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Interactions Between Neural Crest-Derived Cells
and Extracellular Microenvironment During
Cardiovascular Development

Sophie Astrof

Abstract Organ morphogenesis requires coordinated communications between

and within different populations of progenitors. Development of the mammalian

asymmetric aortic arch artery tree is an excellent model system to study genes and

mechanisms orchestrating complex inter-tissue interactions during organ morpho-

genesis. In this system, the initially symmetric vascular tree connecting the heart to

the embryonic circulation undergoes asymmetric remodeling in a highly stereo-

typed manner. This morphogenetic process is essential for the separation of arterial

and venous circulations and requires coordinated communication between cells of

mesoderm, endoderm, surface ectoderm, and the neural crest. While a number of

key signals have been identified, the means by which these signals are integrated to

drive this morphogenetic process is not well understood. One possible means by

which signaling by various growth factors can be integrated into precise develop-

mental programs is via the extracellular matrix. This review will examine roles of

extracellular matrix proteins in mediating growth factor signaling between neural

crest cells and the surrounding tissues during development of the cardiac outflow

tract and aortic arch arteries.

5.1 Introduction

Neural crest (NC) derivatives play a major role in cardiovascular development by

modulating morphogenesis of the cardiac outflow tract (OFT) and aortic arch

arteries (AAAs) (Fig. 5.1). Proper development of this vascular system is essential

for delivering deoxygenated blood to the lungs and oxygenated blood to the rest of

the body. Congenital malformations of this system lead to the most common and
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severe forms of human birth defects, which are often lethal if not corrected by

surgery in the first few days of life (Roger et al. 2011). A high proportion of AAA

remodeling defects are observed in patients with DiGeorge syndrome, the most

common chromosome microdeletion syndrome in humans, in 50 % of patients with

Down syndrome and in up to 90 % of patients with heterotaxy (defective left–right

patterning) (Moon 2006). Therefore, understanding genes and mechanisms

orchestrating morphogenetic processes leading to formation and remodeling

of the cardiac OFT and AAAs is essential for gaining insights into etiology,

diagnosis, prevention, and treatment of a large proportion of human congenital

heart defects.

NC is a population of progenitor cells located in the dorsal neural tube of

vertebrate embryos. Cardiac neural crest (CNC) resides within a particular region

of the neural tube located between the otic pit and the fourth somite (Chan et al.

2004; Leatherbury et al. 1990). Descendants of these cells play pivotal roles in OFT

septation resulting in formation of two separate vessels, the aorta and the pulmo-

nary trunk, development of cardiac conduction system, OFT valves, as well as in

asymmetric morphogenesis of the AAAs. Mutations in genes compromising CNC

development (directly or indirectly) give rise to lethal cardiovascular defects in

model vertebrate organisms and in humans (Wurdak et al. 2006) (Fig. 5.1a, b).

Development of the asymmetric cardiac outflow vasculature requires coordinated

communication between and within different populations of progenitor cells. This

review will examine the role of cell–extracellular matrix (ECM) interactions in

mediating inter-tissue communications between NC-derived cells and the

surrounding tissues during development of the cardiac OFT and AAAs.

Fig. 5.1 Cardiac neural crest and morphogenesis of cardiac outflow tract and aortic arch arteries.

(a) Left-side view of E9.5-10 mouse embryo. NC-derived cells are shown as blue dots.
Bracket marks the position of the CNC in the neural tube. Pharyngeal arch arteries are numbered.

dAo dorsal aorta. (b) Ventral view of the symmetric arch arteries at E10.5. (c–d) Ventral views of
the remodeled arch arteries in normal configuration and (e–f) in examples of disease

configurations. L left; R right; RCA, LCA right and left carotid arteries; RSA, LSA right, left

subclavian arteries; PT pulmonary trunk; Ao aorta; da ductus arteriosus. (d) da closes after birth
and degenerates, leading to separate aortic and pulmonary circulations. (e) Premature degeneration

or defective formation of the left fourth arch artery (orange) leads to interrupted aortic arch type B
(IAAB). (f) Degeneration or aberrant formation of the right fourth pharyngeal arch results in the

absent RSA; instead, the persistent right segment of the dorsal aorta (grey) forms vascular ring

around the trachea, termed RERSA, retroesophageal right subclavian artery
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Similar to other NC-derived populations, CNC-derived cells encounter changing

extracellular microenvironment as they transit from the dorsal neural tube to their

final destinations, and their interactions with various tissues are fundamental, not

only to the development of the CNC-derived lineages but also to the development

of tissues in close proximity to the CNC (Graham et al. 2005; Wurdak et al. 2006).

For example, signaling between CNC-derived cells and precardiac mesoderm is

essential for addition of the cardiac precursors to the OFT of the heart. Defects in

these interactions result in shortened OFT, leading to malrotation and malalignment

of major arteries with respect to the left and right ventricles of the heart (Waldo

et al. 2005). Similarly, interactions between blood vessel endothelial cells (derived

from the mesoderm) within the pharyngeal arches 3, 4, and 6 and the CNC-derived

cells are essential for recruitment of the CNC, their differentiation toward arterial

vascular smooth muscle cell (VSMC) fate, and remodeling of the initially symmet-

ric pharyngeal arch artery blood vessels into their final asymmetric arrangement

(High et al. 2008) (Fig. 5.1b). Signaling between the pharyngeal endoderm, meso-

derm, surface ectoderm, and the CNC is essential for navigation, proliferation,

survival, and differentiation of the CNC-derived cells, as well as for the down-

stream morphogenetic events such as OFT rotation, septation, and asymmetric

remodeling of the pharyngeal arch arteries (Fig. 5.3).

5.2 Extracellular Microenvironment Regulates Migration and
Navigation of CNC-Derived Cells

How interactions between transiting NC-derived cells and surrounding tissue

microenvironment mediate cardiovascular morphogenesis is not well understood.

There is evidence that short- and long-range signaling interactions between all

embryonic germ layers are important for NC migration, navigation, cell fate

specification, and cardiovascular morphogenesis (Calmont et al. 2009; Goddeeris

et al. 2007; Graham et al. 2005; Kirby and Hutson 2010; Liu et al. 2004; Macatee

et al. 2003; Park et al. 2008; Rentschler et al. 2010; Stuhlmiller and Garcia-Castro

2012; Urness et al. 2011) (Fig. 5.2). The extracellular milieu, which includes large

ECM glycoproteins, proteoglycans, and their cellular receptors, plays essential

roles in modulating interactions between the CNC and components of the pharyn-

geal microenvironment.

5.2.1 Migration of NC Cells Toward Their Target Destinations

Genes and mechanisms regulating routing of NC-derived cells toward their

eventual destinations are not well understood. A process termed contact inhibition

of locomotion (CIL) has been hypothesized to facilitate directional migration of cell
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cohorts during embryogenesis (Rovasio et al. 1983). In the case of the NC, CIL

involves transient homotypic interactions between NC-derived cells, preventing

cells at the front from moving back, while heterotypic interactions between NC-

derived cells and cells of other tissues do not have the same effect and allow NC cell

invasion. Noncanonical Wnt signaling and activation of Rho GTPases play essen-

tial roles in this process by limiting polarized lamellipodial protrusions to the

leading edge of NC cells traveling in front of the group (Carmona-Fontaine et al.

2008). In addition to CIL, NC cell co-attraction mediates migration of NC cells in

cohorts. In fish and frog, this process is mediated by the complement fragment C3a

and the C3a receptor, both of which are produced by NC-derived cells and are

required for cohesive migration of NC streams (Carmona-Fontaine et al. 2011).

Thus, NC cell homotypic CIL and co-attraction cooperate to promote directional

movement of swarms of NC-derived cells toward their target destinations.

Recent experiments in chick and genetic manipulations in mouse indicate the

existence of cues playing fine-tuning roles in migration and navigation of NC-

derived cells (Erickson et al. 1980; Gammill and Roffers-Agarwal 2010; Kulesa

and Gammill 2010). In vitro studies suggest that locomotion of NC cells depends on

composition of the ECM and the complement of ECM receptors expressed by

NC-derived cells. For example, compared with CNC, cephalic NC cells isolated

from the neural tube regions anterior to the otic pit exhibit different migratory

Fig. 5.2 Signaling within pharyngeal microenvironment. (a) Tissue-specific enrichment of FN

protein in the pharyngeal region. A schematic cross section through E9.5 embryo. NT neural tube,

CV cardinal vein, dA dorsal aorta, PAA pharyngeal arch artery, AS aortic sac, OFT outflow tract.

Greenmarks areas enriched in FN protein. Neural crest-derived cells are red ovals. Dorsal is at the
top; ventral is at the bottom. (b) Enlarged pharyngeal region shown in (a) depicting examples of

signaling pathways known to orchestrate signaling between endoderm, mesoderm, surface ecto-

derm, and the CNC during cardiovascular morphogenesis. FN protein is enriched at strategic

positions and is predicted to modulate some of the depicted intercellular signaling pathways
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properties when presented with increasing levels of FN. Migration speed and

persistence of cephalic NC cells do not change when these cells are plated on a

wide range of FN concentrations. However, increasing concentrations of FN lead to

decreased speed and increased migrational persistence of CNC cells (Xu et al. 2006).

Migrational persistence is defined as a length of time traveled in a straight line.

One reason for different migratory responses of NC cells originating at different

rostrocaudal levels of the neural tube could be due to a varied complement of

integrins, a major class of cell surface ECM receptors (Delannet et al. 1994; Haack

and Hynes 2001; Hynes 2002; Testaz et al. 1999). Cranial NC cells migrate faster

on laminin1 [LM-111 according to new nomenclature (Aumailley et al. 2005)]

relative to trunk NC cells. This has been attributed to a fast recycling rate of integrin

α6 in these cells (Strachan and Condic 2004). Trunk NC cells migrate 2–3 times

faster on FN than on LM-111 or collagen I, on which they exhibit a more persistent

migration (Rovasio et al. 1983). Trunk NC cells preferentially adhere and migrate

on FN when given a choice between FN, collagen I, LM-111, or glass. Although

when these cells are cultured on LM-111 for more than 24 h, their adhesion to LM-

111 improves, suggesting that NC-derived cells can adjust their properties

depending on the type of ECM substrate they encounter (Rovasio et al. 1983).

Navigation of NC-derived cells in the embryo may be modulated by a combina-

tion of attractive and repulsive cues. For example, attractive properties of fibronec-

tin (FN) can be modulated by versican and type 6 semaphorins, Sema6A and

Sema6B, all of which act as NC cell repellents (Dutt et al. 2006; Testaz et al.

2001; Toyofuku et al. 2008). Different classes of semaphorins expressed along the

dorsoventral axis further modulate the routing of NC cells toward their destinations

(Gammill and Roffers-Agarwal 2010; Kulesa and Gammill 2010; Toyofuku et al.

2008). For example, NC cells transiting through somites migrate through the

anterior of somite’s sclerotome. This pattern is determined by neuropilin (Nrp)

2 expressed both by NC cells in the anterior part of each somite and by

semaphorin (Sema) 3F expressed in somites’ posterior, repelling NC-derived cells

from this region. Global genetic ablation of either Nrp2 or Sema3F allows NC cells

to traverse through the entire width of a somite, without disturbing somite’s

anterior–posterior polarity itself. Interestingly, wild-type NC cells avoid Sema3F

+ territories, while Nrp2-deficient NC cells are not repelled by Sema3F (Gammill

et al. 2006).

5.2.2 Extracellular Microenvironment and Differentiation
of NC-Derived Cells

NC progenitor cell fate can be changed by surgical transplantation from one

position to another along the neural tube (Trainor et al. 2002). Such transplantation

experiments indicated that NC progenitor cell fate is plastic and can be determined

by short- and long-range signals emanating from tissue microenvironment
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(Le Douarin and Kalcheim 1999). In addition to modifying NC migration, various

components of ECM play distinct roles in modulating differentiation of NC-derived

cells. For example, plating NC cells from either cephalic or trunk regions on FN

promotes their differentiation toward smooth muscle cell lineage, while plating on

LM-111 or collagen IV does not (Costa-Silva et al. 2009). These experiments

suggest that varying levels and distributions of ECM molecules in vivo modulate

migration and differentiation of NC-derived cells.

5.3 Examples of ECM Macromolecules Modulating Neural
Crest Development In Vivo

ECM proteins modulate a multitude of signaling pathways involved in cell survival,

proliferation, migration, and differentiation and are prominently expressed within

embryonic tissues (Giancotti and Tarone 2003). Intriguingly, there is a large body

of evidence showing that ECM proteins are synthesized and distributed in nonuni-

form patterns within embryos (e.g., Fig. 5.3). For example, immunofluorescence

staining experiments showed that vitronectin, collagen, laminin, fibulin1, perlecan,

and FN proteins are highly abundant in some and greatly underrepresented in other

sites of the embryo and genetic ablation of fibulin1, α5 chain-containing laminins,

perlecan, or FN indicated that ECM plays essential and distinct roles in NC (and

CNC) development in vivo (Coles et al. 2006; Cooley et al. 2008; Copp et al. 2011;

Costell et al. 2002; Delannet et al. 1994; Duband and Thiery 1987; Gammill et al.

2007; Mittal et al. 2010; Peters and Hynes 1996). Intriguingly, expression studies of

genes encoding ECM macromolecules indicate that ECM mRNAs and proteins are

dynamically regulated during embryogenesis and are expressed and/or accumulate

as “hot spots” at specific embryonic sites implying that ECM proteins play tissue-

specific roles during embryonic development (Coles et al. 2006; Cooley et al. 2008;

Copp et al. 2011; Mittal et al. 2010) (Fig. 5.3).

5.3.1 Laminin α5

Laminins are extracellular protein heterotrimers composed of α, β, and γ chains. The

mRNA and protein of laminin α5 chain, a component of laminins 511, 521, and 523

(Aumailley et al. 2005) are distributed nonuniformly in the mouse embryo (Copp et al.

2011). At the early times of NC development, at embryonic day (E) E8.5, LAMA5
mRNA is expressed by cells in the upper third of the dorsal neural tube, in endoderm,

surface ectoderm including that of pharyngeal arches, and, weakly, in the pharyngeal

arch mesenchyme (Coles et al. 2006). By E9.5, LAMA5 mRNA becomes

downregulated in the neural tube anterior to the forelimb bud, while it remains

expressed in the posterior neural tube, pharyngeal arches, and the endoderm
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Fig. 5.3 Extracellular matrix proteins are expressed in nonuniform patterns during embryogene-

sis. (a, c, d, h) E9.5 right side views. (a) Laminin alpha 5 (LAMA5) mRNA. (b) E8.5. Transverse
section. LAMA5 protein (green) (Coles et al. 2006). (c) Fibulin1 mRNA. (d) Fibulin1 protein.

Sagittal section (Cooley et al. 2008). (e–j) Expression of FNmRNA and protein. (e) FN1mRNA is

expressed at the edges of the dorsal neural tube in 8–10 somite embryos (black arrows). Dotted
line is an approximate plane of section shown in (f). (f) FN mRNA is expressed by the dorsal

neural ectoderm (long arrow in the inset) and the surface, nonneural ectoderm (arrowhead in the

inset). Asterisk marks FN1 mRNA in pharyngeal pocket endoderm and short arrow points at

pharyngeal ectoderm. (g) Transverse section through a region containing CNC cells in a 10-somite

wild-type embryo. FN protein (green) is present between TFAP2α+ neural (arrow, inset) and
surface (arrowhead, inset) ectoderm. (h) FN1 mRNA expression is maintained at E9.5 in the

dorsal neural tube (black arrow) and within the region of branchial arches 3, 4, and 6 (bracket).
FN1 mRNA is also expressed by microvascular endothelial cells in the head (open arrow). (i)
Sagittal section through E9.5 embryo showing expression of FN protein. (j) FN protein is enriched

in branchial arches 3 and 4, compared with arches 1 and 2 (Mittal et al. 2010). (Printed with

permission from Developmental Biology)
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(Copp et al. 2011). However, laminin α5 protein is enriched at the basal sides of foregut
endoderm, surface ectoderm, and the neural tube. This pattern is distinct from the

pattern of LAMA5 mRNA (Coles et al. 2006; Copp et al. 2011) (Fig. 5.3a, b). The

presence of laminin α5 protein in the basement membrane surrounding the neural tube

suggests that laminin α5 protein diffuses away from the sites of its synthesis and that its

enrichment at certain embryonic sites could be determined by expression patterns of

cognate laminin receptors. Genetic ablation of LAMA5 leads to widening and fusion of
NC cell cohorts, reduction in the size, and a delay in the formation of initial ganglionic

condensations during early neurogenesis between E8.5 and E10.5, but remarkably

gangliogenesis largely recovers by E11. These observations (supported by in vitro data)

suggest that α5 chain-containing laminins play restrictive role(s) in NC migration by

facilitating proper routing of NC-derived cells to their destinations (Coles et al. 2006).

The authors of this paper also suggest an intriguing idea that the initial delay followed

by recovery of gangliogenesis at a later developmental time in LAMA5mutants implies

a role for LAMA5 in cessation of NC cell migration upon arrival at their destinations

(Coles et al. 2006).

5.3.2 Fibulin1

The mRNA of the ECM protein fibulin1 is highly expressed at the dorsal neural

tube, somitic and pre-somitic mesoderm, and in mesoderm containing presumptive

cardiac progenitors at E8.5 (Cooley et al. 2008). At E9.5, fibulin1 mRNA is

downregulated from the trunk neural tube anterior to the forelimb bud, while it

remains expressed in all pharyngeal arches. Interestingly, the localization of

fibulin1 protein does not match that of its mRNA at this time: fibulin1 protein is

highly enriched in the embryo mesenchyme lateral to the neural tube and dorsal to

the foregut, while it is virtually excluded from the pharyngeal arch mesenchyme,

containing Pax3+ cells (NC cells); in addition, fibulin1 is highly enriched within the

cardiac OFT (Cooley et al. 2008) (Fig. 5.3c, d). Global deletion of fibulin1 leads to

defects in cranial NC-derived structures such as facial skeleton, CNC-related

defects in thymus, and aortic arch artery development and in the development of

cranial nerves. Elevated apoptosis in NC-rich areas suggests that fibulin1 is impor-

tant for NC cell survival. Fusion of cranial NC streams in fibulin1 mutants suggests

that fibulin1 is important for the establishment and/or maintenance of proper routes

or boundaries of NC paths and implies that fibulin1 acts as a repellent for NC cells

contributing to cranial nerves IX and X (Cooley et al. 2008).

5.3.3 Fibronectin

FN gene, multipotent neural crest, and a closed, endothelial-lined vasculature are

vertebrate innovations (Hynes 2012). Investigation into the fate of the CNC in

global FN-null mouse mutants demonstrated that FN is not required for
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specification of the CNC precursors or for their exit from the dorsal neural tube. In

global FN-null mutants, CNC cells reach their distal destinations in the pharyngeal

arches and the cardiac OFT at appropriate developmental times and in grossly

normal patterns, indicating that FN is not required for CNC migration. Instead, FN

is required to maintain normal CNC cell numbers, by promoting CNC survival and

proliferation (Mittal et al. 2010).

FN is alternatively spliced at EIIIA, EIIIB, and V regions, and there is evidence

that alternative splice variants of FN containing EIIIA and/or EIIIB exons are also

involved in modulating CNC development. (Astrof et al. 2007; Astrof and Hynes

2009; Peters and Hynes 1996). The sequences of EIIIA and EIIIB are virtually

100 % conserved among vertebrates, while the sequence similarity between EIIIA

and EIIIB is low. Alternative splicing of these exons is dynamically regulated such

that they are nearly always included into FN protein around newly developing

blood vessels during embryogenesis or in pathologies involving new blood vessel

growth, while their expression is undetectable around mature, quiescent vasculature

in an adult (Astrof and Hynes 2009; Ffrench-Constant and Hynes 1989; Ffrench-

Constant et al. 1989; Peters et al. 1996). Concurrent deletion of EIIIA and EIIIB

exons from the FN gene leads to embryonic lethality depending on the genetic

background (Astrof et al. 2007). 80 % of EIIIA/EIIIB-double nulls die by E10.5 and

exhibit severe cardiovascular defects on mixed 129/C57BL/6J genetic background.

Of note are the small size of pharyngeal arches, dilated arch arteries, and paucity of

mesenchymal cells in the cardiac OFT, suggesting that EIIIA and/or EIIIB isoforms

of FN play important role(s) in the development of the CNC (Astrof et al. 2007).

Further studies are needed to explore potential roles of these splice variants in CNC

development and in morphogenesis of the cardiac OFT and AAAs.

5.3.4 FN mRNA Is Dynamically Regulated During
Embryogenesis

Detailed knowledge of cellular source(s) of ECM proteins and the identity of their

target cell populations is important for understanding the role of ECM during organ

morphogenesis. Examination of FN mRNA and protein expression at different

stages of embryogenesis indicated that the expression of this gene is dynamically

regulated in time and space (Mittal et al. 2010; Pulina et al. 2011). For example, by

the late headfold stage, FN protein surrounds the ventral node, and absence of FN

protein in global FN-null embryos leads to defective intercalation of cells within the

node leading to piling of nodal cells on top of each other and defective morphogene-

sis of the node (Pulina et al. 2011). This leads to aberrant specification of the

left–right asymmetric body plan, which in turn is required for the proper asymmet-

ric development of the cardiovascular system (Ramsdell 2005). At E8.0, FNmRNA

is highly expressed by the lateral plate mesoderm, by anterior definitive endoderm,

and by endothelial cells of the nascent heart tube. At a slightly later time point, in

5 Interactions Between Neural Crest-Derived Cells and Extracellular. . . 113



embryos containing 8–10 somites, FNmRNA is upregulated in the NC as well as in

the pharyngeal pocket endoderm, in pharyngeal surface ectoderm, and in splanch-

nic mesoderm, containing presumptive myocardial progenitors (Mittal et al. 2010).

At E9.5, FN mRNA is maintained in the dorsal neural tube and is present in the

newly emigrating NC cells (Mittal et al. 2010). At this time, FN is also expressed at

distinct locations within pharyngeal epithelia: pharyngeal pocket endoderm and

surface ectoderm (Figs. 5.2f and 5.3a) and in the pharyngeal mesoderm. Accord-

ingly, we found that FN protein is enriched in specific embryonic locations, which

correlate with the “hot spots” of FN mRNA (Figs. 5.3g, i, j, and 5.2a). Pharyngeal

endoderm, ectoderm, and mesoderm comprise pharyngeal microenvironment

regulating CNC cell proliferation, survival, differentiation, and remodeling of the

AAAs and the cardiac OFT. The presence of FN in this area suggests that this

protein could play an important role in intercellular and inter-tissue interactions

regulating development of organs containing NC-derived cells.

Our mRNA expression studies indicated that FN is expressed by populations of

progenitors known to give rise to all components of the heart and the cardiac OFT

vasculature: CNC, precardiac mesoderm, endothelium, and epicardium. Being

highly conserved among vertebrates, the distinct spatiotemporal distribution of

FN mRNA and protein implies that tissue-specific and timed synthesis of FN is

biologically important. What is the significance of tissue-specific expression of FN

(or other ECMmacromolecules)? And is there a difference in intracellular signaling

responses to paracrine and autocrine sources of FN? Recent studies indicated that

tissue-specific synthesis of FN by breast epithelial cells or by retinal astrocytes

plays important roles in morphogenesis of these organs. FN produced by breast

epithelial cells is important for their proliferation and lobuloalveolar development

(Liu et al. 2010). FN produced by retinal astrocytes is required for directional,

VEGF-dependent migration of blood vessels during retinal angiogenesis (Stenzel

et al. 2011b). We also have evidence that tissue-specific synthesis of FN by

pharyngeal endoderm, mesoderm, or neural ectoderm in the embryo plays essential

roles in morphogenesis of the cardiovascular system (S. Astrof, unpublished).

Because FN is essential for cardiovascular development and because cell adhesion

to FN is known to modulate a multitude of intracellular signaling pathways in vitro,

investigation of tissue-specific autocrine and paracrine functions of FN would

provide invaluable insights into mechanisms of intercellular communications

essential for cardiovascular morphogenesis.

In summary, nonuniform expression patterns of ECM proteins suggest that NC-

derived cells traversing the embryo encounter nonuniform and dynamic tissue

microenvironment, containing different gradients and assortments of ECM proteins

in time and space. Cell adhesion to different ECM proteins elicits diverse intracel-

lular signaling responses based on the presence of other signaling molecules and on

mechanical properties of tissues (Engler et al. 2006; Giancotti and Tarone 2003;

Hynes 2009). Studies cited above support the notion that interactions between the

NC-derived cells and the ECM modulate NC cell fate and morphogenesis of tissues

containing, derived from, or influenced by the transiting NC cells.
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5.4 Integrins Are Important for the Development of the Cardiac
Neural Crest

Integrins are a major class of cell surface receptors that bind ECM and activate

ECM-dependent intracellular signaling cascades regulating cell adhesion, migra-

tion, survival, proliferation, self-renewal, and differentiation in a context-dependent

manner. There are 18 alpha and 8 beta subunits in mammals; they are known to

comprise 24 distinct integrin heterodimers. Integrin beta 1 chain can combine with

12 distinct alpha chains forming 12 different integrin heterodimers with diverse

ligand specificities (Hynes 2002). Thus genetic deletion of integrin beta 1 leads to

the ablation of 12 distinct integrins, depleting cells from receptors with binding

specificities for a wide range of ECM proteins, including laminins, collagens, FN,

and other RGD-containing constituents of ECM.

Genetic experiments in mice indicate that integrins play important roles in NC

development (Breau et al. 2006) and the CNC in particular. Ablation of integrin

beta 1 usingWnt1-Cre transgenic mice leads to embryonic lethality by E12.5 (Turlo

et al. 2012). Unexpectedly, CNC migration does not depend on β1-containing
integrins. Instead, beta 1-deficient CNC cells cannot support proper development

of the pharyngeal arch arteries, and these mutants die due to severe dilation and

hemorrhage of these vessels (Turlo et al. 2012). Consistent with this finding, prior

experiments in the mouse and chick showed that integrin heterodimers containing

alpha 5 or integrin alpha 4 subunits (forming α5β1, α4β1, and α4β7 integrins) were
also not required for NC migration (Haack and Hynes 2001). Global ablation of

integrin alpha 5 indicated that this integrin was important for proliferation and

survival of the CNC (Mittal et al. 2010). Taken together these studies indicate that

individual integrin heterodimers or a combination of 12 β1-containing integrins are
not required to mediate NC migration.

Cell–ECM interactions mediated by integrins engage a number of downstream

signaling cascades, and NC-specific mutations in genes encoding downstream

effectors of integrin activation, such as Rac1, Cdc42, and FAK, give rise to

defective development of the cardiac OFT and reduced differentiation of CNC-

derived cells around pharyngeal arch arteries toward VSMC cell fate leading to

aberrant remodeling of the pharyngeal vascular tree (Fuchs et al. 2009; Thomas

et al. 2010; Vallejo-Illarramendi et al. 2009).

However, mechanisms by which integrins and their downstream effectors medi-

ate CNC-dependent cardiovascular development are not well understood.

ECM proteins are thought to function as platforms for integrating signaling

by diverse components of extracellular milieu and orchestrating intercellular

interactions during tissue morphogenesis (Hynes 2009). Analogously, we propose

that integrin-mediated cell–ECM interactions in the pharynx integrate combi-

natorial inputs from a variety of growth factor signaling pathways to orchestrate

the complex process of AAA morphogenesis (Fig. 5.2). In the section below,

we provide examples of how this integration could take place.
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5.5 Roles of Cell–ECM Interactions in Modulating Signaling
Pathways During CNC Development and Cardiovascular
Morphogenesis

5.5.1 Fibroblast Growth Factor Family

Signaling by fibroblast growth factors (Fgf) Fgf3, Fgf8, Fgf10, and Fgf15

individually and/or in combination is intimately involved in morphogenesis of the

cardiovascular outflow system. In vitro studies demonstrated that cell adhesion to

FN facilitates Fgf signaling, and it is possible that cell–ECM interactions modulate

tissue-specific responses to Fgf in vivo as well (Miyamoto et al. 1996). Fgfs

including Fgf8 and other growth factors bind FN (and probably other ECM

components), and Fgf8 was shown to function as a morphogen in vivo (Martino

and Hubbell 2010; Toyoda et al. 2010). Therefore, FN and probably other ECM

macromolecules could facilitate cellular responses to Fgf8 and other growth factors

by modulating their spatial distribution and bioavailability. Understanding how and

which components of the ECM are important for Fgf8 signaling in vivo is important

because Fgf8 plays a requisite (albeit an indirect) role in CNC development and

regulates morphogenesis of the cardiac outflow system. Deregulated signaling by

Fgf8 is implicated in the pathogenesis of human DiGeorge syndrome, the most

common chromosomal microdeletion syndrome in humans (Moon 2006).

While Fgfs signal to CNC cells, Fgf signaling to the CNC is not required for OFT

septation and pharyngeal arch artery remodeling (Park et al. 2006, 2008; Zhang

et al. 2008). Instead, Fgf signaling to the pharyngeal surface ectoderm, to pharyn-

geal endoderm, and to cardiac progenitors in the splanchnic mesoderm is required

indirectly, in part by regulating BMP signaling, to modulate CNC cell fate, number,

proliferation, survival, and activation of MAPK signaling pathway. Consequently,

tissue-specific autocrine Fgf8 signaling to surface ectoderm is required for the

formation of the fourth pharyngeal arch arteries, and autocrine signaling to

precardiac mesoderm and pharyngeal endoderm mediates rotation and septation

of the cardiac OFT. Interestingly, in addition to regulating gene expression of

transforming growth factor family members, Fgf8 signaling regulates expression

of semaphorins and plexins. Thus defective septation of the cardiac OFT in the

conditional Fgf8;Isl1Cre/+ mutants may be due in part to defective navigation of the

CNC cells (Cai et al. 2008; Macatee et al. 2003; Moon 2006; Park et al. 2006, 2008;

Urness et al. 2011; Vincentz et al. 2005).

The precise complement of intracellular components mediating Fgf signaling is

not fully understood. Similar to other RTKs, cell adhesion to FN leads to Fgf

receptor (FGFR) phosphorylation in a ligand-independent manner (Zou et al.

2012). Downstream signaling mediated by FN via integrins and by Fgfs via

FGFRs may involve common intracellular mediators activated by both pathways,

including FAK, src family kinases, src substrate, p130Cas, and Crkl (Li et al. 2003;

Zou et al. 2012). In vivo signaling by Fgf8 is mediated in part by phosphorylation of
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FRS2α and Crkl (Moon et al. 2006; Zhang et al. 2008). Fgf-mediated phosphoryla-

tion of Crkl and Erk1/2 in vivo is dependent on FAK, a well-known downstream

effector of integrin signaling (Vallejo-Illarramendi et al. 2009). Global deletion of

Crkl leads to similar (albeit milder) phenotypes seen in hypomorphic Fgf8 mutants

(Moon et al. 2006). Upon integrin-mediated cell–ECM adhesion, Crkl associates

with p130Cas and becomes recruited to focal adhesions in integrin-, src-, and

p130Cas-dependent manner (Li et al. 2003). In this light, it would be interesting to

investigate the detailed cardiovascular abnormalities in global p130Cas mutants,

which are reported to die at about E11.5–E12.5 from severe cardiac and vascular

defects (Honda et al. 1998). Crkl can also facilitate Fgf8 signaling in adhesion-

independent manner, by binding directly to the phosphorylated Tyr463 within the

YELP motif of FGFR1 upon cell stimulation with Fgf8. This binding leads to

activation of Rac1, Cdc42, and PAK in DOCK180-dependent manner and allows

full activation of Erk1/2, Raf1, and MEK1 (Seo et al. 2009). The importance of

these studies is underscored by the finding that Crkl is required for NC survival

in vivo (Moon et al. 2006). Significantly, Crkl is located within the 22q11 region

commonly deleted in human DiGeorge patients (Moon et al. 2006). Therefore,

mutations in Fgf8, Crkl, and p130Cas and in other mediators of Fgf8 signaling may

contribute to the severity and variability of symptoms observed in these patients. As

mentioned above, ECM may facilitate Fgf signaling by binding to and localizing

Fgf ligands at specific embryonic locations. In addition, syndecans serve as com-

mon co-receptors for FN-mediated integrin signaling and Fgf-mediated FGFR

signaling (Arrington and Yost 2009; Horowitz et al. 2002; Saoncella et al. 1999),

suggesting the existence of common FN–integrin–syndecan–Fgf–FgfR signaling

complexes in cells. Taken together, there exists compelling evidence for the

crosstalk and possible synergy between FN-, integrin-, and Fgf-mediated signaling

pathways. Future studies investigating details of these interactions would provide

important insights into mechanisms underlying defects in cardiovascular morpho-

genesis in human patients with congenital heart defects.

5.5.2 Platelet-Derived Growth Factor Family

Signaling by platelet-derived growth factor (PDGF) ligands is mediated by homo-

or heterodimers of PDGF receptors α and β. Concurrent deletion of both PDGFRs

from the NC is early neonatal lethal due to cardiovascular insufficiency and results

in 100 % penetrant defects in thymic development, ventricular septation, cardiac

OFT septation, and premature regression of the right fourth pharyngeal arch artery,

leading to the presence of vascular rings around trachea (Richarte et al. 2007).

These abnormalities are classically attributed to defective development of the CNC.

Formation, delamination, migration, proliferation, and survival of CNC cells were

not significantly affected in NC-specific PDGFRα/β-double null mutants. Interest-

ingly, there were fewer CNC cells present within the cardiac OFT implying a role

for CNC-specific PDGF signaling in the navigation of CNC cells into the heart
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(Richarte et al. 2007). Usually, defective persistence and remodeling of pharyngeal

arch arteries is associated with low numbers or defective differentiation of CNC

cells into αSMA+ VSMCs. However, normal numbers of αSMA+ cells were

present around the AAAs between E11.5–E13.5, the window of time during

which the symmetric pharyngeal arch artery vascular tree attains its mature asym-

metric configuration (Fig. 5.1b). Expression of PDGFR ligands by the pharyngeal

epithelia (PDGF-AA) and endothelium (PDGF-BB) suggests that signaling

interactions between pharyngeal microenvironment and CNC play requisite roles

in asymmetric remodeling of pharyngeal arch arteries even in the presence of

normal numbers and differentiation of CNC-derived VSMCs (Richarte et al. 2007).

Seminal studies in the 1990s demonstrated that cell adhesion, and in particular,

cell adhesion to FN mediated by integrin α5β1, is required for RTK activation and

signaling downstream of EGF, PDGF, and FGF receptors (Miyamoto et al. 1996).

Recent studies indicate that cell adhesion leads to pre-activation of RTKs in a

ligand-independent manner and potentiates growth factor signaling (Giancotti and

Tarone 2003). In case of PDGF signaling, cell adhesion to FN (but not to collagen I,

IV, or LM-111) leads to a ligand-independent activation of PDGFRs, mediated by

α5β1 and/or by αv-containing integrins (Veevers-Lowe et al. 2011). Extracellular

domains of PDGFRs and integrin α5β1 interact by virtue of their binding to heparin
sulfate (FN is heparinated) and co-localize in lamellipodia of migrating cells. FN

and PDGF-BB additively activate PDGFRβ signaling, and PDGF-BB can directly

bind to the extracellular domain of integrin α5β1 (Veevers-Lowe et al. 2011). Cell

adhesion to FN enhances PDGF-BB-mediated cell migration in integrin α5β1-
dependent manner. FAK is required for FN- and integrin α5β1-mediated phosphor-

ylation of PDGFRβ and for the subsequent phosphorylation and activation of Akt.

Taken together, these experiments suggest that cell–FN adhesion regulates PDGF

signaling and directional migration by a combination of at least two modes: (1) by

facilitating assembly of integrin–FN–growth factor–RTK signaling complexes and

(2) by activating integrin signaling (Veevers-Lowe et al. 2011).

5.5.3 Vascular Endothelial Growth Factor Family

Vascular endothelial growth factor (VEGF) family consists of VEGF-A, VEGF-B,

VEGF-C, and VEGF-D members, which have different roles in vascular and

lymphatic development in normal and pathological conditions (Lohela et al.

2009). VEGF-A growth factors exist in several isoforms arising from alternative

splicing of a single gene. VEGF-A isoforms of increasing lengths have increased

capacity for binding ECM macromolecules, including FN, and these interactions

potentiate VEGF-A signaling to cells (Wijelath et al. 2002). The shortest VEGF-A

isoform, VEGF-A120, does not bind ECM. Individual VEGFs play integral roles in

vascular development, and global VEGF-A haploinsufficiency in VEGF+/�mutants

leads to early embryonic lethality due to severe vascular insufficiency (Carmeliet

et al. 1996). Soluble and matrix-bound VEGF-A isoforms play distinct roles in
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cardiovascular development (Stalmans et al. 2003; van den Akker et al. 2007).

VEGF-A164 isoform has intermediate ECM-binding capacity compared with

VEGF-A120 and VEGF-A188 and is the only VEGF-A isoform that can bind Nrp1

(Lohela et al. 2009). Mice lacking VEGF-A164 isoform (e.g., mutants expressing

either VEGF-A120 or VEGF-A188 isoforms) develop a range of facial, thymic, and

cardiovascular abnormalities similar to those observed in patients with DiGeorge

syndrome, and mutations in the promoter of human VEGF-A are associated with

increased severity in cardiovascular defects of DiGeorge patients (Stalmans et al.

2003). Cardiovascular abnormalities in mice lacking VEGF-A164 include defective

septation of the cardiac OFT and aberrant/random remodeling of AAAs. Interest-

ingly, VEGF-A mRNA is highly expressed in the pharyngeal pocket endoderm,

while its co-receptor Nrp1 is expressed in the pharyngeal endoderm, in arch core

mesoderm, and in NC-derived cells; Nrp1 mutants also exhibit defective septation

of the cardiac OFT and aberrant remodeling of the AAAs (Kawasaki et al. 1999).

These observations suggest that signaling by VEGF-A within the pharyngeal

microenvironment and/or to the CNC is important for CNC development and

vascular morphogenesis. Signaling by VEGF-A164 regulates transcription of

Tbx1, a gene located within human 22q11 interval and often mutated in DiGeorge

patients; VEGF-A and Tbx1 genetically interact to mediate the proper development

of pharyngeal arch arteries (Stalmans et al. 2003). Taken together, these studies

support the notion that VEGF-A164-Nrp1-Tbx1 axis indirectly regulates CNC

development, vascular patterning, and penetrance of cardiovascular congenital

phenotypes in human patients (Calmont et al. 2009; Guris et al. 2006).

Recent studies indicate that cell adhesion to ECM via β1-containing integrins is

required for differential signaling activities elicited by soluble and matrix-bound

VEGF-A164 isoforms. Matrix-bound but not soluble VEGF promotes integrin

β1–VEGFR2 association and trafficking to focal adhesions. This association is

required for the prolonged (~30 min) phosphorylation of specific VEGFR2 residues

induced by the matrix-bound (but not soluble) VEGF and activation of P38 down-

stream of VEGFR2. In contrast, VEGFR2 phosphorylation by soluble VEGF is

downregulated within 5 min of stimulation and does not lead to activation of P38

(Chen et al. 2010). Taken together, these studies suggest that cooperation between

matrix-bound VEGF and signaling pathways engaged by cell–ECM interactions

facilitate VEGF-mediated septation of the cardiac OFT and remodeling of the

pharyngeal arch arteries.

5.5.4 Sonic Hedgehog

Sonic hedgehog (Shh) signaling to the CNC is tightly regulated. Either increased or

reduced Shh signaling to the CNC-derived cells leads to defective cardiovascular

development (Goddeeris et al. 2007). Shh produced by the pharyngeal endoderm is

required for CNC survival and consequently for the aorticopulmonary septation and

arch artery remodeling (Goddeeris et al. 2007). Autocrine Shh signaling to the
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endoderm is also important for these processes, while paracrine Shh signaling to

mesodermal precursors of the cardiac OFT is important for the OFT septation and

arch artery remodeling. These studies indicate that autocrine signaling by Shh to the

pharyngeal endoderm and paracrine signaling to early cardiac precursors lead to

production of a secreted factor(s), modulating CNC cell fate and vascular

remodeling; however, mechanisms of this regulation are not well understood

(Goddeeris et al. 2007).

How cell–ECM interactions regulate Shh-mediated signaling and cardiovascular

development within the pharyngeal microenvironment is not well understood;

however, they are probably important since cell–ECM communications are

known to modulate Shh activity (and vice versa) in other biological contexts. For

example, conditional ablation of β1-containing integrins in intestinal epithelial cells
leads to downregulation of Shh, Ihh, and FoxA2. Conversely, ectopic expression of

integrin β1 leads to increased expression of Shh and FoxA2 in a manner dependent

on activation of Akt, one of the downstream integrin effectors (Jones et al. 2006).

Extracellular ligands, mechanical forces, and intracellular factors can activate

integrin signaling by modulating integrin’s three-dimensional conformation (Astrof

et al. 2006; Hynes 2002). Shh negatively modulates NC cell adhesion and migration

by inhibiting conformational changes that lead to integrin β1 activation but not its

cell surface expression (Fournier-Thibault et al. 2009; Testaz et al. 2001). This

inhibition is mediated by solid phase rather than soluble Shh, and remarkably, it is

independent of Shh-mediated gene transcription, translation, cell fate specification,

or signaling involving the Patched-Smoothened-Gli pathway (Fournier-Thibault

et al. 2009; Jarov et al. 2003). These experiments show that in addition to and

independent of its role in patterning the neural tube (NT), Shh modulates the

balance between cell–cell and cell–ECM adhesion by modulating integrin activa-

tion in NC progenitors in vivo (Fournier-Thibault et al. 2009). Ectopic expression

of Shh in the NT abrogates activation of integrin β1, attenuating cell–ECM

interactions necessary for the detachment of the NC cells from the NT, and

promotes cell–cell adhesion by activating Cad6B, Daam1, and RhoB. These

changes in cell–cell and cell–ECM interactions occur much earlier than the

expected alterations in dorsal–ventral NT cell fates induced by ectopic Shh. The

inhibitory role of Shh in integrin activation and NC cell adhesion and migration can

be counteracted by agents that artificially activate integrins, such as Mn2+

(Fournier-Thibault et al. 2009) but not by cyclopamine or forskolin, known

inhibitors of canonic Shh signaling. Reducing the dose of Shh in vivo by sequestra-

tion of Shh leads to excessive delamination of NT cells (Testaz et al. 2001).

Interestingly, the inability of CNC to regenerate following ablation of the CNC

progenitor territory in the dorsal NT in the chick has been linked to excessive Shh

signaling (Hutson et al. 2009). Therefore, it would be interesting to determine

whether CNC regeneration in this model could be induced by integrin-activating

agents such as Mn2+. The role of a potential cross talk between Shh and cell–ECM

signaling pathways within the pharyngeal microenvironment in CNC development,

OFT septation, and arch artery remodeling remains to be investigated.
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5.5.5 Wnt

Wnt signaling to the NC is important for the maintenance/abundance of NC

progenitors as well as specification/balance of NC progenitor cell fates

(Hari et al. 2002, 2012; Ikeya et al. 1997). Wnt signaling regulates and is regulated

by cell–ECM interactions (De Langhe et al. 2005; Rallis et al. 2010); however, the

role(s) of cell–ECM interactions and Wnt signaling during cardiovascular morpho-

genesis are not well understood.

5.5.6 Notch

Notch signaling to the CNC and to cardiac progenitors of the OFT myocardium

is important for regulating OFT septation and vascular remodeling in the pharynx

and has been the subject of several recent reviews (Jain et al. 2010; Rentschler et al.

2010). Recent in vivo studies indicate that cell–ECM interactions modulate Notch

signaling during embryogenesis. For example, α4 chain-containing laminins facili-

tate blood vessel morphogenesis by regulating Notch signaling through integrin

β1-mediated upregulation of VEGFR2 and Dll4 mRNA (Stenzel et al. 2011a).

Signaling by β1-containing integrins during somitogenesis is important for activa-

tion of Notch signaling in a cell-autonomous manner by activation of integrin-

linked kinase (ILK) (Rallis et al. 2010). It will be interesting to investigate whether

cell–ECM interactions modulate Notch signaling during OFT septation and arch

artery remodeling.

5.5.7 Transforming Growth Factor Beta Family

Signaling by transforming growth factor beta (TGFβ) family members to the CNC

is required for the OFT septation and pharyngeal arch artery remodeling, in part by

regulating differentiation of CNC cells into VSMCs and expression of αSMA

(Kaartinen et al. 2004; Stottmann et al. 2004; Stottmann and Klingensmith 2011;

Wurdak et al. 2006). Numerous BMP and TGFβ ligands and their antagonists

orchestrate development of the CNC and CNC-dependent cardiovascular morpho-

genesis (Kirby and Hutson 2010). TGFβ ligands regulate synthesis of the ECM

proteins (Massague 1998); conversely cell–ECM interactions play an integral role

in regulating signaling by TGFβ family members (Shi et al. 2011). Most members

of this superfamily are synthesized in the inactive, latent form. At least two modes

of regulation are known to activate TGFβ ligands: (1) by proteolysis, to release

TGFβ homodimers from their pro-domains; this could be facilitated by association

between αv-containing integrins with cellular or secreted metalloproteinases or

(2) by mechanical forces, via integrin αv-mediated pulling and stretching of the

inactive, TGFβ-containing latent complexes (Wipff and Hinz 2008).

5 Interactions Between Neural Crest-Derived Cells and Extracellular. . . 121



Members of TGFβ family of proteins are synthesized as pro-peptides; their pro-

domains are cleaved off during exocytosis but remain non-covalently associated

with the mature TGFβ homodimers. These complexes (termed small latent

complexes, SLCs) render TGFβ inactive. TGFβ–SLCs are covalently bound to

latent TGFβ-binding proteins (LTBPs 1, 3, or 4), forming large SLC–LTBP latent

complexes via disulfide bonding of the pro-domain to the LTBPs (Todorovic et al.

2005). In the extracellular milieu, LTBP1 is covalently cross-linked to ECM

proteins including FN, VN, and/or fibrillin via transglutamination (Wipff and

Hinz 2008). TGFβ-containing SLC–LTBP1 complexes are inactive but can be

activated in vivo by proteolytic cleavage severing the covalent association of the

pro-domain with LTBP and releasing active TGFβ homodimers free of their pro-

domains or by a pulling force exerted by cells on SLC–LTBP1 complexes (Munger

et al. 1999). The latter has been best illustrated for the activation of

TGFβ1–SLC–LTBP1 complexes. The pro-domains of TGFβ(1–3) have an RGD

motif that can bind to and activate αv-containing integrin heterodimers. The tensile

force generated by the interactions between integrin cytoplasmic tails and the actin

cytoskeleton exerts a pulling force on the SLC and is counteracted by the covalently

bound LTBP1 anchored to the ECM, leading to stretching of the SLC–LTBP1

complex (McMahon et al. 1996; Sivakumar et al. 2006). Upon stretching of the

SLC–LTBP1, the embedded TGFβ homodimers pop out, and free from their pro-

domains, they are competent to bind TGFβ receptors and activate downstream

signaling; mutations that interfere with stretching of the SLC–LTBP1 complex

inhibit release of the active TGFβ (Shi et al. 2011).

Consistent with these studies, TGFβ signaling is downregulated in global LTBP1
mutant mouse embryos, which develop lethal cardiovascular defects characterized

by aberrant septation of the cardiac OFT and AAA remodeling defects (Todorovic

et al. 2007). In addition, elegant recent studies demonstrated the role of αvβ8-
mediated activation of TGFβ signaling during remodeling of retinal vasculature

(Hirota et al. 2011). In these studies, αvβ8 integrin expressed by retinal astrocytes is
required to activate TGFβ signaling in the closely apposed endothelial cells of

retinal blood vessels, and the absence of αv or β8 on the astrocytes leads to reduced
TGFβ response in the endothelial cells, blunted endothelial tip cell morphology,

and aberrant development of the retinal vascular plexus (Hirota et al. 2011). FN

expressed by retinal astrocytes is also required for retinal vascularization by

modulating directionality, alignment, and numbers of endothelial filopodia, in

part by binding to and facilitating signaling by VEGF-A (Stenzel et al. 2011a).

The importance of ECM proteins in modulating TGFβ signaling and human

pathology is underscored by the discovery that integral ECM proteins fibrillins

modulate activity of TGFβ and BMPs (Neptune et al. 2003; Nistala et al. 2010).

Fibrillin-1 binds and modulates activity of TGFβs, and deficiency of fibrillin-1

causes human Marfan syndrome characterized in part by dilation and rupture of the

ascending aorta (Neptune et al. 2003). Decrease or absence of fibrillins causes

increased availability of active TGFβ, leading to increased canonical and nonca-

nonical TGFβ signaling (Holm et al. 2011). Interestingly, the increase in nonca-

nonical TGFβ signaling pathway mediated by activation of Erk1/2 appears to be the

122 S. Astrof



main cause of abnormal aortic pathology in the fibrillin-1 mutant mouse model of

Marfan syndrome (Habashi et al. 2011; Holm et al. 2011). In conjunction with

integrins, abundance, composition, and mechanical compliance of the ECM modu-

late activity of TGFβ family members by regulating mechanical properties of the

microenvironment (Wipff and Hinz 2008). For example, while integrin α5 does not
appear to bind TGFβ-containing SLC complexes, FN fibrillogenesis mediated by

integrin α5 is important for αvβ6-mediated TGFβ signaling, and activation of latent
TGFβ is compromised in FN-null or integrin α5-null cells (Fontana et al. 2005).

Because FN binds LTBP1 and facilitates activation of latent TGFβ1-containing
complexes (Fontana et al. 2005) and because both LTBP1 and FN are synthesized

by the endoderm within the pharyngeal microenvironment, it would be interesting

to examine whether FN regulates TGFβ signaling and AAA remodeling.

5.5.8 Semaphorins, Plexins, and Neuropilins

Semaphorin signaling is essential for navigation of NC-derived cells through the

embryo, for the proper development of the CNC and, subsequently, for septation of

the cardiac OFT and AAA remodeling (Feiner et al. 2001; Schwarz et al. 2008;

Toyofuku et al. 2008). CNC cells traversing the embryo encounter repellent and

attractant types of semaphorins. Recent experiments in the chick and mouse suggest

that cues provided by the action of several diffusible types of semaphorins

expressed at the time of CNC migration and their receptors expressed by the

CNC cells could facilitate (a) exit of the CNC from the dorsal neural tube, (b)

navigation of the CNC to their destinations, and (c) CNC entry into the cardiac OFT

(Feiner et al. 2001; Schwarz et al. 2008).

Semaphorin and neuropilin signaling regulate (and could be probably regulated

by) cell–ECM interactions during vascular remodeling. Class 3 semaphorins,

Sema3A and 3F, provide repulsive cues for NC migration by signaling through

NC-expressed Nrp1 and Nrp2, to pattern cranial neurons and ganglia (Schwarz

et al. 2008). This mode of action is independent of the requirement for Nrp

signaling to the endothelium, which plays an important role in vascular remodeling

(Kawasaki et al. 1999; Schwarz et al. 2008). Signaling by Sema3A and 3F inhibits

integrin activation in vitro and in vivo, negatively regulates directional persistence

of migrating vascular endothelial cells, and is required for remodeling of the

primitive vascular plexus in chick and mouse embryos into the stereotypic, yet

nonuniform plexus of large and small blood vessels (Serini et al. 2003). Nrp1

regulates integrin-mediated endothelial cell adhesion in a manner that is separable

from its roles in VEGF-mediated activation or Sema3-mediated inhibition of cell

adhesion (Valdembri et al. 2009). Interestingly, Nrp1 potentiates cell adhesion to

FN but not to other large ECM glycoproteins vitronectin, collagen I, or LM-111,

suggesting that composition of extracellular microenvironment imparts specificity

to Nrp1-mediated vascular remodeling. Nrp1 potentiates integrin α5β1-dependent
cell spreading and FN matrix assembly on cell surfaces by facilitating integrin
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endocytosis and recycling. The extracellular portion of Nrp1 binds activated

integrin α5β1, while the intracellular SEA motif present within the short, 50-

amino acid cytoplasmic tail of Nrp1 facilitates binding of Nrp1 to endocytic adaptor

protein GIPC1 and a minus-directed motor protein Myo6 and targets activated α5β1
integrins into Rab5/Rab21-containing endocytic vesicles, which rapidly recycle

back to the plasma membrane. These experiments demonstrated that endothelial

Nrp1, GIPC1, and Myo6 are required to stimulate α5β1-mediated cell adhesion to

FN (Valdembri et al. 2009).

Cardiovascular defects in Nrp1-null embryos are similar to those observed in

Sema3C mutants, suggesting that Sema3C signaling mediated by Nrp1 participates

in AAA remodeling and OFT septation (Feiner et al. 2001; Kawasaki et al. 1999).

Interestingly, Sema3C signaling to endothelial cells mediated by endothelial

PlexinD1 and its Nrp co-receptors is required for cardiac OFT septation and

AAA remodeling (Gitler et al. 2004; Zhang et al. 2009). Thus a possible mechanism

underlying aberrant remodeling of pharyngeal arch arteries in Nrp1, PlexinD1, and

Sema3C mutants could be due to defects in integrin-mediated cell–ECM

interactions and signaling. In this regard, NC-specific mutations in genes encoding

downstream effectors of integrin activation, such as Rac1, Cdc42, and FAK, give

rise to defective development of the cardiac OFT and reduced differentiation of

CNC-derived cells around pharyngeal arch arteries toward smooth muscle cell fate

and aberrant remodeling of the pharyngeal arch arteries (Fuchs et al. 2009; Thomas

et al. 2010; Vallejo-Illarramendi et al. 2009). Intriguingly, FAK-deficient CNC

cells within the OFT do not express Sema3C (Vallejo-Illarramendi et al. 2009),

implicating integrin-mediated activation of FAK in regulation of semaphorin

expression and signaling. Future studies will determine whether cell–ECM

interactions modulate attractive and/or repulsive properties imparted by

semaphorin signaling to endothelial, NC, or other cell types during cardiovascular

development.

Mutations leading to decreased expression of Sema3C and PlexinA2 have been

observed in human patients with defective septation of the cardiac OFT (Kodo et al.

2009). These mutations disrupted the function of the transcription factor Gata6,

which directly binds to and activates transcription from Sema3C and PlexinA2

promoters (Kodo et al. 2009; Lepore et al. 2006). Function of Gata6 in the CNC

cells is required for the septation of the cardiac OFT and remodeling of AAAs

(Lepore et al. 2006). Therefore, understanding genes, pathways, and interactions

regulating expression and signaling by semaphorins and plexins would provide

further insight into human congenital cardiovascular disorders.

5.6 Conclusions

ECM components such as FN, laminins, collagens, and others have long been

known to modulate growth factor signaling in vitro; however, signaling pathways

engaged by the ECM macromolecules in vivo and especially during embryogenesis

124 S. Astrof



are not well understood. Examples given above illustrate how cell–ECM

interactions could facilitate signaling by a variety of growth factors important for

the proper morphogenesis of the cardiac outflow vasculature. We hypothesize that

the dynamic and nonuniform distributions of ECM macromolecules within

embryos impact combinatorial signaling outcomes and orchestrate inter-tissue

communications, which affect cellular positions, shapes, fates, and functions during

OFT septation and AAA morphogenesis.
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