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"We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started

And know the place for the first time.
Through the unknown, remembered gate
When the last of the earth left to discover

Is that which was the beginning;”

Little Gidding, T. S. Eliot.

To My Family
For Encouraging Me, Entertaining Me
and For Trying, So Often, To Understand This PhD



ABSTRACT

ABSTRACT

Segmentation is a primary requirement for the establishment of the vertebrate body plan
and it is therefore of great interest to identify proteins involved in these patterning events.
The Eph family is the largest sub-group of the Receptor Tyrosine Kinases (RTKs), and
several Eph family members have been shown to have important roles in development,
including maintenance of segmental boundaries and as guidance cues within the nervous
system. Ligands of the Eph family, known as ephrins, have been identified in many
vertebrate species where they have been shown to be expressed in many tissues during

development and in the adult.

A PCR based strategy was used to isolate members of the ephrin-A class in Xenopus.
RNAase protection analysis indicated that at two of the ephrins are expressed during
gastrula and/or neurula stages. A library screen isolated XLIG4, one of these putative
ephrins. Sequence analysis shows that XLLIG4 is an ephrin-A3 homologue. Whole mount
in situ hybridisation and RNAase protection in Xenopus embryos, revealed that Xephrin-
A3 expression occurs throughout gastrulation, neurulation and tailbud stages, with

dynamic expression in the migrating crest.

Functional analysis was carried out by overexpression of soluble and full length forms of
Xephrin-A3 in the Xenopus embryo. Since Xephrin-A3 has expression within specific
neural crest streams, it was possible Xephrin-A3 had a role in these cells. Utilising whole
mount in situ analysis with molecular markers, it was found that both ephrin forms
disrupted the migration pattern of neural crest, the severity of which depended on the
concentration of ectopic Xephrin-A3 expressed. Ephrin-A class ligands interact EphA
class receptors of which EphA4 is expressed in the third arch neural crest and EphA2 in
the second arch neural crest in Xenopus. It is proposed that complementary and
overlapping expression of ephrin-A3 and EphA receptors is involved in the targeted

migration of branchial neural crest.
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INTRODUCTION

CHAPTER ONE

1.1 INTRODUCTION

Embryonic development begins with the fertilisation of the egg. Development of this
single cell gives rise to many cell types creating both tissues and organs, a result of
highly ordered and specific cellular arrangements. These patterns are due to several
concurrent processes including: cell proliferation and cell death; cell differentiation to
generate many different cell types; pattern formation where specific cell types are
arranged into specific spatial arrangements; and morphogenesis in which the physical

form of tissues arises.

During early vertebrate development a series of processes establishes the major tissues
and organisation of the body plan. One of the first morphogenic events is the process of
gastrulation in which mesodermal cells are induced to form, migrate and differentiate.
Neuralising signals induce presumptive epidermis to become neural ectoderm, leading to
the establishment of the vertebrate central nervous system. Xenopus has provided many
of the clues followed to understand the role of signals and their action in neural

induction.

The source of signals that ultimately lead to the specification of neural fate, known as
neural induction, arise in Xenopus from a region of tissue known as Spemann's organiser
(reviewed by (Harland and Gerhart, 1997)). In the mouse and chick, this region is called
the node. I shall describe the origin of the organiser and its roles with special attention to

the primary neural induction signals in Xenopus laevis.

The Xenopus embryo provides an excellent system to study patterning. Firstly, it
develops outside the mother allowing easy access to all stages of development. Secondly,
the embryo is large and robust making injection and dissection straightforward. And
thirdly, Xenopus development is well characterised from oogenesis to later stages of

differentiation, allowing body plan pattern defects to be easily analysed.

17



INTRODUCTION

1.2 Mesoderm Induction and Dorsalisation

The fertilised Xenopus embryo consists of the uppermost, darkly pigmented animal
hemisphere and the lightly pigmented vegetal hemisphere. These regions harbour two
cell types: prospective ectoderm in the animal hemisphere and prospective endoderm in
the vegetal hemisphere. Mesoderm arises from inductive interactions in which vegetal
cells act on cells in the equatorial region (the marginal zone) of the embryo causing them
to form mesoderm rather than ectoderm (reviewed by (Smith, 1995)). The vegetal cells
provide two signals: ventral vegetal cell signals induce ventral mesoderm and dorso-
vegetal cells induce the formation of dorsal mesoderm (dorsal marginal zone), also
known as the organiser. These two signals form part of the three signal model (Smith and
Slack, 1983). The third signal emanates from the organiser, which imposes more dorsal

and intermediate fates on neighbouring ventral mesoderm in the gastrula stage embryo.

The organiser is a population of cells comprising of 5% of the gastrula. Three of its main
roles include; induction, self-differentiation. and morphogenesis. Inductive signalling
affects the mesoderm, ectoderm and endoderm. The signals that dorsalise the mesoderm
give rise to the heart, kidney and somites, (from which the sclerotome, bone and
cartilage; myotome, muscle; and dermotome, dermis; derive from secondary inductions).
Neural induction of the ectoderm utilises organiser signals and anterior endoderm, such

as the pancreas and liver, seem to require signals form the organiser.

The organiser cells self-differentiate into mesodermal and endodermal derivatives
including notochord and prechordal head plate mesoderm, and pharyngeal endoderm and

anterior gut tissues respectively.

Organiser-dependent morphogenesis consists of movements of the organiser cells
themselves and the movements they induce in neighbours such as: posterior organiser
cells (prospective notochord cells) engaging in convergent extension, leading to the

backward extension of the forming notochord (reviewed in (Harland and Gerhart, 1997)).

1.3 Signalling Proteins and Neural Induction

In Xenopus, the first interaction of the naive ectoderm with the organiser results in neural

induction, a process that is believed to begin at stage 10, the onset of gastrulation and
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INTRODUCTION

continues to stage 12.5 (Albers, 1987); (reviewed by (Harland and Gerhart, 1997;
Harland, 1994; Hemmati-Brivanlou and Melton, 1997; Kessler and Melton, 1994)).

The induction of neural plate is believed to be the result of two steps; the first is
neuralisation of the naive ectoderm and the second, the posteriorisation of the neuralised
ectoderm. The neuralisation step leads to the differentiation of the anterior neural tissue
alone such as fore- and midbrain, pituitary gland and perhaps the cement gland.
Caudalisation of the neural plate leads to the development of the hindbrain and spinal
cord. The second effect modifies the actions of the first and has no neuralising effect of
its own. The initial neuralisation signals are suggested to be presented vertically from the
first involuted part of the organiser, that can then be spread both anteriorly and laterally
due to propagated planar signalling within the ectoderm (Nieuwkoop and Koster, 1995).
It is further suggested that the location of the border of the neural plate is determined by
the loss of competence of the cells concerned to respond to the planar signals, rather than
the signal being too low for response at the end of a gradient. Caudalisation continues
until the closure of the neural tube at stage 16 (Nieuwkoop and Albers, 1990). The

caudalisation signals are also thought to both be vertical and planar.

Several neural specific marker genes have been cloned which reveal events of early
neural induction. The Xorx2 gene is expressed in the mid-gastrula embryo, in the
approximate regions of the neural plate (Blitz and Cho, 1995). En (engrailed), is already
expressed as a stripe delimiting the boundary between the midbrain and hindbrain in the
late gastrula (Hemmati-Brivanlou et al., 1991). As broad domains refine into distinct
rostro-caudal regions, patterning in the regions of the fore-, mid- and hindbrain and the
spinal cord takes place. Genes such as Krox20 in the hindbrain and Hox genes are
expressed in a rostro-caudal sequence from the hindbrain to the spinal cord. Sox-2 is the
earliest marker of neuralised cells in the early Xenopus embryo (Mizuseki et al., 1998).
In addition, Xslu (slug) and twist homologues are expressed at the borders of the neural

plate where neural crest cells appear (Hopwood et al., 1989; Mayor et al., 1995).

The concept of neural induction was introduced when it was shown that the
transplantation of the blastopore lip (the organiser) from one salamander gastrula, to the
ventral side of another gastrula stage embryo, caused formation of a second nervous
system (Spemann and Mangold, 1924). Ordinarily, the ventral ectoderm that was induced

to become the second nervous system, becomes epidermis. This suggested that the
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organiser was inducing and organising a patterned nervous system on neighbouring

dorsal ectoderm, which without these signals would be epidermis.

Signalling candidates have been identified that appear to have either a) direct roles in the
induction of neural tissue, b) inhibition of their signalling promotes neural induction or c)
their signalling induces neural tissue indirectly. The principle soluble signalling proteins
that have been identified, known as morphogens, include activin, the growth factor
BMP4 (bone morphogenic protein) and the neural inducers noggin, follistatin and

chordin.

1.4 TGF- Superfamily

1.4.1 Activin

Several growth factors with mesoderm-inducing activity such as activin, a member of the
TGF-f growth factor superfamily, and Vg-1, cause the formation of neural tissue when
added to animal caps, the prospective ectoderm of the animal pole of the gastrula. This
ability is indirect since they initially induce mesoderm formation that mimics the action
of the organiser to induce neural tissue. In one such experiment the animal cap of either
the late blastula or gastrula was removed. The animal caps were then either cultured in
buffer or exposed to activin (Green and Smith, 1990). Animal caps placed in buffer
formed epidermis. However, the blastula animal cap exposed to activin is induced to
form mesodermal tissues; dorsal mesoderm then secondarily induced ectoderm, which
without further access to activin became neural tissue. The gastrula cap has lost its ability

to respond to activin and therefore forms epidermis.

However, further experiments involving the activin type II receptor suggested that the
prevention of activin signalling contributed to neuralisation (Hemmati-Brivanlou and
Melton, 1992). In experiments originally intended to test for a requirement for activin in
mesoderm induction, animal caps resulting from the injection of a truncated type II
activin receptor, where found to express NCAM (neural cell adhesion molecule), a pan
neural marker. This expression was observed in the presence of little or no mesoderm.
Therefore, an inhibition of activin signalling was associated with an inhibition of
mesoderm induction leading to direct neuralisation (Hemmati-Brivanlou and Melton,

1992). This observation coupled with experiments indicating the animal cap is
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INTRODUCTION

predisposed to form neural tissue, suggests that neuralisation is a default state (Hemmati-

Brivanlou and Melton, 1994).

1.4.2 BMP4

Further evidence for the default state was provided by experiments with BMP4. It had
been noted that the truncated activin type II receptor was found to inhibit not only the
type II activin receptor but other TGF-B members including BMP's and the processed
form of Vg-1 (Hemmati-Brivanlou and Thomsen, 1995; Schulte-Merker et al., 1994).
Therefore, BMP signalling may have a role in neural induction. A complementation
assay was set up were cells of the animal cap were dissociated and incubated in the
presence of or absence of activin or BMP4, both ligands of the TGF-f family previously
shown to be inhibited by the truncated activin type II receptor. Ectopic expression of
BMP4 is known to cause ventralisation of Xenopus embryos (Dale et al., 1992; Jones et
al., 1992) and expression of a truncated BMP4 receptor in the early Xenopus embryo
causes the embryo to become dorsalised (Schmidt et al., 1995). Activin was found to
inhibit the neuralisation of the dissociated ectodermal cells by inducing mesodermal
tissue, however, the expression of epidermal markers was not induced. In contrast, BMP4
inhibited neuralisation and induced epidermal fate (Wilson and Hemmati-Brivanlou,
1995). This ability of BMP4 to suppress neuralisation and induce epidermal induction,
suggested that neuralisation is a default state which is prevented by positive signalling
amongst ectodermal cells to produce epidermis. This action is favoured in the Wilson et

al (1995) neuralisation model (Wilson and Hemmati-Brivanlou, 1995).

These experiments suggested that the inhibition of BMP4 expression contributes to
neuralisation. Additionally, antagonists of BMP4 signalling lead to neuralisation. For
example, the dominant negative type I receptor for BMP4/2, which does not inhibit Vg-1
or activin signalling, induces neural tissue in animal caps and dominant negative forms of
the BMP4 and BMP7 ligands directly induce neural tissue in animal caps (Hawley et al.,
1995).

1.4.3 Noggin, Follistatin and Chordin

Several molecules have been identified that have neural inducing activity in various
assays: these soluble proteins include noggin, follistatin and chordin, all of which are

expressed in the organiser. Noggin and chordin satisfy at least two of the three (see later)
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requirements for putative neural inducers; the first, they are present at the right time and
place in the embryo to elicit their actions and secondly, the purified protein, when
presented to the normal responsive tissue, elicits a normal response (Bouwmeester et al.,

1996; Lamb et al., 1993; Piccolo et al., 1996; Sasai et al., 1994; Smith et al., 1993).

Noggin was found to directly induce neuralisation in late blastula or gastrula animal caps,
without the induction of mesoderm (Cunliffe and Smith, 1994; Knecht et al., 1995).
Similarly, animal caps expressing follistatin will directly turn on neural markers
(Hemmati-Brivanlou et al., 1994). Follistatin can function as an inhibitor by binding
activin, and therefore possibly function by interfering with activin receptor signalling,
aiding the formation of neural plate. Chordin (Chd) is able to rescue UV-ventralised
embryos and dorsalise mesoderm. It shares strong sequence homology with Drosophila
sog (short gastrulation) gene and has direct neural inducing ability (Sasai et al., 1995).
Noggin and chordin specifically bind BMP4 in vitro (Piccolo et al., 1996; Zimmerman et
al., 1996), but have not been shown to bind activin or TGF-1. Therefore, endogenous
BMP4 present in the mesoderm, is removed from the organiser (Fainsod et al., 1995;
Schmidt et al., 1995). This would suggest that antagonistic binding of BMP4 by noggin
and chordin allows neural fate induction on the dorsal side. However, there is no in vivo
evidence for any of these molecules binding BMP4. Recent work investigating the role of
chordin and BMP4 in the chick has discovered that the ectopic expression of BMP4 in
the presumptive neural plate does not interfere with neural induction and chordin is not
sufficient to induce neural tissue; misexpression in regions outside the future neural plate
does not induce early neural markers (Streit et al., 1998). Therefore, neural induction in
the chick is not as proposed in Xenopus; the chordin/BMP system may work downstream

of, or in conjunction with, other factors produced by the organiser.

A third criterion for a neural inducer holds that if the protein is essential, its removal will
disrupt neural induction for example. Presently three knockout examples have been
characterised: during early neuralisation the noggin” knockout mouse has an essentially
normal neural tube and somites. This indicates successful neural induction and
dorsalisation. However, older mutants develop severe neural patterning and skeletal
defects (McMahon er al., 1998). Therefore, noggin may not be involved in primary
neural induction but in dorso-ventral patterning of the neural tube. The chordino mutant

in zebrafish, is a chordin mutant; it is partially ventralised, with a reduced neural tube,
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small somites and an expanded ventral region (Schulte-Merker et al., 1997). The role of
follistatin is not clear: the follistatin” knockout mouse has few alterations in early
development (Matzuk et al., 1995) and in comparative studies it is expressed in the
lateral plate mesoderm and not the node (Albano et al., 1994). Therefore, noggin and

chordin partially meet the third requirement.

It is possible that the functions of noggin and chordin partially overlap. Both proteins
dorsalise and neuralise mesoderm (Knecht et al., 1995; Sasai et al., 1994; Smith et al.,
1993), anteriorise endoderm (Sasai et al.,, 1996) and bind BMPs (Piccolo et al., 1996,
Zimmerman et al., 1996). They differ mostly in their diffusibility: noggin can dorsalise
the entire embryo when it is expressed locally in a small ventral sector whereas chordin
acts more locally (Sasai et al., 1994; Smith and Harland, 1992). Therefore compound

knockouts would provide an improved environment to study the function of these genes.

Four further candidates for neural inducers are Cerberus (Bouwmeester et al., 1996),
Xnr3 (Smith and Harland, 1992) Smith, 1995), FGF (Kengaku and Okamoto, 1993) and
FRL1 (an FGF related factor) (Harland, 1994; Kinoshita et al., 1995). Cerberus appears
to block mesoderm formation, induce anterior neural tissue and act as a antagonist of
nodal, BMP and Wnt signalling (Bouwmeester et al., 1996; Piccolo et al., 1999). Xnr3
(Xenopus nodal related) is a TGF- family member that is expressed in the organiser and
has direct neural inducing activity that is mediated through BMP4 inhibition (Hansen et
al., 1997). If cells are dissociated and cultured in low amounts of FGF, several neural cell
types are produced but it is likely that FGF serves as a neural differentiating agent

(Amaya et al., 1993). Indeed, FGF has been shown to induce all neural markers tested.

Further cell signalling interactions have been shown to have a role in cell type
differentiation, proliferation, survival and migration. The cell-cell communication
necessary to relay these signals can be carried out by many classes of receptors including
GPI-anchored receptors, cytoplasmic receptors such as hormone and retinoic acid

receptors and a large family known as the Receptor Tyrosine Kinase family.

1.5 Receptor Tyrosine Kinases

One form of cell-cell communication involves the transduction of an extracellular signal

to within the cell by cell surface receptors. These receptors are a diverse class of
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membrane spanning proteins to which are attributed many cellular responses, including
cell proliferation (Derynck, 1994; Marikovsky et al, 1995), cell differentiation
(Miettinen et al., 1994) and cell survival (Glass et al., 1991). Examples of extracellular
signalling molecules include the FGFs (fibroblast growth factors) and PDGFs (platelet-
derived growth factors), secreted molecules that have been implicated in vertebrate
embryogenesis. One of the largest cell surface receptor families is the Receptor Tyrosine
Kinase (RTK) family, (reviewed by (Schlessinger and Ullrich, 1992; Ullrich and
Schlessinger, 1990; van der Geer et al., 1994)), of which over fifty members have been

identified in vertebrates.

1.5.1 Structure

Structurally, the RTKs consist of three major domains; an extracellular domain that binds
the growth factor ligand and is connected, via a single membrane-spanning domain, to a
cytoplasmic domain. The intracellular cytoplasmic domain contains tyrosine residues
which become phosphorylated upon receptor activation. The activated tyrosine residues
bind cytosolic proteins which themselves become activated and propagate the

intracellular signal(s) further.

The RTKs can be organised into 14 distinct sub-families based on their ligand-binding
domains (see Fig. 1.1) (van der Geer et al., 1994). The mode of interaction of the RTKs
with ligand can be divided into four classes. The goal of the interaction is to achieve
receptor dimerisation, a process believed to be achieved by a ligand-induced
conformational change. The juxtaposition of the cytoplasmic domains induces a
conformational change that stimulates catalytic activity. Transphosphorylation of specific
tyrosine residues then takes place between the dimerised receptors (reviewed in (van der

Geer et al., 1994)). The dimerisation of the

EGFR (epidermal growth factor receptor), a class I member, is not completely
understood. The single EGF (epidermal growth factor) molecule binds to a single EGFR.
EGEF binding is believed to induce a conformational change, that stabilises the interaction
between two adjacent EGFRs, allowing dimerisation (Schlessinger and Ullrich, 1992).
The insulin receptor is a class II member. A single insulin growth hormone molecule will
bind two receptors and induce receptor dimerisation by bridging the two receptor

molecules. The PDGFR (platelet-derived growth factor receptor) is a class III member
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Figure 1.1

Molecular phylogeny of the vertebrate members of the RTK family

This tree divides the members of the RTK family into subfamilies. The relatedness
between the subfamilies, and individual members within those subfamilies, is indicated
by tree branch length. The upper region of the figure is taken van der Geer and Hunter
(1994). It was constructed using phylogenic tree software as described by Hanks and

Quinn (1988).

The lower part of the figure was taken from Flanagan and Vanderhaeghen (1998). It was

constructed using the Clustal programme.
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that binds the PDGF growth factor which is a dimeric molecule. PDGF bridges across
two receptor molecules so bringing them together for dimerisation (Ullrich and
Schlessinger, 1990). Eph receptors constitute the fourth class of receptor tyrosine kinases
(Flanagan and Vanderhaeghen, 1998; van der Geer et al.,, 1994). They will be discussed

later.

1.5.2 Signalling

Cytoplasmic domain tyrosine residues (Y) phosphorylated due to receptor dimerisation,
are able to bind cytosolic signalling molecules (reviewed in (Kazlauskas, 1994; van der
Geer et al., 1994)). RPTK (receptor protein tyrosine kinase) mutants demonstrate that
RPTK signalling is absolutely dependent on the phosphorylation of specific cytoplasmic
substrates, which have an increased affinity for the autophosphorylated receptors
(Margolis et al., 1990) and (reviewed by (Schlessinger and Ullrich, 1992; Ullrich and
Schlessinger, 1990)).

There are many signalling substrates that interact with activated RTKs and they include
enzymes, adaptor proteins and structural proteins (van der Geer et al., 1994). The enzyme
activity of PLCy (Nishibe et al., 1990), RasGAP (Vogel et al., 1988) and PI3 kinase
p85/p110 (Carpenter et al., 1990), can be altered directly by phosphorylation or they can
gain access to their substrates by translocation to the plasma membrane. Adaptor proteins
include Nck (Meisenhelder and Hunter, 1992), Crk (Birge et al, 1992), Grb2
(Lowenstein et al., 1992), Grb10 (Ooi et al., 1995) and Shc (Pelicci et al., 1992); they
have no obvious catalytic domain and are believed to serve as intermediates between
RPTK's and downstream signalling molecules. The phosphorylation of structural proteins
including cortactin, cadherins and F-actin binding protein can be responsible for
membrane and cytoskeletal rearrangements, common on activation of a RPTK. Other
signalling proteins such as p190 RhoGAP (Holland et al., 1997) and p62%* (Yamanashi
and Baltimore, 1997) are present. p190 RhoGAP, is a negative regulator of the small
GTPase Rho (Holland et al, 1997) and p62d°k, is a pleckstrin homology domain-
containing protein that provides docking sites for phosphotyrosine (PY)-binding proteins

(Yamanashi and Baltimore, 1997).
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1.5.3 SH2 and SH3 Domains

Signalling proteins often contain a region of approximately 100 amino acids termed Src
homology 2 domains (SH2) with which they interact with the activated RPTK. The SH2
domains represent recognition motifs for specific tyrosine-phosphorylated peptide
sequences. The binding of SH2 domain-containing proteins to the activated RPTK can
affect the protein in at least three ways, which are not necessarily mutually exclusive:
First, the binding to the activated RPTK may cause tyrosine phosphorylation of the SH2
domain-containing protein resulting in activation or inhibition effects; second, binding
may cause allosteric activation of the binding protein; and third, the localisation of the
SH2-containing proteins and proteins that bind to this SH2 domain-containing protein, in
close proximity to their substrates on the inner face of the plasma membrane. SH2
domains are often accompanied by SH3 domains, conserved domains of approximately
60 amino acids in length. These domains are also involved in protein-protein interactions

(van der Geer et al., 1994).

A less understood role is that of the pleckstrin-homology (PH) domain, which is a third
domain found in many signalling proteins. In vitro, the pleckstrin homology domain is
shown to interact with inositol phospholipids to aid their cellular translocation (Irvine,
1998) and it is involved in protein-protein interactions such as serving as a binding site

for the G protein By subunit on the BARK protein kinase (Koch et al., 1993).

1.6 The Eph Receptor Family

The Eph family is the largest subfamily of the RTKs with at least 14 vertebrate members
identified to date (see Fig 1.1) (Friedman, et al., 1996; Muller et al., 1996; Pandey et al.,
1995b; van der Geer et al., 1994; Drescher, 1997; Flanagan and Vanderhaeghen, 1998;
Orioli and Klein, 1997; Pasquale, 1997). The archetype of this family, EphA1l (Harai et
al., 1987), was isolated during a search for gene sequences homologous to the tyrosine
kinase domain of the viral oncogene v-fps, and was found to be over-expressed in the
human erythropoietin-producing hepatoma cell line, ETL-1. Further members of this
family have been isolated in a variety of ways: mouse EphA4 (Gilardi-Hebenstreit et al.,
1992; Neito et al., 1992), for example, was found by polymerase chain reaction (PCR)
amplification of cDNA from 9.5-day-old mouse embryo hindbrains using redundant

oligonucleotides corresponding to protein kinase catalytic domain-coding sequences.
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This method and cross-hybridisation techniques allowed other receptors of this family to
be isolated (Fox et al., 1995; Ganju et al., 1994; Maisonpierre et al., 1993; Valenzuela et
al., 1995). Many receptors were initially identified using anti-phosphotyrosine
antibodies; a monoclonal antibody to a lymphoid cell surface antigen was used to identify
EphA3 (Boyd et al., 1992) and an Eph receptor, vab-1, has recently been identified in a
screen of Caenorhabditis elegans (C.elegans) epidermal mutants (George et al., 1998).
The identification of many members of the family in a short period of time, resulted in
multiple names for the same genes, therefore, a new nomenclature was established to
systemise the naming of Eph family receptors and their ligands as shown in Table 1 (Eph

Nomenclature Committee, 1997).

1.6.1 Structure of Eph Receptors

All members of this sub-family are characterised by extracellular domains: a 'globular’
domain at the amino terminus (Labrador er al., 1997), which consists of a jellyroll
folding topology (Himanen et al, 1998), followed by a cysteine rich region and two
fibronectin type I repeats (see Fig. 1.2) (Connor and Pasquale, 1995; Flanagan and
Vanderhaeghen, 1998; Kenny et al, 1995; Wilkinson, 1999). These domains are
followed by a single transmembrane domain and an intracellular cytoplasmic region
consisting of a tyrosine kinase domain flanked by a juxtamembrane region and a
carboxy-terminal (C-terminal) tail. Variant forms of the receptors exist. They do not
conform to the prototypical receptor structure mostly due to domain deletions and
truncations (Ciossek et al., 1995; Connor and Pasquale, 1995; Maisonpierre et al., 1993;
Sajjadi et al., 1991; Sajjadi and Pasquale, 1993; Tang et al, 1998; Valenzuela et al.,
1995). EphB6 lacks kinase activity: its kinase domain contains amino acid substitutions
within conserved consensus motifs known to be crucial for kinase activity. However, the

ligand binding domain is intact and predicted to bind ligand (Gurniak and Berg, 1996).

The Eph receptor family represents the fourth class of receptor-ligand interactions in the
RTK family. It is known that ligand clustering is required for receptor activation as
discussed later (Davis et al.,, 1994). Recently, a series of deletion and domain substitution
mutants have shown that the N-terminal domain of the Eph receptor is sufficient for
ligand binding (Labrador et al., 1997). Additionally, distinct subdomains within the N-
terminal region of the extracellular domain of the EphA3 receptor have been identified as

mediators of ligand binding and receptor dimerisation (Lachmann et al, 1998).
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Receptors
New Name Previous Names
EphA1 Eph, Esk T
EphA2 Eck, Myk2, Sek2
EphA3 Cekd, Mek4, Hek, Tyro4; Hek4
EphA4 Sek, Sek1, Cek8, Hek8, Tyro1
EphAS Ehk1, Bsk, Cek7, Hek7; Rek7
EphA6 Ehk2; Hek12
EphA7 Mdk1, Hek11, Ehk3, Ebk, Cek11
EphA8 Eek; Hek3
EphB1 Elk, Cek6, Net; Hek6
EphB2 Cek5, Nuk, Erk, Qek5, Tyro5, Sek3; HekS5, Drt
EphB3 Cek10, Hek2, Mdk5, Tyro6, Sek4
EphB4 Htk, Myk1, Tyro11; Mdk2
EphB5 Cek9; Hek9
EphB6 Mep
Table 1

Eph receptor and ephrin nomenclature

Ligands

New Name Previous Names

ephrin-A1 B61; LERK-1, EFL-1

ephrin-A2 ELF-1; Cek7-L, LERK-6

ephrin-A3 Ehk1-L, EFL-2, LERK-3

ephrin-A4 LERK-4; EFL-4

ephrin-A5 AL-1, RAGS; LERK-7, EFL-5

ephrin-B1 LERK-2, Elk-L, EFL-3, Cek5-L; STRA-1
ephrin-B2 Htk-L, ELF-2; LERK-5, NLERK-1
ephrin-B3 NLERK-2, Elk-L3, EFL-6, ELF-3; LERK-8

Many members of the Eph family were identified in a short period of time which resulted

in multiple names for the same genes. Therefore a new nomenclature was established to

systemise the naming of the Eph family receptors and their ligands.

The names are listed by publication date with full-length sequences shown first. Names

after a semicolon indicate hypothetical orthologs or proposals to rename a sequence that

had previously been published. (Eph Nomenclature Committee, 1997).
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Figure 1.2

Structure of Eph receptors and ephrins

Left: A schematic representation of the Eph receptor family is shown. The main
extracellular features include: the N-terminal ligand-binding domain, cysteine-rich
domain and two fibronectin type III repeats. These domains are followed by a single
transmembrane domain and an intracellular cytoplasmic region consisting of a tyrosine
kinase domain flanked by a juxtamembrane region and a carboxy-terminal (C-terminal)

tail.

Right: The ephrins fall into two structural classes based upon the nature of their
membrane attachment. The ephrin-A class ligands contain a glycosylphosphatidylinositol
(GPI) linkage at the C-terminus, which anchors the protein in the plasma membrane. The

ephrin-B class have a transmembrane and C-terminal cytoplasmic domain.

Figure adapted from Wilkinson (1999).
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1.6.2 Ligands of the Eph Receptor Tyrosine Kinase Family

The Eph family of RTKs was an orphan receptor family until 1994 when ephrin-Al, a
protein that was previously cloned as a tumour necrosis factor-inducible sequence named
B61 in endothelial cells (Holtzman et al., 1990), was subsequently identified by others as
a ligand for EphA2. Its role as a ligand was uncovered when a group (Bartley et al.,
1994), covalently bound the extracellular domain of the receptor to dextran for use in
affinity chromatography. Cell culture supernatants were screened and supernatant

proteins that bound to the column were assessed for receptor binding activity.

Of the proteins isolated, a single sequence was revealed which matched that of B61, now
named ephrin-Al. Since then, eight ligands of this ephrin family (Eph Nomenclature
Committee, 1997), in various species, have been published. The ephrins have largely
been identified by screening of expression libraries with fusion proteins between receptor
extracellular domain and Fc portions of IgG or alkaline phosphatase. In addition, several
orthologues of ephrins in different species have been obtained by screening libraries or
by PCR (Beckmann et al., 1994; Bennett et al., 1995; Bergemann et al., 1995; Cerretti et
al., 1995; Cheng and Flanagan, 1994; Drescher et al., 1995; Kozlosky et al., 1995; Shao
et al., 1994; Shao et al., 1995; Weinstein et al.,, 1996; Winslow et al., 1995). Ephrin-AS5
was identified independently in a screen for molecules involved in retinotectal

development (Drescher et al., 1995).

1.6.3 Ephrin Structure and Binding Specificity Classes

All ephrins have a core sequence of approximately 125 amino acids which includes a
potential receptor binding region that contains four conserved cysteine residues, and a
membrane attachment region (Fig. 1.2) (Pandey et al., 1995b; Wilkinson, 1999). The
ephrins can be sub-divided into two classes based upon the nature of their membrane
attachment which can be via a transmembrane domain, for the three members of the
ephrin-B class or a glycosylphosphatidylinositol (GPI) linkage for the five members of

the ephrin-A class.

1.6.4 Receptor and Ephrin Binding Analysis

Receptor binding studies reveal that the Eph-related receptors can be divided into two

classes: those receptors that preferentially bind the transmembrane ephrins, the EphB
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class, or the GPI-anchored ephrins, the EphA class (Gale et al., 1996b). Within each
ephrin-receptor binding class, interactions are promiscuous. For example, the receptors
EphB1, EphB2 and EphB3 all interact with ephrin-B1 in vitro (Brambilla et al., 1995).
EphA4 is an exception to the binding classes since it interacts with ephrins of both sub-
classes (Gale et al, 1996a; Gale et al., 1996b). The receptor-ephrin interactions are
shown in Fig. 1.3 (O'Leary and Wilkinson, 1999). There are differences of affinity
between receptors and specific ephrins which may be functionally important. The affinity
studies all utilised one partner in an artificial soluble form however, when the receptors
and ligands are present in interacting cell surfaces, in vivo binding is likely to be
multivalent and co-operative. Therefore, the lowest affinities as well as the highest
affinities observed between receptors and ligands, may be biologically significant

(Flanagan and Vanderhaeghen, 1998; Gale et al., 1996b).

Several experiments were conducted to determine the nature of ephrin-induced Eph
receptor activation (Davis et al., 1994). Taking receptor-expressing reporter cells and
stimulating them with COS cells overexpressing membrane-bound ephrin
(EphB1/ephrin-B1 or EphA5/ephrin-Al), they found Eph receptor activation, as judged
by phosphorylation. Repeating the experiment with soluble monomeric ephrin, no
receptor phosphorylation was evident. It was reasoned that the membrane attachment
might facilitate ligand dimerisation or clustering, or both, which would subsequently
promote receptor multimerisation and activation. Therefore, if the soluble ligands were
artificially clustered, receptor activation should be observed. Using epitope tagged
secreted forms of the ephrin, where antibodies to the tags could be used to aggregate the
ephrins, it was confirmed that clustering was necessary for receptor activation (Davis et
al., 1994). In addition to ligand clustering, the requirement for membrane attachment
suggested that the ephrin-expressing cells had to be in direct cell to cell contact with their
receptor-expressing cells to allow Eph receptor activation. Subsequently, has been shown
that ephrin-A5 binds to the EphA3 extracellular domain as a one-to-one interaction
(Lackmann et al., 1997), therefore ligand clustering appears to facilitate receptor

clustering.

1.6.5 Biochemistry of Eph Receptors

The signalling pathways downstream of the Eph receptor family have not been fully

elucidated, however, several interacting cytosolic signalling proteins have been identified
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Figure 1.3

Binding specificity classes of Eph receptor and ephrins

Receptor binding studies reveal that the Eph-related receptors can be divided into two
classes: those receptors that preferentially bind the transmembrane ephrins, the EphB
class, or the GPI-anchored ephrins, the EphA class (Gale et al, 1996). Within each
ephrin-receptor binding class, interactions are promiscuous. One exception to this
subdivision is EphA4 which binds members of both ephrin classes. The interacting

ephrin for EphB5 is unknown.

Figure reproduced from O'Leary and Wilkinson (1999).
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(reviewed by (Bruckner and Klein, 1998; Holland et al., 1998; Pasquale, 1997)). Eph
receptor cytoplasmic domain interactions have been identified with the following
signalling molecules; the p85 subunit of PI3-kinase (Pandey et al., 1994), SLAP (Pandey
et al., 1995a), Src (Zisch, 1998), p120RasGAP (Holland et al., 1997), Nck (Stein et al.,
1998a), LMW-PTP (low molecular weight phosphotyrosine phosphatase) (Stein et al.,
1998a), Fyn (Zisch, 1998), Yes (Zisch, 1998), Crk and RasGAP (Hock et al., 1998a;
Holland et al., 1997), Grb10 and Grb2 kinases (Stein et al., 1996). These proteins bind to
activated receptors by interaction with specific tyrosine residues located either within the
kinase region, the C-terminal tail or the juxtamembrane region where two
phosphotyrosine residues have been identified as major regions of autophosphorylation
and are conserved in all Eph receptors (Pasquale, 1997). For example in the
juxtamembrane region, it has been shown that the second of the phosphorylated tyrosine
residues is a major site for EphA4 to bind p59fyn (Ellis et al., 1996) and mutation of both
these residues in EphB2, substantially reduces ligand-induced tyrosine phosphorylation

(Holland et al., 1997).

The majority of the signalling proteins that interact with the Eph receptors were
identified by the two-hybrid system and biochemical assays. Nck, Crk, Grb2, Grb10 and
Src-like adaptor protein (SLAP) are adaptor molecules which contain an SH2 domain
and one or more additional protein regions, often SH3 domains. The adaptor molecules
have no catalytic domain. They bind to an activated receptor with their SH2 domain
allowing their additional protein domains free to bind to other cytosolic proteins. This
facilitates the cotranslocation of effector molecules that may interact with the activated
receptor too (van der Geer et al., 1994). It has been found that Grb2, Grb10 and Nck,
bind to EphB1 (Stein et al., 1996; Stein et al., 1998a), Crk to EphB3 (Hock et al., 1998a)
and SLAP to EphA2 (Pandey et al, 1995a). The binding of Grb2 for instance
cotranslocates SOS, a guanine nucleotide exchange factor, bringing it to the cytoplasmic
face of the plasma membrane, a process that results in the activation of Ras (van der Geer
et al., 1994); Nck has been shown to act as an intermediary linking EphB1 signalling to
JNK (Jun N-terminal Kinase), a stress responsive kinase. SLAP is a negative regulator of
mitogenesis which potentially acts as a negative regulator of signalling initiated by

growth factors (Roche et al., 1998). Eph receptors do not exert pronounced mitogenic or
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transforming activities (Brambilla et al., 1995) and therefore, an association with SLAP

may explain these observations.

PI3 kinase, Src family kinases Fyn Src and Yes, and p120RasGAP have intrinsic catalytic
activities (van der-Geer et al., 1994). PI3 kinase associates with EphA2 (Pandey et al.,
1994), Fyn with EphA4 and EphA3 (Ellis et al., 1996; Zisch, 1998) Src with EphA3,
EphA4 and EphB2 and Yes with EphA3, EphA4 and EphB2. EphB2 also binds to
RasGap. It is known that the activation of EphA2 increases the activity of PI3 kinase
(Pandey et al., 1994) a protein that feeds into signalling pathways associated with neurite
outgrowth, cell migration and cytoskeletal organisation, as discussed below (Holland et

al., 1997; Pandey et al., 1994; Zisch, 1998).

The localisation of receptor interacting proteins may be aided by the SAM domain
(sterile alpha motif), a conserved motif found in the C-terminal tail of the Eph receptor
family (Thanos et al., 1999), and many other proteins (reviewed in (Schultz et al.,
1997)). The SAM domain appears to mediate protein-protein interactions, for example,
serving as a docking site for Grb10 which interacts with phosphorylated Y929 present in
the SAM domain of EphB1 (Stein et al., 1996). In addition the C-termini of several Eph
receptors of both sub-classes bind to the PDZ domain of the ras-binding protein AF6
(Hock et al.,, 1998b). As previously mentioned, PDZ domains mediate protein-protein
interactions often as an aid to clustering (Craven and Bredt, 1998; Sheng, 1996) and in
this capacity, AF6 may aid the location of ras to EphB3-bound RasGAP (Hock et al.,
1998b). Recently further evidence to support these possibilities has been obtained: PDZ-
containing proteins were shown to specifically bind and cluster both Eph receptors and

ephrin-B ligands in heterologous cells (Torres et al., 1998).

1.6.6 Cytoskeletal Associations

Regions have been identified within the Eph receptor structure which suggest further
links with cytoskeletal associations; roles to mediate clustering, the localisation of
membrane proteins or associations with scaffolding proteins to aid the assembly of

signalling complexes.

The cytoskeleton is the structural framework of the cell. Its flexibility underlies processes
such as cell movement and the formation and retraction of filopodia. One of the main

components of the cytoskeleton is actin which can exist as filaments whose
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polymerisation and de-polymerisation leads to changes in cell shape. Several of the
signalling proteins previously shown to interact with members of the Eph receptor family
are also associated with signalling pathways that affect actin. The responses resulting
from these interactions include growth cone collapse and axon guidance (Suter and

Forscher, 1998; Van Vactor, 1998).

Several of the main protagonists linking the Eph receptor family to the cytoskeleton are
p120RasGAP, p62d°k a protein that provides docking sites for phosphotyrosine binding
proteins, and Nck. Amongst the Eph receptor family, they all associate with EphB2
(Holland et al.,, 1997). It has been shown that pl120RasGAP forms a complex with a
tyrosine-phosphorylated form of p190RhoGAP, a negative regulator of the small GTPase
Rho (see Fig. 1.4) (Bruckner and Klein, 1998). Rho cycles between active and inactive
states with two further members of the small GTPase family, Racl and Cdc42 (Hall,
1998). Their action has placed them as candidates for signalling agents linking
extracellular guidance cues and the regulation of the actin cytoskeleton in growth cones
(Luo et al., 1997). Mutations of Rho, have been shown to lead to defects in cell migration
and axon outgrowth in Drosophila (Luo et al., 1994; Zipkin et al., 1997). Furthermore,
guidance and targeting of photoreceptor cell axons in Drosophila requires dreadlocks
(dock), the homologue of Nck (Garrity et al., 1996). p62d°k is believed to be a scaffolding
protein that allows the assembly of multiprotein complexes at the membrane (Yamanashi
and Baltimore, 1997). p62d°k associates with RasGap and Nck in ephrin-B1-stimulated
NG-EphB2 cells (Holland et al., 1997). The possible complex formed between RasGap,
Nck and p62%°* may allow their positioning to sites involved in cytoskeletal regulation. A
further example for the close ties between Eph receptor signalling and cytoskeletal
regulation is provided by PI3 kinase activity, which was shown to be increased by the
activation of EphA2 (Pandey et al, 1994). Work on mammalian Ras showed that Ras
regulates membrane ruffling, through Rac, a process that is entirely dependent on normal

PI3 kinase function (Rodriguez-Viciana et al., 1997).

Further downstream effectors linked to cytoskeletal reorganisation include PAK, a family
of serine/threonine kinases (Lu et al., 1997), WASP (Wiskott-Aldrich Syndrome protein)
(Rivero-Lezcano et al., 1995) and SOS (son of sevenless) (Hu et al., 1995) an activator
of Ras and Rho. Nck interacts with PAK, WASP and SOS. PAK and WASP associate

-
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Figure 1.4

Summary model of Eph receptor signalling

This figure is a summary model of all the Eph receptor/signalling protein interactions

known to take place. Not all Eph receptors may mediate all the interactions shown.

The activated Eph receptor binds SH2 domain-containing proteins indicated by the
concavity on the left of the designated proteins e.g. Grb2 and Nck. These proteins then
interact with other cytosolic proteins linking the receptor to signalling cascades as
described in the text. The Eph receptor-bound Nck may mediate the same interactions as

the Nck shown associated with p62.

The dark grey arrow represents the hypothesised overall effect of Eph signalling on the
cytoskeleton. The light grey arrow indicates that Eph receptors do not directly trigger

mitogenic responses.
Figure reproduced from Bruckner and Klein (1998).

Y-tyrosine residue, V-valine residue
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with activated Cdc42/Rac and possibly provides a link to the actin cytoskeleton (Li,
1997; Manser et al., 1997; Symons et al., 1996).

Src and Fyn also have roles in the cytoskeleton. One physiological substrate for Src is
cortactin, an actin binding protein which mediates cross-linking of filamentous (F-) actin
into bundles (Huang et al., 1997), as found in growth cones (Suter and Forscher, 1998).
Fyn can interact with WASP, a further association that advocates an involvement of the

Eph receptor family in cytoskeletal regulation (Banin et al., 1996).

1.6.7 Signalling Through Ephrins

The cytoplasmic domains of ephrin-B1, ephrin-B2 and ephrin-B3, the three members of
the ephrin-B class, where found to have strong sequence conservation of the 33 amino
acids at the C-terminal end. These sequences contain five potential tyrosine-
phosphorylation sites, some of which were surrounded by amino acid residues that could
be recognised as substrates by receptor and non-receptor tyrosine kinases. Members of
the ephrin-B family were found to be phosphorylated on tyrosine when EphB2, a receptor
known to be activated by the ephrin-B subgroup, was not only phosphorylated itself
when cocultured with cells carrying of ephrin-B1 or ephrin-B2, but also induced
phosphorylation of these ligands when presented to them as a clustered ectodomain
(Bruckner et al., 1997; Holland et al., 1996). Therefore, in the ligand-expressing cell,
there is activation of an endogenous tyrosine kinase which phosphorylates ephrin-B1 and
ephrin-B2. These findings were extended when it was found that serum or PDGF growth
factor treatment leads to phosphorylation of ephrin-B1 (Bruckner et al., 1997). The rapid
phosphorylation of tyrosine residues suggested that ephrin-B2 is a direct target of the
PDGEFR tyrosine kinase. Therefore, ephrin-B1 can be phosphorylated independent of Eph
receptor contact. Both papers conclude that the EphB/ephrin-B subclass interaction
triggers bidirectional signalling: that is phosphorylation of both an EphB class receptor
and its interacting ligand. Additionally, cross-talk by other activated receptor tyrosine

kinase members can occur (see Fig. 1.5) (Bruckner and Klein, 1998).

The cytoplasmic tails of the transmembrane ephrins contain a four amino acid motif that
binds PDZ domains (Bruckner et al., 1997; Lin et al., 1999; Songyang et al., 1997).
Proteins that contain PDZ domains have been shown to play a general role in the

localisation of channels, downstream signal-transducing enzymes and adhesion
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Figure 1.5

Signalling through ephrins: predicted model for ephrin-B proteins
Left: Cell-cell contact between the EphB2 receptor and ephrin-B ligands mediates

bidirectional signalling. Autophosphorylation of EphB2 and tyrosine phosphorylation of

the ephrin cytoplasmic domain takes place.

Right: Cross talk between PDGFR and ephrin-B1 takes place when both proteins are
expressed in the same cell. PDGFR activation results in ephrin-B1 tyrosine

phosphorylation which may trigger further downstream events.

Figure adapted from Bruckner and Klein (1998).
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molecules to sites of cell-cell contact, (reviewed by (Craven and Bredt, 1998)). The
domains themselves mediate protein-protein interactions usually by binding to specific
motifs in the C-termini of interacting proteins or, by linking themselves together to create
a concatamer of PDZ domain-containing proteins, mediating clustering (Craven and
Bredt, 1998; Sheng, 1996). The properties of PDZ domain proteins suggest that they may

play a role in ephrin-B signalling.

1.6.8 Eph Family Developmental Expression Patterns

Many studies have revealed the expression of Eph receptors and ephrins in a variety of
tissues in both the adult and embryo. In order to investigate the expression patterns in
vivo, within an entire class, rather than with the individual ephrin or receptor, fusion
proteins were constructed where the extracellular portion of the receptors or ephrins were

fused to the Fc domain of IgG.

Two studies utilised IgG-Fc tagged ligands and receptors in whole mount in situ staining,
so that the receptor fusion indicates regions of ligand expression and the ligand fusion
proteins reveals the receptor expressing tissues (Flenniken et al., 1996; Gale et al., 1996).
Since GPI-anchored subclass of the Eph ligand family bind Eph-A receptors whereas the
ephrin-B ligands bind to Eph-B receptors, these reagents will detect the entire binding
specificity class. It was found that the composite distributions of each subclass
subdivided the embryonic day 10.5 mouse embryo into domains of mutually exclusive
expression of a receptor subclass and its corresponding ligands. For example, the
expression of ephrin-B ligands occurred in the ventral hindbrain/midbrain (Becker et al.,
1994; Flenniken et al., 1996; Gale et al., 1996b; Nieto et al, 1992) whereas the
corresponding receptor expression occurred in the dorsal midbrain/tectum (Cheng et al.,
1995; Drescher et al, 1995; Gale et al., 1996b; Monschau et al., 1997). Similarly,
complementary regions of expression are found in the limb buds, the branchial arches,

the spinal cord and the somites.

However, Flenniken et al (1996), found that in addition to complementary expression,
there are overlaps between corresponding classes of receptors and ligands (Flenniken et
al.,, 1996). As found previously (Gale et al, 1996), Fc fusion reagents reveal
complementary distributions of receptors and ligands, but when individual ligands are

analysed by in situ hybridisation in embryonic day 9.5 mice, it was clear that overlaps
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exist. The reason for this discrepancy was that the ephrin bound to its receptor was
masked and was therefore not detected by the receptor Fc fusion reagent (Sobiesczcuk
and Wilkinson, 1999). For example, several ligands and receptors are expressed in the
somites with ephrin-A4 throughout the somites overlapping with the receptors EphA4
(Neito et al., 1992), EphB3 (Becker et al., 1994) and EphA7 (Ellis et al., 1995).

In summary, ephrins and their receptors therefore have both complementary and
overlapping domains of expression. The roles for these features in the Eph family are
discussed below and in several reviews concentrating on the developing nervous system
(Barinaga-M, 1995; Harris and Holt, 1995; Orioli et al., 1996) and (reviewed by
(Drescher, 1997; Flanagan and Vanderhaeghen, 1998; Muller et al., 1996b; Orioli and
Klein, 1997; Tessier-Lavigne, 1995; Xu et al., 1996)).

1.6.9 Roles in Axonal Pathfinding in the Retinotectal System

During development, topograpically organised neuronal connections in the brain are
established by molecular guidance cues. Initially, axons must find their target regions
guided by target and pathway-derived cues and then their local spatial organisation in the
target area (Harris and Holt, 1995; Holt and Harris, 1998; Orike and Pini, 1996; Tessier-
Lavigne, 1995). Topographic projection of neurons is crucial in the retinotectal system.
Here, visual information from the retina is carried via retinal axons to the tectum in the
chick (the superior colliculus in mammals). Axons of retinal ganglion cells arising from
the anterior (nasal) retina project to the posterior tectum and retinal axons arising from

the posterior (temporal) retina project to the anterior tectum.

Insights into the nature of the molecular cues were provided by stripe assays. A
"membrane stripe assay" was devised where the migration of retinal axons to the tectum
could be analysed (Walter et al., 1987b). The assay allows axons to choose whether to
grow along anterior or posterior tectal membranes. The nasal axons that project from the
anterior retina to the posterior tectum were shown to have no tectal membrane preference
but temporal retinal axons were found only to grow along anterior tectal membranes
(Walter et al., 1987a). This behaviour was due to repulsion of the axons by posterior
tectum membranes. A collapse assay confirms these observations. The addition of

posterior membranes to growing cultures of temporal axons caused axon growth cones to
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become paralysed and retract. When anterior tectal membranes were added, there was no

observed effect (Cox et al., 1990).

It was found that surface molecules on the posterior tectum lead to the collapse of the
temporal axons. These repulsive molecules were GPI-anchored and had a graded

distribution across the tectum, being most highly expressed in the posterior tectum.

Recently it has been shown that members of the Eph family contribute to guidance in the
retinotectal system, (reviewed by (Flanagan and Vanderhaeghen, 1998; Tessier-Lavigne,
1995)). In assay systems, the chick homologue of ephrin-AS has been shown to induce
growth cone collapse and repulsion of retinal ganglion cell axons (Drescher et al., 1995).
In situ hybridisation and binding studies using receptor or ligand affinity probes show
that ephrin-A5 and ephrin-A2, are expressed in a graded distribution across the
developing tectum (Cheng et al., 1995; Drescher et al., 1995). The highest concentration
of ephrin is present in the posterior tectum, and the lowest concentration in the anterior
tectum. Messenger RNA for EphA3, a receptor for ephrin-A2 and ephrin-AS, has a
complementary gradient, where highest expression is in the temporal retinal ganglion
axons (Cheng et al., 1995). These axons project to the anterior tectum, where there are
low levels of ephrin expression. Nasal retinal ganglion axons, which express low levels
of EphA3, project to the posterior tectum where there are high levels of ephrin
expression. The membrane stripe assay (Walter et al., 1987a; Walter et al., 1987b), was
used to show in vitro, that ephrin-A?2 is repellent for temporal but not nasal axons and
ephrin-AS5, is repellent for both nasal and temporal axons but to different degrees

(Monschau et al., 1997; Nakamoto et al., 1996).

Further experiments involving retroviral overexpression of ephrin-A2 in the chick tectum
have shown that retinal axons avoid ectopic patches of ephrin-A2 expression (Nakamoto
et al., 1996), which leads the axons to map to abnormally anterior positions. These data
suggest that high levels of EphA3 expression in the temporal retinal ganglion cells causes
the axons to be repelled away from posterior tectum where high levels of ephrin are
expressed. These observations are consistent with those observed in zebrafish where
COS cells expressing an ephrin-A2 homologue are avoided by temporal but not nasal
axons (Brennan et al, 1997). Therefore, Eph receptor members and ephrins are
expressed in complementary gradients that control the topographic targeting of retinal

axons by repulsion (Monschau et al., 1997; Muller et al., 1996a).
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Recent work has also addressed the role of Eph receptors in the retinotectal system in

mammals, namely mouse and rat (Davenport et al., 1998; Frisen et al., 1998). Frisen and
colleagues generated an ephrin-AS homozygous knockout in the mouse. They found that
retinal axons are present at topographically incorrect sites in the superior colliculus, their
major target in the midbrain, correlating to locations of low ephrin-A2 expression. Some
of the axons also overshoot their target and extend aberrantly into the inferior colliculus
(IC). Therefore, ephrin-AS is essential for proper retinal axon guidance and topographic

mapping in the mammalian visual system.

1.6.10 Axonal Repulsion and Axon Fasiculation

Ephrin-AS was initially identified as a human ephrin which activated EphAS, an Eph-
related tyrosine kinase receptor that is expressed in the nervous system with highest
levels in the hippocampus and cortex (Winslow et al., 1995). To find a biological role for
this receptor, a culture system was used in which axons of cortical neurons grow over
astrocytes, and interactions between these populations leads to axon bundling. On
addition of soluble EphA5-IgG fusion protein to the culture system, axon bundling
between the cortical neurons was prevented. Similarly, soluble ephrin-AS5 caused a block
of axon bundling. Further evidence for a role of Eph receptors was shown, when
defective axon bundling was observed in EphB2 and EphB3 double homozygous mouse
mutants (Orioli et al., 1996). Axon fasciculation defects were found in a pair of axon
bundles running along the anterior/posterior axis called the habenular-interpeduncular

tract, within the midbrain.

Utilising the collapse assay, Meima et al (1997) asked if the axon bundle formation was
due to an avoidance mechanism: did bundling enable axons to avoid the ephrin-A5-rich
repellent surfaces of the astrocytes? When ephrin-A5-IgG was added to rat cortical
axons, growth cones collapsed and there was extensive retraction of the neurite (Meima
et al., 1997). Therefore, the agonistic interaction of ephrin-AS5-IgG with Eph-AS, caused
growth cone collapse. The loss of cytoskeletal F-actin which is normally enriched in
spreading growth cones, resulted in the neurite retraction. Therefore, ephrin-A5 via
EphAS5 is possibly causing perturbation of the actin cytoskeleton, leading to growth cone

collapse.
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The transmembrane ligands, ephrin-B1 and ephrin-B2 have been shown to have a role in
motor axon migration (Wang and Anderson, 1997). These ligands are expressed in trunk
regions of the embryo that act as barriers to motor axon outgrowth, including the caudal
half of the somite. Their receptors are expressed on the axons themselves. To test if the
ephrin expression was inhibiting axon outgrowth, motor axons were grown in culture. To
these cultures, preclustered ligand-Fc proteins at various concentrations were added and
it was found that growth cones of the axons collapsed. The ephrins were also tested to
see if they caused repulsive axon guidance activity in the stripe assay (Walter et al.,
1987b). The motor axons avoided the stripes expressing the ephrins, therefore
implicating ephrin-B ligands in inducing growth cone collapse and providing repulsive

guidance cues to trunk motor axons.

1.6.11 Signal Transduction Through an Ephrin

Indifect in vivo evidence for signal transduction through an ephrin was provided by work
investigating the role of EphB2 (Henkemeyer et al, 1996). Two mutations were
introduced into the mouse EphB2 gene, and their effects were studied in the nervous
system. The first mutation, EphB2', produced by homologous recombination was a

2'2Z encoded a fusion protein encoding

protein null allele. The second mutation, EphB
the extracellular, transmembrane and juxtamembrane domains of EphB2 linked to b-
galactosidase. Transgenic mice resulting from the second mutation aided the
characterisation of EphB2 expression: the most intense EphB2'"% was restricted to
ventral structures including the preoptic area, hypothalamus of the forebrain, the ventral
cells of the neural tube and within axons of the PNS (peripheral nervous system).
Histological analysis of homozygous null mutants (EphB2'/EphB2'), revealed that the
pathfinding of axons forming the posterior tract of the anterior commissure was abnormal
(acP tract). The acP tract defect was due to the failure of temporal cortical neurons to
extend axons laterally towards the midline and subsequently into the contralateral cortex.
The acP tracts were well formed in the +/+, EphB2'/+ mice and the EphB2"““*
homozygous mice; this suggested that a truncated EphB2 receptor lacking a kinase
domain retains the functions necessary for the pathfinding of temporal cortical axons.
The axons themselves migrate along a pathway defined by EphB2 expression but not into

regions of EphB2 expression. However, in the EphB2'/EphB2' homozygotes, the axons

migrate inappropriately into regions that would normally express EphB2. The axons
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forming the acP tract were shown to express ephrin-B1, suggesting that in wildtype mice,
EphB2 may act as a repulsive signal to ephrin-B1, a signal which is not received in the
double mutants. Therefore, ephrin-B1 may itself function as a receptor molecule:
interaction of ephrin-B1 with the EphB2 extracellular domain causes a repulsive reaction
in the acP axons in which ephrin-B1 is expressed. The elimination of EphB2 in the

EphB2'/EphB2' mice therefore prevented correct anterior commissural axon migration.

1.7 Hindbrain Segmentation

The vertebrate hindbrain is divided into seven segments termed rhombomeres which are
transient bulges in the neuroepithelium. Hindbrain segmentation is important since it
underlies the patterning of neurones and neural crest which arise from the rhombomeres
(Guthrie, 1996). For example, in the chick, the branchial motor neurones arise from two
adjacent rhombomeres: rhombomeres 2 and 3 give rise to the V™ nerve, rhombomeres 4
and 5 to the VII" nerve and rhombomeres 6 and 7 to the IX™ nerve (Lumsden and
Keynes, 1989). In zebrafish, the serially repeated pattern of reticulospinal neurones in the
hindbrain reflect its segmental organisation (Kimmel et al., 1985; Metcalfe et al., 1986).
The reticulospinal neurons are found in seven bilateral clusters which are periodically
spaced. Each cluster contains several different types of reticulospinal neurones with
morphologically similar cells being found at rhombomeric intervals along the
rostrocaudal axis (Metcalfe et al., 1986). In the chick it has been shown that each
rhombomere contains the same set of basic neuronal types but some contain more of one
particular neuronal type than another (Clarke and Lumsden, 1993). It therefore seems that
the initial neuronal development of each rhombomere is conserved and the differences

arise from variations of this repeated pattern.

Genes have been identified which are expressed prior to segmentation of the hindbrain
suggesting that these gene products may underlie patterning (Wilkinson, 1995). These
genes include the Hox family of transcription factors, the zinc finger gene Krox20 and the
leucine zipper gene, Kreisler. Hox genes are implicated in segment identity whereas

Krox20 and Kreisler are implicated in segmentation of the hindbrain.
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1.7.1 Hox genes

The Hox genes are the vertebrate homologues of the Drosophila HOM-C genes and they
encode DNA binding proteins which have been conserved throughout animal evolution.
Vertebrate Hox genes are arranged in four separate clusters: Hoxa, Hoxb, Hoxc and Hoxd
(Scott, 1992). The genes are expressed from the posterior part of the CNS to anterior
limits of expression in the spinal cord or hindbrain, correlating with their position in the
cluster such that the 5' genes have the most posterior limits of expression and the 3'
genes, the most anterior. This is known as "colinearity”, a conserved feature of
Hox/HOM gene expression. An example can be taken from paralogous genes: here, the
paralogous group 3 has an expression domain up to the rhombomere 4/5 boundary and

the more 5' set, paralogous group 4, are expressed up to the rhombomere 6/7 boundary.

The transfer of patterning information from the rhombomeres to the branchial arches is
believed to take place via the neural crest cells (Hunt et al.,, 1991b; Hunt et al., 1991a).
These cells migrate from specific rhombomeres to specific destinations. The
prespecification of the cranial neural crest cells is believed to be due to the overlapping
expression of the Hox genes, which creates a Hox code (Hunt et al., 1991b). The neural
crest cell expresses a Hox code which is maintained during migration (Hunt et al., 1991d;
Hunt et al., 1991c) and subsequently observed in the adjacent branchial arch (Hunt et al.,
1991b; Hunt et al., 1991a). Therefore, it appears that the migration of neural crest cells to
their correct branchial arch is important in branchial arch patterning. Figure 1.6 indicates
the patterns of mouse Hox subfamily gene expression in the branchial region after neural

crest migration (Hunt and Krumlauf, 1992).

1.7.2 Krox20

Krox20 is a transcription factor that contains three zinc fingers capable of binding to
specific sequences of DNA. It has conserved expression in rhombomeres 3 and 5 and in
the third arch neural crest in Xenopus (Bradley et al., 1992), chick (Nieto et al., 1991),
mouse (Wilkinson et al.,, 1989) and zebrafish embryos (Oxtoby and and Jowett, 1993),

suggesting a conserved role.

Krox20 expression is initially seen prior to the morphological segmentation of the
hindbrain as two fuzzy stripes coinciding with presumptive rhombomeres 3 and 5. This

expression sharpens as the rhombomeres boundaries form (Irving et al., 1996).
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Figure 1.6
The branchial Hox code
This schematic figure indicates the patterns of mouse Hox subfamily gene expression in

the branchial region after neural crest migration.

The arrows are shaded according to the combination of Hox families expressed and they
indicate the migration of mesenchymal and neurogenic neural crest from specific
rhombomeres into the branchial arches. The branchial arch ectoderm subsequently adopts
an identical pattern of Hox subfamily expression, as indicated by the shaded arrows. The

open arrows represent first arch crest which do not have a Hox label.
Figure adapted from Hunt and Krumlauf (1992).

r-thombomere, B-branchial arch.
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Disruption of the Krox20 gene causes the loss of rhombomeres 3 and 5 indicating the
vital role for Krox20 in hindbrain segmentation (Schneider-Maunoury et al, 1993;
Swiatek and Gridley, 1993). Krox20 is also found in third arch branchial neural crest that
migrates posterior to the otic vesicle. In contrast, in homozygous embryos which have a
LacZ reporter gene inserted to disrupt Krox20 expression, there is LacZ expression in
neural crest cells rostral and caudal to the otic vesicle (Schneider-Maunoury et al., 1993).
This suggests that Krox20 may regulate genes required for the correct migration of the

third arch neural crest cells.

Regulation of Hox gene expression by Krox20 has been shown in mice (Nonchev et al.,
1996; Schneider-Maunoury et al., 1993; Sham et al., 1993; Swiatek and Gridley, 1993).
Hoxb-2 is initially expressed in a uniform domain up to the presumptive r2/r3 boundary,
and is then upregulated in r3, r4 and r5 coincident with the expression of Krox20 (Sham
et al., 1993; Wilkinson et al., 1989). A regulatory interaction between Hoxb-2 and
Krox20 was suggested when it was found that in Krox20 null mutants Hoxb-2 expression
was absent in the position of rhombomere 3, and at reduced levels in rhombomere 5
(Schneider-Maunoury et al., 1993; Swiatek and Gridley, 1993). Further analysis has
shown that an enhancer of the Hoxb-2 gene contains two Krox20 binding sites and that
Krox20 is involved in the transcriptional regulation of Hoxb-2 in rhombomeres 3 and 5

(Sham et al., 1993).

1.7.3 Kreisler

The Kreisler gene encodes a leucine zipper transcription factor of the MAF superfamily
which is expressed in presumptive r5/r6 during hindbrain segmentation (Cordes and
Barsch, 1994). Initial studies suggested that in homozygous Kreisler mutants at E9.5, r5
and r6 are absent. However at E8.5, the expression of Hox genes and Krox20 are altered
in homozygous Kreisler mutant mice. For example, Krox20 is expressed in rhombomere
3 and absent from rhombomere 5 (Frohman er al, 1993; McKay et al., 1994). The
expression pattern of Hoxb-1 which is usually within the boundaries of rhombomere 4,
has expanded to cover a region broader than the entire thombomere, suggesting that the
disruption to segmentation has led to an abnormal encroachment of cells into adjacent
regions. Hoxb-4 expression is seen to coincide with the posterior limit of Hoxb-1 rather
than ceasing at the 6/7 boundary (McKay et al., 1994). In addition, binding sites for

Kreisler protein have been identified within Hoxb-3 enhancers while investigating the
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upstream mechanisms for the regulation of Hoxb-3 in 15 (Manzanares et al.,, 1997). The
binding sites were required for r5 activity since mutation of either of these sites abolishes
Hoxb-3 expression. The results show that Hoxb-3 is a direct target of Kreisler and that
Kreisler plays a primary role in regulating segmental identity through Hox genes.
Recently, it has been shown that Kreisler mutant mice do form r6 (Manzanares et al.,
1999). It is believed the original homozygous Kreisler mutant is due to mutations in an
r5/r6 regulatory element (Manzanares et al., 1999). Therefore, the complete absence of r5

in Kreisler mutants indicates that it has an early role in the specification of this segment.

The zebrafish homologue of Kreisler is Valentino (Moans et al., 1996). Mutations in
Valentino disrupt the expression of Krox20 in rhombomere 5 and mutant embryos
display an absence of visible rhombomere boundaries and boundary specific rhombomere
gene expression posterior to the rhombomere 3/4 boundary. The hindbrain of the mutant
embryos is shortened by one rhombomere. This observation suggested, that the region
between rhombomeres 4 and 7 has failed to expand, and become subdivided to form
rhombomeres 5 and 6, creating a distinct but developmentally earlier "protosegment”.
Although there are differences between the mammalian Kreisler and fish Valentino
mutants, their phenotypes indicate that this gene is important in the segmentation of the

hindbrain.

1.8 Compartments and Boundaries

The rhombomeres of the hindbrain are established by the progressive formation of
rhombomere boundaries in the neural plate. Fraser et al (1990), provided evidence as to
how precise segment-specific patterns of cell organisation are established and maintained
(Fraser et al., 1990). Chick cells were labelled with a vital fluorescent dye at various
stages during development; before, during and after rhombomere boundary formation.
Initially, when the boundaries are not established, cells can spread into neighbouring pre-
rhombomere territory. However, once boundaries are formed, most cells cannot cross
these partitions, yet they can move freely within their own rhombomere. The boundaries
restrict mass cell movement between rhombomeres, but the lineage restriction of
rhombomeres has been shown to be violated by approximately 5% of cells (Birgbauer

and Fraser, 1994).
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The restriction of cell movement between adjacent rhombomeres could be due to two
possibilities: the first could be a result of intrinsic differences between the adjacent
segments or second, the formation of a barrier at rhombomere boundaries. The
rhombomere boundary cells are different from cells found at the centre of rhombomeres
(Heyman et al., 1995). They have different rates of cell division, which cumulatively
results in a static population of cells at the boundaries (Guthrie et al., 1991). The space
between boundary cells is increased with higher levels of chrondroitin sulphate
proteoglycan in the extracellular spaces (Heyman et al,, 1995). Gene expression also
differs between the boundary cells and those within the rhombomeres. Vimentin, an
intermediate filament protein has increased expression in the rhombomere boundary cells
a feature also found with NgCAM (Lumsden and Keynes, 1989) and peanut lectin-
binding glycoprotein (Layer and Alber, 1990). The mature thombomere boundary cells
show decreased expression of Krox20 and Hoxb-1 but an increase in the expression of
PLZF, a zinc-finger containing transcription factor (Cook et al., 1994), Fgf-3 (Mahmood
et al.,1995) and Pax-6 (Heyman et al., 1995). These properties of boundary cells suggest
the possibility that the cells serve to prevent intermingling between adjacent

rhombomeres.

Another possibility is that the cells of rhombomeres have different cell surface properties.
To investigate this possibility, rhombomere transplantation experiments were performed.
In the chick, fluorescently pre-labelled rthombomere fragments were grafted from into
various positions along the anterioposterior axis. These experiments showed that
extensive cell mixing occurs between cells of even numbered origin placed into even
numbered rthombomeres (Guthrie et al., 1993). This behaviour is reciprocated between
cells of odd numbered origin placed in odd numbered rhombomeres. If cells of even-
numbered origin are placed into an odd numbered rhombomere, cell mixing does not take
place. Additionally increased cell mixing is apparent between r3/r3 grafts than r3/r5
grafts. Therefore it is possible that an adhesive hierarchy exists which serves to dissuade
intermingling of odd and even-rhombomere cells but additionally, can discourage
intermingling between non-identical odd/odd or even/even rhombomeric cells (Guthrie et

al., 1993).

Wizenmann and Lumsden (1997), provided further evidence to address this possibility

(Wizenmann and Lumsden, 1997). Chick cells from even- and odd-numbered
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rhombomeres were mixed in all combinations from the time of rhombomere formation
through to later stages. An aggregation assay showed that odd-numbered rhombomere
cells sort out from adjacent even-numbered rhombomere cells; even (or odd)
rhombomere cells selectively re-aggregate when mixed with other even (or odd)
rhombomere cells but cells from the same rhombomere will remain mixed. It was found
that of the two major adhesion molecules groups classified by virtue of being Ca*-
independent or Ca®*-dependent, that the latter were implicated as molecules providing
adhesive differences that restrict the mixing of adjacent rhombomeric cells (Wizenmann
and Lumsden, 1997). These collective findings suggest that differential cell affinity may

be involved in restricting cell intermingling.

1.8.1 A Role for an Eph Receptor in Hindbrain Segmentation

A number of Eph receptor family members and their ligands have been shown to exhibit
segmentally restricted expression within the developing hindbrain (see Fig 1.7) (Becker
et al., 1994; Bergemann et al., 1995; Flenniken et al, 1996; Gale er al, 1996a;
Henkemeyer et al., 1994; Nieto et al.,, 1992; Wilkinson, 1999; Xu et al, 1995). The
expression of one of these members EphA4, is restricted to r3 and r5 with transient low

level expression in 12 and r6 (Gilardi-Hebenstreit et al., 1992; Neito et al., 1992).

The role of EphA4 was investigated by using a dominant negative approach (Xu et al.,
1995). A form of EphA4 was expressed in embryos, which consisted of the extracellular
and transmembrane domains, but lacking the kinase function. This truncated receptor is
capable of dimerising with endogenous receptor but transphosphorylation will not occur,
due to the absence of the kinase domain. The effects on segmentation in Xenopus and
zebrafish embryos were assessed using Krox20 and EphA4 as markers of r3/r5. It was
found that expression of truncated EphA4 lead to ectopic r3/r5 gene expression in the
even numbered rhombomeres 12, r4 and r6 in Xenopus and zebrafish. As previously
noted, during hindbrain development cells are able to cross between rhombomeres prior
to boundary establishment. Cell lineage labelling of rhombomeric cells have shown that
there is little cell movement across rhombomere boundaries once they have formed
(Birgbauer and Fraser, 1994; Fraser et al.,, 1990). Therefore, this phenotype, where odd
numbered rhombomere cells are present in even numbered rhombomeres, could be
caused by increased cell mixing between rhombomeres. A second possibility is that there

was normal intermingling at early stages, but that EphA4 cell signalling was required to

57



INTRODUCTION

Figure 1.7

Eph family receptor and ephrin hindbrain expression

Upper part: The hindbrain neural epithelium is divided into rhombomeres (r).The cells
within each individual rhombomere are prevented from intermingling with its
neighbours. This restriction is due to distinct cellular properties of r2/r4/r6 compared

with r3/r5.

Lower part: The expression patterns of the Eph receptors and ephrins within the
rhombomeres are shown. The hatched shading indicates regions of lower expression.

EphA7 is expressed only in the dorsal part of r2-r6.

Figure adapted from Sadaghiani and Thiebaud (1999).
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switch r3 or 15 cells to even-numbered rhombomere fate in a community effect. Third,
that the r2, r4 and r6 cells had switched fate de novo to those of r3 and rS. Therefore,
EphA4 could be involved in regulating cell fate changes or cell movement (Xu et al.,

1995).

It has been shown in the zebrafish embryo that the expression of dominant negative
EphA4 also causes a forebrain phenotype where there is an expansion of the retina and
loss of diencephalic structures. These phenotypes suggest a role for EphA4 in regulating

cell fate change or cell movement in the zebrafish forebrain (Xu et al., 1996).

Recent work by mosaic analysis, has shown that Eph receptors mediate restriction of cell
movement in the zebrafish embryo (Xu et al, 1999). Cells expressing ephrin-B2, a
ligand for EphA4 and EphB class receptors, were shown to segregate adjacent to the
boundaries of rhombomeres 3 and 5, whereas they were randomly distributed in the even
numbered rhombomeres. The expression of Krox20 or EphA4 was not affected therefore,
the expression of ephrin-B2 activates EphA4/EphB class receptors that leads to cell

sorting and not a change in cell identity of the ligand expressing cells or their neighbours.

1.9 Neural Crest

The vertebrate neural crest is a migratory cell population that arises at the border between
the neural plate and epidermis. These cells delaminate from the neuroepithelium in a
rostro-caudal wave and migrate, forming many derivatives throughout the embryo.
Neural crest cells form all epidermal pigment cells, much of the skull and with a
contribution from ectodermal placodes, most of the peripheral nervous system (reviewed
by (Le Douarin, 1982)). Specific derivatives include bone, cartilage, connective tissue,

dermis, smooth muscle, melanocytes, glia, and sensory, sympathetic and enteric neurons.

At present there are three models proposed to explain neural crest cell induction: local
interactions between neural and non-neural ectoderm; changes in ectodermal competence
and the influence of signals from the mesoderm (reviewed by (Baker and Bronner-Fraser,
1997; Chitnis, 1999)). First, the induction of neural crest in Xenopus and the chick was
suggested to be due to interactions between the neural plate and epidermis (Moury and
Jacobson, 1990; Selleck and and Bronner-Fraser, 1995). Slug, a gene expressed in late

gastrula prospective neural crest cells in Xenopus (Mayor et al., 1995),and later in chick
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neural induction (Nieto et al., 1994), is also believed to be involved in neural crest
formation (Mancilla and Mayor, 1996). Second, as previously mentioned, BMPs may
also specify neural crest cell fates in a concentration-dependent manner (Wilson and
Hemmati-Brivanlou, 1995). Recent experiments have extended this work to suggest that
a gradient of BMP activity directly determines neural plate, neural crest and epidermal
fate in the ectoderm (Marchant et al., 1998; Nguyen et al., 1998). In addition, it has been
found that FGFs and Whnts are also provide signals for neural crest induction (LaBonne
and Bronner-Fraser, 1998; Mayor et al., 1997). Alternatively, the ability of epidermis to
induce prospective neural plate to form neural crest cells may suggest a role for non-
BMP related signalling. Third, signalling from the mesoderm may be important in neural
crest induction as demonstrated in the chick (Selleck and Bronner-Fraser, 1995) and
Xenopus (Bonstein et al., 1998). A two signal model has been proposed by LaBonne et al
(1998) where BMP provides an initial, weak specification of neural crest fate. Additional
signals from adjacent non-neural ectoderm, the underlying mesoderm of both are
required to attenuate and maintain neural crest induction (LaBonne and Bronner-Fraser,

1998).

Neural crest can be subdivided into cranial and trunk neural crest. Cranial neural crest
tissue migrates in a segmental manner and plays a central role in the patterning of the
vertebrate head (reviewed by (Bronner-Fraser, 1995)). The migration of the cranial neural
crest can be subdivided for functional purposes, into four regions; caudal forebrain,
midbrain, rostral hindbrain and caudal hindbrain (which overlaps with rostral vagal
neural crest cells). Neural crest cells emanating from the caudal fore- and mid-brain,
migrate primarily under the ectoderm as a broad, unsegmented sheet of cells (Bronner-
Fraser, 1995). Derivatives of these cells are destined to become membrane bones of the
face, the ciliary ganglion, part of the trigeminal ganglion, schwann cells, periocular

skeleton and connective tissue of the eye.

1.9.1 Segmentation of Branchial Neural Crest

Neural crest cells emerging from the hindbrain, have segmentally restricted migration.
These cranial neural crest cells migrate from rhombomere 2 to populate the mandibular
(first) branchial arch and the trigeminal ganglion. Neural crest from rhombomere 4 fills

the hyoid (second) arch and geniculate and vestibucochlear ganglia, and neural crest from
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rhombomere 6 and more posterior regions fill the third and fourth branchial arches and

the superior and petrosal ganglia of the glossopharyngeal nerve (Lumsden et al., 1991).

Two questions that have been addressed in the chick are: what is the exact pathway of
cranial neural crest migration and what are the factors that influence the directed
migration of the neural crest cells? Cranial neural crest cells in the chick were suggested
to emerge from rS (Couly and LeDourin, 1990) an observation that contrasted with the
findings of Lumsden et al (1991), who believed that r3 and r5 do not form neural crest
cells, perhaps a result of cell death (Graham et al, 1993; Lumsden et al., 1991). To
address these observations Graham et al (1993) showed elevated levels of apoptosis in
the dorsal midline of r3 and r5 at a time when neural crest cells would be expected to
emerge at these neuraxial levels (Graham et al., 1993). The elevated apoptosis was noted
to coincide with the expression of msx-2 in a co-localised pattern. If the r3 and r5 cells
where isolated or distanced from the even-numbered rhombomeres, they produced neural
crest cells. Msx-2 expression was downregulated in the transplanted rhombomeres.
Therefore, the incidence of msx-2 expression coincides with apoptosis of cranial neural
crest cells in the hindbrain. Subsequently, Graham et al (1994) showed that the signalling
molecule Bmp4 is expressed in r3 and r5 (Graham et al., 1994). This expression is
dependent on the presence of neighbouring rhombomeres. The addition of recombinant
BMP4 protein to explant cultures of 13 and r5 caused the expression of msx-2 to be
reinstated and apoptosis of the associated neural crest cells. Therefore, initial patterning
of hindbrain cranial neural crest cells is due in part to apoptosis in r3 and r5, a result of

the action of msx-2 through BMP4.

1.9.2 Neural Crest Migration

The migratory pattern of cranial neural crest has also been shown to be influenced by
their migratory environment. Contrasting with the results of Lumsden et al (1991)
(Lumsden et al., 1991), lineage tracer experiments reveal that r3 and r5 do produce a
small number of neural crest cells (Sechrist, 1993). These cells migrate either rostrally or
caudally to join the streams of neural crest emanating from adjacent rhombomeres; the
cells fail to enter adjacent preotic mesoderm or otic vesicle region (Birgbauer, 1995). The
neural crest-free zones are unlikely to be wholly due to apoptosis of the neural crest cells
emanating from r3 and r5, since it has been shown that this cell death occurs after the

main emanation of neural crest cells.
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The exit points of the neural crest cells leaving r3 and r5 are different. Injections of
lineage tracer show that the rostral region of r3 gives rise to neural crest cells that move
predominantly rostrally, whereas the middle and caudal portions of r3 produce neural
crest cells that migrate predominantly caudally. The migration of neural crest cells in 5
are both rostral and caudal, independent of their site of origin within the rhombomere
(Birgbauer, 1995). Rhombomere rotation experiments where performed where
rhombomere 3 was transplanted into the position of rhombomere 4 (Sechrist, 1994). This
caused neural crest cells to preferentially exit at the r3/r4 border which indicated that
either an attractive point or inhibitory signals are associated with rhombomere 3.
Additionally, it was shown that transplanting rhombomere 4 into the position of
rhombomere 3 caused neural crest cells to enter the mesenchyme adjacent to r3, and
therefore, this mesenchyme may be inhibitory for the migration of neural crest cells of 13

origin but not those emanating from r4.

The direction of migration of neural crest can be disrupted if either the otic vesicle is
transplanted to an ectopic position or is ablated, partially or fully. Neural crest cells will
migrate towards the transplanted otic vesicle suggesting the presence of a selective
attraction or pathway-derived cues (Sechrist, 1994). Rotation of mesoderm adjacent to 13

and r4 did not appear to alter the pattern of neural crest migration (Sechrist, 1994).

1.10 Cell Adhesion Molecules

In the chick, trunk neural crest cells migrate either in a dorsal or ventral pathway. In the
dorsal pathway, neural crest cells migrate beneath the ectoderm and eventually give rise
to pigment cells. The ventral pathway followed by neural crest cells, eventually gives rise
to sensory and sympathetic ganglia (Rickmann et al., 1985). Unlike the dorsal pathway,
the ventral pathway is segmented: this is due to the presence of condensed paraxial
mesoderm cells, the somites. The mature somite consists of three distinct tissues: the
dermomyotome, the myotome and the sclerotome. It was found that if rostral halves of
chick somites are placed adjacent to one another, the resulting ganglia are abnormally
large (Kalcheim and Teillet, 1989) but if two caudal halves of chick somites are placed
adjacent to each other, the resulting ganglia are smaller than normal. Therefore, the size
and morphology of the ganglia resulting from the ventral migration of trunk neural crest

is somite imposed. This is because ventral pathway neural crest cells only migrate
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INTRODUCTION

These findings are not exhaustive however, since precise neural crest expression analysis
has only been carried out with the aforementioned Eph receptors and ligands in Xenopus
and the mouse. Other ephrins and Eph receptors reported to be expressed in the neural
crest have only been studied by northern blot analysis. The expression of these additional

genes by whole mount in situ hybridisation has not been published.

1.11.1 Roles of Eph Receptors in Neural Crest Pathfinding

Evidence for the role of the Eph family in trunk and cranial neural crest migration have
been provided by three groups (Krull et al., 1997; Smith et al, 1997; Wang and
Anderson, 1997). It was observed that ephrin-B2 was expressed in the caudal half of rat
somites (Wang and Anderson, 1997) and that the trunk neural crest predominantly
expresses EphB2. Two assays were used to assess the significance of the expression of
ephrin-B2 and neural crest cell migration. Rat trunk neural tubes were cultured in the
presence of alternating stripes of ephrin-B2-Fc fusion protein. The neural crest cells were
found to avoid ligand containing stripes. When all stripes were coated with either ligand-
Fc fusion proteins or Fc alone, the neural crest cells migrated uniformly. The
interpretation of these findings is that neural crest cell migration is restricted at
boundaries between ligand-containing and ligand-free regions in vitro. The second assay
utilised a transfilter chemotaxis assay which tested the effects of ligands on neural crest
cell migration. It was shown that there was a concentration-dependent reduction of
migration due to preclustered ephrin-B2. This supported the previous findings suggesting
that the inhibition of neural crest cell migration in vitro requires a discontinuous or
graded presentation of ligand. These findings were confirmed by work in the chick (Krull
et al., 1997). They found that EphB3 localises to the rostral half-sclerotome and the trunk
neural crest and ephrin-B1 localises to the caudal half-sclerotome. In order to test the
functional significance of this complementary expression two assays were used: an in
vivo system using whole trunk explants or an in vitro system using neural crest cells. The
tissue/cells from each assay were cultured on stripes of ephrin-B1. Soluble ephrin-Bl
was then added to the cultures in order to disrupt receptor-ligand interactions. This

caused the neural crest cells to migrate through rostral and caudal sclerotome.

In Xenopus embryos, cranial neural crest cells migrate from the hindbrain along specific

pathways towards the visceral arches (Sadaghiani and Thiebaud, 1987). Neural crest cells
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migrate from adjacent to r2 to the first branchial arch and from adjacent to r4 to the
second arch. The third and fourth arch crest, emanating from adjacent to rhombomeres 5
and 6, initially migrates as one stream posterior to the otic vesicle. At first, the second,
third and fourth arch neural crest cells migrate in contact with each other and during
migration the third arch crest segregates into two: the third and fourth arch neural crest
streams. Physical barriers between the migrating streams of crest only arise when the
cells migrate deep into the forming arches where they are permanently separated by the

branchial clefts (see Fig 1.8) (Sadaghiani and Thiebaud, 1987).

Xenopus EphA4 and EphB1 are expressed in third arch neural crest and mesoderm of the
third arch, and third and fourth arch neural crest, respectively. Ephrin-B2, an interacting
ligand of EphA4/EphBl1, is expressed in the adjacent second arch neural crest and
mesoderm (see Fig. 1.9) (Wilkinson, 1999). To investigate the function of these receptors
in neural crest migration truncated forms of EphA4/EphB1, designed to inhibit the
endogenous receptors, where injected into Xenopus embryos. Inhibition of EphA4/EphB1
caused aberrant migration of the third arch neural crest into the adjacent pathways: the
second and fourth branchial arch territories. This is similar to the effects of the
overexpression of ephrin-B2, where a scattering of third arch neural crest into adjacent
territories occurs (Smith et al., 1997). Targeted expression of ephrin-B2 or the truncated
receptors was performed by microinjecting the A1/A2 blastomeres of the Xenopus
embryo at the 32-cell stage. These blastomeres make a major contribution to cranial
neural crest. These injections produced similar phenotypes in the neural crest indicating
that the disruption of receptor-ligand interactions in neural crest leads to defects in third
arch neural crest migration. In summary, these data indicate that complementary
expression of EphA4/EphB1 receptors and ephrin-B2 is involved in restricting the
intermingling of the third and second arch neural crest cells and in targeting the

migration of the third arch neural crest to its correct destination.

1.12 Roles in Angiogenesis

Further roles for ephrins have been shown in the process of angiogenesis (Pandey et
al., 1995c; Wang et al., 1998). A major aspect of angiogenesis is the invasive, migratory
behaviour of endothelial cells which leads to the generation of blood vessels. It had been

shown that ephrin-A1l was a cytokine-inducible molecule in endothelial cells, but its role
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Figure 1.8

The migration of Xenopus neural crest

In Xenopus embryos, cranial neural crest cells migrate from the hindbrain along specific

pathways towards the visceral arches.

Initially at stage 15, all the neural crest cells are in contact with each other. By stage 22,
the second (green colour), third (red colour) and fourth (blue colour) arch neural crest
cells continue to migrate in contact with each other. Neural crest cells from adjacent to r2
migrate to the first branchial arch and those adjacent to r4 migrate to the second arch.
The third and fourth arch crest emanate from adjacent to rhombomeres 5 and 6: they
initially migrate as one stream posterior to the otic vesicle. By stage 26, neural crest cells
from r2 and r4 continue to occupy the first and second branchial arches respectively. The
third arch crest segregates into two, creating the third and fourth arch neural crest

streams.
Figure reproduced from Sadaghiani and Thiebaud (1987).

1-first branchial arch, 2-second branchial arch, 3-third branchial arch, 4-fourth branchial

arch, St.-stage.
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Figure 1.9

Eph family receptor and ephrin expression in Xenopus branchial neural crest

Several members of the Eph receptor and ephrin family are expressed in Xenopus
branchial neural crest. EphA4 and EphB1 are expressed in third arch neural crest and
mesoderm of the third arch, and third and fourth arch neural crest, respectively. Ephrin-
B2, an interacting ligand of EphA4 and EphB1, is expressed in the adjacent second arch
neural crest and mesoderm. EphA2 is expressed in second arch neural crest and
mesoderm. It was shown that ephrin-A ligands are expressed in all branchial arches

(Helbling et al., 1998).

Figure adapted from Wilkinson (1999).
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remained unknown (Holtzman et al., 1990) Chemotaxis assays were employed to test the
effect of ephrin-A1l on endothelial cell migration (Pandey et al., 1995c). Ephrin-A1l was
shown to be a chemoattractant in vitro by inducing the migration of endothelial cells.
Furthermore, pellets impregnated with ephrin-Al-Ig induced an angiogenic response in

the normally avascular rat cornea.

Recently, ephrin-B2 was shown to be expressed in arterial endothelial cells
complementary to its receptor EphB4, which is expressed in venous endothelial cells
(Wang et al., 1998). Analysis of ephrin-B2 knockout mice found that in the head, there is
a block in the branching of the internal carotid artery and in the remodelling of the
capillary bed of the anterior cardinal vein. This implicates ephrin-B2 and its receptor
EphB4 in distinguishing the vascular boundary between the artery and vein and
remodelling the capillary network. It is possible that ephrin-B2 provides a signal from
arteries to remodel the veins. In the yolk sac, venous remodelling defects are also
evident, but they are coupled with an arterial network blockage too. Therefore, a
reciprocal signal from veins to arteries is also necessary for arterial angiogenesis. It can
be proposed that reciprocal signalling between arteries and veins is crucial for capillary
bed morphogenesis and that signalling interactions between ephrin-B class and an
interacting receptor EphB4, influence the endothelial cell migration involved in

vasculogenesis.

1.13 Roles in Adhesion

There are several lines of evidence that implicate Eph receptor members in cell adhesion
related activities. EphB/ephrin-B interactions have been shown to induce cell adhesion in
a heterologous system and in primary cultures (Bohme et al., 1996; Holash et al., 1997).
A cellular attachment response has also been elicited by autophosphorylation of EphB
receptors in endothelial-derived and teratocarcinoma-derived cell lines (Stein et al,
1998b). It was found that stimulation of the cell lines with ephrin-B1 dimers and
multimers (tetramers) caused phosphorylation of EphB1 and EphB2 receptors. Only
multimers produced increased cell attachment between receptor and ligand expressing
cells. The recruitment of LMW-PTP (low molecular weight phosphatase protein) was
coincident with the attachment response but the mechanistic role of LMW-PTP with Eph

signalling has not been defined. This is also true in the case of Ng-CAM (neuron-glia cell
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adhesion molecule), a member of the L1 family of cell adhesion molecules which have
been shown to be involved in control of cell migration, axonal outgrowth, axon
fasciculation and are known to mediate cell-cell contact (Cohen et al., 1997) and
(reviewed by (Brummendorf er al, 1998; Van Vactor, 1998)). EphB2 directly
phosphorylates Ng-CAM indicating a possible regulation of adhesive properties (Zisch et
al., 1997).

In contrast, a role for Eph receptors in de-adhesion is shown by other experiments. An
activated form of EGFR-XEphA4 was injected into Xenopus embryos (Winning et al,,
1996). There was a kinase-dependent dissociation of embryonic tissue believed to be a
result of interference with the adhesive properties of the cells. Additionally, it has been
shown that the injection of the Xenopus form of ephrin-B1 causes disaggregation of
blastomeres (Jones et al., 1998; Jones et al., 1997). This effect was prevented by
incubation of full length ephrin-B1 injected animal caps with FGF or attenuated, by the
removal of the carboxy-terminal 19 amino acids of ephrin-Bl. Therefore, a

transmembrane ligand affects cell adhesion properties in the early Xenopus embryo.

1.14 Aims of the Project

The aim of this project was to clone and characterise ephrin-A ligand family members in

Xenopus laevis.

Segmentation is a fundamental feature of the body plan. Its role is crucial in embryonic
patterning in that it provides the frame work on which the body plan is established
(Wilkinson, 1995). However, little is known about the signals and interactions that occur
during this process. Members of the Eph family have been previously shown to have
segmentally restricted expression (van der Geer et al., 1994). My work addressed this

problem by looking at the ligands, ephrins, for this RTK family.

1.14.1 Hypothesis

At the start of the project, the role of the Eph family was not defined. By cloning ligands,
characterising them and carrying out functional experiments it was hoped to increase our
knowledge for the role of the family. It had been shown that EphA4 was dynamically
expressed during mesoderm formation and neurulation in the early Xenopus embryo

(Neito et al., 1992). Early functional experiments with truncated EphA4, caused the loss
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of segmentally restricted expression in the hindbrain (Xu et al., 1995). It was postulated

that EphA4 could be involved in regulating cell fate changes or cell movement.

As the project began, four ephrins were identified (Davis et al, 1994; Cheng et al.,
1994). They too, like EphA4, had dynamic expression in many tissues, especially neural
tissues. In addition, it was found that soluble forms of the ligands did not activate their
Eph receptor partners. This indicated a role for ephrins in cell-cell contact interactions
between ephrin and receptor. It was hoped by cloning ephrins in Xenopus, evidence for a

role of the Eph family in mesoderm and neurulation might be found.

In my study, a PCR strategy identified five potential ephrin-A ligands. One of these
ligands XLIG4, was subsequently cloned and characterised. This potential ephrin is
expressed in the first, third and fourth arch neural crest. It had been previously shown in
Xenopus, that the overexpression of truncated EphA4 and EphB1 receptors, which are
expressed in the third arch neural crest and third arch mesoderm and third and fourth arch
crest respectively, caused aberrant migration of the third arch neural crest (Smith et al.,
1997). Therefore, it was postulated that XLIG4 may also have a role in affecting the

migration of neural crest.

The functional work on XLIG4 indicates a role for the ephrin in directing the migration

of the third arch neural crest in the developing Xenopus embryo.
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CHAPTER TWO

This chapter describes the methods I have used throughout my project. The compositions
of all solutions are presented below. The laboratory chemicals were supplied by BDH,
Boehringer Mannheim and Sigma. The oligonucleotides were produced at N.LM.R., Mill
Hill and by OSWELL, Southampton. All molecular biology protocols were carried out as
described by Sambrook et al., (1989). Any deviations are described in detail below.

2.1 Standard Solutions:

LB-agar: As LB broth but with the addition of 1.5% (w/v)
bacto-agar. Supplied by N.LM.R. media.

LB Broth: 1% (w/v) bacto-tryptone, 0.5% (w/v) bacto yeast extract, 0.5%
NaCl. Supplied by N.LM.R. media.

TSB: LB Broth containing 10% PEG (MW=3,350), 5% DMSO
and 20 mM Mg™* (10 mM each of MgCl, and MgSOy ).

T4 DNA ligase: Supplied by Boehringer Mannheim.
T4 DNA buffer

TE: 10 mM Tris-HCI (pH 8.0), 100 mM NaCl, 1 mM EDTA
(pH 8.0)

Loading Buffer: 50% glycerol, 20 mM Tris-HCI, 20 mM EDTA (pH 8.0),
0.1% Orange G.

NAM: 110 mM NaCl, 2 mM KCI, 1 mM Ca(NO3),, 1 mM
MgS0Oy, 0.1 mM NaEDTA, 2 mM NaPO, (pH 7.0),

1 mM NaHCO3;, 50mg/ml gentamycin).

DEPC-treated: 0.05% (v/v) diethyl pyrocarbonate added to deionised

water water, shaken, left overnight and autoclaved.
10xTBE: 108g Tris Base, 55g Boric Acid, 40mls 0.5M EDTA
(pH 8.0), water to 1L.
20 x SSC: 175.3g NaCl, 88.2g sodium citrate, pH 7.0, water to 1L.
SM: 5.8g NaCl, 2g MgS04.7H20, 50ml 1M Tris-HCl at (pH 7.5),

Smls of 2% gelatin solution, water to 1L, autoclave.

10% SDS: 10g SDS, 100mls H,O. pH 7.2.
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S5xTranscription:

Buffer
Elution Buffer:

10 x PIPES
Buffer:

RNA loading:
Buffer

DIG Mix:

MEMFA:

PBS:

PBT:

Denhardt's:
Solution

Hybridisation:
Buffer
PBSTw:
MAB:

AP Buffer:

10 x MOPS:

Standard:
Buffer

200 mM Tris (pH 7.5), 30 mM MgClI2, 10 mM Spermidine,
50 mM NaCl.

0.1% SDS, 1 mM EDTA, 0.5M NH:Ac, 10 mM MgAc.

0.4M PIPES (pH 6.4), 4M NaCl, 10 mM EDTA.

80% deionised formamide, 1 mM EDTA,
0.1% Bromophenol Blue, 0.1% Xylene Cyanol.

10 mM each of dGTP, dUTP, dATP, dCTP and 3.5 mM DIG-
UTP.

0.1 MOPS, 2 mM EDTA, 1 mM MgSOy, 3.7% formaldehyde
pH 7.4.

Phosphate Buffered Saline Tablets (Oxoid), RNAase-Free water
(Romil).

1 x PBS, 0.1% Triton X-100.

50 X: 5g Ficoll, 5g polyvinylpyrrolidone, 5g Bovine
Serum Albumin, water to S00ml.

50% formamide, S x SSC, 1mg/ml Torula RNA,
100pg/ml heparin, 1 x Denhardt's solution, 0.1%
Tween-20, 0.1% CHAPS, 5 mM EDTA (pH 8.0).

PBS, 0.1% Tween-20.
100 mM Maleic Acid, 150 mM NaCl (pH 7.5).

100 mM Tris-HCI pH 9.5, 50 mM MgCl,, 100 mM NaCl,
0.1% Tween-20, 5 mM Levamisol.

0.2M MOPS (pH 7.0), 80 mM NaOAc, 10 mM EDTA
(pH 8.0).

0.5 M sodium PO4 (pH 7.2), 7% SDS, 5% dextran sulphate.

2.2 Cloning and DNA Manipulation
The bacterial strain used was Escherichia coli K12 DHS5a F'.

The plasmid vectors used were:

pBluescript KS+/-

pSP64T
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2.2.1 Preparation of Competent Cells for Plasmid Transformation

K12 DH5aF' were streaked on an LB-agar plate and grown overnight at 37°C. A single
colony was then placed in 50mls of LB broth and allowed to shake at 37°C overnight.
5mls of the culture was then placed in 45mls of fresh LB broth. This culture was grown
again shaking at 37°C until the O.D.gp0 was 0.3-0.6. The culture was then spun in a 4°C
bench-top centrifuge at 2,500rpm for 10 minutes. The pellet of cells was then placed on
ice and resuspended in 1/10th the volume of transformation and storage buffer (TSB).
The cells were incubated on ice for 10 minutes and were then ready for use. Unused cells
were snap frozen in aliquots of 500ul and stored at -70°C until required (Chung and

Miller, 1988).

2.2.2 Subcloning and Ligation

The T4 DNA ligase and buffer were used according to the manufacturers instructions.
Ligations were performed with a ratio 10:1, insert:vector. Annealing reactions were

carried out overnight at 16°C.

2.2.3 Bacterial Transformation

10ul of the ligation was placed into 100ul of competent cells which had been allowed to
defrost on ice. The transformation was left on ice for 30 minutes and then heat shocked at
42°C for 90 seconds. It was then placed on ice for 2 minutes. 900ul of LB broth was then
placed with the mixture and incubated at 37°C. After at least 40 minutes, the cells were
spun down at 3000rpm for 3 minutes and 700ul of the broth was decanted off. The
transformed cells were resuspended in the remainder LB-broth and plated out onto LB-
agar plates containing 100ug/ml ampicillin. The plates were incubated overnight in a

37°C incubator.

2.2.4 Isolation of Plasmid DNA in a Mini-Preparation

A single plasmid colony was placed in 4mls of LB-broth. This was grown up overnight
with shaking at 37°C. 1.5mls of this culture was then placed in a microfuge tube and
spun down for 3 minutes at 13,000rpm. The supernatant was aspirated from the pellet
which was then re-suspended in 100pl of TE. To this 100ul of phenol:chloroform:iso-
amyalcohol (25:24:1), was added. The mixture was vortexed twice and then centrifuged

at 13,000rpm for 10 minutes. The aqueous layer of the phenol/chloroform step was
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removed and placed in 100pl chloroform. This solution was vortexed twice and
centrifuged again at 13,000rpm for 10 minutes. The aqueous phase from this step was
then placed into 300ul of 100% EtOH previously stored at -20°C. This solution was
incubated on ice for 15 minutes. The solution was then centrifuged at 13,000rpm for 5
minutes. The resultant pellet was washed with 70% EtOH and left to air dry for 3-5
minutes. The pellet was resuspended in 50ul TE and stored at -20°C. When running out
the plasmid DNA on a gel, the loading buffer contained RNAaseA at 10pug/ml. This
digests any RNA contamination of the plasmid DNA.

2.2.5 Maxi-Preparation of Plasmid DNA

1ml of plasmid bacterial culture was placed in 100mls of LB-broth containing 100ug/ml
ampicillin. The Qiagen maxi-prep kit (Hybaid) was then used to isolate the maxi-prep
DNA. The DNA concentration was calculated by reading the optical density at 260 and
280nm.

2.2.6 Restriction Endonuclease Digests of DNA
All restriction digest were carried out in accordance with the manufacturers instructions.

In certain cases it was necessary to de-phosphorylate the ends of vectors to be used in
cloning. This step aids cloning success by preventing vector-vector re-ligation. A 40ul
complete restriction enzyme digest of a vector was carried out. 4ul of phosphatase buffer
was added to the digest and 1ul of alkaline phosphatase enzyme was also added. This
reaction was then placed at 37°C for a total of 15 minutes. A third of the reaction was
removed at the 5 minute and 10 minute time points, in order to ensure I had a vector
aliquot that had not been over-phosphatased. 2.5ul of 0.2M EGTA was added to the
digest and incubated at 65°C for 10 minutes to inactivate the phosphatase enzyme. The
digest was then vortexed with an equal volume of phenol:chloroform (1:1) and then
centrifuged at 13,000rpm for 10 minutes. The resultant aqueous phase was placed in 2.5
x volume of 100% EtOH, 1/10th x volume of 3M NaOAc and 1pl glycogen (20pg/ul).
The solution was precipitated on dry ice for 30 minutes and centrifuged at 13,000rpm for
15 minutes. The pellet was washed in 70% EtOH again centrifuging at 13,000rpm for 5

minutes. The final pellet was resuspended in TE.
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2.2.7 Electrophoretic Separation of DNA and RNA

The DNA or RNA sample were separated using agarose gel electrophoresis with TBE
buffer. The percentage of the agarose used depended on the size of bands to be
visualised. The DNA or RNA sample was loaded after mixing the sample with a one
tenth volume of Orange G buffer. The size of the band was determined by co-running a
1Kb ladder with the samples. Ethidium bromide was included in the gel preparation
using 1ul of a 10mg/ml solution in 100mls of agarose gel solution, so that the DNA or
RNA bands could be visualised with a UV transilluminator and subsequently

photographed.

2.3 Embryo Culture and Manipulations

Xenopus embryos were obtained from adult females that had been injected 12 hours
previously with 800 units of human chorionic gonadotrophin (HCG). The eggs were
expelled by gentle peristalsis of the mother's ventrolateral surface. They were then
fertilised by rubbing them with the dissected testes from a sacrificed male. After 10
minutes the eggs were flooded with 10% Normal Amphibian Medium (NAM). After they
had rotated, the embryos were dejellied using 2% cysteine hydrochloride (pH 7.9-8.1)
and were staged (Nieuwkoop and Faber, 1975).

2.3.1 Microinjection of Xenopus Embryos

Dejellied embryos were placed into 75% NAM solution containing 4% ficoll. One cell of
the embryos at the 2 cell stage or 32 cell stage was injected using a using a glass needle
and an air-driven injection system (Inject+matic). Volumes of 10nl were injected into the

embryo.

2.4 RNA Isolation
RNA was isolated from embryos using the TRIzol™ Reagent (Total RNA Isolation

Reagent) produced by GIBCO BRL. The embryos used in this procedure were obtained
as described above. Once they had reached the desired stages for analysis, the embryos
were placed in microtubes with all surrounding medium removed. They were then snap-

frozen on dry ice and stored at -80°C until required.
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The manufacturers instructions for TRIzol™ Reagent were followed. Briefly, this
method uses a mono-phasic solution of acid phenol and guanidine isothiocyanate. The

1™ Reagent. The homogenate was then left at

embryos were homogenised in the TRIzo
room temperature for 5 minutes after which time an equal volume of chloroform was
added. This solution was mixed and centrifuged and the aqueous layer was removed and
precipitated with propan-2-ol and glycogen (20pug/ul). After being left at room
temperature for 10 minutes the solution was re-centrifuged. The resulting RNA pellet
was washed in 75% ethanol and left to air dry for 5 minutes. The pellet was re-suspended
in DEPC-treated water (diethyl pyrocarbonate). As a further purification step this RNA
was placed mixed together with an equal volume of 8M LiCL. This was then incubated
on ice for 2 hours. The solution was then spun down for 15 minutes at 13,000rpm at 4°C.

The pellet was left to air-dry for 2-5 minutes and resuspended in 50-100u1 DEPC-treated

water.

2.4.1 RT-PCR Cloning of Ephrins

RNA was isolated from embryos at stages 10 and 17. This was used to create cDNA
using a Stratagene kit. Both oligo dT and random hexamer primers were used. These

cDNA preparations were then both used for PCR.

Three degenerate oligonucleotides, two 5' and one 3' were designed based on conserved
regions within the published sequences of ephrin-Al, ephrin-A2 and ephrin-A3, ligand

members of the Eph receptor family. The peptide sequences of the primers are given

below:
EcoRl (V/L) D I (I/Y) C P Oligo 1
5' gaattcTN GAT ATT ATT TGT CC 3 1A
C C C C
A A
5' gaattcTN GAT ATT TAT TGT CC 3' 1B
C C c C
A
EcoR1l (V/L) D I (I/Y) C P H Y Oligo 2
5'gaattcTN GAT ATT ATT TGT CCN CAT TA 3' 2A
c C C C C
A A
5'gaattcTN GAT ATT TAT TGT CCN CAT TA 3' 2B
C C C C C
A
BamH1 Oligo3
3' ggatccA NCT CTG GAA TTT CTC 5 (antisense) 3A

T A C T
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3' ggatccA CCT CTG GAA TTT CTC 5' (antisense) 3B
T T A C T

The N nucleotide represents any nucleotide. Each oligonucleotide was made in two forms
e.g. 1A and 1B to avoid inappropriate codons at positions with alternative amino acids.
These oligonucleotides were used in a 1:1 ratio A:B, in the PCR reactions. The oligo
nucleotides are represented as capital letters (see above). Restriction sites were included
at the oligonucleotide 5' ends (small letters).The combined degeneracy for 1A (36) +
1B(24) is 60; for 2A(72) +2B(48) is 120 and for 3A (16) + 3B(32) is 48.

These primers were used under the following PCR conditions: 1 cycle of 94°C for 3
minutes followed by 4 cycles of 94°C for 45 seconds, 42°C or 47°C or 51°C for 2
minutes, 68°C for 1 minute, 72°C for 1 minute, followed by 40 cycles of 94°C for 45
seconds, 60°C for 2 minutes, 68°C for 1 minute, 72°C for 1 minute and finally 1 cycle of

72°C for 10 minutes. The final MgCl, concentration used was 1.5 mM.

2.4.2 Gel-Purification of DNA

The PCR products were run on 2.5% agarose gels. The amplified sequences running at or
round 200 bp were gel extracted (Qiaex II Agarose Gel Extraction, Qiagen). Recovered
PCR fragments were then cut with BamHI and EcoRI (sites incorporated into the original

PCR primers). The 200 bp DNA was subcloned into de-phosphorylated pBluescript KS+.

2.5 DNA Sequence Analysis

The sequences of the initial 104 recombinants and the full sequences of positive
recombinants were obtained by using the Pharmacia Biotech Kit. The sequencing
reactions were run on 5% denaturing acrylamide gels (Sequagel, National Diagnostics) at

60 watts for 2-3 hours.

2.5.1 Sequence Comparisons

These were obtained using the Seqed, BestFit, Translate, PileUp, Distance and GrowTree

functions on the GCG programme.
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2.6 Library Screening

To obtain longer cDNA clones of the putative ligands, a stage 17 Xenopus Agt10 cDNA
library was plated with Y1090 cells. 800 000 clones were screened with 200 bp PCR
fragment probes labelled using the Mega Prime Random Labelling Kit (Amersham).
Briefly, 25ng of the PCR fragment was present in 29ul of double-distilled water. This
solution was denatured by boiling for 2 minutes in the presence of 5pl of primer. The
solution was left to cool to room temperature for 5 minutes. To this label reaction 10ul of
label buffer, Sul of 32p_dCTP and 2pl of Klenow fragment were added. The reaction was
then incubated at 37°C for 15-30 minutes. The probe was then purified by passing it
through a G-50 spin column to remove all unincorporated nucleotides. The specific
activity of 1ul of probe was measured by scintillation counting. The filters were placed in
hybridisation buffer and incubated at 65°C for 1-2 hours. Probe at 1 x 10° cpm/pl was
then boiled for 2 minutes and directly added to fresh 65°C warmed hybridisation buffer.
The filters were then hybridised in this buffer at 65°C overnight. The following day the
filters were washed as follows; 2 x 30 minute washes each at 2 x SSC, 1 x SSC and 0.1 x
SSC at 65°C. Positive clones were picked which were purified through two more rounds

of screening until the final positive clone was obtained.

2.6.1 Obtaining DNA from Agt10 Phage Library

DNA from positive library clones was obtained using a plate lysate method (Kuo et al.,
1982). Eight plates (13.7cm) were plated with the positive phage and left to grow
overnight at 37°C. Once complete confluent lysis was achieved, each plate was overlain
with 10mls SM. The plates were then placed on a rocker overnight at 4°C. The SM was
harvested from the plates into 50ml falcon tubes. A further 3ml of SM was added to each
plate and recovered. The SM fractions were then pooled. 0.5ml of chloroform was added
to the cultures which were allowed to shake for 5 minutes at 37°C. The cultures were
centrifuged at 4K for 20 minutes at room temperature. DNAase and RNAase each at a
final concentration of 10mg/ml was added to the supernatant obtained from the lysed
cultures. The supernatant was left at 37°C for 30 minutes and spun down (Sorvall SS34)
for two hours at 16K. The supernatant was poured away and the remaining pellet re-
suspended with 0.3ml 0.1M Tris-HCI (pH 7.9), 0.3M NaCl. This solution was then left at
4°C overnight. 50ul of Proteinase K (10mg/ml) was then added to the solution which

was incubated at 37°C for 30 minutes. EDTA was then added to a final concentration of
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10 mM. The DNA was extracted three times with Phenol-Chloroform-isoamyl alcohol
preequilibrated with 1M NaCl, 20 mM Tris-HCl (pH 8.0) and 1 mM EDTA. The aqueous
phase was precipitated in 2 volumes of 100% EtOH at -20°C overnight. The solution was
aliquoted into eppendorf tubes and centrifuged at 13,000rpm for 15 minutes. The
supernatant was aspirated and the pellet was allowed to air dry for 5-10 minutes and then
resuspended in 400ul TE (pH 8.0). The DNA was excised from the phage Agt10 arms by

restriction enzyme digestion with EcoRI.

2.6.2 Southern Blot

DNA obtained from the cDNA clone was digested with several restriction enzymes
producing different numbers and sizes of bands on an agarose gel. To decide which of
these bands should be subcloned Southern blot analysis was used. The protocol for
Southern blot analysis described in (Sambrook et al., 1989) was followed. A megaprime
labelled probe, corresponding to the 200 bp PCR isolate that was positive for this DNA,
was used to probe the blot. Conditions for post hybridisation washes each of 20 minutes
were : 2 x SSC/0.1% SDS, 0.2 x SSC/0.1% SDS, 0.1 x SSC/0.1% SDS, all at 65°C . 3
bands, resulting from the EcoR1 digest of the clone DNA that hybridised with the blot,

were subcloned into pBluescript KS+.

2.7 RNAase Protection

RNAase protection assays were performed essentially as described (Jones et al., 1992). A
detailed protocol is presented below. (The ephrin clones obtained from the PCR analysis
were labelled and used as protection probes). All probes are approximately 200 bp in

size.

2.7.1 Preparation of Probe

Each clone was directionally subcloned into pBluescript KS+ such that on linearisation
with Clal and transcription with T7 RNA polymerase, an anti-sense probe was created.
To make the anti-sense riboprobe, the following in vitro transcription reaction was set up
at room temperature: 1ul of DNA template (1pg/ul) was added to 4pl of 5x transcription
buffer. 2ul 0.1M DTT, 1ul 0.5 mM UTP, 3ul tINTP mix (GAC) 3 mM of each, 1pl
RNAsin, 5ul **P-UTP (800 Cu/mmol), Sul dH20. The reaction mixture was pre-warmed
for 5 minutes at 37°C. 1ul of RNA Polymerase (T3, T7 or SP6) was then added. The mix
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was incubated at 37°C for 1 hour. To degrade the DNA template, 1pl RQ1 DNAase was
added to the reaction. The mix was re-incubated at 37°C for 15 minutes. 10ul of RNA

loading buffer was added for every 20ul of reaction mix.

2.7.2 Probe Purification

The probe was purified on an 6% sequencing gel (Sequagel) with TBE buffer. The gel
was run at 25W until the xylene cyanol band of the loading buffer was two-thirds of the
way down the gel. The gel was exposed for 10-15 seconds while it is still attached to one
of the gel plates. The exposed film was placed beneath the gel plate, and using it as a
template, the probe band was cut from the gel. The gel piece was placed in an eppendorf
tube and cut into small pieces. 500ul of elution buffer was added to the gel pieces. This

was incubated for 2 hours-overnight at 50°C.

The eppendorf was spun down for 20 seconds, 13,000rpm, at room temperature. 450ul of
the supernatant was removed from the eppendorf, placed into a fresh eppendorf tube and
spun down again. 400pl of the supernatant was added to 40ul NaOAc, 50ug tRNA
(torula) and 1ml ice cold 100% EtOH. This was precipitated twice on dry ice. The mix
was centrifuged for 30 minutes, 13,000rpm and washed with 70% ice cold EtOH. The
pellet was allowed to dry for 3-5 minutes. The pellet was re-dissolved in 50ul DEPC-
treated H,O. 1pl of the probe was counted in the scintillation counter. All riboprobes

were used with an activity of 5x10° cpm/pl.

2.7.3 Hybridisation

30ug of total RNA from the chosen developmental stages 10, 13 or 17 was placed in a
final volume of 15ul of DEPC-treated H,O. To this was added 4ul of 10X PIPES buffer,
20ul of deionised formamide and 1pl of 32P-RNA probe (5X10° cpm/ul). A control
sample consisted of the same mix but the same concentration of tRNA replacing the
RNA used. To each tube 1pl of the loading control marker EF1-a which is expressed in
all embryonic cells was added (Krieg et al., 1989; Sargent, 1990). The mix was vortexed
and heated at 85°C for 5 minutes. The eppendorf tube was quickly spun down for 20
seconds at 13,000rpm, and placed in a 50°C water-bath for 8 hours-overnight, to allow

hybridisation to take place.
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2.7.4 Degradation of Non-Protected RNA

The tubes were brought to room temperature. Protected fragments were digested with the
following mix (for 10 eppendorf tubes): 30ul 1M Tris pH 7.4, 0.25M EDTA pH 8.0,
180ul 5M NaCl, 6pl T1 (10 units/pl) and 2.8mls dH,O. 300pul of this mix was added to
each protection sample which were placed at 37°C for 15 minutes. 20ul 10% SDS, 50ul
Proteinase K (1mg/ml; freshly diluted), 1ul tRNA (torula 10mg/ml) and 800ul ice cold
100% EtOH were added to the samples that were precipitated twice on dry ice for 15
minutes. The samples were spun down for 30 minutes at 13,000rpm at room temperature.

Pellets were washed with 200u1 of ice cold 70% EtOH and left to dry for 3-5 minutes.

The pellets were dissolved by adding 1ul of dH,O and 5pl of RNA loading buffer. The
mix was heated at 80°C for 2 minutes. Samples were re-heated prior to separation on an
8% polyacrylamide sequencing gel which was subsequently fixed, dried and exposed on

Kodak X-AR film overnight at -70°C with two intensifying screens.

The developmental RNAase protection followed the above protocol but 40ug of total

RNA was used in the hybridisations.

2.8 Whole Mount in situ Hybridisation

RNA localisation was visualised using whole mount RNA in situ hybridisation
(Wilkinson, 1994). The 727 bp fragment of Xephrin-A3 was subcloned into pBluescript
(KS+) and was linearised with Clal, which provided a template on which an anti-sense
digoxygenin (DIG) labelled riboprobe could be transcribed. T7 RNA polymerase was
used as the transcription enzyme. The sense probe was made by linearising the template
with Notl, and transcribing with T3 RNA polymerase. The sense probe provides a control

for non-specific hybridisation.

2.8.1 Preparation of Probe

The riboprobe was prepared using DIG Labelling Mix (Boehringer Mannheim). The
probe was made as follows: 10ul 5 x Transcription buffer, 2.5pu] Linearised plasmid
template (1ug/ul), 0.5u1 1M DTT, 10pul DIG mix, 1p1 RNAsin, 24p] RNAase-free water,
2ul RNA polymerase. The reaction was incubated for 2 hours at 37°C. 2ul of RNAase-
free DNAase 1 was then added to the reaction and incubated at 37°C for a further 15

minutes. The probe was then purified using the RNAase-free Clontech column system.

84



MATERIALS AND METHODS

This was followed by precipitation by addition of 0.5 volumes 10M NH4ACe, 2.5
volumes 100% EtOH and 1pl glycogen (20ug/ul) to the probe. This mix was placed in
dry ice for 30 minutes. The probe was then centrifuged at 13,000rpm for 15 minutes at
4°C. The resulting probe pellet was washed with 70% EtOH and centrifuged again at
13,000rpm for 5 minutes at 4°C. The pellet was allowed to dry at room temperature for

2-5 minutes and it was then resuspended in 20-30u1 of RN Aase-free water.

2.8.2 Preparation of Embryos and Hybridisation

Embryos were obtained as detailed earlier. Once they had reached the desired stages for
analysis, the embryos were placed directly in MEMFA and left for 30 minutes at room
temperature. The embryos were then taken though a series of washes of 10 minutes each
in PBT, 30% methanol in PBT, 70% methanol in PBT and 100% methanol. The embryos
were then stored at -20°C. The embryos were rehydrated though this series of washes
when they were required for the whole mount RNA in situ hybridisation procedure.
Briefly the method is as follows; rehydrated embryos are treated with 10pg/ml proteinase
K (Proteinase K solution, Boehringer Mannheim) in PBT for 5 minutes at room
temperature. The embryos are then washed 2 x 5 minutes in 0.1M triethanolamine (pH 7-
8). The embryos are then incubated with a solution containing 12.5ul acetic anhydride for
every Smls of triethanolamine, for 5 minutes. Another 12.5ul of acetic anhydride is
added to the embryos again per Smls of triethanolamine for a further 5 minutes. The
embryos are then washed in PBT 2 x 5 minutes. The embryos are then re-fixed by placing
them in a 4% solution of formaldehyde in PBT where they are washed for 20 minutes.
After a further wash in PBT for 20 minutes the embryos are placed in 1ml of
hybridisation buffer. The embryos are allowed to sink. The buffer is then replaced with
another 1ml of fresh hybridisation buffer. The embryos are then left to prehybridise
overnight at 60°C. The following day, fresh hybridisation buffer replaces the overnight
buffer and the DIG labelled probe is then added to 1ug/ul. Hybridisation was also at
60°C overnight.

2.8.3 Post-Hybridisation Washes

All the following washes are done at 60°C. The hybridisation buffer was replaced with
mock-hybridisation buffer (mock-hyb buffer). The embryos were washed in this buffer

for 10 minutes. The embryos were then sequentially washed with the following solutions:
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50% Mock-hyb buffer/ 50% 2 x SSC for 10 minutes, 25% mock-hyb buffer/ 75% 2 x
SSC for 10 minutes, 2 x SSC/ 0.3% CHAPS for 2 x 20 minutes, 0.2 x SSC/ 0.3%
CHAPS for 10 minutes, PBST/0.3% CHAPS for 2 x 10 minutes and PBST for 3 x 5

minutes at room temperature.

2.8.4 Antibody Washes and RNA Detection

The embryos were then prepared for antibody incubations. The embryos were washed in
Maleic Acid Buffer (MAB) for 3 x 5 minutes at room temperature. They were then
placed in MAB containing 20% heat-treated lamb serum and 2% blocking reagent
(Boehringer Mannheim). The embryos are then incubated for 1 hour at room temperature
to block the tissues. This solution was then replaced with MAB, lamb serum and
blocking reagent containing anti-digoxygenin antibody coupled to alkaline phosphatase,
at a dilution of 1:2000. The embryos are incubated in this solution overnight at 4°C.
After 5 x 1 hour washes in MAB at room temperature and a final wash overnight at 4°C,
the embryos were washed 2 x 5 minutes in alkaline phosphatase buffer. For colour
development the embryos were developed using NBT/BCIP Tablets (Boehringer
Mannheim). Once the colour reaction had developed sufficiently, the embryos were
washed in for 10 minutes and then placed in MEMFA fix for 30 minutes at room

temperature. The embryos are then placed in PBS at 4°C.

2.8.5 Fluorescein Dextran Detection

In some experiments, embryos were co-injected with RNA and dextran fluorescein. This
was done in order to confirm the site of injection of synthetic RNA in the 1 in 2 cell stage
injections and the 1 in 32 cell stage injections. After the embryos had been fixed in the
MEMFA at the post-colour development step above, the embryos were washed for 2 x 20
minutes in PBS containing 0.1% Tween (PBSTw). They were then placed in PBST
containing 10% heat-treated lamb serum and incubated in this solution for at least 1 hour
at 4°C. This solution was then replaced but it also contained anti-fluorescein-AP Fab
fragments at a 1:2000 dilution. The embryos were incubated in this solution overnight at
4°C. The following day, the embryos were washed 6 x 20 minutes in PBSTw. They were
then washed for 2 x 5 minutes in 0.1M Tris-HCI pH 8.2, 0.1% Tween. This solution was
replaced with Fast Red Tablets (Boehringer Mannheim) dissolved in 0.1M Tris-HCl

solution and cooled on ice (1 tablet/2mls solution) which allows full penetration of the
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staining solution into the embryos. The embryos were then placed on ice and kept in the
dark. After 30 minutes to 1 hour the Fast Red colour had reached the desired intensity.
The reaction was stopped by washing the embryos 2 x 10 minutes in PBSTw and then re-
fixing in MEMFA for 30 minutes at room temperature. The embryos were then washed

and stored in fresh PBSTw at 4°C.

2.8.6 Clearing Embryos

In some cases it was necessary to clear the embryos. In this procedure, the embryos are
taken from the PBS solution and washed in methanol for 30 minutes at room
temperature. They are then rinsed once in Murray's Clear (Benzyl Benzoate: Benzoic
Acid in a 2:1 ratio). The embryos are then put into a glass dish containing fresh Murray's

Clear and photographed using transmitted light.

2.8.7 Sectioning Embryos

For sectioning, the embryos are washed in methanol 2 x 5 minutes and then in propan-2-
ol for 2 x 10 minutes. They are then placed in cedarwood oil (BDH/Merck, Poole,
Dorset.) for 2 x 30 minutes and then overnight in fresh cedarwood oil. These embryos are
transferred to a 1:1 mixture of cedarwood oil and wax in a 60°C embedding station. After
3 changes in wax lasting at least 30 minutes each and one overnight incubation, the
embryos are oriented and embedded in fresh wax. 10um sections were cut on a
microtome. The resulting ribbon sections were placed onto water heated to 55°C. These
sections were then captured onto Tespa (Rentrop, 1986) coated superfrost slides (BDH)
and then left to dry overnight on a 47°C hot plate. To de-wax the sections, the slides were
placed in 2 x 5 minutes of Histoclear. Excess Histoclear was allowed to drip off the

slides and the sections were then mounted with DPX mountant (BDH 360294H).

2.9 In vitro Transcription and Translation

2.9.1 Creation of Truncated Xephrin-A3

Two constructs were used in the ectopic expression experiments (Chapter 5). Both
constructs were subcloned into pSP64T vector to enable subsequent in vitro translation.

The resultant RNA was injected into the Xenopus embryo. One construct encoded the full
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coding region of Xephrin-A3 and the other encoded a deletion of the 3' hydrophobic

region, creating a soluble form of the ligand.

The full coding region was previously cloned in pBluescript KS+. This region was
excised from pBluescript KS+ and cloned into suitably cut pSP64T. The truncated
Xephrin-A3 had to be created by PCR. Two primers were designed: the first encoded
nucleotides in the initiating methionine region and the second, was designed to create a

stop codon at the beginning of the 3' hydrophobic region.

The primers used are indicated below with the position along the coding region indicated

by the bp (base pair) number.

1 10 bp
5  GCGGATCATGGCTTTG

594 609 bp
3 CTCCCTCGTGAATGTGATC

The primers were used in the following PCR reaction: 5ul 10 x PCR buffer, 1pl each of
dATP, dTTP, dGTP and dCTP, 0.25p1 of each primer at 1mg/ml and 5Spl of Xephrin-A3
(1pg/ul). The reaction was made up to 50ul with DEPC-treated water. To increase the
fidelity of base incorporation, 0.5ul of Vent DNA Polymerase was used (New England
Biolabs) per 50ul PCR reaction.

The following PCR conditions were used: 2 cycles at 94°C for 45 seconds, 50°C for 30
seconds, 72°C for 1 minute, 20 cycles at 94°C for 20 seconds, 55°C for 30 seconds and
72°C for 1 minute. These PCR products were cloned into pSP64T vector. End
sequencing of the resultant clones indicated that both constructs encoded correct forms of

Xephrin-A3.

2.9.2 In vitro Translation Reaction

At room temperature the following in vitro transcription reaction was assembled:

10ul 5 x Transcription buffer, 6.3ul 0.25M DTT, 2ul each 25 mM ATP, CTP, UTP and
2.5 mM GTP, 5ul 5 mM GpppG (Cap analogue, New England Biolabs), 2.5u1 RNAsin
(Promega), 2.5u]1 RNA polymerase (Promega) and Sul DNA (1pg/pl).
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This reaction was mixed and incubated at 37°C for 1.5 hours. 2.5ul 10 mM GTP was
then added to the reaction which was left to incubate for a further 30 minutes at 37°C.
Sul of RQ1 DNAasel (Promega) was then added to the reaction which was further
incubated at 37°C for 30 minutes. The reaction was then spun down in an R-50 spin
column Clontech). The elutate was then precipitated by adding 0.5 volumes 10M
NH4AC, 2.5 x volumes 100% EtOH. This precipitation was placed at -20°C overnight. It
was then spun down at 13,000rpm at 4°C for 15 minutes. The pellet was washed with
75% EtOH and spun down again at 13,000rpm, at 4°C for 10 minutes. The ethanol was
then removed and the pellet was left to dry on the bench for 2-4 minutes. The RNA was
then resuspended in 20pl of sterile RNAase-free water. The concentration of RNA was

measured with an O.D.xp.

2.9.3 In vitro Transcription Reaction

To ensure the synthetic RNA was translated and produced a correct size protein, the
rabbit reticulolysate system (Promega) was used. 400ng of synthetic RNA (in vitro
translation product) was added to 8pl of reticulolysate, 0.5ul amino acid mix minus
methionine, 0.5pul 35S methionine and 0.5p] RNAsin. This mix was incubated at 30°C
for 1 hour. 11.5ul of 2x buffer was added to the mix which was then placed at -20°C.
The translation reactions were placed in boiling water for 2 minutes and then run on a
15% SDS-PAGE, using the buffer system of Laemmli. Protein size was estimated by

comparison to pre-stained "Rainbow" molecular weight markers (Amersham).

2.10 Northern Blotting Analysis

Northern analysis was carried out in order to determine the size of the full length gene of
XLIG4. The intensity of the bands seen would also indicate the amount of the mRNA

present at that particular embryonic stage of development.

2.10.1 Preparation of Gel and RNA Samples

All solutions used in this procedure are RNAase-free. An 1.2% agarose gel was run (1.8g
agarose and 126.5ml sterile RNAase-free water). This solution was boiled using a hot
plate. The solution was then removed from the heat and allowed to cool. 8.75mls of

formaldehyde (30%) and 15mls of MOPS was then added to the solution which was then
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poured into a gel apparatus previously treated with 0.2M NaOH overnight to ensure

RNAase contamination was minimised.

The RNA loading samples consisted of: 6.75ul of 10mg of total RNA was added to
5.25ul formaldehyde (30%), 15ul formamide and 3ul 10 x MOPS. These mixes were
then incubated at 65°C for 15 minutes. Sul of loading dye was then added to each
sample. These samples were then loaded on the denaturing gel. The RNA samples were
also added to loading dye containing ethidium bromide. These samples can be visualised
under the UV transilluminator and the extent of the migration of the component 18S and

258 of the RNA can be measured. This allows the size of the mRNA to be calculated.

The gel was run for 4 hours at 70V with 1 x MOPS buffer and a picture of the gel was
taken. The gel was then immersed in 0.05M NaOH for 15 minutes. This solution was
replaced with 20 x SSC and the gel was gently shaken for 30 minutes. Following the
protocol in Sambrook et al., (1989), a nylon membrane was placed onto the gel (Hybond
N; Amersham) which was used to immobilise the size fractionated RNA. Using

capilliarity and 20 x SSC buffer, the blot was set up and left overnight.

2.10.2 Preparation of Probe and Hybridisation

A photograph was taken of the gel to ensure the efficient RNA removal. The nylon
Hybond N* membrane with the bound RNA was cross-linked by exposure to UV light in
a Stratalinker (Stratagene) and then baked for 2 hours in an 80°C oven. The membrane
was then prehybridised in standard buffer (modified Churches' buffer) at 60°C for 2-4
hours (Sambrook, 1989). A radiolabelled probe consisting of the 700 bp of the coding
region of the Xephrin-A3 gene was made with the Mega prime kit as previously
described. This probe at 5 x 10° cpm/ml was added to warmed, fresh standard buffer
containing torula RNA (20pg/ml), in which the Northern Blot was placed. The blot was
hybridised overnight at 60°C , washed for 2 x 10 minutes with 2 x SSC/ 0.1% SDS at
room temperature and again washed with 2 x SSC/0.1% SDS but at 60°C for 30 minutes.
The blot was then placed in saran wrap and exposed on Kodak X-OMAT film with

intensifying screens for 2 days at -70°C and exposed.
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CHAPTER THREE

3.1 INTRODUCTION

All members of the Eph family were initially identified as orphan receptors (Bennett et
al., 1995; Harai et al., 1987; Maisonpierre et al, 1993). When the first ligands were
identified, it was found that they were members of a novel gene family. Sequence
alignments of these so-called ephrins (ephrin-Al, ephrin-A2, ephrin-A3 and ephrin-B1),
showed that they shared conserved regions including four conserved cysteine residues
(Cheng and Flanagan, 1994; Davis et al., 1994). The ephrin sequences also indicated that
ephrin-B1 contained a transmembrane domain whereas the carboxy terminal ends of
ephrin-Al, ephrin-A2 and ephrin-A3 encoded a glycosylphosphatidylinositol (GPI)
linkage motif. Using this sequence information, I designed primers for use in a PCR-

based strategy, based on regions of high homology between these ephrins.

This chapter describes the identification of ephrin-A ligands in the early Xenopus embryo
by this PCR strategy. I will analyse the sequence data obtained from the PCR clones and

compare them with ephrins previously cloned in other vertebrate species.

3.2 RESULTS

3.2.1 RT-PCR Procedure

The primer design was based only on the sequences of ephrin-Al, ephrin-A2 and ephrin-
A3 since the ephrin-B1 sequence is divergent and a primer could not be designed that

was long enough to accommodate amplification of both subclasses.

Three degenerate oligonucleotide primers were designed, two 5' and one 3', suitable for
use in an RT-PCR based strategy. These primers were used to amplify a conserved region
of 165 nucleotides in length, specific for members of the ephrin-A class. The region
chosen for the screen is shown in Fig. 3.1. The amino acid sequences corresponding to

the primers are shown below with their nucleotide sequences detailed in Chapter 2.

5 (V/L)DIYY)CP Oligo 1
5' (V/L)DI(IVY)CPHY Oligo 2
3 EKFQR(F/Y) Oligo 3
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Figure 3.1

The primers chosen to amplify ephrins in Xenopus

The regions of homology between ephrin-Al, ephrin-A2 and ephrin A3 which were used

to create degenerate oligonucleotide primers for the RT-PCR procedure are shown.

The arrows above the sequence indicate the 5' and 3' ends of the primer sequences. The
sequence motifs are in bold. The boxed amino acids indicate sequence expected in ephrin

clones. The conserved cysteine residues are high-lighted in red.
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THE CLONING OF XENOPUS EPHRINS

Each primer was also designed to incorporate a restriction site, such that the 5' primers,
Oligo1 and Oligo2, included the restriction site for EcoR1 and the 3' primer, Oligo 3, a
restriction site for BamHI. These restriction enzyme sites would increase the likelihood
that the subcloned EcoR1-BamHI digested PCR products contained the correct 5' and 3'
primers. With the addition of these restriction enzyme sites and the primers, the

amplified PCR products would be approximately 212bp in size.

Total RNA was extracted from Xenopus embryos at stage 10, just after mesoderm
induction and the beginning of gastrulation, and at stage 17, when neurulation is almost
complete. The RNA was reverse transcribed using both oligo dT and random hexamer
primers. In initial experiments PCR was carried out using a final MgCl, concentration of
3 mM, and an annealing temperature Tm (melting temperature) of 47°C. The Tm was

calculated as indicated below, where the nucleotides are those encoding the primers.

4°C (G/C) + 2°C (A/T) =Tm

I was not able to see any PCR products on an agarose gel run with the resultant PCR
products. It was possible either that the concentration of the MgCl, was not optimal or
that the annealing temperature had to be changed. To address this problem, PCR
reactions were set up at three final concentrations of MgCl, (4.5 mM, 3 mM and 1.5 mM)
and at each of the following annealing temperatures: 42°C, 47°C and 51°C. PCR
products of 212 bp in size were obtained at all three annealing temperatures when the

MgCl, final concentration was 1.5 mM. Therefore, the MgCl, concentration had been

Isub-optimal,

The PCR reaction products were run on a 2% agarose preparative gel. DNA running at a
position equivalent to 212 bp was extracted. A representative PCR gel shown in Fig. 3.2
indicates the close migration of the molecular weight bands representing 201bp and
220bp. PCR products present at, or near, the position of these migrated markers, were
excised. This DNA was digested using the restriction enzymes EcoR1 and BamHI and
subcloned into similarly cut and de-phosphorylated pBluescript (KS+) vector. De-

phosphorylation was used to decrease the occurrence of vector-vector re-ligation.
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Figure 3.2

Representative PCR gel obtained from ephrin isolation

Several bands were obtained in the PCR procedure. Only bands migrating at 200 bp were

subcloned.

The O and R letters represent the oligo dT and random primer PCR products. L1 and L2
are the 5' primers Oligo 1 and Oligo 2 respectively and L3 is the 3' primer Oligo 3.

The control lane represents products obtained when only the primers, L1, L2 and L3,

were subjected to PCR. No products were seen.

MWM-Molecular Weight Marker.

This control is where no DNA has been added

95



I+, -
+--/
+, 0/

g,



THE CLONING OF XENOPUS EPHRINS

In order to obtain a representative sample of the ephrins expressed at the RNA stages
chosen, I aimed to isolate and sequence at least one hundred clones. This would increase
the probability of obtaining at least one clone of any ephrin-A class member in the

Xenopus embryo.

A total of 20 PCR's were set up. As shown in Fig.3.2, a PCR consisted of eight separate
PCR reactions: four each using stage 10 and stage 17 oligo dT and random hexamer
reverse transcribed reaction products. Each of the four reactions would utilise either
oligo1 and oligo3 or, oligo2 and oligo3. The PCR and the subsequent cloning procedures
produced 301 bacterial colonies. Of these colonies, 104 appeared to contain inserts of

approximately 212bp in length. These clones were T-tracked (see below).

3.2.2 PCR Clone Analysis

The 104 clones obtained from the PCR procedure were initially characterised by
sequencing with the T-reaction of the Pharmacia Biotech Kit, in a procedure known as T-
tracking. The T-reactions were run adjacent to each other on a 6% sequencing gel. The
resultant T-tracks were compared to each other based on their nucleotide separation
patterns, an example of which is shown in Fig. 3.3. This comparison allowed the clones

be placed into groups dependent on their T-track similarity.

All the clones were analysed in this way and five classes, based on identical T-tracks,
were obtained. Some of the clones had T-tracks that appeared to belong to a certain class,
but they were not identical to that class, due to the presence of an additional 1-8 T
residues. In these cases, the clones were fully sequenced and translated; their amino acid
sequences were then compared to the amino acid sequence of each of the five classes.
Some of the additional T-residues occurred in wobble positions leaving the amino acid
sequence unchanged. Therefore, these clones could be placed directly into a class. In
some clones, the extra T residues altered an amino acid sequence by 1-3 amino acids.
However, specific conserved amino acid motifs representative of the different classes,
were still present in these T-tracks. Therefore, these T-tracks were assigned to one of the

five classes identified.
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Figure 3.3

An example of T-tracks obtained for several putative ephrin clones

The numbers above each T-track represents the clone from which it was obtained. Five

different T-tracks are shown.

98






THE CLONING OF XENOPUS EPHRINS

As a precautionary measure at least 4 or 5 members in a class which had identical T-
tracks, were also completely sequenced. The 22 clones which were sequenced for this

reason, were always identical.

Table 2 details the T-tracking results indicating which class of putative ephrin was
obtained at the chosen annealing temperatures. Some of the T-tracks were vector
sequences and others were not analysed because the primers used in the PCR could not
be identified. The annealing temperature of 47°C was the most successful in the

amplification of putative ephrin sequences.

3.2.3 PCR Class Categorisation

The classes obtained were provisionally given the names XLIG1-5 representing Xenopus

ligand class 1-5. The ligand (ephrin) sequences are shown in Fig. 3.4.

The most common class obtained from the screen was XLIG1 present in both the stage
10 and stage 17 PCR products. XLIG2 was found in the stage 17 PCR products only.
Clones of the XLIG3 class were only found in stage 10 PCR products. XLIG4 was the
second most common class obtained and was found in both stage 10 and stage 17 PCR

products. XLIG5 was represented once in the PCR screen. It was a stage 10 PCR product.

3.2.4 Sequence Comparisons of XLIG Class Clones

In order to compare the sequences of XLIG PCR fragments and ephrins present in the
Genbank database, the GCG programme was used. The GCG PileUp function creates a
multiple sequence alignment from a group of related sequences using progressive
pairwise alignments. Using this information, the GrowTree function constructs
phylogenetic trees enabling the familial relationship between the XLIG classes and other
cloned ephrins to be visualised. Two methods were used to construct the phylogenetic
trees: the Jukes-Cantor distance (Jukes and Cantor, 1969), which calculates evolutionary
distances taking account of gaps in the protein sequence and the Kimura distance
(Kimura, 1980), where gap distances are ignored and only exact matches contribute to
the positioning of proteins in the resultant phylogenetic tree. Third, the BestFit function
was used: this displays the optimal alignment between two peptide or DNA sequences.
Table 3 summarises the highest peptide sequence identities between the XLIG classes

and the 17 ephrin-A class ligands cloned so far.
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PCR 42 a7 51
ANNEALING °C
RNA STAGE 10 17 10 | 17 10 17
XLIG1 7 5 13 17 3 4
XLIG2 0 0 0 7 0 2
XLIG3 1 0 4 0 0 0
XLIG4 4 2 2 1 0 1
XLIG5 0 0 1 0 0 0
NOT ANALYSED' 2 8 4 4 1 0
VECTOR 0 0 2 2 4 3
T-TRACKS 14 15 26 31 8 10
Table 2

The breakdown of the classes obtained from the PCR analysis

This table shows the class of clone obtained from the PCR analysis with reference to the =

annealing temperature used and the T-track sequence comparisons.

"'not determined since both primers could not be identified.

101



THE CLONING OF XENOPUS EPHRINS

Figure 3.4

The classes of clone obtained from the PCR analysis

These are representative clones of each class obtained using the degenerate

oligonucleotide primers.

From the 104 clones sequenced, five classes were found to contain ephrin motifs. The
primers and conserved cysteine residues (C) are shown in bold and sequence motifs are

in the red blocks.

102



* 4+

& 3!

1/ 31
/

DO

O DE&D:E D /

)

<
+ .

*

0
oo
w w
=0
o3 o
on

O

+

*

oV
o3 N

D &D:E <

DE

E) )):

* 4+

1y 31%2

T E + /| D [*D

3&&

<D

.D*

(@]
™
o —.
ANOO OO
mm = mm
Ll
0]
~ ™
I.O&
gy~ F
O/<\|I/
+ Vv
M‘w. O))
—.©



THE CLONING OF XENOPUS EPHRINS

PCR
LIGAND XLIG1 XLI1G2 XLIG3 XLIG4 XLIGS
CLASS
% Number 47 8.7 5.8 9.0 1.4
of Clones
P.l.% P.1.% P.1.% P.1.% P.1.%
Ephrin-A1 h54.5 m53.3 m90.3 h52.0 r43.3
r52.0
Ephrin-A2 c70.9 ¢c80.0 c54 .1 c63.3 c50.0
Ephrin-A3 h78.2 h59.3 h55.7 h70.6 h56.7
x59.3
Ephrin-A4 h50.0 h58.3 h39.7 m39.2 h48.9
Ephrin-A5 z70.9 z78.2 z55.7 ¢60.0 z55.0
z60.0 m55.0
h55.0
Table 3

Peptide identities between the XLIG Classes and their closest homologues
This table shows the peptide identities between the XLIG classes and their closest
homologues indicated by the phylogenetic GrowTree results.

The percentage number of clones obtained from the screen for each class is shown.

P.I1.% represents protein sequence identity.

h-human, m-mouse, c-chick, x-Xenopus, r-rat,
z-zebrafish
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3.2.5 Analysis of XLIG1-5 Classes

The PileUp programme places XLIG3 adjacent to murine ephrin-Al. This placement is
confirmed by the phylogenetic tree (Fig. 3.5), where XLIG3 is present within the ephrin-
Al group. BestFit sequence comparisons confirm that XLIG3 is highly homologous to
murine ephrin-A1, where the peptide identity is 90.3% (see Table 3).

The tree places XLIG2 adjacent to chick ephrin-A2. The highest amino acid sequence
identity is between chick ephrin-A2 and XLIG2 - it is 80.0%. However, XLIG2 also
shares a high peptide sequence identity with zEphrin-AS. This identity is 78.3% (see
Table 3).

XLIG]1 lies between murine ephrin-A3 (Cerretti and Nelson, 1998) and XLIG4 in the
PileUp analysis. The tree places XLIGI in the ephrin-A3 grouping, suggesting that
XLIGI1 represents a Xenopus ephrin-A3 homologue (Table 3). XLIG1 has amino acid
sequence homology to human ephrin-A3 which is 78.2%. This peptide homology was the
highest achieved by XLLIG1 when compared to all other cloned ephrins (see Table 3).

XLIGH4 lies adjacent to XLIG1 in the pileup analysis. Similarly to XLIG1, XLIG4 is also
placed in the ephrin-A3 grouping after phylogenetic tree analysis. This also suggests that
XLIG4 is a Xenopus ephrin-A3. XLIG4 has a highest amino acid sequence identity with
human ephrin-A3 of 70.6% (see Table 3).

The PileUp programme places XLIG5 within the ephrin-A class, a position confirmed by
phylogenetic tree analysis methods where XLIGS5 is placed in the ephrin-A3 group.
Indeed, BestFit analysis indicated that the highest peptide identity of XLIGS was to
human ephrin-A3 at 56.7%. However, XLIGS also has a peptide identity to zebrafish
ephrin-AS5 at 55%, as shown in Table 3. It is possible that under the tree construction
conditions, XLIGS has a slightly higher sequence similarity to the ephrin-A3 group, than
to other ephrins, hence this position. Additionally, XLIGS5 differs from the other XLIG
classes due to the presence of an extra cysteine (C) amino acid within the clone. The C
residue is found in the consensus sequence GAFKRW.CNRP (high-lighted in Fig. 3.4)

where it replaces the arginine (R) amino acid normally found, which is underlined here.
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Figure 3.5

Ephrin phylogenetic tree with the XLIG classes
The tree indicates that the XLIG3 class is most related to the ephrin-Al family, the
XLIG1, XLIG4 and XLIGS classes to the ephrin-A3 family and the XLIG2 class to the

ephrin-A2 family.

The vertebrate ephrin sequences were obtained from a Genbank search. The ephrins are
written such that hephrin-A4 denotes human ephrin-A4. The following additional

abbreviations were used: h-human, m-mouse, r-rat, X-Xenopus, c-chick and z-zebrafish.
The references for the sequences are listed below:

hephrin-A4 (Kozlosky et al., 1995); mephrin-A4 (Flenniken et al., 1996); mephrin-Al
- (Takahashi and‘lked‘a,‘19957);‘reiph>rir}—Al (Takahashi and Ikeda, 1995); hephrin-Al
(Kozlosky et al., 1995); Xephrin-Al (Weinstein ret‘al.r, 1‘9976);; h.ep>hrirn~‘A3; (K&zlésky ét 7
al., 1995); mephrin-A3 (Cerretti and Nelson, 1998); hephrin-AS5 (Winslow et al., 1995);
mephrin-AS (Flenniken et al., 1996); rephrin-AS (1996 Li/Feldman A.M.), submitted to
Genbank), cephrin-AS (Drescher et al., 1995); zephrin-A5 (Brennan et al., 1997);
cephrin-A2 (Cheng et al., 1995); mephrin-A2 (Shao et al, 1995) and zephrin-A2
(Brennan et al., 1997).
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3.2.6 Isolation and Sequence Analysis of an XLIG4 cDNA Clone

Preliminary expression data indicated that XI.IG4 and XLIGS5 had dynamic expression
profiles during the development of the early Xenopus embryo, and the decision was taken
to obtain longer cDNA clones of XLIG4 and XLIGS. 800,000 clones of a stage 17 Agt10
Xenopus cDNA library were plated out and screened with 32P DNA probes for the 212
bp PCR products of XLIG4 and XLIGS5. From three library screens under stringent
conditions with both ephrin probes, one positive clone was isolated using the XLIG4

PCR product.

To excise the cDNA clone from the phage A arms of the Agt10 cDNA library, an EcoR1
digest was required. This digestion produced three bands on an agarose gel with
approximate sizes of 2.1 Kb, 1.6 Kb and 700 bp. In order to ascertain which bands
hybridised with an XLIG4 probe and represented a longer cDNA of the XLIG4 PCR

product, a Southern Blot was performed.

Only the 2.1 Kb and the 700 bp bands hybridised to the XLLIG4 PCR product and they
were subcloned into EcoR1 cut pBluescript (KS+). The 700 bp cDNA was fully
sequenced and it contained amino acid motifs indicative for an A-class ephrin. End
sequencing of the 2.1 Kb cDNA indicated that one end of this DNA fragment had exactly
the same sequence as the N-terminal end of the 700 bp cDNA. Therefore the 700 bp
cDNA was part of the 2.1 Kb cDNA. The third DNA band seen on the agarose gel
running at 1.6 Kb, did not hybridise with the Southern blot probe. Due to its size, the 1.6
Kb band is likely to be the other end of the 2.1 Kb clone and since it showed no
homology to an ephrin sequence, it is assumed to be the 3' UTR (untranslated region) of

the 2.1 Kb cDNA. Therefore the longest cDNA obtained was 2.1 Kb.

Sequencing of the 700 bp XLIG4 clone (found to be 727 bp in length) identified an open
reading frame with an initiating methionine residue at 28 bp and a stop codon at 682 bp
nucleotide positions respectively (Fig. 3.6). Comparisons of the protein translation of
XLIG4 with other cloned vertebrate ephrins described below, suggests that the full
coding region of XLIG4 is contained within this DNA clone. Figure 3.7 shows the DNA
sequence and protein translation of XLIG4. High-lighted within the translation of the

XLIG4 open reading frame are the four conserved cysteine residues and other conserved

108



THE CLONING OF XENOPUS EPHRINS

Figure 3.6

A diagrammatic representation of the Xephrin-A3 cDNA

On release from the Agt10 arms (purple blocks), the approximate length of the XLIG4
cDNA is 2.1kb. Following EcoRI restriction enzyme digestion (T the cDNA becomes
three fragments: an incomplete digestion fragment of 2.1kb, a 727 bp fragment
containing the ORF (green block) and a 1.6kb fragment assumed to be the 3' untranslated
region (blue block). The positions of the initiating methionine residue (28 bp) and the

stop codon (682 bp) within the ORF are indicated.
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Figure 3.7

The nucleotide sequence and protein translation of the open reading frame of
XLIG4

The ¢cDNA sequence of XLIG4 is shown on the upper line. The protein translation is

shown underneath.
Conserved cysteine residues are high-lighted in bold.

The underlined sequence represents the
hydrophobic C-terminal domain of XLIG4
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ATGGCTTTGG TGTTCGCGCT TATCTTGCCG CTGCTCTCCC TGTTTCCCCG CTCCGGAGCC
M AL V F A L I L P L L S L F P R S G A

70 80 90 100 110 120
*
AACCGGCACT CGGTCTATTG GAACAGCTCC AACTACCACC TGCGGCGGGA CGGCTACACG
N R H s vVYyw NSS NYH L RRUD G YT
130 140 150 160 170 180
GTGCAGGTGG ATGTGAACGA TTACCTGGAT ATCTATTGCC CCCACTACAA TGAGTCGGIG
vV Q V DV N D Y L D I Y C P HY N E S ¥V
190 200 210 220 230 240
*
GTGGAGCACA AGATGGAGCA GTACATCCTC TATATGGTGA GCTACGAGGG GCTACCGACC
VEH KMEOQQ Y I L Y MUV S Y E G L P T
250 260 270 280 290 300
*
TGCAACATCA GCCAGGGCTT CAAGCGCTGG GAGTGTAACC GCCCCGCCCC CCACAGTCCA
cC N I S @ G F KR W E CN R P AP H S P
310 320 330 340 350 360
ATCAAATTCT CCGAGAAGTT CCAGCGGTAC AGTGCCTTCT CCTTGGGCTA CGAGTTCCAC
I K F S E K F Q R Y S A F S L G Y E F H
370 380 390 400 410 420
*
GCTCGCGGCC ACGAGTACTA CTATATCTCG ACAGGAACGC ACAATCACAG GCGCTCCTGT
A R G HE Y Y Y I S T G T HNHIR R S C
430 440 450 460 470 480
CTGAAGATGA AAGTGTITTGT GTCGTGCGCC AGCACTTCCC ACTCTGGAGA GAAACATTCC
L KM KV FV S CA ST S H S G E K H S8
490 500 510 520 530 540
*
CCGACCCTCC CCCAGTTCAC GATAGGCCCA GAGGTGAACA TACAGGATTT AGATAACTTC
P T L P Q F T I G P E V N I Q9 D L D N F
550 560 570 580 590 600
*
AACCCGGAGA TCCCAAAGTT GGAGAAGAGC GATCAGTGGG AGCAGCCACA CAAGAGGGAG
N P E I P KL E K S D QW E Q P H K R E
610 620 630 640 650
CACTTACACC TGACAGTGGC AGTTTGTCTC ATTATAATGA CGCTCCTGGC TTCCTAG
H L H L T V A V C [ i1 I M T L L A S
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amino acid motifs indicative of an ephrin-A class ligand member. The hydrophobic C-

terminal domain of XLIG4 is underlined.

3.2.7 Analysis of XLLIG4 cDNA sequence

A PileUp comparison was made between the full length XLIG4 cDNA sequence and the

ephrin sequences from the Genbank database.

This PileUp places the XLIG4 cDNA sequence between murine ephrin-A3 and human
ephrin-AS5 (Fig. 3.8). The tree constructed from the PileUp data (Fig. 3.9) places the full
length XLIG4 sequence within the ephrin-A3 group, closest to murine ephrin-A3. This
indicated that full length XLIG4 sequence is likely to be the Xenopus homologue of
ephrin-A3. To clarify this observation, sequence comparisons were constructed at the
peptide level with all the cloned ephrins (see Table 4). The highest peptide sequence
identity was found between full length XLLIG4 sequence and murine ephrin-A3 at 71.9%
(see Fig. 3.10). The DNA sequence identity between full length XLIG4 sequence and
murine ephrin-A3 is 78.7%, as shown in Fig. 3.11. With the similar BestFit peptide
sequence identity of the XLLIG4 cDNA sequence to human ephrin-A3, which is 71.8%, it
is a strong possibility that the full length XLIG4 sequence is the Xenopus homologue the
ephrin-A3 group.

3.3 DISCUSSION

I have described the cloning of Xenopus ephrins of the Eph RTK family using an RT-
PCR based strategy. I have been able to identify five PCR product classes with

homologies to previously cloned vertebrate A-ephrins.

Table 2 identifies the possible stages at which the ephrins are expressed in the embryo.
For example, the XLIG1 and XLIG4, were isolated from both stage 10 and 17 RNA PCR
products. The XLIG2 clones were present in only stage 17 PCR products. The XLIG3
and XLIGS5, were found only in stage 10 PCR products. Since PCR amplification could
favour certain sequences it is possible that the high percentage of XLIG1 obtained could
be a mis-representation of the actual extent of the expression of this clone in the Xenopus

embryo.
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Figure 3.8

PileUp between vertebrate ephrins and Xephrin-A3
PileUp creates a multiple sequence alignment of a group of related sequences.

Xephrin-A3 is in bold and positioned between mephrin-A3 and hephrin-AS.

mephrin-A3 is mouse ephrin-A3

hephrin-AS is human ephrin-AS5
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Figure 3.9

vertebrate ephrin phylogenetic tree with Xephrin-A3
The tree indicates that Xephrin-A3 is most related to the ephrin-A3 family with closest

homology to murine ephrin-A3.
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EPHRIN GROUP XLIG4 cDNA PROTEIN IDENTITY %
M X R H C 4
ephrin-A1 50.7 | 50.0 | 50.0 | 50.3 - -
ephrin-A2 60.0 - - - 60.6 | 54.5
ephrin-A3 71.9 | 100 - 71.8 - -
ephrin-A4 44.6 - - 46.9 - -
ephrin-A5 59.9 - 59.9 | 55.6 | 57.6 | 59.1
Table 4

Peptide Identities between the XLIG4 cDNA clone and all other cloned ephrin-A
ligands

-~

m-mouse, X-Xenopus, r-rat, h-human, c-chick and z-zebrafish
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Figure 3.10

Peptide alignment of XLLIG4 with murine ephrin-A3
The regions of peptide homology of XLIG4 with its closest family member, mephrin-A3.
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Percent Similarity: 76.374 Percent Identity: 71.978

XLIG4.pep x mephrin-A3.pep

34 LRRDGYTVQVDVNDYLDIYCPHYNESVVEHKMEQYILYMVSYEGLPTCNI

NRER RN RN RN REEE R I

1 LRREGYTVQVNVNDYLDIYCPHYNSSGPGGGAEQYVLYM.NLSGYRTCNA

84 SQGFKRWECNRP.APHSPIKFSEKFQRYSAFSLGYEFHARGHEYYYISTG

AR e A RN R RN A AR A RN A R RR R

50 SQGSKRWECNRQHASHSPIKFSEKFQRYSAFSLGYEFHA.GQEYYYISTP

133 THNHRRSCLKMKVFVSCASTSHSGEKHSPTLPQFTIGPEVNIQDLDNE . .

|1 AN NN R R R N B BN A

99 THNLHWKCLRMKVFVCCASTSHSGEKPVPTLPQFTMGPNVKINVLEDFEG

181 .NPEIPKLEKSDQWEQPHKREHLHLTVAVCLIIMTLLAS 218

.. . .
. . . .

149 ENPQVPKLEKSISGTSP.KREHLPLAVGIAFFLMTLLAS 186
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Figure 3.11

Nucleotide alignment of XLIG4 with murine ephrin-A3
The regions of homology of XLIG4 with its closest family member, mephrin-A3.
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Percent Similarity: 78.767 Percent Identity: 78.767
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Xephrin-A3.DNA x mephrin-A3.DNA

CTACCACCTGCGGCGGGACGGCTACACGGTGCAGGTGGATGTGAACGATT

R AR R R R R R RN A RO O R R R AR

CCACAGCCTGCGGCGAGAGGGCTACACCGTGCAGGTGAACGTGAACGACT

ACCTGGATATCTATTGCCCCCACTACAATGAGTCGGTGGTGGAGCACAAG

RO R RO RN R N . |

ATCTGGATATTTACTGTCCGCACTACAACAGCTCAGGGCCTGGCGGCGGG

ATGGAGCAGTACATCCTCTATATGGTGAGCTACGAGGGGCTACCG.ACCT

GCGGAGCAGTACGTGCTGTACATGGTGAAC . CTGAGCGGCTACCGCACCT

bCAACATCAGCCAGGGCTTCAAGCGCTGGGAGTGTAACEG...CCCCGCC

LEEEE TR P FEE e e e RN

GCAACGCCAGCCAAGGCTCCAAGCGCTGGGAATGCAACCGGCAGCACGCC

CCCCACAGTCCAATCAAATTCTCCGAGAAGTTCCAGCGGTACAGTGCCTT

TCGCACAGCCCCATCAAGTTCTCCGAGAAGTTCCAGCGTTACAGCGCCTT

CTCCTTGGGCTACGAGTTCCACGCTCGCGGCCACGAGTACTACTATATCT

R R AR RO e A A AR O R RE R AR

CTCGCTGGGCTATGAATTCCATGC. . . CGGCCAAGAATACTACTACATCT
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Initial expression data (see Chapter 4) indicated that XLIG4 and XLIGS had dynamic
expression in the early Xenopus embryo. An attempt was made to obtain cDNA clones
for these two classes. A cDNA clone for XLIG4 was obtained. The sequence of XLIG4
cDNA sequence confirmed that an ephrin A-class member had been cloned, since the
conserved cysteine residues, sequence motifs and sequence encoding the GPI-anchored

region indicative of the group were present.

3.3.1 XLIG Classes

The sequence identities between the XLIG classes and their possible homologues
detailed in Table 3, and phylogenetic tree data, suggests that the PCR screen identified
homologues of three previously cloned members of the ephrin-A class. Sequence
comparisons and family alignments indicate that XLIG3 may represent an ephrin-Al
homologue, XLIG2 an ephrin-A2 homologue and the XLIG1 and XLIG4 classes,

members of the ephrin-A3 group.

The homology of the XLIG3 class to the ephrin-A1 group at 90.3%, is a distinctly greater
sequence identity than to the other cloned ephrins (see Table 3). This high sequence
identity to only one ephrin group is not shared by the XLIG2, XLIG1 and XLIG4 PCR
classes. Although, XLIG2 has the greatest sequence identity to the ephrin-A2 group
(80.0%), this ligand class also has a similar high sequence identity to the ephrin-A5
group (78.3%). XLIG1 and XLIG4 have high sequence identities to the ephrin-A3 group,
78.2% and 70.6%, respectively. However these classes also have high sequence identities

to the ephrin-A2 group at 70.9% and 63.3% respectively.

The subsequent cloning of full length XLIG4 sequence (see 3.3.2) shows that the full
length sequence is much more similar to ephrin-A3 members than to any other ephrins.
For example, the XILIG4 cDNA sequence has 71.8% sequence identity to human ephrin-
A3 (the XLIG4 PCR clone has 70.6% sequence identity), and the sequence identity
between XLIG4 cDNA sequence and chick ephrin-A2 has fallen to 60.6% (XLIG4 PCR
clone had an sequence identity of 63.3) (see Tables 3 and 4). Therefore, it is important to
note that although the XLIG classes identified have apparent homologies to ephrins
identified in other species, their true homologues cannot be certain until their full length

cDNA'’s are obtained.
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The XLIGS PCR product contained a cysteine residue not previously seen in ephrins at
this particular nucleotide position. Only one clone representing the XLIG5 class was
obtained and therefore the significance of the cysteine residue cannot be judged. It seems
most probable that the cysteine amino acid is PCR error. This is a plausible explanation
since a cysteine codon [UG(U/C)] becomes an arginine codon [CGN] by a single

nucleotide change.

XLIGS shared a low sequence homology to every ephrin cloned. The highest sequence
identity observed was 56.7% between XLIGS5 and the ephrin-A3 group (Table 3). This
result is reflected in the position of XLIGS in the phylogenetic tree (Fig 3.9). However,
further sequence analysis indicated that XLIG5 has a 55% homology with the ephrin-AS5
group (Table 3). The homologies of XLIG5 with XLIG1, XLIG4, XLIG2 and XLIG3 are
50.0%, 47.4%, 49.1% and 33.9% respectively. These data indicate that XLIGS has no
clear homology to these classes. This may suggest that XLIGS5 is a new ephrin. This can
only be proved when a longer cDNA for XLIGS is cloned. It is possible that XLIGS
homologues have not been identified in other species because they do not have an
equivalent ephrin or the transcript is very rare. The latter might be the case since XLIGS5

was only cloned once in my PCR screen.

3.3.2 The XLIG4 cDNA analysis

In the phylogenetic tree, the cDNA clone of XIL.IG4 is placed in the ephrin-A3 group.
This clone has a highest peptide sequence homology to murine ephrin-A3 (71.9%).

To support the hypothesis that the full length XLLIG4 sequence is a Xenopus homologue
of the ephrin-A3 group, the following BestFit sequence analyses were carried out. First,
the peptide sequence of the XI.IG4 cDNA sequence was compared with all cloned
ephrins (see Table 4), to indicate the relatedness of this cDNA to them. Second, a similar
analyses with mouse ephrin-A5 (Table 5) and chick ephrin-A2 were carried out, to
indicate the relatedness of other ephrins to all cloned ephrins. Third, the sequence
identities between Xephrin-Al (Table 6) and all other ephrins was carried out, also as a

basis to discuss relatedness between ephrins.

Table 4 shows that the XLIG4 cDNA sequence has its highest sequence identity with

murine ephrin-A3 which is 71.9%. This is closely followed by an sequence identity with
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EPHRIN GROUP mEphrin-A5 PROTEIN IDENTITY %

M X R H C Z

ephrin-A1 50.5 | 53.1 | 484 | 54.1 - -
ephrin-A2 62.9 - - - 67.5 | 62.9

ephrin-A3 54.8 | 59.8 - 53.3 - -

ephrin-A4 49.3 - - 48.7 - -
ephrin-A5 100 - 99.1 | 99.1 | 90.8 | 76.9

Table 5

Peptide Identities between murine ephrin-AS and all other cloned ephrin-A
ligands

m-mouse, X-Xenopus, r-rat, h-human, c-chick and z-zebrafish

~
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EPHRIN GROUP XEphrin-A1 PROTEIN IDENTITY %

M X R H C 4

ephrin-A1 56.3 | 100 | 58.6 | 57.5 - -
ephrin-A2 50.0 - - - 469 | 563

ephrin-A3 46.9 | 50.0 - 48.5 - L.

ephrin-A4 45.2 - - 48.2 - -
ephrin-A5 53.1 - 523 | 523 | 52.6 | 49.0

Table 6

Peptide Identities between Xenopus ephrin-Al and all other cloned ephrin-A
ligands

m-mouse, X-Xenopus, r-rat, h-human, c-chick and z-zebrafish

-
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human ephrin-A3 of 71.8%. Both the ephrin-A2 and ephrin-A5 groups had a highest
peptide identity with the XLLIG4 cDNA sequence of 60.6% and 59.9% respectively. The
lowest peptide identity was found between full length XLIG4 sequence and the ephrin-
A4 group (46.9%). The findings of this analysis indicate that the XLIG4 cDNA sequence

has greatest homology to the ephrin-A3 group.

The sequence analysis can be taken further by comparing the sequence identities between
recognised orthologues within a specific ephrin group. In support of the percentage
sequence identities of full length XLIG4 sequence with its prospective homologue mouse
ephrin-A3, I found that a sequence identity of 73.0% was present between chick ephrin-
A5 and zebrafish ephrin-AS and second, a 76.9% sequence identity was present between
zebrafish ephrin-A5 and murine ephrin-AS. Additionally, the sequence identity between

chick ephrin-A2 and murine ephrin-A2 is 75%.

Higher sequence identities do exist such as those shown in Table 5, where BestFit
comparisons have been constructed between murine ephrin-A5 and all cloned ephrins.
Murine ephrin-A5 was chosen since clones of all the known ephrin groups have been
isolated from the mouse and second, since the ephrin-A5 group has representative clones

from the most species. This ephrin is 99.1% identical to rat and human ephrin-AS.

Lower sequence identities were identified within the same ephrin group when Xenopus
ephrin-A1 (the only other cloned Xenopus ephrin), was also compared with all the other
cloned ephrins (Table 6). This ephrin had a highest sequence identity of 58.6% with rat
ephrin-Al. This percentage is less than some sequence identities revealed between
different ephrin groups such as murine ephrin-AS with all the cloned ephrin-A2 members

(Table 5).

The data from Tables 4, 5 and 6 indicate that within the same ephrin group, sequence
identities can range between 99.1% (ephrin-A5 group) and 58.6% (ephrin-A1l group).
These data also indicate that sequence identities between members of the same group are
not always very high (Table 6). Additionally, the sequence comparisons show that
sequence identities between individual ephrins of different ephrin groups may also be

similar. For example, the sequence identity between Xenopus ephrin-Al and rat ephrin-
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Al is 58.6% (Table 6) and between mouse ephrin-A5 and mouse ephrin-A3 is 54.8%
(Table 5).

Therefore, the sequence identities found between the full length XLIG4 sequence and the
ephrin-A3 group support the proposition that XLLIG4 cDNA sequence represents a
Xenopus ephrin-A3.

3.3.3 Pseudotetraploidy

Due to the presence of XLIG1 from the PCR screen, in addition to XLIG4, it is possible
that this clone is another Xenopus homologue of the ephrin-A3 family. Sequence
comparisons indicate that the XLIG1 class has greater sequence homology to the ephrin-
A3 group that the XIIG4 class (see Table 3).This presence of a second ephrin-A3 gene

would be due to pseudotetraploidy in Xenopus.

The cloning of the XLIG3 class is another potential example of pseudotetraploidy. The
only other Xenopus ephrin to have a published sequence is Xenopus ephrin-Al
(Weinstein et al., 1996), which has a significantly lower homology to other ephrin-A1l
members than the XLIG3 class (see Table 3). Therefore, XLIG3 may represent the

second Xenopus ephrin-A1l gene.

Presently, five ligands of the ephrin A-class have been cloned across five species.
Assuming all these five groups are represented in Xenopus, one would expect 10 ephrins
to be eventually cloned. The same is true of zebrafish where already two forms of ephrin-
A5 have been identified (Brennan, unpublished data). If XLIGS does represent a new
ephrin group, it would increase the number of ephrin groups to six. Therefore, 12 ephrins

would be expected to be found in Xenopus.

In summary, the XLIG class sequences suggest they have homology to existing ephrin
groups. Only when longer cDNA's of XLIG1, XLIG2, XLIG3 and XLIGS are cloned will
their homologues be known. The nucleotide and protein sequence identities of the XLIG4
cDNA sequence to murine ephrin-A3, and comparisons with all cloned ephrins, strongly
suggests that this XLLIG4 cDNA is a Xenopus homologue of ephrin-A3 and therefore, the
XLIG4 cDNA sequence will now be referred to as Xephrin-A3.
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CHAPTER FOUR

4.1 INTRODUCTION

The expression pattern of a gene can suggest its sites of action and the role it may play in
development. By comparing this pattern with the expression of other genes, information
regarding possible interactions can be inferred. Several methods were used to analyse the
developmental patterns of classes XLIG1-5. Initially RNAase protection was used to
analyse the temporal expression of the XLIG classes. This technique allows the
expression of the ephrins to be visualised sensitively and quantitatively. Northern Blot
analysis was used to calculate the size of Xephrin-A3 mRNA. Finally, whole mount in
situ hybridisation was employed to determine the spatial expression pattern of Xephrin-

A3.

4.2 RESULTS

4.2.1 Temporal Profile of XLIG1-5 Classes

Initial expression analysis using the RNAase protection technique was carried out with a
200 bp PCR product from each ephrin class described in Chapter 3. An antisense probe
was transcribed for each class of ephrin. 30ug of total RNA was analysed at stages 10, 13
and 17 which encompassed mesoderm induction, early and mid-late neurulation. Stage
10 and 17 total RNA had also been used as source material for the original RT-PCR

procedure. EF-1a was used as a loading control (Krieg ef al., 1989).

Reproducible results were obtained for ephrin classes Xephrin-A3 and XLIGS. Fig. 4.1
shows the results of the RNAase protection experiments for Xephrin-A3 and XLIGS5. Xephrin-A3
was found to be expressed strongly at stage 10 with decreased expression at stage 13 and
strong expression again at stage 17. XLIGS, had very low expression at stage 10, strong

expression at stage 13 and equally strong expression at stage 17.

RNAase protection data for the XLIG1, XLIG2 or XLIG3 classes was not obtained. This
was due to the inability to make the antisense RNA probe necessary for the technique. It
was possible that severe secondary structures within the 200 bp PCR clones for XLIG1,
XLIG2 and XLIG3, prevented the RNA polymerase from creating a probe. To address
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Figure 4.1

Temporal profile of Xephrin-A3 and XLIGS

RNA was extracted from the indicated stages and probed with Xephrin-A3 or XLIGS.
Transfer RNA (tRNA) was used as an internal control to ensure that the protection results
were only due to the embryo RNA. EF1-a was used as a loading control (Krieg et al.,
1989). Seven days of exposure was required to visualise Xephrin-A3 and XLIGS5

expression. EF-10o was exposed for 20 hours.

Due to the length of exposure required to visualise Xephrin-A3 and XLIGS, EF-1a is
over exposed. Therefore, visual quantification of the amount of expression of these

ephrins is not possible
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this possibility the StemLoop GCG programme was used. StemLoop finds stems
(inverted repeats) within a sequence. When the representatives of all the XLIG classes
were assessed, all were found to exhibit secondary structure, but there were no regions of
secondary structure particular to XLIG1-3 classes only. The possibility exists that the
collective secondary structures of only the affected classes affects RNA polymerase

action.

4.2.2 Expression Analysis of Xephrin-A3

Having isolated a longer clone of Xephrin-A3, it was decided to investigate the

expression pattern of this ephrin during early Xenopus development in more detail.

Due to the strong expression of Xephrin-A3 at stage 10 in the RNAase protection
experiments, the spatial expression of Xephrin-A3 could be investigated. In this
experiment, an additional RNAase protection was carried out using whole embryo RNA
obtained from 20 embryos at stage 10.5. These embryos were dissected into the
following regions; animal pole, vegetal pole, dorsal marginal zone, lateral marginal zone
and ventral marginal zone. The results show that Xephrin-A3 is uniformly expressed

throughout the embryo at this stage (Fig. 4.2).

To obtain a more comprehensive profile of the temporal expression of ephrin Xephrin-
A3, 12 embryonic developmental stages were assessed. The stages encompassed
maternal RNA expression, the oocyte, gastrulation through neurulation and further into
the tailbud stages of Xenopus development. In this RNAase protection 40pg of total
RNA was used. The results are shown in Fig. 4.3. Xephrin-A3 was seen to be highly
expressed at stage O, the unfertilised eggs, where only maternal RNA is present. This
strong expression was maintained at stage 1, the fertilised egg and stage 3, the 4-cell
stage embryo. By stage 6, the 32-cell stage, expression had fallen significantly.

Expression then remained at a lower level between stages 10 to 46.

4.2.3 Northern Blot Analysis

In order to discover if the variations in expression level encountered in the
developmental RNAase protection were due to single or alternatively spliced transcripts
of Xephrin-A3 and to find the size of the Xephrin-A3 mRNA, Northern Blot analysis

was carried out. Spliced variants have previously been noted for the ephrin-A class
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Figure 4.2

Spatial localisation of Xephrin-A3 transcripts

An Range protection was performed on dissected pieces from 20, stage 10.5 embryos.
RNA is present in all lanes, consistent with the whole mount in situ hybridisation data at

this stage, where Xephrin-A3 is shown to have expression throughout the whole embryo.

This Xephrin-A3 expression was seen after the gel had been exposed for 3 days. The EF-

1o was exposed for 12 hours.
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