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RESUME

Le systéme nerveux est un composant fondamental chez les vertébrés qui implique un
réseau complexe de génes régulateurs (GRN). Sa mise en place commence avec
I’induction du neuroectoderme par I’activité des signaux Wnt, FGF et BMP le long de
I’axe antéro-postérieur nouvellement formé. Plusieurs signaux transcriptionnels et
morphogéniques coopérent pour induire [|’invagination du neuroectoderme
ventralement afin de former le tube neural et la créte neurale qui donneront naissance,
respectivement, au systéme nerveux central et au systéme nerveux périphérique. Le
neuroectoderme postérieur posséde son unique lot de molécules de signalisation et
toute perturbation dans les événements précoce de son développement entraine un
groupe de maladies et malformations congénitales distinct. L’utilisation de modéles
transgéniques murins est une facon idéale de comprendre les activités
transcriptionnelles et morphogéniques dans cette région. Nous proposons deux
modéles basés sur les facteurs de transcription de la famille Cdx — essentiels pour le
développement postérieur de I’embryon, et des acteurs majeurs dans le
développement de la créte neurale (Sanchez-Ferras et al., 2014; Sanchez-Ferras et al.,
2012). Le premier serait un modéle pour I’anomalie qui pourrait étre entrainée par la
surexpression conditionnelle du géne Cdx/ et nous permettrait ainsi de mieux
comprendre le role de ce gene dans les cancers dérivés des cellules de la créte
neurale. A ce jour, un criblage par PCR nous a permis d’identifier des cellules
souches positives pour I’intégration d’une cassette Cdxl mais une confirmation par
southern blot est nécessaire. Concernant la deuxiéme souris transgénique, elle
représente un modeéle unique pour étudier les événements précoces dans le
neuroectoderme postérieur. En effet, elle est basée sur I’utilisation de I’enhancer
(NSE) de Cdx2 qui permet de générer une lignée transgénique avec une induction
spécifique au tube neural via la technique Cre-LoxP. Cependant, Cdx2NSE s’est
révélée n’étre que partiellement active dans le mésoderme. Cette activité
mésodermale étant mineure, il serait possible de retirer les éléments non-neuraux de
NSE afin d’obtenir une activité entiérement neurale. Pour déterminer la nature de
activité des différents éléments de NSE, des essais luciférase ont été effectués par
co-transfection du facteur pro-neural Sox2 et d’une protéine de fusion Lefl-Bcaténine
agissant comme effecteur de la voie Wnt, ces deux derniers étant importants pour le
maintien de I’identité neuroectodermale postérieure. Les résultats ont montré que
NSE est régulé par Wnt et Sox2 de maniére synergistique, mais les éléments non-
neuraux restent & identifier.

Mots-clés : GRN, neuroectoderme, postérieur, développement, Cdx, régulation, outils
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ABSTRACT

The nervous system is a fundamental feature of vertebrates whose formation involves
a complex gene regulatory network (GRN). The process can be said to commence
with the induction of the neuroectoderm by Wnt, FGF and BMP activity along the
newly formed anterior-posterior axis. Several transcriptional and morphogenic signals
in concerted action internalize the neuroectoderm ventrally where it becomes the
neural tube and neural crest, the precursors of the central and peripheral nervous
system, respectively. The posterior end of the neuroectoderm has its own unique set
of signalling molecules and disruptions in the early events in this region engender a
distinct set of congenital diseases and malformations. One way to understand the
transcriptional and morphogenic activity in this posterior region is through the use of
mouse models. Described are two proposed mouse systems based on the genes of the
Cdx family of transcription factors—important for posterior embryonic development,
and key players in neural crest development (Sanchez-Ferras et al., 2014; Sanchez-
Ferras et al., 2012). The first would serve as a model for the potential pathogenesis
brought on by Cdx! conditional overexpression, in particular its potential role in the
oncogenesis of neural crest cell derived cancers. So far, positive embryonic stem cell
clones with the CdxI overexpression cassette have been identified via a preliminary
PCR screen but require confirmation by southern blot. The second mouse model
would take advantage of a modified neural specific enhancer of Cdx2 to generate a
truly neural specific Cre driver line for the posterior neuroectoderm, a unique and
useful model for studying the early events in the posterior neuroectoderm. Initially
considered as entirely neural specific (Wang and Shashikant, 2007), a Cre mouse line
driven by the Cdx2NSE later revealed partial activity in the mesoderm as well
(Coutaud and Pilon, 2013). Since gene expression was minor in the mesoderm, it
seems conceivable that the mesoderm expression can be removed, resulting in true
neural specific expression. To do this the non-neural specific elements in Cdx2NSE
sequence have to be identified and either removed or made non-functional. To this
end, luciferase assays were carried out via co-transfecting neural Sox2 and Wnt
effectors Lefl-Bcatenin. Both are important for maintaining posterior neuroectoderm
identity. Results show the NSE is regulated by the synergy of Wnt activity and Sox2.
However, the non-neural elements have yet to be identified.

Keywords: GRN, neuroectoderm, posterior, development, Cdx, regulation, tools






INTRODUCTION

A hallmark of vertebrate embryogenesis is the development of the nervous system.
The process begins with the induction of the neuroectoderm across the midline. The
new structure is not only physically and behaviourally unique from the surrounding
epidermal ectoderm but has itself two distinct domains: the neural plate border
(NPB), and the neural plate (NP). The NPBs, located on the lateral edges of the
neuroectoderm, contain the precursors of the neural crest cells (NCC). The neural
plate, located between the NPBs, encompasses a relatively large piece of
neuroepithelium that becomes the nascent central nervous system via the formation of
the neural tube (NT). The neuroectoderm eventually invaginates ventrally to form the
NT and NCC population. The NCCs are a multipotent migratory group of cells that
can become peripheral neurons, glia, pigment cells, cartilage cells and others (Garnett

et al., 2012; Perris, 1997; Stuhlmiller and Garcia-Castro, 2012).

The transition from ectoderm to neural plate to multipotent neural crest cells requires
a finely tuned neural crest-gene regulatory network (NC-GRN) whose interactions are
constantly being updated, as they are made known (Amore et al., 2003; Hinman et al.,
2003; Oliveri et al., 2003; Van Otterloo et al., 2013). Work in revising and updating
this regulatory gene network is valuable not just to improve our understanding of
neurogenesis in general but how changes to this network can affect development. One
way to shed some light on this gene network is through transgenic mouse models.
Mouse systems can provide in vivo evidence on NC-GRN processes both spatially
and temporally. Two proposed mouse models to be described in this memoire have
their origins in the caudal end of development, as they are based on the genes

encoding the caudally-restricted Cdx family of transcription factors. Cdx transcription



factors are known for their importance in posterior embryonic development, but have
just recently been implicated in the initial steps of the caudal NC-GRN, acting as
mediators, inducers and co-operators of known players of the NC regulatory circuit

(Sanchez-Ferras et al., 2014; Sanchez-Ferras et al., 2012).

The first mouse model would elucidate the effects of conditionally overexpressing
Cdx1. Overexpression targeting NCC development is believed to result in the
pathogenesis of NCC derived cancers, such as neuroblastoma. So far, potentially
positive embryonic stem cell clones possessing the transgene construct have been
identified via a preliminary PCR screen but verification by southern blot has of yet
been inconclusive. Once verified, microinjection and rearing of transgenic mice
capable of inducible Cdxl overexpression could proceed. The second model is
envisioned to serve as a Cre driver line for Cre-LoxP systems aiming to study the
early events of the posterior neuroectoderm. Developed in the lab by Coutaud and
Pilon (2013), Cdx2NSE-Cre was designed to provide Cre expression solely in the
posterior neuroectoderm. Initially characterized as a neural specific enhancer (NSE)
by Wang and Shashikant (2007) it was later revealed to be partially active in non-
neural mesodermal tissue (Coutaud and Pilon, 2013). To address this problem, it was
imperative that the non-neural characteristics of the enhancer be identified and
removed or made non-functional thereby preserving a true NSE capable of being
employed as a Cre driver line for true neural specific induction in Cre-LoxP systems.
To test the absence or presence of a neural identity, luciferase assays were carried out
on a Cdx2NSE-Luc reporter, co-transfecting neural Sox2 and Wnt signalling effectors
Lef1-Bcatenin. Wnt is important for determining posterior structures and regulating
Cdx genes (Pilon et al., 2006; Prinos et al., 2001), and Sox2 is a neural marker of the
neuroectoderm (Graham et al., 2003; Uchikawa et al., 2011). So far, results show the
NSE is regulated in synergy by combined Wnt activity and Sox2. However, we have
not been able to identify the specific areas of the NSE architecture responsible for the

non-neural activity.



CHAPTER 1

BACKGROUND

| Vertebrate embryogenesis

Following fertilization and cleavage, the third and fourth major events in vertebrate
development are gastrulation and neurulation. Prior to gastrulation, the developing
embryo is composed of a spherical layer of cells. Gastrulation transforms the single
layer into three distinct germ layers. Known as the ectoderm, mesoderm, and
endoderm, each of the three germ layers establishes the framework of all future
tissues. Moreover, gastrulation begins to shape the anterior-posterior (AP) axis and
dorsal midline (Tam and Behringer, 1997). These axes are defined by the formation

of the mesodermal derived notochord (Purves and Williams, 2001).

Neurulation (Figure 1.1a) begins with the induction of the neural plate along the AP
axis, followed by specification of the neural plate borders (NPB). Housed in the NPB
are the precursors of the neural crest cells (NCC). The NPB separates the non-neural
ectoderm (NNE) from the neuroectoderm. Next, the neuroectoderm begins to bend
inward creating neural folds at the lateral edges. Bending continues inward as the
neural folds elevate; such is the degree of the bending that the resulting U-shape is
called the neural groove. As the groove lowers the neural folds rise, meet, fuse and
close the loop. The closed loop, now a cylinder of neuroepithelial cells known as the
neural tube (NT), is freed from the overlying ectoderm. The NT is completed first in

the middle of the AP axis, next extending cranially and caudally; in birds and



mammals the NT forms first in cranial then truncal levels (Figure 1.1b) (Colas and

Schoenwolf, 2001; Duband, 2010).

At the same time the NT forms, NCCs are freed from what used to be the NPB and
they begin to migrate. NCCs exhibit an epithelial to mesenchymal transition (EMT)
allowing them to delaminate from the neuroepithelium, and migrate on pathways that
will specify their lineage. Delamination and migration occurs in a rostral to caudal
wave, coinciding with NT formation, with the wave of migration ultimately filling up
four levels: cranial, cardiac/vagal, truncal and sacral (Figure 1.2) (Huang and Saint-
Jeannet, 2004; Mason, 2007). In the trunk, NCCs migrate around the NT and through,
and sometimes between, somites’ and in the head through rhombomeres' (Ghysen,
2003; Gomez et al., 2008; Guthrie and Lumsden, 1991). Ventral regions are filled-up
first before more dorsal regions (Weston and Butler, 1966) and depending on where
they end up, NCCs can give rise to a diverse set of derivatives of mesenchymal,
neuronal, secretory or pigmented identity (Table 1.1) (Simoes-Costa and Bronner,
2015; Smith and Schoenwolf, 1997).

There is still some controversy as to whether NCCs are fate-restricted prior to
migration, during migration or if they maintain multipotency (Jessen and Mirsky,
2005; Krispin et al., 2010; Mayor and Theveneau, 2013; McKinney et al., 2013). In
vitro experiments have demonstrated the multipotent capacity of NCCs to become
multiple derivatives such as neurons, osteoblasts and melanocytes (Dupin et al., 2010;
Dupin and Sommer, 2012). Moreover, recent advances in in vivo cell-labeling and

time-lapse imaging show that pre-migratory NCCs from any location along the dorsal

* Segments of paraxial mesoderm that will form the skeletal muscles, vertebraes and ribs

t Neuromere segments that become the future hindbrain



NT may contribute to multiple NC targets, and that microenvironment cues along the
migration pathway may be responsible for specifying NCC fate (McKinney et al.,
2013). There is also recent evidence suggesting that most migratory NCCs are
multipotent and only a few in the population are fate-restricted (Baggiolini et al.,
2015).
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Figure 1.1 Steps of neurulation.

(A) Dorsal and transverse view of human neurulation. Neurulation entails at least 3
spatially and temporally distinct stages: (1) formation and shaping of the neural plate
(NP); (2) bending of the NP into the neural groove; (3) closure of the neural groove
into the neural tube (NT) and subsequent neural crest cell migration. Image retrieved
from Marieb and Hoehn (2007).

(B) Chick cranial and truncal temporal differences in NT closure. Birds and mammals
exhibit NT closure temporal differences depending on the region along the midline.
Yellow: presumptive NCCs; Green: delaminating NCCs; Blue: migrating NCCs.
Image retrieved from Duband (2010)

CGRANIAL

craniofaclal cartilage and bone
connective tissue
cranial ganglia

VAGAL pigment cells

enteric ganglia
smooth muscle
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dorsal root ganglia
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adrenal medula

——— enteric ganglia

Figure 1.2 NCC migration throughout four different levels.

Migration is the first step in NCCs adopting different lineages. In a process known as
epithelial to mesenchymal transition (EMT), presumptive NCCs exit the
neuroepithelium and take on different migration pathways each one leading to a
change in gene expression and thereby a change in cell type (McKinney et al., 2013).
Grey: NNE non-neural ectoderm; Yellow: NC neural crest; Blue: NP neural plate.
Image retrieved from Huang and Saint-Jeannet (2004)



Table 1.1 Diversity of Neural Crest Cell derivatives.

Neural crest cell derivatives

Mesenchymal Neuronal Cells Secretory Cells Pigmented Cells
cells
Chondroblasts Sensory neurons Chromaffin cells Melanocytes
Osteoblasts Cholinergic Calcitonin-
neurons producing cells
Fibroblasts Adrenergic Parafollicular cells
neurons
Odontoblasts Satellite cells
Cardiac Schwann cells
mesenchyme
Myoblasts Glial cells
Adipocytes

Adapted from Simoes-Costa and Bronner (2015).

1.2 Molecular mechanisms

From the transformation of ectoderm to neuroectoderm, to the changing expression
profiles of migrating NCCs, there are a multitude of morphogenic signals, cues and
gradients, both spatial and temporal that are responsible for these very physical and
behavioural changes. This complex network is built on effective communication from
one cell to another, relaying several specifying signals at once. This complex network
is known as the neural crest gene regulatory network (NC-GRN) (Meulemans and
2002; 2003). and NCC
migration/specification rely on the NC-GRN (Figure 1.3). The process begins with

Bronner-Fraser, Oliveri et al, Neurulation
the induction of the neural plate via the Wnt, FGF and BMP signalling pathways
(Huang and Saint-Jeannet, 2004). It is the combination of these three signals and their
antagonists that create the gradients responsible for cell specification and
morphogenesis (Niehrs, 2004). The specifics as to how these three signalling
pathways work together in a concerted manner to induce the NPB is not fully
understood and is actively being researched (Garnett et al., 2012; Monsoro-Burq et

al., 2005).
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Figure 1.3 Neural crest gene regulatory network.

Through different molecular signals, both temporal and spatial dependent, the NC-
GRN is responsible for the process of NC development, from the induction of the NP
to the diversification of NC targets. Image retrieved from Simoes-Costa and Bronner
(2015).
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1.2.1 Signals of the posterior neuroectoderm

The posterior neuroectoderm receives a different concentration, combination and
timing of signals than the anterior level. The outcome is a later onset of the NT and
NCCs in the posterior region as well as different NCC lineages. In summary, anterior

structures are patterned first while posterior ones occur later (Durston, 2015).

The patterning of the anterior-posterior (AP) axis is regulated in part by Wnt and
FGF, as well as Nodal and Retinoic acid morphogens and their antagonists (McGrew
et al., 1997). Higher Wnt and FGF concentrations specify posterior fates, and their
antagonism anterior fates (Figure 1.4) (Kiecker and Niehrs, 2001; Kudoh et al.,
2002). Meanwhile, BMP and its antagonists' pattern the dorsal-ventral (DV) axis
(Marchant et al., 1998; Patten and Placzek, 2002; Smith and Harland, 1992). Higher
BMP concentrations specify ventral fates and lower levels dorsal fates (Endo et al.,
2002; Little and Mullins, 2006). Again, all three —Wnt, FGF and BMP—
morphogens are needed to induce the formation of the NPB (home of the future
NCCs) but Wnt and FGF signals are mostly’r posteriorizing; BMP mostlyI
ventralizing (Hendrickx et al., 2009; Tuazon and Mullins, 2015).

* such as Noggin (Nog), Follistatin (Flst), and Chordin (Chd)

' Wnt and FGF signaling are crucial for AP patterning but they can be involved in DV patterning as
they can affect regulation of BMP activity

* BMP is crucial for DV patterning but isoform BMP4 has posteriorizing effects. In all, there is a trend
where Wnt and FGF : posteriorizing and BMP : ventralizing, but overlap may occur
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Figure 1.4 AP axis patterning.

Higher concentrations of Wnt FGF Nodal and RA activity specify posterior fates;
antagonists to these posteriorizing signals specify anterior fates. Image retrieved from
Tuazon and Mullins (2015)

A OFF B ON

Flgure 1.5 The canonical Wnt sngnallmg pathway.

(A) With no Wnt ligand present, the B-catenin destruction complex is active and thus
no B-catenin is freely available to mediate Wnt responsive gene transcription. (B)
Upon introduction of a Wnt ligand to the Frizzled receptor, the Dishevelled proteins
are activated and impede the destruction of fB-catenin. This causes cytoplasmic levels
of B-catenin to rise to where they are then able to enter the nucleus and associate with
Lefl/Tef family of DNA-binding proteins and activate target gene transcription.
Image retrieved from MacDonald et al. (2009)



12

1.2.1.1 Wnt and FGF signalling

The canonical Wnt signalling pathway begins with the binding of Wnt ligands to
Frizzled receptors, which in turn stops the B-catenin destruction complex. An
increasing concentration of p-catenin in the cytoplasm favours its translocation into
the nucleus where it can then associate with transcription factors of the Lefl/Tcf
family and activate target gene expression (Figure 1.5) (Angers and Moon, 2009;
MacDonald et al., 2009; Petersen and Reddien, 2009). This modulation of gene
expression by the Wnt pathway is implicated in most stages of embryogenesis
throughout various phyla including deuterostomes, protostomes, and pre-bilaterians
(Petersen and Reddien, 2009; Stuhlmiller and Garcia-Castro, 2012). In vertebrates,
the Wnt pathway is responsible for cell proliferation, cell fate, and body AP axis
patterning (Hikasa and Sokol, 2013). Particular to AP neural patterning is how Wnt
specifies caudal CNS cell fates (Tuazon and Mullins, 2015). Inversely, anterior levels
require antagonists of Wnt activity (Houart et al., 2002). For the most part, posterior
markers are tied to an increase in Wnt activity whereas a decrease in Wnt activity
increases anterior markers (Kudoh et al., 2002; McGrew et al., 1997; Petersen and
Reddien, 2009).

Like the Wnt pathway, the FGF pathway is important in establishing the vertebrate
AP axis and specifying posterior cell fates (Figure 1.4;1.6) (Tuazon and Mullins,
2015). Suppressing FGF blocks posterior tissue development; overexpressing FGF
blocks anterior tissue development (Draper et al., 2003; Isaacs et al, 1994;
Stuhlmiller and Garcia-Castro, 2012). As such, both Wnt and FGF signals inhibit
anterior gene expression (Kudoh et al., 2002). Concerning their origin, Wnt signals
come from the non-neural ectoderm and the paraxial mesoderm; FGF only comes
from the paraxial mesoderm (Huang and Saint-Jeannet, 2004). NPB induction may

require both Wnt and FGF signals, but it is still unclear if FGF acts directly to induce
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Figure 1.6 The FGF signalling pathway.

FGF binding to FGF receptors leads to the recruitment of Grb2 and Ras among other
effectors to activate the Erkl/MAP kinase pathway which in turn phosphorylates a
diverse set of transcription factors initiating their regulatory activity implicated in cell
growth, migration, and morphogenesis. In AP patterning, antagonists of the FGF
pathway, such as Sprouty, work to inhibit posteriorizing fates, thus prompting
anterior ones. Image retrieved from Mason (2007).
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the NPB or indirectly by activating the Wnt pathway (Garnett et al., 2012). Several
studies by Hong et al. (2008) have suggested that Wnt originating from the paraxial
mesoderm is activated by FGF, indicating that FGF activates mesodermal Wnt which

in turn helps induce NCC formation.

Together, through overlap, direct or indirect methods, Wnt, FGF and BMP signalling
induce the NC precursors at the NPB. The first phase involves Wnt and FGF to
activate the expression of border specifiers such as Msx1/2 Pax3/7 and Zic. The
second phase involves Wnt, BMP as well as BMP-antagonizing Notch signalling to
further specify the NCC, by stimulating the expression of Snail2, FoxD3, and
Sox9/10 (NC-GRN Figure 1.3) (Huang and Saint-Jeannet, 2004; Tuazon and Mullins,
2015).

1.2.1.2 Sox2

Important for the development of the neural primordia as well are the Sox-Bl
transcription factors: Sox1, Sox2 and Sox3 (Uchikawa et al., 2011). Sox2 expression
in particular is the most extensive, with full expression across the neural primordia
(Okuda et al., 2010). In fact, Sox2 is the most definitive marker of the early neural
plate (Papanayotou et al., 2008; Pevny and Nicolis, 2010; Rex et al., 1997). From
embryo to adult, Sox2 plays a role in maintaining neural progenitor populations
(Brazel et al., 2005; Ellis et al., 2004). Constitutively expressing Sox2 suppresses
neuronal differentiation; inhibiting Sox2 results in early neuronal differentiation
(Graham et al., 2003). Suppressing neuronal differentiation in the early
neuroectoderm is essential for maintaining the neural plate identity (Kishi et al.,
2000). In the posterior levels, during neural plate development, Wnt and FGF signals

work together to activate Sox2 expression (Takemoto et al., 2006).
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1.2.1.3 Cdx genes

Caudal Cdx genes are also implicated in the development of the posterior NP and in
AP patterning (Marom et al., 1997), as well as mediating the closure of the NT
(Savory et al., 2011a) and players of the truncal NC-GRN (Sanchez-Ferras et al.,
2014; Sanchez-Ferras et al., 2012). In addition, they play a significant role in gut
development (Beck and Stringer, 2010; Silberg et al., 2000).

Cdx genes are related to the caudal Drosophila gene (cad) (Barad et al., 1988;
Mlodzik et al., 1985). There are three Cdx genes: CdxI, Cdx2, and Cdx4. During
embryogenesis, the three are expressed in the caudal regions, occupying all tissues
surrounding the primitive streak (Houle et al., 2003a). Their timing and location
around this area varies; the Cdx! expression domain has the most rostral reach,
followed by Cdx2 (Figure 1.7). Cdx2 is the earliest expressed, E3.5 at the
trophoectoderm. Cdx2-null mice die at this stage because they fail to irriplant
(Strumpf et al., 2005). In embryonic tissues, Cdx1/4 are expressed around E7.5 before
Cdx2 (E8.5). Expression of all three attenuates as time goes on and recedes caudally
until Cdx4 expression is gone at E10.5 and Cdx1/2 expression remain localized in the
gut where they continue throughout life (Lohnes, 2003; Silberg et al., 2000). In AP
patterning, Cdx1/2 are functionally similar despite sequence variability (Savory et al.,
2009b; van den Akker et al., 2002). Knockout studies show that Cdx! is important for
AP patterning (Subramanian et al., 1995); Cdx2 is important for AP patterning and
gut development (Beck and Stringer, 2010; Chawengsaksophak et al., 2004) and
Cdx4 has subtle importance in AP patterning (van Nes et al., 2006).

The three Cdx proteins regulate Hox gene expression, both directly (Beck et al., 1995;
" Marom et al., 1997; Subramanian et al., 1995) and indirectly (Savory et al., 2009a).
In vertebrates, Hox genes control axial regionalization, as well as the subdivision of
the nascent vertebrae (limura et al., 2009). Studies suggest that Cdx genes regulate
Hox genes by conveying the posteriorizing Wnt, FGF, and RA signals (Bel-Vialar et
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al., 2002; Houle et al., 2003b; Keenan et al., 2006; Lohnes, 2003; Pilon et al., 2006;
Pilon et al., 2007; Shimizu et al., 2005). Wnt in particular seems to be important in
the process, with combinations of Wnt and FGF (Keenan et al., 2006) and Wnt and
RA (Pilon et al., 2007) demonstrating the significant contribution of Wnt signals in
inducing Cdx expression. Moreover, Cdx genes have been found to mediate Wnt
signalling in specifying posterior morphogenesis in vertebrates (Sanchez-Ferras et al.,
2012; Shimizu et al., 2005; Zhao et al., 2014). Cdx1 can regulate its own promoter,
and significantly more so with Lefl (a Wnt effector), suggesting the existence of
Wnt-Cdx joint regulatory complex (Beland et al., 2004). Cdx4 can also be regulated
by Wnt signalling (Pilon et al., 2006) as well as by Cdx2 (Savory et al., 2011b).
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Figure 1.7 The spatial and temporal differences of murine Cdx gene expression.
(A) Cdx1 expression begins at E7.5 at the ectoderm and mesoderm of the primitive
streak. At E8.5, expression extends to the neural plate, paraxial mesoderm, hindgut
and tailbud; At E9.5, expression regresses caudally, and lingers in somites and
presumptive dermamyotome; at EI12.5,, expression is limited to the gut where it
persists (Houle et al., 2003a; Meyer and Gruss, 1993; Silberg et al., 2000). (B) Cdx2
embryonic expression begins at E8.5 in the neural plate, neural tube, part of the
notochord, the hindgut and all tissues of the tailbud; at E9.5, expression regresses
caudally in the NT, NP and notochord, hindgut and all tissues of the tailbud more
toward the tail bud; expression is limited to the gut at E12.5 where it persists (Beck et
al., 1995; Silberg et al., 2000). (C) Cdx4 expression begins at E7.5 near the posterior
end of the primitive streak; at E8.5-9.5, expression regresses caudally in the
mesoderm and hindgut endoderm; at E10.5, expression ends (Gamer and Wright,
1993; Lohnes, 2003). Image retrieved from Houle et al. (2003a)
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1.3 Gene regulation and NC development

NC development relies on a feed-forward system of regulatory events known as the
gene regulatory network (Figure 1.3) (Meulemans and Bronner-Fraser, 2004). Vital to
any GRN is proper gene regulation by cis-regulatory regions. These regions are so
important that it has been suggested that mutations in pre-vertebrate cis-regulatory
regions were critical for NC evolution, and by extension the evolution of the NC-

GRN (Jandzik et al., 2015; Van Otterloo et al., 2013).

1.3.1 Enhancers

Enhancers are small cis-regulatory elements of around 200-500bp that can be up to
1.5 Mb downstream, upstream or even intronic of their target gene; (Figure 1.8)
(Epstein, 2009; Rada-Iglesias et al., 2013). Their function is to enhance target gene
expression by activating the promoter of the target gene (Pennacchio et al., 2013).
Transcription factors bind to specific regulatory motifs on the enhancer and mediate
activation of the target promoter. In nature, an activated enhancer elicits a
conformation of the chromatin structure so that the enhancer can loop near the target

promoter and mediate its activation (Kranz et al., 2011).

During development enhancers play a role in cellular growth, differentiation and
migration by relaying the activator signals from growth factors and transcription
factors (Howard and Davidson, 2004; Kranz et al., 2011). In the context of the NC-
GRN, for example, enhancers of NPB specifiers, such as Msx, Pax3/7, Zicl, DIx3/5
would be at the receiving end of effectors of Wnt, FGF, BMP and Notch signalling.
Then, these NPB specifier transcription factors, along with other signals, would be at
the delivery end of the enhancers of NC specifiers, such as Zic3, Sox9, Foxd3,

Sox10, Snai2, and Twist, and so on until completion of NCC differentiation.
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Figure 1.8 Types of cis-regulatory elements.

From left to right, BE: boundary element; E: enhancer; R: repressor (the counterpart
of the enhancer—instead of promoting the activation of a target promoter they
suppress activation) PP: proximal promoter; CP: core promoter; TSS: transcription
start site; IE: intronic enhancer. E1/2 represent exons. Image retrieved from Epstein
(2009)

Also of note regarding the current NC-GRN, as it relates to enhancer activity, is the
absence of known overlying epigenetic regulation needed for enhancer activity to
occur in the first<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>