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Abstract

Receptor tyrosine kinases (RTKs) bind to a subset of growth factors on the surface of cells
and elicit responses with broad roles in developmental and postnatal cellular processes.
Receptors in this subclass consist of an extracellular ligand-binding domain, a single
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transmembrane domain, and an intracellular domain harboring a catalytic tyrosine
kinase and regulatory sequences that are phosphorylated either by the receptor itself
or by various interacting proteins. Once activated, RTKs bind signaling molecules and
recruit effector proteins to mediate downstream cellular responses through various
intracellular signaling pathways. In this chapter, we highlight the role of a subset of
RTK families in regulating the activity of neural crest cells (NCCs) and the development
of their derivatives in mammalian systems. NCCs are migratory, multipotent cells that
can be subdivided into four axial populations, cranial, cardiac, vagal, and trunk. These
cells migrate throughout the vertebrate embryo along defined pathways and give rise
to unique cell types and structures. Interestingly, individual RTK families often have spe-
cific functions in a subpopulation of NCCs that contribute to the diversity of these cells
and their derivatives in the mammalian embryo. We additionally discuss current
methods used to investigate RTK signaling, including genetic, biochemical, large-scale
proteomic, and biosensor approaches, which can be applied to study intracellular sig-
naling pathways active downstream of this receptor subclass during NCC development.

1. INTRODUCTION

Growth factors encompass an expansive range of proteins, cytokines,
and hormones that bind to receptors on the surface of cells and stimulate
various cellular activities. A subset of these factors signal through
membrane-spanning receptor tyrosine kinases (RTKs) and elicit wide-
ranging responses with broad roles in developmental and postnatal cellular
processes, such as proliferation, growth, survival, apoptosis, adhesion,
migration, differentiation, metabolism, cell-cycle progression, transcription,
RNA processing, protein synthesis, vesicle trafficking, and autophagy.
All RTKSs share a basic structural framework consisting of an extracellular
ligand-binding domain, a single transmembrane domain, and an intra-
cellular domain harboring a catalytic tyrosine kinase (Fig. 1) and regulatory
sequences that are phosphorylated either by the receptor itself or by
various interacting proteins. RTKs are activated by ligand binding that,
in the case of most receptors, induces receptor dimerization and promotes
tyrosine kinase activity. In some instances, such as for the fibroblast growth
factor (FGF) receptor, interactions with additional extracellular proteins
including heparan sulfate proteoglycans are required for maximal receptor
dimerization and activation (reviewed in Lemmon & Schlessinger, 2010;
Schlessinger, 2000).

Tyrosine autophosphorylation sites in the noncatalytic portions of the
receptor intracellular domains act as docking sites for signaling molecules
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Figure 1 Schematic representation of the 12 RTK families involved in mammalian NCC
development. The family name and RTK class are listed below each receptor, while the
interacting ligands are listed above. Structural domains in the extracellular and intracel-
lular portions of the receptors are depicted according to the key at right.

containing phosphotyrosine recognition motifs such as Src homology 2
(SH2) or phosphotyrosine-binding (PTB) domains. SH2 domain-
containing interacting proteins include a subset with intrinsic enzymatic
activity, including Src family tyrosine kinases, phosphatidylinositol
3-kinase (PI3K), the tyrosine phosphatase SHP-2, phospholipase Cy
(PLCY), and GTPase-activating protein (GAP); the signal transducer and
activator of transcription (Stat) family of transcription factors; and adaptor
proteins such as Shc, growth factor receptor-bound proteins (Grb) 2/7/
10/14, Crk/Crkl, and Nck. PTB domain-containing proteins that bind
RTKs include FGF receptor substrate (Frs) 2/3 and insulin receptor sub-
strate (IRS) 1/2. Once bound, these molecules employ various additional
domains (pleckstrin homology, FYVE, SH3, WW, PDZ, etc.) to establish
multiprotein signaling complexes. Upon recruitment, effector proteins are
activated by several mechanisms, such as membrane translocation, confor-
mational changes, and/or tyrosine phosphorylation, and subsequently medi-
ate downstream cellular responses through a variety of intracellular signaling
pathways (reviewed in Lemmon & Schlessinger, 2010; Schlessinger, 2000).
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Despite the fact that the various RTKs interact with similar subsets of
signaling molecules and utilize an overlapping network of intracellular sig-
naling pathways to stimulate a range of cellular activities, biological specific-
ity is introduced at several levels to generate a unique response downstream
of receptor activation. First, the expression of individual growth factors and
their corresponding RTKs is neither ubiquitous nor continuous within the
embryo, thereby localizing their activity to specific tissues and/or timepoints
during development. Similarly, the inherent binding properties of individual
R TKs combined with enrichment of interacting proteins and their effectors
at particular sites together dictate the unique combination of signaling mol-
ecules that are engaged by the various RTKs. Second, the requirement in
some cases for additional interactions with extracellular proteins to optimize
receptor dimerization and activation adds an extra layer of constraint for a
subset of RTKs, for example, FGFR. Additionally, the ability of some
RTK families, such as the erythroblastic leukemia viral oncogene homolog
(ErbB) receptor and the platelet-derived growth factor (PDGF) receptor
families, to induce signaling downstream of both homodimeric and
heterodimeric receptor complexes may impart distinct effects on cellular
behavior. Finally, differences in the strength and duration of signaling path-
way activation induced by various RTKs have been shown to alter down-
stream biological responses (reviewed in Lemmon & Schlessinger, 2010;
Schlessinger, 2000).

Here, we will discuss the role of a subset of RTK families in mediating
the activity of neural crest cells (NCCs) and the development of their deriv-
atives in mammalian systems, with a particular emphasis on their role in the
mouse embryo (Table 1). NCCs are migratory, multipotent cells that play a
critical role in vertebrate development. During mammalian embryogenesis,
NCC:s arise at the border of the neural ectoderm, undergo an epithelial to
mesenchymal transition, and subsequently delaminate from the cranial neu-
ral folds or dorsal neural tube. They can be subdivided into four axial
populations, cranial, cardiac, vagal, and trunk, which migrate throughout
the embryo along defined pathways and contribute to diverse derivatives
(Fig. 2). Cranial, or cephalic, NCCs originate from the forebrain to the
hindbrain, which is segmented into seven transient neuroepithelial
rhombomeres, and populate the frontonasal prominence and pharyngeal
arches 1—4. These cells give rise to the bone and cartilage of the frontonasal
skeleton and cartilages of the jaw, middle ear, hyoid, and thyroid. Cranial
NCCs additionally generate smooth muscle, tendons, connective tissue,
melanocytes, and cranial sensory ganglia of the peripheral nervous system



Table 1 RTKs contributing to murine NCC development

Family Receptor

Mouse model NCC phenotype(s) Function

ErbB EGFR
receptors

Craniofacial abnormalities (cleft
palate, misshapen snout,
micrognathia, and abnormal
Meckel’s cartilage development)

Defective cardiac semilunar
valvulogenesis

ErbB2

Hypoplastic cranial sensory and Migration
sympathetic ganglia, loss of sensory

and motor neurons, and absent

Schwann cells in the peripheral

nerves

Absence of cardiac ventricular
trabeculae

ErbB3

Hypoplastic cranial, dorsal root,
sympathetic, and enteric ganglia;
absent Schwann cells in sensory and
motor neurons

Absence of mesenchyme in cardiac
cushions; hypoplastic cardiac valves

ErbB4

Misprojections of cranial sensory ~ Migration
ganglia

Absence of cardiac ventricular

trabeculae
Eph EphA4  Coronal synostosis Migration
receptors
FGF FGFR1  Craniofacial abnormalities (cleft Survival and migration

receptors

palate, cleft lip, micrognathia,
abnormal tooth bud development,
inner ear malformations, and
hypoplastic hyoid)

FGFR2

Craniofacial abnormalities (domed Survival and migration
head, dysmorphic cranial base,

craniosynostosis, cleft palate,

misshapen snout, abnormal tooth

bud development, and inner ear

malformations)

Kit Kit
receptor

Defective pigmentation Survival and migration

Absent small- and medium- Differentiation
diameter sensory neurons in dorsal
root ganglia

Continued



Table 1 RTKs contributing to murine NCC development—cont'd

Family Receptor Mouse model NCC phenotype(s) Function
MET MET Ectopic melanoblasts Survival and
receptor differentiation
MuSK  MuSK Impaired segmental trunk NCC Migration

receptor

migration

PDGF
receptors

PDGFRa

Craniofacial bone hypoplasia (cleft
palate; cleft lip; shortening of the
premaxilla; and malformations of
the basisphenoid, alisphenoid, and
pterygoid bones)

Migration and
proliferation

Thymus hypoplasia

Cardiac outflow tract defects

Migration

Defective pigmentation

PDGFRp

Cardiac ventricular septal defects

Migration

PTK7
receptor

PTK7

Misshapen cranial and dorsal root
ganglia

Distribution

Cardiac outflow tract defects;
cardiac ventricular septal defects

RET
receptor

RET

Absent enteric ganglia

Survival, migration,
proliferation, and
differentiation

Neuronal loss in dorsal root and
sympathetic ganglia

ROR

receptors

Ror2

Craniofacial bone hypoplasia (cleft
palate, short snout, and
micrognathia)

Migration and
proliferation

Cardiac ventricular septal defects

Trk

receptors

TrkA

Neuronal loss in trigeminal, dorsal
root, and sympathetic ganglia

Defective thymus development

Differentiation

TrkB

Neuronal loss in trigeminal and
dorsal root ganglia

Survival

Defective enteric glial cell
development

TrkC

Neuronal loss in trigeminal and
dorsal root ganglia

Cardiac atrial and ventricular septal

defects; valvular defects

The RTK families and individual receptors are listed, along with the NCC phenotype(s) of their
corresponding mouse models and their functional role(s), if known, in regulating NCC activity.
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Cranial NCCs and derivatives
EGFR, ErbB2, ErbB3, ErbB4
Ephrin-A4, -A5, -B1, -B2, EphA4 |
FGF8, FGFR1, FGFR2
PDGF-A, PDGF-C, PDGFRa
PTK7
Wnt5a, ROR1, ROR2

Trunk NCCs and derivatives
ErbB2, ErbB3

TrkA, TrkB, TrkC Eprl:'lg:;BZ
VEGF-A i
Kitl, Kit
MuSK
PDGFRa
PTK7
GDNF
Vagal NCCs and derivatives TrkA, TrkB, TrkC
ErbB3
HGF
GDNF, RET

Cardiac NCCs and derivatives
EGFR, ErbB2, ErbB3, ErbB4
Ephrin-B1, -B2

TrkB

PDGF-A, PDGF-B, PDGF-C, PDGFRa, PDGFRf
PTK7
Wnt5a, ROR1, ROR2
TrkC
VEGF-A

Figure 2 Schematic diagram of an E11.5 mouse embryo in which the target tissues of
the four axial NCC populations are broadly highlighted. Ligands and corresponding
RTKs contributing to the development of each population and its derivatives are listed.

as well as contribute to the formation of the eye, teeth, thyroid gland, para-
thyroid gland, and thymus. Cardiac NCCs are a subpopulation of cranial
NCC:s that arise as far rostrally as the otic vesicle and contribute to the
aorticopulmonary septum and the caudal pharyngeal arch arteries. Vagal
and sacral NCCs generate the enteric ganglia of the gut peripheral nervous
system. Finally, trunk NCCs, which originate caudally to the cranial NCC
domain, give rise to melanocytes, the dorsal root and sympathetic ganglia of
the peripheral nervous system, Schwann cells, and the adrenal medulla
(reviewed in Mayor & Theveneau, 2013; Trainor, 2005).

In humans, diseases stemming from defects in NCC activity are collec-
tively referred to as neurocristopathies (Bolande, 1974). These diseases fall
under two broad categories: congenital malformations and neoplasms.
Dysgenetic neurocristopathies encompass craniofacial malformations; pig-
mentary disorders; diseases of the peripheral nervous system, such as
Hirschsprung’s disease; and syndromes aftecting multiple sites throughout
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the body, such as DiGeorge, Kallmann, and craniofrontonasal (reviewed in
Bolande, 1997; Etchevers, Amiel, & Lyonnet, 2006).

‘While not all RTK families have been shown to play a role in mamma-
lian NCC development, those that do often have specific functions in a sub-
population of NCCs that contribute to the diversity of these cells and their
derivatives in the mammalian embryo (Table 1 and Fig. 2). The combined
application of genetic, proteomic, and in vivo biosensor approaches to inves-
tigate RTK signaling promises to shed further light on the intracellular sig-
naling pathways active downstream of this receptor subclass during NCC
development.

2. RTK SIGNALING IN MAMMALIAN NCC DEVELOPMENT
2.1. ErbB receptors

In mammals, the ErbB family is composed of 11 ligands, epidermal growth
factor (EGF), heparin-binding EGF-like growth factor (HB-EGF), trans-
forming growth factor-o (TGF-a), amphiregulin, betacellulin, epigen,
epiregulin, and neuregulins 1—4, which variously bind and activate 3 recep-
tors, ErbB1 (also known as Her1, EGFR), ErbB3 (Her3), and ErbB4 (Her4).
A fourth receptor, ErbB2 (Her2, Neu), does not directly bind ligands
(Stein & Staros, 2000). The ErbB receptors are composed of an extracellular
region harboring four subdomains organized as a tandem repeat of homol-
ogous domains, leucine-rich 1 (LR1), cysteine-rich 1 (CR1), LR2 and
CR2, and a cytoplasmic tyrosine kinase domain (Bajaj, Waterfield,
Schlessinger, Taylor, & Blundell, 1987; Ullrich et al., 1984; Fig. 1). While
the neuregulins mainly activate ErbB3 and ErbB4, the remaining ligands in
the family primarily activate EGFR (Leahy, 2004). ErbB2, which lacks a
known ligand, and ErbB3, which lacks an active kinase domain (Guy,
Platko, Cantley, Cerione, & Carraway, 1994), are incapable of signaling
on their own and heterodimerize with other receptors in the family to
potentiate a signal (Citri, Skaria, & Yarden, 2003; Klapper et al., 1999).
EGFR is expressed in various epithelial tissues throughout the develop-
ing embryo (Sibilia & Wagner, 1995). Homozygous null mice show strain-
dependent phenotypes ranging from peri-implantation lethality stemming
from inner cell mass defects to midgestation lethality owing to placental
defects and perinatal lethality approximately 3 weeks after birth (Sibilia &
Wagner, 1995; Threadgill et al., 1995). In the latter case, mice display abnor-
malities in the development of several organs, including the brain, eye, lung,
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kidney, liver, gastrointestinal tract, skin, and hair follicles (Miettinen et al.,
1995; Sibilia & Wagner, 1995; Threadgill et al., 1995). Homozygous
null neonates additionally exhibit defects in NCC-derived structures in
the face and heart. These include craniofacial abnormalities such as cleft
palate, misshapen snouts, micrognathia, and abnormal Meckel’s cartilage
development, which are caused, at least in part, by decreased matrix
metalloproteinase secretion (Miettinen et al., 1999), as well as defects in
semilunar valvulogenesis mediated through signaling of the tyrosine phos-
phatase SHP-2 (Chen et al., 2000).

Targeted disruption of Erbb2, Erbb3, or Erbb4 receptors in mice results in
embryonic lethality during midgestation and a subset of overlapping NCC
phenotypes (Erickson et al., 1997; Gassmann et al., 1995; Lee et al., 1995;
Riethmacher et al., 1997). ErbB2 is expressed in the mouse nervous system
and cardiac myocytes during development, and Erbb2 homozygous null
embryos display defects in cranial sensory ganglia, sympathetic ganglia, motor
nerve, and heart development, due in part to defects in NCC migration
(Britsch et al., 1998; Lee et al., 1995). Genetic rescue of the cardiac defects
of Erbb2 mutant mice revealed an absence of NCC-derived Schwann cells
in the peripheral nerves and loss of motor and sensory neurons (Morris
etal., 1999; Woldeyesus et al., 1999). Embryos homozygous for a kinase-dead
Erbb2 allele recapitulate the null phenotypes, indicating that the catalytic activ-
ity of ErbB2 is required for proper development (Chan, Hardy, Laing,
Hardy, & Muller, 2002). Moreover, analysis of an allelic series of
autophosphorylation mutant knock-in mice at the Erbb2 locus revealed a role
for Shc adaptor signaling in mediating the activity of the receptor in cutaneous
sensory neurons (Chan, Hardy, Dankort, Laing, & Muller, 2004). Consistent
with expression of Erbb3 in murine NCCs, brain, Schwann cells, various
ganglia, and heart, among other sites (Britsch et al., 1998; Meyer et al.,
1997), Erbb3 homozygous null embryos exhibit brain defects, a lack of
Schwann cell precursors accompanying sensory and motor neurons, defects
in cranial ganglia, dorsal root ganglia, sympathetic ganglia and enteric ganglia,
and heart abnormalities (Erickson etal., 1997; Riethmacheretal., 1997). Erbb4
is expressed in the brain and myocardium, and Erbb4 homozygous null
embryos accordingly display defects in innervation of the hindbrain and
heart development (Gassmann et al., 1995). Moreover, abnormal migration
of hindbrain-derived cranial NCCs in Erbb4 mutant embryos results in mis-
projections, and in some cases fusions, of the cranial sensory ganglia
(Golding, Trainor, Krumlauf, & Gassmann, 2000).
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2.2. Eph receptors

The erythropoietin-producing hepatocellular carcinoma (Eph) receptors are
the largest subfamily of RTKs in vertebrates and are subdivided into two
classes, A-type and B-type, based on homology and ligand-binding affinities
(Gale et al., 1996). In mammals, the family consists of 8 Eph receptor-
interacting (ephrin) proteins, ephrin-A1-5 and ephrin-B1-3, and 14 Eph
receptors, EphA1-8, EphA10, EphB1-4, and EphB6, which are capable
of bidirectional signaling. Signaling downstream of Ephs upon ephrin bind-
ing constitutes forward signaling, while activation of signal transduction
pathways downstream of ephrins upon interaction with Eph receptors com-
prises reverse signaling (Bruckner, Pasquale, & Klein, 1997; Davy &
Soriano, 2005; Holland et al., 1996). Ephrin-A proteins are tethered to
the membrane via a glycosylphosphatidyl inositol anchor, while ephrin-B
proteins possess a transmembrane domain and a cytoplasmic domain harbor-
ing a PDZ-domain-binding motif (Davis et al., 1994; Lin, Gish,
Songyang, & Pawson, 1999). Eph receptors are composed of an extracellular
region with a globular domain, a cysteine-rich region and two fibronectin
type III repeats, and an intracellular region consisting of a tyrosine kinase
domain, a SAM domain, and a carboxyl-terminal PDZ-domain-binding
motif (Hirai, Maru, Hagiwara, Nishida, & Takaku, 1987; Fig. 1). Ephrin
proteins and Eph receptors typically interact within their subclass (Gale
et al., 1996), with few exceptions: ephrin-A5 can also bind EphB2 and
EphA4 is also capable of binding to all B-type ephrins.

Despite the considerable number of proteins in the Eph receptor family
and their extensive roles during mammalian development, relatively few,
ephrins-A4, -A5, -B1, -B2, and EphA4, have been demonstrated to regulate
NCC activity in the embryo. The majority of the functional studies in mice
have addressed the roles of ephrins-B1 and -B2 in controlling the migration
of various NCC populations. Ephrin-B1 and its cognate receptors are
expressed in cranial NCCs. Efnb1 null embryos as well as those with con-
ditional inactivation of the gene in NCCs using the Wnt1-Cre driver exhibit
abnormalities in cranial and cardiac NCC migration and partially penetrant
defects in the palate and tympanic ring (Davy, Aubin, & Soriano, 2004).
Mice harboring point mutations in Efnb1 that disrupt reverse signaling path-
ways do not display craniofacial abnormalities, indicating that the NCC
defects observed in Efnb1 null mutants are due to impaired forward signaling
(Bush & Soriano, 2009). Similarly, Ephrin-B2 forward signaling from the
branchial arch surface ectoderm through its cognate receptors in cranial
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NCCs is required for proper cranial NCC migration and subsequent bran-
chial arch morphogenesis. Whereas Efnb2 null embryos variably exhibit
hypoplastic first and second branchial arches and reduced aortic arches
and fifth (trigeminal) cranial ganglia due to impaired NCC migration
(Adams et al., 2001; Davy & Soriano, 2007), these defects are rescued in
embryos hemizygous for a null allele in combination with an allele encoding
an ephrin-B2 protein lacking tyrosine resides required for reverse signaling
(Davy & Soriano, 2007). Ephrin-B2 is also expressed in the posterior half of
somites (Davy & Soriano, 2007; Wang & Anderson, 1997), while its cognate
receptors are expressed in migrating trunk NCCs (Wang & Anderson,
1997). As such, Efnb2 null embryos additionally exhibit trunk NCC migra-
tion defects with an invasion of NCCs into the posterior half of somites
(Davy & Soriano, 2007). Furthermore, conditional ablation of Efnb2 in
NCCs using the Wnt1-Cre driver impairs migration of the thymus into
the thoracic cavity due to defects in the motility of NCC-derived thymic
mesenchymal cells (Foster et al., 2010). Efub1/Efnb2 compound heterozy-
gous embryos display further abnormalities in tissues composed of NCC-
derived mesenchyme, including the salivary gland and eyelid, indicating that
the two proteins act redundantly at these sites (Davy & Soriano, 2007),
though their exact mechanism of action on these tissues is unknown.

Additionally, both ephrin-A4 and EphA4 have been shown to play a role
in establishing calvarial boundaries. In a Twist1 haploinsufficiency model of
coronal synostosis, typified by premature fusion of the suture between the
NCC-derived frontal bone and the mesoderm-derived parietal bone,
reduced ephrin-A4 distribution in the suture accompanies a boundary defect
wherein the NCCs invade the undifferentiated mesoderm (Merrill et al.,
2006). This same coronal synostosis phenotype is observed in Epha4 null
mice and is associated with reduced phospho-Erk1/2 expression in the
ectocranial layer of the suture (Ting et al., 2009). Consistent with the mouse
model data, heterozygous germline mutations of EFNA4 in humans are
associated with several cases of nonsyndromic coronal synostosis (Merrill
et al., 2006).

Functional roles for ephrin-A5 and ephrin-B1 in regulating survival of
cranial NCCs and proliferation of cranial NCC-derived mesenchyme,
respectively, have also been demonstrated. Wnt1-Cre-mediated expression
of ephrin-A5-Fc along the dorsal midline of the mouse midbrain results
in craniofacial hypoplasia. Accompanying NCC explant experiments rev-
ealed that ephrin-A5-Fc hinders cranial NCC survival in the dorsal midline
(Noh, Park, & Park, 2014), providing a potential mechanism for the
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phenotype. In the case of X-linked ephrin-B1, heterozygous loss of the gene
in mice results in sorting out of ephrin-B1-expressing and -nonexpressing
cells due to X inactivation, disruption of cell proliferation in the anterior
palatal shelf mesenchyme, and perturbations in downstream Erk/MAPK sig-
naling. These defects result in a cleft palate phenotype that mirrors a subset of
craniofacial abnormalities in human X-linked craniofrontonasal syndrome
(Bush & Soriano, 2010) caused by heterozygous loss-of-function mutations
in EFNB1 (Twigg et al., 2004).

Finally, additional analyses of Efib1"~ mice revealed that the observed
calvarial defects in this model stem from inhibition of gap junction commu-
nication and impaired differentiation of NCCs into osteogenic precursors
(Davy, Bush, & Soriano, 2006).

2.3. FGF receptors

The mammalian FGF family consists of 22 FGF proteins, 18 of which var-
iously signal through 4 receptors, FGFR 1-4. Most FGF ligands additionally
bind heparin or heparan sulfate proteoglycans, an interaction that serves to
increase the affinity between the ligands and FGFRs and contribute to
receptor dimerization and activation (Rapraeger, Krutka, & Olwin, 1991;
Spivak-Kroizman et al., 1994; Yayon, Klagsbrun, Esko, Leder, & Ornitz,
1991). The FGFRs are composed of an extracellular portion, containing
three immunoglobulin-like domains (D1-D3) and an acid box, and a cyto-
plasmic portion with a split tyrosine kinase domain (Lee, Johnson, Cousens,
Fried, & Williams, 1989; Fig. 1). The FGFRs are subject to extensive alter-
native splicing which produce, among other forms, FGFR 1-3 isoforms con-
taining an alternatively spliced C-terminal half of D3 depending on the
inclusion of exon 8 (“b” isoforms) or exon 9 (“c” isoforms; Johnson, Lu,
Chen, Werner, & Williams, 1991; Miki et al., 1992; Yayon et al., 1992).
Importantly, this alternative splicing produces receptor isoforms with difter-
ent tissue-specific expression as well as unique ligand-binding properties
(Miki et al., 1992; Yayon et al., 1992).

The FGFRIIIb isoforms are generally expressed by the epithelia during
development, while the FGFRIIIc isoforms commonly localize to the mes-
enchyme (Avivi, Yayon, & Givol, 1993; Orr-Urtreger et al., 1993), with
their respective ligands expressed in the adjacent compartment (Ornitz
et al., 1996). To date, only a handful of FGF family members—the ligand
FGFS8 and the receptors FGFR 1 and FGFR 2—have been shown to regulate
mammalian NCC activity in vivo. Fgf8is expressed in the craniofacial, central
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nervous system, and limb bud epithelia as well as the pharyngeal arch ecto-
derm and endoderm during development and binds to FGFR isoforms
expressed in the mesenchyme (MacArthur et al., 1995). Targeted disruption
of Fgf8 in mice results in embryonic lethality before E10.5 and a loss of all
mesoderm-derived structures (Meyers, Lewandoski, & Martin, 1998). Mice
homozygous for an Fgf8 hypomorphic allele die perinatally and exhibit
impaired development of the midbrain, cerebellum and olfactory bulbs
(Meyers et al., 1998). Compound heterozygous mice harboring one null
and one hypomorphic Fgf8 allele have variable defects, a subset of which
phenocopy human 22q11 deletion syndromes, including DiGeorge syn-
drome. These defects include abnormalities in craniofacial, pharyngeal
gland, brain, cardiac, and posterior axis development (Abu-Issa, Smyth,
Smoak, Yamamura, & Meyers, 2002; Frank et al., 2002; Meyers et al.,
1998). Analyses of mutant mouse models have revealed that FGF8 regulates
several aspects of NCC activity during development of various craniofacial,
pharyngeal, cardiac, and neural structures. The ligand promotes survival of
the NCC-derived ectomesenchymal cells of the first branchial arch
(Trumpp, Depew, Rubenstein, Bishop, & Martin, 1999) and pharyngeal
and cardiac NCCs (Abu-Issa et al., 2002; Frank et al., 2002). FGF8 expres-
sion from the ectoderm establishes and maintains rostral—caudal polarity in
the ectomesenchymal cells of the first branchial arch (Tucker, Yamada,
Grigoriou, Pachnis, & Sharpe, 1999) and is required for outgrowth of this
structure (Trumpp et al., 1999). Furthermore, upregulation of craniofacial
Fgf8 expression has been shown to result in an expansion of cranial NCCs
leading to an enlarged first branchial arch, maxillary hyperplasia, and a high
arched palate in two ciliopathic mutant mouse models (Tabler et al., 2013).
In pharyngeal arches 3—6, FGFS8 expression in both the ectoderm and endo-
derm is required for proper thymus, parathyroid, and cardiac development
(Macatee et al., 2003; Park et al., 2006). Moreover, a requirement for FGF8
has been demonstrated in promoting the survival of NCCs that will give rise
to postganglionic neurons (Chen, Moon, & Gaufo, 2012).

Targeted disruption of Fgfr1 results in embryonic lethality between E9.5
and E12.5, defects in cell migration out of the posterior primitive streak and
defective patterning of axial structures (Deng et al., 1994; Yamaguchi,
Harpal, Henkemeyer, & Rossant, 1994). While mice homozygous for an
inactivating mutation in the FGFR 11IIb isoform are viable and fertile, those
deficient in the FGFR1Illc isoform phenocopy the Fgfr1 null mutant
(Partanen, Schwartz, & Rossant, 1998). Mice homozygous for Fgfr! hypo-
morphic alleles die perinatally and exhibit defects in craniofacial and limb
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development as well as abnormalities in the formation of the anterior—
posterior axis (Partanen et al., 1998). Further analyses of the Fgfr! hypo-
morphic allele in combination with conditional deletion of the receptor
in NCCs revealed that FGFR1 is required for the entry of NCCs into
the second branchial arch and for proper lip and secondary palate formation
(Trokovic, Trokovic, Mai, & Partanen, 2003; Wang et al., 2013). While the
former requirement for the receptor is non-cell-autonomous in NCCs
(Trokovic et al., 2003), the latter is cell-autonomous in the palatal mesen-
chyme and non-cell-autonomous in the palatal and medial edge epithelia
(Wang et al., 2013).

Targeted disruption of Fgfr2 results in embryonic lethality at E10-E11
and defects in placenta and limb bud formation (Xu et al., 1998). Mice lac-
king FGFR2I1Ib die perinatally and exhibit defects in the skull, palate, teeth,
inner ear, salivary gland, anterior pituitary gland, limb, lung, and skin
(De Moerlooze etal., 2000), while those deficient in the FGFR 2I1I¢ isoform
are viable and display delayed ossification, craniosynostosis, and dwarfism of
the long bones and axial skeleton (Eswarakumar et al., 2002). Mice hetero-
zygous for an Fgfr2 gain-of-function allele expressed exclusively in NCCs
exhibit prematurely fused cranial sutures and dysmorphologies affecting
the snout, cranial base, and cranial vault (Heuzé et al., 2014).

Additional studies have revealed roles for various adaptor proteins, spe-
cifically Crkl and Frs2, in mediating NCC activity downstream of FGFR
activation. FGF8 binding induces the phosphorylation of both FGFR1
and FGFR2 and their subsequent binding to Crkl, which in turn promotes
NCC survival and migration (Moon et al., 2006). Similar to mutant mouse
models of Fgf8, targeted disruption of the gene encoding the Crkl adaptor
protein also results in a combination of craniofacial, glandular, and cardio-
vascular phenotypes reminiscent of human 22q11 deletion syndromes
(Guris, Fantes, Tara, Druker, & Imamoto, 2001), suggesting that Crkl
signaling downstream of FGF8-mediated FGFR activation regulates
NCC activity in several locations throughout the embryo. In regard to
Frs2, homozygous mutant mice in which the Frs2/3 binding site on FGFR 1
is deleted die during late embryogenesis with defects in spinal neural tube
closure and development of the second pharyngeal arch and tail bud
(Hoch & Soriano, 2006). The pharyngeal arch defect was shown to stem
from impaired NCC migration into the first and second arches and ectopic
cell death along the migratory path, and further resulted in hypoplastic
second pharyngeal arch derivatives in the middle ear and hyoid (Hoch &
Soriano, 2006).
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Point mutations in FGFR1, FGFR2, and FGFR3 underlie a series of
human syndromes characterized by craniosynostosis and/or midface hypopla-
sia, among other associated defects (reviewed in Kelleher, O’Sullivan, Smyth,
McDermott, & Viterbo, 2013). A recent study using mesoderm- or NCC-
specific Cre drivers in combination with a Cre-inducible activating mutation
in Fgfr2 revealed that mesodermal expression of the mutation is necessary and
sufficient to generate a craniosynostosis phenotype (Holmes & Basilico, 2012).
Finally, heterozygous mutations in FGFR 1 and FGF8 cause difterent forms of
Kallmann syndrome typified by hypogonadotropic hypogonadism and a var-
1able frequency of cleft palate, sensorineural hearing loss, and anosmia (Dodé
et al., 2003; Falardeau et al., 2008).

2.4. Kit receptor

The Kit family is composed of the Kit ligand (Kitl, also known as MGF,
SCF, Steel factor) and its receptor, Kit (Huang et al., 1990; Williams
et al., 1990; Zsebo et al., 1990). Kitl is alternatively spliced to generate
membrane-bound and soluble ligands, both of which are able to bind and
activate Kit (Anderson et al., 1991). The Kit receptor consists of an extra-
cellular portion harboring five immunoglobulin-like domains and an intra-
cellular portion containing a split tyrosine kinase domain (Qui et al., 1988;
Yarden et al., 1987; Fig. 1).

Kitlis encoded at the SI (Steel) locus (Copeland et al., 1990; Huang et al.,
1990; Zsebo et al., 1990) and is expressed in the mesenchyme lining the
migratory pathways and destinations of melanoblast precursors, hematopoi-
etic cells, and germ cells, with additional expression in the brain and spinal
cord (Matsui, Zsebo, & Hogan, 1990). Kit is encoded at the W (Dominant
white spotting) locus (Chabot, Stephenson, Chapman, Besmer, & Bernstein,
1988; Geissler, Ryan, & Housman, 1988) and is reciprocally expressed in
melanoblasts, hematopoietic cells, and germ cells, as well as in ectoderm-
derived structures of the central nervous system and craniofacial region,
and the endoderm-derived intestinal tract (Orr-Urtreger et al., 1990). Muta-
tions at both loci result in defects in pigmentation, hematopoiesis, and repro-
duction (Bennett, 1956; Dunn, 1937; Geissler, McFarland, & Russell, 1981;
Gruneberg, 1942; McCoshen & McCallion, 1975; Sarvella & Russell,
1956). As the names of their loci suggest, these mutants were prized for their
coat color and collected in Asia (T'okuda, 1935) and eventually the European
“Mouse Fancy,” ultimately contributing to the establishment of inbred
mouse strains.
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Signaling through the Kit receptor has been shown to regulate the sur-
vival and migration of NCC-derived melanoblast precursors in mice.
Membrane-bound Kitl and Kit kinase activity are required for melanoblast
survival, as melanoblasts of Kifl*" mutants lacking both the transmembrane
and cytoplasmic domains of the ligand and Kifl®™ '™ mutants with reduced
cell surface expression of the membrane-bound ligand, as well as those of
Kit"™ and Kit"""*Y mutants carrying point mutations in the RTK domain
of the receptor, are observed along migratory pathways but are subse-
quently absent from their target sites in the inner ear and dermis (Cable,
Jackson, & Steel, 1995; MacKenzie, Jordan, Budd, & Jackson, 1997;
Steel, Davidson, & Jackson, 1992; Wehrle-Haller & Woeston, 1995,
1999). Conversely, melanoblast precursors are absent from the migratory
pathways of embryos homozygous for the Kitl* null allele, indicating that
soluble ligand is necessary for melanoblast precursor dispersal (Wehrle-
Haller & Weston, 1995). By rescuing melanoblast precursor survival in
Kifl® null embryos, Kit signaling was shown to regulate the entrance
and migration of these cells along a dorsolateral pathway (Wehrle-
Haller, Meller, & Weston, 2001). The role of Kit in melanogenesis is
dependent, at least in part, on signaling through Src family kinases,
SHP-1 and/or SHP-2, as mice homozygous for two tyrosine to phenylal-
anine mutations at residues known to mediate association of the receptor
with these proteins have a white coat devoid of melanocytes. Further
analysis revealed that these mutations result in reduced receptor
autophosphorylation and attenuated downstream Erk/MAPK signaling
(Kimura et al., 2004). Examination of an additional mouse model harbor-
ing a targeted mutation in one of these residues demonstrated that homo-
zygous mutant animals exhibit variably penetrant loss of ventral pigment
that is exacerbated in hemizygous animals carrying one copy of a Kit null
allele, confirming a role for Src signaling downstream of the receptor in
pigmentation (Agosti et al., 2004). These authors also revealed a potential
role for PI3K-mediated Kit signaling in regulating melanogenesis, as mice
hemizygous for an allele abrogating binding of the receptor to PI3K in
combination with a Kif null allele have a mild pigmentation phenotype
(Agosti et al., 2004). Finally, signaling through the Kit receptor has also
been shown to contribute to the development of a subset of primary sen-
sory neurons, as both small- and medium-diameter sensory neurons are
absent in the dorsal root ganglia of Kit"" mutant mice (Zhang & Sieber-
Blum, 2009).
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2.5. MET receptor

The hepatocyte growth factor (HGF) family consists of the HGF/scatter fac-
tor (SF) ligand and its receptor, MET (Bottaro et al., 1991). The MET
receptor consists of an extracellular portion composed of a Sema domain,
a cysteine-rich PSI domain, and four immunoglobulin-like repeat domains,
as well as an intracellular portion containing a tyrosine kinase domain and a
carboxy-terminal binding domain (Graveel, Tolbert, & Vande Woude,
2013; Fig. 1).

HGEF/SF is generally expressed in the mesenchyme of various organs in
the developing mouse embryo and the MET receptor is reciprocally
expressed in the adjacent epithelia, yet expression of the two transcripts
overlaps in NCCs, among other sites (Andermarcher, Surani, & Gherardji,
1996; Sonnenberg, Meyer, Weidner, & Birchmeier, 1993). Both Hgf and
Met homozygous null embryos die during midgestation with liver and pla-
cental defects, and Mef null embryos additionally exhibit skeletal muscle
abnormalities (Bladt, Riethmacher, Isenmann, Aguzzi, & Birchmeier,
1995; Schmidt et al., 1995; Uehara et al., 1995). While neither knockout
model has a NCC phenotype, analyses of transgenic mice ubiquitously over-
expressing HGF/SF uncovered a role for this signaling pathway in NCC
derivatives. Overexpression of HGF/SF induces the presence of ectopic
melanoblasts in the embryonic neural tube and dorsal root ganglia, as well
as ectopic melanocyte formation in the adult central nervous system and skin
(Kos et al., 1999; Takayama, La Rochelle, Anver, Bockman, & Merlino,
1996). Additionally, HGF/SF was shown to promote melanoblast survival
and melanoctye difterentiation in NCC explant cultures (Kos et al., 1999).
Finally, HGF/SF transgenic mice have a high incidence of gastrointestinal
obstruction, which may stem from abnormal development of the enteric
ganglia, thus pointing to a potential additional role for this pathway in reg-
ulating NCC derivatives (Takayama et al., 1996).

2.6. MuSK receptor

The mammalian muscle-specific kinase (MuSK) family consists of one bona
fide ligand, the heparan sulfate proteoglycan N-agrin, which activates the
MuSK receptor (Glass et al., 1996). The receptor is composed of an extra-
cellular portion harboring three immunoglobulin-like domains and a
Frizzled-like cysteine-rich domain, and an intracellular portion containing
a tyrosine kinase domain (Masiakowski & Yancopoulos, 1998; Valenzuela
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et al.,, 1995; Xu & Nusse, 1998; Fig. 1). While Wntl1r, the zebrafish
orthologue of the mammalian secreted glycoprotein Wntl1, has been
shown to bind the MuSK receptor via its cysteine-rich domain (Jing,
Lefebvre, Gordon, & Granato, 2009), N-agrin does not bind MuSK, but
instead interacts with MuSK-bound LRP4 to enhance the LRP4-MuSK
association and activate MuSK (Kim et al., 2008; Zhang et al., 2008).

MuSK is expressed in developing muscle, at the neuromuscular junction,
in the brain, and in sperm (Garcia-Osta et al., 2006; Kumar, Ferns, & Meizel,
2006; Valenzuela et al., 1995), and mutant mouse models of both MuSK and
N-agrin die perinatally and exhibit defective neuromuscular synaptogenesis
(DeChiara et al., 1996; Gautam et al., 1996). While studies of MuSK func-
tion during murine development have primarily focused on its role in neu-
romuscular junction formation, a recent study revealed an additional
requirement for the receptor in maintaining segmental NCC migration.
In Musk homozygous null mouse embryos, trunk NCCs fail to be restricted
to the anterior somite and instead spread throughout the entire somite
(Banerjee et al., 2011). In zebrafish, the identical role for MuSK is mediated
through the Wntl1r ligand and Disheveled signaling downstream of the
receptor (Banerjee et al., 2011).

2.7. PDGF receptors

The mammalian PDGF family is composed of four ligands, PDGF-A-D,
which variously signal through two receptors, PDGFRa and PDGFRG.
The PDGF receptors consist of five extracellular immunoglobulin-like
loops and a split intracellular tyrosine kinase domain (Williams, 1989;
Fig. 1). While numerous ligand and receptor interactions have been dem-
onstrated in vitro, relatively few functional interactions have been demon-
strated in vivo. The homodimers PDGF-AA and PDGF-CC have been
shown to exclusively activate PDGFR a signaling during mammalian devel-
opment (Bostrom et al., 1996; Ding et al., 2004; Soriano, 1997), while
PDGF-BB solely activates PDGFRf signaling (Levéen et al., 1994;
Soriano, 1994). The role of PDGF-DD has yet to be investigated using
mouse models.

To date, PDGFRa signaling has been shown to contribute to both cra-
nial and cardiac NCC development, while a more restricted role in cardiac
NCC development has been demonstrated for PDGFR. PDGFR«a is
expressed in the embryonic mesenchyme, specifically in the non-neuronal
derivatives of NCCs, while its ligands PDGF-A and PDGF-C are
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reciprocally expressed in the surface ectoderm and epithelium (Ding et al.,
2000; Morrison-Graham, Schatteman, Bork, Bowen-Pope, & Weston,
1992; Orr-Urtreger & Lonai, 1992). Targeted disruption of Pdgfra in mice
results in embryonic lethality during midgestation, with homozygous null
embryos exhibiting a cleft face, subepidermal blebbing, edema, hemorrhag-
ing, cardiac outflow tract defects, abnormalities in neural tube development,
abnormally patterned somites, and skeletal defects (Soriano, 1997). These
defects are phenocopied in mice lacking both PDGF-A and PDGE-C
ligands (Ding et al., 2004). Conditional ablation of Pdgfra in NCCs using
the Wht1-Cre driver results in a subset of the null phenotypes, specifically
facial clefting, midline hemorrhaging, aortic arch defects, and thymus hypo-
plasia (Tallquist & Soriano, 2003). Additional analyses exploring the cellular
mechanism of the facial clefting phenotype demonstrated that Pdgfia™”";
Wnt1-Cre embryos exhibit a delay in the migration of NCCs into the
frontonasal prominence and decreased proliferation in this structure
(He & Soriano, 2013). PDGFR is also expressed in the embryonic mesen-
chyme, with high expression levels in the heart, among other sites (Soriano,
1994). Pdgfrb-deficient mice die perinatally and exhibit hemorrhaging,
thrombocytopenia, anemia, and kidney defects (Soriano, 1994). Further-
more, both Pdgfrb and Pdgfb null mouse embryos exhibit cardiac defects asso-
ciated with impaired cardiac NCC development (Richarte, Mead, &
Tallquist, 2007; Van den Akker et al., 2008). Conditional ablation of both
Pdgfra and Pdgfrb in NCCs using the Wnt1-Cre driver results in defects in
multiple cardiac NCC derivatives that are more severe than those observed
in either single conditional homozygous mutant alone, stemming from
impaired cardiac NCC migration into the outflow tract (Richarte
et al., 2007).

Analysis of an allelic series of autophosphorylation mutant knock-in mice
at the Pdgfra locus identified PI3K signaling as the main intracellular pathway
downstream of PDGFRa signaling during embryogenesis in the mouse
(Klinghofter, Hamilton, Hoch, & Soriano, 2002). Embryos homozygous for
an allele (Pdgfra”™) harboring two tyrosine to phenylalanine mutations at res-
idues that mediate the ability of PDGFRa to bind PI3K (Yu et al., 1991) die
perinatally and exhibit a cleft palate, among other defects (Klinghoffer et al.,
2002). Moreover, the full range of Pdgfra~ '~ phenotypes, including complete
facial clefting, is observed in Pdgfia”? "X, pdefib™ 5 PPK double homozy-
gous mutant embryos in which PI3K signaling cannot be engaged through
PDGFRa/ heterodimers (Klinghofter et al., 2002). We recently employed
a mass spectrometry-based phosphoproteomic approach to identify
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intracellular effectors downstream of PI3K/Akt-mediated PDGFRa signaling
in mouse embryonic NCC-derived palatal mesenchyme. Our analysis identi-
fied both established and novel Akt phosphorylation target proteins, a subset of
which we demonstrated regulate cell survival and proliferation downstream of’
PDGFR activation in part through modulation of p53 activity (Fantauzzo &
Soriano, 2014).

While PDGFR f does not have an established role in cranial NCC devel-
opment, limited evidence, including the phenotypes of Pdgfra"”; Pdgfrt"";
Whit1-Cre and Pdgfra” ", Pdgfib™* /"X double homozygous mutant
embryos described above (Klinghofter et al., 2002; Richarte et al., 2007),
indicate that the two receptors may be able to form functional heterodimers
in vivo. Previous in vitro studies suggest that PDGFRa/f heterodimers have
distinct properties from homodimeric receptor complexes. For example,
PDGFR is phosphorylated at Y754 exclusively upon heterodimer forma-
tion, resulting in preferential binding of SHP-2 (Rupp et al., 1994). Con-
versely, phosphorylation of PDGFRf at Y771 is decreased in heterodimer
receptor complexes, leading to reduced association with Ras-GAP and pro-
longed activation of Ras and MAP kinase (Ekman, Thuresson, Heldin, &
Ronnstrand, 1999). Furthermore, heterodimers have been shown to gener-
ate an enhanced mitogenic response over that of either homodimer receptor
complex (Rupp et al., 1994). The prevalence of these heterodimers, as well
as their effect on cellular behavior during development, has yet to be
determined.

Finally, PDGFRa may also play a cell-autonomous role in melanocyte
development. Chimeric mice derived from embryonic stem cells heterozy-
gous for either the Pdgfra null or Pdgfra”" allele exhibit poor coat color chi-
merism, indicating a particular dosage requirement for PI3K-mediated
PDGFRo signaling in contributing to coat color pigmentation
(Klinghofter et al., 2002; Soriano, 1997).

2.8. PTK7 receptor

Mammalian protein tyrosine kinase 7 (PTK?7) is an orphan receptor com-
posed of an extracellular portion containing seven immunoglobulin-like
loops and an intracellular portion with an inactive tyrosine kinase domain
(Park, Lee, & Lee, 1996; Fig. 1). Ptk7 transcripts are detected in the primitive
streak, craniofacial region, heart, gut, lung, somites, limbs, and tail in the
mouse embryo (Jung, Shin, Song, & Lee, 2004; Paudyal et al., 2010), while
the protein has been shown to localize specifically to the neuroepithelium
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and mesenchyme during early development (Paudyal et al., 2010). Mice
homozygous for a gene trap insertion in the second intron of the gene
die perinatally and display defects in neural tube closure and stereociliary
bundle orientation in the ear (Lu et al., 2004). Chuzhoi mice, which are
homozygous for an ENU-induced splice site mutation in the Ptk7 gene, also
die perinatally and similarly exhibit severe neural tube defects and altered
planar cell polarity in the ear, as well as cardiac outflow tract and ventricular
septal defects, omphalocele, abnormal lung development, and skeletal
defects affecting the ribs and limbs (Paudyal et al., 2010). Chuzhoi mutant
embryos additionally have abnormal NCC distribution, displaying
misshapen cranial and dorsal root ganglia (Paudyal et al., 2010).

2.9. RET receptor

Signaling through the rearranged during transfection (RET) receptor involves
the formation of a multicomponent receptor complex consisting of a glial cell
line-derived neurotrophic factor (GDNF) family ligand (GDNF, neurturin
(NRTN), artemin (ARTN), or persephin (PSPN)), a ligand-binding
glycosyl-phosphatidylinositol (GPI)-anchored coreceptor (GFRal—4), and
the RET receptor tyrosine kinase. The RET receptor consists of an extracel-
lular domain composed of a cadherin-related motif'and a cysteine-rich region,
and an intracellular domain harboring a split tyrosine kinase domain (Iwamoto
etal.,, 1993; Fig. 1). GDNF, NRTN, ARTN, and PSPN primarily bind and
signal through GFRal, GFRa2, GFRa3, and GFRa4, respectively (Baloh
et al., 1998; Buj-Bello et al., 1997; Enokido et al., 1998; Jing et al., 1996;
Klein et al., 1997; Treanor et al., 1996).

In the developing mouse embryo, Gdnfis expressed in the anterior neu-
roectoderm during early neurogenesis and later localizes to the mesenchyme
at several sites throughout the embryo, including the gastrointestinal tract,
kidney, testes, facial prominences, eye, tongue, tooth primordia, vibrissae
(whisker) follicles, ear, paravertebral mesenchyme, and limbs (Hellmich,
Kos, Cho, Mahon, & Zimmer, 1996). Ret is expressed in NCCs; several lin-
eages of the peripheral and central nervous systems, including the cranial,
autonomic, dorsal root, and enteric ganglia; the nephric duct; the epithelia
of the ureteric bud; and the renal collecting ducts (Pachnis, Mankoo, &
Costantini, 1993). Targeted disruption of both Gdnfand Ref in mice results
in perinatal lethality, with homozygous null embryos lacking enteric neu-
rons and displaying renal agenesis due to defective induction of the ureteric
bud, among other defects (Moore et al., 1996; Pichel et al., 1996; Sanchez
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etal., 1996; Schuchardt, D’Agati, Larsson-Blomberg, Costantini, & Pachnis,
1994). Conditional ablation of Ret in NCCs using the Wnt1-Cre driver sim-
ilarly results in intestinal aganglionosis (Luo et al., 2007). Gdnf null neonates
additionally exhibit neuronal loss in dorsal root and sympathetic ganglia
(Moore et al., 1996).

Studies using rodent models have demonstrated that perturbations of
the GDNF-GFRa1-RET signaling pathway disrupt several aspects of
enteric NCC development, including survival, migration, proliferation,
and/or neuronal differentiation, which contribute to the pathology of the
intestinal aganglionosis phenotype in mammals (Heuckeroth, Lampe,
Johnson, & Milbrandt, 1998; Taravira et al., 1999; Uesaka & Enomoto,
2010; Uesaka, Nagashimada, Yonemura, & Enomoto, 2008). Furthermore,
analyses of RET phosphorylation mutant knock-in mice have revealed roles
for the MAPK, PI3K/Akt, and JNK signaling cascades downstream of Shc
adaptor and cAMP-dependent PKA interactions in mediating the role of the
receptor during enteric nervous system development (Asai et al., 2006; Jain
et al., 2010; Jijiwa et al., 2004; Wong et al., 2005).

In humans, heterozygous germline mutations in GDNF and/or RET
underlie a significant subset of cases of Hirschsprung’s disease (Edery et al.,
1994; Ekejill & Ibanez, 2002; Romeo et al., 1994), characterized by a con-
genital absence of enteric ganglia in a portion of the gastrointestinal tract.

2.10. ROR receptors

The mammalian R TK-like orphan receptor (ROR) family consists of two
receptors, Rorl and Ror2. While a ligand has not been identified for Rorl,
the secreted glycoprotein Wnt5a has been shown to bind and signal through
Ror2 to activate the noncanonical Wnt pathway, thereby inducing cell
migration (He et al.,, 2008; Nishita et al., 2006; Nomachi et al., 2008;
Oishi et al., 2003; Yamamoto, Yoo, Nishita, Kikuchi, & Minami, 2007)
and regulating cell proliferation (He et al., 2008). The extracellular portions
of the receptors are composed of an immunoglobulin-like domain, Frizzled-
like cysteine-rich domain, and a kringle domain, while the intracellular por-
tions contain a tyrosine kinase domain and a carboxy-terminal proline-rich
domain (Masiakowski & Carroll, 1992; Oishi et al., 1999; Fig. 1).

In the developing mouse embryo, Ror? is expressed in the anterior part
of the embryo at E7.5, while Ror2 is detected throughout the primitive
streak. One day later, Ror1 transcripts localize to the cephalic mesenchyme,
with particularly high expression levels in NCCs, while Ror2 is more
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broadly expressed in neural and non-neural tissues, including cephalic
NCC:s. At later stages, the two receptors have largely overlapping expression
patterns at several sites throughout the embryo, with particularly high tran-
script levels in NCCs and their derivatives in the face and heart (Al-Shawi,
Ashton, Underwood, & Simons, 2001; Matsuda et al., 2001; Oishi et al.,
1999). Similar to Ror2, Wnt5a is expressed in the primitive streak and later
in the facial primordia and heart, among other sites (Schleiffarth et al., 2007;
Yamaguchi, Bradley, McMahon, & Jones, 1999).

Both Rorl and Ror2 homozygous null embryos die perinatally with
respiratory defects (DeChiara et al., 2000; Nomi et al., 2001; Takeuchi
et al., 2000). Ror2-deficient mice additionally exhibit widespread skeletal
defects, including craniofacial bone hypoplasia, and ventricular septal defects
of the heart (DeChiara et al., 2000; Takeuchi et al., 2000). Double homo-
zygous mutant mice also die perinatally and exhibit enhanced skeletal phe-
notypes over those observed in Ror2 null mice, as well as transposition of the
great arteries, indicating that the two receptors interact genetically during
skeletal and cardiac development (Nomi et al., 2001). Wnt5a homozygous
null embryos also display craniofacial bone truncations and cardiac outflow
tract abnormalities, among other defects (Schleiffarth et al., 2007;
Yamaguchi et al., 1999). Furthermore, Ror2"’~;Wnt5a™'~ double hetero-
zygous embryos exhibit a cleft palate, confirming an interaction between this
ligand and receptor pair in the palatal mesenchyme (He et al., 2008).

In humans, a subset of mutations in ROR2 result in autosomal recessive
Robinow syndrome, characterized by skeletal dysplasia affecting the cranio-
facial bones, limbs, and vertebra, as well as genital hypoplasia (Afzal et al.,
2000; van Bokhoven et al., 2000), while the phenotypically less severe auto-
somal dominant form of the syndrome stems from mutations in WNT5A
(Person et al., 2010).

2.11. Trk receptors

The mammalian tropomyosin-related kinase (Trk) receptor family is com-
posed of four ligands, nerve growth factor (NGF), brain-derived neuro-
trophic factor (BDNF), neurotrophin-3 (NT-3), and NT-4, which
variously bind and activate three receptors, TrkA, TrkB, and TrkC. The
vertebrate Trk receptors consist of an extracellular portion harboring a
cysteine-rich cluster, three leucine-rich repeats, a second cysteine-rich clus-
ter, and two immunoglobulin-like domains, as well as an intracellular portion
containing a tyrosine kinase domain (Benito-Gutiérrez, Garcia-Fernandez, &
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Comella, 2006; Fig. 1). NGF binds to TrkA (Kaplan, Hempstead,
Martin-Zanca, Chao, & Parada, 1991; Klein, Jing, Nanduri, O’'Rourke, &
Barbacid, 1991); BDNF and NT-4 interact with TrkB (Klein, Nanduri,
etal., 1991; Squinto et al., 1991); and NT-3 binds with high affinity to TrtkC
and with lower affinity to other receptors of the family (Lamballe, Klein, &
Barbacid, 1991).

Ntrk1, encoding TrkA, is expressed exclusively in the NCC-derived
dorsal root and cranial sensory ganglia of the peripheral nervous system dur-
ing murine development (Martin-Zanca, Barbacid, & Parada, 1990). Ntrk2
and Ntrk3, encoding TrkB and TrkC, respectively, are expressed at the same
sites as TrkA, with broader expression in the brain, the spinal cord, the non-
sensory cranial ganglia and placode-derived sensory ganglia of the peripheral
nervous system, and the dorsal aorta, among other non-neural sites (Klein,
Martin-Zanca, Barbacid, & Parada, 1990; Tessarollo et al., 1993). Ntrk2 and
Nitrk3 are additionally expressed in the NCC-derived enteric nervous sys-
tem, with Nitrk2 expressed in the enteric glial cells (Levanti et al., 2009)
and Nitrk3 expressed in the enteric ganglia (Tessarollo et al., 1993). The
expression of specific Trk receptors in various neuronal populations appears
to specify their subtype, as expression of Ntrk3 from the Ntrk1 locus alters
the fate of a subset of dorsal root ganglia neurons (Mogqrich et al., 2004).

Targeted disruption of Nfrk1 in mice results in premature death, typically
within the first month after birth, with homozygous null mice exhibiting
neuronal loss in dorsal root, trigeminal, and sympathetic ganglia (Smeyne
et al., 1994), as well as defects in thymus development (Garcia-Suarez
et al., 2000). Both the Nik2 and Ntrk3 loci undergo alternative splicing
to generate either a full-length receptor or a truncated receptor lacking
the tyrosine kinase domain. Mice homozygous for a germline mutation
in the tyrosine kinase domain of Ntrk2 die within the first 2 weeks after birth
and display neuronal loss in both the central and peripheral nervous systems,
including in the trigeminal and dorsal root ganglia, among other defects
(Klein et al., 1993). Mutant mice lacking all isoforms of Ntrk2 exhibit similar
timing of premature death, yet less severe neuronal loss in sensory ganglia,
indicating that the truncated receptor may negatively regulate neuron sur-
vival (Luikart, Nef, Shipman, & Parada, 2003). Ntrk2-deficient mice addi-
tionally display defects in enteric glial cell development (Levanti et al., 2009).
Mice homozygous for a targeted mutation in the tyrosine kinase domain of
Nirk3 usually die within the first month of birth and lack a subset of dorsal
root ganglia neurons (Klein et al., 1994). Mutant mice lacking all isoforms of
Ntrk3 die within 1 week of birth and display more severe neuronal
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phenotypes aftecting the trigeminal, vestibular, cochlear, petrosal-nodose,
and dorsal root ganglia. These mice also exhibit cardiac defects such as atrial
and ventricular septal defects and valvular defects, among other abnormal-
ities, suggesting a kinase-independent role for TrkC during mouse develop-
ment (Tessarollo et al., 1997). Analysis of mice harboring a mutation of the
Shc binding site in TrkB or TrkC receptors revealed a role for this pathway
in regulating target innervation of sensory neurons downstream of the TrkB,
but not the TrkC, receptor (Postigo et al., 2002).

In humans, mutations in NTRK 1 underlie the autosomal recessive dis-
order congenital insensitivity to pain with anhidrosis (Indo et al., 1996),
which is characterized by defective NCC differentiation into a subset of sen-
sory neurons as well as neuronal loss in the sympathetic ganglia. Further-
more, polymorphisms in NTRK3 have been found in several patients
with Hirschsprung’s disease, which is typified by defective NCC activity
during development of the enteric nervous system, though a causal role
for these variants in the disease phenotype has not yet been demonstrated
(Fernandez et al., 2009; Ruiz-Ferrer, Fernandez, Antifiolo, Lopez-
Alonso, & Borrego, 2008).

2.12. VEGF receptors

The mammalian vascular endothelial growth factor (VEGF) family consists
of five ligands that are subject to alternative splicing and/or processing,
VEGF-A-D and placental growth factor (PGF), which variously signal
through three receptors, VEGFR1 (also known as Flt-1), VEGFR2
(KDR/Flk-1), and VEGFR-3 (Flt-4), as well as two neuropilin (Nrp)
coreceptors, Nrp1 and Nrp2. The VEGF receptors consist of an extracellular
portion with seven immunoglobulin-like domains and an intracellular por-
tion with a split tyrosine kinase domain (Shibuya et al., 1990; Fig. 1). The
NRP coreceptors, which also bind semaphorins (He & Tessier-Lavigne,
1997; Kolodkin et al., 1997), are quite distinct from the VEGF receptors
and contain an extracellular portion with three interaction domains desig-
nated al/a2, b1/b2, and c and a negligible cytoplasmic domain that lacks
catalytic function (Kawakami, Kitsukawa, Takagi, & Fujisawa, 1996). Bind-
ing of VEGF ligand to a VEGF receptor induces receptor homo- or
heterodimerization. VEGF-A binds VEGFR 1 and VEGFR 2 homodimers,
VEGFR1/2 and VEGFR2/3 heterodimers, as well as Nrpl homodimers;
VEGF-B and PGF bind VEGFR 1 homodimers, VEGFR 1/2 heterodimers,
and Nrpl homodimers; and VEGF-C and VEGF-D bind VEGFR?2 and
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VEGFR3 homodimers, VEGFR2/3 heterodimers, and Nrp2 homodimers
(reviewed in Koch & Claesson-Welsh, 2012).

‘While all members of the family function in vascular development, only
the interaction of VEGF-A with Nrp1 has been implicated in NCC biology.
Vegfa 1s widely expressed by parenchymal cells throughout the embryo,
including the cardiac outflow tract, pharyngeal arch endoderm, thymus,
facial prominences, and palate, among other sites, while Nrp1 is expressed
in neighboring, often endothelial, cells at each of these sites (Stalmans et al.,
2003). Consistent with its expression, mouse embryos devoid of the major,
Nrpl-binding isoform of Vegfa exhibit cardiac outflow tract, pharyngeal
arch artery, thymic, parathyroid, and craniofacial defects, reminiscent of
human DiGeorge syndrome (Stalmans et al., 2003). Moreover,
endothelial-specific disruption of Nip1 similarly results in a combination
of phenotypes typical of DiGeorge syndrome, such as defects in the cardiac
outflow tract (Gu et al., 2003; Zhou, Pashmforoush, & Sucov, 2012), pha-
ryngeal organ hypoplasia, and cleft palate (Zhou et al., 2012). The defects
observed in the above mouse models are not due to defective NCC migra-
tion, but have instead been attributed to vascular dysgenesis and endothelial
cell dysfunction (Stalmans et al., 2003; Zhou etal., 2012). In contrast, a study
in chick revealed that VEGFR2 and Nrpl are expressed in cranial NCCs,
while VEGF-A is expressed in the surface ectoderm adjacent to the
rhombomere 4 NCC migratory route, and furthermore, that the VEGF-
A-Nrpl interaction was required for proper cranial NCC invasion from
the thombomere 4 migratory stream into branchial arch 2 (McLennan,
Teddy, Kasemeier-Kulesa, Romine, & Kulesa, 2010).

3. CURRENT METHODS TO INVESTIGATE RTK SIGNALING

3.1. Receptor allelic series

As highlighted above, beyond the analysis of null mouse models, the use of
conditional, floxed alleles in conjunction with NCC-specific Cre driver
alleles has allowed researchers to examine the roles of various receptors
and the signaling proteins with which they interact exclusively in NCCs.
This approach has been utilized with a Wnt1-Cre driver (Danielian,
Muccino, Rowitch, Michael, & McMahon, 1998) in combination with
Efub1, Efnb2, Fgfrl, Pdgfra, and Ret conditional alleles to demonstrate
cell-autonomous functions of these receptors in NCCs (Davy et al.,
2004; Foster et al., 2010; He & Soriano, 2013; Luo et al., 2007;
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Tallquist & Soriano, 2003; Wang et al., 2013). While these studies have pro-
vided critical data on the roles of each of these R TKs in NCC:s, it should be
noted that the original Wnt1-Cre driver (Danielian et al., 1998) ectopically
activates Wnt signaling, resulting in defects in midbrain development in het-
erozygous animals which are even more severe in Want1-Cre™®’"¥ mice
(Lewtis, Vasudevan, O’Neill, Soriano, & Bush, 2013). However, the devel-
opment of a new tool, the Whnt1-Cre2 transgenic mouse line (Lewis et al.,
2013), circumvents these issues and will likely be of considerable use to
the field going forward. Further NCC-specific Cre drivers include the
PO-Cre (Yamauchi et al., 1999), P3Pro-Cre (Li, Chen, & Epstein, 2000),
Ht-PA-Cre (Pietri, Eder, Blanche, Thiery, & Dufour, 2003), and S4F:Cre
(Stine et al., 2009) alleles. Moreover, by employing additional, tissue-
specific Cre drivers active in NCC target sites, the cell-autonomous role
of a particular protein can be assessed in the various layers of tissues populated
by NCCs. Using the pharyngeal arch as an example, the Foxg1-Cre transgene
(Hébert & McConnell, 2000) can be used to inactivate gene expression
throughout the arch, while Crect (Reid, Yang, Melvin, Taketo, &
Williams, 2011), Foxa2™™ (Park et al., 2008), and Myf5-Cre (Tallquist,
Weismann, Hellstrom, & Soriano, 2000) drivers can be used to specifically
target the pharyngeal arch ectoderm, pharyngeal pouch endoderm, and
paraxial mesoderm, respectively (Tavares et al., 2012). Further tissue-
specific Cre drivers of potential interest include Ap2- Cre alleles, which drive
expression in the pharyngeal arch ectoderm (Macatee et al., 2003) or
frontonasal process (Nelson & Williams, 2004); the Mesp1-Cre allele,
targeting the cranial mesoderm and myocardium of the heart tube (Saga
etal., 1999); and the Tyr-Cre allele, which drives expression in the melano-
cytes and peripheral nerves (Delmas, Martinozzi, Bourgeois,
Holzenberger, & Larue, 2003; Tonks et al., 2003). Lastly, it is possible to
perform tissue-specific, in vivo lineage tracing by combining Cre drivers with
lacZ (Soriano, 1999) or fluorescent (Muzumdar, Tasic, Miyamichi, Li, &
Luo, 2007; Prigge et al., 2013) Cre reporter alleles, such that all cells of a
particular lineage are permanently marked for detection.

One approach that has yielded a wealth of functional information for a
subset of RTK families to which it has been applied is the use of homologous
recombination to generate series of knock-in alleles that disrupt either partic-
ular domains of a receptor or individual tyrosine autophosphorylation sites
necessary for interaction with specific proteins. In contrast to the analysis of
null alleles for these signaling molecules and their effectors, which can be
obscured by the fact that multiple R TKs may utilize the same molecule as well
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as redundancy in intracellular signaling networks, the knock-in approach
addresses the role of these molecules downstream of an individual receptor.
As discussed earlier, such studies have revealed roles for Shc adaptor signaling
in mediating the activity of ErbB2 in cutaneous sensory neurons (Chan et al.,
2004); Frs2 downstream of FGFR 1 in regulating NCC migration and survival
in the second pharyngeal arch (Hoch & Soriano, 2006); Src family kinases and
PI3K downstream of Kit in regulating melanogenesis in the coat (Agosti et al.,
2004; Kimura et al., 2004); PI3K-mediated PDGFRa signaling in contribut-
ing to NCC-derived skeletal development (Klinghoffer et al., 2002); MAPK,
PI3K, and JNK signaling cascades downstream of Shc adaptor and PKA inter-
actions in mediating the role of RET during enteric nervous system develop-
ment (Asai et al., 2006; Jain et al., 2010; Jijiwa et al., 2004; Wong et al., 2005);
and Shc in regulating target innervation of sensory neurons downstream of
TrkB activation (Postigo et al., 2002).

Finally, genetic knock-in approaches in which the domain of one RTK is
replaced with that of another have begun to address questions of receptor
functional specificity during mouse development. For example, swapping
of the PDGFRa and PDGFRJ intracellular signaling domains revealed
that signaling downstream of the two receptors is largely conserved, despite
differences in expression and ligand binding affinities, such that null pheno-
types are mostly rescued in both knock-in lines. Interestingly, however,
this analysis demonstrated that sustained MAPK signaling specifically down-
stream of PDGFR P is required for proper vascular development (Klinghofter,
Mueting-Nelsen, Faerman, Shani, & Soriano, 2001). A second study using a
knock-in approach to fuse the extracellular domain of PDGFR« to the intra-
cellular domain of either the Drosophila RTK Torso or mouse FGFR1 rev-
ealed that neither replacement can completely rescue proper development,
due to alterations in MAPK and/or PI3K signaling, further indicating that
strict regulation of downstream signaling pathways is required in some
instances to mediate the specific biological function of individual RTKs
(Hamilton, Klinghofter, Corrin, & Soriano, 2003).

3.2. Phospho-specific reagents

The development of phospho-specific reagents, particularly antibodies
recognizing individual phosphorylated residues within signaling molecules
or directed against phosphorylated consensus recognition motifs, has greatly
enhanced the biochemical analysis of intracellular events downstream
of RTK activation. Within the embryo, whole mount or section
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immunohistochemistry can be performed using phospho-specific antibodies
to assess the spatiotemporal expression of activated downstream effector pro-
teins. This approach has revealed localization of several such molecules to
discrete domains during murine development, indicating a role for these sig-
naling molecules at particular sites and/or timepoints during embryogenesis
(Corson, Yamanaka, Lai, & Rossant, 2003; Fantauzzo & Soriano, 2014).

For in vitro studies, cells can be serum-starved, stimulated with ligand and
a particular receptor immunoprecipitated from the cell lysates. Western
blotting can then be performed using an antibody recognizing phosphory-
lated tyrosine residues such as 4G10 or pY20 (Druker, Mamon, & Roberts,
1989; Glenney, Zokas, & Kamps, 1988) to examine receptor activation, or
antibodies specific to signaling proteins known to interact with the receptor,
such as those against Src, p85, SHP-2, PLCy, Ras-GAP, Stat3, Shc, Grb2,
Crk, Nck, Frs2, and IRS-1. Similarly, whole cell lysates can be subjected
to Western blotting with antibodies directed against various activated
downstream effector proteins, such as phospho-SAPK/JNK, phospho-
Akt, phospho-p44/42 (Erk1/2), and phospho-PLCy, to assess the status
of these pathways downstream of receptor stimulation.

Furthermore, phosphosubstrate-specific antibodies have allowed for
detection of phosphorylation events downstream of particular intracellular
signaling molecules in response to RTK activation. One widely used exam-
ple is the anti-Akt-phosphosubstrate antibody (Manning, Tee, Logsdon,
Blenis, & Cantley, 2002) generated against the phosphorylated AGC kinase
family consensus recognition motif RXRXXS/T recognized by Akt, RSK,
and p70 S6 kinases (Alessi, Caudwell, Andjelkovic, Hemmings, & Cohen,
1996; Obata et al., 2000). This antibody has been used to identify individual
Akt substrates downstream of RTK signaling using standard immuno-
precipitation and Western blotting techniques (Manning et al., 2002), as
well as to perform larger, mass spectrometry-based screens in response to
growth factor stimulation in both cancer (Moritz et al., 2010) and primary
(Fantauzzo & Soriano, 2014) cell lines.

Notably, these approaches can be combined with the use of pharmacolog-
ical inhibitors that allow researchers to target R TK signaling pathway compo-
nents atseveral levels, with the caveat that several of these inhibitors target more
than one protein. Using the PDGFRa pathway as an example, Gleevec
(imatinib mesylate) can be used to inhibit the receptor itself (Buchdunger
et al., 1996), LY294002 can be used to inhibit the receptor-binding protein
PI3K (Vlahos, Matter, Hui, & Brown, 1994), and rapamycin can be used to
inhibit the intracellular signaling molecule mTOR (Brown et al., 1994).
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Finally, a recent study has combined several techniques to investigate sig-
naling networks commonly engaged downstream of individual RTKs
(Wagner et al., 2013). Six isogenic transformed human embryonic kidney
cell lines expressing EGFR, FGFR 1, IGF-1R, MET, PDGFR§f, or TRKB
were used in combination with lentiviral shRINA expression vectors to alter
the levels of intracellular signaling proteins. Upon stimulation with relevant
growth factors, phosphorylation of downstream proteins was evaluated at
several timepoints by probing lysate microarrays with phospho-specific anti-
bodies. Intriguingly, analysis of the resulting data highlighted three distinct
RTK classes with conserved downstream signaling networks: (1) EGFR,
FGFR1, and MET; (2) IGF-1R and TRKB; and (3) PDGFRf (Wagner
et al., 2013). Such multifaceted approaches will no doubt identify further
commonalities and differences in signaling downstream of the various
RTK families.

3.3. Proteomics

Mass spectrometry-based proteomic approaches have been employed to
identify protein phosphorylation targets downstream of growth factor stim-
ulation and new technologies have allowed for the quantification of these
post-translational modifications. One shotgun proteomics strategy that has
been used in two studies examining phosphorylation targets downstream
of RTK signaling in NCC-derived primary mouse embryonic palatal mes-
enchyme cells is the immunoprecipitation of target proteins from whole cell
lysates using either an anti-phosphotyrosine or anti-Akt-phosphosubstrate
antibody, analysis of the tryptic peptides by nanoliquid chromatography
coupled to tandem mass spectrometry (nano-LC-MS/MS), and assessment
of phosphorylation changes in response to ephrin-B1-Fc or PDGF-AA
treatment, respectively, by spectral counting (Bush & Soriano, 2010;
Fantauzzo & Soriano, 2014). In these scenarios, summing the number of
tandem mass spectra obtained for a given protein, a process known as spectral
counting, approximates the abundance of the protein in the sample within
over two orders of magnitude (Liu, Sadygov, & Yates, 2004).

Alternative isotope labeling approaches have been more commonly used
with transformed or cancer cell lines in the RTK field and allow for quan-
titative proteomics analyses. One such technique, iTRAQ (isobaric tag for
relative and absolute quantitation; Ross et al., 2004), has successfully been
used to investigate, for example, the dynamics of tyrosine phosphorylation
in response to EGF treatment in a transformed human mammary epithelial
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cell line (Zhang et al., 2005). For this study, tryptic peptides from four
growth factor stimulation timepoints were separately labeled with one of
four covalent tags of the same mass, mixed, immunoprecipitated with an
anti-phosphotyrosine antibody and analyzed by LC-MS/MS (Zhang
et al., 2005). In the case of iTRAQ, individual peptides are quantitated
by comparing the relative ratios of reporter ions generated by fragmentation
of the covalent tags in tandem mass spectrometry (Ross et al., 2004). Two
additional studies used a related approach, SILAC (stable isotope labeling
with amino acids in cell culture; Ong et al., 2002), to identify phosphory-
lation targets downstream of EGFR, MET, and/or PDGFRa signaling in
various human cancer cell lines (Moritz et al., 2010; Olsen et al., 20006).
Here, cells were grown in the presence of isotope-substituted forms of argi-
nine and lysine, stimulated with growth factor or treated with various inhib-
itors, and mixed. Tryptic peptides were then enriched for phosphopeptides
and analyzed by LC-MS/MS (Moritz et al., 2010; Olsen et al., 2006). With
SILAC, peptides are subsequently quantitated by assessing the relative inten-
sities of isotopic forms detected by mass spectrometry (Ong et al., 2002).
Importantly, each of the mass spectrometry-based proteomics techniques
discussed here has unique benefits and drawbacks (reviewed in Ahmad &
Lamond, 2014; Brewis & Brennan, 2010) that should be considered when
designing a relevant experimental strategy.

3.4. Biosensors

Lastly, various biosensors have been utilized both in vitro and in vivo to exam-
ine the spatiotemporal dynamics of RTK signaling. Bioluminescence reso-
nance energy transfer (BRET) involves the transfer of energy from a
luminescent donor (such as Renilla luciferase) to a fluorescent acceptor (such
as GFP or EYFP). Upon co-expression of fusion molecules in live cells, pro-
tein—protein interactions or conformational changes can be assessed by mea-
suring the ratio of emissions from the donor and acceptor (reviewed in
Siddiqui, Cong, Daimon, Martin, & Maudsley, 2013). One such study uti-
lizing this technology examined the interactions between RTKs of the
ErbB, Kit, PDGF, Trk, and VEGF receptor families with the signaling mol-
ecules Grb2, p85, Stat5a, Shc46, and PLCy1 in transformed human embry-
onic kidney cells, revealing specific receptor—signaling molecule interactions
in response to growth factor treatment (Tan et al., 2007). Additional studies
have employed BRET to examine receptor conformational changes upon
ligand treatment. For example, BRET assays conducted in Chinese hamster
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ovary cells demonstrated that the association between TrkB and Shc is con-
stitutive and that the complex undergoes a conformational rearrangement in
response to BDNF stimulation (De Vries et al., 2010).

More recently, biosensor mouse models have been developed that allow
for the assessment of intracellular signaling molecule activity downstream of
R TK signaling in vivo. To date, a single study has employed this technology
in the examination of neural crest-derived cell activity, using transgenic
mouse lines expressing Forster (or fluorescence) resonance energy transfer
(FRET) biosensors in conjunction with live imaging by two-photon exci-
tation microscopy (Goto et al., 2013). The authors used transgenic lines har-
boring PKA, Erk, Racl, Cdc42, and JNK FRET biosensors (Goto et al.,
2013; Kamioka et al., 2012; Komatsu et al., 2011) to demonstrate that
PKA activity in migrating enteric neural crest-derived cells is positively cor-
related with the distribution of GDNF and inversely correlated with Racl
and Cdc42 activity (Goto et al., 2013). Similar application of in vivo biosen-
sors will likely provide a profusion of information on the activity of signaling
molecules downstream of RTK induction during NCC development,
migration, and differentiation.

4. CONCLUDING REMARKS

Over the past two decades, numerous advances have been made in the
growth factor signaling field using biochemical, expression, and genetic
knockout approaches that have highlighted the mechanism and function
of RTK signaling during murine embryogenesis. A role for several of these
receptor families has thus been demonstrated in regulating NCC activity and
the development of their derivatives in mammalian embryogenesis. The
application of additional techniques, including receptor allelic series,
large-scale, quantitative proteomics, and biosensor imaging, promises to
reveal novel aspects of RTK signaling during development. Furthermore,
the in vivo analysis of transcriptional readout in response to individual
RTK stimulation will likely provide a wealth of knowledge on the mech-
anisms by which extracellular growth factors mediate diverse cellular
activities.
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