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Abstract 

The neural crest is a transient population of cells that forms a diverse range of derivatives 

in vertebrate embryos. Neural crest cells also migrate extensively throughout the embryo. 

The specification of a number of neural crest derivatives, including pigment cells and 

neurons and glia of the peripheral nervous system, is dependent on the transcription 

factor Sox10. In sox10 mutant zebrafish embryos, these neural crest derivatives fail to 

specify and subsequently the cell differentiation and migration fails leading to apoptosis. 

Sox10 mutant embryos also display an ear defect although the precise role of Sox10 in 

the ear is less well defined. Thus Sox10 controls an extensive gene regulatory network 

that drives the development of an important subset of neural crest derivatives and also 

functions during ear development. This gene regulatory network is currently poorly 

defined. 

The aim of this project was to identify genes that are both direct and indirect 

targets of Sox10 to further elucidate this gene regulatory network. To achieve this, a 

microarray approach was adopted. Initially, fluorescence activated cell sorting was 

employed to enrich for sox10 expressing cells from 24 hours post fertilization sox10:GFP 

transgenic embryos. The transcriptomes of WT and sox10 mutant cells were compared by 

microarray analysis to identify differentially regulated genes. A large number of target 

genes were identified by this method and by an unbiased in situ hybridization screen, 28 

genes were validated. Of these, 23 genes were expressed in cells of the neural crest and 

down-regulated in sox10 mutant embryos. The majority of these genes were expressed in 

cells of the melanocyte and xanthophore lineages. 5 genes were expressed in the ear 

(otic vesicle) of which three otic vesicle genes were down-regulated while two otic vesicle 

genes were up-regulated in sox10 mutant embryos. Unfortunately due to time constraints, 

a study into the function of one of these target genes could not be completed. 

The series of validated genes identified during this project has opened new 

opportunities for research and has identified a number of highly expressed marker genes 

that will be useful in future studies. In addition, the microarray data presented will be a 

useful resource to aid the identification of further targets of Sox10. 
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Chapter 1: Introduction 

1.1 Introduction to the Neural Crest 

1.1.1 Overview 

The neural crest (NC) is a critical vertebrate embryonic cell population sometimes referred 

to as the fourth germ layer. Neural crest cells (NCCs) arise at the border between neural 

and non-neural ectoderm and after neurulation lie at the dorsal aspect of the neural tube. 

Subsequently, NCCs undergo an epithelial to mesenchymal transition (EMT) and 

delaminate from the neural tube before migrating to numerous locations within the 

developing embryo. The initially multipotent population of NCCs differentiates into a 

diverse variety of cell types including pigment cells, neurons and glia of the peripheral 

nervous system and craniofacial cartilage. NCCs have thus provided an excellent model 

for the study of cell specification, differentiation and migration. In addition, the properties 

of NCCs have strong parallels with both stem cells and invasive cancerous cells. A 

number of human diseases are also attributed to errors in NC development, such 

diseases are termed neurocristopathies. Therefore study of the NC has been driven by 

both their key developmental importance and their relevance to human disease aetiology. 

1.1.2 Formation and Induction of the Neural Crest 

The neural crest forms at the lateral edges of the neural plate at the boundary with the 

prospective epidermis. As neurulation progresses, NCCs are positioned at the tip of the 

neural folds and are found in the dorsal NT after NT closure. In zebrafish there is no 

folding of the neural plate but instead the neural keel is formed by a thickening of the 

neural plate. The neural keel then separates from the prospective ectoderm and 

subsequently NC mesenchymal cells can be distinguished in the dorsal portion of the 

neural keel (Eisen and Weston, 1993). As with other vertebrate species, the development 

of NCCs occurs in a rostrocaudal progression (Raible et al., 1992). 

Several major signalling pathways converge to induce formation of the NC. In 

accordance with the classical gradient model, the NC is induced from ectoderm at 

intermediate levels of Bone Morphogenic Protein (BMP) signalling, with neural tissue 

induced at high levels of BMP signalling (Marchant et al., 1998). Analysis of zebrafish 

mutants has supported this model; the swirl/bmp2 zebrafish mutant abolishes BMP 

signalling and displays no induced NC while a mutant that has reduced BMP signalling, 

for example somitabun/smad5, displays an expanded zone of induced NC (Nguyen et al., 

1998). However, other studies have identified that an intermediate level of BMP signalling 

is necessary but not sufficient to induce NC. Induction of NCCs from chordin treated 

Xenopus neural plate explants required additional signals, in particular Wnt or Fibroblast 
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Growth Factor (FGF) signalling (LaBonne and Bronner-Fraser, 1998). Such findings have 

led to the development of the double gradient model which stipulates that intermediate 

BMP signalling in conjunction with other signalling molecules including Wnts and FGFs 

from surrounding tissues are required to induce the NC (Aybar and Mayor, 2002). Loss of 

function experiments in zebrafish has also identified a key role for Wnts during NC 

induction. Using a heat inducible transgenic zebrafish embryo, in which canonical Wnt 

signalling could be blocked, the authors identified a key period when inhibition of Wnt 

signalling prevented the induction of NCCs (Lewis et al., 2004). In response to the correct 

combination of signals, a set of transcription factors termed neural plate border specifiers 

(including zic1, msx genes, dlx genes and pax genes) are up-regulated and define the 

embryonic region capable of forming the NC (Sauka-Spengler and Bronner-Fraser, 2008). 

Neural plate border specifier genes include msx1 which is a known target of BMP 

signalling (Tribulo et al., 2003). Msx1 is capable of inducing expression of the NC specifier 

genes slug, snail and foxd3 in Xenopus embryos (Tribulo et al., 2003). MSX1 also up-

regulates and cooperates with PAX3 to induce NC specifier gene expression by mediating 

WNT and FGF signals (Monsoro-Burq et al., 2005). Thus in response to the neural plate 

border specifier genes, early NC genes known as NC specifier genes are up-regulated 

(Sauka-Spengler and Bronner-Fraser, 2008). 

1.1.3 Neural Crest Specification and Differentiation 

The NC specifier genes are a group of transcription factors and are used as early NC 

markers. This set of genes includes snail genes, soxE genes, foxd3, tfap2, twist, c-Myc 

and Id genes (Sauka-Spengler and Bronner-Fraser, 2008). The combination of these 

genes distinguishes NCCs from other neuroepithelial cells and initiates further steps in NC 

development such as epithelial to mesenchymal transition (EMT), delamination, 

specification of NC derivatives, cell migration and cell survival. Evidence so far shows that 

the NC specifier genes display extensive co-ordination and cross-regulation in a gene 

regulatory network. For example, the depletion of Sox10 by morpholino knockdown in 

Xenopus embryos inhibited the expression of snai2 and foxd3 (Honore et al., 2003). 

Although, the expression levels of snai2 and foxd3 are not affected in the early NCCs of 

zebrafish sox10 mutants (Lopes et al., 2008). Over expression of snail, slug and sox9 all 

increased the expression of sox10 (Aoki et al., 2003, Honore et al., 2003). The NC 

specifier gene network ensures that the NCC state is maintained and downstream NC 

effector genes are activated (Meulemans and Bronner-Fraser, 2004). 

The potential of a cell is defined as the fate or fates that can be adopted by that 

cell or its progeny given appropriate environmental conditions. A cell is therefore 

multipotent if it has the potential to generate more than one distinct cell type (Kelsh, 
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2006). It should be noted that the fate a cell actually adopts is not necessarily the same as 

what it could do given appropriate signals. Single cell labelling and subsequent cell 

lineage analysis has identified, in a variety of model organisms, that NCCs are initially 

multipotent (Bronner-Fraser and Fraser, 1989, Collazo et al., 1993, Serbedzija et al., 

1994, Raible and Eisen, 1994). Some NCCs were capable of producing more than one 

type of derivative while some NCCs only produced one derivative. As such, NCCs are not 

only multipotent but the NCC population is heterogeneous. How a wide range of NC 

derivatives are specified from a multipotent precursor population is thus a key question. 

Two options exist for NCCs to achieve this; cells could be directly specified from the 

multipotent precursor population, or cells could undergo progressive fate restriction. 

Currently evidence supports cells progressively losing potential, passing through a series 

of partially restricted precursors before finally specifying and subsequently committing to a 

single fate (Kelsh, 2006). For example, Sox10 mutant embryos only display defects in a 

subset of NC derivatives, the non-skeletogenic (non-ectomesenchymal) derivatives which 

include pigment cells and the neurons and glia of the peripheral nervous system (PNS). 

The skeletogenic derivatives, which include cartilage and fin mesenchyme, are unaffected 

(Southard-Smith et al., 1998, Dutton et al., 2001a). This indicates that the multipotent NC 

has been restricted into skeletogenic and non-skeletogenic precursor populations. A 

restriction between neuronal and pigment cell precursors has also been identified (Henion 

and Weston, 1997). It should also be noted that NC specification and fate choice occurs 

with temporal and spatial differences. Zebrafish trunk NCCs that are specified to a 

neuronal fate appear first while pigment cells appear later (Raible and Eisen, 1994). NCCs 

at different axial levels produce different cell types, for example, only vagal NCCs produce 

smooth muscle that contributes to the heart (Li et al., 2003) while NCCs at all axial levels 

produce neurons, glia and pigment cells. 

A cell becomes specified to a particular fate when it starts to express 

characteristics of a particular cell type or fate, but it should be noted that a specified cell is 

not necessarily committed to a particular fate (Kelsh, 2006). Thus a specified cell will 

express key molecular markers indicative of the future cell type. The earliest marker of 

melanocytes is the transcription factor Mitf (the zebrafish homolog is mitfa). Mitf is 

considered to be the key gene in the switch from a bipotent glial/melanocyte precursor to 

a melanocyte and is the master regulator of melanogenesis (Opdecamp et al., 1997). Mitf 

expression requires co-regulation by SOX10 and PAX3, thus two NC specifier genes 

activate this master switch gene (Potterf et al., 2000, Elworthy et al., 2003). In addition, 

activation of the Wnt signalling pathway by injection of mRNA into single cells promotes 

the formation of melanocytes in zebrafish embryos (Dorsky et al., 1998). During the same 

study, injection of dominant negative Wnt1 mRNA to inhibit Wnt signalling promoted 

neuron formation at the expense of melanocytes. It has been shown that the mitfa 
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promoter contains Wnt signalling responsive binding sites (Dorsky et al., 2000). Thus 

there is a key requirement for both TF expression and signalling by extrinsic instructive 

cues for correct NCC specification. Subsequently Mitf regulates the expression of a 

number of melanocyte specific genes (Murisier and Beermann, 2006). Thus the model of 

NC specification and differentiation presented here involves NC specifier genes activating 

master regulator transcription factor genes, in concert with environmental signals, to 

activate genes responsible for NCC differentiation, migration and survival (Dutton et al., 

2001a). The NC specifier transcription factors therefore activate molecular cascades 

necessary to initiate further NCC development. Examples of master regulator transcription 

factors that are key to the development of a particular NC cell type include, phox2b 

(enteric nervous system) and ngn1 (sensory neurons) in mouse (Pattyn et al., 1999, Perez 

et al., 1999) and zebrafish (Elworthy et al, 2005, Carney et al, 2006). 

1.1.4 Epithelial to Mesenchymal transition and Crest cell migration 

NC specifiers regulate some of the characteristic features of NCCs, namely the epithelial 

to mesenchymal transition (EMT), delamination and migration of NCCs. After 

specification, NCCs are located within the dorsal neural tube and subsequently transform 

from epithelial cells into mesenchymal cells, which have migratory properties. NCCs then 

delaminate from the neural tube. During these events NCCs undergo a series of changes 

including a loss of apico-basal polarity, dissolution of tight junctions, a change in cell 

adhesion and they acquire invasive properties which confers the cells with the ability to 

delaminate and migrate (Sauka-Spengler and Bronner-Fraser, 2008). It should be noted 

that cancer cells also undergo EMT during tumour progression, thus NC biology relates to 

cancer biology in this regard (Thiery and Sleeman, 2006). NCCs then undertake extensive 

migration on stereotypical pathways to various locations within the developing embryo. In 

mammals, melanocytes migrate on the dorsolateral pathway between the epidermis and 

the somites while cells of a neural fate migrate on the ventral pathway through the anterior 

half of the sclerotome (Figure 1). The situation is slightly different in zebrafish embryos. 

Neural fated cells are restricted to the segmentally organized medial (ventral) migration 

pathway while melanocytes can migrate on both the medial and lateral (dorsolateral) 

pathways (Raible and Eisen, 1994, Kelsh, 2004). Xanthophores are restricted to migrating 

on the lateral pathway while iridophores migrate solely on the medial pathway (Figure 1) 

(Kelsh, 2004). Temporal differences in cell migration have also been observed, neural 

fated cells migrating first on the medial pathway (16 - 18 hpf) and melanocyte fated cells 

initiating migration slightly later and continuing for a longer period of time (16.5 – 23.5 hpf) 

(Raible and Eisen, 1994). Migration on the lateral pathway initiates 4-5 hours later than 

migration on the medial pathway (Raible and Eisen, 1994). 
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molecules like fibronectin, represent a major effector of cell to ECM adhesion. Several 

integrins are expressed by NCCs (Testaz et al., 1999). Loss of function studies has shown 

that integrins are required for NCC migration both in vitro and in vivo (Kil et al., 1996). 

Thus regulation of cell adhesion plays a key role in facilitating the migration of NCCs. 

Proteins called matrix metalloproteases (MMPs), which digest the ECM, have also 

been implicated in both NCC EMT and migration. Interestingly, MMPs are also strongly 

linked with cancer cell invasion (Kuriyama and Mayor, 2008). The NC specifier gene, 

snail, was shown by microarray analysis to regulate the expression of MMP-2 in a 

melanoma cell line. Comparison of cancer cells treated with snail antisense cDNA against 

untreated cells identified a number of important EMT genes including MMP-2 as down-

regulated in treated cells (Kuphal et al., 2005). MMP-2 is expressed in NCCs during EMT 

and cell migration but expression is down-regulated in cells that have reached their final 

destination (Duong and Erickson, 2004). In addition, MMP chemical and MMP-2 

morpholino inhibition prevented EMT and NCC dispersion from the NT in vivo and in vitro 

(Duong and Erickson, 2004). Members of the metalloprotease/disintegrin ADAM family of 

genes have also been implicated in NCC migration. Xenopus NCC grafts of ADAM-13 

protease defective cells did not migrate in WT embryos (Alfandari et al., 2001). Thus 

inhibition of a range of genes that remodel the ECM results in defective NCC migration. 

A NCC must acquire a range of molecular characteristics to confer the cell with the 

ability to migrate. Subsequently, a number of molecules have been identified that 

segregate cells onto the NC migration pathways and direct cells to specific final locations, 

including ephrins, semaphorins, slit/robo signalling and non-canonical Wnt signalling (for a 

review see Kuriyama and Mayor, 2008). Semaphorins are ligands involved in both cranial 

and trunk NCC migration; neuropilins are the receptors of semaphorins. In mice, NCCs 

express Npn2 while migrating through the anterior region of the somite (sclerotome). The 

repulsive ligand of this receptor, Sema3f, is expressed in the posterior region of the 

somite (Gammill et al., 2006). In Npn2 mutant mice NCCs were observed to migrate as a 

single sheet rather than in segmentally arranged streams thus semaphorin/neuropilin 

signalling appears to play a role in excluding migrating NCCs from the posterior area of 

somites (Gammill et al., 2006). Ephrins are also thought play a role in regulating both 

cranial and trunk NCC migration and in restricting NCCs to the anterior of each somite. 

The ligand Ephrin-B1 is expressed in the posterior part of the sclerotome while NCCs 

migrating through the anterior part of the somite express the receptor EphB3 (Krull et al., 

1997). A number of studies have identified similar complementary ephrin ligand and 

receptor expression patterns (Kuriyama and Mayor, 2008). Addition of soluble Ephrin-B1, 

which can occupy the receptor without activating it, to chick whole trunk explants, 

disrupted the segmental migration pattern of NCCs with cells migrating in both anterior 

and posterior segments of the somite (Krull et al., 1997). Ephrins also play a role in 
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restricting the entry of early NCCs to the medial pathway. NCCs specified as neurons or 

glial cells are prevented from entering the dorsolateral pathway, when soluble inactive 

Ephrin-B1 was applied to chick whole trunk explants, again the segmental migration 

pattern was lost but cells normally restricted to the ventromedial pathway were seen 

migrating on the dorsolateral pathway (Santiago and Erickson, 2002). It was noted that 

Ephrin-B receptors were still expressed by melanoblasts during migration on the 

dorsolateral pathway. It was identified that melanoblast migration was actually stimulated 

by Eph receptor activation (Santiago and Erickson, 2002). Thus Eph signalling can inhibit 

the migration of some NCCs while stimulating the migration of other NCCs. Currently no 

work has been performed to examine if this holds true in zebrafish where melanocytes 

migrate on both the lateral and medial pathways (Kelsh et al., 2009). The Robo receptor 

and the Slit secreted ligand represent a third class of molecules involved in NC migration. 

Early migrating NCCs express Robo receptors and Slits are expressed in the 

dermomyotome close to the dorsolateral migration pathway. Slit/Robo signalling was 

observed to repel NCC migration both in vitro and in vivo to prevent NCCs of a neural fate 

migrating on the pigment cell pathway (Jia et al., 2005). Slit/Robo signalling has also been 

implicated in preventing trunk NCCs from migrating into the gut, which is only colonised by 

vagal NCCs that lack a Robo receptor (De Bellard et al., 2003). Only membrane bound 

Slit was capable of inhibiting trunk NCC migration, surprisingly soluble Slit, during in vitro 

experiments, increased the motility of trunk NCCs (De Bellard et al., 2003). Thus, 

Robo/Slit and Ephrin signalling can both have positive and negative effects on NCC 

migration. Generally though, signals identified with roles in NCC migration thus far have 

been inhibitory, denying NCCs access to defined areas. 

While the majority of NCC migratory signals identified thus far tend to restrict 

NCCs from a particular area or route, some positive cues that guide cells to a specific 

location have now been elucidated. The CXCR4-SDF1 signalling system is known to 

guide neurons and primordial germ cells to their correct positions (Knaut et al., 2003, 

Miyasaka et al., 2007). In zebrafish, the chemokine sdf1a marks the path of the posterior 

lateral line primordium (PLL). Cells of the PLL also express the sdf1a receptor cxcr4a 

(cxcl12). Knockdown of expression of either the ligand or the receptor prevents the PLL 

from migrating (David et al., 2002). The chemokine sdf1a has also been shown to be a 

positive attractant for melanocytes in zebrafish (Svetic et al., 2007). The zebrafish choker 

mutant is a you-type muscle mutant; mutant embryos display “u” rather than “v” shaped 

somites (van Eeden et al., 1996). The choker mutant also displays an accumulation of 

melanocytes in an ectopic collar position and an absence of melanocytes in the lateral 

stripe. These pigment phenotypes were shown to be a secondary consequence of the 

muscle phenotype by transplantation experiments (Svetic et al., 2007). Aberrant sdf1a 

expression corresponded to the melanocyte pattern defects; sdf1a expression along the 
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lateral stripe was lost while sdf1a was ectopically expressed in the collar region. In 

addition, human SDF1 soaked beads attached to the epidermis of zebrafish embryos 

acted as a chemo-attractant to melanocytes (Svetic et al., 2007). Expression of the sdf1a 

receptor, cxcr4a, could not be identified in melanocytes, thus the complete molecular 

mechanism of this chemo-attractant system remains to be fully understood. Glial cell line 

derived neurotrophic factor (GDNF) may act as a chemo-attractant of vagal NCCs fated to 

form elements of the enteric nervous system (ENS) (Young et al., 2001, Natarajan et al., 

2002). These cells express the GDNF receptor, RET, and GDNF is expressed in a 

temporal and spatial pattern consistent with a role in guiding ENS cells to appropriate 

locations. Additionally, in vitro experiments demonstrated that ENS neurons grow towards 

a source of GDNF and loss of RET function resulted in ENS NCCs migrating at a reduced 

rate (Young et al., 2001, Natarajan et al., 2002). Despite very few positive migration cues 

having been identified for NCCs thus far, NCCs do migrate in a highly directed fashion to 

precise locations. It seems likely that further positive migration cues will be discovered 

including their corresponding receptors. 

Migrating cells are highly polarised, extending many projections (lamellipodia and 

fillopodia) in the direction of travel (Kuriyama and Mayor, 2008). This cell polarisation may 

play a role in ensuring NCCs migrate in the correct direction. The non-canonical Wnt 

signalling pathway has been implicated as a key player in regulating NCC polarity during 

migration. Wnt11 and Wnt11r have been shown to be expressed adjacent to the NC, cells 

of which express the putative Wnt11 receptor Frz7 at the time of EMT and initiation of cell 

migration (De Calisto et al., 2005, Matthews et al., 2008). Loss of function studies of 

components of the non-canonical Wnt signalling pathway also results in NCCs migration 

failing (De Calisto et al., 2005, Matthews et al., 2008). NCCs were attracted to grafts of 

ectoderm over expressing Wnt11 positioned adjacent to NC migration pathways (De 

Calisto et al., 2005). Analysis of cultured NCCs identified that non-canonical Wnt 

signalling helped to stabilise the lamellipodia that favour the leading edge of a migrating 

cell (De Calisto et al., 2005). Wnt11 and Wnt11r both promote NCC migration but are 

expressed adjacent to but on opposite sides of the NC therefore these molecules are 

unlikely to function simply as a chemo-attractant (Matthews et al., 2008). Thus although 

correct non-canonical Wnt signalling by both molecules is essential for migration, full 

understanding of this process has yet to be deduced. In all of the above studies, non-

canonical Wnt signalling was shown to function non-cell autonomously; NCCs did not 

express Wnt11 or Wnt11r. In contrast, Wnt11r was found to function cell autonomously 

during NCC EMT and was essential for correct formation of the dorsal fin (Garriock and 

Krieg, 2007). In Wnt11r morphant embryos, skeletogenic NCCs and muscle cells that 

contribute to the dorsal fin failed to migrate to this location. Therefore non-canonical Wnt 
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signalling and the role that it plays in NCC migration displays an additional level of 

complication that needs to be examined. 

Figure 1: Zebrafish embryonic pigment cell pattern. 
(A) Lateral view of a 5 dpf zebrafish embryo with anterior left and dorsal top. Note that 
melanocytes (black pigmented cells) are visible in four stripes, DS = dorsal stripe, LS = 
lateral stripe, VS = ventral stripe and YSS = yolk sac stripe. Yellow pigmented 
xanthophores are also visible particularly in the head and the dorsal region of the trunk. 
Reflective iridophores are visible in the eye but cannot be seen in this photo. Iridophores 
are present in the DS, VS and YSS. (B) Images of zebrafish pigment cells. Iridophores are 
reflective cells containing platelets of guanine, melanocytes are black melanin containing 
cells and xanthophores are yellow pteridine containing cells. (C) NCCs migrate on 
stereotypical pathways as shown in schematics of a transverse section through a mouse 
and a zebrafish trunk. In mice, melanoblasts (black stars) only migrate between the skin 
and somites (So) on the dorsolateral (lateral) pathway. Neurons and glia of the PNS 
migrate between the neural tube (NT) and somites (purple arrow) on the ventromedial 
(medial) pathway. In zebrafish embryos, xanthoblasts (yellow stars) are restricted to the 
lateral pathway while iridoblasts are restricted to the medial pathway (light blue star). 
Melanoblasts migrate on both the lateral and medial pathway. Neurons and glia of the 
PNS migrate on the medial pathway. Figure adapted from Kelsh et al., 2004. 
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1.1.5 Zebrafish Neural Crest Mutants 

A large number of zebrafish NC mutants have been generated, mainly through large scale 

chemical mutagenesis and insertion mutant screens (Henion et al., 1996, Haffter et al., 

1996, Driever et al., 1996, Amsterdam et al., 2004). Many pigment mutants were identified 

during these screens. Not only are pigment cells easily visualised but the stereotypical 

embryonic pigment pattern of zebrafish permits differences in cell number, distribution, 

differentiation and specification in mutant embryos to be identified. The zebrafish WT 

pigment pattern is comprised of three pigment cell types, melanocytes (black), 

xanthophores (yellow) and iridophores (reflective or shiny). Melanocytes are organised 

into four stripes, the dorsal stripe, lateral stripe, ventral stripe and yolk-sac stripe. It should 

be noted that the melanised cells of the eye in the retinal pigment epithelium (RPE) are 

not NC derived. Iridophores co-localise with melanocytes in the dorsal, ventral and yolk-

sac stripes and migrate to cover the eye. Xanthophores fill in the gaps between the 

pigment cell stripes but are more concentrated dorsally (Figure 1) (Kelsh, 2004). Pigment 

cell mutants were sorted into several classes as follows (Kelsh et al., 1996): Some 

mutants, for example colourless/sox10, displayed a lack of all pigment cell types (Class 

1). In addition sox10 mutants showed defects in all non-skeletogenic NC derivates 

including neurons and glia and as such this mutant is of particular interest. Class 2 

mutants showed a strong reduction or absence in only one pigment cell type, for example 

pffefer (xanthophores) and shady/ltk (iridophores). Additional mutants that only show 

defects in one pigment cell type have also been identified, for example nacre/mitfa 

(melanocytes) (Lister et al., 1999). Some mutants (Class 3) displayed reduced 

melanocytes, such as sparse/kita, although during the Kelsh et al., 1996 screen no 

mutants lacking melanocytes were identified. Defects in five genes led to pigment pattern 

defects (Class 4), this included choker. The fifth class of mutants (Class 5) showed 

additional pigment cells in ectopic locations, for example parade. The largest class of 

mutants discovered (Class 6) displayed defects in pigment cell pigmentation and was split 

into several subclasses. Examples of genes placed into this category are golden/slc24a5, 

albino and touch-down. It should be noted that a large number of mutations affecting 

xanthophores were identified (Kelsh et al., 1996, Odenthal et al., 1996). The location of 

the lesion of many of these mutants have yet to be identified, thus the defective gene is 

unknown. 

Non-skeletogenic NC derivatives include neurons and glia of the peripheral 

nervous system (PNS). These cells contribute to the enteric nervous system and sensory 

neurons and glia of the dorsal root ganglia (DRGs). Mutants with defects in the PNS have 

been identified. As already mentioned, the colourless/sox10 mutant displays a loss of all 

pigment cell types and defects in the PNS (Dutton et al., 2001a). The sox10baz1 mutant 

allele is unique amongst the sox10 mutant alleles as it has supernumerary DRGs instead 
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of a reduced number (Carney et al., 2006). The mother superior/foxd3 mutant displays a 

depletion of cells in the PNS, pigment cells and craniofacial cartilage (Montero-Balaguer 

et al., 2006). The nosedive mutant shows a lack of DRGs but little effect on other NC 

derivatives although some melanocytes do appear in ectopic locations where DRGs 

normally lie (Henion et al., 1996). PNS defects are harder to identify as molecular markers 

are required to label these NC derivatives. A large number of zebrafish mutants are 

available, particularly as a result of the large scale mutagenesis screens. These mutants 

provide a valuable resource to dissect the processes that occur during NC development. 

1.1.6 Waardenburg syndromes and Hirschprung’s disease 

Defective NC development leads to a number of syndromes collectively known as 

neurocristopathies. The Waardenburg syndromes are a major family of neurocristopathies 

and patients display defects in a number of NC derivatives. The symptoms of these 

defects include varying combinations of hypopigmentation and sensorineural hearing loss. 

Sensorineural deafness results from defects in the inner ear, specifically the cochlea. The 

Waardenburg syndromes are split into four sub-types based on the combination of 

phenotypes presented. A number of mutations that are causative of these diseases have 

been located, all of which identify key factors during neural crest development. 

1.1.6.1 Waardenburg syndrome Type I (WS1) 

WS1 (OMIM #193500) patients display pigment abnormalities such as partial hair albinism 

and heterochromatic irises, subtle facial defects such as dystopia canthorum (inner canthi 

of the eyes are displaced further apart than normal), a broadening of the nose and 

sensorineural deafness. WS1 shows autosomal dominant inheritance and although 

dystopia canthorum is the most consistent feature of this syndrome, the symptoms 

presented and severity of the disorder vary from case to case. WS1 is caused by lesions 

in the PAX3 gene, thus the mouse Pax3/Splotch mutant is a model of this disease 

(Tassabehji et al., 1992). Splotch heterozygous mice show pigment abnormalities but not 

deafness while Splotch homozygous mice show very severe defects and die prior to birth 

(Tachibana et al., 2003). 

1.1.6.2 Waardenburg syndrome type II (WS2) 

WS2 was initially described to classify Waardenburg syndrome cases that did not display 

the characteristic phenotype of WS1, dystopia canthorum. Cases of WS2 typically only 

show eye and skin pigment abnormalities and deafness. WS2 has now been split into a 

number of sub-types: WS2A (OMIM #193510), WS2B (OMIM %600193), WS2C (OMIM 
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%606662), WS2D (OMIM #608890) and WS2E (OMIM #611584). The loci affected in 

WS2B and WS2C have been mapped but no gene has yet been associated with these 

sub-types. The very rare form of WS2, WS2D, is caused by deletions in the SNAI2 gene. 

The original WS2, WS2A, is caused by lesions in the melanocyte master regulator gene 

MITF (Tassabehji et al., 1994). WS2A follows a pattern of autosomal dominant inheritance 

and is caused by a haploinsufficiency of MITF (Nobukuni et al., 1996). Both the mouse 

mutant Mitf/mi and the zebrafish mutant mitfa/nacre are animal models of this disorder. It 

should be noted that the zebrafish nacre mutant results from mutations in both copies of 

the mitfa gene and not from haploinsufficiency. The pigment and hearing defects 

associated with WS2A can both be explained by a lack of melanocytes. In regard to 

hearing, a loss of melanocytes in the cochlea can result in deafness (Nobukuni et al., 

1996). A recently identified form of WS2 is WS2E and results from a mutation in SOX10 

(Bondurand et al., 2007). 

1.1.6.3 Waardenburg syndrome type III (WS3; Klein-Waardenburg Syndrome) 

As with WS1, WS3 (OMIM #148820) is caused by mutations at the PAX3 locus. WS3 

shares the same defects as observed with cases of WS1 but in addition patients present 

with musculoskeletal defects that result in limb abnormalities. Thus WS3 patients present 

with a more severe phenotype (Hoth et al., 1993). There is evidence that WS3 occurs 

when two defective copies of PAX3 are inherited. Homozygous Splotch mice may 

represent a model for WS3 and these mice do display limb abnormalities along with 

severe neural tube defects which are absent in humans (Zlotogora et al., 1995). 

1.1.6.4 Waardenburg syndrome type IV (WS4; Waardenburg-Shah syndrome) 

WS4 (OMIM #277580) combines the pigmentation defects of WS2 with the enteric 

aganglionosis of Hirschsprung disease (OMIM #142628). Hirschsprung disease patients 

show a congenital absence of ganglion cells along the gut, particularly in the terminal 

portion of the gut. Thus multiple NC derivatives are affected in this neurocristopathy. WS4 

can be inherited in either a recessive or dominant manner depending on the causative 

mutation. The recessive condition typically results from mutations in the G-protein coupled 

receptor EDNRB or the ligand EDN3 (Edery et al., 1996, Hofstra et al., 1996, Syrris et al., 

1999). The recessive WS4 condition presents with a range of severities but always with 

some degree of hypopigmentation and often enteric aganglionosis. Sensorineural 

deafness is seen in recessive WS4 patients but tends to be rare and may be caused by a 

lack of melanocytes in the cochlea (Hofstra et al., 1996). The mouse mutants 

Ednrb/piebald-lethal and Edn3/lethal spotting are models for WS4 (Tachibana et al., 

2003). This disorder and the phenotype of the mouse mutants suggests at a conserved 
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role for EDNRB/EDN3 signalling in both melanocyte and enteric nervous system 

development. The dominant form of WS4 is caused by heterozygosity at the SOX10 locus 

resulting in haploinsufficiency (Pingault et al., 1998). This leads to hypopigmentation 

combined with Hirschsprung disease and is often associated with deafness. Deafness in 

Waardenburg syndromes is usually associated with a loss of melanocytes in the cochlea 

but SOX10 is expressed in the ear thus deafness may result from a direct effect 

(Bondurand et al., 1998). The mouse mutant Sox10/Dominant megacolon and the 

zebrafish mutant sox10/colourless provide models of WS4 and will be examined in more 

detail later. 

1.1.6.5 Waardenburg-Shah syndrome, neurologic variant 

A neurologic variant of Waardenburg-Shah syndrome, also called peripheral 

demyelinating neuropathy, central dysmyelinating leukodystrophy, Waardenburg 

syndrome and Hirschsprung disease (PCWH), has been characterised (OMIM #609136) 

(Inoue et al., 2004). This disease combines the following four disorders that display 

defects in characteristic cell types; peripheral demyelinating neuropathy (Schwann cells), 

central dysmyelinating leukodystrophy (oligodendrocytes), Waardenburg syndrome 

(melanocytes) and Hirschsprung disease (enteric ganglia). PCWH combines the defects 

of WS4 patients with myelin deficiency (Inoue et al., 2002). PCWH is caused by mutations 

in the SOX10 gene (Inoue et al., 2002, Inoue et al., 2004). Mutations resulting in a 

truncated SOX10 protein can cause WS4 or the more severe PCWH. In WS4 cases the 

truncated SOX10 mRNA was degraded, while in PCWH cases truncated mRNA showed 

more stability and was translated into a protein with dominant-negative activity (Inoue et 

al., 2004). 

1.2 Transcription Factors 

1.2.1 What are transcription factors and how do they function? 

Eukaryotic RNA polymerase II cannot initiate transcription without additional factors. 

General transcription factors bind to a gene’s promoter sequence to facilitate the tight 

binding of RNA polymerase thus allowing transcription to commence (Alberts et al., 1998). 

Therefore transcription factors (TFs) are DNA binding proteins that help to initiate the 

transcription of a gene. These TFs recognise common promoter sequences and are 

present in all cells thus do not display any specificity regarding the genes that they 

activate. To achieve specificity in the activation of transcription, genes contain regulatory 

sequences within their promoters that are recognised by specific transcription factors 

(Alberts et al., 1998). Therefore a second key feature of TFs is the ability to recognise and 
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bind tightly to a specific DNA sequence. These TFs regulate a subset of genes as a 

consequence of a particular cellular environment. In this way a transcription factor (TF) 

can regulate the expression of genes required for a unique purpose such as directing a 

cell to specify and differentiate into a particular cell type. It should be noted that some TFs 

activate gene expression while others act as repressors, indeed some transcription factors 

can perform both roles under different regulatory conditions (Latchman, 1997). 

TFs all contain a DNA binding motif but can be separated into different groups 

based on sequence homology and tertiary protein structure. Examples of these include 

helix-loop-helix TFs such as bHLH genes, leucine zipper TFs, zinc finger TFs and helix-

turn-helix TFs such as Hox, Pax and Fox genes. The majority of TF DNA binding motifs 

insert into the major groove of the DNA double helix and form tight associations with a 

number of DNA base pairs (Alberts et al., 1998). To regulate transcription, TFs can 

function through several mechanisms. TFs can stabilize or disrupt the binding of RNA 

polymerase to the gene promoter to increase or inhibit transcription. TFs can regulate the 

accessibility of a promoter region to RNA polymerase by altering the conformation of 

chromatin. For example, TFs can help to regulate histone acetylation. Histone acetylation 

by histone acetyltransferase can enhance the accessibility of DNA to protein complexes 

like RNA polymerase while hypoacetylation by histone deacetylase strengthens the 

association of DNA with histones making it less accessible (Narlikar et al., 2002). TFs can 

also recruit additional activating or repressing proteins to a promoter mediated through a 

protein interacting domain (Latchman, 1997). Indeed many TFs work in concert with a 

number of other TFs and co-activating or co-repressing proteins. These proteins all 

respond to environmental and biological stimuli to ensure that the transcription of a gene 

proceeds at the correct rate. 

1.2.2 Transcription Factors in the Neural Crest 

A network of transcription factors act to induce and specify NCCs during early NC 

development. This includes NC specifier genes such as Foxd3 and Sox10. Subsequently, 

a number of TFs that drive the specification and differentiation of specific cell types are 

activated. Such TFs with roles in NC specification and differentiation, termed master 

switch TFs, which are currently known, will be examined here. 

1.2.2.1 Mitf is required for melanogenesis 

The mammalian melanocyte master regulator TF is a basic helix-loop-helix leucine zipper 

(bHLH-Zip) TF known as Mitf. The mouse Mitf/microphthalmia mutant displays severe 

defects in the NC derived melanocyte lineage (Opdecamp et al., 1997). The zebrafish 
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homologue of Mitf is mitfa and the mitfa/nacre mutant also has an absence of 

melanocytes (Lister et al., 1999). Melanocytes fail to specify correctly in mitfa mutants as 

indicated by the failure of early melanoblast marker expression. In addition, expression of 

WT mitfa in mutant embryos can rescue melanocyte development (Lister et al., 1999). Mitf 

initiates the melanocyte developmental programme by activating differentiation and 

survival genes such as Dct, c-Kit, Ednrb, Tyr and Pmel17 (Thomas and Erickson, 2008). 

Expression of Mitf is mainly driven by the NC specifier TFs Sox10 and Pax3 (Bondurand 

et al., 2000). WNT signalling also plays a key role in driving the differentiation of 

melanoblasts and can up-regulate Mitf expression (Thomas and Erickson, 2008). 

1.2.2.2 Transcription factors involved in xanthophore development 

In mice, Pax3 plays a role in melanocyte development by activating expression of Mitf in 

concert with Sox10. Pax3 is a paired box transcription factor known to be expressed in 

very early NCCs and expression is maintained in pre-migratory NCCs (Lewis et al., 2004, 

Minchin and Hughes, 2008). A recent study has identified a key role for pax3 in zebrafish 

xanthophore development (Minchin and Hughes, 2008). When pax3 expression was 

knocked down using morpholinos, xanthoblast marker gene expression was lost, 

suggesting that pax3 plays a role in xanthophore specification. Given that xanthophore 

specification also fails in sox10 mutant embryos (Dutton et al., 2001a) and PAX3 and 

SOX10 co-operate during mouse melanocyte development (Potterf et al., 2000), it is 

plausible that these two genes also function together in xanthophores. Expression of early 

markers of the NC such as foxd3 and sox10 were not affected by pax3 knockdown 

although at later stages sox10 expression was reduced in pre-migratory and migrating 

NCCs in morphant embryos. It was identified that pax3 was required for sox10 expression 

in developing enteric neurons and that pax3 deficiency resulted in a failure of enteric 

neuron formation. A role for pax7 in xanthophore differentiation, but not specification, was 

also identified. Morpholino knock down of pax7 did not affect the expression of early 

xanthoblast markers, such as xdh. It was identified that Pax7 did not play a role in 

xanthophore specification as these cells could be still be detected but they failed to 

pigment. Thus multiple TFs are required during xanthophore development (Minchin and 

Hughes, 2008). 

1.2.2.3 Transcription factors involved in peripheral nervous system development 

The peripheral nervous system (PNS) consists of NC derivatives and a number of 

transcription factors key to PNS development have been identified. The autonomic 

nervous system (sympathetic, parasympathetic and enteric ganglia) fails to form in the 

mouse mutant of the paired-homeodomain TF Phox2b (Pattyn et al., 1999). In zebrafish, 
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knockdown of phox2b expression using morpholinos resulted in a strong reduction of 

enteric ganglia thus showing a conserved role in ENS development between the two 

organisms (Elworthy et al., 2005). Knockout of the TF Phox2a in mice also leads to some 

autonomic defects but these are not as pronounced as in Phox2b mutant mice (Morin et 

al., 1997, Pattyn et al., 1999). The bHLH TF Mash1 is also important during autonomic 

nervous system development. Mash1 knockout mice display extensive defects in the 

autonomic nervous system (Guillemot et al., 1993). An in vitro study identified a role for 

Mash1 in inducing the expression of neuronal differentiation genes following the 

specification of a neuronal precursor (Sommer et al., 1995). It is thought that Phox2b acts 

upstream of Mash1 as Phox2b knockout mice do not express Mash1 in the autonomic 

nervous system (Pattyn et al., 1999). 

Sensory neurons, whose cell bodies lie in the dorsal root ganglia (DRGs), are also 

derived from the NC. The two neurogenin genes, Ngn1 and Ngn2, are proneural bHLH 

TFs. Neurogenins are expressed in the precursors of sensory neurons although Ngn1 and 

Ngn2 show slightly different temporal and spatial expression patterns. Analysis of mutant 

embryos identified functional redundancy between these two TFs and only in a double 

mutant were all sensory neurons absent (Ma et al., 1999). Forced expression of these 

neurogenins in chick NC biased the cells towards a sensory neuron fate in vivo (Perez et 

al., 1999). This suggested that neurogenins play a role in specifying sensory neurons. 

Similarly, ngn1 has been shown to be essential for sensory neuron specification in 

zebrafish (Carney et al., 2006). Thus a number of TFs play roles in the specification and 

differentiation of elements of the PNS. 

1.3 Introduction to Sox10 

1.3.1 The Sox Family Overview 

Sox proteins comprise a family of approximately 20 transcription factors with a high-

mobility-group (HMG) DNA binding domain (Schepers et al., 2002). The HMG domain was 

first identified in SRY, the sex determining gene on the Y chromosome and Sox genes are 

named to reflect this (SRY-related high-mobility-group box). Sox genes have been 

classified into eight groups (A-H) based on sequence homologies both inside and outside 

of the HMG domain. The HMG domain is almost identical across Sox genes within the 

same group but only approximately 50 % similar between groups (Lefebvre et al., 2007). 

Sox TFs display sequence specific DNA binding but, unlike most TFs, they bind the minor 

groove of the double helix. In addition Sox proteins bend DNA and interact with a range of 

protein partners. Via these mechanisms, Sox TFs play a critical role in the regulation of 

transcription. Sox genes are expressed in a wide range of tissues but also show tightly 
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regulated temporal and spatial expression patterns. This family of genes is known to 

regulate multipotency, specification and differentiation in a range of cell types and play 

key roles during development (Lefebvre et al., 2007). 

The HMG box fulfils the functions of DNA binding, DNA bending and in some Sox 

groups, protein interactions and nuclear import or export. As mentioned previously, unlike 

most TFs, Sox genes interact with the double helix minor groove. All Sox TFs tested 

display an in vitro binding preference for the sequence 5’-A/T
A/TCAAA/TG-3’ although 

different Sox proteins display varying preferences for nucleotides flanking this core 

sequence (Mertin et al., 1999). It has been shown that Sox proteins can bind in vivo, 

sequences that are only a partial match for this in vitro consensus sequence (Lefebvre et 

al., 1997). This complicates the search for Sox binding sites through in silico exploration of 

genomic data. Thus experimental approaches may be required to identify regulatory 

targets of Sox genes. 

Sox proteins can influence target transcription by bending the target promoter 

sequence. This manipulates the three dimensional structure of the promoter. It is thought 

that this brings together TFs bound to disparate regulatory sites and other proteins bound 

to the promoter to alter transcription rates. This may occur by altering the arrangement 

and interactions of the components of the enhanceosome (functionally active complexes 

of TFs bound to gene enhancer sequences) (Lefebvre et al., 2007). While solid evidence 

of this process is required, some mutant studies have provided evidence of the important 

role that DNA bending plays. A mutation in the Sox2 HMG box that reduced the bend 

imparted to the DNA by the TF actually increased target transcription in comparison to WT 

protein. In addition, mutation of the target enhancer sequence to render the DNA more 

difficult to bend decreased transcription rates (Scaffidi and Bianchi, 2001). Therefore the 

architecture of the promoter and the enhanceosome plays an important role in regulating 

transcription rates. 

Sox proteins not only bind to a specific DNA sequence but can also bind to and 

interact with other proteins and TFs (Wilson and Koopman, 2002). The TFs Sox2 and 

Oct3 are required to activate transcription of Fgf4 during early embryonic development 

(Yuan et al., 1995). An enhancer on the Fgf4 promoter contains adjacent Sox and Oct TF 

binding sites. These two TFs act in concert to activate the enhancer. These two TFs 

actually synergise when bound to DNA through their DNA binding domains to form a 

heterodimer (Reményi et al., 2003). All interactions between Sox proteins and other TFs 

studied thus far occur through the DNA binding domain. These interactions, while bound 

to DNA, may be facilitated by the fact that Sox proteins bind to the minor groove of DNA 

while most other TFs bind to the major groove. Thus cell specific gene activation by Sox 

proteins often requires additional partners; this may help to increase specificity despite the 
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generality of the Sox DNA recognition sequence. Sox TFs can regulate transcription rates 

both by bending DNA and by regulating the formation of transcriptionally active protein 

complexes. 

In addition to the HMG DNA binding domain, some groups of Sox proteins also 

include protein interacting domains known as transactivating or transrepression domains 

in their C terminal region (Figure 2). For example, during chrondrogenesis, Sox9 binds to 

the transcriptional co-activator CBP/p300 to enhance transcription from the Col2a1 

promoter (Tsuda et al., 2003). Transrepression domains have been identified in members 

of the SoxB group (Uchikawa et al., 1999). Thus Sox proteins are capable of regulating 

the activity of enhanceosomes and therefore transcription through architectural alterations 

and direct protein interactions (Lefebvre et al., 2007). 

1.3.1.1 The SoxE group 

The SoxE group is made up of three Sox genes, Sox8, Sox9 and Sox10 (in zebrafish 

additionally there is sox9b). All three genes are expressed in multiple cell types during 

embryonic development. During mouse development, Sox8 is expressed in a number of 

developing sensory organs including the otic vesicle, the brain, the spinal cord and a 

number of NC derivatives including cranial ganglia, dorsal root ganglia, branchial arches 

and the enteric nervous system (Schepers et al., 2000, Sock et al., 2001). A closer 

examination of expression in the brain identified that Sox8 marks developing glia (Cheng 

et al., 2001). Despite widespread expression of Sox8 and the strong phenotypes 

displayed by Sox9 and Sox10 mutants, a homozygous mutant Sox8 mouse was still 

viable, did not display specific defects in Sox8 expressing tissues and only exhibited 

reduced weight (Sock et al., 2001). As Sox8 expression overlaps with expression of other 

SoxE genes this weak phenotype may result, to some extent, from functional redundancy 

(Stolt et al., 2004). Certainly, Sox8 and Sox9 display functional redundancy during testis 

cord differentiation with Sox9 knockout mice not displaying a phenotype in this tissue but 

Sox9 and Sox8 double mutants displayed a more severe phenotype than Sox8 mutants 

(Barrionuevo and Scherer, 2009). Sox8 is known to function during gliogenesis, male 

gonad development, osteogenesis and neural crest formation in Xenopus (Chaboissier et 

al., 2004, Stolt et al., 2004, Schmidt et al., 2005, O'Donnell et al., 2006). The human 

disorder ATR-16 (OMIM #141750) has been associated with deletions of a chromosomal 

region that includes the area that SOX8 maps to (Pfeifer et al., 2000). No specific human 

disease has been attributed to SOX8 thus this gene has been less well studied than the 

other two members of this group. 

Haploinsufficiency of SOX9 results in the disorder Campomelic Dysplasia (CMPD, 

OMIM #114290) which is characterised by skeletal defects, particularly of the long bones, 
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and many XY individuals also suffer genital defects or develop as females (Wagner et al., 

1994). Consistent with these defects, sites of expression of Sox9 in mouse embryos 

strongly correlate with sites of chondrogenesis and chondrocyte precursor cells. For 

example, at twelve days post coitum most skeletal structures show Sox9 expression 

(Wright et al., 1995). Sox9 was identified as an essential transcription factor in 

chondrocyte specification and differentiation and therefore in the development of cartilage 

and skeletal structures (Bi et al., 1999). Also consistent with the phenotype of CMPD, 

SOX9 is thought to play a role in sex determination. Sox9 has been shown to be essential 

for Sertoli cell differentiation and activates the expression of several Sertoli cell specific 

markers (Chaboissier et al., 2004). Sox9 is also expressed in the early NC and forms part 

of the NC specifier gene network. Forced expression of Sox9 in chick embryos can induce 

the expression of NC markers and the formation of trunk NC neural derivatives fails in 

Sox9 knockout mice. In these mice, NCCs were shown to apoptose after delamination 

(Cheung et al., 2005). 

The third member of the SoxE family is Sox10 and is associated with the human 

disorders WS4 and PCWH. Sox10 contains an HMG DNA binding domain and at the C 

terminus a transactivation domain (Figure 2). Sox10 has been termed a NC specifier 

gene, playing a critical role in the specification of all non-skeletogenic NC derivatives 

(Dutton et al., 2001a). Sox10 also functions during cellular differentiation and in 

maintaining cell multipotentiality, although the later function has yet to be substantiated in 

zebrafish (Britsch et al., 2001, Kim et al., 2003, Carney et al., 2006). In addition, sox10 

plays a role in inner ear formation (Whitfield et al., 1996). This transcription factor will be 

examined in more detail in the next few sections. The SoxE group of TFs regulate a large 

number of important developmental processes and have been associated with a number 

of human developmental disorders. Therefore this group of genes have been and remain 

of tremendous interest. 
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Figure 2: Zebrafish sox10 mutant. 
(A) Lateral image of a 5dpf zebrafish WT embryo (top) and sox10 mutant (bottom) 
embryo. Note the lack of pigmented cells in the mutant embryos, particularly striking is the 
lack of dark melanocytes in the head and trunk. The eye is still pigmented by melanocytes 
as these are not NC derived and are thus not Sox10 dependent. The otic vesicle in both 
embryos is marked by an arrowhead; note the small otoliths in the mutant embryo. (B) 
Schematics of WT Sox10 protein and Sox10 mutant proteins produced by the different 
sox10 mutant alleles. Red box = HMG domain, blue box = transactivation domain. The 
yellow box of the t3 allele protein denotes additional amino acids inserted as part of the 
frame shift mutation prior to protein termination. The positions of the leucine to glutamine 
and valine to methionine substitutions in the m618 allele and baz1 allele proteins 
respectively are shown. The tw2 and tw11 alleles both produce truncated proteins lacking 
the transactivation domain. 
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1.3.2 Expression of Sox10 

The expression pattern for Sox10 has been determined for a number of vertebrate 

species by in situ hybridization and Northern blotting and appears to be conserved across 

species. In humans, SOX10 is expressed in the CNS of adults. During embryonic 

development SOX10 expression was noted in the otic vesicle and trunk NCC derivatives. 

While expression in melanocytes was not directly observed, strong expression in the PNS 

was seen (Bondurand et al., 1998). Sox10 expression has been examined further in a 

range of model organisms including rodents, chick, Xenopus and zebrafish (Southard-

Smith et al., 1998, Kuhlbrodt et al., 1998, Cheng et al., 2000, Dutton et al., 2001a, Aoki et 

al., 2003). The sites of Sox10 expression outside of the NC in the otic vesicle and 

oligodendrocytes, are conserved across all organisms. Sox10 expression is particularly 

strong in the otic vesicle. In the NC Sox10 again displays a conserved expression pattern 

across species, although these expression patterns have not been directly compared. In 

all organisms Sox10 is expressed in pre-migratory NCCs and it seems likely that Sox10 is 

a generic marker of non-skeletogenic NC. Expression has also been seen in migrating 

NCCs on the medial and dorsolateral pathways in the trunk and in ENS precursor cells 

migrating along the developing gut. It has been noted that Sox10 expression is down-

regulated in differentiating NCCs, for example sox10 expression is lost in zebrafish as 

melanocytes pigment (Dutton et al., 2001a, Greenhill 2008). In contrast, Sox10 expression 

persists in differentiating glia even until adulthood (Kuhlbrodt et al., 1998). Thus Sox10 is 

expressed in a range of NC non-skeletogenic derivatives and non-NC derivatives and 

shows dynamic changes in expression as development proceeds. 

The expression of sox10 in zebrafish (Figure 3) has been examined in detail 

(Dutton et al., 2001a). Cells expressing sox10 are first visible at approximately 10 hpf at 

the lateral edge of the neural plate. By 11 hpf cranial NCCs are marked by sox10 

expression and as development progresses, sox10 expression spreads caudally and is 

seen in trunk NCCs at around 16 hpf. Up until this stage all sox10 expressing cells in the 

trunk have yet to begin migrating. The first NCCs to migrate are neural derivatives on the 

medial pathway at approximately 16 hpf (Raible et al., 1992). These cells initially express 

sox10 during migration. At 24 hpf sox10 expression can be seen in pre-migratory NC and 

NCCs migrating on the medial pathway, in the otic vesicle, in two clusters in the head that 

correspond to cranial ganglia and in cells along the posterior lateral line nerve (Figure 3). 

Scattered cells in the head express sox10 in a pattern that bears a striking resemblance to 

markers of pigment cells. Only rarely are sox10 expressing cells seen on the lateral 

pathway, perhaps as a consequence of expression being rapidly down-regulated in 

pigment cells. If in situ hybridizations are pushed hard, these cells can be visualised. 

Precursor cells of the ENS can be seen expressing sox10 at 36 hpf and Sox10 positive 

cells are seen forming the DRGs by 40 hpf (Elworthy et al., 2005, Carney et al., 2006). 
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Figure 3: Whole mount in situ hybridization of Sox10 expression. 
Lateral view of a 24 hpf zebrafish embryos is shown, anterior to left and dorsal top. 
Expression in NCCs migrating at the midbrain-hindbrain boundary (MHB), otic vesicle (ov) 
and glia of the posterior lateral line nerve (PLL) is marked. In addition expression in two 
patches either side of the otic vesicle are marked by asterisks, cells at these locations 
form the cranial ganglia. Arrowheads mark pre-migratory NCCs in the trunk and arrows 
mark NCCs migrating on the medial pathway. 
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1.3.3 Sox10 mutants 

The spontaneous mouse mutant Dominant megacolon (Dom) was mapped to the Sox10 

locus. As a result of a frame shift mutation in which an extra guanine was inserted C 

terminal of the HMG box domain, 99 novel amino acids were added to the protein before 

terminating (Herbarth et al., 1998, Southard-Smith et al., 1998). Functional analysis of this 

mutant protein showed that DNA binding was not affected but transcriptional activation of 

partner proteins mediated by the transactivation domain was abolished (Herbarth et al., 

1998). Heterozygotes of this mutant display pigment abnormalities and megacolon, 

homozygotes are embryonic lethal. In addition, heterozygous animals display behavioural 

defects associated with deafness (Pingault et al., 1998). It is thought that deafness in 

WS4 and the Dom mouse results from a loss of melanocytes in the ear and is a 

secondary consequence of a failure in Sox10 signalling. Analysis of NC markers identified 

defects in a number of NC derivatives in Dom embryos with homozygotes more severely 

affected than heterozygotes. Dom/Dom embryos lack Dct+ melanoblasts and also display 

a lack of Ednrb and Sox10 expressing NCCs. These expression patterns identified defects 

in the PNS, particularly a failure of enteric neurons to colonise the gut alongside pigment 

abnormalities. Cranial ganglia were disrupted and displayed morphological defects in 

Dom/Dom embryos but this was not observed in heterozygous embryos (Herbarth et al., 

1998, Southard-Smith et al., 1998). Significant levels of NCC apoptosis were identified in 

both heterozygous and homozygous Dom mutant embryos (Southard-Smith et al., 1998). 

A targeted Sox10 mouse mutant has also been constructed by knock in of the lacZ 

reporter gene that deleted the entire Sox10 reading frame (Britsch et al., 2001). 

Heterozygous and homozygous Sox10lacZ mice display essentially the same phenotypes 

as heterozygous and homozygous Dom mice respectively. This indicated that the Sox10 

mutant phenotype could be caused by haploinsufficiency and not necessarily as a result 

of possible dominant negative activity of the Dom mutant SOX10 protein. In addition, LacZ 

staining was seen in the same sites as Sox10 expression as detected by in situ 

hybridization. This included sites outside the NC such as in oligodendrocyte precursors in 

the CNS and the otic vesicle and NC derived cell types in the PNS and melanoblasts. The 

generation of this mouse line has facilitated the analysis of Sox10 function in various cell 

types. For example, analysis of melanocyte development using the melanoblast markers 

Mitf, c-Kit and Dct identified a 50 % decrease of melanoblasts in heterozygous embryos 

and an almost total absence of melanoblasts in homozygous mutant embryos (Britsch et 

al., 2001). Analysis of glial differentiation markers in Sox10lacZ embryos indicated that cells 

expressing the reporter gene in DRGs were glial cells and this cell type was reduced in 

homozygous mutant embryos. Within these DRGs, the sensory neurons were seen to 

form and then degenerate. Interestingly the authors concluded that the sensory neuron 

phenotype of Sox10 mutants was an indirect effect resulting from the lack of glial support 
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the cochlea (Dutton et al., 2009). Thus the zebrafish and mouse sox10 mutants both 

display strong defects in non-skeletogenic cell types. 

Recently a new sox10 mutant allele was identified in zebrafish, the sox10baz1 allele. 

This allele has a valine to methionine amino acid substitution in the HMG DNA binding 

domain (Figure 2) (Carney et al., 2006). The pigment phenotype of sox10baz1 mutant 

embryos is slightly less severe than for other mutant sox10 alleles with melanocytes 

absent but xanthophores and iridophores mildly reduced. Similar to melanocytes, glia 

were also strongly reduced in the sox10baz1 mutant. Surprisingly the number of sensory 

neurons (DRGs) actually increased in mutant embryos in comparison with WT siblings. 

This strongly suggests that sox10 plays a direct role in regulating the specification of 

sensory neurons, in contrast with evidence gathered from mouse Sox10 mutants. 

Induction of early sensory neuron markers also fails in zebrafish sox10 mutants 

supporting a role for sox10 in specifying sensory neuron fate (Carney et al., 2006). Thus it 

appears that sox10 functions to specify all non-skeletogenic NC derivatives. The function 

of sox10 will be evaluated in more detail in the next section. 

1.3.4 Sox10 Function 

Sox10 has been postulated to function at a number of stages during NC development 

including formation of the NC, maintenance of multipotency and NCSC characteristics, 

cell specification and cell differentiation (for a review see Kelsh 2006). Evidence for the 

role of Sox10 in all of these processes comes from various experiments in different model 

species and from examination of Sox10 mutant animals. In this section the function of 

Sox10 in each of these processes will be examined. 

1.3.4.1 Sox10 and formation of the NC 

Work in frog has indicated that Sox10 plays a role in early NC formation. Morpholino 

mediated knockdown of Sox10 function resulted in a strong reduction of early NC marker 

gene expression (Snai2, Foxd3 and Sox9) (Honore et al., 2003). Over expression of 

Sox10 in Xenopus embryos was also capable of expanding the expression domain of 

Snai2 and Sox9 (Honore et al., 2003, Aoki et al., 2003). Thus Sox10 appears to expand 

the number of early NCCs. These results are difficult to interpret as the complicated gene 

network responsible for NC induction and formation has yet to be fully resolved. The 

genes involved in this network are known to be interdependent thus it is difficult to identify 

the specific functions of each individual gene. For example, another SoxE gene, Sox9, is 

also expressed in early NCCs and over expression of Sox9 can induce expression of early 

NC marker genes including Sox10 (Cheung and Briscoe, 2003). In situ hybridization 
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and forced expression of Sox10 inhibited neuronal differentiation of these cells. This 

correlated with a repression of the differentiation marker Phox2a (Kim et al., 2003). The 

transient nature of Sox10 expression in other NCC lines (except glia) suggests this role 

may be general and recent work has shown Sox10 has to be down-regulated in 

melanocytes for differentiation to proceed (Greenhill, 2008). However, in adult melanocyte 

stem cells Pax3 has been shown to activate a melanogenic gene cascade while inhibiting 

differentiation by repressing Dct (Lang et al., 2005). The data above has provided strong 

evidence that, at least in NCSCs with neural potential, Sox10 maintains multipotency and 

inhibits differentiation. It would be very interesting if this could be extended to NCSCs that 

have the potency to form other cell types such as pigment cells. The adult EPI-NCSCs 

and SKPs which are Sox10+ may present an opportunity to evaluate this. Indeed, the role 

of Sox10 in these cell types has not yet been examined. 

1.3.4.3 Sox10 and fate specification 

A large body of evidence from both mouse and fish points to a general role for Sox10 in 

the specification of a subset of NC derivatives. Fate specification requires the activation of 

a master switch transcription factor that is both necessary and sufficient to drive the 

development of a specific cell type. The expression of this master switch TF is regulated 

by both intrinsic cellular factors, such as Sox10, and extrinsic factors such as extracellular 

growth factors signalling through receptors. Together these factors activate expression of 

the appropriate master switch TF which activates the cascade of genes necessary for the 

differentiation, migration and survival of a specific cell type (Figure 4). 

The fate specification of melanocytes has been well studied in both zebrafish and 

mouse model systems and in both systems Sox10 plays a very early role in melanocyte 

development (Dutton et al., 2001a, Southard-Smith et al., 1998). Sox10 is also known to 

directly regulate the melanocyte master switch TF, Mitf in mouse (Verastegui et al., 2000) 

and mitfa in zebrafish (Elworthy et al., 2003). Mitf has been well characterised as the 

pivotal gene in melanocyte development (Levy et al., 2006) and in zebrafish mitfa can 

rescue melanocyte development in sox10 mutant embryos (Elworthy et al., 2003). 

Expression of Mitf or mitfa is absent in both mouse and zebrafish sox10 mutant embryos 

(Southard-Smith et al., 1998, Kelsh and Eisen, 2000) and the direct regulation of mitfa by 

sox10 is crucial for the correct expression of this master switch TF (Elworthy et al., 2003). 

Loss of function morpholino experiments in frog has also indicated that Sox10 may specify 

melanocytes but the early role of Sox10 during NC formation in this model organism has 

complicated this analysis (Aoki et al., 2003). 

While strong evidence exists that Sox10 acts in the specification of the melanocyte 

lineage, work has been ongoing to assess if this model can be generalised to other non
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skeletogenic NCC types. While this body of work is currently less extensive, fate 

specification of sympathetic, enteric and sensory neurons has been shown to be defective 

in Sox10 mutants. Sympathetic neuron specification requires the action of two master 

switch TFs, Mash1 and Phox2b (Lo et al., 1998, Pattyn et al., 1999). Both of these 

transcription factors require Sox10 in vivo for induction (Kim et al., 2003). Phox2b also 

plays a key role in the specification of enteric neurons in both mouse and zebrafish 

(Elworthy et al., 2005, Pattyn et al., 1999). Morpholino knockdown of Phox2b function led 

to a loss of enteric neurons, a phenotype also seen in sox10 mutant embryos. Expression 

of phox2b is defective in sox10 mutant embryos thus sox10 activation of phox2b is 

required for enteric neuron specification. The sensory neuron lineage requires the action 

of the Neurogenin TFs for specification (Ma et al., 1999, Perez et al., 1999). In both 

mouse and zebrafish Sox10 mutants, sensory neuron numbers are reduced although this 

defect is less pronounced than for other NCC derivatives (Southard-Smith et al., 1998, 

Dutton et al., 2001a, Carney et al., 2006). It was hypothesised from work in mouse that 

the defects in sensory neurons were a secondary consequence of the loss of their 

supporting glia. In zebrafish, analysis of ngn1 expression identified that sensory neuron 

specification fails in sox10 mutant embryos. Sox10 can also induce expression of ngn1 in 

vivo (Carney et al., 2006). Interestingly morpholino knock-down of sox9b increased the 

severity of the sox10 mutant sensory neuron phenotype (Carney et al., 2006). The 

neurogenic phenotype of the sox10baz1 mutant that possess additional sensory neurons 

but lacks glia also argued against the sensory neuron defect simply resulting from a loss 

of support cells (Carney et al., 2006). Thus in zebrafish at least, it appears that sox10 

functions during sensory neuron specification. To fully confirm the generalisation of the 

Sox10 specification model this work needs to be replicated in mouse. 

Despite strong evidence supporting a role for Sox10 in the specification of non

skeletogenic NCCs, the complex phenotype of Sox10 mutants could be explained by 

Sox10 functioning at multiple steps in development. For example, zebrafish sox10 

mutants show defects in cell differentiation, migration and survival. However, if 

specification is defective, it is likely that defects in these processes would be a secondary 

consequence of cells failing to initiate appropriate molecular cascades. For example, in 

chick at least, lateral pathway migration is dependent on melanocyte specification 

(Santiago and Erickson, 2002). It is likely that migration is dependent on specification 

activated pro-migration genes such as receptors for migration cues and cell surface 

proteins that regulate adhesion. The apoptosis of NCCs in Sox10 mutants is also likely to 

be a result of a failure in specification. For example, expression of the zebrafish c-kit 

homologue (kit) which is essential for melanoblast survival is absent in sox10 mutant 

embryos (Parichy et al., 1999, Dutton et al., 2001a). Importantly, NCC death in sox10 

mutant embryos occurs a considerable period of time after mitfa expression fails to be 
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induced thus indicating that the survival defect is a consequence of specification failing 

(Dutton et al., 2001a). The differentiation defect of melanocytes in Sox10 mutants is easily 

explained by the failure of Mitf expression. Mitf is known to activate the expression of a 

large number of enzymes involved in melanogenesis (Levy et al., 2006). However, this 

specification model may not be as clear cut as this. Sox10 is known to directly regulate a 

key gene in melanin synthesis, Dct, at least in mouse cells in vitro (Jiao et al., 2004, 

Potterf et al., 2001). While Mitf plays a key role in activating Dct expression, the action of 

Sox10 can enhance this (Jiao et al., 2004). However, in vivo work in zebrafish suggested 

that mitfa alone is sufficient to drive melanocyte differentiation as mitfa rescued 

melanocytes in sox10 mutant embryos (Elworthy et al., 2003). The expression of sox10, 

while overlapping with that of dct is down-regulated in differentiating melanocytes and 

Sox10 can repress the expression of mitfa target genes in zebrafish (Greenhill, 2008). 

Thus while Sox10 may play a transient role in melanocyte differentiation, this is currently 

unclear. A similar late role for Sox10 has also been identified during neurogenesis. Sox10 

both activates expression of the pro-neural genes Mash1 and Phox2b while inhibiting 

expression of their downstream target gene Phox2a (Kim et al., 2003). It remains to be 

established if Sox10 has a role during differentiation in other NC derivatives. 

According to the model of Sox10 functioning in cell specification, NCC death in 

Sox10 embryos occurs as a result of specification failing. Thus cells cannot develop 

correctly and will not express the appropriate survival factors and subsequently apoptose. 

It is unclear what the molecular characteristics of these unspecified cells will be but it is 

possible they will maintain the expression of early NCC characteristics. These genes will 

fail to be repressed without functional Sox10 and without development proceeding 

correctly. Thus such unspecified cells may express markers of early NCCs, NCSC genes, 

receptors for instructive signals and markers of early pluripotent NCC lineages such as 

the chromatophore precursor. This hypothesis remains to be tested. 
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Figure 4: General model of sox10 and NCC specification. 
(A) A schematic of the general role of Sox10 in NCC development. A multipotent NCC 
(multicoloured shading) becomes specified by an instructive ligand (oval) binding a 
receptor (stick in cell membrane) in combination with Sox10 signalling. This activates a 
key downstream TF and the cell becomes specified (indicated by single colour of 
nucleus). In a sox10 mutant NCCs a lack of Sox10 signalling results in a failure of 
specification leading eventually to cell death. (B) Schematic of the general model applied 
to melanocyte specification. Wnt signalling in combination with Sox10 activates the master 
switch TF Mitfa to specify melanoblasts. Figure adapted from Kelsh 2006. 

1.3.4.4 Sox10 and Glia 

In contrast to other NCCs in which Sox10 expression is transient, Sox10 expression 

persists in differentiated glia even into adulthood (Bondurand et al., 1998). This suggests 

that Sox10 may play a role in both glial fate specification and differentiation. Homozygous 

mouse Sox10 mutants and zebrafish sox10 mutants display strong defects in glial 

development thus indicating that Sox10 is absolutely required by this cell lineage (Britsch 

et al., 2001, Carney et al., 2006). In Sox10 mutants, expression of the Neuregulin receptor 

ErbB3 in glial progenitors is lost (Britsch et al., 2001). This signalling system plays a key 

role in glial specification thus loss of ErbB3 expression in Sox10 mutants may cause the 

failure of glial specification (Britsch et al., 2001). Sox10 mutant NCCs grown in culture 

conditions that promote gliogenesis cannot adopt a glial fate and expressed markers for 
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other fates suggesting that fate specification failed (Paratore et al., 2001). While mouse 

and zebrafish ErbB3 mutants do show defects in glia, the Sox10 mutant glial phenotype is 

more severe (Britsch et al., 2001, Carney et al., 2006). Thus additional mechanisms are 

likely to contribute to the glial Sox10 mutant phenotype. Notch signalling is known to play 

an important role in the fate choice between neurogenesis and gliogenesis with transient 

activation of notch receptors capable of irreversibly driving cells to a glial fate (Morrison et 

al., 2000). Interestingly Notch1 expression is transiently up-regulated in NCCs during early 

DRG development and this up-regulation fails in Sox10 mutant embryos (Britsch et al., 

2001). Thus at least two mechanisms that promote gliogenesis fail in Sox10 mutant 

embryos. Both of these mechanisms promote glial specification through the detection of 

extrinsic factors by receptors. Thus current evidence indicates that Sox10 promotes glial 

specification by regulation of receptors that when lost prevent NCCs adopting a glial fate. 

However, no master switch TF that drives glial specification has been identified. 

Therefore the influence of Sox10 on this gene as per the general model of Sox10 in 

specification cannot be evaluated. 

As glial specification fails in Sox10 mutant embryos, the role of Sox10 in glial 

differentiation is difficult to assess. However, Sox10 is known to directly regulate several 

glial differentiation genes (Table 1). The Schwann cell specific protein, protein zero (P0) is 

involved in myelin compaction while Cx32 is expressed in Schwann cells and allows the 

passage of small molecules through the myelin sheath. Both of these genes are highly 

expressed in Schwann cells, are required for Schwann cell differentiation and are direct 

regulatory targets of Sox10 (Bondurand et al., 2001, Peirano et al., 2000). Indeed, SOX10 

up-regulates the expression of both of these genes. Thus Sox10 has a known function in 

both glial specification and differentiation. With data from melanocytes suggesting that 

Sox10 can regulate Dct expression, it will be interesting to identify direct targets of Sox10 

to examine the role Sox10 has in differentiating NCCs. 

1.3.4.5 Sox10 and otic vesicle development 

Human diseases that result from SOX10 mutations such as WS4 are often associated 

with deafness. While Sox10 heterozygous mouse mutants do display behaviour 

characteristic of hearing problems, the cause and molecular basis of this has yet to be 

properly characterised. It has been assumed that a loss of melanocytes in the ear, which 

are NC derived and therefore Sox10 dependent is the defect that results in hearing 

impairment. Melanocytes in the stria vascularis of the inner ear are required for both the 

development of the stria vascularis and for normal function of the inner ear (Tachibana, 

1999). At least one function of melanocytes in the stria vascularis involves the secretion of 

K+ via ion pumps to help generate the positive potential (endocochlear potential) of the 
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Cell/Tissue type Gene 
Change of expression level in 

Sox10 mutant embryos Reference 

ngn1 Down (Carney et al., 2006) 

PNS 
Phox2b Down 

(Elworthy et al., 2005, Kim et 
al., 2003} 

Phox2a Up 
(Kim et al., 2003) 

Mash1 Down 
ErbB3 Down 

(Britsch et al., 2001) 
Glia 

Hes5 Down 
Notch1 Down 
foxd3 Down (Kelsh et al., 2000) 

Melanocyte 
kita Down (Dutton et al., 2001a) 
c-Kit Down (Britsch et al., 2001) 

Xanthophore 
pax7 Down (Hammond et al., 2007) 
gch Down (Pelletier et al., 2001) 

Iridophore 
/chromatoblast 

ltk Up (Lopes et al., 2008) 

Neural Crest crestin Down (Elworthy et al., 2005) 
Table 2: Table of Genes differentially regulated in Sox10 mutant embryos. 
The genes present in this table have not been tested and described as direct targets of 
Sox10. 

1.4 Project Overview and Aims 

While a number of Sox10 target genes have been identified, this complement of direct and 

indirect targets is not sufficient to ensure the correct development of all non-skeletogenic 

NC derivatives. Targets that remain to be identified include master switch TFs for cell 

lineages such as iridophores and glia, receptors for extracellular instructive cues that drive 

processes such as fate choice and genes involved in cell differentiation, migration and 

survival. The identification of such genes will provide key information to describe the 

molecular process that NCCs are required to undergo during development. As NCCs 

provide models of both cell development and cancer biology the understanding of these 

processes is crucial. In addition, a study to identify key genes in NC development will 

shed light on the underlying causes of a group of human diseases known as 

neurocristopathies. 

The ultimate aim of this study is to identify direct and indirect targets of Sox10. To 

address the paucity of Sox10 target genes, a microarray approach was adopted. This 

approach was designed to compare the expression profiles of sox10 expressing cells from 

both WT and sox10 mutant embryos. Towards this end the initial aims were: 

1.� To isolate GFP positive cells from both WT and sox10 mutant embryos at 24 hpf 

from sox10:GFP transgenic embryos by fluorescence activated cell sorting 

(FACS). Subsequently RNA needed to be extracted from these cells suitable for 

microarray analysis. 

2.� Analysis of the microarray data is required to identify genes differentially regulated 

in sox10 mutant embryos, these genes are candidate direct or indirect targets of 

Sox10. 
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3.� To validate candidate genes by in situ hybridization. This approach will reveal both 

temporal and spatial information regarding expression of candidate genes in both 

WT and sox10 mutant embryos. 

Genes whose expression is positively regulated by Sox10 will appear to be down-

regulated in sox10 mutant embryos. These genes should include a number of well known 

Sox10 target genes that are expressed at 24 hpf such as mitfa and dct. These down-

regulated genes are required to drive the development of NCCs. While a number of genes 

are known to be down-regulated in sox10 mutant embryos, very few genes are known to 

be up-regulated. It is predicted that genes up-regulated in sox10 mutant embryos will be 

markers of early NCCs and may include markers of NCSCs. 

The targets identified will be limited to the cell types that are defective in sox10 

mutant embryos at 24 hpf such as glia and pigment cells. Specification of other non

skeletogenic NC derivatives such as the ENS and sensory neurons occurs later than 24 

hpf therefore differentially regulated marker genes of these lineages are unlikely to be 

detected. 

It was also initially hoped that a gene identified by this process as a particularly 

interesting target of Sox10 would be further examined through functional studies. In 

particular it was envisioned that a morpholino study would be utilised to examine the 

effects of knocking out this specific gene of interest. Due to time constraints this was not 

completed. 

43�



Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1 Chemicals 

General laboratory chemicals were of analytical research grade from a range of 

manufacturers. Most chemicals came from Sigma Chemical Company (St. Louis, MO, 

USA) or Fischer Scientific UK Ltd. (Loughborough, Leicester, UK). Specialist reagents and 

sources are listed below: 

Agarose Invitrogen (Carlsbad, CA, USA)�
Ethidium Bromide Sigma Chemical Company (St. Louis, MO, USA)�
Luria Broth Sigma Chemical Company (St. Louis, MO, USA)�
Luria Agar Sigma Chemical Company (St. Louis, MO, USA)�
Carbenicillin Bioline (London, UK)�
Fetal Bovine Serum Sigma Chemical Company (St. Louis, MO, USA)�
Horse Serum Sigma Chemical Company (St. Louis, MO, USA)�
Kanamycin Sigma Chemical Company (St. Louis, MO, USA)�
6 x Loading Dye Promega (Madison, WI, USA)�
Phenol Red Sigma Chemical Company (St. Louis, MO, USA)�
Sheep Serum Sigma Chemical Company (St. Louis, MO, USA)�
IPTG Melford Labs Ltd. (Suffolk, UK)�
Phenol/chloroform/isoamyl alcohol Sigma Chemical Company (St. Louis, MO, USA)�
1-phenyl-2-tiourea (PTU) Sigma Chemical Company (St. Louis, MO, USA)�
Tricaine (methylsulfonate) Sigma Chemical Company (St. Louis, MO, USA)�
TriReagentTM Sigma Chemical Company (St. Louis, MO, USA)�
X-gal Sigma Chemical Company (St. Louis, MO, USA)�
DEPC Sigma Chemical Company (St. Louis, MO, USA)�

2.1.2 Nucleic Acids 

DIG RNA labelling mix Roche Diagnostics GmbH (Mannheim, Germany)�
100 bp DNA ladder Promega (Madison, WI, USA)�
1 kb DNA ladder Promega (Madison, WI, USA)�
Primers (see Table 3/appendix) Invitrogen (Carlsbad, CA, USA) or�

Bioneer (Alameda, CA, USA) 

2.1.3 Enzymes 

Restriction endonucleases and appropriate 10 x restriction buffers were purchased from�

Promega (Madison, WI, USA) or New England Biolabs (Beverly, MA, USA). Other�

enzymes were obtained from the following sources along with appropriate buffers.�

Proteinase K Roche Diagnostics GmbH (Mannheim, Germany)�
Trypsin Invitrogen (Carlsbad, CA, USA)�
Pronase (Protease Type XIV) Sigma Chemical Company (St. Louis, MO, USA)�
RNase Inhibitor Roche Diagnostics GmbH (Mannheim, Germany)�
T4 DNA ligase Promega (Madison, WI, USA)�
GoTaq DNA polymerase Promega (Madison, WI, USA)�
iScript Reverse Transcriptase BioRad (Hercules, CA, USA)�
SP6 RNA Polymerase Roche Diagnostics GmbH (Mannheim, Germany)�
T7 RNA polymerase Roche Diagnostics GmbH (Mannheim, Germany)�
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2.2 Solutions, Buffers and Media 

2.2.1 Solutions and Buffers 

Hybridization mix 
50 % Formamide 
5 x SSC 
0.25 mg Heparine 
2.5 mg TRNA 
0.1 % Tween20�
9 mM Citric Acid�
In Sterile Water�

Holtfreter’s solution 
0.35 % (w/v) NaCl 
0.005 % (w/v) KCl 
0.01 % (w/v) CaCl2 

0.02 % (w/v) NaHC03�
In MilliQ Water�

In situ blocking buffer 
5 % Sheep serum 
2 mg/ml BSA 
0.1 % Tween�
In PBS�

NBT/BCIP buffer 
100 mM Tris-HCl pH 9.5 
50 mM MgCl2 

100 mM NaCl 
0.1 % Tween20�
In MilliQ Water�

PFA 
PBS with 4 % Paraformaldehyde 

PBS 
2.7 mM KCl�
137 mM NaCl�
0.01 M Phosphate buffer (Na2HPO4 + KH2PO4) pH 7.4 

PBT 
PBS with 0.1 % Tween20 

1 x SSC 
0.15 M Sodium chloride 
0.015 M Sodium citrate�
Adjust to pH 7.2 with NaOH�

1 x TAE 
40 mM Tris-HCl 
20 mM Sodium acetate 
2 mM EDTA 
Adjust to pH 7.8 with glacial acetic acid 

5 % Fetal Bovine Serum (FBS) 
5 % FBS in PBS 
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2.2.2 Media 

Embryo Medium 
0.50 µM NaCl 
0.17 µM KCl 
0.33 µM CaCl 
0.33 µM MgSO4 

0.1 % methylene blue 

LB 
2.5 % (w/v) Luria broth base 

LB-agar 
3.7 % (w/v) Luria agar base 

2.3 All other Reagents 

2.3.1 Plasmids 

Figure 5: Vector map of pGEM-T® easy. 
Map shows the ampicillin resistance gene, the restriction enzyme cutting sites in the 
multiple cloning region and the transcription initiation sites for SP6 and T7 flanking the 
multiple cloning region. Taken from the Promega pGEM-T® easy manual. Additionally 
plasmids for generating some in situ probes were very kindly sent by the following people: 

Otomp – Tanya Whitfield 
Pax7 – Hitoshi Okamoto 
Wnt11r - Simon Hughes 
Hoxd4a – Victoria Prince 
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