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ABSTRACT

The neural crest is a transient population of cells that arises at the border between the
neural and non-neural ectoderm. These cells are induced, undergo an epithelial-to-
mesenchymal transition, and then migrate along stereotypical pathways to form a wide
array of derivatives. While these cells have long been studied, much about these cells
and their interactions is still not understood. In order to better define these cells, we
performed a screen for genes involved in neural crest cell development based on an in
vitro culture system that produces neural crest cells. This highly successful screen
resulted in a large number of candidates to examine, and we performed in situ
hybridization to define the mRNA expression of 112 these genes. Moreover, we
performed QPCR on several transcription factors that resulted from this screen to
determine the level at which they were upregulated in our in vitro culture system. We
also present loss-of-function analyses of two different genes that were discovered in our
screen for neural crest effectors. These genes, AdhS and Ccarl, are both functionally
relevant in neural crest cells and the loss of either one through morpholino knockdown
significantly decreases the mRNA of Sox/0 on the injected side. Furthermore, we also
show that Adh5 morpholino knockdown also results in a reduction of Snail2 and FoxD3
mRNA. Taken as a whole, this body of work represents the discovery of many new
genes involved neural crest cell development, and the demonstration that at least two of

these genes are functionally important for neural crest cells.
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Chapter I: Introduction

Portions of this chapter are published as: The role of neural crest cells in the
endocrine system. Adams MS and Bronner-Fraser M. Endocrine Pathology. 2009
Apr 18. Other portions were written in collaboration with Katherine Fishwick,
Herve A, and M. Angela Nieto to be published as: Epithelial-to-Mesenchymal
Transitions: Importance of changing cells’ state in development and disease.
Acloque H, Adams MS, Fishwick K, Bronner-Fraser M and Nieto MA; Journal of
Clinical Investigations. [In Press].




1.1: Neural crest cells

The neural crest (NC) is a pluripotent cell population that arises at the junction of the
neural tube and the dorsal ectoderm (Figure 1). The neural crest has been widely
studied and been the subject of pivotal advances in areas of developmental biology
such as inductive interactions and long-range migration. More recently, studies of
neural crest cells have also proven useful in areas such as cancer research, stem cell
research (including regenerative medicine), and understanding the evolution of
structures as well as gene networks (Zito, Richiusa et al. 2008; Sieber-Blum, Schnell

et al. 2006; Song, Lee et al. 2008).

NC cells are first specified at the end of gastrulation at the border between neural and
non-neural tissues (Basch, Bronner-Fraser et al. 2006). After neurulation, NC
precursors within the neural tube undergo an epithelial to mesenchymal transition and
subsequently migrate away from the neuroepithelium in a rostral to caudal
progression. These highly migratory cells subsequently form many divergent
derivatives including neurons and glia of the sensory, sympathetic, and enteric
systems, melanocytes, and the bones, cartilage, and connective tissues of the face
(Figure 1) (Anderson 1993; Unsicker 1993; Baker and Bronner-Fraser 1997; Le
Dourarin and Kalcheim 1999; Hall 1999). In addition, they contribute to endocrine
cells like the chromaffin cells of the adrenal medulla, and the C-cells (parafollicular
cells) of the thyroid gland (Le Douarin and Teillet 1974; Le Douarin, Fontaine et al.

1974; Pearse 1966; Bussolati and Pearse 1967; Polak, Pearse et al. 1974). The advent



of neural crest cells is linked to the development of the “new head” (and, as some
argue, the “new neck”) and the evolution of predatory behaviors in vertebrates (Gans
and Northcutt 1983; Kuratani 2008). The gene regulatory network underlying NC
formation is predicted to have evolved over 500 million years ago during the early
Cambrian period leading up to the inception of the vertebrate lineage (Meulemans
and Bronner-Fraser 2005; Sauka-Spengler and Bronner-Fraser 2006; Sauka-Spengler,

Meulemans et al. 2007; Sauka-Spengler and Bronner-Fraser 2008).

Neural crest cells can be divided into several subpopulations based on their site of
origin and the locations to which they migrate. These groups are the cranial, trunk,
cardiac, and vagal neural crest cells. The cranial neural crest cells are those that
emerge from the presumptive brain region to form many of the craniofacial cartilages
and bones as well as nerves and connective tissues. The skeletogenic potential of the
cranial neural crest has been widely explored and documented throughout the
Vertebrata subphylum. Though it was for some time assumed that trunk neural crest
cells did not form bone or cartilage elements, they have since been shown to
contribute in a limited way to to these derivatives in a few extant and extinct animals
(Clark, Bender et al. 2001; Smith, Murray et al. 1994; Sanchez-Martin, Rodriguez-
Garcia et al. 2002; Cebra-Thomas, Betters et al. 2007; Smith, Murray et al. 1994;
Cano, Perez-Moreno et al. 2000; Freitas, Zhang et al. 2006; Graveson, Smith et al.
1997; Lumsden 1988). These examples, however, are the exception rather than the
rule as the trunk neural crest cells of many model organisms have been shown to not

have the ability to give rise to cartilage or bone (Smith and Hall 1990; Noden 1991;



Couly, Coltey et al. 1992; Couly, Coltey et al. 1993). The vagal neural crest cells,
originating in the neck region, colonize the intestine to form the ganglia of the enteric
nervous system (ENS), which controls intestinal peristalsis. Defects in innervation
can lead to megacolon disorder, also known as Hirschsprung’s disease (Heanue and
Pachnis 2007).The cardiac neural crest, a subpopulation of the vagal neural crest, is a
relatively recent discovery and has been shown to contribute to the
musculoconnective tissue of the primary blood vessels as well as the septum that
divides the outflow tract from the heart into the aorta and pulmonary artery (Le
Lievre and Le Douarin 1975; Jiang, Choudhary et al. 2002). In quail, clonal analysis
of derivatives has shown that the cardiac neural crest cells can give rise to

melanocytes, smooth muscle, chondrocytes, connective tissue, and sensory neurons

(Ito and Sieber-Blum 1991).

1.2: Historical aspects

Beginning in the time of Aristotle (about 350 B.C.), we have records of studies based
on the chicken embryo. Long domesticated, the chicken and its eggs have been not
only a valuable food source, but also a source of material for scientific inquiry. When
using chicken embryos as a model organism, there are not only opportunities to
perform classical embryological studies involving grafting, excision or implantation,
but one can also place beads soaked in myriad solutions, inject cloned constructs or
manufactured oligonucleotides and elecroporate them into cells, or even use viral

transfection techniques. Further studies are made possible by the elucidation of the



chicken genome, and on the genomes of other organisms as they can be used for
comparative inquiries. Our lab and others use chicken embryos of different ages to

study neural crest cells.

Neural crest cells were first described in 1868 by Wilhelm His in chicken embryos
when he named a band of cells between the dorsal ectoderm and the neural tube the
“Zwichenstrang” or “intermediate cord” (His 1868; Horstadius 1950). This initial
appellation gave way to the more descriptive and familiar term “neural crest” in a
1879 paper by Arthur Milnes Marshall (Hall 1999). Initially, neural crest cells were
thought to simply be the precursors of the cranial and spinal ganglia and neurons.
This first impression was soon questioned and in 1888 Kastschenko suggested that
cranial mesenchyme was derived from neural crest cells based on his observations in
shark embryos. In the 1890s, Julia Platt was the first person to demonstrate that the
neural crest cells were the origin of the mesenchyme of the visceral arch and further
demonstrated that they were also the origin of the cartilage of the visceral skeleton
and the dentine of the teeth (in the mud puppy, Necturus) (Hall 1999). A quarter of a
century passed before Landacre (1921) confirmed a neural crest origin for visceral
cartilages in Ambystoma jeffersonianum, and the ramifications of this work continue
to be important in the community (Landacre 1921). Most of the original studies of
neural crest cells were performed using amphibian embryos, but many laboratories
subsequently moved into chicken embryos and mammals such as the mouse in order
to exploit the many advantages offered by these embryos. In the 1960s, Chibon and

Weston used tritiated thymidine to label cells in amphibians and avians (respectively)



in order to determine the fates of the cells they were examining (Chibon 1967;
Weston 1963). This technique, though transient, opened up these organisms to new
questions that were more thoroughly answered by the more stable quail-chicken
chimeras pioneered by Nicole Le Douarin. Among others, these techniques allowed
for the construction of fate maps beginning in the 1970s—work that continues to the
present day. There are discrepancies between different fate maps, both because of the
organisms in which they were performed as well as the techniques used. It will be
critical to resolve these differences in order to understand the behavior of NC cells in

humans, where such lineage analyses are not possible (Gross and Hanken 2008).

More interspecific grafts were used in an attempt to understand the nature of the
induction of the neural crest cells. In the late 1970s and the early 1980s, Rollhduser-
ter Horst performed a series of experiments using grafts between different species of
urodeles that suggested the necessity of both neural and non-neural ectoderm in the
induction of neural crest cells (Rollhauser-ter Horst 1979; Rollhauser-ter Horst 1980).
Moury and Jacobson went on to use pigmented and albino axolotl embryos to
demonstrate that boundaries created between neural plate and epidermal tissues
would give rise to both neural folds and neural crest cells (Moury and Jacobson 1989;
Moury and Jacobson 1990). Selleck and Bronner-Fraser created quail-chicken
chimeras in which the neural plate of quail were cultured with chicken non-neural
ectoderm in vivo; these gave rise to migratory HNK-1 positive neural crest cells
(Selleck and Bronner-Fraser 1995). These experiments, while informative, used in

vivo techniques in which one could not separate the effects of neural plate-epidermal



interactions from the presence and influence of the underlying mesoderm. Therefore,
in vitro culture techniques were used to determine what tissues could induce neural
crest cell formation. To this end, further experiments were performed to show that
combining neural and non-neural ectoderm induces S/ug, a gene seen in neural crest
cells (Dickinson, Selleck et al. 1995; Gammill and Bronner-Fraser 2002; Adam:s,
Gammill et al. 2008) or demonstrates the formation of melanocytes and
catecholaminergic neurons (Dickinson, Selleck et al. 1995). Mancilla and Mayor also
demonstrated the upregulation of S/ug in co-cultured neural plate and epidermis from
Xenopus laevis embryos (Mancilla and Mayor 1996). Furthermore, the neural crest
cells were shown to come from both of the cultured tissues (Selleck and Bronner-
Fraser 1995; Mancilla and Mayor 1996). This co-culturing scheme was then used to
perform a successful subtractive screen to identify members of the genetic cascade
that is involved in the induction and migration of neural crest cells (Gammill and

Bronner-Fraser 2002; Adams, Gammill et al. 2008).

The use of vital dyes in vivo combined with imaging has also been useful for
examining contributions of neural crest populations (one example: (Bronner-Fraser
and Fraser 1988)). As the use of vital dye has some limitations, electroporations of
avian embryos in ovo and in various types of culture dishes were developed in order
to study the effect of over-expression and knock-down of genes in a spatially and
temporally controlled manner (Funahashi, Okafuji et al. 1999; Nakamura, Watanabe
et al. 2000; Katahira and Nakamura 2003; Sauka-Spengler and Barembaum 2008).

The use of constructs such as morpholinos and RNAi has been invaluable for



dissection of genetic interactions in organisms that are less amenable to classical
genetic manipulations. These can be used to investigate the effect of knocking down
genes that are involved in vital processes like gastrulation as well as later processes
like the migration of neural crest cells (in which genetic null embryos would not
survive past gastrulation and thus the gene’s effect could not be examined at the later
stage) (Sauka-Spengler and Barembaum 2008; Katahira and Nakamura 2003). The
advances in imaging techniques have also allowed striking advances in this area,
especially because better signal collection and the use of less laser power, have
allowed for less damaging imaging techniques and the possibility of longer

observation times in live tissue imaging.

Some antibodies have served as useful neural crest markers. For example, the HNK-
1 (CDS57) antibody identifies a cell surface sulfoglucuronyl glycolipid and is used to
label avian premigratory and early migratory neural crest cells as well as neural crest
cells in some other species (some reptiles and mammals). It is not exclusive to the
crest populations (as it also stains cerebellar and motor neurons as well as some
leukocytes) and is not useful as a label in amphibians ; Erickson, Loring et al. 1989;
Chou, Schachner et al. 2002). Despite these limitations, it is a good marker for neural
crest cells in avian embryos (Tucker and Erickson 1984; Rickmann, Fawcett et al.
1985; Bronner-Fraser 1986; Erickson, Loring et al. 1989; Sadaghiani and Vielkind
1990; Jeftery, Strickler et al. 2004) and has been shown to also stain turtle neural

crest cells (Hou 1999).



1.3: The EMT process in NCC with distinct involved
factors

General information
The neural crest represents a definitive example of a cell type that undergoes a
classical epithelial to mesenchymal transformation (EMT) in which epithelial cells in
the dorsal neural tube are transformed into a migratory mesenchymal phenotype
(Newgreen and Gibbins 1982; Nichols 1987). Neural crest cells form at the border of
the neural plate and non-neural ectoderm (Selleck and Bronner-Fraser 1995; Le
Dourarin and Kalcheim 1999) as a result of signals emanating from both of these
tissues. This phenomenon gives rise to the ‘neural plate border specifier’ signals
expressed by both of these populations (Knecht and Bronner-Fraser 2002; Meulemans
and Bronner-Fraser 2004). Cells at the border form the dorsal neural folds and
further signaling refines a sub-population of these into pre-migratory neural crest
cells that express ‘neural crest specifier’ genes such as Sox-10, Snail, and FoxD3
(Meulemans and Bronner-Fraser 2004; Sauka-Spengler and Bronner-Fraser 2006).
These cells then undergo a crucial epithelial-to-mesenchymal transition, escape the
neural folds and migrate to distinct regions of the developing embryo prior to re-

aggregation and further differentiation.

Epithelial and mesenchymal cells make up the majority of the body plan in metazoan
animals. These cell types differ both morphologically and functionally. Epithelial

cells display a characteristic apico-basal polarity and are adherent cells that are
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attached to their neighbors by intercellular adhesion complexes, thereby forming
coherent layers. Mesenchymal cells lack this polarity and intercellular junctions, and
have the ability to move throughout the extracellular matrix as individual cells
(Thiery and Sleeman 2006). However, the epithelial- and mesenchymal-cell
phenotypes are not irreversible, and during embryonic development, cells can convert
between the epithelial and mesenchymal states. Using the chick primitive streak (a
structure that forms early in avian, reptile, and mammal development and that is one
of the first signs of gastrulation) as a model, Elizabeth Hay was the first to propose
that epithelial cells can undergo dramatic phenotypic changes that reflect their
"transformation" to mesenchymal cells (Hay 1968). The term “transition” is now
preferred, since this "transformation" is reversible and mesenchymal cells can revert
to epithelial cells via MET (mesenchymal to epithelial transition). This EMT process
is essential for germ layer formation and cell migration in the early vertebrate

embryos (Hay 1968).

The sequential events in EMT have been defined as individual steps by Levayer &
Lecuit in 2008:
“1) specification of a group of cells destined to undergo EMT
2) loss of intercellular adhesion mediated by cadherins at adherens junctions
3) loss of polarity markers
4) cytoskeletal reorganization to actively drive cell delamination

5) degradation of the basement membrane.
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These steps do not necessarily occur consecutively and are not all necessarily present
in a given example of EMT” (Levayer and Lecuit 2008). It is worth noting that,
although many signaling pathways and molecules have been shown to be consistently
involved in neural crest formation and migration, as yet there have been no individual
or combinatorial signals that have been shown to function identically in these
processes (Sauka-Spengler and Bronner-Fraser 2008). In addition, large amounts of
the information that are gathered on the EMT process derive from work with cell
lines and work on different forms of cancer (since this is a crucial process that cancer
cells need to undergo to become migratory, and therefore metastatic). Despite this
heterogeneity, some studies pinpoint the action of certain molecules and pathways in
the EMT process undertaken by neural crest cells as they migrate out of the neural

tube.

Regulation of the Cadherin proteins during EMT
Snail family genes bind to targets sites on DNA via conserved E-box sequences
within both their own promoter (Sakai, Suzuki et al. 2006) and the promoters of their
targets such as E-Cadherin (Cano, Perez-Moreno et al. 2000), claudin-3,-4 and -7, and
occludin (Ikenouchi, Matsuda et al. 2003). This interaction appears dependent on
these elements and at least in some cases, the presence of the N-terminal SNAG
domain within the Snail genes (Ikenouchi, Matsuda et al. 2003). Further transcription
factors have been found which bind these target sites but do not belong to the Snail
superfamily; these are SIP-1 and SIP-2 (Smad Interacting Proteins -1 and -2,

respectively). SIP-1 (also known as ZEB-2, ZFHX1B, or SMADIP1) is necessary for
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EMT in neural crest cells in the mouse as crest cells in homozygous null embryos are
unable to exit the neural tube, and vagal neural crest (forming at the level of somites
1-7) does not form at all, suggesting a particular requirement of this subtype of crest

for SIP-1 (Van de Putte, Maruhashi et al. 2003).

Neural crest cells delaminate from the neural folds or dorsal neural tube shortly
before or after its closure. A crucial step in this is the transition from polarized
epithelial cells tightly linked together to individual mesenchymal cells; therefore
initiation of neural crest migration relies upon a decrease in cell-cell adhesion. For
any given cell, cadherin expression is a critical determinant of adhesion to
neighboring cells or to the extracellular matrix (ECM). Cadherins are transmembrane
proteins which mediate attachments to neighboring cells through homophillic binding
to cadherins expressed on neighboring cells. This homophilic interaction initiates
signal transduction from the ECM to the cytoskeleton within the cell (reviewed in
(Gumbiner 2005). Ectodermal cells express epithelial cadherins such as E-Cadherin
(also known as L-CAM in chick), a product of the Cdh1 gene which is initially
expressed through the entire ectoderm and is subsequently downregulated in cells
undergoing EMT (Edelman, Gallin et al. 1983). Loss of E-Cadherin can occur
through several mechanisms; the most common appears to be transcriptional
repression through transcription factors such as Snail, Snail2, or SIP-1 (Batlle,
Sancho et al. 2000; Cano, Perez-Moreno et al. 2000; Comijn, Berx et al. 2001; Perez-
Moreno, Locascio et al. 2001; Bolos, Peinado et al. 2003). However, E-Cad levels

may also be reduced by ubiquitination and lysosomal targeting of the protein
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(Palacios, Tushir et al. 2005); hypermethylation of the E-Cad promoter (Graff,
Herman et al. 1995); methylation of the promoter (Machado, Oliveira et al. 2001) or
mutations in the E-Cad gene in regions regulating its adhesive properties, reviewed in
(Hajra and Fearon 2002). These latter mechanisms have been uncovered in
transformed cell lines and it would be interesting to investigate their occurrence

during EMT in normal embryonic development.

E-Cadherin is not the only cadherin that must be repressed in order for EMT to occur.
In the chick, both E-cadherin and Cadherin 6B (Cad6B) are expressed within the
neural folds (Nakagawa and Takeichi 1995; Taneyhill, Coles et al. 2007), but only
Cad6B is known to be a direct target of Snail2, which binds E-box elements within
the Cad6B promoter to act as a transcriptional repressor (Taneyhill, Coles et al.
2007). This was the first work to describe a direct target of Snail2 during neural crest
EMT within the developing embryo. Furthermore, Cadherin 6B was shown to
regulate the timing of EMT and neural crest cell emigration from the neural tube
(Coles, Taneyhill et al. 2007). Another type I cadherin, N-cadherin (N-Cad, also
known as A-CAM) is also present in the neural plate but downregulated during EMT
in vivo. Interestingly, the downregulation of N-Cad can stimulate premature neural
crest cell migration (Newgreen and Gooday 1985). Expression of N-Cad returns in
specific lineages such as the dorsal root ganglia as cells reaggregate (Duband,

Volberg et al. 1988; Akitaya and Bronner-Fraser 1992; Hatta and Takeichi 1986).
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As neural crest cells exit the neural tube, cadherins such as Cad-7 are expressed on
migratory cells in place of E-Cad and Cad6B (Nakagawa and Takeichi 1995;
Nakagawa and Takeichi 1998). A further type II cadherin, Cad11 has also been
described on migrating neural crest cells in Xenopus (Hadeball, Borchers et al. 1998)

and mouse (Hoffmann and Balling 1995; Kimura, Matsunami et al. 1995).

Signaling cascades mediating crest cell EMT
Wnhts have been shown to regulate several important stages in neural crest cells such
as induction, the proliferation of NC precursors, the regulation of neural crest cell
delamination through modulation of cell division, and the regulation of their
migration (Garcia-Castro, Marcelle et al. 2002). Wnt signaling cooperates with other
signal cascades such as the BMP signaling pathway during the specification and

differentiation process of neural crest cells (LaBonne and Bronner-Fraser 1998).

The protolithic member of the TGFB superfamily was named a “transforming growth
factor” due to its ability to “transform” the phenotype of cells grown in soft agar (de
Larco and Todaro 1978). This name is quite appropriate for our purposes in that
several family members are associated with the epithelial to mesenchymal
transformation. There is a great deal of difficulty in interpreting the effect of TGFb
family members and signaling pathways on the EMT, not least because three TGFb
isoforms have been documented in mammals and four reported in the chicken
(Ahmed and Nawshad 2007). In addition to being involved in EMT (Boyer,

Ayerinskas et al. 1999), the TGFb family of peptide growth factors regulates many
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different biological functions such as inhibiting cell growth, inducing cell
proliferation and inducing ECM synthesis (Massague 1990). Antisense
oligonucleotides to TGFb2 mRNA were shown to inhibit EMT in chicken by Potts et
al. in 1991 and other labs have gone on to demonstrate that functional antibodies to
TGFB type II and type III receptors can inhibit EMT and the migration of the
mesenchymal cells after transformation (Brown, Boyer et al. 1996; Boyer, Ayerinskas
et al. 1999; Brown, Boyer et al. 1999). Additionally, Potts et al. also showed that
TGFb3 is required for EMT in the chicken (Potts, Dagle et al. 1991). Further studies
have gone on to show that although exogenous TGFB1, 2, or 3 can promote EMT,
these factors are not sufficient and require the presence of additional ECM

components to be effective (Nakajima, Krug et al. 1994).

Pez/PTPN14 is a tyrosine phosphatase that is thought to regulate cell adhesion
through tyrosine phosphorylation of adherens junction proteins (Muller, Choidas et al.
1999; Wadham, Gamble et al. 2003). Overexpression of Pez/PTPN14 in epithelial
MDCK cells is sufficient to cause TGF-beta mediated EMT, and knockdown in
zebrafish resulted in defective pigmentation and craniofacial deformities (Wyatt,

Wadham et al. 2007).

The signaling of the bone morphogenetic protein (BMP) family (also members of the
TGFb superfamily) has been shown to regulate the EMT in which neural crest cells
delaminate from the neural tube (Sela-Donenfeld and Kalcheim 1999; Sela-

Donenfeld and Kalcheim 2000). Individual family members are still being examined



16

using new techniques to determine their specific effects throughout neural crest
development in different species (Raible 2006; Correia, Costa et al. 2007). Noggin, a
BMP inhibitor, prevents neural crest cells from delaminating until it is downregulated
by signals from the somite. Another regulator of BMP signaling in neural crest is Cv-
2, a vertebrate homolog of Drosophila crossveinless, which regulates BMP signaling
and the onset of migration in trunk but not cranial neural crest cells (Coles,
Christiansen et al. 2004). Additionally, BMP signaling has been shown to upregulate
the transcription of wnt/ while inhibiting wnt! results in lower expression levels of
BMP regulated genes, strongly suggesting that these two signaling pathways are
interconnected during the neural crest EMT (Burstyn-Cohen, Stanleigh et al. 2004).
In chick embryos, BMP4 is expressed in neural folds and has the ability to transform
competent neural plate cells into migratory neural crest cells. (Selleck, Garcia-Castro
et al. 1998; Sela-Donenfeld and Kalcheim 1999). In the avian neural crest, BMP4
signaling activates c-myb, which activates transcription of msx-/ and Snail2, both
genes required for the formation of neural crest (Liem, Tremml et al. 1995; Sela-
Donenfeld and Kalcheim 1999; Karafiat, Dvorakova et al. 2005). Notch signaling is
also necessary for cranial neural crest to form (Endo, Osumi et al. 2002; Endo, Osumi

et al. 2003).

Role of the extracellular matrix during crest cell EMT
Further to changes in cellular adhesion, there is a breakdown in the basement
membrane that surrounds the neural tube from which cranial neural crest cells

migrate. (Erickson and Perris 1993). This disruption in the basement membrane
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occurs immediately before or after the onset of cranial neural crest cell migration in
both mice and avians (Duband and Thiery 1987; Nichols 1981). In the trunk region,
no basal lamina (and therefore, no basement membrane) exists at the neural fold
before neural crest cell migration begins, which removes this step in neural crest cell

development (Martins-Green and Erickson 1987).

MMP-2, or matrix metalloprotease- 2 (MMP-2, 72-kD type IV collagenase or
gelatinase A), is a protein important for degrading a variety of extracellular matrix
(ECM) molecules including collagen type I, IV, V, VII, X, XI, elastin, gelatins,
laminin, aggrecan, and vitronectin (Alexander and Werb 1992; Parsons, Watson et al.
1997). It is expressed during EMT in several cell types including the neural crest, and
is rapidly downregulated as the crest cells migrate away. MMP inhibitors, including
BB-94 and TIMP-2 (tissue inhibitor of metalloprotease-2), prevent EMT in vitro and
in vivo during neural crest formation. Additionally, in the Patch mouse mutant (which
has lost the alpha subunit of the platelet derived growth factor receptor), craniofacial
mesenchyme does not disperse properly and Robbins et al showed that MMP-2
activity is depressed (Robbins, McGuire et al. 1999). Specific morpholino
knockdown of MMP-2 expression in the dorsal neural tube perturbs the neural crest

cell EMT (Duong and Erickson 2004).

The ECM is not a passive structure allowing the movement of neural crest cells but
rather provides an active signaling input into cell migration from the neural tube. It is

also important to consider that the ECM is not a homogenous entity and different
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basement membranes may differentially regulate cell movement. Studies point to
several components of the ECM being of primary importance in NC cell migration
and as such are defined as ‘permissive’ i.e. supporting and allowing cell movement
(Perris and Perissinotto 2000): namely fibronectin, laminins, proteoglycans and the
movement inhibitory aggrecan proteoglycan. In addition, the complement of integrin
molecules expressed by the migrating cells that recognize these ECM components
also appears to be necessary for the correct regulation of migration. Genes regulating
EMT may also contribute to determining the surrounding ECM; In epithelial cells
overexpressing Snail, Snail2 or a further transcriptional repressor of E-Cadherin, E-
47, all have upregulated collagenla2 and integrin-a5 gene expression and
downregulated expression of keratin-19 and integrin-b6; these cells also have
upregulated expression of an ECM modifying protein, TIMP-1 (Moreno-Bueno,
Cubillo et al. 2006). Much work has been done to understand the many interactions
between ECM and E-Cadherin and adherens junctions in cancerous cells. Just as
work on neural crest may inform our understanding of metastasis, the reverse is also

true (e.g. (Giehl and Menke 2008)).

1.4: Neural crest stem cell plasticity and pluriopotency

The first direct evidence of neural crest cell multipotency came in 1980, when Sieber-
Blum and Cohen took individual trunk neural crest cells from quail and cultured
them. They found that these cells gave rise to one of three types of clones:

unpigmented (which solely consisted of adrenergic neurons), pigmented (which
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solely consisted of melanocytes), and mixed clones (containing both types of cells)
(Sieber-Blum and Cohen 1980). When cultured quail neural crest cell colonies were
reintroduced back into embryos, these cells were able to contribute to neural crest
derivatives such as the sympathetic ganglia, adrenal gland, and aortic plexus as well
as various populations of neurons. Furthermore, when single neural crest cells were
injected into host embryos, they proved able to give rise to many daughter cells of

different neural crest cell lineages (Bronner-Fraser, Sieber-Blum et al. 1980).

These results were later confirmed in vivo without the inherent complications of
transplantation when Bronner-Fraser and Fraser used lysinated rhodamine dextran
(LRD) to label individual dorsal neural tube cells in vivo. Descendants of these
individual cells were not only found in the neural tube, but also went on to form such
diverse neural crest derivatives as sensory neurons, pigment cells, glia, and
adrenomedullary cells (Bronner-Fraser and Fraser 1988). This was the first evidence
for the pluripotency of neural crest cells in vivo and later work went on to definitively
confirm the pluripotency of both premigratory and early migrating neural crest cells
(Bronner-Fraser and Fraser 1989). Pluripotent neural crest cells have been found in
avians (Sieber-Blum and Cohen 1980; Bronner-Fraser and Fraser 1988; Bronner-
Fraser and Fraser 1989; Sieber-Blum 1989; Ito and Sieber-Blum 1991) as well as in
mammals (Stemple and Anderson 1992; Morrison, White et al. 1999), demonstrating

the conservation of this concept, at least among these groups.
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Although avian, murine, and human NCSCs have been reported, it is important to
note that these cells are vastly in the minority and that not all migratory neural crest
cells show the same degree of commitment—approximately 80% of some populations
of neural crest cells demonstrated some level of pluripotency, while the remaining
20% gave rise to only one type of cell (Baroffio, Dupin et al. 1988; Baroffio, Dupin et
al. 1991; Le Douarin, Creuzet et al. 2004). Since it was not possible to “challenge”
these cells to see if they could give rise to more derivatives under other

circumstances, their full range of developmental potential could not be assessed.

In the cardiac neural crest cells, Ito and Sieber-Blum showed that a small percentage
of the cells can give rise to all the described derivatives, that more can give rise to
restricted progeny (melanocytes and smooth muscle) and that still others are
committed early to becoming only melanocytes (Ito and Sieber-Blum 1991). Mice
have also been shown to have similar unipotent and multipotent cardiac neural crest
cells, with some of the multipotent cells displaying the property of self-renewal
(Youn, Feng et al. 2003). Additionally, in mice an enriched population of NCSCs has
been obtained through p75 sorting (Stemple and Anderson 1992). In the quail, in vitro
analysis of neural crest cells grown on fibroblast feeder cells with endothelin 3-
supplemented media have shown the existence and rarity (approximately 1% of the
trunk and 3% of cranial clones) of NCSCs that can generate many different expected
cell types (Trentin, Glavieux-Pardanaud et al. 2004). Human NCSCs have been
derived from human embryonic stems cells (HESCs) at the neural rosette stage and

can be propagated and differentiated in vitro to give rise to many neural crest cell
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derivatives, such as Schwann cells, smooth muscle cells, peripheral neurons,
osteogenic cells, and chondrogenic cells. Furthermore, transplantation of the human
NCSCs into embryonic chickens and adult mice have demonstrated the viability,

migratory and differentiation capacities of these cells (Lee, Kim et al. 2007).

While the pluripotency of these cells had been demonstrated in short-term analysis, it
remained to discover how long these cells retain stem cell properties in the embryo.
It is now apparent that some cells capable of forming a broad range of neural crest
derivatives appear to persist into adulthood. In 2004, pluripotent NCSCs were
identified in the adult mouse hair follicle and termed the epidermal NCSCs (eNCSCs
or EPI-NCSCs). Clonal analysis from bulge explants yielded neurons, smooth muscle
cells, Schwann cells and melanocytes while serial cloning revealed the self-renewing
capacity of these cells (Sieber-Blum, Grim et al. 2004). Further work has revealed the
existence of NCSCs in bone marrow, the dorsal root ganglia, and the whisker pad of
adult mice (Nagoshi, Shibata et al. 2008). Hu et al have also provided data describing
genes that are differentially expressed in the EPI-NCSCs and have generated a 19
gene “molecular signature” to help identify and isolate these cells (Hu, Zhang et al.
2006). NCSCs are already being utilized with some success in attempts to repair
disorders such as the lesioned spinal cord (Sieber-Blum, Schnell et al. 2006; Song,

Lee et al. 2008).
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1.5: Neural crest cells and neuroendocrine tumors

The established neural crest derivatives give rise to pheochromocytomas and extra-
adrenal paragangliomas, neuroblastomas and medullary thyroid carcinomas. The
tumors can be sporadic or can occur as components of hereditary syndromes with
variable penetrance [71]. Although controversies concerning embryological origin
appear to have mostly been resolved, questions persist concerning the pathobiology of
each tumor type. The answers to those questions are likely to come from greater
understanding of neural crest cells and the pathways involved in their formation,

migration and differentiation.

Sympathoadrenal tumors
Salient questions pertaining to sympathoadrenal neural crest cells include why
pheochromocytomas in the adrenal gland are often adrenergic while extra-adrenal
paragangliomas are almost always noradrenergic. The idea that the transcription
factor Egr-1 is a simple master switch for the adrenergic phenotype (Wong 2003) has
not held up in gene expression profiling studies of adrenergic and noradrenergic
tumors (Huynh, Pacak et al. 2006). Likewise, the idea that adrenal glucocorticoids are
the major adrenergic determinant has not held up in light of mouse studies showing
that sympathoadrenal progenitors are already heterogeneous when they reach the
adrenal cortical primordium (Unsicker, Huber et al. 2005). Other questions that
remain unanswered include those that concern the increased malignancy of extra-

adrenal paragangliomas as compared to their intra-adrenal counterparts, and those
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concerning the developmental basis for the varying manifestations of different

hereditary syndromes that include pheochromocytomas/paragangliomas.

Pheochromocytomas and extra-adrenal paragangliomas are both types of tumors of
the autonomic nervous system found in neural crest-derived endocrine cells or organs
(paraganglia). In 2004, the WHO (World Health Organization) formalized the current
definition of pheochromocytomas as tumors that “arise in the adrenal medulla and are
derived from chromaffin cells of neural crest origin” and that they are “intra-adrenal
sympathetic paraganglioma[s]”. Those tumors that “arise from chromaftin cells in
sympathoadrenal and parasympathetic paraganglia” are termed “extra-adrenal
paragangliomas”. (DeLellis 2004). Pheochromocytomas and extra-adrenal
paragangliomas show differences including a lower malignancy rate in
pheochromocytomas (roughly four fold higher at ~20% in extra-adrenal
paragangliomas associated with the sympathetic nervous system)(Linnoila, Keiser et
al. 1990), a tendency to be associated with certain genetic disorders like multiple
endocrine neoplasia type 2 (MEN2) (Bryant, Farmer et al. 2003), von Hippel-Lindau
(VHL) disease, or familial paraganglioma syndrome and neurofibromatosis type 1
(NF1) (Maher and Eng 2002) (Eisenhofer, Bornstein et al. 2004), and are more often
adrenergic in nature (whereas extra-adrenal paragangliomas are more often than not
noradrenergic) (Lloyd, Sisson et al. 1986). Despite their differences, these tumors
have similar morphologies, neuroendocrine profiles, and some genetic predispositions

(Tischler, Kimura et al. 2006).
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The von Hippel-Lindau and neurofibromatosis 1 genes are named for the diseases that
mutations in them can cause. All of the VHL mutations decrease its ability to
suppress the function of JunB, which normally acts as an antagonist to cJun (Lee,
Nakamura et al. 2005). The disease is divided into two types (type I and type II)
based on the susceptibility to pheocychromotomas or paragangliomas (Tischler
2008). Those patients who do develop pheochromocytomas may have examples that
show some unusual characteristics like a thick vascular capsule, intermixed small
vessels, myxoid (mucoid: resembling mucous) and hyalinized (glasslike or
transparent) stroma, small cells with clear or amphophilic cytoplasm, and a lack of
hyaline globules (Koch, Mauro et al. 2002), although the cause of these atypical
features is not currently understood. These pheochromocytomas are usually
noradrenergic and therefore phenylethanolamine N-methyltransferase negative
(Tischler 2008; Eisenhofer, Huynh et al. 2004). It is possible to test for mutations in
the VHL gene, which leads to easier identification of the genetic underpinning for
people who suffer from this disease. The NF1 gene, on the other hand, is quite large
and does not have the “hot spots”, or areas that are frequently mutated and might
allow for genetic testing. However, some mouse NF'/ heterozygous knockouts display
incidence of pheochromocytomas at an increased frequency, providing a gene-
specific pheochromocytoma model for study (Jacks, Shih et al. 1994; Tischler, Shih
et al. 1995). Furthermore, one study of these mice has shown that almost 20% of the
genes expressed in these pheochromocytomas are also expressed in early neural
development (Powers, Evinger et al. 2007), which makes the results of studies

working to elucidate these early genes even more relevant. Interestingly, development
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of the tumors depends on the genetic background of the mice, possibly mirroring the
variable penetrance of hereditary human tumor syndromes. In mice, the influence of
genetic background may be due to strain-dependent differences in tissue specific
expression of Nfl and other tumor suppressors (Reilly and Van Dyke 2008; Couto
and Cardiff 2008). Contributions of the tumor microenvironment might also be
critical for some types of tumors to develop (Reilly and Van Dyke 2008).
Interestingly, some mutations of murine Nf/ have been to most types of tumors seen
in neurofibromatosis (Joseph, Mosher et al. 2008). Kaelin and co-workers have
proposed the attractive hypothesis that different genetic mutations that lead to
pheochromocytoma/paraganglioma do so by promoting survival of progenitors that
would otherwise undergo programmed death (Lee, Nakamura et al. 2005) (Nakamura
and Kaelin 2006). The actions of the various tumor-susceptibility genes at different

times in development would help to account for the genotype-phenotype correlations.

C-cell neoplasms
The thyroid gland is formed from two different embryonic lineages: the thyroxine-
producing follicular cells (of endodermal origin) (Hilfer 1968) and the parafollicular
calcitonin-producing C-cells (Pearse and Carvalheira 1967; Le Lievre and Le Douarin
1975; Fontaine 1979). According to current understanding, these two lineages are
derived from the thyroid primordium, which arises from an outpocketing of the floor
of the pharynx, and the ultimobranchial bodies (UBBs), which arise from caudal

lateral outpocketings of the fourth pharyngeal pouches (Biddinger and Ray 1993;
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Manley and Capecchi 1998; Di Lauro and De Felice 2001). The UBB are populated
by neural crest-derived C-cell precursors and subsequently incorporated into the right
and left thyroid lobes (Pearse and Carvalheira 1967; Moseley, Matthews et al. 1968;
Pearse and Polak 1971; Le Lievre and Le Douarin 1975; Williams, Toyn et al. 1989).
The C-cells, which comprise only 0.1% (by mass) of the epithelial portion of the
human thyroid gland (Biddinger and Ray 1993), are the major producers of the

hormone calcitonin.

Medullary thyroid carcinoma (MTC) is a cancer first described at the beginning of the
20" century as “malignant goiter with amyloid” and definitively defined in 1959 as
“solid non-follicular carcinoma with co-existing amyloid”, although the amyloid
deposition is not a necessary feature (Hazard, Hawk et al. 1959; Gimm and Dralle
1999). It arises from the parafollicular C-cells (calcitonin cells) and accounts for
between 5-10% of thyroid carcinomas (Williams 1966; Al-Rawi and Wheeler 2006).
As this tumor is derived from C-cells, those seeking identification and treatment for
MTC are provided at least one invaluable immunohistochemical and biochemical
marker, calcitonin. Additionally, TTF1 is reported to be strongly expressed in MTCs,

while paragangliomas do not show expression (Agoff, Lamps et al. 2000).

Medullary thyroid carcinoma is a good example of the sort of disorder that makes it
so critical for scientists to more thoroughly understand the genetic network that
functions during the normal and neoplastic states of cells and organs. While the

current treatment modality for this and many other pathologies is surgical resection of
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tissues, it is more than possible that understanding the disease would allow new
treatments to be attempted in order to augment chances of patient survival and
hopefully to someday obviate the need for drastic surgical intervention and, in the

cases of other cancers, the use of agents damaging to healthy tissues.

1.6: Known human craniofacial defects

Syndromes with known genotypic basis

Craniofacial defects are one of the most common birth defects and affect roughly
10% of live births; generally somewhere between 1:500 and 1:1000 babies.
Commonly, this may manifest as a cleft lip or palate or defects in dentition. There are
three kinds of cleft palate: incomplete, complete and bilateral. These can occur with
or without a cleft lip, and children who are born with this condition cannot create
suction and will have trouble trying to suckle and get enough milk to thrive.
Invariably, the cells that are affected in these difficulties are the neural crest cells.
Craniofacial defects can also include serious malformations of the skull including
missing or drastically reduced bones. This is critically important, as the frontal bones
are necessary to protect the brain. Since these disorders are so numerous and
widespread, there are many distinct named syndromes as well as several different

gene mutations available for study.

Apert syndrome is an autosomal dominant mutation named for the French neurologist

who first described it in 1906. A brachysphenocephalic type of acrocephaly
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characterizes the skull malformations seen in patients in addition to a highly arched
and sometimes cleft palate, a hypoplastic midface, and defects in the growth of the
orbital bones. The underlying mutation was discovered to be fibroblast growth factor
receptor type 2 (FGFR2) in 1995 by the group of Andrew Wilkie (Wilkie, Slaney et
al. 1995). Similar defects in cartilage and bone development are seen in the
FGFR2"5%*Y mouse model (Wang, Xiao et al. 2005). Mutations in FGFR2 and
FGFR3 have also been implicated in Crouzon syndrome (acanthosis nigricans is also
a feature apparent with the FGFR3 mutation). Crouzon craniofacial dysostosis is an
autosomal dominant disorder with craniosynostosis, hypoplastic orbital and facial
bones and highly arched palate (Reardon, Winter et al. 1994; Glaser, Jiang et al.
2000). Eswarakumar et al. generated an animal model of Crouzon syndrome in 2006
using a dominant mutation in the mesenchymal splice form of Fgfr2 (Eswarakumar,
Ozcan et al. 2006). One further syndrome associated with mutations in FGFR2 is
Pfeiffer syndrome (Lajeunie, Ma et al. 1995; Rutland, Pulleyn et al. 1995; Schell,
Hehr et al. 1995) and Muenke reported in 1996 that this was the mutation in the
family originally described by Pfeiffer in 1964 (Pfeiffer 1964). Mutations in FGFR1
have also been found in familial Pfeiffer syndrome (Muenke, Schell et al. 1994).
There are three types of Pfeiffer syndrome, with types 2 and 3 being more severe.
Patients with Pfeiffer syndrome display craniostenosis and craniofacial dysplasia,
including midfacial hypoplasia (Muenke, Schell et al. 1994; Lajeunie, Ma et al. 1995;

Rutland, Pulleyn et al. 1995; Schell, Hehr et al. 1995).
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Human TFAP2A mutants have branchiooculofacial syndrome (BOFS) with bilateral
branchial cleft sinuses, congenital strabismus, obstructed nasolacrimal ducts, broad
nasal bridge, protruding upper lip, and carp mouth. Sometimes there are colomba,
micropthalmia, auricular pits, lip pits, highly arched palate, and dental anomalies
(Lee, Root et al. 1982; Hall, deLorimier et al. 1983; Fujimoto, Lipson et al. 1987,
Milunsky, Maher et al. 2008). AP2 and AP2-alpha knockout mice have severe
craniofacial defects such as severe dysmorphogenesis of the face, skull, sensory
organs and cranial ganglia (Schorle, Meier et al. 1996; Zhang, Hagopian-Donaldson
et al. 1996). Another TFAP family member, TFAP2B, has a role in facial
development. TFAP2B mutations result in Char syndrome, in which typical facial
features include a flat midface, wide-set eyes, a flat nasal bridge and a nasal tip that is
both flat and broad, thickened and everted (“duck-bill”) lips and a triangular mouth
(Char 1978; Satoda, Zhao et al. 2000). Attempts to study the neural crest cell defects
in mouse models of TFAP2B have been unsuccessful as the knockout mice die soon

after birth due to polycystic kidney disease (Moser, Pscherer et al. 1997).

Those who suffer from Pierre Robin syndrome display craniofacial defects like high,
narrow palates, fused mandibles, and micrognathia (Murray, Oram et al. 2007). It has
been associated with deletion 2q32.3-q33.2 (Houdayer, Portnoi et al. 2001). In mice,
a neural-crest specific deletion of snaill in a snail2 knockout background has been
found to resemble this syndrome, and while the defects are thought to result from
problems in neural crest cells, they are not found to occur in the initial delamination

or migration stages of their development (Murray, Oram et al. 2007). Knockouts of
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Snail2 are also found in Waardenburg-Shah syndrome type 2 and non-Kit related
piebaldism (heterozygous) (Waardenburg 1951; Read and Newton 1997; Sanchez-
Martin, Rodriguez-Garcia et al. 2002; Spritz, Chiang et al. 2003). Waardenburg
syndrome type 2 has also been associated with MITF in some families. Two other
Waardenburg-Shah syndromes, types 1 and 3, have mutations in the Pax3 gene
(Waardenburg 1951; Read and Newton 1997; Spritz, Chiang et al. 2003).
Waardenburg syndrome has a number of common features including pigment defects,
hearing impairments, and cranial dysmorphisms like synophrys, telecanthus, broad

and high nasal roots, and lower lacrimal dystopia (Pardono, van Bever et al. 2003).

DiGeorge syndrome (DGS, also sometimes known as the DGA or DiGeorge
anomaly) results in many cases from a deletion in the DGCR, or DiGeorge syndrome
chromosome region, on chromosome 22 (Strong 1968; Wilson, Cross et al. 1991).
Several genes including zinc finger transcription factor ZNF74 are known to be in
this region (Aubry, Demczuk et al. 1993). The phenotype seen in patients includes
cleft lip and is the result of cervical neural crest cell migration into the pharyngeal
arches and pouches. Based on its presence among the genes in the DGCR, a
transcription factor of the T-box family, Tbx1, was investigated by Jerome and
Papaioannou in 2001. Mice homozygous null for this gene showed many mutations
including abnormal facial structures (known as conotruncal anomaly face) and cleft
palate (Jerome and Papaioannou 2001; Baldini 2002; Yagi, Furutani et al. 2003).
Subsequent analysis of patients with this syndrome showed that mutations in Tbx1

could result in this syndrome (Yagi, Furutani et al. 2003). A mouse knockout of
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HoxA3 also produces a recessive phenocopy of DGS, but mutations in the human
gene have not as yet been associated with this syndrome (Chisaka and Capecchi

1991).

TGFBR1 mutations have been described in LDS (Loeys-Dietz syndrome) type 1A
and 2A along with non-FBN1-related Marfan syndrome while TGFBR2 mutations are
associated with LDS type 1B and 2B along with non-FBN1-related Marfan syndrome.
LDS types 1 and 2 are clinically indistinguishable based on symptoms, which are
characterized by a triptych of arterial tortuosity and aneurysms, hypertelorism, and
bifid uvula or cleft palate. LDS type 1 has craniofacial involvement such as
craniosynostosis or cleft palate, while type 2 has no history of these traits (Loeys,
Chen et al. 2005; Loeys, Schwarze et al. 2006). Marfan syndrome shows striking
clinical variability but often displays a highly arched palate with crowded teeth
(McKusick, Traisman et al. 1972; Pyeritz, Murphy et al. 1979). TGFBR2 conditional
mouse mutants made with a Wnt-cre line show severe skull defects, missing frontal
and severely retarded parietal bones, cleft palate, and reduced mandible and maxilla
bones (Sponseller, Hobbs et al. 1995; Ito, Yeo et al. 2003; Loeys, Chen et al. 2005).
TGFBR2 has been shown to be a direct target of EWS-FLI1 (Hahm, Cho et al. 1999),
a translocation known to be commonly involved with another neurocristopathy called
Ewing’s sarcoma (Giovannini, Biegel et al. 1994). Paris-Trousseau type
Thrombocytopenia (TCPT) is in many cases the result of a homozygous deletion of
Flil, one of the two genes that form this translocation, in humans. In addition to

thrombocytopenia, the characteristics of TCPT include mental retardation and facial
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dysmorphism among other characteristic neural crest defects (Favier, Jondeau et al.

2003).

Mutations in the human Treacle gene result in Treacher Collins syndrome (TCS; also
called Treacher Collins-Franceschetti or TCOF), a disorder presenting with severe
neural crest abnormalities, including micrognathia, microtia, and other ear
deformities, hypoplastic zygomatic arches and macrostomia as well as hearing loss
and cleft palate (Dixon 1996). Mouse mutants haploinsufficient for 7cofI have
similar craniofacial defects including reduced head size, frontonasal dysplasia, poorly
formed nasal passages, and cleft palate resulting from the failure of palatal shelves to
fuse. Studies on these mice have shown that the gene product is required for ribosome
biogenesis necessary for NC cell proliferation (Dixon, Jones et al. 2006; Dixon,
Trainor et al. 2007). Treacle mutations or loss of mMRNA and accompanying
craniofacial defects have also been seen in additional animals such as Resus monkeys
(Macaca mulatta) and dogs (Haworth, Islam et al. 2001; Shows, Ward et al. 2006).
Nager acrofacial dystosis, another syndrome, resembles TCS in that it often displays
with a high nasal bridge, micrognathia, external ear defects, cleft palate, cleft lip, and
an absent soft palate. This syndrome in distinguishable in that it always presents with
limb defects (McDonald and Gorski 1993). Saethre-Chotzen syndrome also displays
limb deformities, but results from a mutation in the human gene Twist. The
symptoms of Saethre-Chotzen syndrome also include craniosyntosis and dysmorphic
facial features including facial asymmetry (el Ghouzzi, Le Merrer et al. 1997,

Howard, Paznekas et al. 1997). In mice, the knockout is embryonic lethal and
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displays branchial arch malformations (Chen and Behringer 1995). Therefore, a
conditional mouse mutant was created in which the typical craniofacial defects can be

seen (Chen, Akinwunmi et al. 2007).

Human FoxD3 deficiencies present as autosomal dominant vitiligo and as a regulator
of melanoblast differentiation [323]. Zebrafish FoxD3 mutant mother superior has a
protruding lower jaw, loss of cartilage in the hyoid and posterior branchial arches, as
well as pigment defects and a defective peripheral nervous system (Montero-
Balaguer, Lang et al. 2006). Complete FoxD3 mouse knockout embryos fail early in
embryogenesis, around the time of implantation. Tissue specific knockout of FoxD3
in the neural crest cells results in perinatal death with catastrophic loss of craniofacial

structures and other neural crest derivatives (Teng, Mundell et al. 2008).

SIP1 (Zeb2, ZFHX1B, SMADIP1) mutations result in Mowat-Wilson syndrome, a
disorder including Hirschprung symptoms as well as microcephaly, mental
retardation, hypertelorism, short stature and submucosal cleft palate (Mowat, Croaker
et al. 1998; Wakamatsu, Yamada et al. 2001; Zweier, Albrecht et al. 2002; Ishihara,
Yamada et al. 2004). In the mouse, it has been shown that the similar defects that are
seen in mutants of this gene result from an early arrest in cranial neural crest cell

migration (Van de Putte, Francis et al. 2007).

Bardet-Biedl syndrome (BBS) patient have subtly flattened and hypoplastic midfacial

bones resulting from aberrant NCC migration. Twelve genes have been discovered to
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have involvement in this syndrome and are known as BBS1-12. Both zebrafish and
mouse mutant models have been examined and show similar defects to the human

condition (Tobin, Di Franco et al. 2008).

Sox 9 mutation in humans results in campomelic dysplasia, a mutation that includes
craniofacial defects such as a cleft palate, micrognathia, and a flat face (Houston,
Opitz et al. 1983; Wagner, Wirth et al. 1994; Kwok, Weller et al. 1995). The
zebrafish mutant of Sox9a is the jellyfish mutant and lacks cartilaginous elements of

the neurocranium and branchial arches (Yan, Miller et al. 2002).

Syndromes with no known genotypic basis:

Hemifacial Microsomia (HFM), also known as Goldenhar syndrome or
oculoauriculovertebral dysplasia (OAVS), is a defect involving first and second
branchial arch derivatives (Nijhawan, Morad et al. 2002). It has been hypothesized
that maternal diabetes can interfere with neural crest cell migration as this syndrome
has increased prevalence among the children of diabetic mothers (Wang, Martinez-
Frias et al. 2002). Thus far, there have been no genotype-phenotype correlations
among human patients with this syndrome, though different genes have been
investigated (Kelberman, Tyson et al. 2001; Splendore, Passos-Bueno et al. 2002). A
transgenic mouse line with the HFM phenotype has been isolated and described by
Naora et al. They designated the locus of the autosomal dominant insertion HFM and

mapped to mouse chromosome 10 (Naora, Kimura et al. 1994). Another syndrome
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with no known genetic origin, Hallerman-Streiff syndrome, displays natal teeth and
other dental abnormalities as well as a characteristic “bird like” face and dyscephalia

with a small mouth and a highly arched palate (Nicholson and Menon 1995).

1.6: Goal of this thesis

This brief survery demonstrates the importance of the neural crest derivatives in adult
organisms, and the fascinating properties of the developing neural crest as a model to
study induction, migration, and determination of cellular fate. My thesis project
specifically sought to expand the genes known to be involved in the induction and
migration of neural crest cells, in order to refine our current understanding and
illuminate mechanisms of normal development, while pointing out candidate
protagonists in various human disorders. To do this, we took a two-pronged approach:
to screen for involved molecules in vitro and then to test their functional relevance in
neural crest cells in vivo. We have discussed the importance of this cell type as well

as some of the normal and pathological situations it is involved in.

In Chapter 2, we first show the results of the screen performed to identify new genes
involved in neural crest induction and migration. This screen takes advantage of a
culturing technique in which cDNA derived from individually cultured pieces of non-
neural ectoderm and intermediate neural plate are subtracted from cDNA expressed
by co-cultures. This technique allows for the enrichment of gene transcripts that are

whose expression levels are modulated concurrent with neural crest induction and



36

development. Subsequently we discuss examinations of these genes by in situ
hybridization as well as selected transcription factors by QPCR. Performing these
experiments has allowed us to increase the number of genes likely involved in neural
crest development by more than 100, and also to further define the in vitro culture
assay system used in our screen. These results will allow us to more fully define the

current neural crest genetic network.

In Chapter 3, we examine a selected subset of the genes uncovered by the screen
discussed in Chapter 2 for their involvement in neural crest cell development. To do
this we study the effects of perturbations of these gene products through the use of
morpholino oligos and overexpression vectors, performing classic loss-of-function

and gain-of-function analysis of these genes.

We have demonstrated here that Ccarl mRNA is present in the both the dorsal neural
folds and in the migratory neural crest cells in early chicken embryos (Figures 1 and
2). It presence in migrating neural crest cells was then further confirmed by overlay
with HNK-1 on a section of a Ccarl in situ. We also quantitated the expression level
of Ccarl in non-neural ectoderm and intermediate neural plate isolates and conjugates
as described above. Ccarl showed a significant difference between these two
populations with an average conjugate value of 0.777, standard deviation 0.104 and
an average non-conjugate value of 0.464, standard deviation 0.149. The student t-test
value is significant, with p=0.0405 (Chapter 3, Figure 2). Upon perturbation using

morpholino oligos, we discovered that loss of the Ccarl protein causes a decrease in
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Sox10 mRNA on the injected side, and that there is an increase in death in the dorsal

neural folds of these embryos (Chapter 3, Figure 3).

The transcript of the second gene that we examined, Adh5, is also present in the
dorsal neural folds and the migrating neural crest, and in early chicken embryos does
not appear to be present at significant levels in other tissues. When injected with a
morpholino against the 5’UTR of the Adh5 gene, chicken embryos show a marked
reduction in the mRNA (by in situ hybridization) of three transcription factors known
as neural crest specification: Sox10, FoxD3, and Snail2. These results are statistically

significant, at p<0.0001, p=0.0086, and p=0.0065, respectively.

Thus, we have been able to not only increase the numbers of genes known to be
involved in neural crest cell development, but we have also been able to confirm the

functional relevancy of two of these genes.
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Table I. Disorders relating to neural crest genes/ EMT

Summary of genes that cause neural crest defects when mutated. Increasing numbers of
studies are probing the ways in which many genes involved in EMT have a dual nature with
importance in both early embryonic development and cancer. Mutations within these genes
can lead to uncontrolled EMTs within the developing or adult organism resulting in tumor
development (Ansieau, Bastid et al. 2008) and metastasis. This can cause spreading of the
cancer to multiple sites within the body, which may lead to decreased chances of survival.
The expression of several genes involved in EMT, such as Snaill and Snail2, has been

reported in human tumors (Peinado, Olmeda et al. 2007).

Since the neural crest population is highly proliferative, migratory, and multipotent, it is not
surprising to see the catastrophic effects of neural crest cell derived tumors, such as
neuroblastomas and medulloblastomas. As neural crest cells contribute to a wide range of
cell types, mutations in genes that specify the neural crest or its sublineages may lead to
serious or even lethal consequences. Null mutations often lead to failure to survive past early
developmental stages. Accordingly, conditional knockouts in mice have been employed to
elucidate the role of these genes in later development. Occasionally, gene knockouts have
mild effects that may be due to gene redundancy or plasticity within the neural crest

population.
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AP2 (TFAP2A) Branchiooculofacial | Low birth weight, retarded postnatal growth, | (Lee, Root et
(human) syndrome (BOFS) | bilateral branchial cleft sinuses, congenital al. 1982)
strabismus, obstructed nasolacrimal ducts,
broad nasal bridge, protruding upper lip, and
carp mouth. Occasionally seen are coloboma,
microphthalmia, auricular pits, lip pits, highly
arched palate, dental anomalies, and
subcutaneous cysts of the scalp
AP2 (mouse) AP2-/- Die perinatally with cranioabdominoschisis (Schorle,
and severe dysmorphogenesis of the face, Meier et al.
skull, sensory organs, and cranial ganglia; 1996)
AP2 alpha -/- Neural tube defects followed by craniofacial
and body wall abnormalities
(Zhang,
Hagopian-
Donaldson et
al. 1996)
TFAP2B Char syndrome Flat midface, wide-set eyes, flat nasal bridge, | (Lee, Root et
broad and flat nasal tip, thickened and everted | al. 1982)
“duck-bill” lips, triangular mouth
FGFR1 (human) Familial Pfeiffer Craniostenosis and craniofacial dysplasia, [257-261]
syndrome including midfacial hypoplasia
FGFR2 (human) Apert syndrome Autosomal dominant; Characterized by [252]
brachiosphenocephalic skull defects; highly
arched, sometimes cleft palate; hypoplastic
midface; orbital bone defects.
Crouzon syndrome | Autosomal dominant; craniosynostosis; [254, 255]
hypoplastic orbital and facial bones; highly
arched palate
Pfeiffer syndrome [257-260]
FGFR2 (mouse) FGFR2#2W Similar to human Apert syndrome with [253]
defects in cartilage and bone development
Dominant mutation | Similar to human Crouzon syndrome [256]
in mesenchymal
splice form
FGFR3 Crouzon syndrome | Crouzon syndrome with acanthosis nigricans | [254, 255]
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Flil (human)

Paris-Trousseau

Mental retardation, facial dysmorphism,

(Favier,

type clinodactyly, pyloric stenosis, and Jondeau et al.
Thrombocytopenia | thrombocytopenia 2003)
(TCPT):
Homozygous
deletion of Flil.
FoxD3 (human) Autosomal dominant vitiligo; regulator of [323]
melanoblast differentiation
FoxD3 (mouse) Embryonic lethality at E6.5, required for [324]
maintenance of epiblast cells and expansion
FoxD3 (zebrafish) mother superior Depletion of crest derivatives, leading to a (Montero-
mutation protruding lower jaw, loss of cartilage in Balaguer,
hyoid and posterior branchial arches, Lang et al.
pigmentation defects particularly in the trunk | 2006)

iridophores and reduced number of neural
precursors resulting in defective peripheral
nervous system.

Mi200 family

Regulates EMT/MET by targeting ZEB1 and

(Park, Gaur et

ZEB2, which control E-cadherin expression al. 2008)
Pax3 (human) Waardenburg-Shah | Dystopia canthorum and type 3 also includes | (Waardenburg
syndrome 1 and 3 contractures or hypoplasia of upper-limb 1951)
joints and muscles
Tumors Rhabdomyosarcoma, tumors of NCC origin
including melanoma and neuroblastoma
SIP1 (Zeb2, Mowat-Wilson Hirschprung associated with microcephaly, (Wakamatsu,
ZFHXI1B, syndrome mental retardation, hypertelorism, submucous | Yamada et al.
SMADIP1) (human) cleft palate, short stature 2001)
SIP1 (Zeb2, Early arrest in cranial neural crest migration (Van de Putte,
ZFHXIB, Francis et al.
SMADIP1) (mouse) 2007)
Snail1/Snail2 Double knockout Micrognathia, fused mandible, enlarged (Murray,
(mouse) resembles Pierre parietal foramen in skull vault; defects occur | Oram et al.
Robin Sequence in later development (not in initial 2007)
delamination and migration)
Snail2 (human) Waardenburg-Shah | Defects in melanocytes, also seen with Mitf (Waardenburg
syndrome 2 mutation 1951)
Piebaldism (non- Congenital white forelock, scattered normal
Kit related) pigmented and hyperpigmented macules, and | (Sanchez-
a triangular shaped depigmented patch on Martin,
forehead. Caused by a heterozygous deletion | Rodriguez-

of SNAI2 gene.

Garcia et al.
2002)
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Snail2 (chicken) Cooperates with ets-1 to recruit cells and (Theveneau,

initiate EMT Duband et al.
2007)

Sox8 (mouse) No effect as a single mutation but increases (Maka, Stolt
the severity of Sox/0 heterozygote; may be et al. 2005)
jointly required with Sox/0 for maintenance of
vagal neural crest cells.

Sox9 (human) Campomelic Congenital skeletal malformation syndrome, (Wagner,

dysplasia includes cleft palate, low set ears, loss of the Wirth et al.
12t pair of ribs, abnormal pelvic bones, small | 1994; Kwok,
chest and hip dislocations; may also include Weller et al.
absence of the olfactory bulbs, renal and/or 1995)
cardiac defects and XY sex reversal with
genital malformations. Also is frequently
associated with conductive and sensorineural
hearing loss.
Sox9 conditional Sox 9" Foxgl“ | Sox9 controls adhesive properties of placode | (Barrionuevo,
(mouse) cells and regulates Epha4 expression; otic Naumann et
Cre activity driven | placodes are normally specified but al. 2008)

in the prospective
otic ectoderm

invagination is impaired.

Sox9a (zebrafish) Jellyfish mutation Lack cartilage elements of the neocranium, (Yan, Miller
branchial arches and pectoral girdle; cartilage | et al. 2002)
morphogenesis also disrupted.

Sox10 Hirschsprung’s Failure of enteric ganglia to populate the distal | (Badner,

haploinsufficiency disease (HSCR) colon. Sieber et al.

(human) 1990;

Herbarth,

Waardenburg-Shah
syndrome 4

Deafness/pigmentation defect in addition to
HSCR; also seen in EDN3 and EDNRB
mutants.

Pingault et al.
1998;
Pingault,
Bondurand et
al. 1998)

(Herbarth,
Pingault et al.
1998)
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Sox10-/- (mouse,
Xenopus, zebrafish)

Colorless (D. rerio)

Loss of melanocytes, autonomic and enteric
neurons and peripheral glia. Crest cells form
but fail to differentiate as these lineages and
die, can result in embryonic lethality.

(Southard-
Smith, Kos et
al. 1998;
Britsch,
Goerich et al.
2001; Dutton,
Pauliny et al.
2001;

Paratore,
Goerich et al.
2001;
Honore,
Aybar et al.
2003)

Tbx1 (human) Di George Cardiac outflow tract anomalies, absence or (Yagi,

syndrome hypoplasia of the thymus and parathyroid Furutani et al.
glands, nasal voice (often associated with cleft | 2003)
palate or submucosal cleft palate), and facial
dysmorphism, known as conotruncal anomaly
face.

TGFBR1 (human) LDS1A LDSI1 and 2 are clinically indistinguishable (Loeys, Chen
LDS2A autosomal dominant aortic aneurysm et al. 2005;
Non-FBNI1 related | syndromes characterized by the triad of Loeys,
Marfan syndrome arterial tortuosity and aneurysms, Schwarze et

TGFBR2 (human) Loeys-Dietz hypertelorism, and bifid uvula or cleft palate; | al. 2006)
syndrome (LDS) Type 1 category has craniofacial involvement
type 1B and 2B consisting of cleft palate, craniosynostosis, or
Non-FBNI1 related | hypertelorism was observed. Patients assigned
Marfan syndrome to the type 2 category had no evidence of

these traits, but some had an bifid uvula.

Marfan syndrome shows striking pleiotropism

and clinical variability. The cardinal features

occur in 3 systems: skeletal, ocular, and

cardiovascular; a highly arched palate with

crowding of the teeth are frequent skeletal (McKusick,

features Traisman et
al. 1972;
Pyeritz,
Murphy et al.
1979;
Sponseller,
Hobbs et al.

1995)
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TGFBR2 (mouse)

TGFBR2 f1/1];
Wntl-cre

Severe skull defects, missing frontal and
severely retarded parietal bone, cleft palate,
reduced mandible and maxilla; skull size is
25% smaller than littermates

(Tto, Yeo et
al. 2003;
Loeys, Chen
et al. 2005)

Treacle (human)

Treacher-Collins

Antimongoloid slant of the eyes, coloboma of

(Dixon 1996)

syndrome the lid, micrognathia, microtia and other ear
deformities, hypoplastic zygomatic arches and
macrostomia. Conductive hearing loss and
cleft palate often apparent
Treacle (mouse) Tcof+/- Reduced head size, frontonasal dysplasia, (Dixon, Jones
haploinsufficient failure of palatal shelves to fuse resulting in et al. 2006)

embryos generated

cleft palate, poorly formed nasal passages, die
within 24h of birth from respiratory arrest due
to cranioskeletal malformations. Required for
ribosome biogenesis necessary for crest cell
proliferation.

Treacle (Macaca Resus Tcofl Infant macaque discovered displaying (Shows, Ward
mulatta) homolog is 93.8% | Treacher-Collins phenotype. No mutation et al. 2006)
identical in terms of | found in TCOF1 coding or splice sites, but
protein 87% reduction of spleen TCOF1 mRNA
Treacle (dog) Genetic analysis showed mapping to this (Haworth,
region of mutation leading to brachycephaly Islam et al.
in domestic dog breeds 2001)
Twist (human) Saethre-Chotzen Craniosyntosis, limb deformities and (el Ghouzzi,
syndrome dysmorphic facial features including facial Le Merrer et
asymmetry. al. 1997,
Howard,
Paznekas et
al. 1997)
Twist (mouse) Twist1-/- Embryonic lethal at E11.5, open cranial neural | (Chen and
tube, retarded forelimb bud development and | Behringer
branchial arch malformations. 1995)
Twist conditional Heterozygotes have craniofacial defects and
(mouse) polydactyly.
(Chen,

Akinwunmi et
al. 2007)




Figure I. Schematic of Neural Crest Development
Representation of the early embryo (A) as well as the subsequent steps of neural crest
induction (B), early migration (C), and later migration with some delineated

derivatives (D). Figure adapted from Knecht et al 2002.
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