 1990). 

Within this system, latent TGF-β is deposited into the vascular basement membrane via LTBP 

(Flaumenhaft et al., 1993), and release mechanisms are in place, possibly involving gap junctions 

(Hirschi et al., 2003), to activate latent TGF-β stored in the ECM in an integrin-dependent manner. 

Analogous to mural cells, astrocytes associate closely with the brain endothelium to help provide 

vascular integrity. This role of astrocytes relies in part on their ability to activate latent TGF-β from the 

vascular basement membrane through integrin αVβ8–dependent metalloproteolytic mechanism of 

latent TGF-β activation (Cambier et al., 2005).  

In the context of exploring the cardiovascular remodelling defects in the FNCC>SS/CC>SS embryo and 

yolk sac, I examined the circumstantial evidence for abnormal TGF-β signalling in the FNCC>SS/CC>SS 

embryo (figs 8.33 and 8.34). With the current understanding of TGF-β-mediated effects on the 

vasculature, one would hypothesise that a distortion in TGF-β signalling would be associated with a 

change in the levels of FN protein in the ECM. However, by RT-PCR analysis of FN mRNA (fig. 

8.13), western blot analysis of FN protein levels (fig. 8.14) and immunofluorescence imaging of FN in 

tissue sections (fig. 8.15), I found comparable levels of FN and FNCC>SS. 

Abnormalities in TGF-β availability would also be expected to disturb the differentiation of 

mesenchymal cells into α-SMA-positive mural cells as they are recruited to the developing 

endothelium. With immunofluorescence stainings of α-SMA in yolk sac, I found an abundance of α-

SMA-positive cells associated with the primitive vascular plexus of FNCC>SS/CC>SS yolk sacs. Although 

the distribution of these mural cells along the endothelium appeared chaotic and abnormal, their 

expression of α-SMA was indicative of successful TGF-β-mediated induction of the mural cell 

phenotype in the presence of FNCC>SS (fig. 8.7).  
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For a direct evaluation of TGF-β receptor activation by TGF-β, I assayed the levels of 

phosphorylated SMAD proteins as well as the transcript level of TGF-β/SMAD target genes that are 

of key relevance to vascular development. By western blot analysis of single E9.5 embryos, I found no 

significant difference in the total levels of pSMAD1/5/8 or pSMAD2/3 (fig. 8.33), and with 

immunofluorescence microscopy of whole mount E9.5 embryos I did not identify any striking change 

in the distribution of pSMAD1/5/8-positive nuclei within heart tissue or yolk sac vasculature in 

response to FNCC>SS (fig. 8.34).  

Despite not identifying changes in SMAD protein phosphorylation by western blot analysis or 

changes in the distribution of phosphorylated SMADs by IF imaging analysis, a final dataset 

highlighted that there are differences in the extent of TGF-βR activation between FNCC>SS/CC>SS and 

WT tissue. By analysis of specific TGF-β/SMAD target gene transcript levels in E8.5 yolk sacs, I could 

show a mild, but significant decrease in the transcript level of Id1 (inhibitor of differentiation or DNA 

binding) in FNCC>SS/CC>SS yolk sacs relative to WT yolk sacs (fig. 8.35). Id1 is a specific downstream 

target gene of TGF-β/ALK1/SMAD1/5/8 in the endothelium (Goumans et al., 2002). Id proteins 

(Id1, -2 and -3) belong to the helix-loop-helix (HLH) family of transcription factors that regulate gene 

expression and thereby orchestrate cell cycle control, cell lineage commitment and cell differentiation 

(Norton, 2000). The Id proteins represent a distinct subtype of the HLH protein family in that they 

lack a DNA-binding region and function solely by dimerising with other transcriptional regulators, 

primarily those of the bHLH type (Norton, 2000). This interaction with Id blocks the ability of bHLH 

proteins to bind DNA, and hence the Id proteins are generally considered negative regulators of 

bHLH proteins and their ability to positively regulate sets of genes that promote cell fate 

determination and cell differentiation (Benezra et al., 1990). Id proteins are expressed by endothelial 

cells in a SMAD-dependent manner (Korchynskyi and ten Dijke, 2002) and promote proliferative, 

migratory and invasive behaviour of endothelial cells in a pro-angiogenic manner (Lyden et al., 1999; 

Goumans et al., 2002). I have demonstrated that the angiogenic remodelling defect of the 

FNCC>SS/CC>SS yolk sac vasculature is accompanied by a significant decrease in the expression of Id1 

target gene. A dimished Id1 expression in FNCC>SS/CC>SS endothelium could explain the inability of the 

endothelium to expand and remodel the primitive vascular plexus, but also suggests that FNCC>SS/CC>SS 

endothelium does not receive adequate TGF-β-induced ALK1 signal. 

A similar trend, albeit statistically insignificant, was found for transcript levels of PAI-1 (fig. 8.35). 

PAI-1 is an inhibitor of the urokinase-type plasminogen activator (uPA). When uPa binds its receptor, 

uPA-R, it converts plasminogen into plasmin, a broad-spectrum serine protease, which in turn 

degrades many components of the ECM. The proteolytic activity of uPA is inhibited by PAI-1, and 

hence PAI-1 serves to promote the accumulation of ECM. Endothelial cells express PAI-1 in response 

to TGF-β/ALK5 activation (Sawdey et al., 1989; Goumans et al., 2002), and by contributing to the 

formation of the vascular basement membrane, TGF-β signalling can promote the quiescence of the 

endothelium and the maturation of the blood vessel wall following angiogenesis. The trend for 

FNCC>SS/CC>SS yolk sacs to contain lower levels of PAI-1 transcript than WT yolk sacs reflects a lower 

extent of activation of the TGF-β/ALK5 pathway, but also shows that the signalling events that would 
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usually put the vasculature in a quiescent phase are mild and therefore cannot explain the lack of 

remodelling of the primitive vascular plexus. 

Collectively, these analyses on TGF-βR activation and downstream signalling provide only weak 

evidence that the FNCC>SS/CC>SS phenotype is related to deficits in classical TGF-β-mediated effects.  

In addition to the phenotypic similarities, the rationale behind exploring the possible involvement 

of TGF-β in the context of the FNCC>SS/CC>SS cardiovascular phenotype was driven by the hypothesis 

that changes in the structural and mechanical properties of ECM or tissue associated with FNCC>SS 

would affect the ability of the ECM to store latent TGF-β or the ability of integrins to activate latent 

TGF-β. The deposition of LTBP-1, a extracellular carrier for latent TGF-β, into ECM containing 

FNCC>SS showed a distinct deviation from normal fibrillar morphology, forming punctate structures 

and short fibrils that very closely resembled that of FNCC>SS (fig. 8.31). Although consistent with a role 

of FN to provide a template for the deposition of LTBP into the ECM (Dallas et al., 2005; Chen et al., 

2007; Kantola et al., 2008), FNCC>SS affected the deposition of LTBP-1 to an extent that was expected 

to diminish the storage capacity of the ECM for latent TGF-β. However, it became apparently from 

MEF-derived matrices that the aberrant morphology of LTBP-1 deposited by FNCC>SS/CC>SS MEFs did 

not influence the amount of latent TGF-β stored in the ECM (fig. 8.32 A). Given the structural 

morphology of LTBP-1 fibrils and the more elastic properties of ECM containing FNCC>SS, I 

hypothesised that the resistance of the LTBP-1 fibrillar matrix would fail to allow integrin-mediated 

activation of latent TGF-β. Yet, the ability of integrin αVβ6 to activate latent TGF-β from MEF-

deposited ECM was unaffected by the presence of FNCC>SS (fig. 8.32 B). 

While I have shown that the ability of integrin αVβ6 to activate latent TGF-β does not appear to 

be affected by the presence of FNCC>SS, I have not tested the effect of FNCC>SS on αVβ8-dependent 

activation of latent TGF-β. This is the predominant mechanism by which astrocytes in the brain 

vasculature activate latent TGF-β (Cambier et al., 2005) and could also be a way by which mural cells 

of the yolk sac vasculature regulate TGF-β availability. This mechanism relies on integrin αVβ8 

binding to LAP and recruiting MT1-MMP to cleave LAP and release TGF-β from latency (Mu et al., 

2002).  

Although the available antibody against LTBP-1 has been used successfully by others, I was not 

able to apply it to to embryonic tissue and detect fibrillar LTBP-1. Therefore I could not discern the 

effect of FNCC>SS on the fibrillar morphology of LTBP-1 in embryonic tissue. Given that the FNCC>SS 

fibrillar matrix in embryonic tissue is characterised by short fibrils (fig. 8.16) it is plausible that LTBP-1 

fibrils are equally distorted in length and complexity in vivo. An inabilty to store latent TGF-β 

deposition is accompanied by abberant levels of active TGF-β, and in various cases, the failure to 

deposit latent TGF-β in tissue results in elevated levels of TGF-β signalling (Neptune et al., 2003; 

Kantola et al., 2008). However, as already discussed, I found no evidence for elevated TGF-β 

signalling associated with the FNCC>SS/CC>SS phenotype. 

TGF-β is not alone in regulating blood vessel development and is also not unique in its 

requirement for ECM to regulate its bioavailability. VEGF is a potent pro-angiogenic factor, and the 

affinity of secreted VEGF for both heparan sulfates and FN is fundamental to the ability of the ECM 
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to establish gradients of VEGF in the extracellular environment. Having found that monomerised 

FNCC>SS distorts the fibrillar morphology of the resulting matrix and that the FNCC>SS/CC>SS phenotype 

is dominated by vascular remodelling defects, I proposed the possibility that preventing FN 

dimerisation could distort the binding of VEGF to FN and that the FNCC>SS/CC>SS phenotype could 

reflect a VEGF hypomorphism. 

To test this hypothesis, I sought to compare the level of VEGF receptor signalling in WT and 

FNCC>SS/CC>SS embryonic and extraembryonic tissue. VEGFR2 phosphorylation is an immediate effect 

of VEGF binding to the extracellular domain and thus reflects the bioavailability of VEGF and the 

represents the initiation of biochemical signalling events downstream of VEGFR2 receptor. Through 

immunoprecipitation of VEGFR2 from either embryo or yolk sac lysates, I was able to biochemically 

analyse the extent of VEGFR2 phosphorylation using a monoclonal antibody against phospho-

tyrosines (4G10) (fig. 8.36). This analysis revealed no difference in the degree of VEGFR2 

phosphorylation between WT and FNCC>SS/CC>SS embryonic or yolk sac tissue. Therefore, the 

FNCC>SS/CC>SS phenotype cannot be explained by reduced levels of VEGF and hence the 

morphological abnormalities of a FNCC>SS fibrillar matrix are not sufficient to ablate or distort the 

ability of the ECM to regulate the bioavailability of VEGF in the developing embryo. 

9.5 Non-cardiovascular defects in FNCC>SS/CC>SS embryos 

FNCC>SS/CC>SS embryos die at mid-gestation because this is a stage of development where 

cardiovascular function is crucial to the survival of the embryo. Midgestation represents a stage of 

development organogenesis, and by E9.5 a multitude of developmental processes are underway to 

shape the organs of the developing embryo. Because FNCC>SS/CC>SS embryos die at mid-gestation, we 

can barely discover the impact of monomerising FN on the formation of other organs. 

Serendipitously, the immunofluorescence imaging of α-SMA in whole mount embryos gave a glimpse 

of the developing myotome in FNCC>SS/CC>SS embryos, and thus an opportunity to examine the 

requirement for FN dimerisation in very early stages of myogenesis. 

Soon after the somites form through segmentation, they undergo a compartmentalisation that gives 

rise to the sclerotome (origin of vertebrae, ribs, and tendons of back muscles) and the epithelial 

dermomyotome (origin of skeletal muscle, dermal, some endothelium, smooth muscle, and brown fat 

precursors). Muscle progenitors that differentiate within the myotomal compartment of the somites 

enter the myogenic program in situ and form the segmented muscle masses, called the myotomes. In 

amniotes the myotome does not become innervated (Deries et al., 2008) and is only a transient 

structure that is transformed into the deep back muscles epaxially and into the intercostal and body 

wall muscles hypaxially (Deries et al., 2010). 

In the mouse, the formation of the myotome starts in the anterior somites at E8.5 (Venters et al., 

1999). At E9.5, myoblasts will have differentiated from myoblasts into myosin-positive myocytes, 

which elongate in the anterior-posterior axis of the embryonic body. By E10.5, myotomal myocytes are 

more numerous and span the entire width of the somite. After multiple stages of expansion in the 

dorso-medial to ventro-lateral direction, the myotome undergoes a developmentally regulated 



PhD Thesis - Josefine Gibson  Discussion 
 

 132 

translocation and splitting (Deries et al., 2010), which culminates in a new organisation into muscle 

masses by E12.5. 

The ECM plays an important role in several steps of myogenesis. FN is an abundant component of 

the ECM around the dermomyotome and myotome as well as within the intersegmental (intersomitic) 

boundaries at all stages of myotome development (Deries et al., 2012). Lack of FN in mouse embryos 

leads to defects in somitogenesis and neural tube morphogenesis (George et al., 1993; 

Georges‐Labouesse et al., 1996), and studies in the chick embryo have shown that FN is not only 

needed for somitogenesis, but also, once formed, the maintenance of the epithelial and segmented 

organisation of somites (Martins et al., 2009). In zebrafish, the development of the myotome from 

within the somites is also dependent on FN (Snow et al., 2008). Tenascin, another ECM protein found 

associated with somites, is deposited into a matrix within the intersegmental boundary and is thus 

much more restricted in its distribution than FN (Crossin et al., 1986; Deries et al., 2012). In a recent 

study that applied confocal imaging of whole-mount immunofluorescence-stained embryos followed 

by three dimensional image reconstruction, myotomal myocytes elongating across the full length of the 

segment were found to insert their tips into the FN- and tenascin-rich matrices at the intersegmental 

boundaries. With this FN and tenascin were proposed to serve a tendon-like function for myotomal 

myocytes (Deries et al., 2012). Elongated myocytes have also been found to express integrins on their 

tips, providing a plausible mechanism of achieving attachment to the intersegmental boundary; while 

the expression of integrins α4β1, αVβ3 and α5β1 is thought to enable the attachment of myotomal 

myocytes to FN matrix at the intersegmental border, the expression of αVβ3 would allow myocytes to 

also attach to tenascin (Bajanca et al., 2004; Deries et al., 2012). In addition to lining the intersegmental 

boundary, bundles of FN and tenascin fibrils have been described to run along the elongated 

myocytes, which puts FN and tenascin in a good position to promote the alignment of myocytes 

among each other (Deries et al., 2012). Despite this apparent central role of tenascin in muscle 

attachment, mice develop normally without tenascin (Saga et al., 1992), and hence FN must have the 

predominant role in providing a tendon-like substrate for myocyte attachment to intersegmental 

boundaries at this stage of myogenesis. 

Although myosin heavy chain is the traditional cell marker of myotomal myocytes (Bajanca et al., 

2004; Deries et al., 2012), I have identified this population of differentiated cells within E9.5 embryos 

by IF staining of α-SMA (fig. 8.12). In WT embryos, myotomal myocytes were readily identified as 

clusters of numerous, elongated and fully aligned α-SMA-positive cells that were seemingly attached to 

the intersegmental borders. In contrast, only very few α-SMA-positive cells were identified in the 

anterior-most somites of FNCC>SS/CC>SS embryos, and these were misaligned and misoriented. Hence 

despite somitogenesis proceeding to form around 20-somite pair stage, the subsequent 

compartmentalisation within the somite, which occurs as soon as a somite has formed, is severely 

distorted in the presence of monomerised FNCC>SS. At present, this myotomal myocytes defect is 

perhaps the clearest example of how cells fail to attach to and manoeuver along a substrate of 

monomerised FNCC>SS. However, it is not possible to conclude whether the requirement for dimeric 

FN lies in promoting myocyte differentiation from dermomyotomal myoblasts or whether FN 
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dimerisation ensures that the resulting FN matrix lining the intersegmental boundaries possesses the 

appropriate mechanical properties such that upon attachment, elongating myotomal myocytes will 

remain firmly attached. In a manner analogous to Drosophila muscle attachment defects (Dr. Frank 

Schnorrer, unpublished), myotomal myocytes that fail to attach to a substrate would round up and 

deteriorate. 

9.6 Conclusion and outlook 

In conclusion, the dimerisation motif of FN facilitates its assembly into a structurally complex and 

mechanically robust fibrillar matrix. However, monomerised FNCC>SS can be assembled into a matrix 

network in vivo and in vitro, in contrast to expectations from widely accepted models of FN 

fibrillogenesis. Hence, FN dimerisation is not required to assist integrin-mediated extension of the FN 

molecule to expose the cryptic FN-binding sites. Rather, FN dimerisation is required to promote the 

self-assembly of unfolded FN molecules into long and stable fibrils. FNCC>SS matrices generated in vitro 

show a drastic shortening of fibril length, and although less obvious, this shortening is also a feature of 

FNCC>SS matrices in vivo within the ECM of FNCC>SS/CC>SS embryonic tissue. The structural abnormality 

of the FNCC>SS matrix is associated with a significant reduction in the elastic modulus of the ECM that 

forms around FNCC>SS.  

To the developing FNCC>SS/CC>SS embryo, the consequences of preventing FN dimerisation are 

severe, and hence the requirement for the FN dimerisation motif is important. FNCC>SS/CC>SS embryos 

fail to develop beyond E10.5-11.5 for reasons that are most likely related to an inadequacy of the 

cardiovascular system to support the growing embryo at a stage where it becomes dependent on 

blood-based exchange of nutrients and gases with the mother, which it requires a circulatory system. 

Not only does the development of the heart tube in FNCC>SS/CC>SS embryos stall at the looping 

morphogenesis stage. Also the embryonic and extraembryonic blood vascular systems of FNCC>SS/CC>SS 

embryos show a lack of vascular vessel wall integrity as well as clear signs of endothelial remodelling 

and sprouting defects. A strong co-dependence between the cardiac and vascular system during 

development makes it difficult to discern which tissue is mostly affected by monomerised FNCC>SS, 

and why. An interesting speculation is that the cardiovascular system is the first tissue to develop that 

demands robust physical support from the ECM components of the basemene membrane. That is, the 

cardiovascular system is the first to fail in the absence of FN dimers because it is the first to challenge 

the compromised mechanical properties of the ECM containing monomerised FNCC>SS.  

While defects in the cardiovascular systems are responsible for embryonic lethality, the 

cardiovascular system is not the only tissue that is affected by the monomerisation of FNCC>SS. Such 

additional defects are far less obvious because they either (1) are not severe enough to cause embryonic 

lethality or (2) occur in tissues that have not fully developed by the time the embryo becomes 

dependent on the cardiovascular system. In the latter case, FNCC>SS could cause problems later during 

embryonic or postnatal development. One example of the latter situation was identified in the 

abberant numbers and orientation of the myotomal myocyte developing within the somites of 

FNCC>SS/CC>SS embryos. These myocytes use FN deposited along the borders of the somite for 
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attachment substrate, and it is particularly interesting that this failure to attach, align and elongate in 

the anterior-posterior axis of the embryonic body could reflect an inability of the monomerised 

FNCC>SS matrix to support myotomal myocyte attachment.  

Despite the multiple indications that ECM containing FNCC>SS matrix fails to meet the mechanical 

requirements of the developing tissues, integrin outside-in signalling assays and migration assays led to 

the conclusion that the small, but significant changes in the physical properties of the ECM caused by 

monomerisation of FN do not affect integrin function. In agreement with the role of FN in providing 

a template for the assembly of other ECM components, the assembly of LTBP-1 into a fibrillar matrix 

is indeed affected by the structural features of FN and is heavily distorted in the presence of the 

monomerised FNCC>SS matrix. Suprisingly, the effect of FNCC>SS on the morphology of the LTBP-1 

fibrillar matrix does not affect the abilty of the ECM to store latent TGF-β. Neither do the mechanical 

properties of the ECM containing FNCC>SS affect the abilty of αVβ6 integrins to mechanically release 

TGF-β from latency. Despite the phenotypic similarity between FNCC>SS/CC>SS embryos and mice with 

defects in the TGF-β signalling pathway, FNCC>SS/CC>SS embryos do not contain overtly abnormal 

levels or nuclear distribution of phosphorylated SMAD. Although a reduction in the transcript level of 

the specific phosphorylated SMAD1/5/8 gene target, Id1, was reduced in FNCC>SS/CC>SS embryos, this 

reduction was very mild and probably does not explain the severe phenotype. Similarly, assays of 

VEGFR2 signalling in embryonic tissue led to the conclusion that the dimerisation of FN does not 

affect the abilty of the ECM to regulate VEGF-A bioavailability.  

The FNCC>SS/CC>SS mouse is a model that reveals the role of FN dimerisation in building a robust 

ECM that can support tissue homeostasis and development. To come closer to understanding the 

requirement for FN dimerisation in vascular development would require futher studies in a well-

defined angiogenesis model system. For example, the mouse retina, where astrocyte-derived FN 

induces both integrin-dependent and –independent functions in endothelial cells and pericytes as they 

build the retinal vasculature, could offer a system for studying the requirement for FN dimerisation in 

angiogenesis. In an experiment similar to that described by Stenzel et al. (2011) the FNCC>SS/fl 

heterozygouse mice would be crossed with a mouse strain expressing Cre under the control of a 

astrocyte-specific promoter, such as GFAP-Cre, to generate a mouse model in which all GFAP-

expressing astrocytes no longer express WT FN, but express monomerised FNCC>SS. Analysis of the 

retinal vasculature, e.g. the vessel migratory length and branching as well as alignment and stability of 

tip cells along the FNCC>SS network, would provide an alternative approach to understanding the role 

of FN fibrillar structure imposed by the FN dimerisation motif in angiogenesis. 

Although pFN is dispensable for hemostasis, FN, along with fibrin, is an integral part of a 

thrombus to stop the bleeding from a damaged blood vessel. An alternative approach to examining the 

physical stability of the FNCC>SS matrix and its effect on thrombus stability could involve experiments 

testing bleeding times of FNCC>SS/fl Mx1Cre induced by pI:C. A compromise in thrombus stability 

caused by FNCC>SS matrix would cause longer bleeding times. 

The requirement for FN dimerisation in the regulation of VEGF-A was only addressed briefly in 

this project. Although the accumulated VEGFR2 signalling appeared unaffected by the monomerised 
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FNCC>SS, the effect on VEGF-A gradients was not addressed. The embryonic hindbrain is a tissue in 

which developing blood vessels migrate, expand and anastamose at the midline in effect of a VEGF-A 

gradient that reaches its peak at the midline. Histological analysis of VEGF gradients in the hindbrain 

of FNCC>SS/CC>SS embryos would show if monomerisation of FNCC>SS alters any aspect of the VEGF-A 

gradient, such as its steepness. 
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