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Abstract

Abstract

The aim of this project was to identify genes that have roles in establishing the body axes of 

the mouse embryo. We have carried out a screen for genes expressed in early embryonic 

signalling centres such as the anterior visceral endoderm and the node and its derivatives. A 

total of 82 single clones, which were obtained from an early mouse Endoderm cDNA 

library, were analysed by whole-mount in situ hybridisation on wildtype embryos from 6.5- 

9.5 days post-coitum. Four clones were isolated that are restricted to the tissues containing 

signalling centres implicated in body axis formation. From this group one clone, identified 

as mD2LIC, was selected for more detailed analysis based on its expression in the 

organiser.

mD2LIC is predicted to encode a 351 amino acid protein, which contains a nucleotide 

binding domain and a number of phosphorylation sites.

To study the role of mD2LIC in embryogenesis I have generated a mD2LIC null mutation 

in mouse. The mutation results in a recessive embryonic lethal phenotype in which 

mD2LIC-/- embryos are not detected after 11.5 dpc. Defects are first observed in the cells 

of the ventral node at 7.5 dpc, which have an altered shape and lack monocilia. Later 

defects include randomisation of the left-right axis and loss of dorsoventral patterning in 

the neural tube consistent with a midline defect. In addition -/- mutants also exhibit anterior 

truncations and display turning and ventral closure defects consistent with defective 

endoderm.

To study the ftinction of the gene further and to assess evolutionary conservation, I have 

cloned the chick, Xenopus and zebrafish homologs and have examined their expression. 

Furthermore, I have injected mD2LIC mRNA mX.laevis embryos, which results in an 

increase in gastrulation failure.

In addition, attempts have been made to raise an anti-mD2LIC antibody and study the 

structure of the protein.
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Chapter 1 : Introduction

1. Introduction

Embryonic pattern formation is a multi-stepped process involving the spatial and temporal 

organisation of a number of molecular and cellular functions (Wolpert et al., 1998). The 

process of gastrulation plays a major role in embryonic patterning, leading to a dramatic 

change in form. This process is characterised by the involution of surface embryonic tissue 

and is intimately associated with the specification of the three germ layers, definitive 

ectoderm, definitive gut endoderm and mesoderm. Moreover, the cellular movements of 

gastrulation result in the correct spatial placement of all the fetal primordia according to the 

characteristic vertebrate body plan (Hogan et al., 1994; Wolpert et al., 1998).

Experiments carried out by Hans Spemann and Hilde Mangold during the early 1920s 

revealed the existence of a region of the gastrulating amphibian embryo, which when 

transplanted to an ectopic site in a host embryo, could induce a complete secondary body 

axis. These experiments were repeated in chicks by Waddington in the 1930s and revealed 

that an analogous axis inducing region existed in the avian embryo. This region, the dorsal 

blastopore lip in amphibians and Hensen’s node in chicken, became known as the ‘gastrula 

organiser’. It was defined as a region capable of inducing a secondary axis when 

transplanted, to an ectopic site in a gastrulating host embryo. In addition, its cells and 

signalling properties contribute to the formation of the axial mesendoderm and midline 

neuroectoderm, including the notochord and floorplate of the neural tube. Therefore it was 

believed that the process gastrulation was responsible for the specification of one or more 

of the body axes, namely the anterior-posterior (A-P, head-tail), dorsal-ventral (D-V, back- 

front) and left-right (L-R) axes (Hogan et al., 1994; Beddington and Robertson, 1999).

This thesis is concerned with understanding how the vertebrate body axes are specified and 

focuses primarily on mouse development. Emphasis will be put on the roles played by 

signalling centres, in particular the gastrula organiser and its derivatives, in the 

establishment, stabilization, refinement and embellishment of the vertebrate body axes and 

overall body plan.

13



Chapter 1 : Introduction

1.1 The Body Axes

Correct body axis establishment and orientation during embryogenesis is critical for the 

normal development of all metazoa. The study of body axis formation is concerned with 

understanding the mechanisms involved in the specification of particular tissue types. This 

process can be divided into three steps, (i) initiation or establishment of an asymmetry or 

polarity along the plane of the presumptive axis, (ii) stabilization and maintenance of 

asymmetry through the activation of propagative and reinforcing signalling cascades and 

(iii) refinement and embellishment of embryonic and organ morphogenesis along the 

specified axis. The results of recent and current studies are indicating that the body axes are 

genetically determined during development in a conserved and non-random manner 

(Beddington and Robertson, 1999). From these studies it is becoming apparent that a 

number of signalling centres are of paramount importance in the establishment of the body 

axes. In the mouse these include the visceral endoderm, extraembryonic ectoderm, the 

classical embryonic gastrula organiser, and the derivatives of the organiser.

In this Introduction I shall begin by describing the early development displayed by mouse. 

This will be followed by a discussion of the mechanisms employed by the mouse in 

establishing the body axis, where I shall also highlight significant similarities and 

differences exhibited by other vertebrate systems in establishing and maintaining their body 

axes.

1.2 The anatomy of early mouse development

1.2.1 Early cleavages of the zygote

Figure 1 depicts early mouse development (taken from Beddington and Robertson, 1999). 

Following fertilization and fusion of the two pronuclei a zygote is formed. A polarity 

already exists at the 1-cell stage due to the presence and positioning of the polar bodies, 

produced from the first and second meiotic divisions of the oocyte. Both polar bodies are 

extruded at the same site and this region is referred to as the animal pole (Beddington and 

Robertson, 1999).

____________________________ 14
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Figure 1.1 Early mouse development (taken from Beddington and Robertson, 1999). 
Following fertilization a series of ensuing cleavages cause compaction of the morula. 
Blastualtion follows and two tissue types can be distinguished, the trophectoderm and inner 
cell mass, the later consisting o f embryonic stem (ES) cells. Gastrulation commences 
around 6.5 dpc with the formation of the primitive streak in the presumptive posterior of the 
embryo. Germ layer (ectoderm, definitive endoderm and mesoderm) formation begins at 
this time. By 7.5dpc the embryo proper is a trilaminar structure except for a small bilayered 
region called the node, the analogous structure of the late gastrula organiser found in other 
vertebrate embryos. The organiser gives rise to axial mesendoderm.
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The polar bodies remain tethered via cytoplasmic bridges to the zygote at this point during 

the following cell cleavages (Hogan et a l, 1994). These initial cleavages are symmetric and 

relatively slow, taking about 3 days to arrive at the 16-cell stage, however maternal mRNA 

is degraded within 24 hours of fertilization and zygotic transcription is activated by the 

two-cell stage. Interestingly, single blastomeres from the two or four cell stage can give rise 

to viable offspring and this equipotent potential is maintained up to the early eight cell 

stage (Gardner and Mclaren, 1974). At the eight-cell stage a further polarisation, 

manifested as the development of distinct apical and basal membranes, is apparent during 

the cleavage of individual blastomeres. Moreover, at this time of development a subset of 

the blastomere population begins to divide asymmetrically. Blastomeres that divide 

asymmetrically are known as polar blastomeres, whilst apolar blastomeres divide 

symmetrically (Johnson and Ziomek, 1981a, 1981b; Reeve and Ziomek, 1981).

1.2.2 Blastulation

Early cleavage events result in compaction of the blastomeres within the surrounding zona 

pellucida, culminating in the formation of the blastocyst at 3.5 days post coitum (dpc). At 

this stage two distinct cell lineages can be distinguished: the trophectoderm, which arises 

from the polar cells and gives rise to only extraembryonic tissues such as the trophoblast 

and extraembryonic ectoderm, and the inner cell mass, which arises from the apolar cells 

and gives rise to the embryo proper and also the extraembryonic tissues of the primitive 

endoderm (the parietal and visceral endoderm)(Gardner, 1983). Furthermore, the 

development of the inner cell mass at one end of the blastocyst (known as the proximal 

end) provides the conceptus with a new polarity. Gardner (1997) also observed that the 

blastocyst has an oval shape and is bilaterally symmetrical except for the presence of the 

first and second polar bodies, which are still attached and aligned with the bilateral axis.

1.2.3 Vivipartity: the necessity for embryonic implantation

At approximately 4.5 dpc the blastocyst hatches from the surrounding zona and implants in 

the mother. Implantation fulfils nutritional needs and this process is known as vivipartity. 

Because implantation is required for further embryonic development, a large proportion of

 16
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time and energy during the earliest steps of embryogenesis is spent on growth and 

development of extraembryonic tissue lineages. Thus, at the onset of gastrulation, the 

mouse embryo proper consists of relatively far fewer cells (approximately 600 cells) thah 

other vertebrate embryos at the same stage of development (e.g. several thousand in 

Xenopus] Gilbert, 2000). At the same time as implantation, a proportion of the inner cell 

mass is set aside to give/ rise to the primitive endoderm, which underlies the rest of the 

inner cell mass separating it from the blastocoel.

1.2.4 Development of the egg cylinder and the anterior visceral endoderm

During the next day of development the trophectoderm gives rise to the extraembryonic 

ectoderm, which displaces the epiblast and the underlying visceral endoderm (derived from 

the primitive endoderm) towards the distal end of the conceptus. Apoptotic and cell 

survival signals from the visceral endoderm, cause a cavity to form in the centre of the 

epiblast thereby creating its characteristic cup shape (Coucouvanis and Martin, 1995). The 

epiblast itself becomes an epithelial sheet one cell layer thick. Thus at 6.0 dpc, just prior to 

gastrulation, the mouse embryo is a two layered structure. The inner layer comprises the 

epiblast, which will give rise to the entire foetus, and the extraembryonic ectoderm and the 

outer layer comprises visceral and parietal endoderm, which are extraembryonic tissues. 

Until approximately 6.5dpc it was thought that there were no morphological indicators of 

overt patterning in the visceral endoderm. However, cell lineage analyses have revealed 

that cells of the visceral endoderm at the distal tip of the 5.5 dpc egg cylinder give rise to 

the anterior visceral endoderm (see later). Between 5.5 dpc and 6.5 dpc these cells migrate 

across the embryo such that they come to underlie only the prospective anterior region of 

the developing embryo. Moreover these cells are morphologically distinct from both the 

rest of the visceral endoderm (Kimura et al, 200j) and are therefore the earliest 

morphological marker of the developing A-P axis.

1.2.5 Gastrulation in mouse

Gastrulation commences at approximately 6.5 dpc with the formation of the primitive 

streak in the proximal-posterior region of the epiblast. Cells in this region of the epiblast

_______________17
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undergo an epithelial-mesenchymal transformation associated with the formation of a 

groove-like structure, which begins to extend anteriorward over the next 12-24 hrs. As the 

primitive streak elongates, cells of the epiblast ingress through the streak and delaminate as 

definitive endoderm and mesoderm. The remaining ectodermal cells develop in situ to give 

rise to definitive ectoderm (Hogan et a l, 1994).

At the onset of gastrulation, the epiblast is still enveloped by the visceral endoderm, which 

is only displaced when the definitive endoderm and the derivatives of the organiser are 

formed and migrate towards their final destination. From the results of fate mapping studies 

it has been demonstrated that the mesoderm formed at the primitive streak in mouse can be 

sub-divided into several regions including axial, paraxial, lateral and extraembryonic 

mesoderm. The extraembryonic and lateral mesoderm are analogous to the ventral 

mesoderm of other vertebrates and the axial mesoderm that is a derivative of the organiser 

is analogous to the dorsal mesoderm of other vertebrates. Fate mapping of both the early 

and late streak embryo reveal that there is a net movement of proximal epiblast cells 

towards the streak. Furthermore, analysis of the migratory behavior of the primordial germ 

cell progenitors, which are derived from the most proximal epiblast and are seen to make a 

posteriorward movement at the early streak stage, reveals that this overall posterior 

movement begins very early during gastrulation (Lawson et. al., 1991; Lawson and Hage, 

1994).

1.2.6 The Organiser

The mouse organiser is located at the anterior of the primitive streak during gastrulation. It 

is analogous to other organisers exhibiting similar axis inducing capability and gene 

expression profiles (Beddington, 1994; Beddington and Robertson, 1999; Kinder et al., 

2001; See Table 1.1). In addition, like other vertebrate organisers, it gives rise to axial 

mesendoderm, including notochord, prechordal plate, the floorplate of the neural tube, and 

definitive endoderm. Kinder et al., (2001) suggest that the mouse organiser is a constantly 

changing population of cells that contributes to different aspects of the axial mesendoderm 

resembling the situation described in the chick dxià. Xenopus (Joubin and Stem, 1999; 

Gilbert, 1998).
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Different combination of genes are expressed in the organiser region at different times 

during gastrulation. This allows one to divided organiser development into the early 

gastrula organiser (EGO), mid-gastrula organiser (MOO) and late gastrula organiser (node) 

(Kinder et al., 2001). The EGO expresses HNF3P (Ang and Rossant, 1994), Goosecoid 

(Blum et al., 1992) with Cerberus-1 (Shawlot et al., 1998) expressed in the endoderm 

around the EGO. The MGO also expresses HNFSP and Goosecoid, although expression of 

these genes is not restricted to just the region of the organiser, and also Chordin (Pappano 

et al., 1998). The node expresses HNFSP and Chordin. At this late organiser stage the axial 

mesendoderm expresses HNF3, Chordin and Goosecoid and the prospective foregut 

endoderm expresses HNF3p, Goosecoid and Cerberus-1 (Kinder et al., 2001).

Cells of the EGO that contribute to the axial mesendoderm migrate anteriorly with the 

advancing streak until they come into contact with a second population of axial 

mesendoderm precursors set aside earlier at the onset of gastrulation, thus forming the 

MGO. After the MGO has formed, early anterior most axial mesendoderm cells destined to 

populate the head process migrate away from the MGO as a tight column along the midline. 

Following the departure of these cells and from the MGO the node is formed (Kinder et al.,

2001).

Both EGO and MGO descendents contribute mainly to the most anterior axial 

mesendoderm and neuroectoderm and exhibit a reduced contribution to these tissues down 

to the level of the presomitic mesoderm. In contrast, the node descendents contribute 

primarily to the notochord and floorplate from the level of the second or third somite to the 

anterior primitive streak (Beddington, 1994; Kinder et al., 2001). This suggests that the 

cells populating the anterior endoderm and mesoderm are present in the organiser only at 

earlier stages of gastrulation before the node is formed.

Unlike the trilaminar structure of the rest of the embryonic region at the late gastrula 

organizer stage, the node can be distinguished as a bilaminar structure, consisting of 

discrete dorsal and ventral layers. These two layers are separated from each other by a 

basement membrane and have distinct properties such that the cells of the dorsal layer are 

proliferative and unable to induce a secondary axis, whereas the ventral cells are relatively
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quiescent and able to induce an incomplete secondary axis (Beddington, 1994;Bellomo et 

al., 1996; Brueckner, 2001). In addition the cells of the ventral node have a relatively 

smaller ventral surface and are rounder than the surrounding endoderm (Sulik et al., 1994). 

They are also monociliated. The monocilium provides a cellular polarity allowing these 

cells to orientate themselves across the D-V axis and, through their position relative to the 

streak, these cells are also able to align themselves along the A-P axis.

As the embryo develops further, the node appears to regress posteriorly with the streak, 

laying down the notochord and floor plate in its wake. Fate mapping of the ventral node 

demonstrates that it contributes to the caudal region of the notochord (as described earlier), 

the floorplate, foregut endoderm, anterior streak region, lateral mesoderm and somites 

(Beddington, 1994; Kinder et a l, 2001).

In mouse, the morphology of the ventral node cells, including the presence of monocilia 

and their distinct apical appearance, is shared only with the rostrally lying populations of 

the notochordal and prechordal plates (Sulik et a l, 1994). Recently cilia have been reported 

to be present in the gastrula organiser regions of chick, Xenopus and zebrafish (discussed 

later; Essner et a l, 2002)

At the early neural plate stage the notochord underlies the ventral neural tube including the 

prospective mid- and hind-brain region, and the prechordal plate underlies the prospective 

forebrain and the rostral end of the prospective midbrain. These tissues express different 

combinations of genes indicating that there is regionalization at the molecular level along 

the axial midline, which may aid in the maintenance and embellishment of the A-P, D-V 

and L-R axes (Camus et a l, 2000; Hallonet et a l, 2002).

1.2.7 Formation of the notochord

The notochord is the characteristic organ of chordates (Jurand, 1974). Amongst its many 

roles, the notochord is important for aiding in the elongation of the mouse embryo and also 

for providing rigidity. It is also one of the earliest organs to develop, forming during 

gastrulation and neurulation, and when fully differentiated the notochord is a cellular rod

like structure at the midline of the embryo (or organism). It is aligned along the A-P axis
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from the rostral end of the organiser underlying the ventral neural tube and it terminates at 

the caudal aspect of the prechordal plate, which underlies the future forebrain level of the 

neuraxis. Importantly the notochord has been shown to be a critical signalling centre 

necessary for correct patterning of the mouse embryo (Camus et al., 2000; Hallonet et al.,

2002).

In the vertebrate embryo the differentiation of the notochordal plate into the notochord can 

be divided into several steps. Notochordal progenitor cells exit the organiser, migrate 

anteriorly and populate the midline. At this point these cells and their basal lamina are in a 

continuum with those of the surrounding of the endoderm and thus the notochordal plate is 

formed. Cells of the notochordal plate form the notochord by folding off in a dorsal 

direction from the endoderm (archenteron roof). However the basal lamina remains 

continuous between these two cell populations at this time. In addition adhesion of the 

notochord to the neural groove is augmented by the formation of a compact and thick plate 

of basal lamina which is common to both tissues. As the neural tube and endoderm 

(archenteron wall) are separated by an increasing number of mesenchymal cells the 

notochord remains attached to the neural tube and migrates dorsally relative to the 

endoderm. Finally the basal lamina shared by the notochord and endoderm is broken, as is 

the connection between the neural tube and notochord, and mesenchymal cells surround the 

notochord (Jurand, 1974; Sulik et.al,, 1994).

Fate mapping has revealed that the cells contributing to the notochord are descended from 

the organiser (Beddington, 1994; Sulik et al, 1994; Bellomo et al., 1996; Kinder et al., 

2001). The earlier the progenitor cells exit the organiser the more anterior position along 

the notochord they assume.

1.2.8 Embryonic turning in mouse

Initially, the germ layers of the early mouse embryo are inverted with the definitive gut 

endoderm lying on the outside of the embryo and ectoderm lying on the inside. The process 

of embryonic turning, or axial rotation, remedies this situation and also causes the embryo 

to be enveloped by its associated embryonic and extraembryonic membranes. Axial rotation 

has been proposed to be the driving force for the growth and development of the foregut
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and hindgut, for the tension of the extraembryonic membranes (particularly the amnion) 

and for the cellular movements associated with the development of the heart (Rugh, 1968; 

Deuchar, 1975; Deuchar and Parker, 1975; Deuchar, 1971, 1975).

Turning commences at the 6-8 somite stage when the embryo is a ‘U’-shape and is 

completed by the 14-16 somite stage. Inversion of the germ layers is achieved by the 

anterior and posterior ends of the embryo rotating in opposite directions whilst the embryo 

as a whole rotates 180° around its midpoint (Kaufman, 1992).

The direction of turning is such that the tail invariably curls to the left side of the embryo. 

However, in mutants where the L-R axis has been affected, defects in embryonic turning 

are usually also present including randomization of the direction of turning or incomplete 

turning. Miller and White (1998) collected proliferation indices of wild type mice and 

inversus viscerum (/v) mutant mice, which exhibit randomisations in laterality. They 

observed that higher levels of left sided cellular proliferation predominate in anti-clockwise 

(wild type) axial rotation and higher levels of right-sided cellular proliferation 

predominates in clockwise (reversed) axial rotation. From their data they concluded that 

‘differential growth, constrained by contiguous extraembryonic membranes, may drive 

closure of body and gut walls and contribute to axial rotation.’

Analysis of chimeras that lack the proprotein convertase Furin in embryonic but not 

extraembryonic tissues suggests that correctly patterned endoderm is required for ventral 

closure and correct axial turning (Constam and Robertson, 2000^: Thus these studies and 

the study of other mutants with laterality defects (see later and Table 1.2) suggest that 

processes of axial rotation, ventral closure and L-R axis patterning are all closely associated 

with one another.
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2. Establishment of the anterior-posterior axis in 

mouse

The site of primitive streak formation is crucial for orientating the anterior-posterior, 

dorsal-ventral and left-right axes in the mouse embryo, but is there any evidence that the 

axes are specified earlier in development?

2.1 Initial polarities in the mouse embryo do not appear to be 

crucial for the establishment of the A-P axis

In contrast to organisms such as Drosophila melanogaster and Caenorhabditis elegans, 

which rely on the segregation of cytoplasmic determinants within the egg or developing 

zygote for the establishment of polarity and the body axes, mammalian development is 

highly regulative and refractory to experimental manipulations. This suggests that although 

early polarities are apparent they may merely be biasing development along a preferred but 

non-critical A-P axis establishing pathway. These polarities are discussed below.

Polarities present at the blastocyst stage include (i) the locations of the inner cell mass and 

the second polar body (Gardener, 1997), (ii) the development of the primitive endoderm 

and the associated polarised expression of gene products such as 0CT4 (Nichols J, et al., 

1998; Niwa et al., 2000) and (iii) an uneven distribution of trophectodermal derivatives 

resulting in an apparent tilt in the morphology of the conceptus in later stages of blastocyst 

development (Gardner et al., 1992). However, this tilt is not particular to either the anterior 

or posterior of the conceptus and therefore not an axis specific marker.

Current evidence does not support the idea that these polarities are responsible for the 

definitive breaking of symmetry along the plane of the presumptive body axes. Moreover a 

variety of experiments argue against the presence of localised axial determinants in the 

mouse egg or early zygote. These include: (i) normal mice will develop from single 

blastomeres isolated at the two cell stage, (ii) juxtaposition of two embryos at the eight-cell 

stage results in the formation of a single chimeric organism and (iii) normal fertile offspring 

are produced from eggs which have had a significant volume of either their animal or
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vegetal poles removed (Gardner and Mclaren, 1974; Hogan et a l, 1994; Zemika-Goetz, 

1998). Furthermore, through cell labelling experiments Beddington (1989) has shown that 

the cells of the epiblast mix extensively prior to gastrulation. This work suggests that 

patterning information required for axis formation is unlikely to reside in the 

preimplantation epiblast.

2.1.1 Where could the signalling sources required for axis specification 

reside?

Signals from the mother can be discounted because embryos cultured outside the mother 

show normal axis specification and development (Beddington and Robertson, 1999). 

Therefore, the extraembryonic tissues are the most likely candidates for providing signals 

for axis specification at the egg cylinder stage. Of these tissues the visceral endoderm and 

extraembryonic ectoderm are strong candidates as together they envelop the entire epiblast.

2.2 Establishment of the anterior-visceral endoderm

An important and defining polarity develops at the egg cylinder stage when the homeobox- 

containing gene Hex begins to be expressed in a small group of visceral endoderm cells at 

the distal end of the conceptus (Thomas et a l, 1997). These cells exhibit an altered 

morphology and (whilst still expressing Hex) migrate asymmetrically across the egg 

cylinder ultimately underlying the presumptive anterior region of the embryo. It is likely 

that this event defines the breaking of symmetry along the plane of the presumptive A-P 

axis and therefore the event responsible for establishing the A-P axis (Thomas and 

Beddington, 1996; Thomas et al, 1997; Kimura et a l, 2000; see Figure 1.2).

It is not known how Hex expression and the associated morphological changes in the AVE 

are established. One possibility is that the Hex expressing cells are at the lowest point of a 

morphogen gradient whose source is the extraembryonic ectoderm. This region expresses 

secreted morphogens such as Bmp4 and is required for induction of proximal-posterior cell 

fates (Lawson et a l, 1999; Tam and Zhou, 1996).
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Figure 1.2. Interactions between the epiblast and the extraembryonic ectoderm and anterior 
visceral endoderm. N odal expression in the epiblast is required for the expression of factors 
such as Bmp4 and Homes in the extraembryonic ectoderm. These factors appear to be 
required for the induction of posterior genes such as T, Fgf8 and Wnt-3a throughout the 
proximal epiblast (depicted as dots in part A). These genes become localised to the 
posterior-proximal epiblastat the at the onset of gastrulation (part A, 6.5 dpc). Specification 
of AVE at 5.5 dpc may because these cells lie at the lowest point o f a Bmp4 gradient. 
Functional analyses indicate the AVE is required for anterior specification prior to 
gastrulation possibly through the expression of repressive signals in the form of TGF|3, Wnt 
and Bmp antagonists which repress posteriori sing gene in the overlying epiblast.
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Nodal, which is expressed throughout the epiblast, has also been implicated in the 

specification of the AVE. Recent work has demonstrated that that nodal, activates the 

Smad2 pathway in the YE, which in turn causes expression of AVE markers (Brennan J, et 

al., 2001).

2.2.1 The role of anterior visceral endoderm in A-P estabiishment

Several experiments have implicated the AVE in establishing the anterior-posterior axis, 

through its role in early anterior neural patterning. These include loss of function mutations, 

tissue ablation and recombination experiments and the analysis of chimeric mice (reviewed 

in Beddington and Robertson, 1999; Lu et al., 200%).

Experiments involving the production of chimeric embryos have provided some of the most 

convincing evidence for the role of the visceral endoderm in establishing anterior pattern 

(Varlet et al., 1997; Rhinn et al., 1998). These experiments address the question of whether 

a gene is required in the AVE or in epiblast derivatives for normal development and 

therefore axis specification.

Embryonic stem cells injected into blastocysts tend to colonise the epiblast cell lineage and 

its derivatives (Beddington and Robertson, 1989). Hence, chimeras can be produced in 

which the embryonic tissues (the epiblast and its derivatives) are of one genotype and the 

extraembryonic tissues (including the visceral endoderm) are of another. These experiments 

have revealed that there is a requirement for a number of genes, including HNFSp, Lim-1, 

Otx2 and nodal, in the visceral endoderm for normal development and A-P axis 

establishment (Varlet et al., 1997; Shawlot et al., 1998; Acampora et al., 1998; Rhinn et al., 

1998). For ail of the above genes, initial anterior specification occurs normally in chimeras, 

which have a wild type visceral endoderm and a null mutant epiblast. However, anterior 

character is subsequently lost as the embryo develops. It is likely that this is due to a lack of 

the gene in question in the epiblast and its derivatives. In the converse chimeric experiment 

where the visceral endoderm is the null mutant tissue, initial anterior specification is 

defective indicating the requirement of the gene in the visceral endoderm for normal 

specification of anterior character.
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to
In addition^the experimental evidence outline above, the asymmetric expression of several 

genes such as Hex, Liml, Otx2 and Goosecoid is consistent with the idea that the AVE is 

involved in specification of the A-P axis. Moreover, these markers include Dickkopf-1, 

Cerberus-1 and Lefty-1 which are all believed to antagonise TGF-P and Wnt signalling in 

the epiblast, and therefore could be antagonising posterior specification in the overlying 

epiblast (Beddington and Robertson, 1999)

In summary, current evidence would suggest that the role of the AVE is to repress the 

action of posteriorising factors in the epiblast thereby allowing the presumptive anterior 

epiblast to remain receptive to later anterior neural induction and patterning. These 

observations also indicate that that the AVE, though necessary for correct A-P axis 

establishment, is not sufficient for complete anterior patterning on its own and support the 

hypothesis that synergistic signalling by both the AVE and the gastrula organiser is 

required for correct anterior patterning (reviewed in detail in Beddington and Robertson, 

1999 and Lu et al., 2002; see Figure 1.2).

2.3 The role of the extraembryonic ectoderm and posterior 

visceral endoderm in body axis establishment

Both the extraembryonic ectodeimy)osterior visceral endoderm have been implicated in 

posterior specification of the mouse embryo (reviewed in Beddington and Robertson, 1999; 

Lu et al., 2002).

It is believed that the expression of proximal epiblast markers is induced by signalling from 

the extraembryonic ectoderm, which in turn has previously been made competent to signal 

by signals it has received from the epiblast via a J2-independent nodal signalling 

pathway. The expression of the proximal markers, including T, FgfS and Wnt-3a, are 

repressed in the presumptive anterior region of the embryo by signalling from the AVE as 

outlined above. This forces the expression of the proximal epiblast markers to become 

localised to the proximal-posterior region of the epiblast. Loss of function mutations have 

provided evidence supporting the idea that the extraembryonic ectoderm is required for 

posterior specification and examples are outlined below.
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Bmp4 expression is restricted to the extraembryonic ectoderm juxtaposed to the epiblast. 

Homozygous null mutants for this gene exhibit posterior truncations which fail to express T 

and in addition chimeric analyses have revealed that formation of the allantois and 

primordial germ cells is dependent on Bmp4 in the extraembryonic ectoderm (Lawson K et 

al., 1999; Winnier et al., 1995).

Nodal, a member TGF^ family of secreted signalling molecules, is expressed throughout 

the epiblast prior to gastrulation and at the time when Bmp-4 and Eomes are expressed in 

the extraembryonic ectoderm (Brennan et al., 2001). Embryos lacking Nodal fail to express 

Bmp-4 and Eomes in the extraembryonic ectoderm and also lack the proximal posterior 

epiblast markers T, Fgf8 and Wnt3. These results suggest that Nodal lies upstream in the 

posteriorising signalling pathway and is required for the expression of Bmp4 and Eomes 

which in turn are required for the correct expression of T, FgfS and Wnt3, and that 

reciprocal signalling between the epiblast and extraembryonic ectoderm is required for 

posterior specification and establishment of the A-P axis.

Finally, recent work has provided tantalising data which suggests that the posterior visceral 

endoderm (PVE) is responsible for patterning the posterior region of the embryo. 

Experiments involving explant cultures have demonstrated that anterior ectoderm can 

differentiate into haematopoietic cell lineages (normally produced from the posterior 

streak) in the presence of early streak stage visceral endoderm(Belaoussoff et al., 1998).

Figure 1.2 summaries the interactions between the epiblast and extraembryonic ectoderm.

2.4 The role of the mouse gastrula organiser in body axis 

estabiishment and maintenance

Studies have shown that the organiser and its derivatives, including the notochord, 

definitive endoderm and floor plate, are required for maintaining and modifying existing 

pattern along the anterior-posterior axis and that they also have roles in determining and 

maintaining the dorsal-ventral and left-right axes.
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2.4.1 Induction of the Mouse Gastrula Organiser

There is good evidence that the organiser is induced by the posterior visceral endoderm and 

that cells contributing to the presumptive organiser and its derivatives are set aside at the 

very onset of gastrulation (Wilkinson et al., 1990; Thomas et al., 1998; Norris and 

Robertson, 1999; Kinder et al., 2001).

Through loss of function mutations and chimeric analyses a number of key players 

involved in organiser induction have been identified including HNFSp (encoding a 

forkhead containing DNA binding protein; Ang and Rossant, 1994; Weinstein et al., 1994), 

Nodal (member of the TGPP secreted signalling molecules; Brennan et al., 2001), Foxhl/2 

(FAST; (encoding a forkhead containing DNA binding protein; Hoodless et al., 2001; 

Yamamoto et al., 2001) and Arkadia (a RING-domain containing protein; Episkopou et al., 

2000). Embiyos that lack any of these genes do not correctly specify an organiser or its 

derivatives. Chimeric analysis has shown that specification of the organiser requires the 

presence of HnfSP and Arkadia in the posterior visceral endoderm overlying the anterior 

streak region and also that nodal signalling from the posterior VE via a Smadl dependent 

pathway is necessary for the separation of anterior primitive streak derivatives from each 

other (Dufort et al., 1998; Episkopou et al., 2000; Brennan et al., 2001). Therefore the 

posterior visceral endoderm is required for organiser induction as well as being implicated 

in posterior specification of the A-P axis.

2.4.2 The Nature of the Mouse Organiser

Current evidence indicates that the mouse organiser is both similar and distinct from other 

vertebrate organisers. Moreover it appears to be required for the maintenance and 

embellishment of A-P pattern previously initiated by the action of the AVE and to be 

required for correct D-V and L-R axis specification.

For example in embryos that lack organiser induction, such as HnfSP and Arkadia null 

mutants, body axis establishment is disrupted. These observations demonstrate the 

requirement of the organiser in mouse for axis establishment as is the case for other
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Mouse; 
Posterior 
epiblast (early 
primitive streak 
stage-EGO)

Mouse:
Mid primitive 
streak stage 
(mid gastrula 
organiser- 
MGO)

Organiser Transplantation
Partial secondary axis induced is capable of being induced 
though less frequently than in late primitive streak node 
transplants. W here the neural tube was duplicated it had 
been induced from host tissue. The induced axis had an 
excess amount of paraxial m esoderm  associated with it and 
in som e ca se s  extra som ites formed in the embryos receiving 
a graft. Krox20 w as the most anterior neural gene to be 
expressed  in the ectopic axis {Oxt2 and En1 were not; Tam 
e ta l.. 1997)

Transplants containing anterior visceral endoderm  and 
anterior epiblast (or anterior ectoderm) do not induce a 
conventional secondary axis. However, the graft can induce 
host derived neural tissues. These ectopically induced 
tissues infrequently express anterior neural genes. When 
AVE, anterior epiblast and posterior epiblast are transplanted 
together anterior neural gen es were induced in the ectopic 
axis and therefore synergistic interaction of the EGO and 
anterior germ layer tissues and earlier preparatory signalling 
from the AVE are required for the formation of anterior neural 
tissues (Tam and Steiner, 2000).

A more complete axis can be induced with the MGO than 
can be using the EGO, EGO+anterior germ layers+AVE or 
node. However, although forebrain is induced (seen by 
expression of Otx2) this does not mean that the very anterior 
most region of the axis, the anterior neural ridge, is induced 
and expression of specific markers w as not tested. 
Goosecoid expressing cells have not exited the organiser at 
this stage (Kinder e t a., 2001).

Organiser Ablation
Result of microsurgical ablation unpublished

For genetic ablation see  HnfSP loss of function mutation below

Result of microsurgical ablation unpublished

For genetic ablation se e  HnfSP loss of function mutation below

Cell fates/ Derivatives
Cells isolated from donor 
organiser expressing HMG- 
lacZ transgene, transplanted 
to organiser of host embryo of 
matching developmental stage 
(Kinder et al., 2001)
% contribution of 2294 graft- 
derived cells;
Brain-6.9%
Cranial m esenchym e-14.7% 
Heart-3.9%
AME (inc. prechordal 
mesoderm  and foregut 
endoderm )-32.2%
Notochord-15.6%
Floor plate-6.9%
Trunk neural tube-1.4% 
Somites-14.4%
Lateral plate m esoderm -1.4% 
Primitive streak-3.7%
Other gut endoderm-0%

Cell labelling;
Predominantly head 
m esenchym e and somites, 
notochordal and prechordal 
plates and som e foregut and 
trunk endoderm  and floor 
plate (Tam et al., 1997). 
(Kinder e t al., 2001; see  
above for method)
% contribution of 4118 graft- 
derived cells examined 
Brain-12.2%
Cranial m esenchym e-4.7% 
Heart- 6.5%
AME (inc. prechordal 
m esoderm  and foregut 
endoderm  )-45.3%
Notochord-13.4%
Floor plate-15.2%
Trunk neural tube-0.6% 
Somites-2.9%
Lateral plate m esoderm -0.2% 
Primitive streak-3.1 %

I

g.
I.
§

Table 1.1: Summary o f  gastrula organiser studies



Mouse: Node The ventral node (about 100 cells) w as transplanted to
(late primitive posteriolateral location in host. Partial secondary neural axis
streak stage) and ectopic som ites induced. The graft gave rise

predominantly to notochord solely from graft. This suggests 
that a stem  cell population of axial mesoderm  may reside in 
the node, a  proposal supported by cell labeling experiments 
which also show s that ventral node is required for notochord 
formation a s  a cell rearrangem ent/ convergent extension 
m ovement rather than an increase in cell number. The graft 
also gave rise to endoderm al tissue w hereas neurectoderm 
and som ites are mainly of host origin (note secondary axis is 
a  partial axis and both host and ectopically induced axes can 
converge at the anterior termini due to positioning of graft; 
Beddington, 1994).

Dorsal node does not induce a secondary axis and cells are 
more proliferative than the relatively quiescent cells of the 
ventral node (Supp et al., 1999)

Anterior neural tissues can be induced by grafting m ouse or 
rabbit nodes into chick embryos (Knoetgen et al., 2000).

Anterior primitive streak is capable of causing digit 
duplication when it is grafted into avian limb buds (Hogan et 
al, 1992) and may also induce anterior structures in Xenopus 
gastrulae (Blum et al., 1992; Kintner and Dodd, 1991)

Chick: Complete secondary axis can be induced, including a  head.
H ensan 's Node However this is dependent on the position of the graft in the 

host embryo and also the stage of the node used in the graft. 
Head inducing potential is associated with the presence of 
Gsc expressing cells in the graft. If these  cells are not 
present a  head will not be induced. If they are present a 
complete secondary axis including a  head will be induced 
(Storey et al., 1992; Izpisua-Belmonte et al., 1993; Lemaire 
et al., 1997; Psychoyos and Stem , 1996).

Xenopus: Transplantation of the dorsal blastopore lip results in the
Spem ann's induction of a  complete ectopic secondary axis, including
Organiser head in those where secondary axis forms exactly opposite

the first. If the second axis is not formed exactly opposite the 
first then both natural and induced axes converge. Graft does 
not contribute to neural tissues unlike other oraanisers. This

Following microsurgical ablation an intact A-P axis develops (with 
normal headfolds, neural tube and PS) to early organogenesis. 
There is de novo recruitment of neural ectoderm  and paraxial 
mesoderm. The body axis is foreshortened and somite formation is 
retarded. Notochord in the trunk absen t or interrupted and the floor 
plate is absen t in the reconstituted neural tube. No effect on gut 
endoderm  differentiation or formation of mid- or hindgut. Pitx2 
expression in lateral plate mesoderm  is either bilateral (instead of 
just left) or absent. Thus, the node is needed for normal left-right 
axis formation and patterning. Therefore node and its derivatives 
are crucial for patterning ventral neural tube and lateral (l_/R) axis 
(Davidson e ta l., 1999).

Genetic Ablation-H/VF3B mutants lack a morphological node (and 
possibly earlier stages of the gastrula organiser) and organiser 
derivatives, but still undergo neural induction. G ene expression 
dom ains within the mutant neural tube are temporally normal. Thus, 
induction and A-P patterning of the nervous system  does not 
require the  m aintenance of the node and its derivatives. However, 
mutant em bryos exhibit anterior truncations (Klingensmith et al, 
1999; W einstein et al., 1994; Ang and R ossant cell 1994).
Therefore, the node (and possibly EGO and MGO) and the 
organiser dérivâtes appear to be involved in refining pattern initiated 
earlier in development (e.g. D-V patteming is defective in neural 
tube-no floor plate markers-and also defects in som ites and L/R 
patteming) by organizing the alignment of other signalling sources.

Following ablation the node, the m ouse embryo is unable to 
regenerate a second unlike lower vertebrates (see  below).

Henson’s  node is regenerated after mechanical ablation. Even 
following removal of the morphological organiser and 40% of the 
anterior most streak, Henson’s node is restored (including the 
reconstitution of at least 2 of the organiser derivatives, the 
notochord and floor plate) and normal development proceeds 
(Psychoyos and Stem, 1996).

Microsurgical ablation at stage 10-Embryos lack notochord but 
appear to develop normally (Cooke, 1985).

UV irradiation ablation-Embryos lack notochord and exhibit 
malformed and shortened axis (Cooke, 1985; Clarke et al., 1991).

Other gut endoderm -1.6% 
(K inderetal., 2001; see  
above for method)
% contribution of 1333 graft- 
derived cells examined 
Brain-0%
Cranial mesenchyme-0%  
Heart-0%
AME (inc. prechordal 
m esoderm  and foregut 
endoderm )-4.9% 
Notochord-24.6%
Floor plate-31.4%
Trunk neural tube-1.9% 
Somites-11.5%
Lateral plate mesoderm-0% 
Primitive streak-25.8%
Other gut endoderm-0%

Cell labeling;
Ventral node: notochord, 
prechordal plate and most 
dorsal aspect of hindgut 
endoderm  (definitive 
endoderm) (Hogan et al., 
1994; Beddington, 1994; 
Kinder et al., 2001),
Dorsal node: floorplate (hinge 
cells) and head m esenchym e 
(Sulik et al., 1994; Supp et al.,
1999)
Notochord, prechordal plate, 
head process, definitive (gut) 
endoderm , the medial halves 
of som ites and floor plate 
(midline of future spinal cord) 
(Selleck and Stem , 
1991,1992)

Axial m esendoderm; 
Notochord, floor plate, head 
m esenchym e and part of 
somites, archenteron wall and 
pharyngeal endoderm  (Smith, 
1983: Bouwrneester et al.

§.
I.
§
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Zebrafish:
Embryonic
Shield

m aybe because  in Xenopus the majority of the prospective 
ectodermal and m esoderm al regions are non-overlapping at 
the start of gastrulation. Therefore the dorsal blastopore lip 
lacking cells of the presumptive neurectoderm can be 
surgically removed and transplanted. In contrast, chick, fish 
(according to Shih and Fraser, 1996 but not Saude et al., 
2000) and m ouse organisers contain progenitors of 
mesoderm al and neural tissue lineages. Thus, grafts of these 
organisers contribute in part to the ectopically induced neural 
tissue.
Secondary axis induced, however ectopic neuraxis induced 
in host forms primarily from shield graft rather than host 
tissue unlike Xenopus. Saude et al. (2000) provide evidence 
to contradict this finding. Their work dem onstrates that the 
shield behaves like the Xenopus organiser.

S tage specific regeneration of the dorsal blastopore lip can occur 
following ablation after which normal development proceeds. This is 
also dependent on the amount of tissue removed.

1996; Lane and Keller, 1997)

The neuraxis of embryos whose shield has been microsurgically 
deleted early in development (start of germ ring formation) is 
relatively normally formed and patterned. These embryos are 
generally notochordless though som e have partial notochord, flh 
mutation is also notochordless but neural tissue is still induced and 
patterned (Shih and Fraser 1995, 1996; Saude et al., 2000).

Most descendants in 
notochord (trunk notochord 
and tail hypochord) and 
hatching gland and som e in 
ventral cells of the neural tube 
including most of the floor 
plate, gut endoderm, and 
head and somitic mesoderm 
(Shih and Fraser 1995,1996)

n=rD)O

I

Table 1.1: Summary o f  gastrula organiser studies
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vertebrate organisers. Furthermore, the analysis of P-catenin, FgfS and cripto 

mutants provides evidence for the requirement of the EGO in A-P axis establishment in 

mouse. For example, WntS -A mutants lack expression of the organiser markers Cerberus- 

1, Goosecoid, Liml, nodal and T in the posterior proximal epiblast at 7.5dpc and no 

primitive streak or mesoderm forms (Ding et al., 1998; Liu et al., 1999; Sun et al., 1999; 

Huelsken et al., 2000). The AVE of the mutants appears correctly patterned and orientated 

however, neural character is not induced in the overlying epiblast suggesting that the AVE 

is not sufficient for initiating anterior pattern by itself. (Liu et al., 1999).

Like the chick and Xenopus organiser, the mouse organiser comprises a constantly 

changing population of cells, gives rise to axial mesendoderm and exhibits axis inducing 

potential (Beddington, 1994; Kinder et al., 2001; Joubin and Stem, 1999; Gilbert, 2000). 

For example, cell lineage analysis reveals that descendents of the EGO, MGO and node 

contribute to different tissues and also make differing percentages of contribution to the 

same tissue types (Kinder et al., 2001; Beddington, 1994; see Table l.l).Moreover each 

division of the organiser has differing axis inducing potential such that the MGO, which 

expresses Goosecoid, has the greatest inductive capability (although the axis may not be 

complete). Interestingly this is a similarity shared with chick in which maximum axis 

inducing potential by the organiser is only acquired from grafts that are taken after a 

population of Goosecoid expressing cells have entered the region of Hensen’s node 

(Izpisua-Belmo et al., 1993; Psychoyos and Stem, 1996).

As alluded to above previous work has shown that the inductive capabilities of the murine 

organiser differ from those of other organisers such that in grafting experiments the mouse 

organiser cannot induce an equivalent complete secondary axis as observed in other 

vertebrate systems (Beddington, 1994, Kinder et al., 2001; Stem, 1999; and see Table 1.1). 

The MGO appears to have the greatest axis inducing potential such that in grafts, the 

induced axis expresses the forebrain markers Otx2 and Sox2. However, these markers are 

expressed throughout the forebrain and anterior most markers of the A-P axis such as 

Hesxl and FgfS have not been tested (see Table 1.1).
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There may be several reasons for this discrepancy, including the comparative staging, and 

hence developmental potential of the host and donor embryos/tissues used in the grafting 

experiment, the amount of tissue used in the graft and positioning of the graft in the host 

embryo. Alternatively, the AVE may possess certain signalling properties that are required 

for the induction of a complete secondary axis in mouse. Therefore, in mouse the organiser 

would lack certain head inducing capability, and thus organiser grafts would result in the 

induction of an incomplete secondary axis. In contrast the equivalent of these two 

signalling centres may be spatially much closer together in other vertebrates, such that in 

organiser transplantations the grafted region may include both signalling centres, and hence 

a complete secondary axis would be induced. Some support for this idea has come from the 

expression analysis of the AVE marker Hex in Xenopus {XHex\ which is observed in cells 

of the deep endoderm underlying the region of the organiser (Jones et al., 1999).

In addition to this difference in organiser properties it appears that in contrast to other 

vertebrates, the murine node is unable to regenerate following ablation (Joubin and Stem, 

1999 and see Table 1.1). These ablation experiments are also very revealing about the role 

of the organiser in axis specification. Both mechanical and genetic ablation of the organiser 

in mouse, Xenopus and Zebrafish results in embryos lacking a notochord. Moreover, in 

mouse, dorsal-ventral patteming of the neural tube is defective, embryos are foreshortened 

along the anterior-posterior axis and normal asymmetric gene expression across the L-R 

axis is lost (Ang and Rossant, 1994; Beddington, 1994; Weinstein et al., 1994; Davidson et 

al, 1999; see Table 1.1).

For example, embryos lacking HNFSp do not form a morphological node or its derivatives. 

However analysis of these mutant mice suggests that the induction and anterior-posterior 

patteming of the nervous system does not require the maintenance of the organiser and its 

derivatives. In these mutants a proportion of the embryos still undergo neural induction and 

gene expression within the neural tube are temporally normal (Ang and Rossant, 1994; 

Weinstein et a l, 1994; Klingensmith et a l, 1999). However, anterior most truncations of 

the forebrain region still occur. Furthermore, the neural tube lacks ventral pattem as floor 

plate cells are absent and normal asymmetric expression of genes along the left-right axis is 

disturbed (see Tables 1.1 and 1.2).
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Therefore, considering the results produced by the ablation experiments discussed, it would 

appear that development of the A-P polarity of the neural tube is not dependent on the 

organiser. Hence, it is possible that embryonic tissues of the gastrulating embryo have 

already acquired the axial information necessary for the A-P axis to develop autonomously.

Thus these mechanical and genetic ablation experiments indicate the organiser and its 

derivatives are required for the maintenance and modification of anterior-posterior 

patteming, seen by the foreshortening and tmncations of manipulated and mutant embryos, 

and necessary for correct dorsal-ventral pattering of the neural tube and orientation of 

asymmetrical gene expression along the left-right axis (discussed in greater detail later and 

see Tables 1.1 and 1.2).

2.5 The role of the axial mesendoderm and anterior definitive 

endoderm in anterior-posterior axis establishment

The axial mesendoderm (AME) consists of a mixture of cell populations including the 

prechordal and notochordal plates which populate the midline of the embryo and are 

surrounded by the definitive endoderm. The anterior mesendoderm is crucial for anterior 

neural patteming. Indeed as observed with the development of the organiser, there are 

molecular régionalisations in the AME such that different combinations of genes are 

expressed in particular spatial and temporal manners. For example at the early neural plate 

stage, in the most rostral segment of the anterior AME which underlies the prospective 

forebrain, Goosecoid, HnfSP, and Shh expression is observed (Chiang et al., 1996; Filosa et 

al., 1997). The rest of the anterior AME which underlies the prospective mid- and hindbrain 

expresses Bmp7, Hnf3j3, Liml, Otx2 and Shh (Acampora et al., 1995; Lyons et al., 1995; 

Matsuo et al., 1995; Ang et al., 1996; Chiang et al., 1996; Filosa et al., 1997; Belo et al., 

1998; Perea-Gomez et a l, 1999). The posterior region of the notochord which is derived 

from the node and underlies the ventral neural tube expresses, HnfiP, Noggin, Shh and T 

(Wilkinson et a l, 1990; Chiang et al, 1996; Filosa et a l, 1997; McMahon et a l, 1998).

Consistent with these observations transplantation experiments have demonstrated that 

when grafted onto host embryos, specific segments of the AME will induce specific neural
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tissues that are morphologically and molecularly consistent with the regional origin of the 

explant (Camus et a l, 2000; Foley et al., 1997). This demonstrates that the AME is capable 

of inducing anterior character. Further supporting evidence that the AME is necessary for 

anterior pattering is provided through tissue ablation of the anterior (rostral most) midline 

tissues at the early gastrulation stage. This results in anterior neurectodermal truncations, 

thus implicating one or more of these midline tissues in anterior patteming (Camus et al.,

2000).

Anterior definitive endoderm (ADE) arises from around the region of the organiser prior to 

the formation of the node and therefore notochordal extension. From here the ADE 

migrates anteriorly (followed by the axial mesendoderm) displacing the AVE and comes to 

underlie the developing neuroectoderm. In embryos where ADE is either lacking or 

defective, anterior development is aberrant and embryos exhibit anterior truncations 

(Martinez-Barbera and Beddington, 2001). For example, in embryos lacking Hex 

(Martinez-Barbera et al., 2000), forebrain defects present such that only the forebrain tissue 

rostral to the zona limitans intrathalamica, which is the boundary between the dorsal and 

ventral thalamus, is affected. In Hex -/- embryos, Hesx-l and Six3 are correctly expressed 

during early neural plate stages but by the early (3-5) somite stage expression of these 

forebrain markers is greatly reduced. Through chimeric analysis it has been determined that 

these defects are due to a lack of Hex in embryonic rather than extraembryonic tissues and 

more specifically in the midline ADE where Hex is expressed. Therefore these analyses 

indicate the importance of the ADE in maintaining and modifying existing anterior identity 

and pattem along the anterior-posterior axis.

2.5.1 The interaction between the axial mesendoderm and anterior definitive 

endoderm may be crucial for anterior patterning

In Hnf3p conditional mutants where the expression oiHnJSP is maintained in the 

extraembryonic tissues and is absent in the embryonic tissues (namely the organiser and 

axial mesendoderm, including notochord, prechordal plate and foregut endoderm), the 

anterior neural plate and the anterior definitive endoderm are initially correctly specified as 

seen by expression of Hesxl and Six3 in the neural plate at the headfold stage (Hallonet et
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al., 2002), By 8.5 dpc expression of genes specific to these tissues had severely declined or 

was totally absent resulting in anterior truncations indicating that the expression of HnJ3P 

in its normal sites of embryonic expression (and not extraembryonic) is necessary for 

correct pattering of the anterior neural plate and definitive endoderm. In contrast, as one 

might expect jfrom the endogenous expression of HnfiP, the axial mesendoderm does not 

differentiate. Furthermore, this altered expression of axial mesendoderm markers precedes 

the reduction and loss of gene expression in the anterior neural plate (forebrain) and 

importantly anterior definitive endoderm. This result therefore indicates that anterior 

definitive endoderm alone is not sufficient to maintain anterior head specification.

Moreover it suggests that the axial mesendoderm interacts with the anterior definitive 

endoderm such that correctly differentiated axial mesendoderm is required for the 

maintenance of correct gene expression in the anterior definitive endoderm which in tWm is 

required to maintain correct anterior neural (forebrain) specification and patteming 

(Hallonet et al., 2002). Alongside this genetic data, Camus et al. (2000) have provided 

embryological data that supports a model in which axial mesendoderm is required for the 

maintenance of ADE gene expression further highlighting the importance of the interaction 

between the axial mesendoderm and ADE for anterior patteming.

3. Left-right axis determination

The extemal vertebrate body plan shows clear bilateral symmetry. However, the intemal 

body plan exhibits a number of evolutionarily conserved asymmetries with respect to the 

left-right body axis such as the orientation of organ situs and also the central nervous 

system. One might suggest that the intemal asymmetries have evolved for more efficient 

packaging of organs, some of which have very large surface areas and volumes.

In wild type mammals (and most vertebrates) the heart, pancreas, stomach and spleen lie on 

the left side of the body whereas the liver and gall bladder lie on the right. In addition, there 

are differences in lobation between the right and left lungs (in human there are 3 lobes on 

the right and 2 lobes on the left; in mouse there are 4 lobes on the right and 1 on the left), 

and the gut exhibits characteristic asymmetric curling such that the caecum lies on the right.
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This wild type state is known as situs solitus. However other states occur at differing 

frequencies including situs inversus (1/10000 in human) where there is a reversal of all 

body organs along the L-R axis and inversus viscerum where there is a randomization in the 

positioning of visceral organs across the L-R axis (Casey and Hackett, 200^.

Interestingly neither of these two divergent states appears to be detrimental to the fitness or 

health of the affected individuals. This might mean that the frequency of these states is 

greater than previously reported. However, if this is the case why should the intemal body 

asymmetry be so rigidly conserved during the evolution of such a widespread number of 

species? This is yet to be resolved.

There are other perturbations of the L-R axis which differ from situs inversus and inversus 

viscerum that present severe clinical abnormalities such as heterotaxia (where some organs 

develop with organotypic but reversed asymmetry), isomerism (where there is symmetrical 

organ situs e.g. lobation of the lungs may be the same or conditions such as polysplenia or 

asplenia may present) and single organ inversions such as dextrocardia (Casey and Hackett, 

2000). Therefore the study of L-R axis specification is of both biological and medical 

interest.

Embryological studies began in the late 19^ century to understand how the L-R axis is 

determined. In 1877 Dareste reported the unilateral warming of the left side of the egg 

during chick development would result in situs inversion. During the early 20^ century a set 

of experiments were performed involving the generation of embryo twinning by ligature, 

inversion of the mid medullar plate by 180° and unilateral ablations all resulting in 

predictable and defined laterality defects (reviewed in Blum et al., 1999).

Spemann and Falkenberg reported that complete or partial ligature of young newt embryos 

would result in situs inversion in the normal and conjoined twins that were formed 

following the procedure. Moreover, they also noted the important observation that only the 

right-sided twin was affected (see later). Spemann also performed explant experiments 

using the Bombinator and Rana esculenta. In these experiments he excised the mid region 

of the neural plate and a small part of the lateral plate mesoderm. He then rotated the 

explant 180° before inserting it back into the site of excision such that the A-P and L-R
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axes were reversed. This resulted in most of the embryos exhibiting situs inversion. 

Wilhelmi performed ablation experiments in 1919 where she removed small regions of 

gastrulating newt embryos and found that ablation performed after the visible formation of 

the neural pit (and not before) would result in the complete reversal of organ situs. An 

interesting conclusion reached through the culmination of these early experiments was that 

‘the left side of the embryo possesses something that the right side does not’.

Subsequent analysis using modem molecular techniques has revealed that there are specific 

and discrete left and right-sided genetic cascades responsible for the initial specification, 

establishment and maintenance of the L-R axis and that the organiser and tissues of the 

midline play an important role in maintaining left-right specific asymmetries.

3.1.1 Initial polarities implicated in Left-Right axis estabiishment

Through embryo culture experiments it would appear that the L-R axis is definitively 

determined during the mid to late gastrula stages (McCarthy and Brown, 1998; Fujinaga 

and Baden, 1991; Blum et al., 1992). However, analysis of monozygotic twinning in 

mammals and observations of early Xenopus development has yielded some interesting 

observations suggesting that the L-R axis may potentially be specified at much earlier 

stages of development.

In mammals, non conjoined monozygotic twinning occurs prior to or at the time of 

blastocyst formation. At these stages the development of the embryo is highly regulative 

and refractory to experimental manipulation, and not thought to contain any definitive 

polarities (as discussed earlier). However, it has been noted that in some cases of 

monozygotic twinning that the two siblings can have mirror images of their respective body 

situs or one sibling may exhibit inversus viscerum (randomization of body organs) whilst 

the other exhibits the normal situs solitus state. These observations suggest that L-R axis 

specification occurs prior to gastrulation and to the establishment of the A-P and D-V axes.

Yost (1995) suggested that in Xenopus the L-R axis might be specified at the same time or 

just after the specification of the D-V axis during the first cell cycle, following sperm entry 

and cortical rotation. Evidence for this came from the analysis of experiments in which
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cortical rotation was prevented. This was achieved through disruption of the microtubule 

array that is transiently present at the cortical surface of the vegetal hemisphere. The 

resultant embryos were ventralised i.e. the plane of the D-V axis was disturbed. Tilting 

manipulated embryos in a manner that mimicked the 30° rotation (i.e. gravity driven 

cytoplasmic rotation) rescued the ventralised phenotype and thus restored the D-V axis. 

However, the rescued embryos had randomized L-R body axes. Thus it would also seem 

that the specification of the L-R axis is dependent on the transient microtubular array 

present at this early stage.

Other observations during Xenopus development suggest that by the 16-cell stage, cell
«4ul

lineages appear to be distinct along the L-R axis, in response to octoprc^gene^expression
oifer"-

(Hyatt et al., 1996; Yost, 1998). Vgl is a member of the TGFjS superfamily that is produced 

and stored as a maternal mRNA in the oocyte. Hyatt et al. (1996) suggest that it is later 

synthesized as an inactive precursor protein that is proteolytically processed to produce its 

active form. Both the Vgl mRNA and proprotein have been reported to be equally 

distributed along the L-R axis in the early Xenopus embryo (Yost, 1998). When mature Vgl 

protein is overexpressed in the vegetal cell on right side of the dorsal midline of the embryo 

(R3 blastomere) the distribution of viscera such as the heart and gut becomes randomized.

In addition, Xenopus nodal related-1 {Xnr-1), which is normally only expressed in the left 

lateral plate is activated in the right lateral plate. In contrast, overexpression of mature Vg-1 

protein in the neighboring vegetal cell on the left side of the midline at the 16-cell stage (L3 

blastomere) does not disturb the orientation of the viscera or the expression o f  Xnr-1 (Hyatt 

et al., 1996).

Hyatt et al. (1996) and Yost (1998) concluded there is asymmetric processing of Vg-1 

proprotein across the L-R axis (i.e. Vg-1 is processed on the left and not the right side) and 

that Vgl lies upstream o f Xnr-L  Moreover, according to the authors, it would seem that Vg- 

1 is the earliest endogenous signal to date present in the L-R axis genetic cascade in 

Xenopus (Yost, 1998; Hyatt and Yost, 1998). However it is important to remember the 

observations of Wilhelmi and the embryo culture experiments in chick and mouse that have 

demonstrated that the L-R body axis is not definitively established until at least mid 

gastrulation. Therefore Vg-1 may only have a role in establishing an initial polarity peculiar
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to only Xenopus, which biases subsequent pattem formation and in addition, the question of 

how Vg-1 proprotein is only processed on the left side of the embryo as proposed remains 

unresolved. The mouse Vg-1 homolog, Gdf-1, also has a role in L-R axis establishment 

although its role in axis determination is not necessarily as early as has been suggested in 

Xenopus (Rankin et al., 2000; Wall et al., 2000).

3.1.2 The ‘F’ molecule: chirality and initial polarities

Brown and Wolpert (1990) proposed a conceptual model to help understand the initial 

establishment of the L-R axis, which was based on the molecular (or macromolecular) 

chirality of a hypothetical ‘F’ shaped protein. In this model the proposed F molecule lies 

fixed along the plane of the L-R axis and is orientated relative to the A-P and D-V axes. 

Thus the innate chirality of the F molecule initiates a L-R polarity through the translation of 

existing A-P and D-V information. This translation could be made through any of a variety 

of cellular processes that the F molecule might be associated with such as cell division or 

intra-Zinter-cellular transport or secretion and will initiate cmcial polarities. Candidates that 

could satisfy the identity of the proposed F molecule therefore include the cytoskeleton (in 

particular microtubules), gap junctions, adhesion (tight) junctions and monocilia. In this 

next section the potential roles of these candidates will be discussed.

3.1.3 The cytoskeleton and its associated elements

Cytoskeletal arrays are polarized structures comprising either actin, intermediate filaments 

and microtubules. Recent data has implicated microtubules in L-R axis determination 

which will be the focus of this discussion.

Microtubules are polarized due to the intrinsic chirality of the tubulin subunits required for 

their construction and are said to have a plus and minus end. Microtubule polymerisation 

occurs at the plus end and depolymerisation at the minus end. The polarity formed is also 

important for transport. For example the microtubule associated dynein and kinesin motor 

protein superfamilies, which are responsible for trafficking membranous vesicles and other 

cargo around the cell, move along the microtubules in a stereotypical fashion such that 

dyneins will only move towards the minus end and kinesins move only towards the plus
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end (Alberts et al., 1999). Therefore the cytoskeleton provides a structural framework along 

which motor proteins shuttle their associated cargo in a particular and stereotypic direction, 

depending on the motor protein in question. Hence it is possible that if a microtubule array 

is aligned along a particular plane or axis then distinct intra cellular polarities could form at 

each end of these arrays due to the polarized transport of particular products and materials. 

Interestingly the formation of a parallel array of subcortical microtubules has been observed 

in both Xenopus and zebrafish (Gerhart et al., 1989; Jesuthasan eW ., 1997). Moreover in 

Xenopus these microtubules are arranged with all the plus ends orientated in the same 

direction and the entire parallel array of microtubules is orthogonally aligned along the 

plane of the presumptive L-R axis. This parallel array could thus provide the scaffold 

necessary to allow the polarized and asymmetric partitioning of materials across the L-R 

axis.

3.1.4 Gap Junction Communication

Levin and Mercola (1998, 1999) have proposed that gap junction communication is 

required for L-R axis establishment. In this hypothesis a circumferential path of gap 

junction communication (through the epiblast or equivalent) around a zone of isolation (the 

streak or equivalent) exists in the embryo. Determinants normally expressed in a 

widespread or random manner would migrate via the polarised intracellular location of gap 

junctions in a unidirectional and circumferential path so that all or the majority of 

determinants ultimately localize to one side of the embryo unable to cross the zone of 

isolation.

Experiments performed in both Xenopus and chick support such a model as gap junction 

communication has been shown to be required for the expression of Xnr-1 and chick nodal 

in the left lateral plate. In Xenopus, if wild type or dominant negative connexin mRNA is 

injected into the ventral or dorsal blastomeres respeetively embryos exhibit heterotaxia and 

randomization oiX nr-1  expression. In the converse experiments the L-R axis is not 

affected. In addition the specification of the L-R axis can be disturbed by treating Xenopus 

embryos between stages 5 and 12 (before asymmetric expression o ï Xnr-1) with chemicals 

that can block or open gap junctions (Mercola and Levin, 2001). In chick Connexin43
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{Cx43) mediated gap junction communication has been shown to be upstream of 

asymmetric Shh expression through the use of blocking antibodies and antisense 

oligonucleotides. However as yet Cx43 mediated gap junction communication gap junction 

communication has not been implicated in murine L-R axis specification even though both 

ablations and misexpressions have been performed (Ewart et al.l997; De Sousa et al.,

I99Î). However, this may be the result of redundancy or compensation by the many 

connexin proteins present in mouse, a number of which have overlapping expression 

patterns. Interestingly a point mutation in Cx43 has been recorded in human, in which it 

appears that affected patients exhibit heterotaxia (Britz-Cunningham et al., 1995).

3.1.4 Tight junctions

The maintenance of an epithelial cell sheet requires the presence of correctly functioning 

adhesion (tight) junctions and adhesion molecules such as the calcium dependent protein N- 

cadherin. In chick the expression of N-cadherin exhibits a dynamic and asymmetric pattem 

prior to formation of Hensen’s node. Inhibition of N-cadherin using antibodies results in a 

randomization of viscera along the L-R axis. Molecular analysis of treated embryos reveals 

normal expression of nodal and lefty which reside near the start of the L-R specific genetic 

cascade, however there is a randomisation in the expression of the more downstream genes 

Pitx-2 and Snail, normally expressed on the left and right side of the chick embryo 

respectively. Therefore this result suggests that simultaneously or just after nodal signalling 

commences N-cadherin functions to control or mediate adhesion or migration of factors 

necessary for L-R axis specification.

3.1.5 Monocilia

Finally another potential candidate that fulfils the identity of the proposed F molecule (or 

in this case macromolecule) is the monocilium present on the ventral surface of the murine 

node. An important feature of the monocilium is that it provides a ventral polarity to each 

cell of the ventral node thus orientating these cells with the D-V axis. Furthermore the 

organiser (node) at this stage of development (7.5 dpc) is a two layered structure as 

described earlier, which contains a dynamic population of axial mesendoderm progenitors
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that are contributed to in a differential manner by the dorsal and ventral node cell 

populations. Therefore the presence of the monocilia on the ventral and not dorsal aspect of 

the node further serves to maintain D-V character between these cells and thus may play a 

role in maintaining the D-V axis. In contrast to common cilia of the type found in the 

pulmonary system, which have a 9-4-2 structure (i.e. 9 outer doublets of microtubules 

surrounding 2 singlet microtubular chains), these cilia have a 9-t-O structure, and completely 

lack the 2 singlet central microtubular chains. It was generally believed that these node 

monocilia were immotile due to their differing structure from common cilia (see Sulik et 

al., 1994). However it has been shown recently that these monocilia are in fact motile 

(Nonaka et al., 1998), producing a proposed ‘nodal flow’, which might be involved in 

establishing the L-R axis in mouse.

Nonaka et a l (1998) and Okada et a l (1999) proposed the nodal flow hypothesis in order 

to explain the role of the node in mouse left-right axis determination. In their studies they 

analysed the KifSa, KifSb, inversus viscerum (iv) and inversion o f  embryonic turning (inv) 

mutant mice, which, amongst other defects, all show dysfunction in their left-right axis 

determination as either a randomisation (kiJ3A-/-, kif3B-I- and iv) or complete reversal of 

laterality (inv) (Marszalek et al., 1999; Takeda et al, 1999; Nonaka et a l, 1998). These 

mutant mice either completely lack the naturally occurring motile cilia found on the outer 

surface of cells of the ventral node {kif3A-l- and kif3B-l- mice) or have immotile nodal cilia

(iv) or have only very weakly motile nodal cilia which produce a slow and turbulent nodal 

flow (mv). Therefore, in these mutants an altered nodal flow would be produced (Okada et 

a l, 1999). Normal nodal flow involves a net leftward movement of fluid in the perinodal 

cavity, caused by the clockwise beating of cilia present on the outer surface of the cells of 

the ventral node. The triangular and tapered shape of the surface of the ventral node is said 

to be essential for the establishment of this unidirectional as opposed to circumferential 

flow (Nonaka et al., 1998). This nodal flow is said to be responsible for producing a 

gradient of a putative secreted morphogen and this gradient, aligned along the left-right 

axis, would lead to the activation of correct asymmetric expression of left and right-side 

specific genes (Nonaka et al., 1998; Okada et al., 1999).
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In essence, the authors suggest randomised laterality is linked to a defective nodal flow.

The defective flow means that the gradient of secreted morphogen is not established and 

thus the left and right sides of the embryo are not clearly defined resulting in a 

randomisation of the left-right axis. The loss of kifSA and kifSB, members of the kinesin 

motor protein superfamily, in mutant mice is believed to arrest ciliogenesis resulting in a 

general lack of cilia, including nodal cilia (Takeda et a l, 1999; Nonaka et a l, 1998).

Recently the identity of the gene responsible for the spontaneous classical iv mutation has 

been shown to be a heavy chain dynein, named left-right dynein {Ird). Shown to be most 

closely related to the axonemal heavy chain dyneins, Ird has been implicated as the force- 

generating motor responsible for the beating of the nodal cilia. The iv mutant phenotype is 

caused by a missense mutation located between the second and third P-loop (nucleotide 

binding) motif in the Ird gene, resulting in a dysfunctional ciliary motor (Supp et a l, 1997; 

Supp et a l, 1999). Therefore this mutant also argues for a role for the monocilia in L-R axis 

establishment.

The classical inv mutation differs from the kifla-/-, kifSb-/- and iv mutations as there is a 

complete reversal of body situ laterality rather than a randomisation, and as the name 

suggests there is an inversion in the direction of embryonic turning. However, less is 

understood about the novel ankyrin repeat-containing intracellular protein, termed inversin, 

responsible for the inv mutation although it may have a role in the morphogenesis of the 

node (Okada et al, 1999). Importantly, the nodal flow is not reversed as one might expect 

but is instead merely slower and more turbulent than wild type nodal flow. Therefore this 

mutant would argue against the nodal flow hypothesis. However, more elaborate models 

have been proposed to explain how such a slower and turbulent yet still leftward flow could 

consistently cause total reversal of body situ and embryonic turning. One possibility to 

explain this anomaly is that reduced nodal flow might cause an accumulation or the 

activation of a putative left specifying determinant on the right side of the node/embryo, 

therefore left character would not be induced in its correct location and the L-R axis would 

be reversed (Okada et al., 1999). However evidence to support this model would require the 

identification of such left determinants.
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Finally other mutants have been identified that exhibit defective node ciliogenesis and 

disrupted L-R axis specification (see Table 1.2), but it is important to note that all 

monocilia mutants also exhibit midline defects which could explain the loss of correct left- 

right axis determination (the role of the midline is discussed in greater detail below). 

Moreover the genes that have been implicated in the nodal flow hypothesis are expressed in 

a large number of tissues other than the node including non-ciliated cells. For example, 

Kif3a, KifSb and inversin are all ubiquitously expressed and Ird expression is very wide 

spread. This implies that their functions are not merely restricted to ciliogenesis and that 

these genes may play roles in other cellular processes. These processes might include the 

polarised transport of various cargos along the microtubule cytoskeleton and the resultant 

polarity could be translated into positional information required for L-R axis establishment.

The best evidence supporting the nodal flow hypothesis has been present by Nonaka et al. 

(2002). In their study they mechanically reversed nodal flow in cultured mouse embryos 

and found that L-R axis specification was disrupted. This data supports the nodal flow 

hypothesis suggesting that the flow is key to L-R axis specification.

The organisers of chick, Xenopus and zebrafish have recently been shown to also express 

monocilia but it is not clear whether their presence is to generate nodal flow (Manner,

2001; Essner et al., 2002). For example in chick, monocilia are not restricted to the cells of 

the ventral layer of the late organiser, notochord and prechordal plate as they are in mouse. 

In fact it has been reported that a wide spread distribution of monociliated cells are present 

throughout both the dorsal and ventral surfaces of the blastoderm. Moreover in complete 

contrast to the mouse embryo at a comparable stage, monociliated cells form the 

predominant cell population at the periphery of the chick epiblast whereas a relatively small 

sub population of epiblast cells in the region of Hensen’s node express monocilia (Manner,

2001).

Another complication in applying the nodal flow hypothesis to other vertebrates is that in 

the nodal flow hypothesis proposed by Nonaka et al. (1998) and Okada et al. (1999), the 

triangular and tapered shape of the node was critical for unidirectional and non
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circumferential flow across the node. However, the organisers of other vertebrates do not 

have this shape and morphology.

There is another discrepancy between observations made in chick and that of the proposed 

nodal flow hypothesis in L-R axis establishment. The nodal flow hypothesis suggests the 

initial breaking of symmetry occurs within the node and then this information is relayed to 

the periphery of the node. In contrast, there is good evidence in chick to suggest that areas 

outside of Hensen’s node establish the asymmetric L-R axis character observed within 

Hensen’s node.

In chick Shh is expressed asymmetrically in the left region of Hensen’s node and has been 

shown to be essential for the induction of the left side specific genetic cascade (Levin et al., 

1995). Indeed, if Shh is misexpressed on the right side of the chick embryo, ectopic 

expression of Nodal, which is normally observed in an evolutionarily conserved manner in 

the left lateral plate of the embryo, is now induced on the right. Moreover, administration of 

anti-SHH antibodies results in the absence of left sided Nodal expression. The results of 

two types of experiments indicate that asymmetric expression of Shh appears to be induced 

by cells neighbouring the node and that there is no existing prepattem in Hensen’s node 

that is able to induce Shh on the left.

Firstly, Psychoyos and Stem (1996) tested the regenerative potential of Hensen’s node and 

found that Shh expression was normal in the regenerated node. In the second experiment 

Pagan-Westphal and Tabin (1998) observed that if Hensen’s node was removed at stage 4, 

rotated by 180° and reinserted into the site of extripation, that by stage 5 expression of Shh 

in the node was restored to normal left sided expression. Although one could argue that, if 

it exists, nodal flow might be restored in the regenerated or reversed nodes, it is important 

to remember that in order to obtain a leftward flow in the perinodal cavity the triangular 

and tapered shape of the node is essential (Nonaka et al., 1998; Okada et al., 1999). 

Therefore for nodal flow to function in the manipulated chick nodes described they too 

would have to assume a similar shape, which it appears they do not.

Therefore together these observations would argue against nodal flow as an evolutionarily 

conserved mechanism for specifying the L-R axis.
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Gene

Mouse

Fibronectin
FN
(George et al., 1993)

M gat-1
(Metzler et al., 1994) 

o 5  integrin
(Yang et al., 1993; Goh et 
al., 1997)

Early Sites of mRNA 
Expression

Ub/widespread

ub

Ub

Fgf8 neo/-
(Meyers and Martin, 1999)

Gdf-1 (V g l like)
(Rankin et al., 20000

6.5dpc through out embryo 
proper. Then more 
prominently in primitive node, 
ventral neural tube and 
intermediate and lateral plate 
mesoderm

Phenotypic Defects

Variability. Initiate gastrulation including extensive 
mesodermal movement normally. Shortened A-P  
axis, deformed neural tubes and head and trunk 
mesoderm deficient. Kinked neural tube. No  
notochord. Delay in development. Heart and turning 
defect. Lack somites. Normal allantois and yolk sac 

Heart looping randomized, turning defect-those that 
turn are randomized

D ie around 10-1 Idpc. Defects in posterior trunk and 
yolk sac mesoderm formation movement and 
function. A-P axis shorter delayed development, 
posterior somites m issing and neural tube kinked, 
reduced mesoderm flanking neural tube, notochord 
present but could be defective, defective 
vascularization o f embryo and yolk sac.

Hypomorph, right pulmonary isomerism, randomized 
heart looping

Variable. Situs inversus, right pulmonary isomerism  
and cardiac defects including randomization o f  heart 
looping and stomach positioning

Node Cilia Marker Analysis

UT T-normal then looks interrupted ?is notochord
condensed
S/z/i-discontinuous later suggestive o f  impaired 
condensation
Notch-1  and Mcuc-/-present in expected location o f  
paraxial mesoderm but som ites not formed 

UT No laterality markers examined

UT TUNEL-no significant difference in numbers o f
apoptotic cells or in cell proliferation in mesoderm thus 
cell death/proliferation unlikely to be responsible for 
mesodermal deficits. Cell death in cranial neural crest 
and endoderm
T-normal then discontinuous in notochord due to 
degeneration o f  the notochord and non-maintenance o f  
gene expression
S/i/i-normal then discontinuous in notochord still
present but weaker in floorplate
//VFi/3-norm al then discontinuous
W «/iû-normal at 8.5dpc
flMP4-normal at 8.5dpc
/Vo/cA-/-normal
M eox-1-normal
Pax-/-variable/lowered in somites 
Pax-3- variable/ectopic dorsalization 
//oxh-/-norm al 
Hoxb-4-normiA 
H ox b -5 -\m a h \e  
//ox9-reduced  

UT N odal and Pitx2  absent

U T N odal-A bsent
Lefty-1-A bsent 
Lefty-2-Absent 
Pitx2-A bsent
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(King et al., 1998)

HNF3P
Ang and Rossant, 1994; 
W einstein et al., 1994)

Proximal epiblast then 
posterior PE, streak (both 
mesoderm and epithelial 
progenitors. Notochord

VE, anterior third o f  PS 
including node and ADE, 
notochord and floor plate

Gastrulation defect-lack notochord and posterior 
mesodermal tissues, heart defect, L/R axis 
randomized, no turning defect die at 9.5dpc

Lack o f definitive node and notochord, failure o f  
proper PS elongation

UT

UT

Nodal-no\. detected
Lefty-1 and Le/ry-2-expressed in broad patch o f ventral 
cells in and just rostral to the node region

Laterality markers not examined

H N F 3p  chimeric VE rescue 
(Dufort et al., 1998)

As above Streak elongates, randomized L/R axis and no turning 
in rescued embryos

UT Nodal-absent
Lefty-2-absent or bilateral

HNF3P  conditional wild 
type extraembryonic tissue 
rescue
(Hallonet et al., 2002)

As above

H N F 3p+/-: n odal+/- 
(Collignon e ta l., 1996)

Axial mesendoderm fails to differentiate initial 
specification o f  anterior neural plate and ADE  
normal, later specification shown to be labile 
resulting in anterior truncations.

Cyclopic, defects in heart and viscera positions

UT Six3-reduction is size o f  expression domain in anterior
neural plate.

reduction is size o f  expression domain in 
anterior neural plate. Reduced or absent from anterior 
neural ridge
BFf-reduced or absent from anterior neural ridge. 
Reduced or absent from anterior neural ridge 
FGF8- reduced or absent from anterior neural ridge 
Gsc-severely reduced or absent from anterior axial 
mesendoderm
Shh- severely reduced or absent from axial
mesendoderm
S//6-normal
C erf-absent from foregut pocket and anterior definitive 
endoderm  

UT Nodal-b'ilateral

Sonic hedgehog  
Shh
(Tsukui et al., 1999; 
Echelard et al., 1993)

Node, Notochord and floor 
plate

Failure o f  floorplate development, notochord 
degeneration, holoencephaly, left pulmonary 
isoraerism-heart looping reversed, turning 
randomized

UT N odal-\eit or bilateral
Lefty-2-left or bilateral 
L efty-l-absen t
PÛJc2-almost always bilateral

Shh-/-; Ihh-/- Shh- as above Embryos fail to turn, arrest at somite stages, small
(Zhang et al., 2001) Ihh-visceral endoderm o f yolk linear heart tube, open gut and cyclopia

sac and posterior node

UT Pifx2-Bilateral n

I
Sm oothened
Smo
(Zhang et al., 2001)

Around notochord Identical to Shh-/-; Ihh-/- compound mutants UT Nodal-absent from lateral plate, asymmetric round node
but variable as to whether left or right sided asymmetry 
Lefty 1/2-A bsent 
Pûjc2-bi lateral

Table 1.2: Mutations affecting L-R body axis specification

a
c



Silver
SIL
(Izraeli et al., 1999)

Ub Die by 10.5dpc-growth retarded. Midline defect- 
block in midline Shh signaling, L/R axis defect- 
randomized heart looping, posterior mesoderm  
reduced

Kinesin 3a  
KifSa
(Marszalek et al., 1999; 
Takedaet al., 1999)

Kinesin 3b  
Kif3b
(Nonaka et al., 1998)

No turning 
Nt
(M elloy et al., 1998)

Ub

Ub

UT

Die at 10.5dpc-neural tube, heart, branchial arch and 
lower truncal mesoderm defects causing under 
developed posterior structures, L/R axis defects

None found after 12.5dpc-growth retarded (posterior 
mesodermal defect), neural tube, heart and L/R 
defects

Midline defect L/R axis defect-randomized heart 
looping, posterior mesoderm reduced, no turning, 
neural tube defect

UT HNF3P-ln notochord by 8.5dpc (look v.weak) but
discontinuous, no expression in PFP at 8.5 or at 7.5 
before notochord degeneration 
Shh- In notochord but discontinuous by 8.5 
/Voi/a/-Bilaterally symmetric 
Lefty-I-N ot expressed
Lefty-2-M ost embryos express bilaterally but some only  
on the right
Pitx2- Bilaterally symmetric
Patched  (induced by Shh)-Reduction seen before
notochord degradation
Sm oothened  (not induced by Shh but required in Shh 
signaling)-normal
GU3 (not induced by Shh but required in Shh
signaling)-normal
Pox6-normal

No cilia T-Present but weaker than WT in trunk
Shh- Expression in thoracic region o f  notochord greatly 
reduced-staining staggered, expression in 
mesencephalon absent 
Lefty-2- Bilateral or no expression 
Pûx6-normal 

No cilia Lefty-2-Bi\atera\ or no expression

UT T- normal at 8.0, at 8.5 discontinuous from level o f
heart and 3"* somite
H N F 3 ^  very weak/not detected at 8.0 notochord, never 
in floorplate
Shh- Normal at 8.0, at 8.5 discontinuous from level o f  
heart and 3"* somite 
N odal- Left/right/bi lateral 
Lefty-1- Not expressed
Lefty-2-W\\atera\ though one side may be higher than
other or no expression
Paraxw-normal
(9a2-normal O

=ru>a
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Rotatin
(Faisst et al., 2002)

At 8.5dpc in rostral neural 
plate and putatively in 
notochord the more wide 
spread

m D2UC
(Rana et al., in preparation)

Node then widespread

Polaris
(Tg737/oak ridge po lycystic  
kidney (orpk); Murcia et al.,
2000)
IvArd
( inversus viscerum /left-right 
dynein\ Supp et al., 1999; 
Lowe et al., 1996)

Node then widespread

Node then widespread

Variable. Randomized heart looping delayed neural 
tube closure, turning defects, small somites, and 
notochord degrades

UT

Die by 11.5dpc. Variable. Venitral node and midline 
defects. Randomized heart looping, anterior 
truncations, loss o f D-V pattern in neural tube, 
reduced endoderm, turning defects, kinked A-P axis, 
neural tube closure defects, smiall somites and 
delayed development

Cilia may be 
transiently 
present on 

posterior node 
cells. Not 
present on 
notochord.

Die by 11.5dpc-arrested development, neural tube 
defects, pericardial sac ballooning, randomized heart 
looping, slight turning defect

Randomized L\R axis, viable and fertile

No cilia

Cilia present

Poxd-reduced in neural tube and absent from caudal 
most neural tube
WnU-normal except for absence o f  rhombenchephalic 
expression domain
E n / greatly reduced mesencephalic expression 
Parax/s-normal
Paxî-absent from somitic dermomyotome but normal 
in spinal chord
D//7-absent from presomitic mesoderm and posterior 
half o f  som ites but normal in head and tail domains. 
T-present but notochord shows ‘hollow ’ appearance 
S/i/i-only expressed in caudal half o f notochord 
//n/3/Tabsent from notochord and floor plate 
Vo^/û/-asymmetric round node but bilateral in lateral 
plate mesoderm  
Le/fy-2-bilateral or absent
Pm 2-absent in head m esenchyme and either bilateral or 
absent in LFM

T-present but reduced and discontinuous 
Shh- present but reduced and discontinuous 
//n/3/3-absent from S.Odpc onwards from node and 
notochord and prospective floorplate. Reduced in 
foregut.
Raldh2- present but appears reduced in somites 
probably due to reduction in somite size 
FgfS- normal expression all regions except anterior 
neural ridge where it is com pletely absent or greatly 
reduced
VodaZ-Bilateral, left, right or absent/reduced 
L^-7-absent
Lefty-2- Bilateral, left, right or absent/reduced 
Pitx2- Bilateral, left, right or absent/reduced but 
maintained in head m esenchyme 
TUNEL staining-no death in node or notochord. 
Increased cell death anterior definitive endoderm, along 
dorsal neural folds, in anterior neural ridge 

Nodal-bilateral 
Ley^-2-bi lateral

N oda/-left, right, bilateral or absent
Lefty-2-nghi or left
P itx 2 -\e ft  right, bilateral or absent

n=r
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Inversin
Inv
Inversion o f  em bryonic  
turning
(Morgan et al., 1998; 
Mochizuki et al., 1998) 

C ryptic
(Gale et al., 1999; Yan et 
al., 1999)

Smad2 (TGFP)
(Dunker and Krieglstein, 
2000)

Ub

Node, ventral neural tube. 
Lateral plate mesoderm

Widespread/Ub

Complete reversai o f organ laterality Cilia present

N o midline defects, right pulmonary isomerism, UT
hyposplenia or asplenia, heart looping and turning
randomized

At 8.5dpc-lack embryonic ectoderm derivatives, UT
normal yolk sac indicating transient induction o f
mesoderm

AodnZ-symmetrical in node or stronger on right then in
right LPM
P ia2-right
Lefty-2-nghl
Lefty-1-prestnt in midline

NodriZ-asymmetric in node but later absent in LLPM
Lefty-1-absent
Lefty-2-absent
Pitx2-absent

T-induced but weak and non polarized to streak at
7.5dpc
Hex- absent

Smad2 (TGPP) VE rescue 
(Normura and Li, 1998; 
H eyeret al., 1998)

A s above

Sm ad2+/-; n odal+/- 
(Nomura et al., 1998)

Smad5 (BM Ps) 
(Chang et al., 2000)

SP Cl/Furin
Fur
(Roebroek et al., 1998)

Smad2-as above 
Nodal- epi blast, VE, streak, 
symmetric around node 
becoming asymmetric with 
higher expression on the left 
side, left lateral plate 
mesoderm

Ub in epiblast and then 3 germ  
layers then widespread

to

At 7.5dpc-extraembryonic 
mesoderm and visceral 
endoderm, proximal region o f 
embryo, weak in node 
At 8.5 dpc-allantois, intestinal 
portal, periphery o f  
notochordal niate. primitive

Primitive streak induced, som e form o f  axial 
mesendoderm induced
At 9.5dpc a variety o f  defects not shared by all 
embryos-failure or delay in turning or reversed, heart 
looping randomized or unlooped, holoproenchephaly, 
some have incomplete morpho-genesis o f forebrain 
(facial and nervous system defects)
Smad2 required for correct morphogenesis o f  
forebrain, correct embryo tumiing and heart looping 

No midline defects, right pulnuonary isomerism, heart 
looping abnormal

Variable severity in phenotype 
8-8.5dpc-vestigial fore- and hindgut and/or abnormal 
amnion, defects in body curvature and/or allantois 
9.5dpc-impaired vasculogenesis and hematopoiesis, 
developmental delay, defects in turning and ventral 
closure, delayed heart development also randomized, 
neiual tube open, branchial arches underdeveloped, 
posterior region poorly organized and fragile 
All mutants die by 11.5dpc 

D ie around 10.5-11.5dpc ventral closure defect, 
turning defect, failure o f heart tube to fuse and 
undergo looping morphogenesis, yolk sac vasculature 
abnormal

UT

UT

UT

UT

T  present in streak at 7.5dpc
Shh in axial mesendoderm at 8.5 dpc but m issing in
embryos with anterior truncations (anterior midline
defect/absent anterior midline mesoderm o f  head
process)

N o laterality markers tested

HNFSP normal 
A P-2  normal
Twist anàTbx2 higher in cell aggregates

Nodal-nouna\
eHand-notma)
Shh-at 9.5dpc normal expression in neural tube and 
notochord, however in mid gut region, Shh (-t-) 
endoderm cells are ectopically positioned at the 
ventrally exposed surface o f  the primitive veins and are 
undetectable at more caudal levels with the exception o f

n
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SP C l/F urin  VE rescue  
Fur
(Constam and Robertson, 
2000a)

SPC4/PACE4  
(Constam and Robertson, 
2000b)

heart, fore- and hindgut 
endoderm and lateral plate 
mesoderm

See above

At 6.5dpc-Extraembryonic 
ectoderm lining exocoelom ic  
cavity.
At S.Odpc-chorinon 
At 8.5dpc-defm itive foregut 
endoderm and splanchnic 
mesoderm

With wild type visceral endoderm embryos fail to 
undergo ventral closure, axial rotation (turning) and 
yolk sac vascularization.
Need to have wild type cells in mid and hindgut in 
order for the chimeric embryos to undergo turning.

Variable. Situs ambiguus with left pulmonary 
isomerism, randomized heart looping and or 
craniofacial malformations. Prechordal plate, anterior 
notochord and foregut defects

the GIF and hindgut diverticulum  
//ny3)3-normal in midline structures at 8.5dpc, but 
HnOP(+) cells significantly reduced in number in AIP 
and GIF and the hindgut has not yet formed 

UT Lefty-I-noi detected in left ventral neural tube (also
seen in AYE at 6.5-7.25dpc and in nascent definitive 
endoderm emerging from most anterior primitive 
streak)
Ee/iy-2-occasionally bilateral ( 1/5)
Pitx2-higher than wt and occasionally bilateral (2/6)

UT Nodal-bWaieral or left
Le/iy-2-bilateral or left 
PiYx2-bilateral or left 
Lefty-lA osi in some embryos 
H N F 3^  at 8.5dpc anterior truncation in some -/- 
mutants
Nkx2.1-dX 9.5dpc reduction in the number o f  expressing
cells o f  the prechordal plate
Vdjc-/-absent

Lefty-1
(M eno et al., 1998)

Left side o f  ventral neural tube Gan survive to adulthood, L/R defects left isomerism  
in thorax

UT NodaZ-bilateral 
L e^ -2 -b i lateral

A rcadia  VE rescue 
(Episkopou et al., 2000; 
Unpublished 2002)

Pitx2
(Kitamura et al., 1999; Lin 
et al., 1999; Lu et al., 1999)

ActRIIB
(Oh et al., 1997)

Retinaldehyde
dehydrogenase-2
Raldh2
(Niederreither et al., 1999)

Chardin
(unpublished see Bachiller 
et al., 2000)

Ub

Head mesenchyme, left lateral 
plate mesoderm, tubular heart 
and early gut tube

7.5dpc-Around node but not in 
it, also in posterior o f  embryo 
from this stage onward.
8.5dpc paraxial mesoderm and 
new ly formed somites

Anterior primitive streak, node 
and axial mesendoderm

No turning, delayed developm ent

N o midline defects, right pulmonary isomerism, heart 
positioning defects, hyposplenia

No midline defects, right pulmonary isomerism, 
hyposplenia or asplenia, heart looping and turning 
randomized

None found after lO.Sdpc, growth retarded, lack o f  
organized vessels in yolk-sac, unturned, posterior 
shortened, no ventral closiu-e, no limb buds, neural 
tube open, pericardial sac ballooning, frontonasal 
truncation, only 1“ branchial arch present, somites 
small and under defined

Still bom, appear to have normal early development 
and neural induction. Defects in inner and outer ear 
development

Gilia present Nodal-nonna\ in left 1pm but greatly reduced or absent

UT N odal and /e^ -u n affected

UT

UT

UT

None tested

Fgf3 weak, not properly restricted along hindbrain 
F g fS  and 10 normal but lacking in limb regions 
T  normal
M eox l  weaker, reduced along A-P axis 
Handl bilateral
H oxal Reduced in posterior at 7.5dpc, at 8,5 dpc lost in
posterior
Otx2  normal

Unpublished
oa.c
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Noggin
McMahon et al., 1998)

Chardin-/-; N oggin-/- 
(B achilleret al., 2000)

HfH4
(Chen et al., 1998) 

Ednrb^''^^
P iebald  deletion complex  
(W elsh and O’Brien, 2(XK))

Node and early head process

See above

Node

UT

Fused toes (ft)
(van der Hoeven et al., 
1994; Heyraer et al., 1997

Unknown

Normal gastrulation and anterior CNS patterning. 
Later defects in posterior spinal cord and somites 
observed.

Variability. Randomized heart looping, defects in 
forebrain, holoprosencephaly, notochord, foregut and 
sclerotome. Notochord may degenerate.

Required for ciliated cell formation, L/R defects, 
death usually 16-18.5dpc few bom , cilia present and 
node looks normal.

Truncated posterior body axis, primitive streak and 
node disfigured, mesoderm cell migration impaired, 
notochord degeneration, som ite malformation, 
abnormal vascular development, arrested heart 
looping, randomized embryonic turning

Heart looping and turning randomized

UT Laterality markers not examined

UT No laterality markers examined
Reduction or absence o f  Cer/and H esxh n  ADE and 
AYE
S/i/i-absent from midline 
H N F 3f-ah sen t from midline 

Cilia present L rd  is expressed by RT-PCR

UT Fg/8-early expression normal but by 8.0dpc cells
emerging laterally from streak and more anterior 
paraxial mesoderm lacked expression.
At 8.5dpc transcripts remain in streak epithelium and 
ectoderm lateral to streak but absent from 
mesendodermal compartment and lateral mesoderm  
derived from streak
T, H nfS^and  5/z/i-all early expression normal then later 
expression reveals notochord degenerates. T diminished 
in paraxial mesoderm-overall mesoderm reduced 
Nodal- normal around node, however nodal-LacZ  
staining showed LacZ (-h) cells accumulated at posterior 
end o f  node and fewer nodal-LacZ (+) cells were in the 
notochord, reduced then absent in LLPM 
Lefty-lAefty-2-nom \a\ in LLPM and PFP at 3 somite 
stage, by 4 somite stage reduced and by 5-6 somites 
absent
Afeox-7-reduced 
Fg/r7-reduced
Fg/4-normal early on in streak, after 8.5dpc continued 
in streak but reduced expression domain coincident 
with loss o f  posterior mesoderm  

UT N odal and lefty bilateral

n

g.
I.o
3
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H um an
(for refs see Burdine and 
Schier, 2000; Mercola and 
Levin, 2001 Bisgrove and 
Yost, 2001)
ACVR2B
(human)

Lefty A (human)

Variety o f  L/R defects 

Variety o f  L/R defects

Zic3 (human) Situs inversus-X linked

Connexin43 (human) Variety o f L/R defects

Z e b ra f ish
(for refs see Burdine and 
Schier, 2000; Mercola and 
Levin, 2001 Bisgrove and 
Yost, 2001)
One eyed  pinhead Severe reduction in prechordal plate, missing floor 

plate. Heart and gut primordial do not fuse at midline
Cyclops, lefty an d  Pto2-absent

LZoep (Zebrafish) 

shm alspur

No midline defects, randomized heart looping and 
pancreas placement

Reduction in prechordal plate and floorplate missing. 
Randomised heart looping and pancreas positioning

Cyclops, lefty an d  Pitx2-dbse.nt

Cyclops, lefty and Pitx2-absent

Spadetail

Chordino

M omo

Lack trunk mesoderm and have altered notochord 
morphology. Randomised heart looping and pancreas 
positioning

Embryos ventralized and there is a reduction in 
posterior notochord. Randomised heart looping and 
pancreas positioning

Anterior notochord and floor plate missing. 
Randomised heart looping

L ^ -B ila ter a l, right left or absent 
P(0:2-Bilateral, right left or absent

L e^ -B ilateral, right left or absent 
Pitx2-Bilateral, right left or absent

Cyclops, lefty and Pitx2-bilateral

5
CO

I
I'
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Cyclops (cyc/zebrafish)

Floating head (flh/zebrafish)

Cyclopia, floorplate absent, higher incidence o f  
randomized heart looping and gut placement in 
deletion allele

Notochord absent, discontinuous floor plate, heart 
looping and gut L/R asymmetry randomized

C yclops-left or bilateral 
L e^ -b i lateral or absent 
P /a 2 -b i lateral or absent

Cyclops-hilaieral in LMP and epithalmus

No tail (ntl/zebrafish) Notochord does not differentiate, heart looping and 
gut L/R asymmetry randomized

Cyc/ops-bilateral in LMP and epithalmus

I

g.
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Left-Right establishment in chick

The organiser

The midline 
and lateral 
plate
mesoderm

activinpB

Shh #Shh activinRIIa

Nodal, Lefty, Ptc 
and Caronte

FgfS

Caronte aronte.

Lefty — #Nodal^ Nodal

Snail-
related
cSnR

Pitx2,
Nkx3.2

Figure 1.3a Genetic cascade of genes implicated in left-right axis establishment in chick. 
Black arrows and red lines indicate induction and suppression respectively. Grey lines and 
lettering indicate that a particular gene or pathway is suppressed. See text for detailed 
description of cascade
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The organiser

Left-Right establishment in mouse

T, FAST Fibronectin,
HNF3P Mgat-1 and
Arkadia a5-integrin

\  /
Formation of the node

Ciiiogenesis and other celluar functions:
Kif3a, Kif3b, mD2LIC, Polaris, lrd (iv), inversin (inv) 

Smo, Sil, Rotatin,nt, Gdf-1

The midline 
and lateral 
plate
mesoderm

I
Asymmetric expression o f nodal around node

FgfS

BMPT, Shh 
HNF3P

fodal

Smad2/3
FAST

Pitx2

Smad5

Nodal

Snail-related
Nkx3.2

Figure 1.3b Genetic cascade of genes implicated in left-right axis establishment in mouse. 
Black arrows and red lines indicate induction and suppression respectively. Grey lines and 
lettering indicate that a particular gene or pathway is suppressed. See text for detailed 
description of cascade.
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3.2 The role of the organiser and its midline derivatives in 

maintaining the initial specification of the L-R axis

3.2.1 The organiser

As well as the nodal cilia mutants discussed above, a number of other mutations have been 

identified in which the L-R axis is affected (see Table 1.2). Through the analysis of such 

mutants and studies in other vertebrates, genetic cascades of L-R axis establishment have 

been constructed (see figure 1.3a and 1.3b). These analyses reveal that signalling cascades 

in and around the region of the organiser exhibit discrete left and right-side specific 

character. A comparison between the different genetic cascades has revealed that in all 

vertebrates tested, left side specific gene expression consistently begins with the expression 

of Nodal on the left side of the embryo. However the comparison also reveals that certain 

factors are peculiar to certain model systems and moreover that specific factors may have 

conflicting roles in different systems. This is particularly true for the early steps in chick L- 

R axis establishment relative to other vertebrates. In this next section I shall compare chick 

L-R axis establishment, in which the most detailed genetic cascade has been constructed, 

with the cascade in mouse.

To summarise the L-R cascade in chick (reviewed in Levin and Mercola, 1999);

(i) activinPB and its receptor Activin receptor IIA (ActllA) are expressed on the right 

side of Henson’s node

(ii) Shh expression, which starts off throughout the node, becomes restricted to the left 

side of the node in response to activin signalling and induces expression of FgfS on 

the right side of the node.

(iii) Shh then induces nodal on the left side of the embryo lateral to the node whereas 

Fgf8 signalling represses the right sided expression of nodal

(iv) Caronte {car), which is also induced by Shh, is expressed on the left in paraxial and 

lateral plate mesoderm and is required to maintain left-side specific gene
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expression. Car is repressed on the right by Fgf8. (Misexpression of Car on the 

right causes the induction of Nodal, lefty and Pitx2 and can produce altered situs 

and may repress Bmp signalling on the left side of the embryo)

(v) Bmps are expressed symmetrically the in lateral plate but their activity on the left 

may be repressed by Bmp antagonist such as Car and Noggin, both of which induce 

left sided character {nodal expression) when misexpressed on the right, and when 

Bmps are overexpressed on the left they are able repress nodal expression.

(vi) Downstream in the cascade genes such as Nkx 3.2 and Pitx2 are expressed on the 

left and Snail is expressed on the right

Let us now compare this cascade with murine genetic cascade at a comparable stage of

development.

(i) Neither activinPB, ActllA, Shh or FgfS are asymmetrically expressed in the mouse. 

Moreover analysis of relevant mouse mutants indicates that activin and its receptor 

do not have roles in L-R specification, nodal is the earliest recorded gene to exhibit 

asymmetric expression in mouse. Just prior to somite formation, nodal is expressed 

bilaterally in the cells immediately around the node. By the early somite stage 

expression becomes asymmetric, such that although expression around the node 

persists on the right side, the domain of nodal expression is relatively larger on the 

left side of the node.

(ii) Embryos lacking Shh exhibit L-R defects including left pulmonary isomerism 

suggesting Shh is required to act on the right side of the embryo to repress left 

character, which is the opposite side of proposed activity to chick. In addition, Shh - 

/- mutants display midline defects seen by the lack of Lefty-1 expression in the 

ventral neural tube (see later).

(iii) FgfS conditional mutants exhibit defects in heart looping and exhibit right 

pulmonary isomerism. In addition. Nodal and Pitx2 expression is lost. Thus in 

contrast to the chick where FgfS is believed to act on the right, the right pulmonary
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isomerism and loss of gene expression suggests that Fgf8 acts on the left side of the 

mouse embryo.

(iv) The Bmp signalling pathway may act in a similar way in mouse as it does in chick. 

In embryos lacking SmadS, embryos exhibit laterality defects including delayed and 

randomised heart development and arrested axial turning. In addition, expression of 

Nodal, Lefty and Pitx2 is bilateral. As with embryos lacking Shh, SmadS-/- embryos 

also display midline defects.

(v) Snail is expressed in a similar manner in both mouse and chick, which is throughout 

the lateral plate mesoderm but upregulated on the right. In contrast Nkx 3.2 is 

expressed on the right in mouse and on the left in chick and Xenopus. Mouse 

embryos lacking Nkx 3.2 do not exhibit L-R axis defects.

It is not clear why such differences in genetic cascades should exist. They may be the 

product of differences in developmental potential between organisms. For example at the 

time the cascades are activated the chick and mouse the embryos are different shapes and 

are composed of different numbers of cells as well as different progenitor cell populations.

Both embryological experiments and mutant analyses have indicated that the organiser 

appears to be involved in initiating left side specific gene expression. Levin and Mercola 

(1998) observed expression of nodal when they induced node-like structures in the lateral 

plate mesoderm. In addition, during their node rotation experiments mentioned above 

Pagan-Westphal and Tabin (1998) observed that if rotated stage 5 nodes were placed closer 

to the right side of the embryo then in some cases nodal expression was induced on the 

right. Node ablation in mouse results in lack of nodal expression. Thus node ablation may 

cause the loss of a left side specific inducer.

Therefore it is possible that over time the node has a changing role in the establishment of 

the L-R axis. Support for this proposal has been obtained from the observation that in chick 

if stage 5 nodes are removed and replaced with stage 4 nodes, nodal expression is no longer 

induced in the lateral plate mesoderm (Pagan-Westphal and Tabin, 1998). Analysis of 

mouse embryos lacking either Hnf3^ or T, which do not develop normal nodes, do not
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express Nodal, thus providing further evidence for the role of the node in the induction of 

the left side specific genetic cascade.

Finally, ablation can also result in symmetric (bilateral) Nodal expression (Pagan-Westphal 

and Tabin, 1998). This may be because ablation was carried out after a ‘left sided inducer 

had activated nodal but then removal of the node caused the loss of a ‘barrier’ or ‘repressor’ 

that was maintaining separate left and right characteristics on different sides of the embryo. 

These last two observations also demonstrate that the timing of an embryological 

manipulation can have quite diverse effects on the results obtained.

3.2.2 The midline

As alluded to above, in addition to the role of the organiser in the establishment of the L-R 

axis, there is strong evidence demonstrating the importance of the axial midline tissues such 

as the notochord and ventral neural tube in the maintenance of the L-R axis. Supporting 

evidence has been provided through twinning, tissue ablation and grafting experiments and 

mutant analysis. These studies provide evidence implicating the midline as a barrier or 

possibly a source of repressor signalling which maintains the initial asymmetry in gene 

expression set up earlier in the region of the organiser.

Initial studies in organisms such as Xenopus indicated the importance of the midline in L-R 

axis maintenance. It was observed that if development of midline tissues was affected such 

that there was a decrease in dorsoanterior character of the midline, then there was an 

associated increase in the likelihood of randomisation in heart looping (Danos and Yost, 

1995). Following this observation it was noted that microsurgical ablation of presumptive 

midline tissues, including the notochordal plate and ventral neural tube, at the open neural 

tube stage in Xenopus caused both randomisations in the direction of heart and gut looping 

and the induction of Xnr-1 {nodal) expression in the right lateral plate mesoderm (Danos 

and Yost, 1996; Lohr et al., 1997).

Studies of artificially induced and naturally occurring conjoined twins m Xenopus, chick 

and human have suggested the midline may act as a barrier across which signals cannot
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pass, thus maintaining independent left and right sided character. In such embryos it is 

usually the case that one embryo (normally the left) exhibits a normal L-R axis while the 

other embryo (normally the right) exhibits a randomised L-R axis (Hyatt et al., 1996; Levin 

et al., 1996 and 1997; Nascone and Mercola, 1997). Furthermore in twinning experiments 

carried out in chick, only if the streaks are orientated at 180° to each other and the induced 

axes are both aligned in the same A-P orientation, will the resultant twins display intact and 

normal L-R axes. These observations suggest that the left twin can have a disrupting effect 

on L-R axis specification in the right-sided twin. In addition the right twins often do not 

express left-side specific genes, implying that left character is being repressed.

In mouse and zebrafish mutants in which the midline structures either fail to develop or do 

not differentiate correctly or degenerate during development, heart looping is randomised 

and asymmetric gene expression across the L-R axis is disturbed (see Table 1.2). For 

example chimeras and conditional ‘knock-outs’ in mouse, in which extraembryonic 

tissues are wild type and organiser specification is rescued, the lack of HnfSp in the 

organiser and midline derivatives results in the embryos developing a number of laterality 

associated defects. Such defects include failure to initiate or complete embryonic turning, 

randomised heart looping and loss of asymmetric gene expression. Other mutations in 

which the midline is affected such as SIL, Rotatin, no turning, KifSa, KifSb and 

Smoothened all share a remarkably similar phenotype with each other and that of the HnfSP 

chimera/conditional ‘knock-out’ phenotype described above. In all such mutants, Lefty-1, a 

member of the TGFP family normally expressed on the left side of the floor plate, is absent. 

In mouse embryos that lack Lefty-1 both nodal and Lefty-2 are expressed bilaterally in the 

lateral plate mesoderm instead of in only the left-lateral plate. This suggests that midline 

expression of Lefty-1 maintains asymmetric gene expression and therefore discrete left and 

right-sided character across the L-R axis. Furthermore, Lefty-1 might work by acting as a 

molecular barrier, across which factors required to impart left character cannot diffuse 

(Meno et al., 1997; Meno et al., 1998).

Associated with these proposals is the observation that the extracellular matrix is important 

in L-R axis specification, possibly acting to restrict the migration of signals or cells across 

the midline and therefore maintain asymmetric gene expression. Yost (1990 and 1992)
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observed that disruption of proteoglycan synthesis or fibronectin networks in Xenopus 

results in laterality randomizations similar to those produced when the midline is defective. 

Moreover, mouse embryos lacking Mgat-1, an enzyme required for glycosylation, exhibit 

loss of glycosaminoglycan molecules in their extracellular matrices and disturbed L-R axis 

patterning (Meltzer et al., 1994; See Table 1.2).

Therefore taken together, data from embryological, mutational and chimeric analyses 

provide good evidence for the necessity of the midline in maintaining pattern along the L-R 

axis. Furthermore these observations also suggest that the midline maybe acting as a barrier 

responsible for restricting the migration or diffusion of cells or factors such that asymmetric 

gene expression is maintained.

4. Establishment of the mouse D-V axis

The establishment of the D-V axis in mouse is less well understood than the A-P and L-R 

axes. In contrast to Xenopus where the site of sperm entry anticipates the D-V axis, in 

mouse the site of sperm entry anticipates the A-P axis (Piotrowska and Zemika-Goetz, 

2001).

Prior to gastrulation the epiblast is a sheet of epithelium one cell layer thick, therefore one 

is unable to ascribe dorsal and ventral character to such a mono-layered structure. In 

addition, no molecular polarities had been observed in the cells of the epiblast. However, 

during this study I have isolated such a gene whose subcellular mRNA localization appears 

polarized in the cells of the epiblast.

Later in development D-V pattern is apparent along the A-P extent of the neural tube. The 

maintenance this pattern is dependant on the correct differentiation and specification of the 

midline tissues derived from the organiser. When development of these midline tissues is 

defective, D-V pattern in the neural tube is defective such that expression of markers 

specific to the floorplate of the neural epithelium are lost (for example Izraeli et al., 1999; 

Hallonet et al., 2002).
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5. Aims

The initial aim of this project was to screen through a previously generated cDNA library in 

order to isolate genes involved in axis establishment and early embryonic patterning in the 

mouse. The method used to screen the library utilised clustered sequence data which 

allowed one to perform a non-random mRNA in situ expression screen. Having isolated a 

number of genes expressed in a restricted and tissue specific manner, one gene, now known 

as mouse dynein 2 light intermediate chain {mD2LIC), was chosen for a more detailed 

analysis. This gene was selected because its expression pattern was consistent with the idea 

that it may have a role in body axis establishment. A loss of function mutation was 

generated in mouse in order to analyse the role of this gene during embryogenesis. A 

polyclonal antibody serum was raised to examine the expression and subcellular location of 

the gene product. In addition, the Xenopus, chick and zebrafish homologs of mD2LIC were 

isolated and their mRNA expression examined. The resultant phenotype of the mouse 

mutation was analysed. Attempts were also made to crystallize the mD2LIC protein for 

structural analyses and preliminary functional analyses were also performed in X. laevis.

65



Chapter 2: Methods and materials

Chapter 2
Methods and materials

66



Chapter 2: Methods and materials

2.1 Beddington Endoderm library clone selection

The unamplified Endoderm cDNA library used (Harrison et al., 1995) contains -500,000 

independent clones, 7,630 of which have been gridded into 384 well plates (Genetix Ltd) 

and sequenced. These sequences have been clustered by the European Bioinformatics 

Institute using the JESMA package (Parsons and Rodriguez-Tome, 2000). All were 

submitted to the EMBL database, available at http://www.genscope.cns.fr. and they have 

been used to construct a radiation hybrid transcript map of the mouse genome (Avner et al., 

2001). Clustered sequences were compared to the publicly available sequence databases 

using the gapped BLAST algorithms (Altschul et al., 1997) accessed via the internet at 

http://www.ncbi.nlm.gov/BLAST/.

We performed whole mount in situ hybridisation(WISH) using riboprobes generated from 

clones which matched genes, or domains found in genes, belonging to one of the following 

categories,

• transcriptional regulators and proteins involved in chromatin structure,

• splicing factors and proteins involved in RNA binding and transport,

• signalling molecules (extracellular, intracellular or transmembrane proteins),

• cell-cycle regulators,

• cytoskeleton and extracellular matrix components,

• genes implicated in human disease.

• Conserved ESTs-some clones were selected that matched ESTs found in other species, 

most of which were human or murine (uncharacterized mammalian ESTs), and some of 

which were conserved in invertebrate and vertebrate species (conserved open reading 

frames).

• Novel-some clones that were selected did not match anything in the databases, not even 

a domain (representing novel genes).

A total of 167 cDNAs were selected for study, of which I analysed 78, Of which 27/78 were 

potential homologues and 51/78 were novel.
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2.2 Embryo recovery and RNA in situ hybridisation of mouse 

embryos

Embryos were recovered at 6.0-10.5 dpc according to Dunwoodie et a l (1997). Riboprobes 

were synthesised according to Harrison et a l (1995) using the complete cDNA insert of the 

isolated clones, linearising with SaR and transcribing with T7 RNA polymerase. Whole 

mount in situ hybridisation was carried out according to Wilkinson (1992) using the 

hybridisation conditions of Rosen and Beddington (1993). Embryos were processed in nets 

(Costar) that fit into 12-well plates: 7.5 dpc or younger in 12 |im pore meshes and 8.5 dpc 

or older in 74 pm pore meshes. A minimum of 3 embryos of each stage were scored for 

each probe and restricted expression patterns were confirmed by an independent set of 

WISHs. Proteinase K treatment times varied depending on stage such that 6-6.5 dpc 

received 5 min treatment, 7.0-8.5 dpc received lOmin treatment and 9.0dpc and older 

received 15 min treatment. Emhryos were post-fixed in 4% paraformaldehyde, 0.1% 

glutaraldehyde in PBS. Low-power photographs were taken using a dissecting microscope 

(Nikon) using tungsten film (Kodak 64T). Images were digitised using a Polaroid 

SprintScan 35 scanner and images were manipulated using AdobePhotoshop.

2.3 DMA Sequencing

Automated DNA sequencing was performed using Bigdye terminator sequencing kit and an 

ABI PRISM™ 377 sequencing machine and software (Perkin Elmer).

2.4 Northern blot analysis

Total RNA was isolated from adult tissues and from 11.5 dpc whole embryo and placenta 

according to Chomczynski and Sacchi (1987). mDlLIC full-length cDNA was gel purified 

using the QIAEX gel extraction kit (QIAGEN) and used to synthesis ^̂ P dCTP labelled 

probes using a random primed DNA labelling kit (MegaPrime Kit, Ameraham). Denatured 

RNA was size fractionated (1%Agarose, 2.2M formaldehyde) and transferred, and cross 

linked by UV light, to a nylon membrane (Hybond-N+). Hybridisation was performed 

according to Martinez-Barbera et al. (1997) using 1x10  ̂cpm of radio-labelled probe/ml of 

hybridisation buffer.
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2.5 In vitro transcription, Xenopus embryos and microinjection

mDlLIC  cDNA was cloned into pSP64TXB (Tada et al., 1998). Capped RNA for injection 

was generated according to Kreig and Melton (1984). Capped lacZ was generated from 

pSP6nucbgal (Smith and Harland, 1991). Synchronous Xenopus laevis embryos were 

obtained by artificial fertilisation (Smith, 1993). They were maintained in 10% Normal 

Amphibian Medium (NAM, Slack, 1984) at 14-19°C and staged according to Nieuwkoop 

and Faber (1975). Embryos for microinjection were transferred to 75% NAM containing 

4% ficoll (Sigma). 100 pg, 200 pg or 400 pg of mDlLIC  RNA or 100 pg of lacZ RNA was 

injected in a volume of 10 nl into blastomeres at the 2- to 4-cell stage. 2-5 hours following 

injection (prior to commencement of gastrulation) embryos were returned to 10% NAM.

2.6 p-Gal staining and immunohistochemistry of Xenopus 

embryos

(3-Gal staining and immunohistochemistry of whole-mount embryos, using the notochord 

specific monoclonal antibody MZ15, was carried out as previously described (Tada, et al., 

1997, 1998)

2.7 Protein constructs

PCR was used to amplify regions of interest of mD2LIC. 50nMol of each primer was used 

per reaction (see table 2.1 for details of constructs) and PCR was performed under the 

following conditions;

1 cycle of 95 °C initial denature for 5 min,

35 cycles of (i) denaturing at 95°C for 30sec, (ii) annealing at 65°C for 30sec annealing and

(iii) extension at 72°C for 2min and

1 cycle of final extention at 72°C for 5min.

These PCR products were gel purified using QIAEX gel extraction (QIAGEN) and ligated 

into either (i) pET22b (Novagen) as a NdeVXhol insert or (ii) pGEX6-P-l (Pharmacia) as a 

BamHl/Xhol insert or (iii) pMTV5 and pBIPv5 as a BamhUXhol insert (Invitrogen) or (iv) 

pcDNA3.1 (Invitrogen) as a BamHl/Xhol insert. Constructs were sequenced before use.
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Table 2 .1. Information on recombinant protein constructs.
C o n stru c t Type of c o n s tru c t 

and  length
Amino acids (aa) 

Encoded and 
totai iength of 

resu itan t protein

5’ cioning prim er 3’ c loning prim er

PET175 C-terminal deletion 1-175aa: 175aa CCGGAATTCCATATGCCCAGT CCCGGGAAGCTTTCACTCG
His tagged GAAACTCTCTGGGA AGTGGGTCAATTAATTCCC

GGTC
PET275 C-terminal deletion 1-275aa: 275aa CCGGAATTCCATATGCCCAGT CCCGGGAAGCTTTCACTCG

His tagged GAAACTCTCTGGGA AGGTCACTGTCAGGAACAG
GAGG

PET285 C-terminal deletion 1-285aa: 285aa CCGGAATTCCATATGCCCAGT CCCGGGAAGCTTTCACTCG
His tagged GAAACTCTCTGGGA AGAGGTCAGTGGGCCTGAA

GTTT
PET300 C-terminal deletion 1-300aa: 300aa CCGGAATTCCATATGCCCAGT CCCGGGAAGCTTTCACTCG

His tagged GAAACTCTCTGGGA AGCTTTGGTGGGAAGAGCT
TGTC

PET351 C-terminal deletion 1-351aa: 351 a a CCGGAATTCCATATGCCCAGT GGGCCCAAGCTTTCACTCG
His tagged GAAACTCTCTGGGA AGGGAGTCCAGCTCGATTT

GCTTC
GEX175 C-terminal deletion 1-175aa; 175aa CCCGGGGGATCCATGCCCAG CCCGGGCTCGAGTCATGG

GST tagged TGAAACTCTCTGGGA GTCAATTAATTCCCGGTC
GEX275 C-terminal deletion 1-275aa; 275aa CCCGGGGGATCCATGCCCAG CCCGGGCTCGAGTCAGTCA

GST tagged TGAAACTCTCTGGGA CTGTCAGGAACAGGAGG
GEX285 C-terminal deletion 1-285aa: 285aa CCCGGGGGATCCATGCCCAG CCCGGGCTCGAGTCAAGGT

GST tagged TGAAACTCTCTGGGA CAGTGGGCCTGAAGTTT
GEX300 C-terminal deletion 1-300aa: 300aa CCCGGGGGATCCATGCCCAG CCCGGGCTCGAGTCAGGA

GST tagged TGAAACTCTCTGGGA GTCCAGCTCGATTTGCTTC
GEX351 C-terminal deletion 1-351aa: 351aa CCCGGGGGATCCATGCCCAG CCCGGGCTCGAGTCAGGA

GST tagged TGAAACTCTCTGGGA GTCCAGCTCGATTTGC
GEXA4 N-terminal deletion 5-351 aa: 347aa CCCGGGGGATCCATGACTCT CCCGGGCTCGAGTCAGGA

GST tagged CTGGGAAATCGCAAAAG GTCCAGCTCGATTTGC
GEXA68 N-terminal deletion 69-351 a a : 283aa CCCGGGGGATCCATGGGAAG CCCGGGCTCGAGTCAGGA

GST tagged GAAGACCAAGGGGCACA GTCCAGCTCGATTTGC
GEXA117 N-terminal deletion 118-351: 233aa CCCGGGGGATCCATGTCCAA CCCGGGCTCGAGTCAGGA

GST tagged ACCTAATGATCTTTGGT GTCCAGCTCGATTTGC
F1 Fragment 1-68aa: 6 8 aa CCCGGGGGATCCATGCCCAG CCCGGGCTCGAGTCAGTCA

GST tagged TGAAACTCTCTGGGA GCAATCGGCTTTGCTGA
F2 Fragment 118-174aa: 56aa CCCGGGGGATCCATGTCCAA CCCGGGCTCGAGTCAGTCA

GST tagged ACCTAATGATCTTTGGT ATTAATTCCCGGTCCGG

F3 Fragment 118-203aa: 8 5 aa CCCGGGGGATCCATGTCCAA CCCGGGCTCGAGTCAACAT
GST tagged ACCTAATGATCTTTGGT ATCACCTTTCTCTTCTC

F4 Fragment 241-351aa: CCCGGGGGATCCATGATTGA CCCGGGCTCGAGTCAGGA
llO a a TAAAAGCAAATCAATA GTCCAGCTCGATTTGC

GST tagged

F5 Fragment 268-351 a a : 83aa CCCGGGGGATCCATGGGGTC CCCGGGCTCGAGTCAGGA
GST tagged TCCTGTTCCTGACAGTGAC GTCCAGCTCGATTTGC

pMTV5mD2 Full -length His and V5 CCCGGGGGATCCATGCCCAG CCCGGGCTCGAGTCAGGA
Lie epitope tagged TGAAACTCTCTGGGA GTCCAGCTCGATTTGC
pBIPv5mD2 Full-length His and V5 CCCGGGGGATCCATGCCCAG CCCGGGCTCGAGTCAGGA
L ie epitope tagged TGAAACTCTCTGGGA GTCCAGCTCGATTTGC

pcDNAmD2 Full-length Myc tagged CCCGGGGGATCCATGCCCAG CCCGGGCTCGAGTCAGGA
Lie TGAAACTCTCTGGGA GTCCAGCTCGATTTGC
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2.8 Expression of recombinant mD2LIC in E.coli

0.75 1 of either LB or TB were inoculated with transformed BL21 cells and placed at either 

30°C or 37°C. Cultures were grown to a density of OD^qo = 0.5-0.7 and induced with 1 M 

IPTG for 3 hours. Cells were harvested by centrifugation and uninduced and induced 

samples were run on 15% acrylamide gels to examine expression levels.

2.9 Purification of mD2LIC from E.coli

Following induction and expression of GST fused mD2LIC and EF4 in E.coli, bacterial 

cells were lysed by several freeze/thaw cycles. The lysates were sonicated in sonication 

buffer (25% sucrose, 300 mM NaCl, 50 mM Tris, 1 mM EOT A, 3 mM DTT) and then 

centrifuged at 20,000rpm for 30 min. Supernatants were collected for solubility testing and 

protein purification. For protein purification the supernatants were passed over a column of 

glutathione sepharose 4B beads (Pharmacia), to which the GST portion of the fusion 

proteins bound. mD2LIC and EF4 were cleaved from the GST potion of the fusion protein 

by overnight incubation at 4°C with 3C protease or PreScission™ protease (Pharmacia). 

Highly-purified samples of mD2LIC and EF4 were obtained by gel filtration through a 

Superdex 75 matrix column according to the manufacturers instructions. For solubility 

testing, the supernatant was added to sucrose buffer (66% sucrose, 300 mM NaCl, 50 mM 

Tris, 1 mM EDTA, 3 mM DTT, 50mM PMFS) and centrifuged for 3 hours in an 

ultracentrifuge at 40,000 rpm, after which the supernatant was precipitated with ammonium 

sulphate. Samples of the supernatant and pellet were analysed by polyacrylamide gel 

electrophoresis to determine in which portion the protein partitioned. Proteins were 

concentrated using centricolumns.

2.10 Expression of recombinant P351 in Schnieder2 ceiis

S2 cells were transiently transfected and lysates harvested using the DES™ expression 

system according to the manufacturers instructions (Invitrogen).

2.11 immunisation protocol

Three rabbits were initially immunised with 250 pg of EP351 in 1 ml of incomplete freunds 

adjuvant via 4 independent sites and were then given two booster immunisations
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administered as before with a further 250 jig each time at six week intervals. Test bleeds of 

5 ml were taken 10 days after each immunisation and the animals were exsanguinated 14 

days after the final test bleed. Final serum collection was stored at -80°C.

2.12 Antibody purification

Purified full-length mD2LIC from E.coli expression lysates was used in the purification of 

polyclonal anti-D2LIC antibodies. Antigen dissolved in 10 mM MOPS buffer was coupled 

to AffrGel-10 beads (BioRad) for 4 hours at 4°C. Beads were then transferred to a plastic 

column containing a filter membrane and washed successively with 10 bed volumes of (i)

10 mM Tris pH 7.5 (ii) 100 mM Glycine pH 2.5 (iii) 10 mM Tris pH8.8. After the last wash 

it was checked that the pH of the flow through was pH 8.8. Then 10 bed volumes of the 

following buffers were successively used to wash the column; (i) 100 mM triethylamine pH 

11.5 (made fresh) and (ii) 10 mM tris pH 7.5 until the flow through was pH 7.5. Serum was 

centrifuged to remove debris and diluted 1/10 in 10 mM Tris pH7.5 before passing it over 

the beads 3 times. Acid-sensitive bound antibodies were eluted with 10 bed volumes of 100 

mM glycine (pH 2.5) and collected in a 50 ml Coming tube containing one bed volume of 1 

M Tris pH 8.0. The column was washed with 10 mM Tris pH 8.8 until the flow through 

was pH 8.8. Alkali-sensitive bound antibodies were eluted in a similar manner except that 

elution was performed with 100 mM triethylamine pH 11.5. Antibody fractions were 

combined and concentrated using centricolumns.

2.13 Western blot analysis

Western blot analysis was performed according to Sambrook et al. (1989). Samples 

consisted of either 11.5 dpc whole embryo extract or whole bacterial extract from cells 

expressing GST-mD2LIC fusion protein. Samples were sonicaited and size fractionated on 

15% acrylamide gels. Transfer was at 200V for 2 hours and blots were blocked in 3% milk 

overnight at 4°C. Blots were cut into 3 mm strips which were used to titre antibody from 

diluted cmde semm test bleeds at concentrations of 1/1,000, 1/3,000, 1/9,000, 1/27,000 and 

1/54,000, and a goat anti-rabbit HRP-conjugated antibody (BIORAD) was used for 

secondary detection.
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2.14 RT-PCR

RNA was prepared from E14 ES cells and 3T6 fibroblasts using Trizol reagent according to 

manufacture’s instructions. Total RNA from ES cells and fibroblasts was used in the 

following reverse transcriptase (RT) reaction, (RNA was replaced with H2O in control RT 

reactions); 1 pi 50pM Oligo dT primer, 1 pi RNA, 1 pi 20mM DTT, 4 pi 5XMMLV RT 

buffer, 1 pi RNasin, 4 pi 10 mM dNTP mix, 6 pi H2O and 200 units MMLV reverse 

transcriptase (RT). Reaction mixes were incubated for 2 hr at 37°C after which they were 

made up to 50 pi with H2O. A sample of the RT mix was then used in the following PCR 

reaction (control PCR reactions lacked template which was replaced with H2O); 5 pi 1 OX 

Taq Buffer, 5 pi 10 mM dNTP mix, 5 pi RT reaction product, 4 pi (50 nMol) forward 

primer-

5’-CCCGGGGGATCCATGCCCAGTGAAACTCTCTGGGA.

2.4pl (50 nMol)reverse primer-

5'-CCCGGGCTCGAGTCATGGGTCAATTAATTCCCGGTC, 1 pi (2U) Amplitaq 

(Clontech) and H2O to make up to 50 pi. PCR was performed using the following 

conditions;

1 cycle initial denaturing at 94°C for 5min,

30 cycles of (i) denaturing at 94°C for 30sec (i) annealing at 50°C for Imin (iii) extention at 

72°C for Imin and

1 cycle of final extension at 72°C for 2min.

2.15 Immunohistochemistry of ES ceiis and Fibroblasts.

Cells were grown on slides following standard cell culture methods (see below), with the 

exception that ES cells were grown without LIE for 3-5 days. Cells were fixed with cold (- 

20°C ) 100% methanol. They were then washed with PBS two times and blocked at room 

temperature in 25% sucrose, 300 mM NaCl, 50 mM Tris, 1 mM EDTA, 3 mM DTT for 30 

min with rocking. Then cells were incubated overnight at 4°C in 25% sucrose, 300 mM 

NaCl, 50 mM Tris, 1 mM EDTA, 3 mM DTT with the addition of primary antibody 

consisting of either rabbit 3 preimmune serum diluted 1/750 or rabbit 3 post-immunisation
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serum diluted 1/100, 1/750/ and 1/3500. A sample of cells was only treated with secondary 

detection antibody to control for nonspecificity of secondary antibody binding. The next 

day cells were washed and secondary anti-rabbit antibody (coupled to Cy3 or Alexa™ 594) 

in the same blocking mix was added and left overnight at 4°C. This step was performed in 

the dark due to photosensitivity of secondary antibody. DAPI staining was used to visualise 

cell nuclei and cell staining was then visualised by fluorescence microscopy.

2.16 Gene targeting

Three X phage clones, two of which overlapped, were isolated from a 129/Olac genomic 

library (Stratagene) using the mDlLIC cDNA to generate a radio-labelled probe as befor 

(see section 2.4 Northern blot analysis). The phage clone inserts were subcloned and 

mapped by restriction enzyme digestion (see Chapter 6, figureb.l). Southern blot 

hybridisation, according to Sambrook et al (1989), using 21 bp oligo nucleotides and 

hybridising at 55°C, revealed that the two overlapping clones, X\ and À2, contained the first 

ATG. The third clone, À3, was found to contain the stop codon of mD2LIC. Clones X\ and 

X2 were similar except that XI was ~600bp longer at its 3 ’ end.

The strategy used was to remove the transcriptional and translational start sites of the 

mD2LIC genomic locus through homologous recombination and replace a 2.75kb 

endogenous genomic locus fragment with a 2kb, loxP flanked, PGK neomycin cassette (see 

Chapter 6, figure 6.2).

2.17 ES cell targeting

ES cells were grown, thawed and expanded in complete E14 medium containing LIE and 

supplemented with BRL conditioned medium (see below). The cells were then 

electroporated with the targeting construct and after a 24 hr recovery period, the 

electroporated cells were grown under G418 selection. Each of 412 colonies obtained was 

picked on day 9 of selection and expanded. DNA from a sample of each colony was 

extracted and probed by southern blot hybridisation for correctly targeted clones. The 

remainder of each colony was split and expanded and samples were frozen down at each 

step. Correctly targeted clones were expanded further and frozen down for use in blastocyst 

injection and chimera production.
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2.17.1 Production of conditioned media for El 4 ES ceii iines

BRL cell conditioned medium was produced as described below:

BRL cells were cultured in E14 complete medium:

480 ml DMEM High glucose/no L-Glutamine added 

120 ml ES cell tested foetal bovine serum (FBS)

6 ml L-Glutamine 

6 ml Non-essential amino acids 

4.4 p.1 2-mercaptoethanol

The surface of a 150 mm diameter tissue culture (TC) dish was covered with 0.1% gelatine 

solution and left for 5 min. The gelatine solution was then aspirated and 50 ml of BRL cell 

growth medium was added to each dish.

A frozen vial of BRL cells was thawed in a 37°C water bath and the contents were 

transferred to a 15 ml centrifuge tube. 9 ml of growth medium was slowly added whilst 

agitating the tube and then the tube was centrifuged at 250xg for 5 min. The medium was 

aspirated and fresh medium was added to resuspend the cell pellet. The cell suspension was 

added to the 150 mm TC dish

Cell were grown to 80-90% confluence and split 1:10 by the following steps.

The medium was collected from the original 150 mm TC dish, passed through a 0.2 pm 

filter and stored at -20°C. The plate was washed with PBS. 3 ml of 37°C trypsin/EDTA 

solution was added and the plate incubated at 37°C for 3-4 min. At least 15 ml of complete 

media was added to neutralise the trypsin. 1/10 of the cell suspension was placed into 9 150 

mm gelatinised TC dishes.

The remaining cell suspension was spun at 250 g for 5 min, then aspirated, resuspended in 

1 ml of 90% FBS/10% DMSO and transferred to a labelled cryovial. The cryovial was 

placed in a Nalgene freezing pot containing isopropanol and the pot placed at -80°C 

overnight before transferring to liquid nitrogen.

The nine plates were grown for 2 days. Then the conditioned medium was collected and 

replaced by fresh unconditioned medium. This process was repeated two more times 

before discarding the plates. All collected medium was passed through a 0.2 pm filter and 

stored at -20°C.
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2.17.2 Growth of E14.TG2A ES cells

Medium for growing ES cells

LIE to 10̂  units/ml

3 parts BRL conditioned media

2 parts of the following E14 complete media

A vial of E14TG2A cells was thawed into a gelatinised TC dish as describes for BRL cells.

The cell population was feed every one-two days as necessary and was grown for 3-4 days 

until it was 70%-80% confluent. Cells were expanded and frozen as needed as described for 

BRL cells.

2.17.3 Electroporation of ES cells

A 75 cm^ contains flasks containing 3x10^ cells was used for each electroporation

The flask was washed with PBS (CMF). Cells were trypsinised with 1 ml of trypsin/EDTA 

solution then washed and centrifuged as described earlier. The cell pellet was resuspended 

in PBS (CMF) and centrifuged again before being resuspended in 0.8 ml DMEM. 40 pg of 

targeting construct DNA, suspended in 0.1 ml H2O, was mixed with the cell suspension and 

the entire mix added to a 0.4 cm electroporation cuvette, where it was left to stand for 10 

min. The mix was electroporated twice;

1) 240 V at SOOpFD (time constant ~6 ms)

2) 230 V at 500pFD (time constant ~6 ms)

The cuvette was tapped and placed on ice for 20 min, after which the cell suspension was 

made up to 33 ml volume. 3 ml were added to a 60 mm TC dish (with a gridded bottom to 

help make counting colonies easier) and 10 ml were added to each of three further 100 mm 

TC dishes.

Selection was started after 24 hr. Concentrations of 200 pg/ml of G418 and 2 pM 

gangcyclovir were added to the ES cell growth media to achieve selection. Medium was 

changed everyday washing with PBS (CMF) if needed (for the removal of cell debris). 

Colonies were picked on day 9 of selection.
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2.17.4 Picking, expanding, freezing and thawing ES ceii ciones

Picking clones;

A flat bottomed 96 well plate was gelatinised for 10 min, after which the gelatin was 

removed and 50 p-1 of selection ES cell growth medium was added to each well. Plates were 

put into the 37°C incubator to allow pre-warming of the plate and medium ready for the 

addition of ES cells.

25 pi of trypsin/EDTA were added to round-bottomed 96 well plates. Medium was 

removed from the 100 mm TC dish containing colonies and replaced with 10ml of PBS 

(CMF). Colonies were picked by scraping with a 10 pi pipette tip and transferred to the 

plate containing the trypsin/EDTA. After 48 colonies had been picked 75 pi of medium was 

added to the first row. The colonies in this row were triturated well and transferred to the 

plate from the incubator containing media. This was repeated for all four rows and the 

whole process was repeated until all 412 colonies had been picked.

The plates containing the colonies were fed as required until the majority of clones were 

ready to split.

Expanding ES cell clones;

The plates were fed 2-4 hours before splitting. Four 48-well plates per one 96 well plate 

were gelatinised for 10 mins. The gelatin was then replaced with 400 pi of media.

Cells were washed with PBS (CMF). 50 pi trypsin/EDTA was added and cells were left to 

incubate until they had lifted. 200 pi of medium was added to neutralise the trypsin and the 

cell suspension was triturated to achieve a single cell suspension. 100 pi of the single cell 

suspension was added to each well in each of the two 48 well plates. The whole process 

was repeated until all clones were transferred. A further 100 pi medium was added to each 

well of the 96 well plate. The 96 well plates were fed as required for 7 days and used for 

DNA southern blot analysis.

Freezing the ES cell clones;

The 48-well plates were feed daily or as required until ready for freezing (-3-4 days). Cells 

were then washed with PBS (CMF). 100 pi of trypsin/EDTA was added and cells were
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incubated until they lifted. Trypsin was neutralised with 100 pi FBS and the cells were 

triturated to achieve a single cell suspension. 200 pi of 80% FBS/20%DMSO solution was 

added and the whole suspension was mixed well. The process was repeated until all clones 

were in freezing mixture. The edge of the plate was wraped with parafilm and the plate was 

placed in a polystyrene box after which it was transferred to a -80°C freezer.

Thawing the ES cell clones;

The fi'ozen 48 well plates were thawed at 37°C. 600 pi of media was added to each thawed 

well and triturated well to obtain a single cell suspension. The cell suspension in each well 

was split 1/2 and each half (500 pi) of the suspension was transferred to a separate 

gelatinised well of a 24-well plate. 24 well plate and the plates returned to the incubator. 

Cells were fed daily or as required and then expanded and frozen as required.

2.18 Southern blot identification of targeted ES cell clones

The following solutions were used;

Lysis Buffer (10 mM Tris pH 7.5, 10 mM EDTA, 10 mM NaCl, 0.5% sarcosyl)

NaCl/EtOH solution (150 pi 5M NaCl per 10 ml absolute ethanol, stored at -20°C)

Restriction digest mix (IX restriction buffer (buffer B from Roche), 1 mM Spermidine, 100 

pg/ml BSA, 100 pg/ml Rnase, 20 U/sample HindlW restriction enzyme)

Cell cultures in the 96-well plate (see above) were grown until most wells became 

confulent. Cells were then washed twice with 100 pi of PBS per well. 50 pi of lysis buffer 

with 1 mg/ml Proteinase K solution was then added to each well. Plates were then 

incubated overnight in a humidified environment (using a Tupperware container lined with 

wet paper towels) at 60°C.

The NaCl/EtOH solution was mixed thoroughly and 100 pi were added to each well 

without mixing. Plates were incubated at room temperature for 30 min. Following 

incubation, the plates were slowly inverted allowing the Salt/Ethanol solution to drain, 

leaving the DNA stuck to the plastic walls of the well. Excess liquid was remove by 

carefully blotting the plate on a paper towel. DNA was washed 3 times with 150 pi of 70% 

ethanol per well. After each wash ethanol was removed by slowly inverting the plate as
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before. After the final wash the plates were blotted on paper towels and allowed to dry. 30 

\i\ of restriction digest mix was added to each well and the plates incubated overnight in a 

humidified environment.

3 lull of lOX loading dye was added to each well and DNA was resolved on a 0.7% high- 

strength agarose gel/IX TAE gel at 80 V for 5 hours.

The gels were blotted overnight onto Hybond+ membrane according to Sambrook et al. 

(1989) southern blotting protocol, DNA cross linked with UV, and membranes were probed 

with a 700bp 3’ external radio labelled probe, hybridising at 63 °C overnight and washing 

and exposing the membranes following hybridisation according to Sambrook et al. (1989).

2.19 Generation of Chimeras

After the identification of 13 correctly targeted clones, five cell lines were selected for the 

generation of chimeras. These clones were injected into blastocysts of C57B16 origin and 

transferred into C57xDBA foster females according to Hogan et al.(1994). Chimeras were 

produced from all cell lines used for blastocyst injection and a total of 37 chimeras were 

generated (see Chapter 6: Results for detailed breakdown). Chimeric individuals from the 

five independent lines were mated with C57B16 mice to establish Fi heterozygotes. Results 

were pooled from the five heterozygous lines as they all exhibited the same mD2LIC'' 

embryonic phenotype.

2.20 Genotyping of wild-type and mutant mD2L/C alleles

Genomic DNA samples were prepared from tail biopsies (post-natal individuals), yolk sac 

(embryos 8.5dpc onwards), extraembryonic ectoderm (embryos aged 7.0-8.0dpc) and 

whole-embryos (following in situ hybridisation/immunohistochemistry). Individuals were 

genotyped by either PCR or Southern blot analysis. In the PCR strategy a 450 bp PCR 

product would be amplified from a non-targeted wild-type locus and a 350 bp neomycin 

specific PCR product would be amplified from targeted loci (See Figure 6.2). PCR was 

performed under the same conditions as previously described for RT-PCR. Southern blot 

was performed as described in Sambrook et al. (1989) using the same 700 bp probe used 

for the identification of targeted ES clones (see also Figure 6.2)
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2.21 Histology

Embryos were fixed in Bouins fixative, dehydrated through graded ethanol, embedded in 

paraffin wax and sectioned. Unstained embryo sections were stained with hematoxylin and 

eosin as previously described (Kaufman, 1992).

2.22 TUNEL staining

Staining was performed with Apoptag In situ Apoptosis Detection Kit-Peroxidase; Oncor 

Inc, on whole mount mouse embryos ranging from 7.0-9.0 dpc Embryos were harvested 

and genotyped as described in other sections of this chapter. Following harvesting, fixation 

was performed with 4% paraformaldehyde followed by dehydration in a methanol gradient. 

Embryos were stored in methanol at -20°C until used.

For analysis, embryos were rehydrated in a methanol gradient and washed three times with 

PET (PBS+0.1% TWEEN 20, Sigma). They were then bleached in 6% hydrogen peroxide 

for 1 hour at room temperature after which they were washed three times in PBT.

Treatment with Proteinase K solution (10 pg/ml) was then carried out, with timings the 

same as those used in the mouse in situ hybridisation protocol. After treatment embryos 

were washed in glycine (2 mg/ml) for 5 min then twice in PBT then refixed in 0.2% 

glutaraldehyde/4% paraformaldehyde for 20 min at room temp. Fix was washed away with 

several changes of PBT. Embryos were post fixed for 20 min at -20°C with prechilled (- 

20°C) Ethanol:Acetate (2:1) then washed three times for 5min with PBT at room 

temperature. Incubation with 75 pi of equillibriation buffer for a minimum of 1 hour 

followed. The buffer was removed and replaced with a small volume of working strength 

TdT enzyme (for the terminal transferase reaction) and embryos were left overnight at 

37°C.

The reaction was stopped in working strength stop/wash buffer for 4 hours at 37°C and the 

buffer was washed away with three changes of PBT. Blocking was performed with a mix of 

BSA (2 mg/ml) and 5% sheep serum in PBT for several hours and then overnight in fresh 

mix with the addition of 1/2000 dilution of preabsorbed sheep anti-digoxegenin-alkaline 

phosphatase conjugated Fab fragments.
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Excess Fab fragments were washed away the following day with several changes of PBT 

with BSA (2mg/ml) for 24 hrs. Embryos were then equilibrated with three 10 min changes 

of NTMT buffer (O.IM Tris-HCl pH9.5, 50mM MgCb, O.IM Nad and 0.1% Tween 20). 

Colour reaction was performed with BCIP (3.5 [il)/NBT (4.5 |̂ 1) per ml of NTMT in the 

dark. The reaction was stopped with PBS pH5.5 and embryos fixed in 4% 

paraformaldehyde/0.1% glutaraldehyde for one hour at room temperature, then stored in 

0.4% paraformaldehyde in PBS at 4°C.

2.23 Cloning ZebD2UC

Using the tBlastX program at NCBI, genomic sequence of potential exons belonging to the 

zebrafish homolog of zebrafish dynein 2 light intermediate chain (ZebD2LlC) were isolated 

by sequence comparison with mouse, chick (EST sequence) and Xenopus (EST sequence) 

D2LIC. Once isolated, inter-exonic ZebDILIC specific primers were designed and used to 

amplify partial ZebD2LIC sequence from a 15-20 somite stage whole embryo cDNA. 

cDNA production was according to Clontech Marathon Race PCR protocol using Trizol to 

extract total RNA and Dynabeads to isolate mRNA from total RNA.

2.24 In situ hybridisation in Chick, Xenopus and Zebrafish

In situ hybridisation of D2LIC in chick, Xenopus laevis and X. tropicalis and Zebrafish was 

performed according to Wilkinson (1992), Harland (1991) (for hoi\\ Xenopus species, 

without Rnase treatment and using BM purple as substrate) and Thisse et al. (1993) 
respectively.CUk X ,nsiWs ww. Est

a t c t & S i c x '  c u j .  6 ^ 8 1 ^ ^ * ^  I .

2.25 Scanning Electron Microscopy

Scanning EM was performed as described by Sulik et al. (1994), with uranyl acetate 

treatment lasting 15 min.
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Chapter 3
A Screen for Genes Involved In Body Axis 

Establishment and Early Embryonic 

Patterning in the Mouse Embryo
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3.1 Introduction

Embryological manipulations and mutational analyses have identified a number of 

tissues crucial for body axis establishment and early embryonic patterning (as described 

in Chapter 1). Studying the genetic and molecular properties of these tissues would 

improve our understanding of the roles they play during embryogenesis.

A variety of strategies have been employed to assess gene function. These include: (i) 

large-scale random mutagenesis screens such as those performed in Drosophila sp. 

(Nusslein-Volhard and Wieschaus, 1980), C.elegans (Clark et al., 1990; Bucher and 

Greenwald, 1991) and Zebrafish (Haffter et al., 1996; Driever et al., 1996) and 

underway in mouse (Meneely and Hermann, 1997); (ii) gene trapping in mouse. 

(Skames, 1993; Gossler et al., 1989), (iii) targeted mutations using homologous 

recombination in mouse and Drosophila, (Doetschman et al., 1987; Joyner et al., 1989; 

Kong and Golic, 2001), (iv) the overexpression of proteins and mRNA and (v) the 

administration of specific antibodies and dominant negative technologies. More recent 

techniques used to assess gene function include RNA interference {KNAi\ Fraser et al., 

2000; Gonczy et al., 2000), RNA anti-sense interference (Cooke, 1999) and morpholino 

anti-sense oligo nucleotides (Heasman et al., 2000).

Whether the strategy employed involves random mutagenesis or a more targeted 

approach, it is necessary to isolate the gene of interest. cDNA libraries provide easy 

access for the isolation of specific genes. These libraries can be made from practically 

any tissue type and even from single cells. Therefore it is theoretically possible to 

isolate all the genes that are expressed in one’s cell or tissue of interest at a specific 

time. In addition techniques such as normalisation and subtractive hybridization can be 

used to improve and enrich the library to suit the needs of the user. For example 

following normalisation both rare and abundant clones are more equally represented in 

the library, although the experimental manipulation of the library may result in the loss 

of rare transcripts.

A number of cDNA libraries have been generated from various species, and various 

methods have been used to screen them. One successful approach involves expression 

screening by whole-mount mRNA in situ hybridisation (WISH) (Gawantka et al., 1998; 

Christiansen et a l, 2001; Neidhardt et a l, 2000; Kudoh et a l, 2001). WISH provides the
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advantage over other screening methods that one may follow both the spatial and 

temporal expression pattern of a gene of interest during embryogenesis. Once a gene of 

interest has been isolated it can be used in functional analyses in order to address 

specific biological questions such as ‘what is the molecular basis of body axis 

establishment and early embryonic development?’

3.1.1 The Beddington Endoderm library and clone selection

Previously in our laboratory, Harrison et al. (1995) constructed and characterised a 

series of conventional, directionally cloned and non amplified cDNA libraries from the 

germ layer tissues of 7.5 dpc mid to late gastrula mouse embryos in order to identify 

and study developmentally important genes.

Libraries were made from each of the individual germ layer tissues, ectoderm, 

endoderm, mesoderm, as well as a primitive streak library. The Endoderm library is 

derived from a number of cell and tissue types, namely the visceral endoderm, ventral 

node, notochordal and prechordal plates and definitive endoderm, all of which have 

been implicated in axis establishment and maintenance (discussed in Chapter 1). 

Consequently the Endoderm library represents genes expressed in each of these tissues 

at 7.5d pc. Thus, in an attempt to search for genes whose expression patterns implicate 

them in axis specification, two other students (Ross Kettleborough and Rita De Sousa 

Nunes) and I screened the Endoderm library by whole mount mRNA in situ 

hybridisation of mouse embryos aged between 6.5 and 9.5 dpc.

We employed a strategy that took advantage of sequence data provided through the 

collaboration of our laboratory and the Max Plank Institute of Molecular Genetics, 

Ihnestrasse, Berlin, Germany (see Chapter 2: Methods and Materials). Briefly, clones 

were gridded and sequenced, like sequences were clustered, they were subjected to 

BLAST searches and these data were used to select genes of interest for WISH (180 

clones in total). In effect we were performing a manual normalisation, in which we were 

not risking the loss of rare transcripts. Moreover, as we knew the identity of the clones 

selected, we did not repeat WISH of the same clone unnecessarily and we were able to 

choose previously unstudied clones. Both my individual results and the combined 

results of my co-workers and I will be presented here.
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3.2 Results

3.2.1 An efficient strategy for an expression screen

This Study explored but a fraction of the Beddington Endoderm library; just 2% had 

been gridded with only half (4000 sequences) used in the clusteral analysis and this 

produced a total of 1957 independent clusters. Of these 180 clones being selected for 

WISH screening.

Of the 180 clones selected, probes could not be generated for 13, leaving 167 used for 

WISH (see Table 3.1)

Table 3.1-Breakdown of problems encountered with selected clones, which were unable to be 
used for WISH

Problem with selected clone Number of problematic 
clones out of the total 180 

clones selected

Number of problematic 
clones out of the 78 clones 

that I selected

No bacterial growth 2 0

Did not linearise 2 2

No insert detected or insert very 
small

7 4

Transcription failure 2 0

Total 13 6

Number of remaining clones used 
for WISH screening

167 72

The results of the expression screen are summarized in Table 3.2. The outcome of each 

WISH was empirically classified according to the following scheme: (i) ubiquitous, 

where the corresponding gene was expressed in all tissues at equal levels at all stages,

(ii) widespread, where the corresponding gene was expressed at often differing levels in 

a wide range of tissues at all stages (iii) restricted, where expression was detected in a 

small number of specific tissues in at least one of the stages examined or (iv) undetected 

expression.

A total of 30 out of the 167 clones (18.0%) screened by WISH were expressed in a 

restricted manner during embryogenesis (my contribution was 8/72 (11%) restricted 

expression patterns detected). Ubiquitous expression patterns were the most common 

comprising 42% of all the expression patterns obtained (and 49% of my results) 

followed by ‘widespread’ expression patterns which comprised 36% of the expression
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patterns (and 38% of my results). Interestingly, 4% of genes (3% of my results) did not 

appear to be expressed using WISH.

It is often easier to study the functions of genes that are expressed in a restricted 

manner. When analyzing complex phenotypes (due to a combination of primary and 

secondary defects), a knowledge of the spatial and temporal localization of the gene of 

interest helps one determine in which tissues and at what stage the primary defect is 

occurring. Therefore, emphasis will now be placed on the clones expressed in a 

restricted manner in the following results and discussion sections.

Table 3.2-Summary of the numbers of expression patterns obtained by WISH 

Expression pattern Combined results My results

No, of clones % of total No. of clones % of total

Ubiquitous 70 42 35 49

Widespread 60 36 27 38

Restricted 30 18 a 11

No detected expression 7 4 2 3

Total 167 72

3.2.2 Isolation of 30 genes with restricted expression patterns

Table 3.3 presents a breakdown of the type of clones giving rise to restricted expression 

patterns. This table also provides comparative data showing the number of restricted 

patterns per total number of clones represented in each category.

The majority of the clones exhibiting restricted expression patterns belonged to groups 

other than the novel category, suggesting that a gene was more likely to be expressed in 

a restricted manner if homologs existed in other species. Indeed, three out of five 

uncharacterized ESTs that contained conserved ORFs provided restricted expression 

patterns.

Our prescreening strategy ensured that we did not select clones that had been previously 

studied in development and that expression patterns of potential homologs of our 

selected clones had not been published at the time of clone selection. As a result, 29 of 

the 30 restricted patterns were from distinct and developmentally uncharacterized
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Table 3.3-Classification of clones giving rise to restricted expression patterns

Combined results My results

Non developmentally studied mouse 
homologues or genes containing domains 
corresponding to;

No. of 
clones 

selected

No. of 
restricted 
patterns

No. of 
clones 

selected

No. of 
restricted 
patterns

Transcription regulators and proteins involved 
in chromatin structure

26 2(8%) 11 0

Splicing factors and proteins involved in RNA 
binding and transport

12 2(17%) 2 0

Signaling molecules 22 5(23%) 6 0

Cell cycle regulators 11 3(27%) 2 1

Cytoskeleton and extracellular matrix 
components

11 3(27%) 1 0

Human disease genes 15 3(20%) 1 0

Others 3 2(67%) 1 2

Conserved ORFs 5 3(60%) 3 2

Novel genes 62 7(11%) 51 3

Total 180 30 78 8

Total screened by WISH (total selected minus 
problematic clones)

167 30 72 8

Table 3.4 Classification of clones with expression restricted to one or more tissues represented 
in the Endoderm library.

Tissue

Visceral endoderm

Node and axial mesendoderm

Definitive endoderm

Combined result 

Number of clones with

My results

Number of clones with
expression restricted to tissue expression restricted to tissue
(note this represents a total of (note this represents a total of
19 clones) 

14 

5 

4

4 clones)

3

1

1
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clones. This compared well with other screens such as that of Niedhardt et al. (2000) 

where only 45% of genes with restricted expression patterns were uncharacterized.

Finally, 19 of the 30 clones with restricted expression patterns (4/8 for my results) 

exhibited expression patterns restricted to the tissues represented in the endoderm 

library: that is,, tissues implicated in axis establishment (see table 3.4). Most of these 

clones were restricted to the visceral endoderm (14/19 combined results; 3/4 my results) 

followed by the node and axial mesendoderm (5/19 combined results; 1/4 my results). 

Some genes were expressed in more that one of the tissues of the endoderm library. For 

example some genes such as mDlLIC (see below) were expressed in the node and later 

in the definitive endoderm.

3.2.3 Descriptions of 8 new expression patterns isoiated

Of the 72 clones that I screened by WISH 8 exhibited restricted patterns of expression. 

These results are presented in table 3.5 and figures 3.1-3.8. Appendix 1 details a 

summarized breakdown of the results taken from my contribution to the WISH screen.

3.3 Discussion

3.3.1 An efficient screening strategy

We have described an efficient strategy for screening cDNA libraries, which has 

allowed us to isolate new genes with restricted patterns of expression (18% of all clones 

used for WISH). This result compares well with other WISH expression screens such as 

(i) 5% of clones displaying restricted gene expression in Gawantka et al. (2000) which 

was a random normalized screen in Xenopus, (ii) 8% of clones displaying restricted 

gene expression in Christiansen et al. (2001) which was a random subtractive screen in 

Chick), (iii) 12.5% of clones displaying restricted gene expression in Kudoh et al. 

(2001) which was a random normalized screen in Zebrafish and (iv) 8% of clones 

displaying restricted gene expression in Neidhardt et al. (2000) which was a random 

normalized screen in mouse.

One advantage of our approach is that through a large-scale sequencing collaboration 

we have been able to cluster identical sequences present in the Endoderm library, which



Clone 
reference 
in screen

Gene
Product

Site of expression

6.5dpc 7.5dpc 8.5dpc >9.5dpc
22

(see
fig.3.1)

14-3-3
protein

Extraembryonic ectoderm, 
extraplacental cone and lining 
the proamniotic/amniotic 
cavity.

Extraembryonic ectoderm, 
extraplacental cone and 
weakly in epiblast.

Marks surface ectoderm  along 
the distal (most presumtive 
dorsal) edges of the neural 
folds, may also mark neural 
crest.

Expression rem ains along the dorsal 
neural tube for a short time after the 
neural folds have com e together. 
Expression is also seen  lining the 
branchial arches and the posterior of 
the embryo, where it marks surface 
ectoderm  a thin line line along the 
dorsal and ventral midlines.

19
(see

fig.3.8)

p351 No expression detected. First between the dorsal and 
venrtal aspec ts of the node, 
then only in the ventral aspec t 
of the node.

Restricted expression in the 
node until the 5-6 somite 
stage. Expression then 
becom es w idespread.

W idespread with elevated expression 
in the branchial arches and later in 
gut endoderm .

27
(see

fig.3.2)

unknown Extraembryonic region of the 
visceral endoderm .

Visceral endoderm  underlying 
extraembryonic region of the 
embryo.

Ubiquitously expressed  in 
surface ectoderm.

Expession in surface ectoderm  
persists. However a s  the embryo 
develops, the expression becom es 
progressively posteriorised. Also 
expressed  in viserai yolk sac.

51
(see

fig.3.3)

AFX protein E xpressed through-out the 
epiblast.

Expressed through-out the 
embryonic tissues.

Strong expression in anterior 
m ost presomitic m esoderm  
and in som ites. W eak 
expression in the neural 
epithilium

Strong expression in anterior most 
presomitic m esoderm  and posterior 
m ost som ites. Older som ite 
expression is in cells giving rise to 
ventral sclerotom e. W eak expression 
in the  brain.

56
(see

fiq.3.6)

unknown Extraembryoninc region of the 
visceral endoderm .

Visceral endoderm  overlying 
extraembryonic region of the 
embryo.

Visceral yolk sac. Visceral yolk sa c

66
(see

fig.3.4)

unknown Weakly expressed  though-out 
the epiblast.

Weakly expressed in 
embryonic tissues, upregulated 
in the primative streak.

Highest expression in 
diencephalon and midbrain. 
W eak expression in spinal cord 
and hindbrain.

Expression in roofplate and 
increased expression in hindbrain 
and anterior spinal cord. Also 
expressed  in first branchial arch.

67
(see

fiq.3.5)

ubiquitin
specific

protease-3

Extraembryonic ectoderm. Primative streak and emerging 
m esoderm .

Wide spread expression in 
m esoderm al derivatives.

Wide spread  expression in 
m esoderm al derivatives.

69
(see

fig.3.7)

unknown Extraembryoninc region of the 
visceral endoderm .

Visceral endoderm  underlying 
extraembryonic region of the 
embryo.

Visceral yolk sa c Visceral yolk sa c

0

1

ÿ
m
3

Im
f

00
VO Table 3.5. Deatils of clones displaying restricted patternes of expression (see figures 3.1-3.8)
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Clone 22:14-3-3a protein

Figure 3.1. mRNA in situ hybridisation o f clone 22, 14-3-3 protein sigma. Expression is detected prior to 
gastrulation (a) and up to late streak stages (b) in the extraembryonic ectoderm and ectoplacental cone. 
Subceliuiar localisation appears polarised prior to/at the onset o f gastrulation. At early somite stage 
expression is observed in the surface ectoderm along the distal edges o f  the neural folds (c). At the 25 somite 
expression remains along the dorsal surface ectoderm o f the neural tube in a thin line. This persists for a short 
time after the neural tube has closed. Expression is also seen lining the branchial arches and posterior surface 
ectoderm o f the embryo as a thin line along the dorsal and ventral mid lines (d).

Clone #27

7.5dpc 8.5dpc 9dpc

9.5dpc 9.5dpc lO.Sdpc

Figure 3.2. mRNA in situ hybridisation o f clone#27, novel. At the late gastrulation stage expression is 
detected in the extraembryonic region o f  the visceral endoderm (7.5 dpc). Expression becomes ubiquitous in 
surface ectoderm (8.5 dpc and 9 dpc) and is seen in the visceral yolk sac, a descendent o f  the visceral 
endoderm. The surface ectodermal expression persists. However, as the embryo develops the expression 
becomes progressively posteriorized. Yolk sac expression remains at 9.5 and 10.5 dpc.
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Clone #51 :APX protein

%

ffMpe

Figure 3.3. mRNA in situ hybridisation o f clone#5l, APX protein. At the late streak stage expression is 
detected through-out the embryonic tissues (7.5 dpc). Strong expression can be seen in the rostral most aspect 
o f the presomitic mesoderm, as soon as somitogenesis begins, and posterior most somites. Weaker expression 
is detected in the neural epithelium (8.5 dpc, 15 somite stage embryo). Expression in the presomitic 
mesoderm and somites persists in older embryos, however, expression in more mature somites is in the cells 
giving rise to ventral sclerotome. There is weak expression in the brain (9.5 dpc, 25 somite stage).

Clone #66

r

MttB |j»0

Figure 3.4. mRNA in situ hybridisation of clone#66 novel. At pregastrulation stages expression is detected 
weakly through-out the epiblast. Expression is detected through-out the embryonic tissues up to the late 
headfold stage (8 dpc). By the 15 somite stage highest expression is detected in the diencephalon and 
midbrain with weaker expression in the hindbrain and spinal chord (8.5-9 dpc). By the 25 somite stage 
expression is detected in the roofplate and increased expression is detected in the hindbrain and anterior spinal 
chord. Expression is also seen in the in the first branchial arch (9.5 dpc).
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Clone #67: Ubiquitin specific protease-3

6.5dpc 7.5dpc 8dpc

Figure 3.5. mRNA in situ hybridisation o f  cione#67 ubiquitin specific protease-3. Expression is detected in 
the extraembryonic ectoderm prior to gastrulation (6.5 dpc) and during gastrualtion in the primitive streak and 
emerging mesoderm (7.5 dpc). At the early to mid headfold (8 dpc) and 25 somite stages (9.5 dpc) wide 
spread expression is seen mesodermal derivatives.

Clone #56 Clone #69

7 .5 d p e

Figure 3.6. mRNA in situ hybridisation of clone#56 novel. At the mid streak stage expression is detected in 
the extraembryonic region o f the visceral endoderm (7.5 dpc). Expression at later stages is restricted to the 
visceral yolk sac.

Figure 3.7. mRNA in situ hybridisation o f clone#69 novel. At the mid streak stage expression is detected in 
the extraembryonic region o f the visceral endoderm (7.5 dpc). Expression at later stages is restricted to the 
visceral yolk sac (9 dpc).
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Clone #19: mD2UC

à Sense
control

Sense
control

(à) (e)

11 dpc

Figure 3.8. mRNA in situ hybridisation of clone #19, mD2LIC. (a) expression is not detectable at the onset of 
streak formation, (b) Expression is first detected in the node at the mid- to late streak stage. Expression 
persists in the node and is strongest in this region at the late neural plate/ early headfold stage (c). A lower 
level of expression is seen in the node at the 8 somite stage (d). Around this stage o f development wide spread 
level of expression begins to be detected through-out the embryo. This wide spread expression persists and 
becomes stronger in the 25 somite stage embryo (e). By 11 dpc expression is detected the gut endoderm and is 
now present in the heart. Sense probe control staining indicates widespread staining from 8.5 dpc to 10 dpc is 
likely to be real
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Node expression of mD2LIC between 7 dpc and 8 dpc.

7.0 dpc

7.5dpc

'é m m

8.0 dpc

€

Figure 3.9 mD2LlC  expression in the node o f 7-8 dpc mouse embryos. mD2LIC is expressed in the both the 
dorsal and ventral layers o f the node at 7 dpc though apparently stronger in the region where both layers 
juxtapose. At 7.5 dpc expression becomes relatively stronger in the ventral layer and by 8 dpc expression is 
only detected in cells o f  the ventral node
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has allowed us to reduced the number of clones to be used for further analysis by over 

50%. In addition, this type of strategy does not risk the loss of rare transcripts and has 

allowed us to discount both known and housekeeping genes prior to WISH.

Clustering of sequences could provide us with other advantages for screening cDNA 

libraries. Although not presented here, using our approach it might be possible to 

predict to some degree the relative transcriptional levels of genes represented in the 

library through the comparison of cluster size. However one must be careful in 

interpreting such data because some transcripts may not be as good as others as 

substrates for the reverse transcriptase reaction.

Interestingly, members of groups such as cell cycle regulators and cytoskeleton and 

extracellular matrix components frequently exhibited restricted expression patterns. 

These types of molecules have generally been thought to be expressed in a widespread 

or ubiquitous fashion, but 27% of selected clones from each of these categories were 

expressed in a restricted manner during embryogenesis. In contrast, groups of molecules 

most heavily studied in development such as transcription regulators and proteins 

involved in chromatin structure, gave some of the fewest restricted expression patterns 

in this screen.

Although, therefore, it may be easier to analyse the function of molecules whose 

molecular nature is better understood, such as transcription regulators, these types of 

molecules may be expressed more often in a widespread or ubiquitous manner. On the 

other hand, genes whose patterns of expression are more restricted may be less well 

characterised at the molecular level.

3.3.2 Isolation of groups of genes expressed in the same tissue

During this study we have described a number of genes which are expressed in the same 

tissues. Gawantka et al. (1998) have used the term ‘synexpression’ groups to describe 

groups of genes whose patterns of restricted expression are very similar or identical. 

Employing this term we can define three synexpression groups when combining our 

results. These include the 14 genes co expressed in the visceral endoderm (which we 

termed the VE synexpression group), the 5 genes co-expressed in the node and axial 

mesendoderm (the node synexpression group) and the 4 genes co expressed in the
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definitive endoderm (the DE synexpression group; see Table 3.4). Classifying genes 

together in such groups can be helpful when one is trying to understand the molecular 

properties of a particular tissue or structure during development and might help provide 

us with a basis for constructing genetic hierarchies within such groups.

Eleven out of thirty clones expressed in a restricted manner were not expressed to a 

detectable level in tissues from which the endoderm library was derived. It is possible 

that these clones are expressed at very low levels and that our WISH protocol was not 

sensitive enough to detect them. Alternatively there may have been tissue contamination 

or the gene in question may be dynamically expressed such that it’s window of 

expression was missed by our staging.

Expression of seven of 167 of the clones selected was not detected. This may be due to 

the fact that our WISH protocol requires >500 transcripts per cell for visualization or 

because the gene is dynamically expressed or even because that the gene was 

inappropriately activated in response to the dissections required to make the library.

3.3.3 Expression patterns of potential interest produced by 

genes previously unstudied in mouse development

During this study I isolated two genes, 7 4-5-3 cr and mD2LIC, that displayed particularly 

interesting patterns of expression. In this section I shall discuss these genes and their 

expression patterns in more detail.

1 4- 3- 3c t

14-3-3 a  (also known as statifm) is a pleckstrin homology domain containing protein, 

believed to be a p53 regulated inhibitor of G2/M progression (Leffers et al., 1993; 

Dellambra et al., 1995; Hermeking et al., 1997). Amonst the functions of 14-3-3a it has 

been shown to enhance protein kinase C activity and its pleckstrin homology domain is 

thought to be involved in intra-cellular protein translocations to the cell membrane as 

well as functional interactions of intra-cellular proteins involved in signal transduction.

The early expression of 74-5-5(J mRNA exhibits dynamic intra-cellular expression 

(figure 3.1) within the cells of the epiblast prior to or at the onset of gastrulation. As
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well as being expressed in the extraembryonic ectoderm transcripts are also transiently 

expressed and localized to the region of the epiblast cells facing the 

proamniotic/amniotic cavity. This indicates that these epiblast cells which have been 

shown to mix extensively prior to gastrulation (Beddington, 1989), appear to be 

molecularly polarised at the onset of gastrulation.

As gastrulation proceeds it is the cells that are located around the amniotic cavity that 

tend to acquire more dorsal character. At 7.5 dpc it is difficult to assess the exact 

location of 14-3-3cj, however, from the time of the headfold stage, the expression of 14- 

3-3ais at the dorsal-most point of the embryo following the line of neural tube closure 

and also in neural crest derivatives. Whether this suggests that this polarity in the cells 

of the epiblast is translated into a D-V axis polarity is unknown at this time but if true 

could help us understand the establishment of the D-V axis.

It would be interesting to perform functional analysis of this gene, however, this may 

not prove straight forward, as there are many family members and isoforms of the 14-3- 

3 genes , in particular 14-3-36 which is highly homologous to 14-3-3a. Therefore, these 

isoforms may compensate for 14-3-3 a  in the event of its removal through gene 

targeting.

Mouse dynein 2 light intermediate chain {mD2LiC)

Clone #19, was chosen as the focus for the rest of this study. This clone was originally 

classified as ‘uncharacterised’, but is now recognised as mouse dynein 2 light 

intermediate chain {mD2LIC), following the characterisation of the human homologue 

of this gene by Grissom et al. (2002). The expression pattern of this gene, which is 

restricted to the node and definitive endoderm (see figure 3.8 and table 3.5), suggest it 

may be important for axis establishment.
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Chapter 4
Expression analysis of Dynein 2 

Light Intermediate Chain {D2LIQ in 

mouse, chick, Xenopus and 
zebrafish
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4.1 Introduction

mD2LIC, isolated from our WISH screen of the Beddington Endoderm cDNA library, 

was detected in the late gastrula organizer of the 7.5 dpc mouse embryo. As described in 

Chapter 1, the mouse organiser plays a crucial role in body axis establishment and for 

this reason this gene was analysed in greater detail. In this Chapter I discuss the amino 

acid sequence of D2LIC and its mRNA expression pattern during mouse, chick, 

Xenopus and zebrafish development.

4.2 Results

4.2.1 Sequence analysis

The mD2LIC protein is predicted to contain 351 amino acids, with a 

putative P-loop near its N-terminai end and a variety of potentiai 

phosphoryiation sites

The mDlLIC cDNA comprises 1371 bp. It consists of a 81 bp 5’ untranslated region 

(UTR), a predicted open reading frame of 1053 bp possessing a good Kozak consensus 

sequence and encoding a predicted 351 amino acid protein, and a 234 bp 3’ UTR 

(Figure 4.1). Potential homologues of mDlLIC can be found in EST databases from a 

number of organisms including human, chick, X. laevis, X. tropicalis and Zebrafish, and 

the D2LIC protein shows a high level of conservation amongst these species. For 

example, human and mouse share 87% identity and 92% similarity of amino acid 

charges (Table 4.1 and Figure 4.2). In addition, search results revealed a further two 

putative homologues from C. elegans and D. melanogaster (Table 4.1). These have 

been predicted from comparison of human EST sequence data and genomic sequences 

obtained from genome projects and no gene or EST is actually available for study from 

either non-vertebrate species. As with human D2LIC (hD2LIC) (Grissonxet al., 2002), 

mD2LIC is most closely related to the cytoplasmic light intermediate chain family of 

proteins (cLIC) although this relatedness at the protein sequence level is weak (Table 

4.1). In particular, cLIC proteins usually comprise between 500 and 700 amino acids 

whereas D2LIC consists of around 351 amino acids. Furthermore, in contrast to other 

cLICs, D2LIC shares a short region of homology with the small GTPases Temlp and
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Figure 4.1 Structure of the mD2LIC cDNA. The mD2LIC cDNA consists of 1372bp and is 
predicted to encode a 351 amino acid protein containing a nucleotide binding domain (P- 
loop) at amino acids 38-45.
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Spglp, the significance o f which is unclear (Table 4.1). Thus, although D2LIC has been 

defined as a member o f the cLIC family , thanks to its association and co-expression 

with cytoplasmic 2 dynein heavy chain (DHC2) (Grissom et al., 2002), it is important to 

note that D2LIC is a highly divergent new member o f this family.

Table 4.1. Putative hom ologues and related proteins o f  m D 2LIC

Gene

CGI-60 protein 

BM440193 

AW645950 

BG815591

BQ262001

F02D8.3

CG3769

Dynein LIC-1 

(cytosolic)

Dynein LIC-1 

(cytosolic)

Dynein LIC-2 

(cytosolic)

Dynein LIC-A

DyneinLIC-2

(cytosolic)

TEMIp

Organism

Human

Gallus gallus

Xenopus laevis

Xenopus

tropicalis

Zebrafish

Ceanorhabditis.el

egans

Drosophila

melanogaster

Gallus gallus

Rat

Rat

Human

Human

Yeast

Full-length (amino 

acids.)

350

353

356

356

366

369

366

515

523

497

523

492

245

Identity to 

mD2LIC

87%

85%

83%

83%

80% 

104/276 (37%)

107/303 (35%)

72/291 (24%)

70/265 (26%)

68/260 (26%)

74/273 (27%) 

69/260 (26%)

40/196 (20%)

Amino acid charge 

similarity

92%

90%

88%

88%

85%

172/276 (61%)

165/303 (54%)

126/291 (42%)

113/265 (42%)

114/260 (43%)

117/273 (42%)

114/260 (43%)

78/196 (46%)

Searches involving protein domain/motif/signature databases have detailed several sites 

o f interest within the mD2LIC protein including a P-loop (a nucleotide binding domain 

common to the ATPase/GTPase superfamily; Figure 4.1) and a variety o f  potential 

phosphorylation sites whose targets may include casein kinase II, protein kinase C,
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Figure 4.2 Alignment of D2LIC homologs.Full-length mouse and human protein 
sequences have been aligned with partial sequence from Xenopus (see Table 4.1 for more 
details)

ll.S d p c  11.5 dpc 
whole placenta 

embryo

Adult

Lungs Liver Kidney Intestine Heart Brain

!

'I'o ■ •

-1.4kb

-18srRNA

Figure 4.3. Northern blot analysis of m D lLIC  in adult tissues, whole embryo (11.5 dpc) 
and placenta (11.5 dpc). Expression is detected in the brain, intestine, kidney, and lungs but 
not in heart or liver.
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tyrosine kinase and cAMP/cGMP dependent protein kinase. These data match well with 

the characterisation of hD2LIC by Grissom et al. (2002). However, the mouse sequence 

presented by these authors differs from the sequence that is presented here. Grissom et 

al. (2002) used an EST sequence (mouse locus AK008822, BAB25915; M. musculus 

Genome Sequencing Consortium) which contains a frame shift relative to the sequence 

presented in our study. Therefore when their sequence is translated, it results in a 

truncation of the 351 amino acid protein into a 209 amino acid protein that lacks the P- 

loop domain.

4.2.2 D2LIC mRNA expression studies in mouse

4.2.2a Expression of mD2LIC mRNA is restricted to the node of the iate 

streak to eariy somite stage mouse embryo

Using mRNA in situ hybridisation, expression of mD2LIC is first detectable at 7 dpc, 

the time of transition between the mid- and late-streak stages of the mouse embryo. 

Expression occurs in the anterior region of the primitive streak corresponding to the 

organiser (Figure 3.8). This expression is initially confined to the region where the 

dorsal and ventral layers of the organiser meet, but by 7.5 dpc the strongest expression 

occurs in the ventral, monociliated layer of the organiser (Figure 3.9 and Table 4.2).

From the early allantoic bud to the early somite (5-6 somite) stages of development, 

expression remains restricted to the ventral cells of the node, after which, although 

transcripts are still detected in the ventral node, a low level of expression occurs 

throughout most tissues of the embryo. This more widespread expression becomes 

progressively stronger, matching the expression in the node by the 10-somite stage. At 

this stage of development, expression is detected in all tissues except for the heart field, 

with elevated expression observed in more anterior structures.

By 9.5 dpc (20-somite stage) mDlLIC transcripts are detectable in a gradient, with the 

highest level of expression in more anterior and ventral regions of the embryo. 

However, expression by this stage is still absent in the developing heart. At later stages 

up to 11.5 dpc, expression becomes restricted to the gut endoderm and dorsal aorta, and
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Table 4.2 Summary o f  D 2L IC  hom ologue expression in vertebrate m odel system s  

Organism Site of expression

Mouse
(See figure 
3.8)

Chick
(See figure 
4.4)

Xenopus
(Both X. 
laevis and X. 
tropicalis 
exhibit the 
same
expression 
pattern; see 
figure 4.5)

Zebrafish
(See figure 
4.6)

Pre- Gastrula Neural Mid to late
gastrulation plate/early 

somite stage
somite stage

Not tested Expressed in the Remains Widespread
before S.Sdpc, mouse organizer restricted to expression,
but not at the mid to late node until early which is
expressed primitive streak somite stage stronger in
between 5.5 stages and from after which anterior tissues.
and 6.5dpc 7.5dpc expression becomes

specifically in the becomes wide restricted to the
ventral node cells spread gut endoderm 

over time

Expression not Detectable in the Wide spread Wide spread
detected at HH region of expression expression.
stage 3 Hensen’s node at throughout which is

HH.stage 4, by 
stage HH. 5 
expression is 
observed most 
prominently in 
Hensen’s node 
with faint 
expression 
through out 
blastoderm by 
HH stage 6

blastoderm stronger in 
anterior tissues, 
becomes 
restricted to the 
gut by HH.stage 
15

Expressed Expressed Expressed Widespread
throughout the throughout strongly expression at
egg and one gastrula throughout the the neural plate
cell stage neural plate stage becomes

Untested Expressed in 
widespread 
manner between 
50-90% epiboly, 
though possibly 
higher in region 
of organiser and 
posterior-most 
chordamesoderm

Widespread 
expression 
detected 
throughout the 
embryo

restricted to the 
gut

Transcripts are 
detected in a 
widespread 
manner, with 
strongest 
expression 
detected in 
more anterior 
structures
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Chick D2LIC {CHD2LIQ Zebrafish D2LIC {ZebD2LIQ

Stage 10
Neural a

Xenopus
tropicalis

Tailbud
20+ somite

Figure 4.4 mRNA in situ hybridisation of ChD2LIC in Chick. See Table 4.2 for detailed 
description

Figure 4.5 mRNA in situ hybridisation of XtD2LIC in X. tropicalis (the expression pattern 
of D2UC  is the same in X. laevis). See Table 4.2 for detailed description

Figure 4.6 mRNA in situ hybridisation of ZebD2LlC in Zebrafish. See Table 4.2 for 
detailed description
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transcripts are also detectable at low levels in the heart. Expression has never been 

detected in any extraembryonic tissue using in situ hybridisation.

4.2.2b Northern blot hybridisation of mD2LIC reveals that only one 

transcript species, -1.4Kb, is expressed in both the ll.Sdpc embryo 

and adult

Northern blot analysis of total RNA extracted from 11.5 dpc whole embryos and a 

variety of adult tissues reveals a single transcript of approximately 1.4 kb (Figure 4.3).

In the adult, this transcript can be detected in brain, intestines, kidney, and lungs but not 

in heart or liver. Northern blot analysis suggests that mD2LIC expression is highest in 

the brain and kidney. This expression profile is consistent with that of human D2LIC 

and cytoplasmic 2 dynein heavy chain (see below) (Grissom et al., 2002).The only 

extraembryonic tissue analysed by northern blot was the placenta, in which expression 

is not detected. This result is consistent with the results obtained by in situ 

hybridisation.

4.2.3 Analysis of D2L/C expression in Chick, Xenopus and 

Zebrafish development

Expression patterns from WISH analyses are summarised in Table 4.2 

4.2.3a Expression of chick D2LIC {ChD2LiC)

Expression of ChD2LIC was first detectable at stage 4 (Hamilton and Hamburger, 1953) 

in the region of Hensen’s node. Transcript levels were higher by stage 5, with strongest 

expression in the raised tissue folds of the node (Figure4.4). Transcripts were also 

detectable at lower levels in the mid-streak and the posterior of the embryo. By early 

stage 6 low levels of expression were detectable throughout the blastoderm, but 

Hensen’s node remained the most prominent area of expression.

The next stage examined was stage 15, when transcripts were detected in a gradient of 

expression along the anterior-posterior axis with anterior structures staining more 

strongly than posterior tissues. Expression becomes restricted to the gut endoderm 

towards the end of this stage of development (see Figure 4.4 and Table 4.2 for 

comparative summary).
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In the adult, EST database searches suggest that ChD2LIC is expressed in a number of 

tissues including brain, reproductive tract tissues and fat cells.

4.2.3b Expression of X. laevis and X. tropicalis D2LIC (XID2LIC and 

XtD2LIC)

The expression patterns o f XID2LIC mdXtD2LIC  are indistinguishable. At stage 13 

transcripts are detected uniformly throughout the neural plate and organiser region, but 

by the tail bud stage expression becomes restricted to the gut endoderm (Figure 4.5 and 

Table 4.2)

ESTs corresponding to the Z  laevis andX. tropicalis homologues of D2LIC have been 

detected in the egg, one-cell, gastrula (stage 10.5) and neurula (stage 13) stages.

4.2.3c Expression of Zebrafish D2LIC (ZebD2LiC)

WISH was performed on embryos between 50% epiboly and the 20-somite stage. At the 

50%-90% epiboly stages transcripts were detected throughout the embryo with higher 

levels in the embryonic shield. It is possible that the elevated levels in the shield are due 

to the greater thickness of this region, but by the 1-2 somite stage expression was 

clearly stronger in the posterior chordomesoderm. Between the two and 13-15 somite 

stages expression became stronger and more widespread, but thereafter it became 

graded along the A-P axis such that the anterior structures stained strongly and posterior 

tissues very weakly (Figure 4.6 and Table 4.2).

4.2.4 Overexpression of mD2LIC mRNA in Xenopus laevis does 

not cause secondary axis formation but elicits 

gastrulation defects

Over-expression experiments were carried out in an effort to study the function of 

mD2LIC in X. laevis. t h e  first three experiments 100 pg, 200 pg or 400 pg capped 

mD2LIC mRNA was injected into Xenopus embryos at either the 2-cell or 4-cell stage 

of development and embryos were left to develop at I9°C. mD2LIC proved to cause 

defects in gastrulation in a dose-dependent manner (see Table 4.3). Thus, injection of 

100 pg, 200 pg and 400 pg lead to 15/21, 19/23 and 33/34 embryos exhibiting 

gastrulation defects respectively. Embryos that progressed through the initial stages of 

gastrulation failed to close the blastopore correctly and had posterior defects, but
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Experiment (Exp.) number and 
details

Exp. 1 100pg total of mD2LIC mRNA

Total
number

of
embryos

Total

Stage
8-9

number of embryos dead by

Stage Stage Stage 
10-11 18-20 34-35

% of 
surviving 

embryos with 
wt phenotype

Predominant 
phenotype of 
dead embryos

Uninjected 17 3 82% (14/17) Death prior to 
gastrulation

Single blastomere of 2-cell stage injected 
with p-gal

18 - - 4 - 78% (14/18) Death prior to 
gastrulation

Single blastomere of 2-cell stage injected 
with p-gal + mD2LIC

21 - - 15 - 28.5% (6/21) Gastrulation
failure

Exp. 2 200pg total of mD2UC mRNA
Uninjected 16 0 2 2 2 87.5% (14/16) Gastrulation

failure
Single blastomere of 2-cell stage injected 
with p-gal

24 3 5 6 6 75% (18/24) Death prior to 
gastrulation

Single blastomere of 2-cell stage injected 
with mD2LIC

23 6 14 18 19 17% (4/23) Gastrulation
failure

Exp. 3 400pg total of mD2LIC mRNA
Both blastomeres of 2-cell stage injected 
with P-gal

15 1 1 1 1 93% (14/15) Death prior to 
gastrulation

Both blastomeres of 2-cell stage injected 
with 200pg mD2LIC

34 3 22 27 33 3% (1/34) Gatrulation failure

Exp. 4 100pg total of mD2LIC mRNA
Single ventral blastomere of 4-cell stage 
injected with p-gal

20 - 5 - 75% (5/20) Death prior to or 
at gastrulation

Single ventral blastomere of 4-cell stage 21 - - 16 - 24%(5/21) Death prior to or

o
00

injected with p-gal + mD2UC

Table 4.3. Results o f  mD2LIC expression inX. laevis embryos

at gastrulation
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’*«

Figure 4.7 Overexpression of mD2LIC in Xenopus laevis. (a) shows wild-type uninjected 
embryos and (b) shows embryos injected with 200pg of mD2LIC mRNA. (c) shows wild- 
type unijected embryos after immunostaining of notochordal tissue with MZ15 and (d) 
shows injected embryos after immunostaining. A variety of phenotypes are produced 
following the injection of mD2LIC, but all appear to stem from disrupted gastrulation 
movements and failure of the dorsal lip to close correctly. Anterior structures appear less 
affected than posterior ones and immunostaining reveals that notochord is specified in 
injected embryos.
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anterior structures, including the head and cement gland formed normally (Figure 4.7). 

Immunostaining with MZ15, a notochord-specific antibody (Smith and Wah, 1985), 

revealed that notochord was present in such embryos (Figure 4.7)

In a fourth experiment embryos were injected ventrally with 100 pg of mD2LIC. None 

of the embryos (n=21) formed a secondary axis (Table 4.3)

4.3 Discussion

Grissom et al. (2000) have classified D2LIC as a new and highly divergent member of 

the cLIC family of proteins. This conclusion was based on immunoprécipitation results, 

which indicate that D2LIC is associated with cytoplasmic Dynein 2 Heavy Chain 

(DHC2), and the similar expression profiles of D2LIC and DHC2 at the mRNA level, 

and on the co-localisation of D2LIC and DHC2 at the cellular level to the golgi 

apparatus.

Data obtained in our study indicate that D2LIC is highly conserved at the protein 

sequence level between species, but is weakly related to other members of the cLIC 

family, being both smaller (-350 amino acids compared with -500-700 amino acids) 

and possessing a 44 amino acid region that is highly related to the yeast small GTPases 

Temlp and Spglpl, that is not present in other cLICs described to date.

D2LIC is expressed in a similar (but not identical) manner in mouse, chick, Xenopus 

and Zebrafish. Expression is in general detected in the late gastrula organiser followed 

by widespread expression which becomes graded along the A-P axis before becoming 

restricted to the gut endoderm. It is note worthy that D2LIC is expressed in ciliated cell 

types, for example the node of mouse and chick, the neural plate o f Xenopus and the 

organiser of Zebrafish. Interestingly, DHC2 loss-of-function mutants in 

Chlamydomonas exhibit defects in ciliogenesis due to arrested intra-flagellar transport 

(Pazour et al., 1999), so one might predict a role for D2LIC in ciliogenesis. However, 

D2LIC is also expressed in non ciliated cell types suggesting that it might have diverse 

roles in cell biology. Consistent with this idea is the observation that D2LIC interacts 

with the Golgi apparatus in a microtubule-independent manner and that some D2LIC 

localises to vesicular compartments adjacent to or independent of DHC2-associated 

structures (Grissom et al., 2002).
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Mis-expression of mouse D2LIC in X. laevis embryos suggests that this gene may have 

a role in gastrulation, however the effect of this gene may also be non-specific

In summary, sequence analyses indicate that D2LIC is highly conserved amongst 

vertebrates; the protein is a new and highly divergent member of the cLIC family; and 

its expression pattern indicates that it may play a role in late organiser function and may 

be involved in cilogenesis.
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Chapter 5
Protein studies of mD2LIC
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5.1 Introduction

In order to improve our understanding of the role of the mD2LIC gene and gene product 

at the molecular, cellular and whole embryo levels, and to complement and enhance 

functional analyses, attempts were made to crystallise the mD2LIC protein for structural 

analysis and to raise a anti-mD2LIC antibody. I therefore expressed the full-length 

protein and a number of truncations and fragments of mD2LIC in a variety of 

expression systems. These included the pET (Novagen) and pGEX (Pharmacia) systems 

in E. coli BL21 cells and the DES™ system (Invitrogen) in Drosophila Schneider 2 

cells.

5.2 Results

Details of all constructs are in Table 5.1

5.2.1 Expression of recombinant mD2LIC in E. coli

In a preliminary series of experiments the full-length open reading frame (ORE) of 

mD2LIC was cloned and expressed using the pET22b expression system (Novagen). 

The level of expression observed was relatively low and the expressed protein was 

empirically estimated as being of low solubility (less than 5%; see Table 5.1). The term 

‘solubility’ is used to indicate how readily a protein tends to form aggregates. Therefore 

the higher the protein’s solubility the easier it is to crystallise.

Use of the DNA Star program suggests that the C-terminal end of mD2LIC is very 

hydrophilic and has an overall positive charge. Therefore, it was possible that this 

region of about 75amino acids may be affecting solubility of the protein. Thus, in order 

to test this and to try to express a more soluble fragment of the protein for use in 

structural studies, several C-terminal deletion constructs were made using the pET22b 

vector system.

Four constructs were made: PET175, PET275, PET285 and PET300 (see Table 5.1 for 

details). Unfortunately these pET P351 C-terminal deletion constructs failed to express 

in bacterial cells. To circumvent this problem the same C-terminal deletion constructs

113



Chapter 5: Protein studies o f  mP2LIC

PI 75 P275 P285 P300 P351
M Ti r '  u I " u I"  u I i n

U = Uninduced 
I = Induced

Figure 5.1 Expression o f  G ST-m D 2LIC  constructs in E. coli. A ll G ST constructs show  a good level 
o f expression fo llow in g  induction with 1 M IPTG

E14ES cell RT 
1 2 3

3T6 RT 
I 2 3

Ikb

500bD

Figure 5.2 RT-PCR expression o f  m D lL IC  in a m ixed population o f  differentiated and 
undifferentiated E14 ES ce lls  and 3T 6 cells. Expression is detected in both cell lines. Primers set 
specific for am ino acids 1-175 was used for lanes 1-4. Lanes 1=PCR on RT reaction. Lanes 2=PCR  
minus RT reaction. Lanes 3=PCR water control. Lane 4=PCR  using m D 2L IC  cD N A . Lane 5=PCR  
using primers specific for entire m D 2L1C  ORE and m D 2LIC  cD N A
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Table 5.1. Information on recombinant protein constructs. 

Construct Type of construct Amino acids (aa) 

and length Encoded and total

length of resultant 

protein

Expression in 

bacterial cells

Estimated % 

Solubility

PET175 C-terminal deletion 1-175aa; 175aa X -

PET275 C-terminal deletion 1-275aa: 275aa X -

PET285 C-terminal deletion 1-285aa: 285aa X -

PET300 C-terminal deletion 1-300aa: 300aa X -

PET351 C-terminal deletion 1-351aa: 351 aa / <5

GEX175 C-terminal deletion 1-175aa: 175aa / 10

GEX275 C-terminal deletion 1-275aa: 275aa / 10

GEX285 C-terminal deletion 1-285aa: 285aa / 10

GEX300 C-terminal deletion 1-300aa: 300aa y 15

GEX351 C-terminal deletion 1-351aa: 351aa y 15

GEXA4 N-terminal deletion 5-351 aa: 347aa y 10

GEXA68 N-terminal deletion 69-351 aa: 283aa y 10

GEXA117 N-terminal deletion 118-351: 233aa y 15

F1 Fragment 1-68aa: 68aa X -

F2 Fragment 118-174aa: 56aa X -

F3 Fragment 118-203aa: 85aa y 5

F4 Fragment 241-351 aa: 1 lOaa y >50

F5 Fragment 268-351 aa: 83aa X -

and the full-length ORF construct were cloned into the pGex expression vector 

(Pharmacia), thereby creating PGEX175, PGEX275, PGEX285, PGEX300 and full 

length PGEX351 (see Table 5.1 for details). The resulting glutathione-s-transferase 

(GST) tagged proteins all displayed a higher level of expression (see Figure 5.1) but 

were only 10-15% soluble.

I observed that the smaller the C-terminal deletion the more soluble the fusion protein, 

suggesting that the hydrophilic C-terminus appeared to improve solubility. Therefore N- 

terminal deletions of mD2LIC were made using the more successful pGEX expression 

system (Table 5.1). In addition, constructs comprising small regions of full length 

mD2LIC were made in order to help find more soluble regions of the mD2LIC for

115



Chapter 5: Protein studies o f mD2LIC

Structural studies. None of the N-terminal deletions provided a more soluble protein, 

although, one fragment, F4, was >50% soluble.

The GST tag of the F4 and PGEX351 fusion proteins were cleaved away and the 

resulting proteins (EF4, for E.coli expressed F4, and EmD2LIC, for E.coli expressed 

mD2LIC) were purified by gel filtration. Light scattering results indicate that purified 

EmD2LIC protein exists primarily as tetramers and less frequently as dimers and 

monomers (data not shown) so crystallisation would prove difficult. Therefore, 

EmD2LIC was used for raising an antibody and not for structural analysis. The EF4 

protein was rather small for crystallisation but might be useful in NMR structural 

analyses.

In a final attempt to obtain a soluble full-length version of mD2LIC, I turned to a 

eukaryotic expression system.

5.2.2 Expression of recombinant mD2LIC in Scbn/ec/er 2 ceiis

Expression of a eukaryotic protein in a prokaryotic system can lead to misfolding and 

insolubility of the protein for a variety of reasons. For example, the prokaryotically 

expressed eukaryotic protein will lack post-translational modifications and disulphide 

bonds cannot be synthesised in bacterial systems. Therefore in an effort to overcome 

this problem, mD2LIC was expressed in Schnieder2 (S2) Drosophila cells using the 

DES™ system (Invitrogen). Transient transfections were performed and cells harvested 

at 1, 2, 3, 4 and 5 days following transfection. The expressed proteins were more 

soluble than observed using prokaryotic expression systems but were very poorly 

expressed, with the highest yield harvested on day 2 (data not shown).

5.2.3 Antibody production

Attempts were made to raise polyclonal rather monoclonal antibodies because one 

aspect of this study was to assess the evolutionary conservation of D2LIC in vertebrate 

species other than the mouse.

Three rabbits received 250pg of EmD2LIC three times at 6 week intervals (see Chapter 

2). Western blot analyses were performed using pre-immune serum and serum derived 

from the first and second post-immunisation test bleeds. In these experiments samples 

of purified EmD2LIC, EF4, GST-EF4 and GST alone were mixed into a sample of total
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bacterial lysate, which contained expressed GST-EmD2LIC and then run on a 

denaturing gel (bacterial lysate alone was run as a negative control on the same gel).

The purpose of this procedure was to help determine the specificity of the polyclonal 

antibodies raised and to assess whether if the antibodies showed higher specificity for 

EF4 or full length protein. Purified GST was included as a control to make sure that the 

immunological response induced did not derive fi’om contamination with this highly 

immunogenic antigen and also to test the level of non-specific antibody binding.

Post-immunisation sera proved to contain a broad spectrum of antibodies that picked up 

a variety of bacterial antigens but also some that recognized EmD2LIC, EF4, GST-EF4 

and GST-EmD2LIC but not GST alone. In contrast, the pre-immunization test sera 

contained no such antibodies

The specificity of each crude serum was then tested in western blot analysis of 9.5-10.5 

dpc mouse embryo extracts. Several, presumably non-specific, species were detected 

with both pre-immunisation and post-immunisation crude sera. However, a band of the 

predicted size of 38-39kD was detected using two of the post immunisation sera with 

best result obtained with sera obtained from rabbit 3 (data not shown).

5.2.4 Cellular Immunostaining using crude serum

Anti-mD2LIC antibodies have not been successfully purified due to time constraints. 

However crude serum was tested in immunostaining of mouse cells to examine the 

potential intracellular expression of mD2LIC.

ES cells were grovm for three to five days in a medium devoid of LIE. LIF is required to 

prevent ES cell differentiation therefore by the end of 5 days the cells cultured consisted 

of a mixed population of ES cells and other differentiated cell types. Expression of 

mD2LIC in this mixed cell was confirmed by RT-PCR (Figure 5.2). Sera fi*om rabbit 3 

and the corresponding pre-immunisation test bleed were used to stain the mixed cell 

populations (Figures 5.3-5.5). No specific staining was observed in small the larger

Specific staining was observed in the larger differentiated cell types when using the crude 

post-immunisation serum but not with crude preimmunisation serum. This staining was 

restricted to the cytoplasm and appeared to specifically mark some cytoskeletal element 

(note; staining appears to be present in the nuclear region of larger cell types but this is an 

artefact, caused by the concentrated cytoskeletal expression around the nucleus.; see 

figures 5.3-5.5).
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Preimmun.DAPI Preimmun. CY3

Test bleed. DAP I Test bleed. CY3

Vf

Figure 5.3 Intra-celluiar expression o f  m D2LIC protein assessed  by im m unostaining o f  a m ixed  
population o f  differentiated and undifferentiated E14 ES ce lls  using crude unpurified serum. (DAPI 
in blue, A lexa  543 in red). W hite arrows indicate larger ce lls  types that do not stain with preimm une 
serum. Larger cell types do stain with the test serum and staining appears localised  to the a 
cyotskeletal elem ent (for enlargem ents o f  test bleed staining see figs 5 .4  and 5.5).
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•  <

i
Figure 5.4 Enlargement of test bleed immunostaining

t

Figure 5.5 Enlargement of test bleed immunostaining
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Therefore this result demonstrates that the post-immunisation crude serum contains 

specific antibodies that are not present in the pre-immunisation serum. However as 

crude serum has been used in this experiment it is unclear whether the staining observed 

is specific to mD2LIC.Affi-Gel (from Biorad) was used to construct columns in order to 

affinity purify the antibodies specific for mD2LIC. However poor antigen yields and 

time constraints resulted in unsuccessful purification of the polyclonal serum at this 

time.

5.3 Discussion

Crystallisation of mD2LIC has not been achieved due to poor expression and low 

solubility of full-length mD2LIC. In order to understand the structure of mD2LIC 

better, a future experiment could be to perform a proteolysis study. Through an initial 

knowledge of the primary amino acid sequence of the protein and the action of specific 

known protease activity one can map domains of secondary structure in mD2LIC, 

which could help us to understand some attributes of the structural nature of this 

protein. This experiment should be performed in conjunction with analysis of constructs 

coding for specific domains of mD2LIC.

Western blot analysis indicates that anti-mD2LIC antibodies have been raised and 

preliminary results indicate that mD2LIC associated with the cytoskeleton. These 

results are not obviously consistent with those of Grissom et al. (2002) who reported 

D2LIC localises to the Golgi apparatus in COS-7 cells and associated with DHC2. 

However, they also noted that a pool of D2LIC was present in these cells that did not 

localise to the Golgi or associate with DHC2 but instead potentially to the centrosomal 

region of the cell. It is therefore possible that intra-cellular localisation of mD2LIC may 

be cell-type and cell-cycle dependent, and that the difference between my results and 

that of Grissom et al. (2002) is due to background levels of non-specific staining using 

crude sera that mask golgi staining in the mixed ES cell population.

If purification of anti-mD2LIC continues to prove unsuccessful, localisation of mD2LIC 

in cell culture can be tested by the expression of a myc-tagged version of the protein. 

Such a construct has been made using pcDNA3.1 and expression is under the control of 

the CMV promoter. Alternatively a GFP-tagged version of mD2LIC could be made to 

observe potential localisation in real time.
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Chapter 6
Functional analysis of mD2LIC
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6.1 Introduction

In order to study the function of mD2LIC, I decided to use homologous recombination to 

target the genomic locus of this gene and generate loss-of-function mutant mice.

6.2 Results

6.2.1 Characterisation of the mD2LIC genomic iocus

Two classes of non-overlapping genomic clones were isolated. The first class proved to 

contain the first three exons. Exon 1 consisted of the entire 5' untranslated region (UTR), 

the translational start site, and a Kozak consensus sequence. The predicted P-loop domain 

of mD2LIC is coded by the second and third exons, with the first four amino acids of this 

eight amino acid domain coded by exon 2 and the remaining four amino acids coded by 

exon 3 (Figure 6.1 and 6.2).

The second class of genomic clone isolated contained only the final exon, which encodes 

the C-terminus of the protein, the translational stop site and the 3' UTR. This mapping 

predicted that the mD2LIC locus exceeds 15 kb, consistent with initial mapping results. 

Indeed, genomic sequence data indicates that the mD2LIC genomic locus is approximately 

27 kb and may consist of 12 exons. Comparison of the mouse genomic locus with the 

human suggests that the human locus is larger (around 36 kb) and comprises 13 exons, 

suggesting that not all intron/exon boundaries are conserved. It is possible however, that 

this apparent difference is due to the quality of sequence data available.

6.2.2 Targeted disruption of the mD2LIC gene by homologous 

recombination

My targeting strategy involved removing both the transcriptional and translational start 

sites of the gene, a procedure predicted to generate a null allele. To this end, a replacement 

vector was designed which incorporated both positive (neomycin resistance) and negative 

(diphtheria toxin A) selection cassettes. Our strategy was to replace a 2.75 kb region of the 

endogenous mD2LIC locus, consisting of a 500 bp region upstream of the predicted
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niD 2U C  genom ic locus (Partial) 
(>15kb)

m D 2LlC  cD N A (~1 .4k b )

HD2LIC genom ic locus (Partial) 
(~36kb)

/jD 2 L /C cDNA  (~1.4kb)

Figure 6.1 G enom ic structure o f  the D 2LIC  locus in m ouse and human

Genomic locus
<1111 -2  « 113 -41

E * o n  E xon
I II

S ia n

Targeting Construct

« « 4 2 - 5 4
Exon

III

Sacl

P1.P2

5  5K b
H ind lll 

2  K b 2  3K b

Targeted Locus

Hifxmi 
W T L o c u *  I____
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T a rg e ted  L o cu s
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3  p r o b e
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Figure 6 .2  Targeting strategy used to create the m D 2L lC  -/- loss-of-function  m utation. During the 
targeting the PGKneo cassette replaces exons 1 and 2 o f  the m D2LIC locus. See text for details. In the 
targeted locus a HindlW  site is introduced and this site was used to distinguish  betw een targeted and 
non-targeted alleles in Southern blot analysis. Primers PI and P2 are used to distinguish between  
targeted and non targeted alleles w hen genotyping and lie within exon  1 and 400  bp upstream o f  it.
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transcriptional start site and the first two exons. The targeting vector consisted of a 5.5 kb 5' 

homology arm, a 2 kb loxP flanked PGKneo cassette (which should replace the targeted 

region) and a 2.3 kb 3' homology arm (see Figure 6.2). A diphtheria toxin A (DTA) gene 

was placed downstream of the 3' region of homology such that in a correctly targeted 

homologous recombination event the targeting vector would be incorporated and the DTA 

would be lost. This negative selection should enrich for the number of correctly targeted ES 

cell clones.

During the targeting event an exogenous HindiW restriction site was introduced into the 

locus just downstream of the PGKneo cassette. This was used to identify correctly targeted 

ES cell clones. Use of a 5’ external probe in Southern blot analyses of ES cell genomic 

DNA digested with Hindlll should result in a 13 kb band corresponding to the wild-type 

locus and a 6 kb band for a correctly targeted locus.

The vector was linearised and electroporated into ES cells. These cells were plated out and 

grown under G418 selection for 9 days. 412 G418 resistant clones were obtained. 340 of 

these clones were analysed by Southern blot hybridisation and 13 were found to be 

correctly targeted (a ratio of about 1:26). All targeted clones were tested for additional 

random insertions by probing the same Southern blots with a neomycin specific probe and 

no additional insertions were found in the 13 correctly targeted clones. Five of these 

thirteen clones were expanded and used to generate chimeric mice by injecting them into 

blastocysts (see Tables 6.1 and 6.2). A total of 36 chimeras (30 males and 6 females), 

exhibiting between 10-80% chimerism as assayed by coat colour, were generated (see 

Table 6.1) and germ line transmission of the targeted locus was achieved using all cell 

lines.

Table 6.1 Summary o f  chimera production

Clone Total 
number of 
Chimeras

Number 
of male 

chimeras

Number
of

females
chimeras

Number of 
embryos 

transferred

Number 
of pups 

born

% of pups 
born from 
embryos 

transferred

%of
chimeras

from
embryos

transferred

%of
chimeras

from
pups
born

54 11 7 4 105 54 51% 11% 20%
110 11 10 1 26 17 65% 42% 65%
295 1 1 0 41 16 39% 2% 6%
312 5 4 1 60 40 67% 8% 13%
329 9 9 0 76 32 42% 12% 28%

Total 36 30 6 308 159 52% 12% 23%
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Figure 6.3 Southern blot analysis and PCR genotyping o f  mutant cell lines and m ice. Correctly targeted 
ES cells clones and heterozygous individuals exhibit 13 kb and 6 kb banding patterns in Southern blot. 
PCR analysis with primer sets PI and P2 and neom ycin  specific primers confirm s Southern blot 
results.

PCR genotyping 
of heterozygous 
Intercrosses

WT-

Neo-

WT

Northern blot of
heterozygous
intercrosses

1.4 kb-

+ /. . / .  WT

( m' m

mRNA in situoi mD2L/C expression

l^term ates WT

•Expression cannot be detected in -/-

Figure 6 .4  PCR genotyping o f  progeny from heterozygous intercross confirm ed by northern blot 
analysis and in situ hybridisation. H om ozygous targeted mutants do not expressed  m D 2L IC  and PCR  
on genom ic D N A  from these individuals reveals only the neom ycin product. In situ hybridisation also  
confirm s the absence o f  m D 2LIC  expression in hom ozygous null mutants.
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Chimeric individuals from the five independent lines were mated with C57B16 mice to 

establish Fi heterozygotes. w£)2L/C heterozygotes were initially identified by Southern 

blot analysis followed by a PCR based strategy (see Figures 6.2, 6.3 and Chapter 2). An 

expected 1:1 Mendelian ratio in the frequency of wild-type to heterozygous individuals was 

obtained (125 wild-type: 103 heterozygous). Heterozygous individuals appeared 

phenotypically normal and fertile and were intercrossed to produce homozygous mutants.

6.2.3 The /t?D2L/C mutation is a nuil alieie

Homozygous individuals were identified using the same Southern blotting and PCR 

genotyping strategies outlined above. Northern blot analysis was performed using total 

RNA from 9.5 dpc homozygous embryos, and probes corresponding to the full length 

sequence and a specific 3' region of mD2LIC. The results of these analyses revealed a lack 

of any mD2LIC like transcript in individuals predicted to be homozygous null through 

Southern blotting and PCR (Figure 6.4).

6.2.4 Deletion of the mD2LIC results in recessive embryonic 

lethality

Only heterozygous individuals derived from the same cell line were intercrossed. No 

homozygous individuals were detected in litters of new-born pups or in 14.5 dpc embryos 

derived from heterozygous intercrosses, indicating that homozygotes die earlier during 

gestation. Similar results were obtained with all five cell lines, suggesting that lethality is 

due to the targeted mutation.

In order to characterise the embryonic lethality, litters were obtained at different stages of 

development from heterozygous timed matings and all individuals were genotyped by PCR. 

These results are summarised in Table 6.2. Normal 1:2:1 Mendelian ratios were obtained 

from litters up to 10.5 dpc and no homozygotes were obtained after 11.5 dpc confirming 

that deletion of mD2LIC results in recessive embryonic lethality.
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Table 6.2 Frequency of individuals produced from heterozygous intercrosses

Stage Number of 
em bryos

+/+ +/- -/-

7.5 dpc 184 53 (28%) 88 (49%) 43 (23%)

8.5dpc 198 45 (23%) 99 (50%) 54 (27%)

9.5dpc 167 55 (33%) 74 (44%) 38 (23%)

10.5dpc 32 9 (28%) 17(53%) 6(19%)

11.5dpc 12 4 (34%) 7 (58%) 1 (8%)

12.5dpc 4 2 (50%) 2 (50%) 0%

13.5dpc 8 2 (25%) 6 (75%) 0%

6.2.5 mD2UC homozygous null mutants exhibit variable 

patterning defects including disruption of the body axes

mD2LIC null mutants become distinguishable from littermates between 8.0 and 8.5 dpc 

(Figure 6.5). The majority of homozygous mutants exhibited a delay in the initiation of 

embryonic turning, a reduction in overall size and variable anterior truncations. In 

particular there was a delay in the elevation of the rostral most neural folds, giving the 

anterior neural plate a flattened appearance when compared with wild-type and 

heterozygous littermates. Homozygous individuals usually appear to arrest at 9.5-10.0 dpc 

but beating hearts have been observed up to 11.5 dpc.

A detailed morphological analysis was first made on embryos obtained at 9.5 dpc. At this 

stage a variety of patterning defects are associated with the mD2LIC null allele in all three 

body axes (Figure 6.6 and Table 6.3). In the antero-posterior axis these include 

foreshortening of the embryo, anterior truncations of the forebrain and under development 

of tissues in the trunk, such as the somites (although somite number is normal). In the 

dorso-ventral axis 1 have observed ventral body wall and neural tube closure defects. 

Finally in the left-right axis there is randomisation in the direction of embryonic turning 

and heart looping morphogenesis.

Histological analyses indicate that the majority of embryos exhibit defects in notochord 

development and a reduction in gut endoderm, and all null mutants exhibit heart patterning
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7.5dpc

WT
8.5dpc

7.5dpc

Appear
relatively
normal

- / -

8.5dpc

Appear to 
have slightly 
delayed 
development 
and forebrain 
truncation

Figure 6.5 mDlLIC -/- mutant phenotype at 7.5 and 8.5 dpc. At the gross morphological level 
wild-type and mutant embryos are relatively indistinguishable. By 8.5dpc mutants exhibit 
delayed turning and neural tube closure and anterior truncations.
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Class I Left-side Class I Dorsal Class I Right-side

l i
Figure 6.6 mDlLlC -/- mutant phenotype at 9.5 dpc. The phenotype is variable and mutants can be 
categorised into three Classes of severity. These classes are based on the extent of axial rotation 
exhibited by each individual. Class I is the most common type of mutant phenotype at 9.5 dpc and do 
not commence axial rotation. Class II mutants exhibit incomplete turning and Class III mutants 
complete embryonic turning but are always distinguishable due to incomplete closure of their neural 
tube. See Table 6.3 for details and the extent of phenotypes exhibited by each Class of mutant.
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WT Class II -/- Class I -/- Class I -/-

Figure 6.7 Histological analysis of the mDlLIC -/- mutant phenotype at 9.5 dpc. Endoderm is 
reduced, mesoderm is compacted and dorsal aorta is compressed or reduced the more severe 
the phenotype in mD2LIC -/- mutants compared with wild-type litter mates.
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defects (Figure 6.7). The frequency and extent to which these defects affect each 

homozygous individual are variable.

One striking feature o f  m D lL IC  null mutants is the defeetive axial rotation exhibited by 

most homozygotes (82% o f all null embryos at 9.5 dpc). In wild-type embryos, axial 

rotation normally starts at the 6-8-somite stage and is completed by the 14-16-somite stage. 

However, I commonly observed homozygote embryos with up to 24 somites that had not 

commenced axial rotation.

To aid the phenotypic analysis, null mutants were classed in to three groups according to 

the extent o f  axial rotation displayed by each embryo at 9.5 dpc. Class I mutants were the 

most common type o f  null mutant observed (61%), with the frequency o f  Class II (21%) 

and Class III (18%) mutants being very similar (Figures 6.6 and 6.7 and Table 6.3). Class I 

mutants failed to initiate embryonic turning and presented the most severe overall 

phenotype. Class II mutants exhibited ineomplete turning and a less severe phenotype. 

Class III mutants completed the turning process relatively normally, presenting the weakest 

overall phenotype, but were distinguishable from littermates due to defective neural tube 

closure in the region o f  the mid/hind brain and to ballooning o f  the pericardial sac with 

associated oedema (Figures 6.6 and 6.7 and Table 6.3). During my analysis I have 

concentrated on Class I mutants (where appropriate) unless otherwise stated.

Table 6.3 Sum mary o f  the frequency o f  defects in hom ozygous mutant em bryos at 9.5dpc

Class Number
of
mutants

Anterior
truncations

Trunk/
posterior
reduction

Neural
tube
closure
defect

Ventral
closure
defect

Axial
rotation
defect

Reversal 
of heart 
looping

Pericardial
sac
ballooning 
and oedema

1 61%
(n=23)

100% 100% 87% 100% 100% 56% 100%

II 21%
(n=8)

Variable
extent

75% 86% 57% 100% 50% 100%

III 18%
(n=7)

Variable
extent

0% 100% 0% 0% (30% 
show 
reversal 
in
direction
of
rotation)

38% 50%
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6.2.6 mD2LIC null mutants lack monocilia and exhibit an altered 

ventral node and notochordal plate topology

At 7.5 dpc the general morphology of homozygotes is indistinguishable from wild-type 

littermates when viewed under lower power magnification (Figure 6.5). However, mouse 

D2LIC and dynein 2 heavy chain (DHC2) have been shown to associate in COS-7 cells and 

in Chlamydomonas DHC2 has been shown to be required for intracilliary retrograded 

transport and hence ciliogenesis (Grissom et al., 2002). Given this connection with DHC2 

and the observation that mDlLIC  is first expressed in the monociliated cells of the ventral 

node, one might predict a role for mDlLIC  in the ciliogenesis of the monocilia present on 

the ventral node cells. In loss-of-function mutations of the kinesin motor proteins KIF3A 

and KIF3B, ciliogenesis in ventral cells of the node is arrested resulting in embryos that 

lack node monocilia (Nonaka et al., 1998). An analysis of these mutants led to the nodal 

flow hypothesis, which implicated the monocilia as instrumental in the establishment of the 

L-R axis (see Chapter 1). In order to address the question of whether the mD2LIC null 

mutants possess monocilia, the nodes of these embryos were examined using scanning 

electron microscopy.

The organiser regions of embryos from 7.5 to 8 dpc were examined and compared with 

control wild-type and heterozygous litter mates (see Figure 6.8). The appearance of ventral 

node cells in control embryos (wild-type and heterozygote) was consistent with previously 

published data (Sulik et al., 1994). However both ciliogenesis and the surface appearance of 

null mutants node cells were abnormal.

Ciliogenesis is arrested in null mutants and normal monocilia were not observed (n=12). In 

eight embryos stunted cilia-like structures were observed, but only in the posterior region of 

the node where newly generated ventral node cells are being added to the rest of the node 

cell population. Cells of the notochodal plate also lack any form of cilium consistent with 

the idea that initial ciliogenesis is abnormal and any cilia-like structures produced are later 

lost, possibly through reabsorption. Together these observations suggest that mDlLIC  

mutant embryos the ventral node cells have lost their polarized appearance as in the Kif3a 

and Kif3b null mutants. It is possible that the lack of cilia explains the L-R axis patterning 

defect of mDlLIC  mutant embryos.
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WT (a)
'  N

0 0 1 0  1 0 0 . 0 U  NI MR

4400X

1000X 4400X

Figure 6.8 SEM of ventral node in mD2LlC -/- mutants. Cells of the ventral node possess a 
monocilium and have a rounded appearance ((a) and (b)).Null mutants lack normal cilia and 
cells of the ventral node and notochord have a flattened surface ((c) and (d)).
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The surface appearance of cells in the node and notochordal plate is also abnormal in 

mD2LIC mutant embryos. In control embryos, cells o f the node and notochordal plate have 

a round and bulbous apical surface. In homozygotes these cell populations have a flattened 

appearance. This flattening is more pronounced the further anterior the cells lie relative to 

the anterior streak (Figure 6.8). Together with the abnormal ciliogensis described above, 

these results suggest that cells o f the node and the notochordal plate are incorrectly pattered 

or polarized. To examine this question I studied the midline in greater detail.

6.2.7 Midline expression of HnfSP isjost in mD2LIC -/-embryos 

and Shh signalling is reduced

In order to assess the affect o f  the mD2LIC  mutation on midline patterning the expression 

o f  HnfSP, Shh and T were examined in homozygote and control wild-type littermates. In 

control embryos, these three genes are co-expressed in the node and notochord, and HnfSP 

and Shh are also expressed in the prospective floor plate and gut endoderm. In null mutants, 

all three are expressed in an aberrant fashion.

At the late streak stage, expression o f  T (n=5/5) and Shh (n=5/5) were only slightly reduced 

in the region o f  the node in mD2LIC  -/- embryos (Figure 6.9; data for T not shown). In 

contrast, expression o f  H n/3p  was more severely reduced (n=7/9) and in two examples was 

totally absent (n=2/9) (Figure 6.11).

At the neural plate both T (n= l 1) and Shh (n=10) were detected in the region o f  the 

developing notochord (Figure 6.10 and 6.9). Later, both Shh and Tw ere expressed in a 

similarly discontinuous and variable manner throughout the length o f  the notochord 

which gave the notochordal region a broader appearance relative to wildtype embryos. 

This aberrant expression was most pronounced posteriorly (Figure 6.9 and 6.10) in the 

region o f  the notochord that derives almost exclusively from the ventral node (Kinder et 

RkZOOl)

Hnf3P is normally expressed along the entire length o f  the notochord and in the prospective 

floor plate and gut endoderm at the late neural plate to early head fold stages. However, 

expression was absent in the notochordal region and prospective floor plate o f  all null
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^Notochord is non-condensed

Figure 6.9 Shh expression in wild-type and mDlLIC -/- mutants. In -/- mutants expression is 
reduced in the node and notochord at early headfold stage. By 13 somite stage expression is 
reduced (in anterior trunk and head region) or absent (in posterior trunk region) in the 
notochord. Where present staining indicates notochord has non-condensed appearance.
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WT WT

\
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Figure 6.10 T expression in wild-type and mD2LIC -/- mutants. Expression in -/- mutants is reduced in 
node and reduced/lacking in notochord at the early headfold stage (not shown). By the 16 somite stage 
expression indicates notochord has a disrupted/non-condensed appearance.
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HNF3B
WT

Figure 6.11 HnfSP expression in wild-type and mD2LIC -/- mutants. In -/- mutants expression is 
reduced or absent in node and notochord at the late neural plate/early headfold (EHF) stages. There is 
also a reduction in foregut expression at the EHF stage. By the 15 somite stage expression is absent 
from the notochord but foregut expression remains although reduced
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mutants individuals examined up to the 17 somite stage, and expression in the foregut 

endoderm was markedly reduced and by the 17 somite stage only a very faint level of 

staining was detected in this tissue (Figure 6.11).

Morphological dorso-ventral axis defects exhibited by null mutants include failure of body

wall and neural tube closure. Further evidence that mDlLlC  is required for normal dorso-

ventral pattern comes from the expression patterns of HnfSP and Shh in null mutants. Both

genes are normally expressed in the prospective floor plate of the developing

neuroepithelium. However expression in mD2LIC -/- mutants is completely absent,
Floor pUtL

suggesting that dorso ventral patterning in the neural tube has been lost (Figure 6.9 and
i\crri\*X

6.11). This disruption of dorso-ventral patterning may be a consequence of down-regulation 

of Shh expression in the notochordal region of mD2LIC -/- mutants.

Together, these results suggest that the node and axial mesendoderm are incorrectly 

specified and do not function as effective signalling centres in mD2LIC null mutants.

6.2.8 The notochordal plate does not condense correctly to form a 

normal notochord

One of the first tissues to exhibit defective development in mD2LIC mutants is the 

notochord. Morphological analyses could not reveal whether the notochord formed 

normally and then disintegrated or whether the notochordal plate did not condense correctly 

to form a normal notochord. As a first step to address this issue,TUNEL staining was 

performed to assess whether apoptosis was occurring in mD2LIC -/- embryos.

Embryos were examined at the late streak to early headfold stage and at 10-18 somite 

stages, no abnormal levels of apoptosis were observed (Figures 6.12 and 6.13). This 

suggested that the notochord abnormalities were not due to programmed cell death and that 

the notochordal defect was due to a failure of the notochordal plate to condense to form a 

normal notochord.

Early notochord development can be subdivided into three stages: (i) formation of the 

notochordal plate; (ii) condensation of the notochordal plate to f^m  the notochord; and (iii)
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Figure 6.12 TUNEL staining in wild-type and niDlLIC  -/- mutants at 7.5 dpc. Ectopic cell death is observed in 
the anterior definitive endoderm of -/- mutants
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Figure 6.13 TUNEL staining in wild-type and mD2LIC -/- mutants at 9.0 dpc In -/- mutants (i) ectopic cell death 
is observed in cephalic mesenchyme, (ii) normal cell death profiles in the mid/hind-brain region are lost and (iii) 
slightly broader domain of cell death in the anterior neural ridge
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separation of the notochordal basement membrane from A s.thaW ##» endoderm. To 

characterise the notochordal defect further, sections from between the level of the heart to 

thetail bud of 9.5 dpc mD2LIC -/- embryos were examined. These sections were obtained 

from representative embryos of all three classes in order to test how notochordal 

development differs between the different classes of null mutants. Sections were stained for 

either T mRNA expression {n=2) or H&E (n=2). The appearance of the notochord in each 

section was categorized as to belonging to We-one of the three stages outlined above 

(Figure 6.14). The results of this study indicate that notochord development is delayed in 

mutants and that notochordal differentiation is impaired. For example compared with 5.8% 

of sections from wild-type embryos that appeared to be at stage(i), 30.8%, 19.8% and 

10.2% of sections from Class I, II, and III respectively appeared to be at the same stage of 

notochordal development. This data also demonstrates that more severer the phenotype 

(Class I) more abnormal notochordal development appears.

As a final step in the analysis of mD2LIC -/- embryos, I next we studied later defects 

including the causes of anterior truncations, exencephaly, establishment and maintenance of 

the L-R axis, ventral body wall closure and axial rotation.

6.2.9 The /77D2L/C mutation causes elevated cell death In the

anterior definitive endoderm and disrupts the anterior neural 

ridge leading to anterior truncations

All mD2LIC mutants exhibited reduction in anterior structures., with truncations in the 

forebrain being the most obvious defect. In addition to these defects, Class I mutants never 

developed more than one branchial arch. Normal anterior patterning requires the anterior 

definitive endoderm (ADE) for the maintenance of an Fg/5 signalling centre in the anterior 

neural ridge (ANR) (Martinez-Barbera and Beddington, 2001). I therefore examined these 

structures to ask if they might be the cause of anterior deficiencies.

HnfSP is normally expressed in the definitive endoderm at the late neural plate/early 

headfold stage. However I observed a decrease in the expression domain of this gene in 

mD2LIC null mutants, suggesting that the definitive endoderm is decreased in size before 

mD2LIC is expressed in gut endoderm later in development (Figure 6.11).
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sta g e  1

Stage 2

Stage 3

WT Class 1
(notochord not always 

distinguishable)

Class II
(notochord not always 

distinguishable)

Class III

5 .8 % 3 0 .8 % 1 9 .3 % 1 0 .2 %/  / " /  /  /  I

3 5 .3 % 5 1 .4 % 4 3 .5 % 4 2 .4 %
m \ m
/  /  n /  / 1 I

5 9 .9 % 1 7 .8 % 4 1 .2 % 4 7 .4 %

Figure 6.14 Analysis o f notochord formation in wild-type and mD2LIC -/- mutants. Percentage o f  sections 
exhibiting the different stages o f notochordal development. Class 1 mutants have the l^ t  mature notochord

Fgf8

WT - /- WT

H

t
Figure 6.15 Fg/8 expression in wild-type and mD2LIC -/- mutants Normal expression in streak. At 15 somite 
stage expression in anterior neural ridge appears greatly reduced or absent and lateral mid/hind-brain boundary 
expression reduced.
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TUNEL staining of late streak/neural plate stage mutant embryos revealed high levels of 

apoptosis in the ADE (Figure 6.12) whereas as no apoptosis was observed in the ADE of 

wild-type embryos. This provides a potential explanation for the reduced expression 

domain of HnfSP in the definitive endoderm at these stage of development. It is important 

to note that mD2LIC expression is restricted to the node at these stages, and is not 

detectable in the anterior definitive endoderm. Thus the effect of this mutation on the 

survival of ADE is probably indirect, perhaps a result of defective signalling from one of 

the node derivatives.

In addition to the ADE, anterior patterning also requires the anterior neural ridge (ANR), a 

signalling centre necessary for correct forebrain patterning. Expression of Fg/8, a molecular 

marker of the ANR, was therefore examined in 12-15 somite stage embryos. In control 

littermates, Fg/8 was expressed as previously described (Sun et al., 1999). However, Fg/8 

expression was absent (n=5/7; ClassI/II type mutants) or very severely reduced (n=3/7; 

Class III type mutants) in the ANR of null mutants (Figure 6.15). TUNEL staining 

indicated that programmed cell death is slightly increased in null mutants (Class I/II >

Class III > wild-type) although such embryos exhibited a slight increase in general 

apoptosis

Together these observations suggest that the anterior truncations observed in mD2LIC -/- 

embryos are likely to be caused by reduction of the ADE and interference with anterior 

signalling by the ANR.

6.2.10 Neural tube and cephalic mesenchyme associated cell death profiles 

are altered in null mutants and are likely to contribute to exencephaly

mD2LIC -/- embryos show a delay in neural tube closure, resulting in variable degrees of 

exencephaly. In Class I mutants neural tube closure has often not been initiated in embryos 

with 12 somites and their neural folds have not elevated giving the anterior neural plate a 

flattened appearance.

During development of the neural epithelium cell death plays an important role in 

modelling the neural tube such that fusion along the dorsal midline occurs correctly (Weil 

et al., 1997). In wild-type embryos, neural tube closure in the region of the midbrain-
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hindbrain is preceded by a high level of cell death in this area, and this cell death is crucial 

in order to achieve normal neural tube closure (Martinez-Barbera et al., 2001). In contrast, a 

comparable form of cell death does not occur in the neural epithelium of null mutants, 

providing a possible contribution to the failure in neural tube closure (Figure 6.13).

In addition, supporting cephalic mesenchyme has been shown to be necessary for neural 

tube closure to proceed to completion (Weil et al., 1997). However, unlike wild-type 

embryos, ectopic cell death is observed in the cephalic mesenchyme surrounding the 

notochord in the region of the midbrain-hindbrain region in mD2LIC null embryos (Figure 

6.13).

These results suggest that failure of neural tube closure is due in part to altered cell death 

profiles. However it remains unclear whether this altered cell death is a direct or an indirect 

consequence of loss of mD2LIC.

Notochord signalling and correctly patterned floor plate are believed to critical to achieve
fsrcl Lowl.

correct neural tube closure (Chen and Behringer, 1995; of nl_p 10^ ) ,  hence failure in 

neural tube closure may be the indirect result of a disruption in the notochordal and floor 

plate signalling fields.

6.2.11 Expression of L-R axis associated nodal signalling components is 

altered or absent in null mutants

Heart and vascular development is delayed and defective in mD2LIC -/- null mutants. 

Cardiac development proceeds to at least the linear heart tube stage in all classes of mutant, 

but only half of Class I mutants proceed beyond this stage. All embryos that develop 

beyond the linear heart tube stage (regardless of class) exhibit a randomisation in the 

direction of heart looping morphogenesis, indicating a L-R axis patterning defect. Null 

mutants also display defects in embryonic turning ranging from failure to initiate the 

turning process to reversal in the direction of turning. In those embryos that completed 

embryonic turning (Class III mutants only), 30% exhibited a reversal in the direction of 

turning. Together these results indicate that mD2LIC -/- embryos are defective in left-right 

patterning
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1-2 somite stage 

WT

ventral V  dorsalWT posterior

Figure 6.16 nodal expression in wild-type and mDlLIC -/- mutants. Expression in -/- mutants 
is bilateral at 1-2 somite stage around node and in some embryos there is a reduced or absent 
level of signal. Later expression in lateral plate mesoderm is either bilateral, absent or on the 
left or right, even if expression is bilateral around node
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WT anterior - / -  ventral - / -  dorsal

#v

Figure 6.17 Lefty-1 and Lefty-2 expression in wild-type and mDlLlC -/- mutants. In -/- 
m u ta n ts l^ y  is absent in the floorplate. Lefty2 is bilateral in the lateral plate mesoderm.

WT Class II -/- Class I 7 -

* Expression detected on left, right and bilateraly 

Figures 6.18 Pixt2 expression in wild-type and mD2LIC -/- mutants.
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In order to characterise further the effect of the mD2LIC null mutation on the establishment 

and maintenance of the L-R axes, the expression patterns of nodal, lefty-1, lefty-2 and Pitx2 

were examined.

Nodal is the earliest known asymmetric marker of the L-R axis. In control embryos, the 

gene is first expressed symmetrically around the periphery of the node and is then 

asymmetrically expressed, with higher levels and a broader domain of expression on the 

left-hand side of the node, nodal is then also expressed in the left lateral plate. In mutant 

embryos nodal expression displays a complex expression pattern, nodal does not become 

asymmetrically expressed around the node (n=12/12) and in some embryos levels are 

reduced (n=3/12) or absent (n=l/12) in this region (Figure 6.16). At later stages (2-5 somite 

stages), left-sided (n=2/9), right-sided (n=l/9) and bilateral (n=5/9).expression patterns 

have been observed, and in one embryo (out of nine) expression was undetectable (Figure 

6.16). This result indicates that the late organiser signalling field is disrupted.

I next examined the expression of downstream components of the nodal signalling 

pathway, including lefty-1, lefty-2 and Pixt2.

Normal lefty-1 expression in the left side of the ventral neural tube was absent in all null 

embryos (n=5/5) providing further evidence that the midline is incorrectly patterned in 

mutants (Figure 6.17). Expression of lefty-2 was also disrupted in null mutants. In contrast 

to its normal left lateral plate expression, lefty-2 was bilateral (n=3/5) or on the right 

(n=l/5) or absent (n=l) (Figure 6.17).

Pitx2 is normally expressed in the left lateral plate, but in mD2LIC -/- embryos I observe 

expression on the right-hand side of the embryo, (n=2/9), and bilaterally (n=4/9) as well as 

on the left (n=2/9) (see Figure 6.18). In one embryo expression was absent (n=l/9). This 

expression pattern and the fi*equency of its occurrence is similar to that of nodal in null 

mutants, a gene which lies upstream of Pitx2. Interestingly bilateral expression ofPitx2 was 

only present in either Class I or II mutants.

Together, these results these results indicate that the initial breaking of L-R symmetry in 

the node region does not occur in all Class I and II mutants and that there is randomised 

expression of normally left-side specific marker genes in the lateral plate.
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Interestingly, there is a correlation between the sidedness of Pitx2 (and possibly nodal) 

expression and the frequency of individuals represented in each class of mutant.

6.2.12 Impaired mesodermal movements due to a reduction in gut endoderm 

may be the cause of defective ventral closure, leading to 

haemodynamic insufficiency and embryonic lethality

At 8.5 dpc mD2LIC null mutants exhibit delayed development and displayed more obvious 

signs of defects leading to embryonic death by 9.5 dpc. Copp (1995) favored three general 

reasons for lethality during this midgestational period. These include yolk sac vasculature 

defects, failure of the allantois to fuse to the chorion and defective trophoblastic cell 

differentiation necessary for placental development. On close inspection these all these 

appear to be morphologically normal in mD2LIC -/- mutants and therefore are unlikely to 

be the cause of lethality.

It was also potentially possible that defective mesoderm production and patterning was the 

cause of developmental delay and arrest. For example somites appeared under-developed 

and there was a slight reduction in size of the anterior-most region of the tail bud. Therefore 

I tested this by examining the expression of the mesodermal markers FgfS^ T and Raldh2. 

Expression of all three markers in mD2LIC -/- homozygotes was the same as previously 

described in wild-type embryos at the primitive streak stage {FgfS n=4, T n=5, and Raldh2 

n=4), the tail bud of 10-15 somites stages (in the case of FgfS n=7, T n= 9)and the somites 

at 10-15 somite stages (in the case of Raldh2 n=4.) (see Figure 6.11, 6.15 and 6.19).

I therefore suggest three alternative causes of death in mD2LIC -/- embryos; (i) abnormal 

ventral closure, (ii) defective development of the cardiovascular system and (iii) 

exencephaly. No null mutant embryos can be detected in litters older than 11.5dpc. Mutant 

embryos which exhibit defective neural tube closure as their primary or only defect, can 

invariably be detected beyond 11.5dpc and can survive even survive to birth (for example 

spina bifida). Therefore it is unlikely that defective neural tube closure is responsible for 

this midgestational embryonic lethality. It is more likely that the haemodynamic 

insufficiency, due to ventral closure and cardiovascular defects are the cause of embryonic 

lethality.
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Figure 6.19 Raldh2 expression in wild-type and mDlLIC -/- mutants. Relatively normal levels 
of expression are detected in -/- mutants between 7.0-9.0dpc

WT mD2L fC V- Mutant
Monociliated ipolarizeOt ventral node cells Non-cllated inon-polarizedi ventral node

align along A-P and D-V axes and 
contribute to

c e l s  align along A-P axis but not along D-V 
axis and contribute to

K
Notochord

4'
Floorplate FGE

Normal Differentiation ar>d gene 
expression

Normal development

Notochord
4̂

Floorplate
hi

FGE

4̂  4̂  4̂
Abnormal Differentiation and gene 

expression
Variable condensalion of notochord because cells 

have trouble aligning along D-V axis
u. 4.

Shhl Hnf3fi0
Tl Lefty-1G FGFBJl in ANR
HnfSfiG ShhG Death

4f 4/ 4̂
Loss of midline barrier. Defects in
Randomization of L-R axis, Anterior,
Lack of signaling to ventral, Ventral
neural tube resulting In D-V closure
axis defect. and turning
Somite maturation defect

Figure 6.20 Summary of defects in mD2LIC -/- mutants
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Consistent with this hypothesis is the observation that the first embryonic death coincide 

with the occurrence of ventral and cardiovascular defects which will cause haemodynamic 

insufficiency, as blood will be lost and not circulate normally. For example ventral closure 

is normally initiated by the displacement of embryonic mesoderm, fated to fuse at the 

ventral midline (Kaufman, 1992). This fusion fails to occur in all Class I and just over half 

of Class II mutants fail to fuse along the trunk region of the ventral midline and all internal 

tissues remain exposed. Moreover the embryonic mesoderm appears compacted and non

displaced. Abnormalities in heart development include delayed and arrested heart looping 

morphogenesis resulting in impaired circulation.

Both ventral body wall closure and heart development require correct production and 

patterning of gut endoderm. In mD2LIC -/- mutants, gut endoderm is reduced as revealed 

through histological examination and the observations of ectopic apoptosis in the ADE, and 

reduction in the expression of HnfSP and Shh during endoderm development (see figure 

6.7, 6.9,6.11 and 6.12). Therefore in mD2LIC -/- mutants it is possible that defective ventral 

body wall closure and cardiogenesis, and thus hemodynamic insufficiency, are due to the 

reduction in definitive endoderm.

The data collected in this part of the study further supports the hypothesis that 

haemodynamic insufficiency is the cause of embryonic lethality rather than posterior 

mesoderm related defects such as allantois development.

6.3 Discussion

6.3.1 Defective cells of the ventral node give rise to defective axial 

mesendoderm

Analysis of the mD2LIC mutants reveals defects in the cells of the ventral node, which have 

defective pattern and polarity. Evidence to support this includes the observation of (i) 

transiently expressed abnormal cilia-like structure present only in the posterior region of the 

node, followed by the total absence of cilia on the anterior ventral node cells and 

notochordal plate, (ii) altered morphology (a flattened appearance) of ventral node cells 

over time and (iii) altered gene expression in the region of the node. It is likely that these
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defective cells disrupt organiser signalling. Thus expression of HnfSP, Shh and T in the 

node is reduced or absent, as is the bilateral (non-asymmetric) expression of nodal around 

the periphery of the node.

Derivatives of the node including the notochord, foregut endoderm and prospective floor 

plate are also abnormal. This is indicated by the non-condensed appearance of notochord, 

altered Shh expression in the notochord and down-regulation of HnfSP and Shh expression 

in the prospective floor plate and gut endoderm. These defects are likely to be the causes of 

the later defects exhibited by null mutants and ultimately embryonic lethality.

Briefly, abnormal differentiation and gene expression in the notochord and floor plate 

results in: (i) loss of the proposed midline barrier leading to randomisation of the L-R axis; 

(ii) lack of signaling to the ventral neural tube, which together with ectopic apoptosis in the 

cephalic mesenchyme, leads neural tube closure defects (Roelink et al., 1995 and Ruiz i 

Altaba, 199^ and Chfln and Behringer, 1995); (iii) a foreshortening of the A-P axis through 

the reduction of trunk tissues such as somites (Dietrich et al., 199^; Kos et al., 1998); (iv) 

anterior defects related to the loss of ADE and defective ANR signaling (Martinez-Barbera 

and Beddington, 2000). Reduction of gut endoderm leads to arrested ventral body wall 

closure and cardiogenesis (consistent with Constam and Robertson (2000) (Figure 6.20).

6.3.2 Defective oiliogenesis in mD2LIC mutants resembles 

arrested flagellar assembly in DHC2 deficient 

Chlamydomonas

Abnormal ciliogenesis is the first observable defect in mD2LIC -/- mutants and may be the 

cause of almost all subsequent phenotypes. Both the dynein and kinesin multimeric 

complexes play key roles in the process of ciliogensis (also known as flagellar assembly). 

During this process particles, known as rafts consisting of elements required for cilium 

construction, are transported firom the base to the tip of the flagellum/cilium (anterograde 

transport) and back again (retrograde transport) in a movement termed as intrafiagellar 

transport (IFT). The kinesins Kifla  and Kiflh  (in a heterotrimeric complex with Kinesin 

Associated Protein 3 (KAP3)) have been shovm to be required for anterograde IFT of rafts
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(Morris and Sholey, 1997; Cole et al., 1998). In contrast, cytoplasmic dyneins are believed 

to be necessary for retrograde IFT (e.g. DHC2 and LC8; -discussed below; Pazour et 

al., 1998 and 1999) and axonemal dyneins are required as actual structural components of 

the flagellum/cilium (e.g. LRD; Supp et al., 1999).

In Chlamydomonas lacking either dynein 2 heavy chain (DHC2) or dynein light chain 

(LC8) ciliogenesis is arrested and any cilia-like structures that form are reabsorbed. 

mD2LIC has been shown to associate with the mouse DHC2 homologue (Grissom et al., 

2002), and in embryos lacking mD2LIC ciliogenesis is also arrested. Furthermore, what 

cilia-like structures form disappear over time possibly through reabsorption. Therefore 

observations of the nature of ciliogenesis in Chlamydomonas and mouse embryos lacking 

DHC2 and mD2LIC respectively indicate a strong similarity, and further support the 

hypothesis that cytoplasmic dynein is involved in ciliogenesis probably through retrograde 

IFT.

How does defective ciliogenesis lead to the mD2LIC -/- pheneotype?

Importantly, abnormal ciliogenesis does not lead to ventral node cell death, but rather that 

these cells and their derivatives fail to differentiate correctly. It is possible that this failure 

could be caused by the anterograde IFT build up of raft particles within the cilium that can 

not be removed due to arrested retrograde IFT. This would result in a depletion of the pool 

of motor proteins and other raft associated proteins available for other cellular processes.

Defective ciliogenesis would suspend the proposed nodal flow and might therefore lead to 

disruption of the L-R axis. In addition, arrested ciliogenesis followed by the reabsorption of 

any cilia-like structure will cause the cell to lack an obvious polarity. Normally the 

presence of a monocilium provides an important polarity to each ventral node cell, which 

would allow them to align relative to both the A-P and D-V axes. Therefore the lack of this 

polarity exhibited by the node cells of mD2LIC -/- embryos is likely to result in these cells 

being unable to align correctly along the D-V axis. This misalignment may contribute to the 

molecular patterning defects exhibited by the cells of the node and its derivatives and 

ultimately the embryo as a whole.
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Grissom et al. (2002) have observed D2LIC located at the Golgi and the centrosome. 

Therefore although mD2LIC is strongly implicated in ciliogenesis, the defects observed in 

the ventral node cells and axial mesendoderm could also be due to defects in other 

intracellular processes. These processes might include defective maturation of proteins in 

the golgi apparatus or disrupted microtubule arrangements and transport of cargos. These 

would lead to the loss of defining intracellular polarités and possibly lead to the cellular 

defects observed in the node and axial mesendoderm.

6.3.3 mD2LIC is required to maintain the expression of HnfSP in 

the organiser and midiine and indirectly for the maintenance 

of ADE

Results presented here demonstrate that mD2LIC null mutants have greatly reduced 

expression of HnfSP in the node and foregut endoderm and that expression is absent from 

the notochordal plate and prospective floor plate. This aberrant expression could be the 

main cause of the midline defects observed.

As mentioned previously several other mutants have been described that share some 

similarities at the gross morphological level with the mDlLIC  null mutation. These include 

KifSa-/-, KifSb-/-, nt, rotain, Sil Smo-/-, Shh-/-:Ihh -/- double knock out and chimeric 

and conditional HNF3p embryos (see Table 1.2). In addition to these morphological 

similarities these mutants also lack expression of HnfSp in the midline. This might suggest 

that the loss of Hnf3^ is the primary cause of the overall phenotype observed. Therefore to 

asses the validity of this suggestion I compared the phenotype of mD2LIC -/- embryos with 

the phenotype of chimeric and conditional mutant embryos lacking Hnf3^ in only 

embryonic tissues (Dufort et al., 1998; Hallonet et al., 2002). These embryos exhibited a 

phenotype very similar to that of embryos lacking mD2LIC, in which the three body axes 

were disrupted including anterior truncations, failure of neural tube and ventral midline 

closure, randomization in the direction of heart looping and embryonic turning defects. In 

some cases the phenotype of these chimeric embryos was slightly more severe than in 

mD2LlC null mutants. However, this difference might have been due to the lack of HnfSp 

in the EGO and MGO as well as the node.

152



Chapter 6: Functional analysis o f  mP2LIC

Thus lack of mDlLIC  leads to a lack of HnfSP in the notochord and prospective floor plate. 

In the absence of HnfSPûiQ axial mesendoderm, most notably the notochord, does not 

differentiate normally. The signaling properties of the axial mesendoderm are disrupted and 

signals required to maintain ADE are lost resulting in the increased cell death of this 

population (Figure 6.20)

6.3.4 Randomised expression of left-side specific genes 

correlates with the direction of embryonic turning

In mD2LIC -/- embryos, nodal does not appear to become asymmetrically expressed around 

the periphery of the node and the proposed midline barrier is likely to be absent. These 

observations indicate that the initial breaking of symmetry across the L-R axis does not 

occur and suggests that the lateral plate expression of downstream nodal signaling 

components might be initiated via transitory and random processes. This might be due to 

loss of nodal flow but could also be due to other aberrant cellular processes such as loss of 

cellular polarisation or defective protein maturation.

Given the correlation between the frequency in the sidedness of later nodal and Pitx2 

expression in the lateral plate, and the frequency of individuals represented by each class of 

phenotype, it is possible that nodal may be acting as an upstream effecter of the asymmetric 

levels of cell proliferation in the left and right lateral plates (observed by Miller and White, 

1998), and hence for determining the direction of embryonic turning. Therefore it would be 

interesting to examine cell proliferation in mD2LIC -/- embryos.

6.3.5 A model for embryonic turning (axial rotation) and ventral 

closure

Turning has been shown to require normal endoderm development, which is also associated 

with the process of ventral closure (Constam and Roberston, 2000). It has also been 

reported that the direction in turning is associated with asymmetric levels of cell division 

between the left and right side of the embryo (Miller and White, 1998). In mD2LIC null 

mutants there is a reduction in endoderm and embryonic mesoderm is not displaced
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correctly. Therefore the occurrence of both these defects could explain the turning defects 

exhibited.

Interestingly in all mouse mutants studied to date, incomplete turning is invariably 

associated with failure of the ventral midline tissues to fuse correctly, suggesting that the 

tissue movements required to achieve both these processes are tightly linked. However, it 

remains unclear whether the two processes are dependent upon each other for completion 

or whether one of the two processes is required for the second, further downstream 

movement, to occur correctly.

In mDlLIC  -/- mutants, embryonic mesoderm patterning and production is normal. In 

addition, extraembryoninc mesoderm and endoderm are also unlikely to be unaffected. 

Therefore my observations favour a model in which both turning and ventral closure are 

primarily dependent on correct definitive endoderm production rather than embryonic 

mesoderm or extra embryonic tissues. In this model, simultaneously with gut endoderm 

production, embryonic mesoderm divides at asynunetric rates across the L-R axis. As the 

gut folds together to form a tube, the tightly packed mesoderm, which is located around the 

gut wall, is able to be displaced. Due to the mass of cells and the faster rate of cell division, 

the side of the embryo with the highest cell division indices becomes the leading side of the 

rotating embryo and embryonic turning proceeds to completion. In mD2LlC -/- embryos, 

endoderm is reduced and embryonic mesoderm is not displaced and therefore embryonic 

turning is abnormal.

This study has further developed our understanding of the diverse roles played by dyneins 

in embryogenesis and has now implicated the cytoplasmic dyneins, along with axonemal 

dyneins (LRD/mv mutation) and other motor proteins {Kifla and Kiflb), as crucial 

molecules responsible for establishing and maintaining the body axes.
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-89 IQGAP1 
78

01 3 5 7 6
P46940

R asgap  related  I0GA P2 -128 
Human KIAA -79 
US Datent seo u en ce  -79

U51903
D29640
146903

#8  (and 39) 0.7kb 08/02/1999 W

2 2 s8408b07 7D6 C a binding protein -14 062041 Calregulin Ep60 -91 M92188 #9  (and 40) ?0.3kb 08/02/1999 U

2 3 s8408b38 7D12 M ouse G protein -65 
R ecptor for activated k inase 
C -63

P25388

0 4 2 2 4 9

M ouse G protein b -127 
M ouse GB like -126

D29802
X75313

#10 (and 41) 0.35kb 08/02/1999 W

24 k8417b28 7111 M ouse Kinesin iike protein-26 P97329 M ouse Rabkinesin-6 Y09632 #11 (and 42) 0.5kb 10/04/1999 U

25 s8408b20 7J8 M ouse transplantation antigen 
p35b -141 Human 
FX protein -137

P23591
0 1 3 6 3 0

M ouse transplantation antigen 
p35b -279 
Human FX protein -184

M30127
U58766

#12 (and 43) 1.5kb 08/02/1999 W

26 t8708a52 9J15 Estrogen regulated  liv-1 0 1 3 4 5 0 X X #13 (and M25) 1kb 22/03/1999 W

27 t8708a58 9N11 Hum an ser/th r p h o sp h a taseP p - 
X

P33172 X X #14 (and M26) 0.5kb 27/03/1999 W

28 k8417b20 528 7E11 No hits <0.0001 X No hits <0.0001 X #15 (and M27) Ikb 22/03/1999 U

29 k8417b60 7P23 No hits <0.0001 X No hits <0.0001 X #16 (and M28) l . ik b 27/03/1999 R
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30 k8417b21 7G5 No hits <0.0001 X No hits <0.0001 X #17 (and M29) 1.1 kb 22/03/1999 W

31 r8313b62 6 0 1 0 No hits <0.0001 X No hits <0.0001 X #18 (and M30) 0.9kb 27/03/1999 U

S2 r8316a33 6B9 No hits <0.0001 X ' No hits <0.0001 X "  . #19 (and M31) 1kb+0.4kb 15/03/1999 R

33 r8316a21 6L1 No hits <0.0001 X No hits <0.0001 X #20 (and M32) ?0.25kb 15/03/1999 
NO EXPRS

34 r8316a20 6J7 No hits <0.0001 X No hits <0.0001 X #21 (and M33) Ikb 22/03/1999 U

35 r8313b19 616 No hits <0.0001 X No hits <0.0001 X #22 (and M34) 0.7kb 15/03/1999 W

36 r8313b61 6 0 8 No hits <0.0001 X No hits <0.0001 X #23 (and M35) 1.2kb 22/03/1999 W

37 r8313b15 6 6 6 No hits <0.0001 X No hits <0.0001 X #24 (and M36) 0.9kb 22/03/1999 W

38 s8130b40 3H12 No hits <0.0001 X No hits <0.0001 X #25 (and M37) 0.8kb 22/03/1999 W

39 s8408b52 7J16 No hits <0.0001 X No hits <0.0001 X #26 (and M38) 0.55kb 27/03/1999 U

40 v8130b53 3D12 No hits <0.0001 X No hits <0.0001 X #27 (sam e) l . ik b 07/04/1999 R

41 v8130b61 3H12 No hits <0.0001 X No hits <0.0001 X #28 0.75kb 08/04/1999 U

42 v8130b56 3H18 No hits <0.0001 X No hits <0.0001 X #29 0.75kb 09/04/1999W

43 v8310b63 3J16 No hits <0.0001 X No hits <0.0001 X #30 0.8kb 10/04/1999 W

44 v8310b60 3J18 No hits <0.0001 X No hits <0.0001 X #31 0.65kb 11/04/1999 U

45 p8224a33 4A17 No hits <0.0001 X No hits <0.0001 X #32 1.45kb 12/04/1999 W

46 p8224a36 4A23 No hits <0.0001 X No hits <0.0001 X #33 0.4kb 13/04/1999 U

47 k8225b01 4B2 No hits <0.0001 X No hits <0.0001 X #34 l .ik b 14/04/1999 U

48 k8225b03 4B6 No hits <0.0001 X No hits <0.0001 X #35 1.3kb 15/04/1999U

49 r8220b05 4 0 1 0 No hits <0.0001 X No hits <0.0001 X #36 Ikb 16/04/1999 W

50 r8220b07 4 0 1 4 No hits <0.0001 X No hits <0.0001 X #37 0.6kb 17/04/1999 W

51 p8224a38 4 0 1 9 No hits <0.0001 X No hits <0.0001 X #38 Ikb 18/04/1999 U

52 p8224a40 4 0 2 3 No hits <0.0001 X No hits <0.0001 X #39 Ikb 19/04/1999 U

53 k8225b39 4D14 No hits <0.0001 X No hits <0.0001 X #40 Did not cut 20/04/1999 X

54 m 8220b40 4D15 No hits <0.0001 X No hits <0.0001 X #41 ?No insert 21/04/1999 X
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55 k8220b41 528 4E2 No hits <0.0001 X No hits <0.0001 X #42 0.4kb 22/04/1999 U

56 k8225b43 4F14 No hits <0.0001 X No hits <0.0001 X #43 0.7kb 23/04/1999 U

57 r8220b16 4G16 No hits <0.0001 X No hits <0.0001 X #44 1.2kb 24/04/1999 U

58 m 8220b46 4H11 No hits <0.0001 X No hits <0.0001 X #45 055kb 25/04/1999 U

59 k8225b50 4J12 No hits <0.0001 X No hits <0.0001 X #46 0.4kb 26/04/1999W

60 m 8220b58 4N11 No hits <0.0001 X No hits <0.0001 X #47 1.2kb 27/04/1999 U

61 p8224a64 4 0 2 3 No hits <0.0001 X No hits <0.0001 X #48 0.7kb 28/04/1999 W

62 t8219b01 4M No hits <0.0001 X No hits <0.0001 X #49 0.7kb 29/04/1999 W

63 18219b03 4A5 No hits <0.0001 X No hits <0.0001 X #50 0.5kb 30/04/1999W

è 4 r8220b35 4A22 No hits <0.0001 X No hits <0.0001 :.  ̂  ̂ \ #51 0.9kb ; 01/05/1999 R

65 t8219b05 4C1 No hits <0.0001 X No hits <0.0001 X #52 0.98kb 02/05/1999 W

66 r8220b40 4C24 No hits <0.0001 X No hits <0.0001 X #53 Ikb 03/05/1999 U

67 r8223b37 4D1 No hits <0.0001 X No hits <0.0001 X #54 0.55kb 04/05/1999 U

68 r8220b44 528 4E24 No hits <0.0001 X No hits <0.0001 X #55 0.5kb 05/05/1999 W

69 t8219b01 4G1 S No hits <0.0001 X No hits <0.0001 ; . x #56 ■ 1.2kb . : 06/05/1999 R

70 t8219b14 4G3 No hits <0.0001 X No hits <0.0001 X #57 0.7kb 07/05/1999 U

71 t8219b16 4G7 No hits <0.0001 X No hits <0.0001 X #58 1.3kb 08/05/1999 U

72 r8220b48 4G24 No hits <0.0001 X No hits <0.0001 X #59 0.75kb+0.4kb 09/05/1999 W

73 r8223b47 4H5 No hits <0.0001 X No hits <0.0001 X #60 1.25kb 10/05/1999U

74 r8223b48 4H7 No hits <0.0001 X No hits <0.0001 X #61 1.15kb 11/05/1999 U

75 r8220b18 4112 No hits <0.0001 X No hits <0.0001 X #62 0.7kb 12/05/1999 W

76 r8220b19 4114 No hits <0.0001 X No hits <0.0001 X #63 0.8kb 13/05/1999 U

77 18219b23 4K5 No hits <0.0001 X No hits <0.0001 X #64 0.76kb 14/05/1999 W

78 r8220b56 4K24 No hits <0.0001 X No hits <0.0001 X #65 Did not cut 15/05/1999 X
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79 tS219b25 4M1 No hits <0.0001 X No hits <0.0001 X #66 1.2kb 16/05/1999 R

80 t8219b26 4M3 No hits <0.0001 X No hits <(0.0001 X #67 1.8kb 17/05/1999 R

81 rB223b59 4N5 No hits <0.0001 X No hits <0.0001 X #68 ?No insert 18/05/1999 X

82 r6220b29 4 0 1 0 No hits <0.0001 X No hits <0.0001 X #69 0.85kb 19/05/1999R

KEY
U=UBIQUITOUS
W=WIDESPREAD/D1FFERENT1AL

R=RESTRICTED 
X=NO INFORMATION
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