
Les ceuvres d'art sont d'une solitude infinie et rien moms que la 
critique ne permet d'y accéder. L'amour est seul a pouvoir les saisir, les 
garder, et se montrer juste envers elles. —Donnez toujours raison a vous 
même et a vôtre sentiment contre n'importe quelle analyse, dissertation ou 
introduction de ce genre. Si vous aviez tort malgré tout, l'épanouissement 
naturel de votre vie intérieure vous amènera lentement, le temps aidant, a 
d'autres sources de connaissance. Laissez vos jugements suivre leur 
développement propre, calme et silencieux; ii doit, comme tout progrès, 
naltre des profondeurs intimes et ne peut être ni contenu, ni précipité. 
Porter jusqu'au terme, puis mettre au monde, tout est là. Laissez chaque 
impression, chaque germe d'un sentiment mürir au fond de soi-même, 
dans l'obscur, l'ineffable, l'inconscient, dans la region inaccessible a notre 
propre intelligence; attendre en toute humilité et patience l'heure oil 
descendra une clarté nouvelle : cela seul s'appelle vivre en artiste - sur le 
plan de l'intelligence comme sur celui de la creation. 

Là le temps ne peut servir de mesure, nulle année ne compte, dix ans 
ne sont rien. Etre artiste signifie : ne pas calculer, ne pas compter, mürir 
comme l'arbre qui ne précipite pas le cours de sa sève, qui affronte avec 
assurance les orages du printemps sans craindre que nul été peut-être ne 
leur succède. L'été vient malgré tout. Mais il ne vient que pour les patients 
qui sont IA, dans leur vaste paix insoucieuse, comme s'ils avaient l'éternité 
devant eux. je l'apprends chaque jour, je l'apprends parmi les souffrances a 
qui je rends grace: la patience est tout. 

From the french translation of"Lettresà unjeune poète"-Rainer Maria Rilke 
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ABSTRACT 

Patterning of the mammalian embryo along the anteroposterior (AlP) axis 
involves complex morphogenetic and tissue diversification events taking place 
during gastrulation and early organogenesis in the primitive streak and its 
descendant, the tail bud. In an attempt to better understand the cellular and 
molecular mechanisms underlying these events, two experimental approaches were 
employed. 

Firstly, a method of single cell labelling in vivo, developed by Bonnerot and 
Nicolas (1993), was modified to allow visualisation of primitive streak and tail bud 
descendants. This method utilises a modified lacZ reporter (laacZ), which is inactive 
due to a duplication in its coding sequence. Reversion to active lacZ occurs at 
random upon a rare homologous recombination event. In the present work, two 
homozygous mouse lines were generated. The first carries the laacZ gene, preceded 
by a foxed transcriptional stop sequence, into the ubiquitously expressed ROSA26 
locus. Expression of laacZ/lacZ is dependent upon Cre-mediated recombination 
excising the stop sequence. The second mouse line expresses cre under the control of 
T (Brcichyury) promoter, known to be active in the primitive streak and tail bud. 
Thus, on intercrossing the two strains, the descendants of single laacZ revertant cells 
that have also expressed Gre are labelled. Unexpectedly, it was found that the Tcre 
transgene can mediate loxP site recombination in the epiblast and occasionally in 
cells of the extraembryonic ectoderm prior to gastrulation. This results in reporter 
expression in all epiblast cells independently of their migration through the streak. 
In a pilot study carried out to test the effectiveness of this system to generate 
labelled epiblast-derived clones, 46/523 embryos dissected at E12.5 carried a visible 
revertant clone. One of these showed contribution to mesoderm tissues over a large 
axial distance, at the same time populating the tail bud, thus presenting the 
characteristics expected of an axial stem cell-derived clone. 

Secondly, a gene trap mutagenesis screen was carried out in order to identify 
novel genes expressed in the primitive streak and tail bud, thus enriching for genes 
that have a putative function in the development of A/P axis. Gene trap clones 
were screened in vitro for co-expression of T mRNA and the integrated lacZ reporter 
carried by the gene trap construct. In the process of testing the validity of this screen 
to detect integrations in genes expressed in the primitive streak and tail bud in vivo, 
three clones that showed varying extents of co-expression were used to generate 
chimras. Two of these displayed ubiquitous reporter expression during 
gastrulation and early organogenesis. The third, E148, showed a restricted 
expression pattern, including the primitive streak and tail bud, and was selected for 
further characterisation. Analysis of the endogenous sequence identified by 5'RACE 
suggests that the disrupted gene encodes a putative mammal-specific zinc finger 
protein. A large domain, extending well beyond the zinc finger domain, shows 
homology to a subset of proteins containing zinc finger motifs. Breeding of 
transgenic E148 mice resulted in homozygote offspring that are viable and fertile 
and in which expression of the endogenous gene is efficiently disrupted by the gene 
trap integration. Therefore, the absence of overt phenotype in homozygote E148 
mice may indicate that this gene is not essential daring embryonic development 
and adulthood or that other gene products can compensate following inactivation 
of its function. 
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COMMON ABBREVIATIONS 

ADE anterior definitive endoderm 

A/P anteroposterior 

An/Vg animal/vegetal 

AVE anterior visceral endoderm 

Igal f-ga1actosidase 

Lgeo 1-ga1actosidase/neomycin phosphotranferase fusion 

cDNA complementary DNA 
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CNS central nervous system 
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DNA deoxyribonucleic acid 

dNTP dinucleotide triphosphate 

d.p.c. days post coitun'z 

D/V dorsoventral 

EDTA ethyldiamine tetra-acetic acid di-sodium salt 

GT gene trap 

1CM inner cell mass 

LPM lateral plate mesoderm 

L/R left/right 

iuRNA messenger RNA 

neo' neomycin (G418) resistant 

nls nuclear localisation signal 

pA polyadenylation sequence 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

P/D proximodistal 

PFA paraformaldehyde 

PMZ posterior marginal zone 

RACE rapid amplification of cDNA ends 

RFLP restriction fragment length polymorphism 

RNA ribonucleic acid 
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SA 	splice acceptor 

SD 	splice donor 

SEP sperm entry position 

TdT terminal deoxynucleo tidal- transferase 

TBE Tris, boric acid, EDTA 

TB 	Tris, EDTA 

UTR 	untranslated region 

VE 	visceral endoderm 

X-gal 	5-bromo-4-chloro-3-indolyl-b-d-galactoside 
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Chapter 1 

Perhaps the most crucial aspect of early embryonic development is 

the formation of the two major axes: anteroposterior (A/P) and 

dorsoventral (D/V). This leads to the transformation of a featureless 

embryonic precursor to the body plan characteristic of the adult organism. 

Patterning of the mammalian embryo along the A/P axis involves 

complex morphogenetic and tissue diversification events taking place 

during gastrulation and early organogenesis. A descriptive overview of 

early mouse development and the experimental evidence providing an 

understanding of the processes underlying the development of A/P axis, 

at the genetic and cellular level, are presented in this introductory chapter. 

1.1. EARLY MOUSE DEVELOPMENT 

From fertilisation to gastrulation 

The mammalian oocyte is released from the ovary into the oviduct 

where it is fertilised. Fertilisation results in completion of meiosis and 

extrusion of the second polar body. The fertilised egg (80-100 Jim in 

diameter) presents an animal/vegetal axis, the animal pole corresponding 

to the site of extrusion of the two polar bodies (fig.1.1) (Gardner, 1997). 

Cleavage stage in mammals is characterised by slow and asynchronous 

divisions. At the 8-cell stage, the embryo undergoes compaction during 

which the blastomeres maximise their contact. The cells of the compacted 

embryo divide to produce a 16-cell morula consisting of few internal cells 

and a large group of external cells. Further divisions culminate by 3.5 d.p.c. 

in the formation of a blastocyst composed of two distinct cell lineages: the 

trophectoderm (TE) and the inner cell mass (1CM). The TB will contribute 

exclusively to the extraembryonic structures whereas the 1CM will give 

rise to the ftetus and extraembryonic mesoderm and endoderm (Gardner, 

1983; Hogan et al., 1994). 

Although most of the descendants of the external cells of early 

morula tend to populate the TB, the potency of these cells seems 
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Chapter 1 

unrestricted until at least late morula-early blastocyst stage (32 cells). 

Experimental evidence points to an effect of position (external-internal) 

on the fate of blastomeres without however providing information about 

the mechanism that causes differentiation into either trophectoderm or 

1CM. On the other hand, pluripotency of the inside cells persists until at 

least late blastocyst stage (Pedersen, 1986). Pluripotent cell lines, called 

embryonic stem (ES) cells, can be derived from the blastocyst's 1CM. These 

can be maintained in culture indefinitely in an undifferentiated state, 

genetically manipulated and reintroduced into host blastocysts where they 

participate in embryonic development and contribute progeny to all foetal 

tissues including the germ line (Evans and Kaufman, 1981). 

The blastocyst presents an internal cavity and the 1CM is localised at 

one side of this blastoclic cavity. This asymmetry defines the 

embryonic/abembryonic axis of the conceptus (Beddington and Robertson, 

1999). At about 4.0 d.p.c., a third tissue starts to differentiate: the primitive 

endoderm, which delaminates from the blastoclic surface of the 1CM. It 

will contribute exclusively to two extraembryonic tissues, the parietal and 

visceral endoderm of the yolk sac (Gardner, 1983). Around this stage (4.5 

d.p.c.), the blastocyst implants in the uterus. During the post-implantation 

period, the embryo changes dramatically in shape and size. The remaining 

1CM, now called epiblast, continues to grow and is pushed toward the 

abembryonic pole of the conceptus by the proliferating polar 

trophectoderm (TE at the embryonic pole, associated to the 1CM). The 

latter gives rise to the ectoplacental cone and the extraembryonic ectoderm 

both contributing later to the chorionic component of the placenta (Hogan 

et al., 1994). By 6 d.p.c., the epiblast undergoes epithelialisation, which is 

associated with the formation of the central proarnniotic cavity. The 

adjacent visceral endoderm is thought to play a key role in the process of 

cavitation by generating long-range apoptotic and contact-dependent 

survival signals (Coucouvanis and Martin, 1995). At this stage, the embryo 

is called egg cylinder and gastrulation is about to start. 
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Gastrulation and early organogenesis 

Gastrulation results in the establishment of the basic body plan. It 

involves the generation of the three definitive embryonic layers, 

ectoderm, mesoderm and endoderm, and the elaboration of the body axes, 

anteroposterior (A/P), dorsoventral (D/V) and left-right (L/R). In mouse, 

gastrulation is initiated at about 6.5 d.p.c. when a transient embryonic 

structure, the primitive streak, forms at one side of the egg cylinder. This 

side marks the prospective posterior side of the embryo and in fact, this is 

the first overt morphological asymmetry indicating the polarity of the A/P 

axis (fig.1.1). 

At the primitive streak, the basal lamina is disrupted and cells 

undergo an epithelial to mesenchymal transition and emerge between the 

epiblast and visceral endoderm to form an intermediate new layer, the 

mesoderm. Formation of the primitive streak is initiated proximally near 

the junction between embryonic and extraembryonic regions, and as 

gastrulation progresses, the streak extends toward the distal tip of the egg 

cylinder due to the addition of new epiblast cells recruited to this site and 

the concomitant growth of the epiblast (Lawson et al., 1991). 

During early gastrulation, mesoderm cells ingressing in the streak 

move proximally to the extraembryonic region to give the extraembryonic 

mesoderm or laterally and anteriorly as two sheets, the "mesodermal 

wings", expanding on both sides of the embryo and contributing to the 

anterior embryonic mesodermal tissues (reviewed by Tam and Behringer, 

1997; Lawson et al., 1991; Tam and Beddington, 1987). At the anterior end 

of the streak, the cells emerge as a quasi-epithelium, the head process that 

migrates anteriorly along the midline. The head process consists of 

progenitor cells for the anterior axial mesodermal tissues and definitive 

endoderm (Lawson et al., 1986; 1987; 1991). 

The streak reaches its full length at around 7.5 d.p.c. At this time, a 

specialised structure, the node, forms at the most anterior aspect of the 

streak (fig.1). The mouse node generates axial mesendoderm (notochord 
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and definitive gut endoderm) and is considered the equivalent of 

Hensen's node in the chick and the dorsal blastopore lip of Xenopus in 

that it is able to pattern and organise neighbouring tissues into new 

embryonic axes (Beddington, 1994). Although the node is first recognisable 

as a distinct structure at late streak stages, fate maps, tissue transplantation 

experiments and gene expression studies indicate that a region with the 

same developmental fate, patterning activity and gene activity is already 

present at the anterior region of the early streak (Blum et al., 1992; Lawson 

et al., 1991; Sasaki and Hogan, 1993; Shawlot and Behringer, 1995; Tam and 

Steiner, 1999). 

The node subsequently regresses posteriorly but ingression of 

surface cells to form the mesoderm and endoderm of the trunk continues 

during early organogenesis in the remnant of the primitive streak at the 

caudal aspect of the posterior neuropore until its closure at about 10.5 

d.p.c. (30-somite stage) (Wilson and Beddington, 1996). Formation of the 

tail, which corresponds to the addition of 30-35 somites, is then 

undertaken by the tail bud. Generation of the tail by production of 

mesoderm in situ by the tail bud, named "secondary body development", 

was originally considered a distinct process from the formation of head 

and trunk structures by ingression of epiblast cells in the primitive streak, 

termed "primary body development" (Holmdahl, 1925). Pasteels however 

(1939; 1943), and recent evidence from Xenopus (Gont et al., 1993) and 

mouse (Cambray and Wilson, 2002) favour the opposite view that tail 

formation is the continuation of gastrulation and the tail bud is the 

descendant of the streak and dorsal blastopore lip/node. 

By the end of gastrulation, the embryo has formed all the 

extraembryonic structures necessary for the supply of nutrients by the 

mother and has acquired a body morphologically patterned along the A/P 

and D/V axes with well delineated anterior and posterior as well as dorsal, 

lateral and ventral regions. During organogenesis, which starts at around 

8 d.p.c., the cell populations allocated to different germ layers but required 
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for the development of specific body parts are physically brought together 

in order to allow the subsequent inductive interactions that will lead to 

the formation of the different organs and tissues to take place. 

1.2. A/P AXIS DEVELOPMENT 

It is clear that since gastrulation and germ layer formation are 

tightly linked to the emergence of the axes, an understanding of these 

processes is crucial to the question: "How is an amorphous, radially 

symmetrical embryo transformed into a foetus with a head, a trunk and a 

tail?". More specifically the following questions arise when one thinks 

about the process of gastrulation and the development of the axes: 

- What is the earliest time point at which the embryo acquires an 

asymmetry corresponding to the A/P axis? 

- What is the nature and identity of the factors responsible for the 

initiation of mesoderm formation at a localised site of the epiblast and 

consequently the establishment of the primitive streak? 

-How is the streak elaborated and maintained during gastrulation? 

-How are the distinct mesodermal lineages generated and correctly 

allocated to the different levels of the axis? 

In the remaining sections of this introduction, the results of 

experimental work designed to address these questions and the 

conclusions drawn are discussed. 

Establishment of polarity in the egg and pre-gastrula embryo 

In order to understand how spatial patterning of the embryo arises, 

it is necessary to determine when polarity related to the definitive axes of 

the embryo is first established. Little is known about the mechanisms 

responsible for the initial specification of the A/P axis in mammals, 

mostly because of their uterine development and their small size that 

preclude experimental manipulation of the embryo at early stages. Our 
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understanding of the events leading to the establishment of the 

embryonic axes is mostly based on evidence obtained in insects and 

amphibians. In principle, the regionalisation of the developing embryo 

and by this, the definition of its coordinates may depend on two 

fundamental mechanisms or more frequently their combination. The 

first, characteristic of a mosaic type of development, involves cytoplasmic 

determinants, able to confer a specific developmental fate, which are laid 

down in the egg by the mother and asymmetrically inherited by only a 

subset of cells after the onset of cleavage. The second, characteristic of a 

regulative type, is that of induction involving intercellular interactions, 

where an inducing cell is able to influence one or more responding cells to 

change developmental fate (Gurdon, 1992). 

Paradigms from other organisms 

In Drosophila, the initial steps leading to regional specification 

along the A/P axis occur in a multinucleated syncytium and depend on 

maternal transcripts laid down in the egg by the surrounding nurse and 

follicle cells in the ovary. These factors become localised in the egg 

cytoplasm due to changes in the microtubule cytoskeleton. After 

fertilisation, they are translated and the proteins provide the nuclei of the 

syncytium with positional information either by diffusion and generation 

of gradients, or by nuclear localisation of the proteins in specific regions of 

the embryo. This positional information serves as a blueprint for the 

differential activation of a cascade of zygotic genes that further pattern the 

body. Although the first steps that establish the polarity of the axes in 

Drosophila embryo depend on localisation of cytoplasmic factors, further 

development of these axes after cellularisation rely on intercellular 

interactions (St Johnston and Nüsslein-Volhard, 1992). 

Amphibians also use both of these mechanisms to specify and 

further elaborate their embryonic axes. In Xeno pus, maternal information 

is distributed differentially along the animal/vegetal (An/Vg) axis of the 
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egg that indicates the polarity of the A/P axis. Radial symmetry in the egg 

is broken by fertilisation, which triggers a rotation of the cortical layer 

relative to the deep ooplasm called cortical rotation (Gerhart et al., 1989). 

This results in redistribution and probably activation of vegetally localised 

maternal determinants in the presumptive dorsal side of the embryo and 

the formation of a signalling centre known as Nieuwkoop centre. At the 

onset of zygotic transcription at mid-blastula stage, signals originating in 

the Nieuwkoop centre induce the overlying cells in the equatorial zone 

(marginal zone) to form mesoderm of dorsal character (Kessler and 

Melton, 1994). The induced cells constitute a second signalling centre, 

Spemann organiser. The organiser, which corresponds to the dorsal 

blastopore lip where gastrulation movements will start, is able upon 

transplantation on the ventral side to pattern the adjacent mesoderm and 

initiate gastrulation movements resulting in the formation of a complete 

secondary axis (Gerhart et al., 1989; Kessler and Melton, 1994). 

At the molecular level, there is increasing evidence that the 

organiser is established by the combinatorial action of the dorsalising 

activity of Wnt/I-catenin signalling pathway and the "vegetal" TGF1 

signalling cascade (De Robertis et al., 1992; Kessler and Melton, 1994). 

Some of the candidate and endogenous molecules involved in these 

processes as well as the genes whose expression is regulated by their action 

are discussed later in the context of their homology with murine genes. 

Role of maternal cues and the axial organisation of the mouse egg 

In organisms like Drosophila and Xenopus, in which organisation 

of the egg corresponds to a pre-pattern that is critical for establishment of 

the embryonic body axes, experimental manipulation of the egg in a way 

that perturbs this organisation results in abnormal development. 

Mammals, however, show an exceptional ability to regulate following 

such perturbations of the egg, cleavage stage embryos or even blastocysts. 

Fertile offspring are born from eggs in which the animal or vegetal poles 
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are removed or after addition, removal or rearrangement of cells in pre-

implantation embryos (reviewed in Beddington and Robertson, 1999). 

Recently however, there has been accumulating evidence 

indicating that the A/P polarity of the gastrulating embryo can be traced 

back to the polarity of the An/Vg axis of the zygote. Gardner first observed 

(1997) that the early blastocyst is bilaterally rather than radially 

symmetrical (fig.1.1). Furthermore, the second polar body, which is 

extruded at fertilisation and marks the animal pole of the zygote, persists 

to this stage and in most cases, it is found at the medial region of the 

embryonic-abembryonic axis aligning with the axis of bilateral symmetry. 

This observation indicates that the axis of bilateral symmetry of blastocyst 

is aligned with the An/Vg axis of the egg. 

Marking the site of sperm entry with a fluorescent bead has 

provided a second way to follow the organisation of the zygote in later 

stages (Piotrowska and Zernicka-Goetz, 2001a). In this study, it was shown 

that just after the first cleavage, the sperm entry position (SEP) tends to be 

localised in the central region near the cleavage plane of the two-cell 

embryo and after the second cleavage it marks one of the descendants of 

the cell that divided first. At blastocyst stage, it is found near the border of 

the embryonic and abembryonic regions. It was also shown that the two-

cell stage blastomeres have a strong tendency to give descendants either in 

the embryonic or abembryonic region of the blastocyst and that the 

blastomere dividing first preferentially contributes descendants to the 

embryonic part (Piotrowska and Zernicka-Goetz, 2001a). Thus, the SEP 

anticipates the plane of the first cell division, defines the embryonic-

abembryonic regions of the blastocyst and marks the cell that will 

contribute preferentially to the polar TE and the 1CM. 

Asymmetry of gene expression patterns in pre-gastrula 

As mentioned in a previous section, a definitive morphological 

asymmetry indicating the polarity and plane of the A/P axis is only 
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obvious at the onset of gastrulation since the primitive streak forms at the 

presumptive posterior side. However, it has been well established in 

recent years that molecular asymmetry associated with the A/P axis exists 

earlier, during the post-implantation period. Several genes have been 

identified that are expressed in the distal domain of the visceral endoderm 

(VE), at least a day before gastrulation starts and later their expression 

shifts to a location opposite the site where the primitive streak will form. 

The homeobox gene Hex is one of the earliest known markers of 

this asymmetry. It is initially expressed in the primitive endoderm of the 

implanting blastocyst but by 5.5 d.p.c., its expression is restricted to few VE 

cells at the distal tip of the egg cylinder. Half a day later, Hex expression is 

seen in cells on one side of the embryo which at the onset of gastrulation 

can be identified as anterior visceral endoderm (AVE) cells. Labelling of 

VE cells at the distal tip of the egg cylinder at 5.5 d.p.c., has shown that the 

anterior shift of Hex expression corresponds to an anterior movement of 

these cells (Thomas et al., 1998). During the displacement of Hex 

expression from distal to anterior, another gene, T that is later expressed 

posteriorly in the nascent streak at 6.5 d.p.c., is seen expressed in a 

proximal ring at the junction between embryonic and extraembryonic 

regions. Clonal analysis shows that proximal epiblast cells are displaced 

towards the forming primitive streak (Lawson et al., 1991). These findings 

suggest that the anteriorward movement of VE cells is mirrored by a 

posteriorward movement of epiblast cells thus converting the 

proximodistal (P/D) polarity of the post-implantation egg cylinder into the 

A/P polarity of the gastrulating embryo. 

Tracing the progeny of 1CM cells to the visceral endoderm of the 

post-implantation egg cylinder by cell labelling has subsequently shown 

that the P/D polarity of the egg cylinder results from transformation of the 

blastocyst's axis of bilateral symmetry. Visceral endoderm cells originating 

from a region of the 1CM near the polar body, which also marks the 

animal pole of the zygote, tend to occupy distal positions (embryonic) in 
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the egg cylinder, while those that originate opposite the polar body are 

mostly found in proximal sites (extraembryonic) (Weber et al., 1999). 

In conclusion, lineage analyses during the early stages of mouse 

development suggest that the A/P axis of the mouse embryo is 

probabilistically anticipated by the An/Vg axis of the egg. Considering the 

finding that eggs deprived of their animal or vegetal poles (Zernicka-

Goetz, 1998) or embryos reconstructed from only animal or vegetal 

blastomeres at the 8-cell stage (Ciemerych et al., 2000) develop into normal 

and fertile animals, polarity does not seem irreversibly established until 

implantation. Therefore, if maternal determinants of polarity are indeed 

present in the egg, either they are not required for normal development or 

alternatively, regulative mechanisms employed by the embryo allow this 

polarity to be re-established following perturbation. 

Growth and cell mingling in the epiblast and visceral endoderm 

Pre-implantation development is characterised by limited relative 

movement of cells as revealed by generation of chimaeras or injection of 

lineage tracers (Pedersen, 1986). However, descendants of single 1CM cells 

in host blastocysts or clones derived from labelling of single epiblast cells 

at the onset of gastrulation are widely spread throughout the embryo at 

mid- and late gastrulation (Beddington et al., 1989; Lawson et al., 1991). It 

was shown that the breakdown of coherent clonal growth in the 

embryonic lineage occurs during the formation of pro-amniotic cavity and 

the organisation of 1CM cells into the epiblast epithelium at the post-

implantation period (Gardner and Cockroft, 1998). This clonal dispersion 

continues during gastrulation (Lawson et at., 1991). Although the 

underlying cellular mechanism is unclear, the association of this 

phenomenon with rapid growth of the epiblast during the immediate 

post-implantation and gastrulation stages led to the proposal that it 

depends on cells losing contact with the basal lamina when they divide 

(Gardner and Cockroft, 1998; Lawson et al., 1991; Snow, 1977). 
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Contrary to the situation in the epiblast, clones of 1CM labelled cells 

arising in the VE are distributed in discrete and coherent patches 

throughout pre- and gastrulation stages (Gardner and Cockroft, 1998; 

Lawson et al., 1991; Weber et al., 1999). Therefore, although extensive cell 

mixing in the pre-gastrulation epiblast is incompatible with preservation 

of any positional information by cells within this tissue, coherent growth 

in VE makes it an attractive candidate for this role. Indeed, the directional 

movements of VE cells associated with the conversion of the P/D polarity 

in the blastocyst to the A/P polarity of the gastrulating embryo, as well as 

genetic evidence discussed in a later section support this view. 

Initiation of definitive A/P patterning and mesoderm 
induction 

Fate and potency of cells in the gastrulating embryo 

The fate of cells in the gastrulating mouse embryo has been studied 

by clonal analysis of the progeny of labelled epiblast cells or by orthotopic 

transplantation of groups of cells (Beddington, 1982; 1981; Kinder et al., 

1999; Lawson et al., 1991; Smith et al., 1994; Sulik et al., 1994; Tam, 1989; 

1987). These studies revealed that the gastrula epiblast is regionalised and 

can be subdivided into broad domains of progenitor cells for the different 

germ layers and the major tissues types. Fate maps can therefore be 

constructed. The fate maps drawn at pre- and early streak stages (fig.1.2) 

show that definitive ectodermal tissue (neural and surface ectoderm) 

originates in the anterior and distal regions of the egg cylinder. Embryonic 

mesoderm and endoderm descend from progenitors located in more 

lateral and posterior positions while extraembryonic mesoderm 

progenitors are located in the proximal /posterior epiblast (Lawson et al., 

1991). There is an extensive overlap of regions that correspond to 

precursor domains of different tissues indicating that despite the 

regionalisation, the early gastrula epiblast does not present a strict 
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Figure 1.2. Fate map of the early epiblast (reproduced from Lawson, 1991) 
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mosaicism since a single labelled progenitor cell can give rise to 

descendants allocated in different tissues or even different germ layers. 

Testing the potency of epiblast regions by heterotopic 

transplantation at early streak stage showed that cells, including the germ 

line, can acquire a fate different from their normal one and characteristic 

of the cell population at the grafting site (Tam and Zhou, 1996). This 

finding further suggests that epiblast cells display a considerable degree of 

plasticity and that the different cell lineages are not irreversibly specified at 

the onset of gastrulation. Heterotopic transplants of late primitive streak 

anterior, distal and posterior embryonic ectoderm continue to show a 

developmental potential exceeding their normal fate. It seems, however, 

that there is a progressive restriction in potency at these late stages since 

anterior tissue (prospective surface and neural ectoderm), although able to 

colonise mesoderm when relocated posteriorly, it tends to differentiate 

mostly into posterior surface ectoderm, thus showing a reluctance to 

invaginate (Beddington, 1982). 

The finding that epiblast cells transplanted to ectopic sites tend to 

differentiate according to the fate of the new site, and the reproducible 

patterns of displacement observed for the clonal epiblast descendants, 

suggested initially that specification of cell lineages may be subject to site-

specific influences in the epiblast and the morphogenetic tissue 

movements (Beddington, 1982; Lawson et al., 1991; Tam and Zhou, 1996). 

Orthotopic grafts of labelled primitive streak cells show that there is a 

spatial organisation in the streak since different prospective tissues 

emerge from different locations. At late gastrula stage, the anterior streak 

and node produce mostly axial (notochord) and paraxial (somitic) 

mesoderm while more posterior parts give rise to progressively more 

lateral and ventral (extraembryonic) mesoderm (Kinder et al., 1999; Smith 

et al., 1994; Tam and Beddington, 1987). 

There is also a temporal order of recruitment of progenitors to 

mesodermal and endodermal tissues, which corresponds to the A/P axis. 
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Prospective fate maps of cell populations in the primitive streak at early, 

mid- and late gastrula stages demonstrate that precursors of tissues giving 

rise to rostral structures, such as heart and head mesoderm, ingress 

through the streak ahead of those destined for more posterior structures, 

such as the paraxial and lateral mesoderm of the trunk (Kinder et al., 

1999). This same rostrocaudal sequence of tissue allocation is observed in 

respect to the somites and the gut in different axial levels along the A/P 

axis (Lawson et al., 1986; Tam and Beddington, 1987). 

Despite the apparent spatiotemporal regionalisation in the 

primitive streak, the plasticity of cell fate seen in heterotopic grafts of 

different regions argues against a prior commitment of ingressing cells to 

specific lineages. It has been proposed that this regionalisation reflects 

restrictions in morphogenetic cell movements, which result in 

distribution of uncommitted cells to different embryonic compartments 

where further cell and tissue interactions will direct their differentiation 

along a specific pathway (Tam and Beddington, 1987). An alternative 

hypothesis would be that the streak itself acts as an organising centre 

directing the commitment of ingressing cells. Analysis of gene expression 

patterns in the streak indicates that there is a correlation between gene 

activity and regionalisation of fate which is further supported by the 

inappropriate specification of cell types in loss of function mutations for 

HNF3J3, Wnt3a, and FGFR-1 (Ang and Rossant, 1994; Sasaki and Hogan, 

1993; Yamaguchi et al., 1994; Yamaguchi et al., 1999a). On the other hand, 

epiblast cells transplanted directly into the recently ingressed mesodermal 

compartment retain pluripotency and colonised a more extended range of 

tissues than those expected from the host mesoderm site. The reciprocal 

transplantation resulted in expanded fate for the mesoderm relocated back 

to the epiblast. However, contrary to the host epiblast, the transplanted 

cells do not colonise the lateral plate mesoderm (Tam and Behringer, 

1997). Ingression through the streak seems therefore to be associated with 

some restriction in tissue potency although other lineages such as the 
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heart mesoderm are irreversibly specified only after they reach their final 

destination compartment (Tam et al., 1997). 

Conversion of the P/D axis of egg cylinder to the A/P axis of the 

embryo 

As discussed earlier, it is only during gastrulation that definitive 

embryonic patterning along the embryonic axes takes place. Whether or 

not the correspondence found between the axes of the egg and the 

definitive A/P axis has a functional significance it is currently unknown. 

However, accumulating evidence in recent years suggests that correct 

patterning of the pre-gastrula along the P/D axis is necessary for A/P 

patterning. Cell movements that rotate this P/D axis lead to induction of 

mesoderm and primitive streak formation at the posterior side and 

establish an anterior territory where neural structures will form. Mutant 

analysis and tissue recombination and ablation experiments have 

revealed that the signalling activity originating in the AVE, defines this 

territory of prospective definitive ectoderm by repressing posteriorising 

signals that lead on the opposite side of the embryo to mesoderm 

formation (Beddington and Robertson, 1998; Beddington and Robertson, 

1999; Kimura et al., 2000; Perea-Gomez et al., 2001a; Thomas and 

Beddington, 1996). 

Cripto, a member of the EGF-CFC family expressed in a proximal-

distal gradient in the epiblast at 6 d.p.c. and later in the primitive streak 

and newly formed mesoderm, was the first factor shown to be required for 

the conversion of P/D to A/P polarity (Ding et al., 1998). In embryos 

lacking Cripto, AVE markers such as Cerl and Hex remain distal, whereas 

T and FGF8, markers of the early streak, continue to be expressed 

proximally even after the onset of gastrulation. Subsequently, later 

markers of the distal streak and node (Gsc, HNF3J3 ) are not expressed. 

Abnormal patterning in the epiblast and VE leads to a failure to form 
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embryonic mesoderm and to ectopic induction of anterior neural 

structures in the entire embryonic region. 

Cripto is an essential cofactor for Nodal signalling in zebrafish 

(Gritsman et al., 1999). As discussed in later sections, Nodal, a member of 

the TGFB family of signalling molecules, identified initially in mouse by 

insertional mutagenesis, has pleiotropic activity during axis formation 

and gastrulation (Conlon et al., 1994; Varlet et al., 1997; Zhou et al., 1993). 

Although Nodal null mutants present a more severe phenotype than 

Cripto mutants, since the initial P/D polarity fails to be established, 

hypomorphic mutations in this gene lead to similar defects in axis 

orientation (Lowe et al., 2001). Consistent with a requirement of Nodal 

signalling in assuring the proper movement of cells establishing the A/P 

axis, is also the mislocation of anterior and posterior markers in embryos 

lacking other components of this pathway such as Fasti, a transcription 

factor acting downstream of Nodal, and the putative Nodal receptors, 

ActilA and JIB (Song et al., 1999; Yamamoto et al., 2001). 

Otx2, a homeobox gene expressed ubiquitously in the epiblast and 

VE before gastrulation and later restricted to the anterior side in all three 

germ layers, has also been implicated in this process. Otx2-/- embryos 

present the same abnormal molecular patterning as Cripto-/- embryos. 

Clonal analysis of VE showed that Otx2 is required for morphogenetic 

movements throughout the embryonic VE (Perea-Gomez et al., 2001a). 

However, expression of Otx2 under the control of a cis-acting element 

directing expression specifically in the distal VE cells of Otx2-/- embryos is 

sufficient to restore proper alignment of the A/P axis (Kimura et al., 2000). 

Induction of the streak and mesoderm formation 

The molecular mechanisms responsible for mesoderm induction 

and primitive streak formation at the prospective posterior side of the 

embryo are still not clearly identified. Comparisons with other vertebrates 

and evidence from analysis of recently obtained loss of function 
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mutations in mouse suggest that primitive streak and node formation is 

mediated by the synergistic activity of TGFB and Wnt signalling pathways. 

In Xenopus, the organiser is induced by the Nieuwkoop centre localised in 

the dorsal vegetal cells. Induction of the organiser ventrally results in 

complete axis duplication and this activity is mimicked by RNA injections 

in cleavage stage embryos of Wnt8, Wntl and the TGFB molecule Vgl 

(Dale et al., 1993; Smith and Harland, 1991; Sokol et al., 1991). Injected cells 

do not contribute to the induced axis but their progeny is found in yolky 

endodermal cells. In chick, the putative Nieuwkoop centre equivalent is 

believed to be localised in the posterior marginal zone (PMZ) of the pre-

streak stage embryo in a region where both cVgl and cWnt8C are 

expressed. Heterotopic transplantation of this region or misexpression of 

cVgl result in formation of an ectopic organiser and subsequently a 

complete axis (Bachvarova et al., 1998; Shah et al., 1997). Comparative fate 

maps of chick and mouse suggest that the mouse "Nieuwkoop centre" 

would lie in the most proximal epiblast or the nearby extraembryonic 

region (Tam and Behringer, 1997). 

Wnt3 is a candidate signal for induction of the primitive streak in 

mouse. It is expressed in the proximal epiblast just before the onset of 

gastrulation and later its expression is restricted to the posterior-lateral 

epiblast and overlying yE. In Wnt3 mutant embryos, proximal-posterior 

markers (T, FGF8, Gsc) and mesoderm are not induced and a primitive 

streak does not form. Expression of Oct4, marker of pluripotent cells, 

which is normally downregulated during gastrulation, continues to be 

ubiquitous until at least 8.5 d.p.c., suggesting that the epiblast remains in 

an undifferentiated state (Liu et al., 1999). Inactivation of L-catenin, a 

central nuclear component of the canonical Wnt pathway, leads to a 

similar phenotype although contrary to the Wnt3, additional patterning 

defects are observed in the AVE which remains distal (Huelsken et al., 

2000). On the other hand, mutations in Fused, which encodes the negative 

regulator of the Wnt pathway Axin, or misexpression of cWnt8C result in 
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ectopic induction of a primitive streak and posterior axis duplication 

(Gluecksohn-Schoenheimer, 1949; Popperl et al., 1997; Zeng et al., 1997). 

Nodal was also shown to have an essential role in initiation of 

gastrulation and primitive streak formation. It starts to be expressed 

ubiquitously in the embryonic ectoderm and associated visceral endoderm 

shortly after implantation at 5.5 d.p.c. During the next stages, a proximal-

distal gradient in the epiblast is established but transcripts are rapidly 

restricted to the posterior embryonic ectoderm as the streak forms and 

elongates. By mid-gastrula stages, Nodal expression is detected only in 

node progenitors and later in the periphery of the morphologically 

distinct node and unilaterally in the lateral plate mesoderm (LPM) 

(Conlon et al., 1994; Varlet et al., 1997). 

Consistent with this highly dynamic expression pattern, extensive 

analysis of null and hypomorph mutants and chimaeras led to the 

proposal that Nodal is required and has distinct functions in successive 

steps during patterning of the embryo and gastrulation. As mentioned 

earlier, Nodal hypomorph mutations result in failure of P/D to A/P axis 

rotation. In null mutants however, T, FGF8, Wnt3, Cripto and two other 

markers associated with the first cells induced to form the primitive streak 

and found initially in proximal locations, Eomes and Lefty2, are absent in 

pre- and early streak stages as are markers of the AVE (Otx2, Hex, Limi, 

Leftyl and Gsc) (Brennan et al., 2001). This finding suggests that the P/D 

polarity fails to be established altogether. Consequently, embryos arrest 

development shortly before gastrulation and lack a primitive streak. Some 

sporadic, posterior/ ventral mesoderm does form however and in 10% of 

the embryos examined at 7.5 d.p.c., T is expressed in random patches 

indicating that contrary to the traditionally held view originating from 

Xeno pus, formation of the streak is independent from mesoderm 

formation per se (Conlon et al., 1994). The observation that the residual 

mesodermal cells are unable to migrate away from their point of origin 

was taken as indication that Nodal may be involved in the morphogenetic 
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movements of epiblast cells towards the posterior to form the streak 

and/or the migration of the newly formed mesoderm posteriorly and 

laterally. Moreover, the failure to establish the streak probably accounts for 

the inability to produce mesodermal cells of more anterior/dorsal 

character and to form a node. Analysis of chimaeras made by injection of 

wild-type cells into Nodal mutant blastocysts, showed that Nodal function 

in the formation of the primitive streak and node is required in the 

epiblast, whereas its expression in VE is required in the patterning of 

anterior neural structures (Varlet et al., 1997). 

Recently, the reciprocal interactions between extraembryonic 

ectoderm and epiblast have gained a considerable interest. A TGFS ligand, 

Bmp4, and a T-box family transcription factor, Eomes, are expressed prior 

to the initiation of gastrulation in the distal extraembryonic ectoderm and 

later in the posterior epiblast (Lawson et al., 1999; Russ et al., 2000). 

Chimeric analysis showed that Bmp4 is required in the extraembryonic 

lineage for generation of the primordial germ cells and allantois (Lawson 

et al., 1999) demonstrating the patterning activity of the extraembryonic 

ectoderm towards the epiblast. Interestingly, extraembryonic expression of 

both Bmp4 and Eomes is only transient in Nodal mutant embryos 

suggesting that in turn, Nodal signalling in the epiblast is required for 

maintaining patterning of the adjacent extraembryonic ectoderm 

(Brennan et al., 2001). 

The role of the node and AVE in defining the A/P axis 

Classical experiments by Spemann and Mangold led to the 

identification of an organiser tissue in the dorsal blastopore lip of the 

amphibian gastrula that is able to induce and pattern a complete secondary 

axis when grafted ectopically (Spemann and Mangold, 2001). Spemann 

also showed that the inductive activities of the organiser are changing 

during gastrulation since transplantation of the early gastrula organiser 

induced complete axes whereas the organiser taken from a late gastrula 

20 



Chapter 1 

induced anteriorly truncated axes (reviewed by Lemaire and 

Kodjabachian, 1996). Tissues functionally equivalent to Spemann 

organiser have been identified in other vertebrates. In mouse, the node 

expresses many genes common to the Xenopus organiser such as Gsc, T 

(Brachyury), Nodal and Limi, and consists of precursor cells that 

contribute to similar tissues, namely, the axial mesendoderm (prechordal 

plate, gut endoderm and notochord). Heterotopic transplantation of the 

node or its precursor in the anterior streak of early gastrula results in 

duplication of the axis. However, neither of these tissues can induce 

formation of ectopic anterior head structures (Beddington, 1994; Tam and 

Steiner, 1999). This result led to the supposition that specification of 

anterior structures in mouse requires the activity of a structure distinct 

from the node and its derivatives. 

The asymmetry in expression patterns seen in VE before and during 

gastrulation has initially hinted at a role of this tissue in patterning the 

overlying epiblast, which was subsequently supported by embryological 

and genetic evidence. Ablation of the Hesxl positive AVE at early gastrula 

stage prevented the later expression of this forebrain marker in the rostral 

neurectoderm (Thomas and Beddington, 1996). Consistent with the 

requirement of the AVE in anterior development have also been the 

results obtained from the analysis of several mutations in genes expressed 

in this tissue. Embryos homozygous for mutations in HNF3J3, Otx2 and 

Limi transcription factors exhibit rostral truncations (Acampora et al., 

1995; Ang and Rossant, 1994; Shawlot and Behringer, 1995). Since these 

genes are also expressed in the node and/or its derivatives, these defects 

were originally attributed to the absence or abnormal function of the node 

and axial mesendoderm. Recombination experiments in vitro had 

previously shown that these node derivatives are necessary if ectoderm is 

to express anterior CNS markers such as Otx2 and Eni (Ang et al., 1994; 

Ang and Rossant, 1993). Generation of chimaeras in which the VE and 

epiblast are of different genotype confirmed the requirement of these 
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genes and also unmasked the specific function of Nodal and other 

components of this pathway in the VE for the induction of rostral neural 

tissues to take place. Nevertheless, although anterior neurectoderm is 

specified in chimric embryos for Otx2 and Limi in which the VE is wild-

type, the anterior character is not maintained. These genes are therefore 

required later in epiblast-derived tissues for maintenance of the anterior 

character; Otx2 in the neurectoderm and Limi in the axial mesendoderm 

(Rhinn et al., 1998; Shawlot et al., 1999). 

Transplantation experiments have further shown that the AVE. 

although necessary, is not sufficient to induce neural development in the 

mouse embryo. Induction of anterior neural genes in ectopic sites requires 

the synergistic activity of the organiser and anterior germ layers (AVE and 

anterior epiblast) (Tam and Steiner, 1999). Examination of 

proximal /posterior epiblast markers in Otx2 mutants embryos and explant 

assays suggested that the AVE influences the character of the overlying 

epiblast indirectly, by suppressing posterior signals such as Nodal and 

Wnt3 that regulate primitive streak and mesoderm formation (Kimura et 

al., 2000; Perea-Gomez et al., 2001a). 

Cerl, Dkkl and Leftyl are secreted TGFB and/or Wnt antagonists 

expressed initially in the distal VE and later in the AVE. They are 

therefore candidates to mediate the action of AVE on the adjacent epiblast. 

Expression of these genes is absent or reduced and mislocalised in a distal 

domain of the VE in Otx2 and Liinl mutant embryos (Belo et al., 1997; 

Glinka et al., 1998; Meno et al., 1997; 1998; Piccolo et al., 1999). At the same 

time, primitive streak specific markers remain either proximal or their 

expression is expanded distally after the onset of gastrulation (Acampora 

et al., 1998; Biben et al., 1998; Kinder et al., 2001; Perea-Gomez et al., 2001a; 

Perea-Gomez et al., 2001b; Shawlot et al., 1998; Zakin et al., 2000). 

Interestingly, inactivation of either Cerl or Leftyl does not affect anterior 

development suggesting that these genes have a partially redundant 

function (Belo et al., 2000; Meno et al., 1998; Shawlot et al., 2000). 
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In embryos lacking Smad2, an intracellular effector involved in 

Nodal signalling and expressed ubiquitously at pre- and gastrula stages, 

the AVE fails to form, as witnessed by the absence of any specific markers. 

Nodal, Wnt3, FGF8 and T are expressed ubiquitously in the epiblast at a 

time normally coincident with streak formation. Consequently, the entire 

epiblast adopts an extraembryonic mesodermal fate, characteristic of the 

earliest mesoderm to ingress through the streak. Chimric analysis of the 

Smad2 phenotype revealed that its activity is required in the 

extraembryonic tissues (Heyer et al., 1999; Waidrip et al., 1998). 

Interestingly, consistent with the observation that Limi and HNF3J3 are 

not expressed in these embryos, Lim1/HNF3J3 double homozygotes 

phenocopy Smad2 mutants (Perea-Gomez et al., 1999). These findings 

support a model in which Smad2, in response to Nodal signals, positively 

regulate the expression of transcription factors like Limi, HNF3J3 and Otx2 

which in turn activate expression of secreted TGFL/Wnt antagonists (Cerl, 

Leftyl, Dkkl) in the AVE. These antagonists act in the epiblast to restrict 

the site of primitive streak formation by inhibiting the expression of 

posterior signals and transcription factors (Nodal, Wnt3, FGF8, Eomes, T, 

Cripto). 

While the function of AVE is essential for the initiation of anterior 

neural patterning, ablation of rostral or caudal parts of anterior midline 

tissues consisting of the axial mesendoderm and ventral neurectoderm, 

suggested that these node-derived tissues are required in the maintenance 

and refinement of the anteroposterior patterning and subsequent 

development of the forebrain (Camus et al., 2000). In addition, in double 

homozygote mutants for the secreted BMP antagonists, Chordin and 

Noggin, expressed in the node and axial mesendoderm, anterior 

patterning is initiated but fails to be maintained and the embryos lack 

forebrain structures (Bachiller et al., 2000). 

These results seem difficult to reconcile with the finding that 

ablation of the node does not impede the development of an apparently 
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intact A/P axis (Davidson et al., 1999; Klingensmith et at., 1999). However, 

it was shown that in these node-ablated embryos, gut formation was not 

affected and although in most cases the notochord was absent, occasionally 

a partial notochord was formed. The persistence of endodermal 

derivatives, which can be explained by a contribution from the early 

gastrula organiser (EGO) and/or by de novo respecification of the tissues 

lateral to the node could account for the normal A/P axis patterning. 

Indeed, fate mapping studies have shown that the anterior definitive 

endoderm (ADE) arises during the early stages of gastrulation from the 

EGO in the anterior part of the streak and moves anteriorly to displace the 

AVE (Lawson et al., 1987). Several genes such as Hex, Cerl and Arkadia 

(Ark) expressed in the AVE are also expressed in the ADE. Mice mutant 

for the transcriptional repressor Hex, shown to inhibit Spemann organiser 

function in Xeno pus, have forebrain defects and chimra experiments 

indicate that its function is required in the embryonic lineages (Brickman 

et al., 2000; Martinez-Barbera et at., 2000). In contrast, Ark, a RING-domain 

protein proposed to potentiate Nodal signalling, is required in the 

extraembryonic lineages for node formation and patterning of the ADE 

(Episkopou et at., 2001; Niederlander et at., 2001). 

In summary, the work reviewed in the last sections suggests that 

unidirectional movements in the VE and epiblast convert the initial P/D 

polarity, established in the pre-gastrula, to the definitive A/P polarity of 

the embryo. Primitive streak and mesoderm formation is initiated in the 

proximal /posterior epiblast by signals emanating from the region near the 

embryonic-extraembryonic junction and possibly from the extraembryonic 

ectoderm. Although these signals are still not clearly identified, Nodal and 

Wnt3 seem to play an essential role in these processes. Nodal signalling in 

particular, occupies a central position both in primitive streak formation 

and its restriction at a localised site, necessary for the subsequent 

specification of the anterior neurectodermal domain. It does so, by 

sequentially acting in the epiblast to induce genes required for mesoderm 
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formation at the posterior side, and in the AVE to activate a genetic 

cascade that eventually results in suppression of posterior gene activity at 

the anterior side. Finally, the organiser and its derivatives are required to 

maintain this initial patterning and induce the neural structures with 

different segmental characteristics along the A/P axis. 

Axial elongation 

Axial progenitors in the primitive streak and tail bud 

Axial elongation is accomplished by progressive allocation of 

progenitor populations to the different embryonic compartments in a 

rostrocaudal sequence. During the early stages of gastrulation, formation 

of the extraembryonic mesoderm and anterior structures results from 

migration and transit through the streak of cells located over a large area 

of the epiblast (Lawson et al., 1991). At later stages however, there is 

accumulating evidence supporting the existence of a resident pool of 

progenitors in the primitive streak and its descendant in the tail bud that 

can maintain itself and give rise to the entire postcranial axis. 

In ectopic axes, induced by transplantation of the node, the notochord 

is exclusively derived from the grafted cells. In situ labelling of small 

groups of cells in the ventral node results in continuous labelling of the 

notochord and the node itself, implying that the ventral node consists of a 

proliferating group of axial mesoderm progenitors (Beddington, 1994). 

Labelling both ventral and dorsal layers of the node gives rise to 

additional labelled descendants in the ventral neurectoderm, further 

identifying the dorsal node as progenitor population of the floorplate 

(Sulik et al., 1994; Wilson and Beddington, 1996). Orthotopic grafts or in 

situ labelling of different parts of the primitive streak at mid-streak to 

early-organogenesis stages also give labelled differentiated derivatives in 

the axis along with labelled cells persisting in the streak (Tam and 

Beddington, 1987; Tam and Tan, 1992; Wilson and Beddington, 1996). An 
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equivalent region of a progenitor population for the tail, the chordoneural 

hinge (CNH), has been identified in Xeno pus and mouse tail bud 

(Cambray and Wilson, 2002; Gont et al., 1993). In mouse, it was further 

shown that this region has the potency to contribute to large 

anteroposterior distances in the trunk and at the same time populate the 

tail bud upon heterochronic transplantation to the primitive streak at 

earlier stages. This potency is retained on multiple passages through 3 

successive generations of host embryos strongly suggesting that the CNH 

represents a self-renewing cell population (Cambray and Wilson, 2002). 

Further support that the primitive streak and tail bud act as progenitor 

populations to sustain elongation of the axis comes from the finding that 

fragments of presomitic mesoderm can generate only a limited number of 

somites, whereas somite formation continues uninterrupted if either the 

primitive streak or tail bud is included (Tam and Trainor, 1994). 

Conclusive evidence that cells contributing to the paraxial 

mesoderm are organised into a self-renewing pool in the primitive streak 

was provided by in vivo retrospective clonal analysis of the myotome 

(Nicolas et al., 1996). In this study, descendants in the myotome of single 

cells that had undergone a rare somatic recombination were labelled. 

Analysis of the characteristics of clones obtained at 11.5 d.p.c. showed the 

presence of a category of clones that contribute bilaterally to substantial 

lengths of the axis from a variable anterior border to as far as the posterior 

end. These can populate the most anterior somites and the probability that 

a somite is colonised by such a clone increases from rostral to caudal 

indicating that their progenitors originate prior to the separation in left 

and right compartments in the streak and have the potential for extensive 

contribution in the axis. Further statistical analysis of the characteristics 

and frequencies of all long and short clones led Nicolas et al. to propose 

that the myotome is produced from a spatially organised pool of 100-150 

stem cells in the primitive streak. The same type of analysis adapted to the 

study of the central nervous system (CNS) similarly showed that a self- 
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renewing stem cell system is involved in the formation of the spinal cord, 

which originates from ectoderm close to the anterior streak. In contrast, 

anterior CNS structures are formed by a different mechanism involving 

early regionalisation of precursors (Mathis and Nicolas, 2000). These 

studies suggest therefore that at least the area corresponding to the node 

and anterior streak and later the CNH of the tail bud is composed of a pool 

of self-renewing progenitors important for maintenance of axial 

elongation and the formation of the postcranial axis. 

Maintenance of the streak, lineage specification and morphogenetic 

movements 

The spatiotemporal organisation of the primitive streak with respect 

to the different cell populations generated, revealed by lineage studies 

(Kinder et al., 1999; Lawson et al., 1991; Tam and Beddington, 1987; 1997; 

Wilson and Beddington, 1996), predicts the existence of signalling 

mechanisms that directly or indirectly influence the lineage characteristics 

of cells ingressing through distinct segments and at different stages during 

gastrulation and elongation of the axis. Consistent with this idea, is that 

this cellular organisation is associated with specific gene expression 

patterns along the A/P axis of the primitive streak and node as well as in 

the ectoderm and mesoderm in their vicinity (reviewed by Tam and 

Trainor, 1994). These genes may therefore be responsible for (i) 

maintenance of the streak by induction of mesoderm in situ or via the 

maintenance of resident precursor populations, (ii) specification of 

different mesodermal identities for cells exiting the streak, or (iii) 

morphogenetic movements. These morphogenetic movements could 

influence the allocation of ingressing cells to the different embryonic 

compartments and their subsequent differentiation by defining the 

migratory routes followed. The phenotypes of certain mutants in Wnt and 

FGF signalling pathways and downstream targets provide significant 

evidence for this hypothesis. 
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Wnt3a is expressed in the ectodermal part of the primitive streak 

from 7.5 d.p.c. and later in the tail bud. At early somite stages, its 

expression coincides with the prospective paraxial mesoderm domain in 

the anterior streak. Wnt3a null mutants lack all trunk and tail somites. In 

place of the missing somites, they form ectopic neural structures (Takada 

et al., 1994; Yamaguchi et al., 1999a). Similar phenotypes present the 

compound homozygotes for the transcriptional regulators Lefl/Tcfl and 

the T-box factors, T and Tbx6, whose expression overlaps with that of 

Wnt3a in the streak (Chapman and Papaioannou, 1998; Galceran et al., 

1999; Yamaguchi et al., 1999a). 

T (Brachyury) is a spontaneous mutant discovered through the 

short tail phenotype of heterozygotes. Homozygotes die at mid-gestation 

lacking a notochord and mesodermal structures posterior to the forelimb 

while they present ectopic differentiation of neural tissue (Beddington et 

al., 1992; Kispert and Herrmann, 1994; Yamaguchi et al., 1999a). T is 

expressed in the primitive streak and node during gastrulation, and in the 

notochord and tail bud until the end of axial elongation. There is evidence 

that T plays a role in the morphogenetic cell movements during 

elongation of the axis and has an independent function in the final 

differentiation of notochord. 

During late phases of gastrulation, TIT mutant cells accumulate in 

the node and anterior streak of TIT <->+/+ chimaeras leading to their 

preferential colonisation of the ventral neurectoderm and occasionally the 

formation of compact blocks of these cells in places where axial mesoderm 

is found in wild-type embryos. These blocks of exclusively mutant cells 

often fuse with the ventral neural tube (Wilson et al., 1995; Wilson et al., 

1993). Increasing the levels of T by expression of a wild-type T transgene in 

the streak, results in premature exit of cells probably due to increased 

movements. As a result, there is a significant reduction in posterior 

mesoderm and tail bud colonisation and exclusion of cells expressing high 

levels of T from the ventral neurectoderm (Wilson and Beddington, 
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1997). Interestingly, a difference between expression levels of individual 

cells was also noticed in wild-type embryos after antibody staining, 

suggesting that a tight regulation of T expression may be required during 

normal development for correct tissue colonisation and consequently fate 

specification of primitive streak cells. It has been proposed that variation 

in T expression levels may be necessary for maintenance of the self-

renewing population of progenitors in the primitive streak, predicted to 

show a low-level or no T expression, as opposed to cell populations that 

express high levels of T and exit the streak as mesoderm (Wilson and 

Beddington, 1997). 

T expression is initiated but not maintained in the anterior streak of 

Wnt3a mutants at early-somite stages. Furthermore, Lefl has been shown 

to act downstream of Wnt3a to regulate maintenance of T expression 

(Galceran et at., 2001; Yamaguchi et al., 1999a). Thus, in the absence of 

Wnt3a signalling, anterior streak, fated at this stage to give rise to paraxial 

mesoderm, is specifically deprived of T protein. Given the similarity in 

the mutant phenotypes for these genes, it has been proposed that the 

primary function of Wnt3a is to regulate the dosage of T and by that 

modulate the proportion of cells that stay in the streak versus cells that 

exit from it as paraxial mesoderm precursors (Yamaguchi et al., 1999a). A 

direct correlation between the extent of the axial truncation and the gene 

dosage, seen in hypomorphic alleles and heterozygotes of both Wnt3a and 

T further suggest that these genes are involved in mesoderm formation 

and specification throughout axial elongation (Greco et at., 1996; 

Herrmann, 1991; Stott et al., 1993). 

Contrary to the impairment in cell migration and the axial 

truncation of Wnt3a and T mutants, Tbx6 homozygote embryos elongate 

normally and presumptive somitic progenitors ingress through the streak 

and migrate laterally to a paraxial position along the body axis. However, 

only 5 to 7 anterior somites form, whereas more posterior paraxial 

mesoderm differentiates abnormally, generating two ectopic neural tubes 
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flanking the endogenous axial neural tube. Considering that the domain 

of Tbx6 expression corresponds to the location of somitic precursors, this 

phenotype indicates that Tbx6 may be directly involved in cell fate 

specification and somite differentiation in the trunk and tail (Chapman 

and Papaioannou, 1998). 

Another gene involved in morphogenetic movements in the 

streak and presenting a similar mutant phenotype to Wnt3a and T, is 

FGFR-1. It is first expressed at low levels throughout the epiblast but at 

mid-streak stage, expression is upregulated and concentrated in primitive 

streak and mesoderm lateral to it. At headfold stage, it is strongly 

expressed in both neurectoderm and paraxial/presomitic mesoderm (Orr-

Urtreger et al., 1991; Yamaguchi et al., 1992). FGFR-1 null mutant embryos 

show an expansion of axial mesoderm at the expense of paraxial 

mesoderm and form ectopic neural tissue (Ciruna et at., 1997; Deng et at., 

1994; Yamaguchi et at., 1994). Although somites do not form, some 

disorganised paraxial mesoderm is occasionally present suggesting that 

FGFR-1 is not required directly for cell fate decision. Chimric analysis 

showed that the defects in mesodermal patterning and lineage 

specification are secondary to a deficiency in the ability of cells to traverse 

the streak, resulting in accumulation of cells along the posterior midline 

(Ciruna et al., 1997). This analysis also revealed that although cell 

populations generated during the early stages of gastrulation (cranial, 

heart and axial mesoderm and endoderm) do form in null mutants, these 

populations exhibit a similar abnormal morphogenetic behaviour when 

forced to compete with wild-type cells. Interestingly, inactivation of only 

the FGFR-10 isoform has been reported to affect only mesodermal 

populations formed during regression of the node, implying a differential 

requirement of distinct isoforms during development of the axis. These 

embryos show absence of the posterior part of notochord and most caudal 

somites (Xu et al., 1999). 
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Comparison between the behaviour of T and FGFR-1 mutant cells 

in chimaeras shows a subtle difference between them. TIT cells are able to 

traverse the streak but impaired in migrating away from it. On the 

contrary, FGFR-1 mutant cells fail altogether to traverse the streak and 

undergo epithelial-to-mesenchymal transition. Consistent with this 

difference in traversing the streak, the ectopic neural tube in Wnt3a and T 

mutants forms ventrally to the primary neural tube whereas in FGFR-1 

mutants, the primary and secondary neural tubes lie next to each other. It 

seems therefore that FGFR-1 is upstream of Wnt3a and T in the hierarchy 

of genes involved in mesoderm formation and subsequent migration of 

nascent mesoderm although the continued expression of T in FGFR-1 

mutants indicates that these genes act in distinct pathways during these 

processes (Yamaguchi et al., 1999a). 

In chick, inhibition of FGF signalling by electroporation of a 

dominant negative FGF receptor in the region adjacent to Hensen's node, 

where neural precursors reside, causes cells to exit this proliferative zone 

and differentiate as neurons (Mathis et al., 2001). This result is compatible 

with the formation of ectopic neural tissue after inactivation of FGFR-1 in 

mouse, and indicates that FGF signalling is also involved in maintenance 

of neural progenitors. Whether this function of FGFR-1 is independent or 

related to its function in migration of mesoderm precursors is unclear. 

However, it is obvious that loss of FGF signalling has opposite effects on 

mesodermal and neural progenitors: mesoderm progenitors require 

FGFR-1 to differentiate while neural progenitors require FGF signalling to 

maintain their potency. Thus, loss of FGF signalling from these 

populations leads cells to engage into a neural differentiation pathway. 

The retrospective clonal analysis of the myotome suggested that the 

pool of paraxial stem cell precursors arises in the anterior primitive streak 

around 7.5 d.p.c. Probably at the same time, self-renewing progenitors of 

the spinal cord are present in the node region. Another Wnt signal 

molecule, Wnt5a, was shown to be essential for maintenance of all 
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progenitor populations in the primitive streak and tail bud. Wnt5a 

mutant mice die shortly after birth and present morphological defects in 

all outgrowing tissues such as shortening of the trunk and loss of the tail 

as well as defects in the outgrowth of the limbs and facial primordia 

(Yamaguchi et al., 1999b). Further analysis of the specific molecular and 

cellular changes associated to this phenotype revealed that absence of 

Wnt5a results in decreased proliferation in the primitive streak and 

caudal paraxial mesoderm, and in the progress zone of the limbs. On the 

other hand, all markers of mesoderm specification examined in mutant 

embryos continue to be expressed. These results led to the proposal that 

Wnt5a, although not involved in the initial phase of generation and 

organisation of the progenitor pool(s) in the primitive streak, taking place 

during the early stages of gastrulation, it participates later in maintenance 

of these progenitors by regulating their proliferation. It is tempting to 

speculate that during normal development, downregulation of Wnt5a 

expression is necessary for the cessation of axial elongation at 13.5 d.p.c. 

However, considering that this event has also been associated with cell 

death in the tail bud (Mills and Bellairs, 1989), additional factors are 

expected to participate in this process and by that, in the control of the 

final axial length. Finally, it is interesting to note that this phenotype 

supports the existence of a common mechanism employed for elongation 

of the primary embryonic axis and later formation of diverse embryonic 

structures that grow out of this main axis. 

1.3. Aims OF THE PROJECT 

In order to gain a better insight into the cellular and molecular 

mechanisms underlying the development of A/P axis in mouse, two 

distinct experimental approaches were undertaken. Chapter 2 describes the 

development of a retrospective clonal analysis system for the study of 

primitive streak and tail bud derivatives labelled randomly during 

development of the embryo in utero by an intragenic homologous 
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recombination event. Chapter 3 presents the strategy and results of a gene 

trap screen aiming to identify and mutate novel genes expressed in the 

primitive streak and tail bud. The detailed analysis of an insertion into a 

novel gene with putative function in the nucleus and a restricted 

expression pattern during embryonic development, is described at the end 

of chapter 3. 
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2.1. INTRODUCTION 

A prerequisite for any causal explanation of the development of 

A/P axis and the formation of the basic body plan is the understanding of 

the cellular and morphogenetic events initiated during gastrulation. 

First, the lineage of cells that constitute the final differentiated embryonic 

structures has to be traced back to the time that their precursors are first 

arranged as a coherent group. Second, the clonal relationships of epiblast-

derived tissues, and by that, their polyclonal or monoclonal origin needs 

to be resolved. Finally, the modes of cell proliferation and migration 

must be determined before any attempt to identify the molecular factors 

responsible for the generation of tissue diversity and the allocation of 

cells to the different foetal primordia is meaningful. 

The cell lineage studies presented in the general introduction 

generated valuable information concerning the relative position of 

progenitor populations of the three germ layers in the epiblast and 

primitive streak and the order of cell recruitment to the different tissue 

primordia during gastrulation. However, several issues remain elusive. 

More specifically, non clonal, prospective lineage studies are by definition 

unable to identify the genealogical relationships between different 

progenitor populations and their modes of cell proliferation since they 

examine the global distribution of descendants of a possibly 

heterogeneous group of cells initially labelled. For the same reason, they 

provide limited information regarding the time and progression of fate 

restriction and lineage commitment of individual cells. 

These questions can in principle be addressed by single cell 

labelling approaches. The available prospective clonal analysis of epiblast 

derivatives (Lawson et al., 1991) allowed better delineation of the 

presumptive territories in this transient compartment and the 

construction of a more precise fate map. This type of approach is however 

suitable only for early stages of development for two main reasons. First, 

from late stages of gastrulation onwards, the presence of multiple 
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superimposed tissue layers in the embryo makes accurate labelling of a 

single cell virtually impossible. Second, the final point of analysis, at 

which derivatives of labelled cells can be observed, is limited by the 

maximum length of time that the embryo can be retained in culture. This 

latter drawback applies to all types of in vitro lineage analysis. Therefore, 

this study was restricted to the earliest stages of gastrulation during which 

there is still a significant degree of cell mixing in the mouse epiblast and 

cells are not committed to specific lineages. In addition, only the most 

anterior regions of the embryo were formed by the end of the culture 

period. Thus, no information was provided for the lineage of cells that 

constitute most of the trunk and tail of the embryo. 

These limitations are overcome by the recently developed 

approach for retrospective clonal analysis in vivo (Bonnerot and Nicolas, 

1993). This method can complement prospective methods of lineage 

analysis and offer the advantage of visualising the descendants of single 

cells labelled randomly in the embryo even long after the clone has been 

initiated and without perturbing its normal development. As discussed 

in the previous chapter, this method has been used to study the cellular 

mechanisms governing the formation of two different embryonic 

compartments: the myotome of somites and the central nervous system. 

These studies have indicated that the myotome and spinal cord originate 

from pools of progenitor populations established around mid-

gastrulation (7.5 d.p.c.). These exhibit self-renewing characteristics and are 

able to give descendants dispersed along the entire A/P axis. The 

bilaterality of clones generated by these precursors considered in 

conjunction with previous results from fate mapping studies further 

suggested that these progenitors are localised in the primitive streak and 

the adjacent ectoderm respectively. 

The physical proximity of these precursor populations raises the 

question: Do spinal cord and mesoderm derivatives arise from a unique 

stem cell population that contributes to both lineages or from distinct 

populations which are germ layer-restricted? We wished to test these 
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possibilities and further investigate the cellular mechanisms involved in 

the formation of other mesodermal compartments whose progenitors are 

located in intermediate and posterior levels of the primitive streak. This 

chapter describes the development and evaluation of an experimental 

strategy designed for studying the lineage of single primitive streak and 

tail bud cells in vivo. 

2.2. EXPERIMENTAL APPROACH 

The single cell lineage tracing method developed by Bonnerot and 

Nicolas (1993) was modified to allow visualisation of all primitive streak 

and tail bud descendants. This approach makes use of a version of the 

reporter gene lacZ (called laacZ), rendered inactive by virtue of a 

duplication in the coding sequence to generate an in-frame STOP codon. 

The transgene is inserted into the mouse genome where a homologous 

somatic recombination event within the duplicated sequence can re-

establish the correct reading frame resulting in functional Iga1 activity 

(fig.2.1). The descendants of the cell that has undergone recombination 

and in which the gene is transcribed can then be identified 

histochemically. The recombination event takes place at random and 

with low frequency. It can also occur in cells in which the gene is not 

expressed. However, only the descendants in which the promoter driving 

reporter expression is active are labelled. Therefore, this clonal analysis 

can be restricted to a specific compartment or area in the embryo 

depending upon the promoter used. The rate of reversion, in 

combination with the size of the cellular compartment in which 

transcription of laacZ/lacZ is targeted, directly influences the number of 

independent recombination events that are finally visualised in a given 

embryo. Manipulation of these parameters allows one to adjust the 

overall frequency of labelled clones to ensure that all labelled cells in an 

embryo are clonally derived from a single revertant progenitor. 

36 



P 	>< 

ATG 	TGA 	 laacZ 

cJ) 

recombined 
non recombined 7" 	 transcribed 
transcribed 

 

/ 1p 

ATG 	 lacZ 
P 

ATG 	TGA 	 laacZ 

Truncated non functional protein 	 13-gal 

recombined 
transcribed 

ATG 	 lacZ 

Figure 2.1. The reporter gene laacZ 
A duplication of 289bp in laacZ sequence creates a STOP codon resulting in production of a truncated protein. Re-
establishment of the correct reading frame occurs upon a homologous recombination event within the duplicated 
sequence. This event is rare and independent of the transcriptional state of the locus. 
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This approach presents several advantages over other methods of 

clonal analysis: 

The clones are initiated at random during development, 

implying that clones representative of all developmental stages can be 

obtained 

There is no spatial restriction in the labelling as in methods like 

dye injection where only accessible cells can be labelled 

The use of an intrinsic, heritable lineage marker eliminates 

problems associated with dilution of extrinsic markers during cellular 

divisions 

The interval of time between the initiation of the clone and its 

analysis is not limited by in vitro culture of the embryo 

The clones are produced in intact embryos in the absence of any 

perturbation of development. 

It should be noted, however, that this approach cannot be used for 

construction of fate maps since it is of retrospective type and as such, it 

cannot give direct information on the position where the clones 

originated. Nevertheless, the characteristics of clones obtained can be 

used to derive information regarding the clonal history of the different 

embryonic structures and various aspects of cell behaviour such as mode 

of proliferation and migration. In addition, it permits an approximation 

of the time that the progenitors of a particular structure are first arranged 

as a coherent pool of cells. Thus, this approach, in combination with fate 

maps derived from prospective methods of lineage analysis, constitutes a 

powerful tool for the study of cellular mechanisms involved in the 

development of the mouse embryo. 

In the context of the present project aiming to identify descendants 

of the primitive streak and tail bud, a transitory, intermediate 

compartment was specified instead of a final compartment as in the 

studies undertaken by Nicolas et al. Figure 2.2 summarises the 
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strategy developed to meet this requirement. Two homozygous 

transgenic mouse lines have been generated. The first (R26nlslaacZ) 

carries a single copy of laacZ targeted into the ubiquitously expressed 

Rosci26 locus. The reporter is placed downstream of a transcriptional 

termination sequence (STOP sequence) flanked by two loxP sites. Thus, it 

can only be expressed upon Cre-mediated recombination between these 

sites leading to excision of the STOP sequence. In the second line (Tcre), 

the gene encoding Cre recombinase is expressed under the control of T 

promoter active in the primitive streak and tail bud. On intercrossing the 

two strains, the descendants of laacZ—>lacZ revertant cells, which have 

also expressed Cre, are visualised in Fl embryos. The two recombination 

events are independent. Therefore, the homologous recombination in 

laacZ can occur before or after migration through the streak. 

2.3. RESULTS 

Generation and in vitro testing of the effector line 

The effector Tcre mouse line was generated by random integration 

of a transgene, carrying the sequence coding for Cre recombinase 

downstream of a 1.2kb fragment of T upstream sequence, into ES cells. 

The choice of this fragment was based on previous studies on 

characterisation of T regulatory sequences. An 8.3kb sequence has been 

identified to date that controls expression of T (Stott et al., 1993). This 

sequence is not sufficient, however, for reporter expression in the node 

and notochord, raising the possibility that a distant enhancer element is 

responsible for expression in axial mesoderm. Generation of a series of 5' 

deletions of this promoter indicated that the region extending to —430bp 

relative to the transcriptional start site is necessary and sufficient for 

expression in the primitive streak (Clements et al., 1996). However, 
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inclusion of the sequence up to —1060bp' resulted in enhanced expression 

in the streak and tail bud until the end of axial elongation (Yamaguchi, H. 

et al., 1999). Figure 2.3 shows the expression pattern of LacZ transgenes 

driven by different promoter fragments. 

Construction of the Tcre vector 

Figure 2.4 illustrates the cloning procedure for the Tcre vector. 

Vector pCTZA that includes the entire 8.3kb T regulatory region, 

upstream of lacZ, was used to extract the required promoter fragment. 

Examination of the sequence corresponding to the translational start site 

indicated that there were no available restriction sites in this region that 

could be used to remove the sequence of lacZ. Therefore, a PCR based 

cloning strategy was used. Saci/Clal fragment of pCTZA that consists of 

1.2kb sequence of T promoter (here termed Tps) and 0.7kb of the 5' 

sequence of lacZ was directionally subcloned in Bluescript vector. The 

insert was sequenced to determine the 5' part of promoter sequence not 

previously published (appendix I). The Tps fragment was subsequently 

amplified by PCR using primers T7-SalI and Tps-XbaI that carry the 

indicated restriction sites at their ends. The PCR product was TA-cloned 

in PCR2.1-Topo vector, as described in materials and methods, giving 

Topo-Tps vector that was sequenced to verify the absence of mutations 

due to PCR amplification. Topo-Tps vector was then digested by Sall and 

XbaI and the gel-purified Tps fragment was directionally subcloned in 

pCAG-Cre-IP vector replacing the CAG promoter upstream of cre and 

giving pTps-Cre-IP vector. 

In the initial pCAG-Cre-IP vector, the puro gene, conferring 

puromycin resistance upon integration of the vector into the genome, is 

expressed under the control of the ubiquitous CAG promoter that also 

'Different transcriptional +1 sites relative to the translational initiation site were 
defined by Yamaguchi, H. et al. and Clements et al. The numbering of the 
regulatory fragments mentioned here is adapted to that employed by Clements et 
al.(1996) 
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Figure 2.3. Reporter and endogenous T expression 
A-H, LacZ expression driven by different T promoter fragments in E7.5 (A-D) and E9.5 (E-H) 
embryos. A and E, -2474 bp to +150 bp, B and F, -1060 bp to +150 bp, C and G, -660 bp to 
+150 bp, D and F, -435 bp to +150 bp (A-H reproduced from Yamaguchi et al., 1999). I-K, 
endogenous T protein expression detected by immunohistochemistry in E7.5 (I), E9.5 (J) and 
E10.5 (K) embryos. In A-D and I-K, anterior is to the left. 
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drives expression of cre, and translation is initiated at an internal 

ribosome entry site (IRES). In order to be able to select for integration of 

the modified vector in ES cells, where T promoter is not active, IRES-

puro-pA fragment of pTps-Cre-IP was replaced by a ubiquitously 

expressed PGK-Hygro-pA selection cassette. pTps-Cre-IP was digested by 

Hindill to remove the IRES-puro-pA fragment and BamHI adaptors were 

ligated at the ends of the vector backbone. Finally, the PGK-hygro-pA 

cassette purified from the BglII digested pHA58 vector (fig.5.1) was ligated 

in the compatible BamHI sites of pTps-Cre-IP vector resulting in vector 

pTcre. 

Generation and in vitro screening of Tcre cell lines 

The pTcre vector was linearised by FspI digestion and introduced 

in E14TG2a cells by lipofection as described in materials and methods. 

Transfected cells were selected for 10 days with 100g/ml hygromycin. At 

the end of the selection period, 168 colonies were picked and expanded. 

These clones were screened in vitro as outlined in figure 2.5. First, the 

fidelity and levels of expression of the cre transgene were examined. 

Clones were plated in 96-well plates and cultured for 72 hours in the 

absence of LIF. Under these conditions, cells start to differentiate and it 

was previously shown that during the first 96 hours after LIF removal, 

expression of T is gradually upregulated (Schmidt et al., 1997). This 

expression always occurs in patches of cells. Based on these observations, 

the activity of T promoter in driving expression of cre was assayed by in 

situ hybridisation on the differentiating transfected clones with a Cre 

riboprobe. The expression pattern obtained for the different clones was 

then compared with the characteristic pattern of the endogenous T 

expression. Ten clones were selected for further screening. 

To address whether a functional Cre protein is produced, these 

clones were transiently transfected with pPHCAG-C2-egfp vector (fig.5.1). 

This vector allows ubiquitous expression of the egfp reporter upon 
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Cre-mediated recombination and excision of a transcriptional STOP 

sequence placed upstream of the reporter. Following transfection, the 

clones were cultured in the absence of LIF to induce expression of Cre and 

examined for Egfp expression at 24 and 48 hours later. All clones showed 

reporter expression albeit at different levels. This was not considered as 

an indication of the level of Cre expression since in this case variation in 

transfection efficiency may account for the difference between clones. The 

results obtained from this screen for four of the clones finally selected for 

chimaera production are shown in figure 2.6. 

Generation and breeding of transgenic Tcre mouse lines 

Clones Tcre33, 75, 88 and 139 (fig.2.6) that expressed apparently 

different levels of Cre, as judged from the intensity of the in situ 

hybridisation signal, were used for generation of chimaeras by injection 

into C57BL/6 host blastocysts. Injected blastocysts were transferred to 

pseudopregnant Fl females and allowed to develop to term. 

The extent of ES cell contribution to the offspring was evaluated on 

the basis of coat-colour since the parental ES cell line confers a chinchilla 

coat pigmentation contrasting with the black colour produced by host 

cells. In addition, the ES cell line has a male karyotype that can result in 

sex conversion of females and distortion of the sex ratio because the 

presence of a high number of XY cells in the undifferentiated gonad 

induces testis formation (Robertson, 1986). Since )(X cells are unable to 

form functional sperm, these converted females transmit the ES cell 

genotype to all of their offspring. 

Chimric animals were obtained for all of the four Tcre cell lines. 

Breeding of the male chimaeras to C57BL/6 females and generation of 

agouti offspring indicated germline transmission for three of the four cell 

lines (Table 2.1). Unsuccessful germline contribution of the fourth line 

(Tcre33) was probably due to mutations accumulated during culture of 

this clone. Heterozygote animals, identified by DNA dot blotting and 
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Figure 2.6. Expression and function of Cre in Tcre clones 
Top, in situ hybridisation with a T probe in differentiating wild-type ES cells 
and middle, with a cre probe in Tcre clones selected for blastocyst injection. 
Bottom, expression of Egfp following transient transfection of Tcre lines with 
pPHCAG-C2-egfp vector (see text) 
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hybridisation to a Cre probe, were backcrossed to C57BL/6 mice to dilute 

the ES cell genetic background. Intercross of F2 mice and genotyping of 

the offspring by testcross to wild-type mice indicated that homozygote 

animals are obtained at weaning age at the expected Mendelian ratio for 

at least two of the lines (table2.1). Further intercross breeding of 

homozygotes for these lines revealed that they are fertile and resulted in 

establishment of homozygote lines. Homozygotes of the third line 

(Tcre75) are also viable but it is still not known whether they are born at 

the expected Mendelian ratio or whether they are fertile since the total 

number of offspring generated to date is low. 

Table 2.1. Summary of Tcre lines breeding data 

Clone Mice born / B.I. 	Chimras 	Genotype of intercross offspring 

(male/female) 	+1+ 	 +1- 	 -I- 

Tcre75 	NR 	 NR 	Y 0 (0%) 	2(66.6%) 	1 (33.3%) 

Tcre88 	17/30 	6 (5/1) 	26(28.5%) 	40(44%) 	25(27.5%) 

Tcrel 39 	23/39 	16 (11/5) 	7(28%) 	11 (44%) 	7(28%) 

(B.I.: Blastocysts injected, NR: Not recorded, : Intercross breeding in progress) 

Generation and in vitro testing of the reporter line 

The reporter line was generated by targeted insertion of laacZ gene 

(or lacZ as a control) into Rosa26 locus. This locus, initially identified by 

gene trap mutagenesis, is expressed ubiquitously during embryogenesis 

and adulthood starting at the morula-blastocyst stage (Friedrich and 

Soriano, 1991; Zambrowicz et al., 1997). Homozygotes do not display any 

overt phenotype and are fertile (Zambrowicz et al., 1997). 

Recently, several conditional Gre-dependent reporter strains were 

produced by knock-in of promoterless reporter genes into this locus, such 

as lacZ or various fluorescent markers, preceded by loxP-flanked 

transcriptional termination sequences (Mao et al., 2001; Mao et al., 1999; 
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Soriano, 1999; Srinivas et al., 2001). Reporter expression in these different 

strains was shown to be constitutive upon Cre-mediated recombination. 

In addition, germline excision of the loxP-flanked sequence was shown to 

result in ubiquitous and non-mosaic expression reproducing the 

expression pattern of the initial Rosa26 trapped allele during 

embryogenesis and adulthood. 

Construction of R26nlslaacZ and R26nlslacZ targeting vectors 

Components of the ROSA26 targeting vectors were kindly 

provided by S. Srinivas (Srinivas et al., 2001). Figure 2.7 shows the 

cloning procedure for the construction of R26nlslaacZ and R26nlslacZ 

vectors. The SalI/XhoI fragment of pTZnlslaacZ vector (kindly provided 

by J-F Nicolas, fig.5.1), consisting of laacZ gene preceded by a translation 

initiation codon and a nuclear localisation signal sequence (nls), was 

subcloned into the XhoI linearised pBigT vector. Destruction of the XhoI 

recognition sequence due to the ligation to the Sall compatible end, 5' of 

the insertion, was used to verify the correct orientation of the fragment. 

The resulting vector pSAneoloxPlaacZ was digested with AscI/PacI to 

release a 7 kb fragment consisting of the adenovirus splice acceptor (SA), a 

neo expression cassette and a triple SV40 polyadenylation sequence 

flanked by LoxP sites followed by the laacZ gene and the bovine growth 

hormone polyadenylation sequence. The fragment was subcloned in 

AscI/PacI linearised pRosa26PA vector carrying Rosa26 homology arms 

and a diphteria toxin (DTA) cassette for negative selection in ES cells, 

thus resulting in vector R26nlslaacZ. 

For the generation of R26nlslacZ control vector, fragment 

ClaI(1)/SacI of pTZnlslaacZ (ClaI(2) site shown in figure 2.7 is blocked by 

Dam methylation) that includes the duplicated sequence in laacZ, was 

replaced by the original lacZ sequence from vector pGT1 (fig.5.1). 

Subsequently, the targeting vector R26nlslacZ was constructed as 

described above. 
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Figure 2.7. Construction of R26nlslaacZ targeting vector 
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Targeting of Rosa26 locus 

The targeting vectors were linearised by KpnI digestion and 

introduced into E14TG2a cells by electroporation. Cells were selected for 

10 days in medium containing 100 jig/ml of G418. 96 neo resistant clones 

were picked and expanded for each vector. Genoniic DNA isolated from 

20 clones for each construct was assayed by Southern blot hybridisation to 

screen for homologous recombination events. A 140bp 5' external probe 

(Rosa26) hybridising immediately upstream of the 5' homology arm was 

used. The probe detects an 11kb EcoRV fragment for the wild-type allele 

and a 4.1kb fragment for the targeted allele (fig.2.8A). 17 R26nlslaacZ and 

all R26nlslacZ transfected clones assayed showed detectable signals 

corresponding to the wild-type allele. Of these, 3 and 7 clones respectively 

also showed the 4.1kb band expected from homologous recombination at 

the 5' site of Rosa26 locus (fig.2.8B). This frequency of targeting events 

(-18% for R26nlslaacZ and 35% for R26nlslacZ) is similar to previous 

results obtained by targeting of this locus with similar vectors (Soriano, 

1999; Srinivas et al., 2001). Unfortunately, a 3' external probe was not 

available to verify correct recombination at the 3' site. 

Two R26nlslaacZ clones and one R26nlslacZ clone were injected 

into C57BL/6 host blastocysts. Chimric mice were obtained for all three 

clones but R26nlslacZ clone was finally not transmitted through the 

germline (Table 2.2). Although other clones for the same construct could 

be used for blastocyst injection, a similar Rosa26lacZ reporter line (Mao et 

al., 1999) became available at CGR meanwhile that could be used as 

control and in particular for characterising the Tcre lines as discussed 

later. Of the R26nlslaacZ lines, only one (R26nlslaacZ41) was used for 

further breeding to obtain homozygote mice. The second line, 

R26nlslaacZ43, proved to result in unexpected recombination products as 

discussed later. 
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Figure 2.8. Targeting of Rosa26 locus 
map of wild-type and targeted Rosa26 locus showing the size of fragments obtained by 

Southern hybridisation of EcoRV digested DNA with 5'Rosa26 probe (grey box). 
southern blot hybridisation with 5'Rosa26 probe showing 3 R26nlslaacZ (41, 43,71) and 3 

R26nlsIacZ (20,24,48) targeted clones. 11kb: wild-type allele, 4.1kb: targeted allele. 
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Table 2.2. Summary of R26nlslaacZ lines breeding data 

Clone 	Mice born / Bl 	Chimras 	Genotype of l-X offspring 

(male/female) 	+1+ 	+1- 	-I- 

R26nIslaacZ41 	13/28 	11 (9/2) 
	

53 (29%) 	94(51%) 	36(20%) 

R26nlslaacZ43 	17/22 	10(3/7) 
	

NA 	NA 	NA 

(B.I.: Blastocysts injected, NA: not applicable, I-X: intercross) 

In vitro Cre-mediated recombination in R26nlslaacZ and R26nlslacZ 

clones 

To test the efficiency of Cre-mediated recombination at LoxP sites 

and the excision of the neo cassette along with the STOP sequence, 

R26nlslaacZ41 and R26nlslacZ48 clones were transiently transfected with 

pCAG-Cre-IP vector (fig.5.1) expressing Cre recombinase ubiquitously. 

Approximately 5x106  cells were electroporated with 30 pg of supercoiled 

plasmid and seeded into a 75-cm2  flask for 48 hours (fig.2.9). During this 

time, Cre is expressed and recombination at LoxP sites can take place. 

Cells were then plated in 10 cm' plates at clonal density. 67 

R26nlslaacZ41C and 48 R26nlslacZ48C clones were picked and grown in 

96-well plates. Confluent clones were passaged in duplicate 24-well plates 

of which one was used for G418 selection (100 zg/ml) in order to identify 

neo sensitive clones that had undergone Cre-mediated recombination. 

For R26nlslacZ48C clones, a third plate was stained with X-gal. 

As shown in figure 2.10A and B, hybridisation of Rosa26 probe to 

blotted DNA of R26nlslaacZ41C and R26nlslacZ48C clones results in 

detection of the expected 11kb wild-type fragment. In addition, in some 

R26nlslacZ48C clones, a 3.8kb band, corresponding to the excised targeted 

allele, was also detected. This is 200bp smaller than the initial non-

recombined allele (4.1kb). However, hybridisation of this probe to 

R26nlslaacZ41 non-excised and excised alleles results in bands of the same 
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size (4.1kb) due to the 5' sequence duplication in laacZ. Therefore, in 

order to identify recombined R26nlslaacZ41C clones, an internal probe 

hybridising to the 5'region of lacZ was used (fig.2.10A). This probe detects 

a 2.1kb fragment for the original non-recombined R26nlslaacZ targeted 

allele (1.8kb for R26nlslacZ) or a 4.1kb fragment for the recombined allele 

(3.8kb for recombined R26nlslacZ). Six R26nlslaacZ41C and 2 

R26nlslacZ48C clones showed this hybridisation pattern indicating that 

they had the sequence flanked by loxP sites excised (fig.2.10C). These 

clones were also identified as neo sensitive during selection. In addition, 

R26nlslacZ48C excised clones showed ubiquitous lacZ expression (see 

middle panel in fig.2.12). A further three R26nlslaacZ41C clones were 

mixed populations of excised and unexcised cells as suggested by the 

presence of both 4.1kb and 2.1kb bands (clones R26nlslaacZ41 C34, C45 and 

C49 in fig.2.10C) and the persistence of some neoR  cells during selection. 

Rate of LaacZ intragenic recombination 

The frequency of recombination between the duplicated sequences 

of laacZ was estimated for cells in culture by calculating the absolute rate 

of recombination per cell and per generation according to Luria-Delbrück 

fluctuation test (Luria and Delbrück, 1943). The Gre-excised 

R26nlslaacZ4lC33 and C12 clones were plated in 12-well plates at 

approximately 1x103  cells per well (fig. 2.11). After 96 hours of culture, one 

well was trypsinised and the cells counted. Cells in the remaining wells 

were stained with X-gal. Wells with L-gal cells were scored by 

microscopic examination and the rate of recombination was calculated 

using the equation a = (-lnp0) x N 1  where N is the final number of cells 

per well and p0  is the fraction of wells showing no -gal cells. The 

number of cells plated was estimated to be sufficiently small so that it 

could be assumed that the fga1 cells observed at the time of testing had 

not been introduced during the initial plating but they were descendants 
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Figure 2.10. In vitro Cre-mediated recombination at the targeted Rosa26 allele. 
map of Rosa26 locus indicating the sizes of EcoRV fragments before and after recombination in 

R26nlslaacZ (or R26nlslacZ in parentheses) clones and the probes used for Southern analysis. 
Southern blot of EcoRV digested DNA extracted from Cre-transfected R26nlslaacZ41 and 

R26nlslacZ48 subclones hybridised with Rosa26 probe and C, 5'lacZ probe. In R26nlsIaacZ41 
clones, the duplication of the 5' lacZ sequence results in fragments bigger by 300bp compared to 
R26nlslacZ clones. As a consequence, excised and unexcised clones in this case cannot be 
distiguished with Rosa26 probe. R26nJslaacZ41 clones C34, C45 and C20 are partially excised, as 
indicated by the presence of both recombined (4.1kb) and non recombined (2.1kb) fragments in C. 
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of the negative cells of the inoculum. The results of this analysis are 

summarised in table 2.3 and examples of laacZ-revertant clones are 

shown in figure 2.12. 

Table 2.3. In vitro rate of intragenic recombination in LaacZ 

Clone 	Number of cells/well Fraction of 13ga1 Rate of recombination 
( N ) 	cultures (Po) * 

	 ( a) 

R261aacZ41C33 	8 x 10 	0.875 (28/32) 	1.67 x 10-6  

R26laacZ41C12 	2.8 x 105 	0.629 (22/35) 	1.66 x 10 6  

* In parentheses number of negative cultures to the total number of cultures analysed 

Igal cells were seen in groups of varying size in few of the wells. 

The frequency of positive cultures and most importantly, the fluctuation 

in the number of positive cells in these independent cultures are 

consistent with a spontaneous recombination hypothesis. In addition, the 

rate of recombination calculated as outlined above, is similar to that 

obtained previously by Bonnerot et al. (1993). 

Evaluation of the effector and reporter lines in vivo 

Functionality of Cre recombinase in Tcre transgenic lines between 

pre-gastrula and early organogenesis stages 

The three Tcre lines that transmitted the transgene through the 

germline were further examined in vivo for expression of cre and the 

tissue specificity of loxP-site recombination event. Heterozygote Tcre mice 

were intercrossed with either Rosa261acZ (Mao et al., 1999) or sEgfp2  Cre 

reporter mice (kindly provided by A. Medvinsky and D. Gilchrist). 

Appropriate expression of Cre and excision of the foxed STOP sequence 

in cells ingressing through the primitive streak was predicted to result in 

lacZ or egfp expression in mesoderm and an unknown proportion of the 

trunk neurectoderm. The anterior cranial neurectoderm, known to 

2 sEgfp mouse line carries of a PGK-loxP-STOP-loxP-egfp-pA transgene 
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2.12. LaacZ-revertant clones in vitro 
Different sizes of clones that have undergone homologous intragenic recombination 
within the duplicated sequence of laacZ, obtained during culture of R26nlslaacZ41C33 
parental clone. A clone of 6 cells is indicated by an arrow in the bottom right panel. 
The middle panel shows fgal expression in all the cells of the control R26nlslacZ48C8 
clone. 
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derive from cells at the anterior side of the epiblast (Lawson et al., 1991) 

that do not express T, was expected to be Iga1 or Egfp negative. On the 

other hand, although the promoter fragment used is not active in the 

node and notochord, it is not known whether the same is true for the 

precursor of the morphological node. Indeed, if the onset of cre 

expression, controlled by this promoter, precedes the segregation of 

primitive streak and node "lineages", this would result in labelling of the 

axial mesoderm as well. 

The results obtained from these crosses are shown in figure 2.13. 

Unexpectedly, reporter expression is initiated around 5.5 d.p.c. in few cells 

of both embryonic and extraembryonic region and by 7.5 d.p.c. virtually 

all cells of the epiblast seem to have undergone Cre-mediated 

recombination. In contrast, cells of the visceral endoderm lineage remain 

unstained. 

Several not mutually exclusive possibilities could account for the 

more widespread expression of the reporter and particularly expression in 

the extraembryonic ectoderm and anterior neurectoderm: (i) positional 

effects at the integration site lead to ectopic expression of the Tcre 

transgene; (ii) silencer elements necessary for complete downregulation 

of the expression at the anterior epiblast are missing from the promoter 

fragment used; (iii) Higher stability of Cre mRNA and protein allows loxP 

site recombination in cells where endogenous T is not detected but still 

expressed either at very low levels and/or its transcripts and protein are 

quickly degraded; (iv) early expression of the transgene at the junction of 

the embryonic and extraembryonic regions mirrors endogenous T 

expression but contrary to previous observations this is not confined to 

the epiblast but extends to cells of the extraembryonic ectoderm. 

The observation that all three lines tested display the same ectopic 

recombination makes the first possibility unlikely. Furthermore, the 

expression of lacZ controlled by a similar promoter fragment recapitulates 

endogenous T expression in the primitive streak and tail 
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Figure 2.13. Cre-mediated recombination in Tcre x reporter embryos 
A-C, Tcre88/ Rosa26lacZ embryos. Reporter expression in E5.5 embryos (A) is seen in few 
epiblast cells, relatively close to the embryonic-extraembryonic junction, and occasionally 
in cells of the extraembryonic region (arrowheads). In B, an early streak stage embryo 
shows expression in most epiblast cells. In some late gastrula (C) or early organogenesis 
stage embryos, a higher expression at the posterior side and in the primitive streak is 
seen. D-F, Tcre88/ sEGFP embryos at E6.5, E7 and E9.5 showing ubiquitous (D and F) or 
mosaic (E) reporter expression. C and H, Tcre75/ Rosa26lacZ at E6.5 and I, E7.5 
Tcrel39/ Rosa26lacZ. C, E, F, lateral view, anterior is to the left; I, anterior view. 
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bud (Yamaguchi, H. et al., 1999) arguing against the second hypothesis. 

However, it should be noted that the expression of the different lacZ 

transgenes was not examined before E7.5. Moreover, all transgenes tested 

showed an anteriorly extended expression compared to that of 

endogenous T detected by in situ hybridisation (see figure2.3). This 

discrepancy was attributed to a higher stability of 1gal protein (Clements 

et al., 1996; Yamaguchi, H. et al., 1999). In fact, the endogenous T protein 

detected by immunohistochemistry showed also a wider expression (but 

to a lesser extent than the transgenes) relative to the mRNA, in the 

migrating mesoderm and in particular in the allantois where the 

transcript is not detected (Kispert and Herrmann, 1994). Finally, the 

possibility of an early expression of T, encompassing the extraembryonic 

region, was tested by in situ hybridisation in E5.5 embryos. As can be seen 

in figure 2.14A, T was detected both extraembryonic and embryonic 

regions. This expression pattern in combination with a longer persistence 

of Cre protein and possibly of the transcript could account for the results 

obtained in Tcre embryos. Given that there is extensive proliferation and 

cell mixing in the epiblast prior to and at the onset of gastrulation 

(Lawson et al., 1991), it is conceivable that descendants of epiblast cells at 

the extraembryonic-embryonic junction, which have undergone Cre-

mediated recombination, spread rapidly in the entire embryonic region. 

The expression of cre was further examined directly by whole 

mount in situ hybridisation. The results of this analysis at pre- and early 

streak stages show that cre expression is similar to that of endogenous T 

in the embryonic-extraembryonic junction and the primitive streak 

(fig.2.14B). However, hybridisation of this probe to early organogenesis 

stage embryos produced background staining, as judged by hybridisation 

of the sense probe or the antisense probe in non transgenic embryos (data 

not shown), making it difficult to draw any conclusions concerning cre 

expression at these later stages. 

Despite the early and widespread Gre-mediated recombination, 

some Tcre88 embryos initially examined, exhibited mosaic reporter 
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Figure 2.14. In situ hybridisation for T and cre 
A-D, embryos hybridised with T probe. AB, pre-streak embryos; CD, early-streak embryos. 
Expression is seen in the proximal embryonic region and in few cells of the abutting 
extraembryonic ectoderm. The embryonic-extraembryonic junction is indicated by arrows. 
E,F, Tcre88 embryos hybridised with Gre probe. E, pre-streak embryo; F, head fold stage 
embryo. Expression is similar to that of endogenous T at pre-streak stage. At late gastrula 
stage, cre is expressed in the streak but not the notochord. Anterior is to the left in C, D, F. 
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expression even during early organogenesis stages. Considering that these 

embryos represented a small proportion of the total number of reporter 

expressing ones and that mosaicism was not extensive, this was not 

considered initially a major disadvantage. 

Cre-media ted recombination in R26nlslaacZ transgenic mouse lines 

Prior to intercross breeding of reporter lines, these were tested in 

vivo with respect to the excision of the foxed sequence. To this end, 

R26nlslaacZ mice were crossed with Tcre mice in which expression of Cre 

recombinase can mediate recombination in all epiblast cells, as discussed 

above. DNA was extracted from the tails of litters born and examined by 

Southern hybridisation to detect recombination at loxP sites. Figure 2.15 

shows the results obtained by crossing R26nlslaacZ41 with Tcre139 and 

R26nlslaacZ43 with Tcre88 heterozygote mice. In R26nlslaacZ41 /Tcrel39 

double heterozygotes, the recombination seems to take place correctly, 

resulting in the expected 4.1kb band following hybridisation with the 

5'lacZ probe (fig.15 Al and A2). However, in double heterozygotes 

R26nlslaacZ43/Tcre88, the band obtained upon recombination is 

approximately 12kb (fig.15 131 and 132). This suggests that in R26nlslaacZ43 

clone, integration of the vector has not occurred correctly. In addition, a 

faint —12kb band is also present in DNA of mice that do not carry the cre 

transgene (lanes 2 and 7 in fig.2.15 A2) 

Random integration of vector sequences containing one or more 

LoxP sites in addition to the correct integration by homologous 

recombination could result in this aberrant recombination event. In 

addition, if this randomly integrated fragment includes only a small part 

of laacZ sequence, sub-optimal hybridisation of 5'lacZ probe could explain 

the faint band observed in single heterozygote R26nlslaacZ offspring 

(fig.2.15 A2 lanes2 and 7). If this is the case, the 12kb bands detected in 

single R26nlslaacZ43 and double R26nlslaacZ43/Tcre88 offspring should 

correspond to different fragments that coincidentally have the same size. 
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Figure 2.15 In vivo Cre-mediated recombination at the targeted Rosa26 allele 
Southern analysis of EcoRV digested tail DNA from offspring of intercrosses between Tcre and 
R26nlslaacZ lines indicated at the top. Al and Bi, hybridisation to 5'lacZ probe. A2 and B2, 
hybridisation to Cre probe. In DNA that carries both R26nlslaacZ41 and Tcre139 alleles, a 4.1kb 
fragment is detected indicating excision of the floxed sequence (Al and A2). However, in at least 
one of the samples (Al lane 8), excision is incomplete (mosaic). The initial non recombined allele 
(2.1kb) is detected in offspring that carry the reporter allele alone. Cre-mediated recombination 
occurs also in double heterozygote R26nIslaacZ43/Tcre88 offspring but the size of the 
recombined fragment detected by 5'lacZ probe is higher than expected (Bl and 132). A faint band 
of the same size (12kb) is present in DNA from offspring that do not carry the cre transgene. 
This fragment could represent an ectopic random integration of only part of the vector 
sequences (see text). 
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Further characterisation of this clone was not undertaken and breeding of 

R26nlslaacZ43 mice was terminated. 

Generation of labelled laacZ-revertant clones 

Although the original intention was to specifically map the 

descendants of primitive streak and tail bud cells, the Tcre transgene also 

confers expression on epiblast-derived cells that do not ingress through 

the streak. However, the expected clones still include those originating in 

the streak or tail bud and in particular, the class of axial stem cell-derived 

clones. Therefore, in order to test the effectiveness of the 

Tcre/R26nlslaacZ system to generate labelled epiblast-derived clones in 

vivo, a pilot study was carried out. 

Homozygote Tcre88 males were crossed with homozygote 

R26nlslaacZ41 females and embryos were dissected and examined for 

Iga1 clones at E12.5. The reason for performing this type of cross was that 

initially homozygote animals were generated by heterozygote intercrosses 

and the simple genotyping of R26nlslaacZ mice by PCR, allowed rapid 

identification of the large number of homozygote females required for 

such analysis. In addition, no sex-specific functional differences were 

detected during testing of these lines. 

1ga1 cells were detected in 46 of 523 embryos dissected at E12.5. 36 

of these clones are small (-3-50 cells), 9 have a medium size (-100-300) 

and 1 is a large clone with more than 1000 cells (appendix II). Both small 

and medium-size clones, apart from two exceptions, are unilateral and 

coherent (i.e. labelled cells are located close to one another in discrete 

patches). The number and distribution of cells suggest that these clones 

were initiated at a late stage, after migration through the streak, when 

precursors of the definitive embryonic structures had already reached 

their final position. Therefore, this class of clones cannot provide any 

information concerning the characteristics of progenitor populations in 

the primitive streak. In table 2.4, small and medium-size coherent clones 
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are classified with respect to their axial position and tissue distribution. It 

should be noted, however, that 3-D imaging of the clones using the 

recently developed Optical Projection Tomography (OPT) technique 

(Sharpe et al., 2002) will be required to determine the exact distribution of 

gal cells to the different embryonic tissues. Alternatively, in the case of 

small and medium size clones, serial thick sections of the labelled areas 

can be made which could also eventually used in reconstruction of 3-D 

images. At this point, when only a small sample of labelled embryos has 

been generated, methods that could eventually affect the staining or the 

morphology of the embryo were avoided in order to be able to better 

compare in the future the general spatial patterns of a larger set of clones. 

Table 2.4. Axial position and tissue distribution of small and medium-
size coherent clones 

Surface 
ectoderm 

Neural 
ectoderm 

Mesoderm/ 
Crest 

Total 

Head 2 1 7 10 

Upper trunk 5 0 6 11 

Lower trunk 5 0 9 14 

Tail 0 2 6 9 

Total 12 3 28 43 

Upper trunk: somite 1-18; Lower trunk: somite 19-32 

Two clones not included in table 2.4, present a peculiar distribution 

of labelled cells. The first (84), shown in figure 2.16, is a medium-size, 

unilateral clone. It consists of approximately 300 cells arranged in two 

groups. A small group is found in the distal region of the forelimb bud. 

The second group consists of cells along the flank (presumably lateral 

plate mesoderm) extending antero-posteriorly from the area superficial to 

the heart to that superficial to the liver. Although these two groups of 

cells are relatively close to each other, there seems to be no clonal 

continuity between them. This absence of clonal continuity is more 
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striking in clone 63.1 (fig.2.16). It is a small, bilateral clone consisting of 3 

groups of approximately 20 cells each. These are distributed on either side 

of the embryo, mainly in surface ectoderm but there are also few deeper 

cells; at the right side, there is one group in the forebrain area and a 

second in the dorsal part of the lower trunk while the third group is 

found in the hindlimb bud at the left side. The extent of cell dispersion 

would suggest that labelled cells in embryo 63.1 (and possibly embryo 84) 

are not clonal derivatives, that is, they may have been produced by 

multiple independent reversion events. Given that the frequency of 

labelled embryos is approximately 1/12, the probability of having 2 clones 

in one embryo is 1/144 and that of having 3 clones is 1/1728. Therefore, it 

seems unlikely that three independent events are at the origin of clone 

63.1. An alternative possibility would be that only a few of the derivatives 

of a single revertant cell are visualised due to a mosaic Cre-mediated 

recombination. If this is true, clone 84 could correspond to a large laacZ-

revertant clone in which only a small proportion of cells have undergone 

Cre-mediated recombination and can therefore be visualised. 

In table 2.4, the clones are grouped in 3 areas of roughly equal 

surface corresponding to the head, upper trunk and lower trunk, and a 

considerably smaller area corresponding to the tail. The small number of 

clones and the fact that the exact tissue distribution of labelled cells has 

not yet been determined prevent any detailed analysis and definitive 

conclusions to be drawn about the patterns of colonisation. However, 

several preliminary observations could be made from this data. First, the 

number of clones grouped in the category "mesoderm/ crest" is similar 

for the 3 equal A/P subdivisions but a large number of clones are found 

in the tail, considering its smaller size. Second, the clones grouped in 

"surface ectoderm" category show a different distribution to these areas; 

most of these colonise the trunk while no clones were found in the tail. 

Finally, an absence of neurectodermal contribution can be seen in the 

trunk while 2 clones colonise the neural tube of the tail. 

M. 



Clone 84 

Figure 2.16. Cell distribution in non coherent LaacZ-revertant clones 
Camera lucida drawings of clones 63.1 and 84. Labelled cells in clone 84 that are 
behind the limb bud, in body, are shown in black. The arrowheads in the photo of 
clone 84 indicate the position of labelled cells. 
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In general, the frequency of clones and the extent of cell 

contribution to a given embryonic structure depend directly on the size of 

the compartment and the size and mode of proliferation of the pool of its 

precursors. Since as mentioned earlier, the small size of the clones shows 

that they have arisen late in development, their distribution in the 

different domains should primarily reflect the size of the areas colonised 

and not that of the pool of their progenitors. This hypothesis cannot 

explain the frequent contribution to the tail mesodermal and neural 

derivatives that represent significantly smaller areas compared to the 

more anterior domains and does not agree with the results of Nicolas et 

al. (1996) showing a uniform distribution of small clones in the A/P axis. 

An alternative hypothesis would take into account that this distribution 

is biased by a mosaic and differential Gre-mediated recombination. 

According to this hypothesis, embryos in which Gre-mediated 

recombination was inefficient prior to the onset of gastrulation would 

have few or no Gre-excised cells at the anterior epiblast and in particular 

the distal-anterior part, away from the proximal region expressing cre. At 

later stages, cre expression in the primitive streak and tail bud persists 

longer. Therefore, more laacZ-revertant clones deriving from progenitors 

that reside in the primitive streak and tail bud are expected to have 

undergone Gre-mediated recombination and consequently be visualised. 

Careful examination of late gastrula and early organogenesis stage 

embryos, obtained from matings of Tcre88 with the Rosa261acZ cre 

reporter line (Mao et al., 1999), revealed that in certain embryos exhibiting 

mosaic 1gal expression, this seems to be higher in mesodermal and 

posterior tissues close to and in the primitive streak. To further examine 

the extent of Gre-mediated recombination at organogenesis stages, Tcre88 

and Tcre75 mice were mated again to Rosa261acZ reporter mice and 

embryos were dissected at E12.5 and E13.5. All Tcre75 and most Tcre88 

gal embryos showed ubiquitous and strong Lgal expression similar to 

that seen previously at earlier stages. However, in 3/10 Tcre88 positive 

embryos, mosaicism was extensive and only a low proportion of fgal 
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cells were seen in the spinal cord of the trunk (fig.2.17). Interestingly, the 

general staining patterns in these embryos seem to coincide largely to the 

set of laacZ-revertant clones obtained. That is, regions presenting the 

higher number of tgal positive cells in Tcre88/Rosa261acZ mosaic 

embryos are those that are most frequently colonised by the laacZ-

revertant clones in Tcre88/R26nlslaacZ41 embryos (compare fig.2.17 and 

camera lucida drawings of laacZ-revertant clones in appendix II). 

Therefore, it seems that a differentially mosaic Gre-mediated 

recombination affects the tissue distribution of labelled clones. 

A large laacZ-revertant clone presenting characteristics of an axial 

stem cell-derived clone 

As mentioned earlier, one of the clones obtained was particularly 

large (clone 23.1 shown in fig.2.18). It contributes to different embryonic 

structures along the entire A/P axis as well as the amnion, suggesting that 

the laacZ recombination occurred at an early stage in the epiblast. Labelled 

cells in the CNS were found only in the midbrain at the right side. This 

unilateral contribution, restricted to only one compartment of the brain, 

indicates an early regionalisation of the precursors of anterior neural 

structures. In contrast, mesodermal derivatives are allocated on both left 

and right sides. Contribution to the somites starts anterior to the forelimb 

bud and continues posteriorly to the tail bud. Although labelling is 

discontinuous, particularly in the trunk, fgal cells are distributed in the 

same A/P levels at both left and right sides. Similar characteristics were 

also observed in the long clones of the myotome generated by Bonnerot 

et al. (1993). These clonal characteristics, in combination with the 

information provided by the existing fate maps, suggest a persistence of 

somitic progenitors in the primitive streak and tail bud that can 

contribute descendants to significant portions of the A/P axis. These 

progenitors are not regionalised with respect to the L/R axis but 

contribution of their descendants in similar A/P levels at both sides of 
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Figure 2.17. Mosaic Cre-mediated recombination in Tcre88/reporter embryos 
E13.5 embryos showing ubiquitous (left) or extensively mosaic (middle and right panels) Rgal 
expression. 
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Figure 2.18. Large laacZ-revertant clone 
Labelled cells in mesoderm are distributed in approximately the same axial 
positions at left and right sides of the trunk and tail (A and B). A unilateral 
contribution is seen in the midbrain where cells seem arranged in columns 
(C) and (D). In the tail, discontinuous but extensive labelling is found in both 
notochord and somites (E). The arrowhead in E points to labelled cells in the 
CNH of the tail bud. 
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the embryo would indicate a spatial organisation in their pool and a 

minimal A/P dispersion during cell migration in the presomitic 

mesoderm. Restricted cell movements have also been observed in the 

chick and zebrafish presoinitic mesoderm (0. Pourquie, personal 

communication). 

Interestingly, discontinuous labelling dispersed in the entire 

posterior half of the tail was also present in the notochord. Finally, 

labelled cells were seen in the CNH region where axial progenitors are 

proposed to reside (Cambray and Wilson, 2002). This finding further 

supports the existence of self-renewing axial progenitors resident in the 

tail bud during organogenesis that can contribute to both notochord and 

somitic derivatives. However, since the laacZ recombination occurred 

presumably in an early epiblast cell (see proposed model in fig.2.19), 

shown previously to be pluripotent (Lawson et al., 1991), it still cannot be 

deduced from this clone whether a single progenitor in the tail bud can 

give rise to both cell types. An answer to this question will require 

analysis of the distribution patterns in a comprehensive set of large 

clones. 

2.4. DISCUSSION 

Expression and function of Cre in Tcre lines 

Previous studies had shown that T expression is initiated at low 

levels shortly before the onset of gastrulation in epiblast cells forming a 

ring at the embryonic-extraembryonic junction. Concomitantly to the 

onset of gastrulation, expression is upregulated and gradually displaced 

towards the nascent primitive streak. This was proposed to indicate a 

movement of T expressing cells towards the prospective posterior side of 

the embryo to give rise to mesoderm. The results presented here 

concerning the expression and function of a Tcre transgene in mouse 

lines would however suggest that derivatives of pre-gastrula stage T 
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Figure 2.19. Model for generation of the large laacZ-revertant clone 
Considering previously constructed fate maps (Lawson, 1991), the distribution of labelled cells 
in clone 23.1 and in particular the colonisation of the amnion and anterior neurectoderm, 
indicate that the clone was initiated in the anterior-proximal epiblast. Its bilateral contribution 
to mesoderm throughout the axis shows that descendants of the initial clone were 
incorporated in the primitive streak and continued to produce differentiated derivatives as 
well as axial progenitors colonising the tail bud. 
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expressing cells are not confined to the primitive streak during 

gastrulation. Embryos generated by the mating of Tcre with Cre reporter 

lines showed reporter expression in the entire epiblast and occasionally in 

few cells of the extraembryonic ectoderm. The possibility that expression 

of this transgene, at the transcriptional and/or translational level, does 

not perfectly match that of endogenous T cannot be completely excluded 

at this point. However, several lines of evidence argue that this 

widespread expression may indeed reflect the actual distribution of cells 

originating at the region where endogenous T expression is initiated: 

Re-examination of T expression at pre-streak stages showed 

that this is not restricted to the epiblast but extends to extraembryonic 

ectoderm cells 

Expression of cre at pre-streak and gastrula stages, analysed by 

in situ hybridisation, recapitulates that of endogenous T, apart from the 

notochord in which it has been shown previously that this promoter 

fragment does not confer expression 

Previous results demonstrate a complete breakdown of clonal 

growth in the post-implantation epiblast (Gardner and Cockroft, 1998) 

and extensive cell mixing, although not random, was shown to continue 

during gastrulation (Lawson et al., 1991). 

This cell mixing would imply that T expression at pre-streak stage 

defines a region in the conceptus with constantly changing cellular 

composition at least with respect to the embryonic compartment. The 

situation is less clear regarding cell behaviour in the extraembryonic 

compartment. However, trophoblast stem (TS) cells have been isolated 

from the extraembryonic ectoderm. These generate differentiated 

descendants of this lineage and can contribute to the ectoplacental cone 

and the polyploid giant cells. Interestingly, TS cells are proposed to reside 

in the region of extraembryonic ectoderm in contact with the epiblast 

(Tanaka et al., 1998). Thus, rare Gre-excised cells observed in the 

ectoplacental cone (see fig.2.13 B and H) may be the progeny of TS cells 

that were originally located in the endogenous T expression domain. 
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Despite the early expression of cre and the widespread 

recombination in epiblast cells, some Tcre88/cre-reporter embryos 

showed an extensive degree of mosaicism in reporter expression. 

Mosaicism was more obvious at mid-organogenesis stages when it 

became also apparent that expressing cells are not always distributed 

uniformly in all embryonic regions. This is probably due to inefficient 

Cre-mediated recombination in this line. Mosaic expression was not 

detected in the two remaining Tcre lines. However, a small number of 

embryos have been examined to date and therefore further 

characterisation of these lines is required before definitive conclusions 

can be drawn. 

Homologous recombination in LaacZ 

The results obtained from characterisation of R26nlslaacZ41 and 

the control R26nlslacZ48 cell clones in vitro, show that Gre-mediated 

recombination occurs correctly in these lines and leads to reporter 

expression in all cells of pure R26nlslacZ48C excised subclones. In 

addition, small clusters of Igal cells are generated in R26n1slaacZ41C 

excised subclones with low frequency. Although not directly 

demonstrated in the present study, these results indicate that somatic 

recombination within the duplicated sequence of laacZ can create a 

functional reporter as shown previously (Bonnerot and Nicolas, 1993). 

The recombination rate per cell and per generation calculated in 

vitro is -4.7x1ft6. Calculation of the in vivo rate of recombination 

requires a direct enumeration or at least an estimation of the number of 

cells in the compartment studied that is, the entire embryonic region. 

This has not been possible to date. It is not known if we should expect the 

same rate of recombination in vivo and in vitro. In the study reported by 

Bonnerot et al., the in vivo rate of recombination, calculated at E11.5 for 

mouse lines carrying two randomly integrated transgene copies, was 
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found to be 1 to 2x10 6  that is, similar or 10-fold lower to that obtained in 

vitro (1.4x10 6  to 1.2x1ft5  depending on the clone). However, these cases 

represent different transgene integrations and the copy number for the 

clones examined in vitro in the latter study, was not determined. 

Therefore, these results may not be comparable. For example, clones with 

multiple integrations of the transgene, in which additional 

intrachromosomal and possibly interchromosomal recombination events 

can take place between distinct laacZ copies, are expected to display a 

higher recombination rate compared to single-copy ones. Indeed, it was 

found that the frequency' of labelled embryos is 10-fold higher for 

transgenic animals carrying two transgene copies compared to those 

carrying a single copy4. Finally, it should be noted that the rate of 

recombination may also vary depending on the cell type. 

Mosaic Cre-mediated recombination: Implications for the 

clonal analysis 

An important factor that may affect the overall frequency of 

labelled laacZ-revertant clones as well as the number and distribution 

pattern of labelled clonal descendants, is the mosaic Cre-mediated 

recombination. To eliminate the impact of this variable, R26nlslaacZ41EX 

homozygote mice have been generated in which the floxed 

transcriptional STOP sequence has been excised. An analysis of laacZ-

revertant clones in embryos resulting from the backcross of homozygote 

R26nlslaacZ41EX males with wild-type females is in progress. It should be 

noted that in this case labelled clones could arise in all embryonic and 

The frequency of labelled embryos, although indicative, is not equivalent to the 
rate of recombination. Calculation of the rate of recombination requires enumeration of 
the cells in the compartment considered. 

4 The frequency of labelled embryos in one mouse line that carry two transgene copies 
is 1 out of 15 embryos at E13.5 while only 1 out of 150 embryos of a single-copy transgenic 
line are positive at the same stage (Bonnerot and Nicolas, 1993). The numbers given 
here take into account that the lacicZ allele is inherited by half of the progeny of 
heterozygote males bred to wild-type females. 
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extraembryonic tissues, including the yE, since 19gal expression depends 

only on the activity of Rosa26 promoter and the laacZ intragenic 

recombination but not on Cre recombination. Nevertheless, if the 

frequency of labelled embryos is found to be sufficiently low to ensure 

that most of these contain single clones, then eventually a complete 

clonal analysis can be undertaken using only this line. If needed, embryos 

could be analysed at a stage before E12.5. A late stage of development was 

initially determined as end-point of the analysis in order to obtain the 

maximum information on clonal descendants. However, the later the 

stage of dissection, the more recombination events may occur and the 

greater the complexity of the clonal distribution pattern. 

Alternatively, one of the remaining Tcre lines could also be used if 

these can confer, as indicated to date, efficient Cre-mediated 

recombination in all epiblast cells. A further possibility would be to 

generate an inducible Tcre line. This would allow bypassing the 

expression of cre in the pre-streak epiblast and thus, is expected to 

specifically mark cells transiting or residing in the streak at later stages. 

Finally, other Cre lines conferring specific expression in tissues relevant 

to the study of axial development, such as a Nodal-Cre line conferring 

specific expression in the node (J. Brennan and E. Robertson unpublished 

results) can be employed. 
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3.1. INTRODUCTION 

Advances in recent years have provided an abundance of 

information concerning the genetic and molecular basis of A/P axis 

development. As discussed in the general introduction, several genes 

have been found that are expressed in distinct regions of the primitive 

streak and node and later in the tail bud. Many of these genes were shown 

to be involved in the morphogenesis, specification and patterning of 

mesoderm during gastrulation and elongation of the axis. 

Mutational analysis is crucial for identifying and characterising 

genes implicated in early development. This analysis may concern 

spontaneous or induced mutations. A classical example of a spontaneous 

mutant is T, which was identified due to the short tail phenotype of 

heterozygotes (DobrovolskaIa-ZavadskaIa, 1927). Spontaneous mutations 

are rare however, and unless semi-dominant like T, they cannot be 

recognised if they result in embryonic lethality. Nevertheless, the pool of 

identifiable genes can be enlarged by mutagenesis approaches. 

In the past, one approach successfully employed in Drosophila 

melanogaster and Cnorhabditis elegans has been saturation screening 

using mutagenic agents such as X-rays or chemical compounds (Brenner, 

1974; Nusslein-Voihart and Wieschaus, 1980). In mouse, however, 

methods of in vivo mutagenesis have limited application, in particular 

for a genome-wide screen. Segregation of mutations, complementation 

tests and screens for recessive mutants are time-consuming and require 

vast resources considering the long generation time, the large animal 

facilities and the laborious handling necessary to maintain and breed 

mice. Furthermore, isolation of the mutated gene by positional cloning 

remains a formidable task, even with the current genome resources 

allowing faster mapping and gene identification. 

The isolation of mouse embryonic stem (ES) cells and the 

development of techniques for their maintenance and genetic 

manipulation in culture provided a new route for introducing known or 
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tagged mutations into the mouse genome. Targeted mutagenesis by 

homologous recombination in particular, has allowed ablation of specific 

genes in mice (Thomas and Capecchi, 1987). Thus, the function of genes 

isolated in mouse by virtue of sequence similarity to genes found in 

genetic screens in invertebrates, or due to their differential expression in 

specific tissues or stages during development, can be tested in vivo. 

Although this approach has proven particularly fruitful with more than 

1500 single and double knock-outs generated to date, it requires previous 

knowledge of the gene to be targeted and detailed information on its 

structure (http://www.blomednet.com/db/mkmd).  

An alternative mutagenesis approach for generation of novel 

phenotypes without prior knowledge of the gene or pathway to be 

disrupted is random insertional mutagenesis. This approach is based on 

integration into the genome of exogenous DNA carried by retroviruses or 

plasmid vectors. Integration into transcriptional units can potentially lead 

to mutations and the introduced DNA sequences provide a molecular tag 

allowing identification and cloning of the mutated locus. Several 

mutations including Nodal (Conlon et al., 1991) have been were identified 

by this method. However, only 5% of retrovirus and 10% of transgene 

insertions cause recessive phenotypes (Jaenisch, 1988). Given this low 

mutational rate, screening in vivo for interesting integrations is still 

laborious. To increase the efficiency of insertional mutagenesis, enhancer 

and gene trapping methods performed in ES cells were developed. These 

allow in vitro pre-selection of integrations near or into genes respectively, 

eliminating cases of irrelevant intergenic insertions. The following 

sections of this introduction focus on the principles of entrapment 

mutagenesis in mouse as well as the advantages and limitations of this 

approach employed for the identification and isolation of 

developmentally important genes. 
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Types of entrapment strategies and vectors designed 

Entrapment strategies were first developed in bacteria to monitor 

transcriptionally active regions of the genome (Casadaban and Cohen, 

1979). They make use of reporter constructs introduced into the genome 

that require the acquisition of cis-acting regulatory DNA sequences to 

activate reporter gene expression. In this way, genes are identified based 

on their expression patterns and eventually cloned by isolation of the 

genomic sequences flanking the integration site. Two types of entrapment 

vectors, enhancer and gene traps have been developed and used in 

mutagenesis screens in higher organisms. 

Enhancer traps 

In enhancer trap vectors, the reporter gene, usually lacZ, is placed 

downstream of a minimal promoter that requires the vector to insert 

near a cellular enhancer to activate reporter expression. Enhancer traps 

based on P-element transposon vectors have been extensively used in 

large-scale screens in Drosophila for genes expressed at particular 

developmental stages or in specific lineages (reviewed by Bellen et al., 

1989). In mouse, two enhancer trap screens were carried out in ES cells 

(Gossler et al., 1989; Korn et at., 1992). The construct used contained a 

neomycin selection cassette allowing selection of ES cell clones that had 

integrated the transgene. Approximately 45% of the neomycin-resistant 

clones showed reporter expression in undifferentiated ES cells or in 

chimric embryos. 

One important drawback of this strategy is that cloning of the gene 

associated with the enhancer activity can be difficult since enhancers are 

often not adjacent to the gene sequences. As a result, genomic sequences 

from only three of the previously generated enhancer trap lines have 

been cloned. In addition, in two cases expression of the endogenous genes 

was found to be more widespread than the corresponding 1ga1 activity. 

Finally, no overt phenotype was observed in homozygotes of these 
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enhancer trap integrations (Neuhaus et al., 1994; Soininen et al., 1992). 

Indeed, the mutagenicity rate of enhancer traps is expected to be low since 

the inserted transgene does not necessarily interrupt the coding 

sequences. 

Gene traps 

To alleviate the problems associated with enhancer traps, a 

different set of entrapment vectors has been developed. These are 

collectively called here gene trap vectors since reporter expression from 

these constructs depends on their integration inside the sequence of a 

gene. The gene trap vectors can be further subdivided into three groups; 

exon, intron and polyA traps (fig.3.1)1 . 
Exon and intron trap vectors (alternatively called promoter traps) 

consist of a promoterless reporter gene and a selectable marker. Reporter 

activity requires insertion into an exon or an intron respectively. A splice 

acceptor is included immediately upstream of the reporter in intron trap 

vectors that allows splicing of the reporter sequence to the upstream 

endogenous exon. Both types of promoter traps result in production of 

fusion transcripts, between the 5' endogenous sequences and the reporter, 

expressed under the control of the corresponding cellular promoter. If the 

reporter sequence is in the same orientation and reading frame as the 

endogenous sequence, a fusion protein with reporter activity is 

eventually produced. 

Several variations of this general design have been made in order 

to improve the trapping efficiency. For example, while in the initial 

vectors the selectable marker was expressed independently of the reporter 

by virtue of a constitutive promoter included in the construct, it was later 

fused to the reporter. Such a fusion between lacZ and neo genes resulted 

in a bi-functional reporter /selection gene called f3geo that has both 1gal 

The existing nomenclature is confusing and not standardised. For this reason, I 
have used terms that I think best describe the function of the different types of 
trapping vectors. 

M. 
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Figure 3.1. Gene trap strategy and types of vectors 

Map of a gene showing the promoter region (grey box), exons (numbered purple boxes) and 
introns (lines). The spliced, polyadenylated transcript produced is depicted below. 

Promoter trap vectors contain a promoterless reporter gene such as lacZ and a selectable 
marker such as neo which is either fused to the reporter (flgeo) or driven by a vector-borne 
promoter. figeo type vectors allow direct selection of intragenic integration events whereas 
independent transcription of neo from its own promoter lead to selection of both intra- and 
intergenic insertions. In both vectors reporter expression is driven by the endogenous promoter 
and mimics the expression of the trapped gene. Vectors that contain a SA allow splicing of the 
reporter to the upstream endogenous sequence upon integration into an intron (intron trap) while 
reporter activity using splice acceptorless vectors is produced only upon integration into an exon 
(exon trap). Intron and exon trap events result in generation of fusion transcripts and eventually 
of fusion reporter proteins if integration occurred in the correct orientation and reading frame. 

In polyA trap vectors the selectable marker lacks its own polyadenylation (pA) signal and 
requires acquisition of an endogenous pA signal to confer drug resistance. 



Chapter 3 

and neomycin phosphotransferase activities (Friedrich and Soriano, 

1991). In this way, promoter trap events can be directly selected for 

neomycin resistance provided that the disrupted genes are active in target 

cells. However, it has been shown that selection on the basis of resistance 

to G418 is sufficiently sensitive to permit identification of trapping events 

in genes expressed at very low levels (Bonaldo et al., 1998; Skarnes et al., 

1995). Another variation in the vector design was the inclusion of a 

translation initiation codon in the reporter that allows detection of 

insertions into or splicing of the reporter gene to untranslated exons 

(Friedrich and Soriano, 1991). Furthermore, use of an IRES sequence 

allowed independent reporter translation relaxing the requirement for 

insertion in a specific reading frame (Bonaldo et al., 1998; Chowdhury et 

al., 1997). However, translation of the reporter from the endogenous 

initiation site can on the other hand inform on the subcellular 

localisation of the trapped protein. 

In order to increase the frequency of intragenic integrations while 

at the same time allow selection of these events independently of the 

transcriptional status of the trapped gene in ES cells, a third group of 

vectors, polyadenylation (polyA) trap, was designed and recently started 

to be more widely employed. In polyA trap vectors, the selectable marker 

is transcribed under the control of a constitutive promoter but lacks a 

polyA signal. Stabilisation of its mRNA is therefore dependent on 

integration into a gene and capture of an endogenous polyA signal (Niwa 

et al., 1993). Inclusion of a splice donor at the 3' end of this marker 

permits splicing to the downstream endogenous splice acceptor and 

generation of a fusion transcript (Salminen et al., 1998; Yoshida et al., 

1995; Zambrowicz et al., 1998). Since polyA trap events are selected 

independently of the expression of the target genes, any gene could 

potentially be identified regardless of the relative abundance of its 

transcripts in the cells. Table 3.1 shows a comparison of the different types 

of trapping vectors in terms of their functional characteristics, the 

frequency of reporter expression in clones carrying transgene integration 
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which gives a first approximation the trapping efficiency and the expected 

mutagenicity. 

Table 3.1. Comparison of trapping vectors 

Vector 	Selection Frequency * 	Expected 
Mutagenicity § 

Enhancer trap Constitutive 	20% 	 Low 
(gal) 
Exon trap 	Constitutive 	0.1% 	 1-ligh 

Intron trap 	Constitutive 
(Jgal) 

Exon trap 	Target gene 
(Rgeo) dependent 
Intron trap Target gene- 
(1geo) dependent 

PolyA trap Constitutive 
on intragenic 
integration 

1-4.5% 	Moderate to high 

5470/** 	High 

95% (mutant neo) Moderate to high 2580% (WT neo) 

Reference 

(Gossler 't al., 1989; 
Korn et al., 1992) 

(Friedrich and 
Soriano, 1991) 

(Friedrich and 
Soriano, 1991; 

Gossler et al., 1989; 
Wurst et al., 1995) 

(Brennan, 1997; 
Voss et al., 1998a) 

(see below ) 

2.8-13% 	Moderate to high 	(Salminen et al.,
1998; Yoshida et al., 

1995) 

* Frequency of reporter expression in ES cells as percentage of total transgene integrations 
(neo') 

** The frequency of Rgal expression is directly proportional to the size of vector (buffer) 
sequence included upstream of the reporter gene that protect the latter from deletion 
upon integration (Brennan, 1997; Voss et al., 1998a) 

§ Based on the integration site relative to the coding sequence of the trapped gene 
(Bonaldo et al., 1998; Chowdhury et al., 1997; Friedrich and Soriano, 1991; Scherer e t 
al., 1996; Skarnes et al., 1995; Voss et al., 1998a) 

The major advantage associated with gene trapping in ES cells over 

other methods of gene identification is that it combines by definition 

gene isolation with characterisation of its expression and function. In 

practice however, these promises are not always delivered. In the 

following sections, the efficiency of gene trapping with respect to these 

three features is discussed. 

01, 
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Identification and cloning of the trapped gene 

The production of fusion transcripts generated upon insertion of 

all types of gene trap vectors facilitates identification of the endogenous 

cDNA sequences by methods based on Rapid Amplification of cDNA 

Ends (RACE). In addition, a protocol developed for direct sequencing of 

RACE products eliminated the need for cloning and screening of 

informative-sized cDNAs that has proven to be time-consuming 

(Townley et at., 1997). The cDNA sequences obtained can be then used to 

search for homologies to known sequences in the databases. 

Genomic sequences flanking the insertion site can be cloned by 

plasmid rescue or inverse PCR methods (Hicks et al., 1997; Lih et al., 1995; 

von Melchner et al., 1990). Conventional methods of library screening 

using RACE sequences as probes can also been employed. These genomic 

sequences are particularly useful for genotyping of mouse lines generated 

by intron trap methods. 

Possible problems that may arise at this step are related to the type 

of the vector used and the particular integration. For example, the 

endogenous sequences obtained from integration of promoter trap 

vectors at the 5' end of genes or in 5'UTRs are often not sufficiently long 

to allow identification of the gene. Furthermore, 5'exons and 5'UTRs are 

under-represented in the databases. Finally, the abundance of fusion 

transcripts determined by the activity of the endogenous promoter can be 

a limiting factor in 5'RACE. Sequences that are more informative can be 

obtained by 3'RACE for insertions of polyA vectors and transcript levels 

are not dependent on the activity of the endogenous promoter. However, 

in this case full size products must be obtained which makes 5' 

integrations more difficult to amplify. 

Correlation of endogenous and reporter gene expression 

Correlation of the endogenous gene expression with reporter 

activity is another important factor critical for the efficiency of gene trap 
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approaches especially in expression-based screens. Information on this 

aspect has been rare and in most cases it was derived mainly from 

comparisons with the previously characterised expression patterns of 

known genes. Faithful reflection of the endogenous gene expression was 

reported in most instances. There are however examples where 1gal 

activity appeared more restricted than the expression of the trapped gene 

(Deng and Behringer, 1995; Schuster-Gossler et al., 1998; Skarnes et al., 

1992; Voss et al., 1998a). Possible explanations that could account for these 

discrepancies are: i) integration of the vector disrupts essential regulatory 

elements such as tissue specific enhancers that can be found in 5'UTRs or 

introns; ii) alternative splicing that occurs either normally in the 

endogenous transcript or after insertion of an intron trap construct into 

an exon results in the inclusion of the reporter sequences only in a subset 

of tissue specific splicing products; iii) splicing around the vector in some 

tissues or cell types; iv) variegation or tissue-specific silencing of the locus 

following insertion of the vector (Dobie et al., 1997). 

Mutagenicity 

Considering the redundancy of the mammalian genome, it is not 

surprising that many of the gene trap mutations do not lead to a 

phenotypic defect. 24 homozygotes mouse lines of 46 retroviral gene trap 

mutations were viable and fertile (Friedrich and Soriano, 1991; von 

Melchner et al., 1992). Voss et al. in a screen for genes expressed in the 

nervous system bred 25 lines to homozygosity of which 13 produced 

apparently normal homozygotes (Voss et al., 1998a). No phenotype was 

observed also for 35 of 60 lines with secretory trap mutations produced by 

Skarnes and Tessier-Lavigne laboratories (Mitchell et al., 2001). 

However, redundancy is not always the reason for the lack of 

phenotype. It was shown that in some cases integration of the vector fails 

to create a null allele. Inefficient use of the polyadenylation signal and the 

splice acceptor in the gene trap construct can result in "splicing around" 



Chapter 3 

the vector, such that sufficient quantities of wild-type transcript are 

generated. This seems to be the case for at least four gene trap lines that 

produce phenotypically normal homozygotes. Endogenous wild-type 

transcripts near normal levels have been observed in animals 

homozygous for TFEB (McClive et al., 1998), aquarius (Sam et al., 1998), 

MAP-4 (Voss et al., 1998b) and bodenin (Faisst and Gruss, 1998). On the 

other hand, reduced wild-type transcript levels as in the gene trap 

insertions into netrin-1 (Serafini et al., 1996), LAR (Yeo et al., 1997) and 

Gt12 (Schuster-Gossler et al., 1998) correspond to hypomorphic alleles. 

Hypomorphic or hypermorphic alleles can also theoretically be produced 

by gene trap fusions retaining a large portion of the endogenous protein 

as in the case of insertions at the 3'end of genes. These alleles are 

nevertheless particularly useful when the null allele of a gene leads to 

early embryonic lethality, impeding the study of its function during later 

development. 

Vector design and delivery: implications for the gene trap 

integration and expression of the trapped locus 

There are two main methods used for introduction of gene trap 

constructs into cells: infection of retroviral vectors or electroporation of 

naked plasmid DNA. Electroporation is an attractive method due to its 

technical simplicity. However, gene transfer and integration is relatively 

inefficient compared to retroviral infection. A more important drawback 

is rearrangements induced in the cellular DNA by integration of plasmid 

vectors. In particular large deletions at 3' of the integration, while they 

usually do not affect the expression of the endogenous /reporter fusion 

transcript, they may disrupt more than one gene making difficult to 

correlate phenotype with gene function (Niwa et al., 1993). Another 

characteristic of electroporation is the integration of multiple vector 

copies most often in tandem (Forrester et al., 1996; Friedrich and Soriano, 

1991; Takeuchi et al., 1995). This is predicted not to interfere with 
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entrapment function since only the copy at the 5'end of the tandem array 

should be active. However, concatemeric arrays of transgenes have been 

shown to have a repressive effect upon gene expression via an increase in 

chromatin compaction and methylation resulting in complete silencing 

or variegation of the locus (Dobie et al., 1997; Garrick et al., 1998; Wolffe, 

1998). 

De novo methylation and gene silencing induced by integration of 

retrovirus has also been observed (Jahner and Jaenisch, 1985). 

Furthermore, retrovirus have been shown to have a bias for integration 

in sites that have markers in common with highly expressed endogenous 

genes such as DNAse I hypersensitive sites and CpG islands 

(Rohdewohld et al., 1987; Scherdin et al., 1990; Vijaya et al., 1986). These 

sites also characterise sequences found in regulatory regions. Indeed 

retroviral gene trap vectors were found to integrate preferentially at the 

5'end of genes (Friedrich and Soriano, 1991; von Melchner et al., 1990). 

Although this should abolish gene function more efficiently, it may also 

interfere with the transcriptional control such that reporter expression 

does not accurately reflect the expression pattern of the endogenous gene 

(Barker et al., 1991; Hartung et al., 1986). On the other hand, a study of 

integrations of two different plasmid vectors showed that there is no 

preference for particular sites into individual genes (Chowdhury et al., 

1997). 

Repeated trapping of some genes using different vectors and 

methods of delivery shows that there are integration "hot spots" in the 

genome (Baker et al., 1997; Hicks et al., 1997; Mitchell et al., 2001; Voss et 

al., 1998a). Analysis of 6000 sequences obtained by the German Gene Trap 

Consortium using either electroporation or retroviral infection of four 

different vectors has shown that each vector and mode of delivery has 

preferential insertion sites (Stanford et al., 2001). 
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Screens for genes of interest 

Several types of screens have been carried out to identify 

interesting gene trap mutations to study. Phenotype-driven screens have 

been solely employed to test the limitations of this approach while the 

majority of investigators used screens based on reporter expression or the 

endogenous gene sequence to pre-select trapped ES cell clones of interest 

before generating and breeding transgenic animals. 

Genotype-driven (sequence-based) screens have been facilitated by 

the improvements in RACE and sequencing techniques as well as the 

development of plasmid rescue vectors. These made possible the large 

scale screening of cDNAs and genomic sequences flanking the integration 

sites enabling the identification of genes and selection of mutations 

before germline transmission (Hicks et al., 1997; Mitchell et al., 2001; 

Zambrowicz et al., 1998). On the other hand, screening for specific 

patterns of reporter expression either in vivo or in vitro has been widely 

used to identify candidate genes, which have a function at particular 

developmental stages or in specific cell lineages. 

A large-scale screen for mutations in developmentally regulated 

genes was undertaken by Wurst et al. (1995). 279 integrations in genes 

expressed in ES cells were used to generate chimaeras. 45% of the embryos 

expressed lacZ at E8.5. Of the embryos that failed to show detectable levels 

of expression at this stage, 15% was examined at E12.5. Approximately 

one-third of these displayed reporter activity at this later stage. From the 

total number of embryos that were 1gal positive at E8.5 or E12.5, 85% 

showed widespread or ubiquitous expression (73% with uniform staining 

intensity, 12% with higher intensity in certain tissues) while 15% showed 

highly restricted expression patterns. It is interesting that only 15% of the 

Igal positive lines did not show expression in the CNS. This observation 

implies that an important number of genes expressed in undifferentiated 

ES cells are also expressed in neural tissues during embryonic 

development. 
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In vitro expression screens 

Maintenance of the undifferentiated state of ES cells in vitro was 

initially achieved by co-culture with feeder layers of mitotically 

inactivated mouse embryonic fibroblasts or in BRL cell conditioned 

medium. The differentiation-inhibiting molecule was later identified as 

Leukemia Inhibitory Factor (LIF) (Smith et al., 1988). In the absence of this 

factor, ES cells spontaneously differentiate into various cell lineages. 

When cultured in suspension, they form cellular aggregates called 

embryoid bodies (EB) that undergo a program of differentiation 

reminiscent of embryogenesis. However, while some cell types readily 

differentiate in the context of EBs, others are underrepresented (Keller, 

1995; O'Shea, 1999). More controlled differentiation of ES cells grown as 

EBs or in monolayers can be achieved by addition into the culture 

medium of signalling molecules such as differentiating agents (e.g. 

retinoic acid, dimethyl sulfoxide) and growth factors (e.g. BMPs, FGFs, 

NGFs) known to induce differentiation along specific developmental 

pathways. Gene trap screens that exploit the spontaneous or directed 

differentiation of ES cells have been designed to identify mutations in 

genes expressed in specific lineages or responding to specific cues. 

The laboratory of Peter Gruss undertook a large-scale screen for 

genes expressed in the nervous system (Voss et al., 1998a). ES cell clones 

were plated at low density and grown for 14 days in the presence of G418 

selection and sub-optimal levels of LIF. These culture conditions 

favoured growth and differentiation of the cell type that expressed the 

selection gene. Based on the observation that many genes expressed in ES 

cells are also expressed in neural tissues during development, 39 1gal 

positive clones that retained ES cell morphology or differentiated into 

neuron-like cells were selected for chimaera production. A further 130 

1gal positive clones not subjected to differentiation and selection were 

also used to generate chimaeras. The in vivo expression of these two sets 

of clones was then compared. Table 3.2 shows the results obtained. Of the 
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total number of Lgal positive embryos obtained from randomly chosen or 

pre-selected clones, a high percentage shows expression in the neural 

tissues. This result is in agreement with the previously mentioned in 

vivo screen (Wurst et al., 1995). However, pre-selection of cells led to a 2.5 

fold increase in restricted expression patterns including restricted 

expression in some aspects of the nervous system. 

Table 3.2. Comparison of in vivo expression patterns with or without pre-selection 

Negative % 	Ubiquitous % 	Total restricted % Restricted NS% 

Random 	 35 	 40 	 25 	 15 

Pre-selected 	25 	 15 	 65 	 35 

NS: nervous system 

In two smaller screens for neural specific genes (Baker et al., 1997; 

Shirai et al., 1996), gene trap clones were screened for co-expression of 

Igal and neural specific markers after differentiation of EBs. Most of the 

clones selected showed 1gal (or endogenous gene) expression in neural 

tissues although it was not restricted to this compartment. In a different 

study, reporter expression in ES cells and EBs was compared to detect 

changes upon differentiation. 16% (31/191) of the clones exhibited 

regulated expression. Seven of these, transmitted through the germline, 

displayed a similar regulation in vivo (Scherer et al., 1996). 

Another strategy employed to enrich for integrations in 

developmentally regulated genes, is based on pre-selection of clones in 

which reporter expression is modulated by exposure of cells to specific 

stimuli (Bonaldo et al., 1998; Gajovic et al., 1998). In a screen to identify 

genes responsive to retinoic acid (RA) in vitro, Forrester et al. (1996) 

examined reporter expression in 3,600 clones carrying a random vector 

integration. 20 gene trap integrations were identified, 9 of which were 

induced and 11 were repressed after exposure to RA. Interestingly, all but 

one of these integrations exhibited spatially restricted or tissue-specific 

patterns of expression in embryos between E8.5 and E11.5. 

93 



Chapter 3 

Similar screens have been designed to identify genes regulated by 

the TGF8 signalling pathway or targets of transcription factors such as 

engrailed homeodomain proteins or MyoD (Akiyama et al., Gogos et al., 

1997; Mainguy et al., 2000). On the other hand, strategies combining gene 

trapping with site-specific recombination (Cre/loxP) were developed to 

identify insertions in genes transiently induced during differentiation or 

apoptosis (Russ et al., 1996; Thorey et al., 1998; Wempe et al., 2001). 

ES cell clones can also be screened according to their subcellular 

staining distribution, provided that the vector is designed such that 

translation of the reporter is initiated from the endogenous site (Tate et 

al., 1998). Skarnes et al. (1995) designed a vector that relies on capturing 

the N-terminal signal sequence of an endogenous gene to generate an 

active Igal fusion protein thus allowing direct selection of integrations in 

secreted and transmembrane proteins. 

3.2. AIMS AND EXPERIMENTAL APPROACH 

The second part of this thesis project was to identify novel genes 

expressed in the primitive streak and tail bud and which are therefore 

likely to have a function in the development of A/P axis. A gene trap 

mutagenesis screen in ES cells was undertaken. Integration events were 

pre-screened after in vitro differentiation, for co-expression of the 

reporter (!acZ) and T, marker of the primitive streak and tail bud. Selected 

clones were injected into host blastocysts to generate chimaeras where 

reporter expression was examined during gastrulation and early 

organogenesis. In parallel, the insertion sites in these clones were 

sequenced. Figure 3.2 shows the general outline of the experimental 

approach employed. The following sections of this chapter describe the 

testing and optimisation of the in vitro pre-screen, the results obtained 

from electroporation of vectors pGT1,2,3 and the characterisation of E148 

line selected for phenotypic analysis. 
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Figure 3.2. Gene trap screen for elevated expression in the primitive streak 
pGT1,2,3 vectors are introduced into ES cells by electroporation and gene trap events are 
selected in G418-supplemented medium. After 10 days, neo1  colonies are picked and grown in 

96-well plates. Clones are subsequently split in two plates: one used for in vitro differentiation 

and pre-screening and a second for freezing. After 72 hours culture in medium -LIF, clones are 
double stained, first with X-gal and subsequently by in situ hybridisation with a T probe. 

Clones having cells expressing both I4gal and T are expanded for further analysis. The insertion 
point is sequenced in selected clones by 5'RACE in order to confirm correct splicing of the 
vector and identify the disrupted gene. Finally, chimeric embryos generated by injection of 
clones into host blastocysts are screened for reporter expression in the primitive streak and tail 
bud during gastrulation and early organogenesis stages. Clones that produce restricted 
expression patterns including these regions are bred to homozygosity to identify mutant 
phenotypes in axial development. 
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3.3. RESULTS 

Testing the in vitro pre-screen 

Preliminary experiments were performed to test the reliability of 

the pre-screen to detect integrations in genes that are expressed in the 

primitive streak and tail bud. To this end, two gene trap cell lines, 

previously generated by integration of the secretory trap vector pGTtmO 

(Bullock, 1999), were used as controls. 

The first, ST105, corresponds to an insertion in EphA2, a gene 

encoding an Eph-related tyrosine kinase receptor. In situ hybridisation 

and immunohistochemistry have shown that EphA2 is expressed during 

early gastrulation in the ectodermal component of the entire primitive 

streak and transiently in the nascent mesoderm at its anterior part (Ganju 

et al., 1994; Ruiz and Robertson, 1994). As gastrulation progresses, 

expression is downregulated at the posterior streak and by neural plate 

stage (-E7.5) it becomes restricted to the node where it persists as this 

structure regresses towards the caudal end of the embryo. A second site of 

expression is detected by mid-headfold stage in the prospective hindbrain 

region and later in the 3"  branchial arch. Expression of the reporter in 

ST105 gene trap line was shown to mimic endogenous expression except 

from a previously undetected expression in the developing vasculature 

(Bullock, 1999). Therefore, this line was used as positive control for co-

expression of the lacZ reporter and T. If expression of these genes in 

culture reflects their expression in the embryo, at least a subset of cells 

expressing T are expected to be fgal positive. 

A second gene trap insertion, ST162, identified in the same screen, 

occurred in the gene encoding 1-amyloid precursor protein (App). 

Expression of the reporter was initially examined in chimaeras at early 

organogenesis stage and was found to be widespread but excluded from 

the primitive streak (Bullock, 1999). Based on this observation, this line 

was used as a negative control for co-expression. In a recent study, 

however, it was reported that at earlier stages I.gal is present in the entire 
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epiblast, although expression levels in the streak are very low (Ott and 

Bullock, 2001). 

As mentioned in chapter 2, expression of T was shown to be 

gradually upregulated in cells grown in monolayer during in vitro 

differentiation. Transcripts reach a peak 96 hours after removal of LIF and 

subsequently diminish (Schmidt et al., 1997). In the context of the pre-

screen, a 72-hour differentiation was performed and cells were then 

double-stained first with X-gal to detect 1gal activity and subsequently by 

in situ hybridisation to detect T expression. Figure 3.3 shows the 

experimental procedure followed and the results obtained by screening 

the two control gene trap lines. Extensive co-expression was indeed seen 

in clone ST105 while expression of 1gal and T appeared mutually 

exclusive in the cells of clone ST162. It should be noted however that the 

extent of reporter expression in both clones seemed not to correlate well 

with the in vivo expression at least for the stages examined. ST105 clone 

that has highly tissue-restricted expression in vivo, showed almost 

ubiquitous expression in the differentiating ES cells. On the other hand, 

in ST162 clone that displays a widespread fga1 activity in vivo, only few 

cells are positive in vitro. 

Generation and in vitro screening of gene trap lines 

The gene trap vectors pGT1,2,3 (mixture of three reading frames, 

fig.3.2 and 5.1) were linearised with Hindlil and electroporated into 108  

E14TG2a ES cells. Cells were selected for 10 days in medium containing 

100 ig/ml of G418. At the end of the selection period, approximately 400 

resistant colonies were picked and grown in 96-well plates. To ensure that 

cells which did not express high levels of Igeo and were not therefore 

growing well under selection are recovered, even very small colonies 

were picked. However, many of these colonies subsequently died. 279 

clones were successfully maintained and passaged in a 24-well master 

plate for freezing and a duplicate 96-well plate used for differentiation 
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and differentiate for 72 hours in medium -LIF 
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Figure 3.3. Testing of the in vitro prescreen 
X-gal staining is visible as a turquoise colour, and T expression is denoted by purple 
colour. Areas of co-expression are clearly visible in ST105 cells, while ST162 IgaI 
positive cells do not express T. 
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and pre-screening. 191 of these clones were expressing clearly detectable 

levels of fgal (68%). A further 12 clones identified as positive after careful 

examination were expressing 1ga1 at the limit of microscopic detection, 

such that it was not possible to determine accurately the proportion of 

expressing cells in a well. 

The percentage of fgal positive clones corresponds well to the 

previously reported results obtained using vectors carrying a corrected 

form of the neo gene that increases sensitivity to the antibiotic G418 (see 

table 3.1; Skarnes et al., 1995, Voss et al., 1998a, V. Wilson unpublished 

results). Thus, Lgal negative clones may represent integrations that result 

in 1geo protein levels sufficient to confer drug resistance but not 

detectable 1gal activity. Alternatively, some of these integrations may 

result in specific inactivation of lacZ. Faulty splicing or trans-splicing due 

to insertion into rDNA (V. Wilson, W. Skarnes unpublished results) or 

integrations occurring downstream of an N-terminal signal sequence 

(Skarnes et al., 1995) have been shown to account for most unproductive 

fusions. Finally, it is possible that in some of these clones rearrangements 

or deletions have occurred upon insertion that affected only the sequence 

of lacZ. 

The results obtained in this part of the screen with respect to the 

intensity and expression pattern of lacZ are summarised in table 3.3 and 

figure 3.4. Approximately 50% of fgal positive clones showed a 

ubiquitous (22/191) or widespread (68/191) expression. A wide range of 

staining intensities was observed and these were arranged in three broad 

classes: strong, medium and low. In addition, Igal activity exhibited 

various subcellular localisation patterns as reported previously (Bonaldo 

et al., 1998; Skarnes et al., 1995; Wurst et al., 1995), reflecting the 

differential sorting of endogenous genes fused to Igeo. Virtually all 

weakly expressing clones showed a punctate pattern (1 dot per cell). The 

characteristic "secretory pattern" of X-gal staining in the pen-nuclear 

compartment and in multiple cytoplasmic dots, previously reported 

(Brennan, 1997; Skarnes et al., 1995), was observed in several clones. 



Table 3.3. fgal expression patterns in differentiating ES cell clones 

C/N: Diffuse cytoplasmic or nuclear, D: in dots (punctate) 
Approx. percentage of Rgal+ cells of total cells in a well: 
> 95% = Ubiquitous; 90% - 65% = Widespread; 60% - 30% = Restricted; <30% = Highly restricted 
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Figure 3.4. Percentage distribution of the different 1gal expression patterns 
of total Lgal positive clones 
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These clones may represent insertions in genes encoding secreted or 

transmembrane proteins. Some representative clones of the different 

staining patterns are shown in figure 3.5. 

X-gal stained clones (positive and negative for Igal activity) were 

subsequently screened by in situ hybridisation for T. A significant 

proportion (69/279) showed weaker and/or less widespread expression of 

this marker compared to the expression previously seen in the control 

ST105 and ST162 clones (fig.3.6). These clones were interdispersed in the 

plates with clones presenting the expected T expression pattern, arguing 

against an overall reduction in sensitivity of the experimental protocol 

originally tested on ST105 and ST162 control lines. 33 of these clones were 

screened again and of these 17 were still expressing low levels of T and/or 

in fewer cells. This variation in T expression, which was also observed 

later with the opposite effect in certain clones showing initially strong 

and widespread expression, could be therefore due to variability in ES 

cells' differentiation. Considering the small volume of initial cultures 

and the important number of clones treated simultaneously, a fixed 

volume of cell suspension that corresponded to a variable number of 

cells in each clone, was plated for differentiation, unlike the case of 

control clones ST105 and ST162. As a result, the plating density varied 

considerably between clones and it was for many higher than the optimal 

one. Cell density was previously shown to be an important factor for the 

in vitro differentiation of ES cells. Proper differentiation in monolayers 

requires plating of single cells at clonal density (Smith et al., 1992). 

Interestingly, a reproducible tendency towards a specific 

differentiation pathway was observed in few clones screened more than 

once. The most characteristic example is clone E171, shown in figure 3.5, 

in which the majority of differentiated cells have a fibroblast-like 

morphology. The underlying cause for this result is unclear but it is 

possible although rare that the mutation caused by integration of the gene 

trap vector has a dominant effect on cell differentiation. 
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Figure 3.5. Reporter and T expression patterns in gene trap clones in vitro 
Examples of different 1gal expression patterns: cytoplasmic (E171), perinuclear (E391), in dots 
(E131) or nuclear (E150). These clones that are also stained by in situ hybridisation for T display 
different levels of co-expression. Clone E150 shows no co-expressing cells. 



Figure 3.6. Variability of T expression in gene trap clones in vitro 
E391 clone shows the expected widespread T expression pattern. In contrast, a weak 
and restricted expression is seen in clone E220. 
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Co-expression of 1gal and T was detected in 26 clones of which 16 

had a widespread distribution of Sgal positive cells. Co-expressing clones 

with ubiquitous reporter expression are not included in this number and 

were not considered for further analysis since these integrations are likely 

to have occurred in constitutively active housekeeping genes having no 

specific developmental role. The percentage of co-expressing cells of the 

total Lga1 in a well was from 40% to 1% approximately, the higher co-

expression corresponding to clones with widespread reporter activity. 

Furthermore, in clones that were expressing low fgal levels and in 

particular those presenting a punctate pattern, co-expression in distinct 

cells was difficult to determine and it was therefore estimated by 

examining the general expression patterns over larger areas. (clone 131, 

fig.3.5). 

The 26 co-expressing clones were screened again to confirm the 

results. After the second screen, a decrease in the level of lacZ expression 

as well as the number of expressing cells was observed in many of the 

clones resulting in almost undetectable levels in initially weakly 

expressing clones. Although a variation in the differentiation of cells 

between the two screens could be invoked to explain this result, the 

complete absence of 1gal positive cells in two initially medium and high 

expressing clones (fig.3.7), indicated that probably a gene inactivation 

mechanism related to silencing and variegation was, at least partly, the 

underlying cause. To test whether initial Igal expression levels could be 

restored by selection pressure, clones were cultured in G418 for 10 days 

and stained with X-gal. Extensive cell death was seen during the first days 

of selection but subsequently all clones except E73 recovered and 

expanded. Nevertheless, 1ga1 expression remained low or undetectable. 

Similar observations of reporter gene inactivation have been recently 

reported in a study comparing electroporation and retroviral infection as 

gene transfer routes (Baer et al., 2000). This is further discussed in the last 

section of this chapter. 
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Figure 3.7. Loss of reporter expression in gene trap clones 
Two clones with initially medium and strong Lgal expression (E13(1) and E73(1) 
respectively) showed no fgal positive cells when re-screened (E13(2) and E73(2)). 
However, both exhibited large patches of cells expressing high levels of T as can 
be seen at the right hand panels and the inset in E13(2). 
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Reporter expression in chimaric embryos of selected cell lines 

To test whether co-expression in vitro correlates with any patterns 

of reporter expression in the embryo, three clones were injected into 

C57BL/6 blastocysts to generate chimaeras where 1ga1 activity was 

examined between E6.5 and E9.5. In vitro, approximately 40%  of cells of 

E148 clone are co-expressing the reporter and T, while clones E395 and 

E202 present more restricted co-expression patterns (-30% and 20% 

respectively) (fig.3.8). Furthermore, the same level and pattern of reporter 

expression were obtained for these clones in both screens. All three 

exhibit strong, widespread Igal activity (-70% of cells/well are 1gal). In 

E148, it is localised in the nucleus whereas E395 shows a pen-nuclear 

expression pattern. Finally, E202 presents a diffuse cytoplasmic staining. 

Chimric embryos generated by injection of E202 and E395 clones 

displayed ubiquitous reporter expression in all embryonic tissues and the 

extraembryonic mesoderm derived from the epiblast at all 3 stages 

examined (fig.3.9). Expression could not be detected in other 

extraembryonic tissues but it is known that the ability of ES cells to 

colonise the primitive endoderm and trophectoderm derivatives is very 

poor (Beddington and Robertson, 1989). In contrast, the distribution of 

1gal activity in E148 chimaeras was restricted (fig. 3.9). At E6.5, it was seen 

in the distal two-thirds of the epiblast while E7.5 embryos showed high 

expression in the primitive streak and node as well as the neurectoderm 

of the head folds and the dorsal midline. At E9.5, expression continued to 

be strong in the neural tissues and staining was also detected in the 

somites. 

RACE sequencing of the insertion site 

In parallel to the generation of chimras, mRNA was extracted 

from these three clones in order to amplify by 5'RACE the endogenous 

sequence flanking the insertion point. Direct sequencing of the RACE 

product amplified from clone E202 indicated that the 5' sequence of the 
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Figure 3.8. Gene trap clones selected for blastocyst injection 
A-C, clone E148 shows strong nuclear fgal expression and large areas of cells expressing 
both the reporter and T (A and B). C, higher magnification of an area with single and 
double stained cells. D-F, diffuse cytoplasmic ulgal expression in clone E202. A region of 
mostly co-expressing cells is shown in D whereas in E, large patches of single ulgal or T 
expressing cells are present. Arrowheads in F point to double stained cells. C-I, a large 
proportion of co-expressing cells can also be seen in clone E395 where high levels of ulgal 
activity are localised in the pennuclear compartment. 
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Figure 3.9. Reporter expression in chimaeras 
A-C, E148 chimras show a restricted expression pattern most prominent 
in the neurepithelium of the head folds at E7.5 and the somites and neural 
tube at E9.5. lgal activity was also detected in the primitive streak (shown 
in fig. 3.16). In contrast, ubiquitous expression in the embryonic region of 
E202 (D-F) and E395 (C and I) chimeras is seen. 
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vector had been deleted upon insertion. 17 bp were missing from the 5' 

end of the en-2 exon sequence including the SA junction. The partial 

exon was followed by a few base pairs of novel sequence (data not shown). 

It is unclear how this product arose and how lacZ was transcribed and 

translated in this clone given that the predicted splicing event could not 

occur. The most plausible explanation is integration of the vector into an 

exon. On the other hand, sequencing of the insertion point in E395 and 

E148 clones confirmed proper use of the splice acceptor and identified in 

each case a single open reading frame in-frame with 1geo (fig.3.10). For 

clone E395, 65 bp of novel sequence were obtained which did not show 

homology to any known genes or ESTs. Finally, 154 nucleotides 

corresponding to the disrupted gene in E148 clone were identified. This 

clone was selected for further analysis and germline transmission since it 

showed a restricted 1gal expression in vivo. 

Detailed analysis of E148 gene trap integration 

Chromosomal mapping 

The chromosomal site of E148 gene trap integration was defined by 

fluorescent in situ hybridisation (FISH) performed by Muriel Lee at the 

MRC Human Genetics Unit (Edinburgh). Metaphase chromosome 

spreads were prepared from E148 ES cells and probed with the pGT1 

vector labelled with digoxigenin. Detection of the hybridised probe 

revealed a single integration site localised to chromosome 3 as judged by 

the size and banding pattern on DAPI counterstain. The chromosomal 

location was further confirmed using a fluorescein isothiocyanate (FITC) 

paint specific for this chromosome that showed co-localisation with the 

vector (fig.3.11). Integration of the vector occurred in the proximal region 

of the chromosome in proximity or within band C although further study 

would be required to confirm this estimation. 
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  pGT1,2,3 

SA 

414-4-4 
R6 ES R4 RI 

En-2 probe 	 3lacZ/neo probe 

B. 	 En-2 intron 	4, 	En-2 exon 

acctctgccctttctcctccatgacaaccagGTCCCAGGTCCCGAAAACCAAAG 
11  R S K K P K 

E148 

1 CTCCCGGGGAGATCATGAAACGAGGTCGCCTTCCCAGCAGCAGTGAGGATTCTGACGACA 60 
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SR G 	HE T R S PS Q Q Q • G F • R Q 

P K P C H J P 	 5 D S J 	N 

61 ATGGCAGCTTGTCAACGACATGGTCCCAGCATTCTCGATCCCAGCATGGGAGGAGTAGTA 120 
MA AC Q R 	G PS IL D PS MG G V V 
W Q L 	ND MV PA F S I PAW E E • Y 
C S LS S S K S fl H S K S Q  H G R S S T 

130 CCTGCTCTAGACCTGAAGATCGAAAGCCTTCTGAGGGTCCCAGGTCCCGAAPACCAAAGA 180 
PAL DL K I ES L L R V PG PEN Q R 
L L • T • R SK A F • G S 	VP K T K 
C S R P 	 S H G P R S R K P K 

FQc 

1 GCCGTCTCGCTGTGTCCTGCTAGCAGTGTGCTCTCTATGCAGGTGGTGCAGATCACATGA 60 
A V S L C P A S S V L S M Q V V Q I T 

R L A V S C • Q C A L Y A G G A D H N R 

61 GAGAGGTCCCAGGTCCCGAAAACCAAAGA 
ER S 	V P K T K 
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E V P G P E N Q R 

Figure 3.10. RACE sequences of E148 and E395 integrations 
A. Schematic of pGTI,2,3 vectors showing the position of RACE primers and the probes used in 
Southern or dot blot (see text for details). B. At the top is shown the nucleotide and aminoacid 
sequence of the En-2 intron/exon junction with the consensus splice acceptor sequence and 
pyrimidine stretch (underlined). The SA site is indicated by an arrow. Below are shown the RACE 
sequences for E148 and E395 clones in which the en-2 exon is correctly spliced to the endogenous 
upstream sequence (highlighted in grey). The translation is given in all three reading frames. 
Translation of the endogenous sequence in frame with En-2/J3geo is in red and underlined. The 

putative initiating methionine in indicated by an arrowhead. 
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Figure 3.11. Chromosomal mapping of E148 integration 
Fluorescent in situ hybridisation to metaphase chromosomes of E148 ES cells with a 
probe specific to the gene trap vector detects a single chromosomal site on the proximal 
region of chromosome 3 (red). The chromosomal location was confirmed using a paint 
specific to this chromosome (green). 
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Sequence analysis 

The RACE sequence was initially compared to the GenBank 

databases using BLASTN and BLASTX algorithms (Altschul et al., 

1990). The BLASTN program searches for stretches of nearly identical 

nucleotide sequences and matches are scored according to the 

probability of their occurrence by chance alone. BLASTX translates a 

nucleotide query sequence in all 6 reading frames and compares it 

against a translated or protein sequence database. E148 did not show 

homology to any entries in the non-redundant databases. However, it 

produced significant alignments to several mouse, human, rat, and 

one bovine EST. The sequences are different at their 5'ends extending 

up to 230 bp in the longest EST (appendix III). Following this variable 

region, ESTs align almost perfectly and minor nucleotide differences 

are primarily species-specific or possibly due to sequencing errors. 

In order to determine whether the different human and mouse 

ESTs correspond to a unique gene or a family of related genes in each 

organism, the Unigene database was initially searched. In this database, 

ESTs are arranged according to clusters that represent groups of 

sequences predicted to map to the same gene. E148-matching mouse 

ESTs were found in the same cluster (Mm.28483), which has been 

mapped to chromosome 3. Similarly, human ESTs are arranged in a 

unique cluster (Hs.82292) mapped to human chromosome 4. Search of 

the human genome database (Ensembl) gave the same results in 

respect to the chromosomal location. In addition, the region of human 

chromosome 4, where the ESTs map, is syntenic to the proximal region 

of mouse chromosome 3 where the E148 integration was detected by 

FISH. These findings strongly suggested that all human and mouse 

ESTs, including E148 endogenous sequence, correspond to unique 

orthologous genes in these organisms. 

Alignment of the 240 mouse ESTs found in the Unigene cluster 

(Mm28483) generated 6 contigs. The mouse genomic database was 
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searched with the consensus sequences made using four of the contigs 

(these contain all but two ESTs). The most significant alignment, with a 

probability of having occurred by chance close to zero, was initially 

produced by a sequence representing 5MB of the genome that was 

classified as unmapped in this database. However, due to the rapid 

progress in mouse genomic sequence annotation it has recently been 

possible to locate this sequence within band C of chromosome 3. It 

corresponds to a predicted gene of approximately 62kb. Further, less 

significant alignments to the EST contigs were produced by genomic 

regions mapped to chromosomes 11 and X. 

The contigs of ESTs were aligned to and ordered with respect to 

the genomic sequence. This generated a map of predicted exons shown 

in figure 3.12. In addition, the sequences of the contig aligning to the 5' 

extreme of the genomic sequence can be grouped into 4 subsets with 

similar 5' ends that match different stretches of genomic sequence. This 

suggests that there are at least 4 alternative 5' exons. Ensembi predicts 

two transcripts for the same gene although the reason is unclear. These 

do not include the putative alternative exons. In addition, the ORF 

predicted for the second transcript does not start with an ATG codon. 

Finally, a novel sequence identified within only one of the ESTs and 

aligning to the 3' region of the genomic DNA, may represent an exon 

included only in a subset of transcripts. 

The predicted translation of the genomic sequence (named 

thereafter MmE148-c3) starts at exon 2. The putative protein contains a 

bipartite nuclear localisation signal and at least one PHD zinc finger 

domain suggesting a nuclear function. This prediction is also 

consistent with the observed localisation of the fusion E148-reporter 

protein. The P1-ID (Plant Homeodomain) type finger is a C4HC3 zinc-

finger-like motif that is reminiscent of, but distinct from the C3HC4 

type RING finger and was shown to bind two atoms of zinc (Pascual et 

al., 2000). The function of this domain is not yet known but it is 

thought to be involved in protein-protein interaction and be important 
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Figure 3.12. Genomic structure of mouse MmE148-c3 gene 
Predicted exon-intron structure of mouse genomic sequence in chromosome 3 where E148 endogenous sequence and matching ESTs align. Exons are 
shown as vertical lines of variable size, introns are represented by horizontal lines. The regions showing evidence of alternative splicing are shown in red. 
Each of these regions are represented by a group of ESTs. The accession number of one EST for each group is shown (see alignment of EST sequences in 
appendix III). The two transcripts predicted in the database are indicated as transcript 1 and 2. Only transcript 1 has an ATG codon in the predicted reading 
frame. A composite transcript (named MmE148-6) is drawn above. The position of the gene trap integration and that of the PHD zinc-finger domain are 
indicated. Gene id (Ensembl genome server): ENSMUSG00000025764. 
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for the assembly or activity of multicomponent complexes involved in 

transcriptional activation or repression. P1-ID zinc fingers are for 

example present in Drosophila polycomblike and trithorax proteins 

required for regulation of homeotic genes in flies. 

Examination of the putative orthologous human gene shows an 

almost perfect conservation between species (92% identity). Figure 3.13 

shows the alignment of the composite human transcript (Ensembi 

predicts two transcripts for the human gene equivalent to the mouse 

gene) and the two predicted mouse transcripts. Finally, an extensive 

homology, shown in figure 3.14, was observed between the MmE148-c3 

and the predicted genes mapped to mouse chromosome 11 and X as 

well as their corresponding human orthologues. This homology 

extends well beyond the PHD zinc-finger domain into a considerable 

part of the sequences. It is therefore probable that it characterises a 

novel subfamily of P1-ID zinc-finger proteins conserved through 

mammals. 

Detailed expression analysis during embryogenesis 

Following screening of chimric embryos for Lgal expression, 

blastocysts injected with E148 ES cells and transferred to one Fl 

pseudopregnant female were allowed to develop to term. Two male 

chimaeras born were testcrossed to C57131/6 females. Both passed the 

gene trap mutation through the germline (Table 3.4). Subsequently, 

lacZ expression was examined in heterozygote embryos at various 

developmental stages. 

Table 3.4. Germline transmission of the E148 gene trap insertion 

Clone Mice born/B.I. /B.I. 	 Germi. chimaeras/No tested 
(male/female) 

E148 	3/6 	3(3/0) 	 2/2 

B.I.: Blastocysts injected 
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10 . . . .20 . . . .30 . . . .40 . . . .50 . . . .60 . . . .70 . . . .80 . . . .90 . 	. 100 

HgE148-C4 	MKRGRLPSSSEDSDDNGSLSTTWSONSRSOH.RRSgtjCSRHEDRKPSEVFRTDLITAMKLHDSYQLNPDEYYVLADPWRQEWEKGVQVPVSPGTIPQPVAR  
HmE148-c3-trarlsl MKRGRLPS SSEDSDDNGSLSTTWSQHSRSQHGRSSCSRPEDRKPSEVFRTXLI TA1KLHD SYQLNPDDYYVLADPWRQEWKGVQVPVSPGT IPQPVAR 
)4nE148-c3-trans2 .............................................................................................. 

110 . . . 120 . . . 130 . . . 140 . . . 150 . . . 160 . . . 170 . . . 180 . . . 190 . . . 200 
HsE148-c4 	VVSEEKSLMFIRPKKIV8 SGSEPPELGYVDIRTLADSVCRTDLNDMDAAWLELTNEEFKEMGMPELDEYTMERVLEEFEQRCYDNHAIETEEGLGIE 
MmE148-c3-transl VVSEEKSLMFIRPKKY IASSGSEPPALOVD IRTLADSVCRYDLNDMDAAWLEVTNEEFKEMGMPELDEYTMERVLEEFEQRCYDNHAIE TEEGLGIE 
MmE148-c3-trarls2 .........................................YDLNDMDAAWLEVTNEEFKEMGMPELDEYTMERVLEEFEQRCYDHAIETEEGLGIE 

210 . . . 220 . . . 230 . . . 240 . . . 250 . . . 260 . . . 270 . . . 280 . . . 290 . . . 300 
HsP148-c4 	YDEDVCDVCQSPDGEDGNEMVFCDKCNICVHQACYGILKVPEGSWLCRTLGVQPKCLLCPKKGGKPTRSGTKHVSCALWIPEVSIGSPEP 
HmP148-c3-transl 
HmE148-c3-trans2 

310 . . . 320 . . . 330 . . . 340 . . . 350 . . . 360 . . . 370 . . . 380 . . . 390 . . . 400 
HsE148-c4 	ITKVSHIPSSRWALVCSLCNEKFGASIQCSVKNCRTAFHVTCAFDRGLEMKTILAENDEVKFKSYCPKHSSHRKPEEGLGKGQENGAPECSPRNPLEP 
nE148-c3-tranS1 XTKVSH IPSSRWALVCSLCNEKFGAS IQCSVKNCRTAFHVTCAFDRGLEMKTILAENDEVKFKSYCPKH SSHRKPEEGLGEGAAQENGAPESSPQSPLE 

HinE148-c3-trans2 ITKVSHIPS SRWALVCSLCNEKFGAS IQC SVKNCPTAFHVTCAFDRGLEMKTILAENDEVKFKSCPKHS SHRKPEEGLGEGAAQENGAPES SPQSPLEP 

410 . . . 420 . . . 430 . . . 440 . . . 450 . . . 460 . . . 470 . . . 480 . . . 490 . . . 500 
HsE148-c4 	FASLEQNREEAHRVSVRKQKLQQLEDEFYTFVNLLDVARALRLPEEVVDFLYQYWKLKRKVNFNKPLITPKKDEEDNLAKREQDVLFRRLQLFTHLRQDL  
MME148-c3-transl YGSLEPNREEAHRVSVRKQKLQQLEDEFYTFVNLLDVARALRLPEEVVDFLYQYWKLKRKINFNKPLITPKKDEEDNLAKREQDVLFRRLQLFTHLRQDL 
MmE148-c3-trans2 

510 . . . 520 . . . 530 . . . 540 . . . 550 . . . 560 . . . 570 . . . 580 . . . 590 . . . 600 
HsE148-c4 	ERVRNLTrTRREIKRSVCKVQEQIFNLYTLLEQEVSGVPSSC8SS SLENMLLFNSPSVGPDAPKIEDLKWHSAFFRKQMGTSLVHSLKKPHKRDP 
MmE148-c3-transl ERVZ1IDTDTL, .......................................................................................... 
NnE148-c3-traflS2 ERVRNLTYMVTRREKIKRSVCKVQEQXFTQYTKLLEQEKSGVPSSCSS LENMLFFNSPSVGPNAPIDLKWHSAFFRKQMGTSLVHPLKKSHKRDA 

610 . . . 620 . . . 630 . . . 640 . . . 650 . . . 660 . . . 670 . . . 680 . . . 690 . . . 700 
HsE148-c4 QNSPG8EGKTLLKQPDLCGRREGMVVPESFLGLEKTFAFARLIS .AQQKNGVMPDHGKRRNRFHCDLKGDLKDI8FKQSHKPLRSTDVSQRHLDNT 
Mm1148-c3-traflsl ................................................................................................. 
MmE148-c3-trans2 

710 . . . 720 . . 	730 . . . 740 . . . 750 . . . 760 . . . 770 . . . 780 . . . 790 . . . 800 
HsE148-c4 	R.AATSPGVGQSAPGTRKE IVPKCNGSLVNYNQTAVKVPTTPASPVKNGGFRIP1KGERQQQGEAHDGACHQHSDYPYLGLGRVPAKEKS*IISDN 
MmE148-c3-transl ................................................................................................ 
MniE148-c3-trans2 RAATSPGVGQSAPGTRKEXVPKCNGSLK ......... 

810 . . . 820 . . . 830 . . . 840 
flsE148-c4 	ENDGYVPDVEMSDSESEASEKKCIHTSST I SRRTDIIRRSILAS 
nE148-c3-trans1 ............................................ 

MmE148-c3-trarls2 ENDGYAPDGEMSDSESEASEKKCIHASSTISRRTDIIRRSILAS 

Figure 3.13. Alignment of predicted human and mouse E148 protein sequences 
Alignment of aminoacid sequence defined by conceptual translation of human (HsE148-c4) and mouse predicted transcripts (MmE148-c3-trans-1 
and 2). Identical residues are highlighted in yellow and conservative changes in blue. The PHD zinc-finger domain is enclosed in a blue box. A 
second possible PHD zinc-finger domain, showing a weaker similarity to the consensus, is indicated by a green box. Gene ids (ensembi genome 
server): ENSG00000077684 (HsE148-c4) and ENSMUSG00000025764 (MmE148-6). 
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Figure 3.14. Alignment of E148-like protein sequences 
The deduced aniirioacid sequence of the composite mouse transcript (MmE148-6), shown in figure 3.12, is aligned to the mouse homologous 
sequences of chromosome 11 and X (MmE148-like-cll and MmEI48-like-cX). Identical residues are highlighted in yellow and conservative 
changes in blue. Coloured boxes indicate PHD-zinc finger domains (see figure 3.13). Gene ids (Ensembi genome server): ENSMUSG00000025764 
(MmE148-6), ENSMUSG00000020387 (MmE148-Iike-cll), ENSMUSG00000037315 (MnE148-like-cX). 
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At E6.5, 1ga1 activity was observed in both embryonic and 

extraembryonic regions (not shown). Consistent with the previously 

reported poor contribution of ES cells to the extraembryonic lineages 

(Beddington and Robertson, 1989), expression in extraembryonic tissues 

had not been detected in chimeras. On the other hand, expression 

seemed ubiquitous in the embryonic region of heterozygotes unlike the 

distally restricted expression seen in chimaeras. This discrepancy is 

probably due to a localised contribution of ES cells to the host epiblast 

and highlights the importance of screening a large number of chimric 

embryos. 

At E7.5, Igal activity is particularly high in the visceral 

endoderm of the extraembryonic region (fig.3.15). In the embryo 

proper, expression becomes restricted and is similar to that detected in 

chimric embryos. It can be seen in the ectodermal component of the 

primitive streak while it seems to be downregulated as the cells 

delaminate to form the embryonic mesoderm. Significant levels of lacZ 

expression were also detected in the node and particularly in the cells 

surrounding this structure in a similar pattern exhibited by Nodal a day 

later. At the anterior side of the embryo, expression is restricted to the 

neurectoderm of the developing head folds and the dorsal midline. 

At E9.5, expression continues in the posterior neuropore that 

corresponds to the remnant of the primitive streak where ectodermal 

cells are still in transit to form mesoderm (fig.3.16). @gal activity is 

particularly strong in the developing CNS along the entire A/P axis. It 

is also detected in the optic and otic vesicles as well as in the olfactory 

placodes. Furthermore, an interesting expression pattern was seen in 

somites. Staining is strong and restricted to the anterior part of the 

condensing and newly formed somites while it seems weaker and 

uniform in more differentiated somites. Finally, Igal activity was 

found in the hindgut. Some strongly stained cells could be seen close to 

the gut, which may be primordial germ cells (PGCs). 
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Figure 3.15. E148 reporter expression at E7.5 
A-C, 1gal activity in heterozygote E148 embryos at E7.5. A, posterior view showing 
expression in the primitive streak and the extraembryonic visceral endoderm. B, higher 
magnification of posterior distal region of the embryo. Expression is high at the ectodermal 
component of the primitive streak and node and is downregulated in ingressing mesodermal 
cells. The arrowhead points to four intensively stained cells that may be visceral endoderm 
cells remaining in the embryonic region along with the definitive endoderm that has already 
formed at this stage. C, transversal section of an E7.5 embryo. aps, anterior primitive streak; 
en, definitive endoderm; hi: head folds; m: mesoderm; n: node; ne: neurectoderm; ps: 
primitive streak; yE, visceral endoderm. 
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Figure 3.16. E148 reporter expression at E9.5 
A and B, ventral and dorsal views of an E148 heterozygous embryo showing 
elevated expression in the neural tube along the entire A/ P axis, the optic and otic 
vesicles and the somites.Expression in the somites, shown also in C and D, is 
stronger in the anterior compartment of nascent (sO) and newly formed somites 
(sI and sIT). More mature anterior somites (B) show weaker and uniformly 
distributed expression. Igal activity persists in the neuropore that corresponds to 
the remnant of the primitive streak (D). Staining is also seen in the posterior end 
of the hindgut and in scattered cells close to it (indicated by arrowheads in C) that 
may correspond to primordial germ cells migrating from the base of the allantois 
to the genital ridges. hg: hindgut; np: neuropore; nt: neural tube; opv: optic 
vesicle; ov: otic vesicle; psm: presomitic mesoderm; s: somite. 
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At E12.5, lacZ expression predominates in the nervous system 

and the developing muscles that derive from the dermomyotome of 

the somites (fig.3.17). More particularly, the neopallial cortex (future 

cerebral cortex) and the roof of midbrain were intensively stained. 

Expression was also seen in the somites of the tail as well as in the tail 

bud. Interestingly, expression in the tail bud is restricted to a region that 

seems continuous with the neurectoderm and overlying the posterior 

end of the notochord. This region was shown to be equivalent to the 

chordoneural hinge (CNH) of Xenopus. As discussed in the general 

introduction, the CNH represents a self-renewing progenitor 

population for extension of the axis and thus corresponds to the 

descendant of the primitive streak and node. 

LacZ expression at E14.5 was examined by staining cryostat 

sections (fig. 3.18). Several aspects of the nervous system were stained 

but the highest levels of lgal activity were seen in the cerebral cortex 

and the ventricular zone of the lateral ventricle. Prominent expression 

was also detected in the ventricular and atrial heart chambers, in the 

gut and kidney as well as in deposits of brown fat and some glandular 

tissues. Finally, strong expression was still detected in the muscles. 

Phenotypic analysis of E148 mice 

In order to investigate any phenotypic defects resulting from 

homozygosity for the E148 gene trap insertion, transgenic Fl offspring of 

chimras were backcrossed to C57B1/6 wild-type mice and the resulting 

F2 or F3 transgenic animals intercrossed. This allows segregation of any 

unlinked mutations in the ES cell genotype from the gene trap 

integration. Offspring were genotyped initially by X-gal staining of tails or 

dot blotting of tail DNA probed with a lacZ/neo probe. Although wild 

type and transgenic animals could be easily identified by these methods, 

homozygotes were not readily distinguished from heterozygotes. Table 

3.5 summarises the results obtained from four intercross pairs 
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Figure 3.17. E148 reporter expression at E12.5 
A, lateral view showing expression in the brain, in dorsal root ganglia generated by 
migration of neural crest cells and in the developing musculature in the body and 
limbs (also shown at higher magnification in D). B and C, ventral and dorsal view of 
the same embryo. Strong expression is seen in the future cerebral cortex, the roof of 
midbrain and the neural tube of the trunk and tail. Expression in the cartilage of the 
nose and digits is indicated by arrows in B and D. E, posterior end of the tail showing 
high expression in somites and the chordoneural hinge of the tail bud.ct: cartilage; 
dnt: dorsal neural tube; drg: dorsal root ganglia; fb: forebrain; hb: hindbrain; mb: 
midbrain; m: muscles; npc: neopallial cortex; rmb: roof of midbrain. 
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Figure 3.18. E148 reporter expression at E14.5 
A, sagittal section showing elevated Rgal expression in the the cerebral cortex 
and the lateral ventricle, the heart and the gut. Strong expression is also seen in 
deposits of brown fat, the submandibular gland and muscles of the hindlimb. 
In the limb, differential staining is obvious in the interdigit region (B). C, 
higher magnification of the heart area showing expression in the intercostal 
muscles and both the ventricular and atrial compartments of the heart. at: 
atrium of the heart; bf: brown fat; h: heart; icm: intercostal muscles; Iv: lateral 
ventricle; smg: submandibular gland; t: tendon; ye: ventricle of the heart. 

123 



Chapter 3 

based on the overall number of transgenic animals weaned. Pairs 1 and 2 

that correspond to matings of F2 generation heterozygote mice showed a 

low ratio of transgenic offspring. A higher percentage of transgenic 

animals were however obtained from F3 generation intercrosses 

approaching the expected Mendelian ratio. These results suggested that 

the abnormally low ratio obtained for pairs 1 and 2 was probably due to 

mutations independent of the gene trap mutation that have accumulated 

in the ES cells' genome during culture and which have segregated upon 

further backcross breeding of the E148 mice. 

In order to be able to better distinguish heterozygote from 

homozygote mice, most of the intercross offspring were subsequently 

genotyped by Southern blot of Sad digested tail DNA probed with an en-2 

intron probe. This resolves a fragment of approximately 3 kb that 

corresponds to the endogenous en-2 gene, and a second of approximately 

4 kb corresponding to the integrated copy of the gene trap vector. The 

band resulting from hybridisation of the probe to the endogenous en-2 

fragment provides an internal control to normalise the amount of DNA 

loaded in each lane and thus aid identification of homozygote 

individuals (fig.3.19). Table 3.6 shows the results obtained by the 

Southern blot analysis. In addition, two litters (one from pair 1 and one 

from pair 3) were genotyped by testcross to MF1 wild-type mice. Of a total 

of 12 mice (6 males/6 females), 3 (2 males/1 female) were identified as 

homozygotes having transmitted the gene trap insertion to all of their 

offspring. A homozygote intercross was set up with these mice and to 

date one litter of 3 mice has been weaned although mice from a further 3 

litters were missing soon after birth. These results suggest that the gene 

trap insertion into E148 locus produces no overt phenotype. Mice 

homozygous for this mutation are viable and fertile although further 

homozygote breeding is required in order to exclude a slight effect of the 

gene trap mutation on the fertility of E148 mice. 
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Table 3.5. Summary of E148 genotyping by X-gal staining and dot blotting 

Pair Weaned Male Female Transgenic Male Female % Transg. 

1 (F2) 75 34 41 46 22 24 64 

2(F2) 57 28 29 32 15 17 54.4 

3 (F3) 25 13 12 18 8 10 72 

4(F3) 17 8 9 12 5 7 70.5 

Totals 174 83 91 110 50 60 63.2 

Table 3.6. Summary of E148 genotyping by Southern blot hybridisation 

Pair Tested 	Wild-type (%) Heterozygotes (%) Homozygotes (%) 

1 (F2) 55 	17 (30.1) 28 (50.1) 10 (18.2) 

2 (F2) 45 	22 (48.9) 19 (42.2) 4(8.9) 

3 & 4 (F3) 24 	6 (25) 13 (54.2) 5(20.8) 

Figure 3.19. Southern blot hybridisation of E148 genomic DNA 
Genomic DNA from heterozygote intercross litters digested with SacI and 
hybridised to en-2 probe (table 5.1). Hybridisation of the probe to the vector 
DNA results in a band of approximately 4 kb. A smaller fragment at 3kb is 
detected by hybridisation of the probe to the endogenous en-2 gene. This 
serves as loading control for the identification of homozygote offspring. The 
genotype of the transgenic offspring, identified in the blot shown, was 
confirmed by testcrossing to wild-type mice. 
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Endogenous E148 transcripts are disrupted by the gene trap 

insertion 

In order to test whether endogenous E148 expression is affected by 

the gene trap insertion, the expression of wild type and disrupted E148 

transcript was examined in embryos obtained from intercrosses of 

heterozygote E148 mice. To this end, a probe of 400 bp flanking the 

insertion point was amplified by RT-PCR using primers that hybridise in 

the region common to all ESTs (5'E148 and mEST are shown in appendix 

III and table 5.4). The amplified product which includes 120 bp of the E148 

sequence amplified by RACE and extends 280 bp 3' of the insertion was 

cloned in Topo-PCR2.1 vector. The cloned fragment was further digested 

with XbaI to generate a 5'E148 probe that could detect both wild-type and 

fusion transcripts and a 3'E148 probe that hybridise only to wild-type 

transcripts. 

A Northern blot analysis was performed on total RNA prepared 

from whole E13.5 embryos of an intercross litter using these probes. 

Hybridisation of the 3'probe (fig.3.20A) detects a transcript of 

approximately 6kb in both wild type and heterozygote embryos. 

Furthermore, four lower molecular weight, faint bands may correspond 

to minor alternative transcripts. In contrast, the 6kb band as well as all 

smaller bands are absent in 3/10 embryos, identified as homozygotes in 

Southern blot hybridisation. Unfortunately, no signal was obtained from 

hybridisation of the 5'E148 probe to the same blot. Alternatively, RT-PCR 

was performed on the same samples using 5'E148 forward primer and 

either mEST (complementary to E148 sequence 3' of the integration, 

fig.6.3) or R5 (complementary to LacZ, table 5.3) reverse primers that 

resulted in amplification of a 0.33kb wild-type band in wild-type and 

heterozygote animals and a 0.38kb mutant band in heterozygote and 

homozygote animals respectively (3.20B). These results suggest that 

endogenous E148 transcripts are efficiently disrupted by the gene trap 

insertion. 
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Figure 3.20. Expression analysis of E148 fusion and endogenous transcript 
A, Nothern blot hybridisation of total RNA prepared from E13.5 embryos of a heterozygote 
intercross hybridised to 3'E148 probe. The probe detects the part of endogenous transcript 
produced by the DNA sequence lying downstream of the gene trap integration. Embryos 
were genotyped by Southern blot as shown in figure 3.20. A band of approximately 6 kb is 
detected in RNA from wild-type and heterozygote embryos. No hybridisation signal is 
produced in homozygote embryos. B, RT-PCR analysis of the RNA samples in A. Top, first 
strand cDNA was amplified with 5'E148 and mEST primers that are complementary to the 
endogenous E148 sequence lying 5' and 3' of the integration respectively thus amplifying 
only the WT transcript. Bottom, the disrupted transcript was amplified with 5'E148 and R5 
primer complementary to lacZ sequence. 
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3.4. DiscussioN 

Evaluation of the in vitro pre-screen 

This chapter describes a pilot gene trap screen aiming to identify 

and mutate novel genes with a putative function in A/P axis 

development by virtue of their expression in the primitive streak and tail 

bud. An in vitro pre-screen was employed in order to pre-select relevant 

integration events prior to generation of transgenic mouse lines. The pre-

screen is based on co-expression of Igal activity, encoded by the gene trap 

vector and expressed under the control of the trapped gene, and T, 

marker of the primitive streak and tail bud. 

Preliminary tests using two previously characterised gene trap 

clones, conducted to evaluate the reliability of the pre-screen, showed that 

co-expression of these markers in differentiating cells in vitro accurately 

predicts 19gal expression in the primitive streak and tail bud in vivo. This 

correlation between in vitro and in vivo co-expression patterns was also 

verified in the case of three gene trap clones selected for chimaera 

production following screening of 279 neoR  clones generated by 

electroporation of pGT1,2,3 vectors. However, only one of these clones 

(E148) showed restricted 1ga1 expression in vivo. In the remaining two 

clones (E202 and E395), 1gal activity was found in all embryonic tissues of 

chimaeras examined during gastrulation and early organogenesis. 

Although ubiquitous embryonic expression does not necessarily preclude 

a specific developmental role, it also characterises constitutively 

expressed genes with housekeeping function. 

In vitro analysis of lacZ reporter expression in the gene trap clones 

showed that pGT1,2,3 vectors allow capture of genes with a broad range of 

expression in differentiating ES cells in terms of the proportion of J1gal 

positive cells in a clone, the cellular levels and the subcellular 

localisation of the fusion protein. However, a significant proportion of 

clones displayed ubiquitous (-12%) or widespread (-36%) reporter 

expression consistent with previously obtained results using similar 
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vectors and partial in vitro differentiation procedures (Bonaldo et al., 

1998). Co-expression was evaluated only in clones that expressed lacZ in a 

subset of cells (widespread and restricted patterns). These co-expressing 

clones represented approximately 6% and 9% of those with restricted and 

widespread 1gal expression respectively. Figure 3.21 shows schematically 

the different possible patterns of co-expression. The most interesting 

category of clones with respect to the present screen for genes involved in 

A/P axis development would be that in which Igal presents a restricted 

expression highly overlapping with expression of T. This includes the 

case where all fgal positive cells of a clone are also T positive (fig.3.21 Q. 

Such cases were not observed in this pre-screen. In general, higher 

proportions of co-expressing cells were seen in clones with widespread 

lacZ expression that fall between categories A and B of figure 3.21. This 

result implies that the target set of interesting genes with restricted 

spatiotemporal expression in the primitive streak, is probably limited and 

highlights the importance of screening a large number of clones. All 

three clones selected for blastocyst injection on the basis of the extent of 

co-expression, showed similar strong and widespread lacZ expression in 

vitro. Therefore, there were not any obvious in vitro characteristics, apart 

from the higher proportion of co-expressing cells in E148 clone that 

would clearly distinguish this clone, showing restricted reporter 

expression in vivo, from the ubiquitously expressed E202 and E395 clones. 

In vitro differentiation of ES cells 

Variability in T expression pattern was observed during in vitro 

screening of the clones. This was probably due to differences in the extent 

and/or type of differentiation of clones plated at varying cell densities. It 

has been shown that ES cell differentiation is incomplete upon 

withdrawal of LIF from high-density cultures. This was initially 
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Figure 3.21. Different possible co-expression patterns 
Coloured circles represent the set of cells expressing either Rgal or T. The size of the 
intersection area indicates the proportion of cells that are expressing both markers. 
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attributed to the high levels of both matrix-associated and diffusible 

forms of LIF produced by the differentiated ES cells that can maintain and 

allow the expansion of undifferentiated colonies (Rathjen et al., 1990). 

Subsequently, it was found that following elimination of the 

differentiated progeny from ES cell aggregates (EBs), the stem cell 

population persists and expands in the absence of exogenous LIF. This 

finding was the first conclusive demonstration that undifferentiated ES 

cells themselves have an autocrine capacity for self-renewal. This is 

probably due to the low level expression of matrix-associated form of LIP 

(Mountfold et al., 1998). Thus, low and more restricted expression of T 

obtained for some of the gene trap clones could have been the result of 

insufficient differentiation of cells due to the plating of a higher than 

optimal cell number. 

Loss of reporter expression in gene trap clones 

A general reduction both in the levels and the extent of fgal 

expression was observed when co-expressing clones were re-screened. 

This reduction mostly concerned clones with a low initial level of 

expression. However, two clones with medium and high widespread 

expression (E13 and E73 respectively) showed no positive cells after the 

second screen. Interestingly, selection of clones in G418 did not result in 

restoration of expression levels although all clones except E73 survived 

and could be expanded. This instability in reporter expression is 

reminiscent of transgene inactivation phenomena reported previously. 

Several mechanisms can account for inactivation of transgenes. 

Loss of transgene DNA has been observed but it seems to be a rather 

uncommon phenomenon (Baer et al., 2000; Dobie et al., 1997). It can occur 

when cells expressing the construct have a selective disadvantage and is 

facilitated by the presence of inverted repeats as in the case of integration 

of multiple vector copies in a head-to-head or tail-to-tail orientation 

(Collick et al., 1996). Furthermore, there is increasing evidence that often 
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transgenes are subject to transcriptional silencing due to epigenetic 

modifications in vector sequences or the endogenous integration site. 

The factors known at present to influence transgene silencing 

include copy number, integration site, the lineage in which expression 

occurs, and the cis-acting transcriptional control elements (Garrick et al., 

1998; Walters et al., 1996 and references therein). Conclusive evidence 

that concatemeric arrays of a transgene can have a repressive effect on 

gene expression in mice was presented by Garrick et al. Reduction in copy 

number of a transgene targeted in a specific locus, using a Cre/LoxP 

system, resulted in a marked increase in transgene expression. This was 

accompanied by a decrease in chromatin compaction and methylation at 

the targeted locus (Garrick et al., 1998). A different study demonstrates the 

positive effect of transcriptional enhancers in maintenance of transgene 

expression (Walters et al., 1996). These appear to act in a binary mode, in 

which they increase the probability that a promoter will achieve and 

maintain an active state while they have also a minor effect on the 

transcriptional rate. This effect is position-dependent and seems to be 

mediated through direct interaction of transcriptional activators with 

repressive chromatin structures. Finally, in a study comparing 

electroporation and retroviral infection, a significant difference was 

observed between clones generated using either of these transfer routes, 

relative to the long-term expression stability of the integrated transgene 

(Baer et al., 2000). More specifically, clones generated by electroporation 

show a significantly higher rate and extent of silencing compared to 

clones generated by retroviral infection. Interestingly, this transgene 

instability was observed only in transfected clones that were low 

expressers initially. 

How these previous findings on inactivation of transgenes could 

be compared to the results obtained here using a promoterless gene trap 

construct? Firstly, electroporation of gene trap constructs has been shown 

to result in some cases in integration of multiple copies, most usually in 

tandem (Forrester et al., 1996; Friedrich and Soriano, 1991) that could be 
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targets for de novo methylation and induction of chromatin compaction 

at the integration site. However, while no more than five vector copies 

have been reported previously to have integrated using electroporation, a 

much higher copy number (>20) has been associated with transgene 

silencing (see also Dobie et al., 1997; Garrick et al., 1998). Therefore, 

although repeat-induced silencing remains a possible explanation, it is 

unlikely that this is the general case accounting for the reduced 

expression in the clones of the present screen. Some clones, in particular 

the initially high expresser E73, could have lost expression following 

interruption of an endogenous intronic enhancer sequence, essential for 

maintenance of a transcriptionally active chromatin state at the 

integration site. Finally, the results presented here, mostly resemble those 

obtained by Baer et al (2000). Preferential instability of low expressing 

clones, generated by electroporation, has been proposed to be due to the 

property of a class of target sites which are either surrounded by 

repressive chromatin or that have undergone extensive rearrangements 

during the integration step. 

Characterisation of the E148 gene trap integration 

Line E148 carries a single gene trap integration into a novel gene 

mapped by FISH to the proximal region of chromosome 3 and encoding a 

putative nuclear protein. Comparison of the endogenous sequence, 

obtained by 5'RACE, to the EST and genomic databases allowed 

identification of the corresponding genomic mouse sequence as well as 

the putative human orthologue. Further analysis indicated the presence 

of four possible 5' alternative exons. However, the two transcripts and the 

corresponding ORFs predicted in the database lie downstream of and do 

not include this region. It is therefore unclear at present whether the 5' 

sequence of this gene is subject to alternative splicing. Finally, conceptual 

translation revealed the presence of at least one P1-ID zinc-finger domain, 

which in combination with the observed nuclear localisation of the 
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fusion reporter protein suggests that the endogenous protein may 

function as transcription factor. 

The fusion protein is initially expressed in an apparently 

ubiquitous manner in the E6.5 conceptus with a particularly high 1gal 

activity found in visceral endoderm. During gastrulation, expression in 

the embryo proper becomes restricted to the neurectoderm and the 

ectodermal component of the primitive streak and node while it is 

quickly downregulated as cells in the streak delaminate to form 

mesoderm. This differential expression in the primitive streak and the 

earlier ubiquitous expression in the pre-streak epiblast raise the possibility 

that the disrupted gene may play a role in maintaining the potency of 

early epiblast cells. In addition, expression of the fusion protein in the 

CNH of the tail bud, during early organogenesis stages, further marks a 

region known to contain pluripotent progenitors for the axial tissues. 

During organogenesis stages, expression is de novo upregulated in 

certain mesodermal derivatives. In the paraxial mesoderm in particular, 

expression is strongly activated in stripes localised to the anterior 

compartment of the nascent and newly formed somites. This pattern of 

expression is reminiscent of genes involved in segmentation of the 

paraxial mesoderm and the determination of A/P identity. These include 

Mesp2, Lunatic fringe (Lfng) and genes of the Hoxd complex (Pourquie, 

2000; Saga and Takeda, 2001; Zákány et al., 2001). Expression of these genes 

at the anterior part of nascent and newly formed somites was shown to be 

under the control of a Notch pathway-dependent segmentation clock. 

The segmentation clock acts, by an as yet unknown mechanism, to 

regulate a dynamic, periodic expression of these genes that appears as 

anteroposterior waves of on and off states. Such a cycling mode of 

expression was not detected in E148 embryos. Furthermore, expression of 

E148, although significantly downregulated still persists in more anterior, 

older somites, unlike the expression of Mesp2, Lfng and Hoxd. It is 

possible however, that expression of the fusion transcript and/or protein 

is not so tightly regulated to allow detection of subtle temporal 
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differences. Indeed, a targeted Hoxdl/lacZ allele generated a stable and 

extended expression pattern that was weakly maintained in anterior 

maturing somites. This discrepancy was shown to be due to an increased 

stability of the chimeric RNA and suggested that there is a continuous 

basal expression of Hoxdl in anterior somitic mesoderm (Zákány et al., 

2001). 

Although the intriguing expression of E148 in the primitive 

streak/tail bud and the somites suggests that the disrupted gene may have 

a function in the epiblast and the A/P patterning, homozygotes for the 

gene trap allele are viable and do not present any apparent phenotypic 

defects. In addition, they are fertile although a minor effect of the 

mutation on fertility rate remains to be determined. Northern blot and 

RT-PCR analyses have shown that endogenous transcripts are efficiently 

disrupted by the gene trap insertion suggesting that E148 is a null allele. 

The absence of overt phenotype would therefore imply that either this 

gene has no essential function or possibly other gene products can 

compensate following inactivation of its function. This second possibility 

is reinforced by the existence of two further mouse genes showing 

extensive sequence homology to MmE148-c3. 
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The general objective of this project was to develop experimental 

strategies in order to study the formation of A/P axis during mouse 

embryogenesis. The primitive streak and later the tail bud are known to 

play a crucial role during this process both as progenitor populations of 

axial tissues and as regions of gene activity essential for the correct 

patterning of the embryo along the A/P axis. For this reason, both the 

clonal analysis approach developed and the gene trap mutagenesis 

screen undertaken focused on these transient embryonic regions. The 

major experimental findings and future perspectives are discussed 

below. 

4.1. A FLEXIBLE STRATEGY FOR CLONAL ANALYSIS IN VIVO 

The results obtained from evaluation of the clonal analysis 

strategy, presented in chapter 2, indicate that it would be feasible to 

perform a complete study of the primitive streak and tail bud 

derivatives provided that an effector line expressing cre in an 

appropriate and consistent manner is used. The widespread Cre-

mediated recombination conferred by the Tcre transgene, although 

unpredicted, is not entirely surprising. Similar results were obtained for 

other Cre lines anticipated to confer region- or lineage-specific DNA 

excision, such as GATA1-cre and Hex-cre (Mao et at., 1999, S. Srinivas 

and T. Rodriguez unpublished results). Ubiquitous activation of 

reporter expression by these lines was attributed to unpredicted cre 

expression during early embryonic stages when cell fate is still not 

restricted. For example, it was found that the Hex-cre transgene, whose 

expression was expected to be activated in AVE cells of the pre-gastrula, 

confers expression in 1CM cells at the blastocyst stage. These findings 

highlight the importance of obtaining temporal as well as spatial control 

over the expression of cre transgenes. 

Temporal regulation superimposed on promoter specificity can 

be achieved by combining the Cre/LoxP methodology with inducible 
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systems such as the reverse tetracycline or hormone inducible systems. 

Such approaches allow expression of Cre transgenes, spatially defined 

by the activity of the specific promoter employed, only in the presence 

of the appropriate inducer that can be supplied exogenously. 

The strategy developed for clonal analysis has a notable 

advantage compared to previous approaches (Bonnerot and Nicolas, 

1993). It is a flexible and modular system that makes use of a well 

characterised reporter line that can be crossed to different specific Cre 

lines in order to study the lineage of distinct embryonic compartments. 

An increasing number of Cre lines are generated and become available 

to the scientific community. Given that these lines are of general use, 

an important saving in resources is gained. 

4.2. GENE TRAP MUTAGENESIS SCREEN 

The results of the pilot gene trap screen showed that in vitro pre-

selection of clones co-expressing the gene trap reporter and T, accurately 

predicts insertions in genes expressed in the primitive streak and tail 

bud. However, 2/3 of the co-expressing clones examined in vivo, 

showed ubiquitous reporter expression in the embryonic tissues during 

gastrulation and early organogenesis. Since 1gal activity in these clones 

was seen only in a subset of cells in vitro, it is possible that a restriction 

of the expression occurs at later embryonic stages. 

These findings raise important questions concerning the patterns 

of spontaneous cell differentiation obtained by simple removal of LIF. 

The majority of in vitro studies reported to date focused on the 

spontaneous or induced differentiation potential of ES cells with respect 

to lineage-restricted and terminally differentiated cell types. In contrast, 

little is known about the transient precursor populations such as the 

population of cells characterised by expression of T. Considering the 

non-reproducible differentiation of ES cells under the conditions tested, 

indicated by the variable T expression, it would be important to define 
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specific protocols to better control and direct differentiation of cells 

towards this pathway. These protocols that could employ factors known 

to induce expression of T in vitro and in vivo, like Wnt3 and Wnt3a 

(Arnold et al., 2000; Lako et al., 2001), could potentially help to eliminate 

or at least reduce the effect of variables difficult to control during the 

differentiation procedure, such as the plating density. In addition, given 

that the pool of interesting genes that have a restricted expression in the 

streak may be limited, an improved differentiation protocol that 

accelerates the screening procedure would make a large-scale screen 

more feasible. 

An intriguing but unexplored finding of the present screen was 

the instability of reporter expression observed in some of the clones re-

screened in vitro. This instability seems to characterise principally 

clones with low initial expression and it becomes obvious after 

prolonged culture of the clones. Similar observations were not reported 

previously for gene trap screens but the reason may be that there have 

not been extensive re-screens. It would be interesting to understand the 

underlying cause and determine whether this is a peculiarity of ES cells 

in culture or it can also occur in vivo. 

Finally, the screen resulted in identification of a novel gene with 

an interesting restricted expression pattern including the primitive 

streak and tail bud. Analysis of transcripts showed that endogenous 

expression is efficiently disrupted. However, mice homozygous for this 

integration are viable and fertile. Characterisation of the integration in 

combination with the recently available information on mouse and 

human genome allowed identification of the genomic sequences in 

both species most probably corresponding to the disrupted mouse gene 

and its human orthologue. These encode putative mammal-specific 

zinc-finger proteins showing extensive homology to a subset of 

proteins containing also zinc-finger motifs, thus raising the possibility 

that they are members of a multigene family of transcription factors. A 

functional compensation by other family members could in turn 
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explain the lack of overt phenotype in homozygote mice. This 

highlights the unique opportunity offered by gene trapping and 

expression or sequence-based screens that unlike other phenotype-

driven mutagenesis approaches, such as ENU, allow recovery of 

phenotypically silent mutations. 
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5.1 MATERIALS 

Commonly used solutions were made according to Sambrook et 

al. (1989). All chemicals were of analytical grade and supplied by BDH 

and Sigma. Electrophoresis grade agarose was supplied by GibcoBRL. 

Restriction enzymes and modifying enzymes were supplied by Roche 

and New England Biolabs. All bacterial media components were 

supplied by Difco laboratories. Synthetic oligonucleotides were supplied 

by MWG-Biotech. Radioisotopes were supplied by Amersham. For DNA 

sequence analysis Genejockey II version 1.6 and DNAstar version 5 were 

used. 

DNA vectors 

Commercially available 

pBluescript II KS (-) (Stratagene) 

PCR2.1.-Topo (Invitrogen) 

Constructed/Provided 

Maps of vectors provided are shown in figure 5.1. Maps of vectors 

constructed are shown in the chapter and section presenting the 

construction procedure for each vector. 

pGT1,2,3 (W. C. Skarnes) 

pTZnlslaacZ (J-F. Nicolas) 

pTZnlslacZ (Same as pTZnlslaacZ except that fragment ClaI(2)/EcoRV of 

pTZnlslaacZ carrying a sequence duplication was replaced by ClaI/EcoRV 

fragment from pGT1 - constructed, map not shown) 

pRosa26PA (S. Srinivas) 

BigT (S. Srinivas) 

pRosa26-5' (RACE-PCR fragment from Rosa26 gene trap insertion cloned 

into Bluescript II KS) (Soriano, 1999) 
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R26loxPnlslaacZ (constructed) 

R261oxPnlslacZ (constructed - same as R26nlslaacZ except that it carries 

original lacZ - constructed, map not shown) 

pCAG-Cre-IP (H. Priddle) 

pCTZA (8.3kb fragment of T upstream sequence followed by lacZ and 

SV40 pA cloned into Bluescriptil) (Clements et al., 1996) 

PHA58 (A. C. Smith) 

pPHCAG-C2 -egfp (S. Lee) 

Tcre (constructed) 

pE148/400 (PCR product amplified with primers E148(2)/mEST from 

cDNA produced by reverse transcription of total RNA from ES cells, 

cloned in PCR2.1-Topo vector - constructed, map not shown) 

pRCre (fragment EcoRl/Clal of pCAG-Cre-IP corresponding to Cre coding 

sequence from base 1 to 840 subcloned in Bluescript II KS - constructed, 

map not shown). 

Probes for hybridisation 

Table 5.1. List of DNA probes 

Probe 	Restriction 
fragment 

Size (kb) Plasmid 

5'Rosa26 EcoRl/Hindlil 0.14 pRosa26-5' 

5'lacZ BamHI/EcoRV 1.3 pTZnlslacZ 

3'lacZ/neo BamHI/SacI 1.1 &1.3 pGT1 

dCre EcoRl 1.1 pCAG-Cre-IP 

en-2 BamHI 0.2 &0.3 pCT1 

5'E148 EcoRT/XbaI 0.12 pE148/400 

3'E148 EcoRI/XbaT 0.28 pE148/400 
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Table 5.2. List of RNA probes 

Probe Description and Synthesis Plasmid/Reference 

T cDNA sequence from base 1 to 1764 (Herrmann, 1991) 
Linearised BamHI, transcribed T7 

rCreAS Gre coding sequence from base 1 to 840 pRCre 
(antisense) Linearised EcoRT, transcribed 13 

rCreS As above nRCre 
(sense) Linearised Clal, transcribed T7 

Primers 

Table 5.3. List of RACE primers 

Primer Stock # Sequence (5'—>3') 

Ri 78 TAATGGGATAGGTTACGT 

R2 56 GGTTGTGACCTCTTCTAGATGG(T17 ) 

R3 59 GGTTGTGAGCTCTTCTAGATGG 

R4 79 AGTATCGGCCTCAGGAAGATCG 

bio-R4 bio-79 same as R4 biotinylated at 5' 

R5 80 ATTCAGGCTCCGCAACTGTTGG 

R6 M13-40 GTTTTCCCAGTCACGAC 
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Table 5.4. List of miscellaneous primers 

Primer 	 Sequence (5'—>.3') 

Rosa 1 	 AAAGTCGCTCTGAGTTGTTAT 

Rosa2 	 GCGAAGAGTTTGTCCTCA2\CC 

Rosa3 	 CCAGCCGCAGAAATGGATATC 

T7-Sall 	 GTACGCGTCCACGTAATACGACTCACTATAGGGC 

Tps-XbaI 	 CTAGTTCTAGATCTCCACCTTCCAGGAGTCTTGA 

E148(2) 	 GCAGCAGTGAGGATTCTGACGA 

mE ST 	 GATATCGACGTACCCTAACGCT 

Escherichia coli strains 

XL1-blue 

DH1O 

ToplO (Invitrogen) 

Molecular size standards 

DNA: 1 kb ladder (Gibco BRL) 

RNA: 0.24-9.5 kb ladder (Gibco BRL) 
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5.2 MOLECULAR BIOLOGY 

Gel purification of DNA 

Restriction fragments and PCR products used for subcloning were 

electrophoresed on agarose gels. Bands were excised under long 

wavelength UV illumination and DNA was recovered using QIAEX II 

kit (QIAGEN) according to manufacturer's instructions. 

Ligation of DNA 

Ligation reactions were generally set up with a vector to insert 

molarity ratio of 1:3 in 20 tl total volume including 50mM Tris-HC1 

(pH7.6), 10mM MgCJ2, 1mM ATP, 1mM DTT and 1U of 14 DNA ligase 

(Boehringer). Reactions were incubated overnight at 16°C. 

For the ligation of adaptors 2 pg of vector were digested with the 

appropriate enzyme and the ends were filled by Klenow in a reaction 

containing 0.1 mM of dNTPs, 2 units of Kienow enzyme, 10 mM 

Tris-HC1 pH7.5, 10mM MgC12, 50mM NaCl and mM DTE. The reaction 

was carried out for 20 min at RT. The enzyme was then heat inactivated 

at 70°C for 10 min and the end-filled vector precipitated with 0.1 volume 

of NaOAc pH5.5, 2.5 volumes of absolute ethanol and 20 ig of glycogen 

carrier. The pellet was resuspended in water and a ligation reaction was 

set up with 200 pmoles of each adaptor oligonucleotide. The sample was 

heated at 70°C for 10 min and cooled on ice for 5 min before adding 2 

units of 14 DNA ligase. Ligation was performed overnight at 16°C. The 

linear fragment corresponding to the vector ligated to the adaptor was 

purified by gel electrophoresis and used to ligate a DNA fragment 

carrying the same overhangs as those created by the adaptor. 

For the ligation of a custom designed adaptor carrying cohesive 

ends at both sides, a similar procedure was followed with the following 

modifications. The oligonucleotides were pre-annealed in annealing 

146 



Chapter 5 

buffer (100 mM NaCl, 10 mM Tris-HCl pH7.5, 10 mM EDTA) by 

incubation at 95°C for 3 mm. The sample was cooled slowly to RT for 4-5 

hours. 500 ng of linearised vector were ligated to 200 pmoles of linker as 

described above. 10 p1 of TE and 3 Al of DM50 were added to 10 p1 of 

ligation reaction, the sample was heated at 65°C for 5 min then 

immediately loaded on an agarose gel. The linear fragment was purified 

from the gel and the free linker ends were re-annealed in annealing 

buffer by incubating the sample at 65°C for 5 min and allowing it to cool 

slowly to RT before being transformed into competent bacteria. 

Transformation of bacteria 

Preparation of electrocompetent cells 

A single bacterial colony from a freshly streaked plate was used to 

inoculate 10 ml SOB -Mg and grown overnight at 37°C with shaking. 500 

ml of SOB -Mg were inoculated with 5 ml of the overnight culture and 

grown at 37°C until O.D.550  reached 0.75. The cells were then centrifuged 

at 4000g for 10 min at 4°C and washed twice with 400 ml of ice-cold 10% 

glycerol. The final pellet was resuspended in 1 ml of ice-cold 10% 

glycerol, dispensed in 50 Al aliquots and snap frozen in a dry ice / 

ethanol bath before being stored at -70 °C. 

Elect ro tra nfo rm at ion 

1-2 p1 of a ligation reaction (or 20 pg of supercoiled plasmid) was 

mixed with 20 p1 of electrocompetent cells on ice, transferred to a 

prechilled 0.1 cm cuvette (Bio-Rad) and electroshocked using a Bio-Rad 

Gene Pulser at 251LF, 1.8kV, 200g. 1 ml of SOC medium was added and 

the cells were allowed to recover for 1 hour at 37°C before being plated 

onto LB agar plates containing the appropriate antibiotic. 
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Where appropriate, a blue/white selection of recombinant 

transformants was applied by treating the plates with 16 Al of 50 mg/mi 

X-gal in dimethyl formamide and 40jd of 100 mM IPTG. 

Preparation of chemically competent cells 

100 ml of LB broth were inoculated with 1 ml of an overnight 

bacterial culture and grown until O.D. 550  reached 0.3-0.6. Cells were 

centrifuged at 4000g for 10 min at 4°C and the pellet resuspended in 5 ml 

solution A (LB broth pH 6.1, 10% PEG, 5% DMSO, 10mM MgC12, 10 MM 

MgSO4). Cells were kept on ice for 10 min and either used directly for 

transformation or glycerol was added to a final concentration of 10% and 

200 d aliquots were frozen as described previously. 

Chemical transformation 

In general, 5 l of a ligation reaction (or 0.5 ng of supercoiled 

plasmid) was used for transformation. The DNA was made up to 80 ti  

with H20 and mixed on ice with 20 pd of 5xKCM solution (0.5M KC1, 

150mM CaC12,250mM MgCl2). The DNA solution was added to 100 /Ll of 

chemically competent cells and the mix was kept on ice for 20 min then 

at RT for 10 mm. 1 ml LB broth was added and the cells were incubated at 

37°C for 1 hour before being plated in the appropriate selective medium. 

ToplO chemically competent bacteria (Invitrogen) were transformed 

according to manufacturer's instructions. 

Screening bacterial colonies 

Colony lifts 

For subcloning of DNA fragments digested with one enzyme or 

with two enzymes that result in compatible cohesive ends, screening for 

recombinant clones was performed by colony hybridisation. 
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An 8.2 cm Nytran nylon membrane (Schleicher & Schuell) was 

placed on top of the agar plate and orientation marks were made with a 

needle both on the membrane and the plate. DNA on the membrane 

was denatured in 0.5 NaOH, 1.5 M Naci for 5 mm, neutralised in 

Tris-HCl pH7.2, 3M NaCl for a further 5 min and rinsed briefly in 2XSSC. 

The membrane was dried for 10 min at 80°C and the DNA was fixed by 

UV cross-linking (Stratalmnker/Stratagene) before being hybridised to the 

appropriate radiolabelled probe. 

Colony PCR 

Bacterial colonies were picked into 1 LB broth and grown for a 

minimum of 6 hours at 37°C. 3 Al of these cultures were used for 

amplification in a standard PCR reaction. 

Isolation of nucleic acids 

Preparation of plasmid DNA 

Large-scale plasmid preparation was performed using QIAGEN 

plasmid isolation kit according to the manufacturer's instructions. For 

small quantities (up to 10 jig), DNA was alternatively prepared by the 

method described by Sambrook et al. (1989). 

Preparation of genomic DNA 

. From ES cells 

Cells were grown to confluency in a 25 cm2  flask (or 24-well 

plates), washed with PBS and lysed overnight with 1.5 ml (500 Al for 

wells) of lysis buffer (10 mM Tris-HCl pH 8.5, 50mM EDTA, 100mM 

NaCl, 0,5% SDS, 100 Ag/ml Proteinase K added before use). DNA from 

flasks was extracted first with one volume of phenol/ chloroform, the 

upper aqueous phase recovered and the extraction repeated with one 
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volume of chloroform. DNA from wells was directly precipitated with 

one volume of isopropanol, centrifuged at 13000 rpm for 10 mm, washed 

in 70% ethanol, resuspended in an appropriate volume of Tris-HC1 pH 

7.5 and stored at 4°C. 

From tissue 

Tail biopsies (0.5 cm) were digested overnight at 55°C in 400 1d of 

TE-SDS (100mM Tris-HC1 pH8.5, 1mM EDTA, 0.5% SDS) containing 

Proteinase K added fresh at a final concentration of 0.25 mg/mi. 75 Itl of 

8M potassium acetate and 0.5 ml of chloroform were added and the 

samples mixed and centrifuged at 13000 rpm for 5 mm. The aqueous 

phase was recovered and precipitated with 1 ml of ethanol and 

centrifugation at 13000 rpm for 15 mm. The pellet was washed with 70% 

ethanol, air-dried, resuspended in Tris-HC1 pH7.5 and stored at 4°C. 

Preparation of RNA 

Total RNA was isolated from cells and tissue using Trizol Reagent 

(GibcoBRL) based on the method of Chomczynski and Sacchi. Cells were 

lysed directly in 25 cm2  flasks with 3 ml of Trizol. Tissues were 

homogenised with 1 ml of the reagent per 50-100 mg of tissue. Samples 

were incubated for 5 min at RT and extracted with 0.2 volumes of 

chloroform. Following 3 min incubation at RT, the samples were 

centrifuged at 12000g for 15 min at 4°C. The upper aqueous phase was 

recovered and RNA was precipitated with 0.5 ml of isopropanol per ml 

of Trizol reagent initially used and centrifugation at 12000g for 10 min at 

4°C. The pellet was washed with 70% ethanol, centrifuged at 7,500g for 5 

min at 4°C, air dried and resuspended in Depc-treated H20. 
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Nucleic acid transfer to membrane 

Southern blot 

DNA samples were electrophoresed in 0.7% agarose gel in 1xTBE 

buffer. The gel was denatured in 1.5M NaCl, 0.5M NaOH for 40 min with 

gentle shaking, rinsed with water and neutralised by two washes of 20 

min in 3M NaCl, Tris-HC1 pH 7.2. The transfer sandwich was assembled 

as follows: 

- a glass plate was placed on the top of a recipient containing 

2OXSSC 

- a strip of Whatman 3MM paper was placed on the glass plate 

with its ends submerged in 20XSSC 

- the gel was inverted and placed on the top of the paper and 

surrounded by parafilm 

- a Hybond N+ nylon membrane (Amersham) cut to gel size was 

soaked in 20XSSC and placed on the top of the gel. Air trapped 

underneath was removed by rolling a plastic pipette over the surface of 

the membrane 

- 3 sheets of Whatman 3MM paper soaked in 20XSSC were placed 

on the top of the membrane followed by a stack of paper towels then a 

glass plate and finally a weight of 0.5-1 Kg. 

The transfer was allowed to continue for at least 16 hours then the 

membrane was dried for 10 min at 80°C and the DNA was fixed to the 

membrane by UV cross-linking (Stratalinker). 

DNA dot blot 

Dot blotting was used for genotyping of mice when appropriate 

and it was carried out principally by Ron Wilkie. 

10 pg of genomic DNA was made up to 100 Itl with distilled H20. 

0.1 volumes of 3M NaOH were added and the samples were incubated at 

65°C for 1 hour. They were cooled at RT for 10 min before adding 1 
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volume of 2M NH40Ac. For the application of the samples to the nylon 

membrane (Hybond N+, Amersham), a commercial Dot Blot apparatus 

was used (Bio-Rad). The membrane was pre-wet in distilled water then 

soaked in 0.4M NaOH for 10 mm. It was placed on the apparatus on the 

top of a Whatman 3MM paper pre-wet also in 0.4M NaOH. Samples 

were deposited on the slots of the apparatus and a mild vacuum was 

applied to draw through the liquid. The membrane was dried and the 

DNA was crosslinked as described above before being hybridised to a 

radiolabelled probe. 

Nothern blot 

10 pg of total RNA made up to 5 iil was added to 25 td of sample 

buffer (50% v/v formamide, 2.2M formaldehyde, 1xMOPS, 1.25 l 

glycerol, 1.25 itl bromophenol blue, 0.125 Al ethidium bromide). The 

samples were heated at 70°C for 5 mm, cooled on ice for 3 min and 

loaded on a denaturing 1% gel. The gel was prepared as follows: 1.5 g of 

agarose was dissolved in 130.5 ml of H20 by heating. To the dissolved 

agarose, 15 ml of 10xMOPS (200mM MOPS, 50mM NaOAc, 10mM EDTA 

pH7) and 7.7 ml of 37% formaldehyde were added in a fume hood. The 

gel was allowed to set and after loading of the samples it was run at 80-

100 V for several hours and with constant mixing of the buffer. 

After electrophoresis, the gel was rinsed with distilled water and 

transfer of the RNA was performed as described above for DNA, except 

that Hybond N membrane and 10xSSC transfer buffer were used. 

Preparation of radiolabelled probes by random priming 

DNA fragments used as templates for probe synthesis were 

prepared by restriction digestion of plasmid DNA and gel purification as 

described in an earlier section. Probes were labelled using the Megaprime 

DNA labelling kit (Amersham) according to manufacturer's instructions. 
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25-50 ng of template DNA was used with 50zCi ct32dCTP generally 

resulting in a specific activity of approximately 107  cpm/JLg of DNA. After 

synthesis, probes were purified by gel filtration using Nick Columns 

(Amersham Pharmacia). 

Hybridisation of radiolabelled probes 

Hybridisation and washes were carried out in Techne cylinders 

rotating in a Techne HB-1 oven using 20 ml of hybridisation buffer or 40-

50 ml of wash buffers. Pre-hybridisation and hybridisation of DNA blots 

(Southern, colony lifts) were performed in 0.5M phosphate buffer 

(Na2HPO4, NaH2PO4, pH7.2), 15% formamide, 7% SDS, 1% BSA, 1mM 

EDTA, 0.1g/ml denatured herring sperm DNA at 65 °C. Membranes 

were pre-hybridised for 1 hour to overnight and hybridised for a 

minimum of 16 hours. Random-primed probes were denatured at 100 °C 

for 10 mm, incubated on ice and 2-3x106 C.P.M.  were added per ml of 

hybridisation buffer. Following hybridisation, blots were rinsed twice at 

RI then washed twice for 20 min with 2xSSC/0.5% SDS and twice for 20 

min with 0.1xSSC/0.5% SDS. Membranes were then wrapped in Saran 

wrap and exposed in a Phosphorimage screen for 1 to 48 hours. The 

screens were scanned in a Fluorescent Image Analyser (Fugifilm FLA-

3000) 

Polymerase Chain Reaction (PCR) 

In general, DNA was amplified in a reaction containing 10mM 

Tris-HO pH8.3, 50mM KC1, 1.5mM MgC12, 0.5jM of each primer, 200M 

dNIPs and 2 units of Taq (Roche). DNA was initially denatured for 3 

min at 94°C then subjected to 30 cycles of denaturing at 94°C for 45 sec, 

annealing at a temperature 2°C above the Tm of the specific primer pair 

for 45 sec and extension at 72°C for 1 to 2 min depending on the size of 
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the sequence to be amplified. After a final elongation step of 10 min at 

72°C, PCR products were analysed by agarose gel electrophoresis. 

Sequences to be cloned were amplified with the proofreading 

polymerase Pow (Roche) in 25mM KC1, 5mM(NH4)2SO4, 2mM MgSO4, 

10mM Tris-HCI, pH 8.85. 

Reverse Transcription PCR (RT-PCR) 

First strand cDNA synthesis 

4 jig of total RNA was used in a 20 j.d reaction containing 0.5DM of 

polydT primer (x /Lg//Ll; Gibco BRL), 200 units Superscript II (GibcoBRL), 

10mM dNTPs and 20 units RNase inhibitor (Roche) in 75mM KC1, 3mM 

MgCl2, 10mM DTT, 50mM Tris-HC1 pH8.3. The RNA and primer were 

first denatured at 65°C for 5 min and incubated on ice for 3 mm. The rest 

of the reagents except of the enzyme were added and the sample was 

incubated at 42°C for 2 mm. Following addition of the enzyme, the 

reaction was incubated at 42°C for 50 mm. At the end of the reaction, the 

RNA strand was degraded with 2 units of RNase H (Gibco BRL) at 37°C 

for 20 mm. 

PCR 

1/10 of the 	strand reaction (2 jzl) was used in a 50 pA PCR 

reaction set up as described earlier. Conditions for the primer pair 

E148(2) /mEST were 94°C, 3 mm; 30 cycles of 94°C, 45 sec; 58°C, 45 sec; 

72°C, 1 min and a final elongation step of 10 min at 72°C. 

Rapid Amplification of cDNA Ends (RACE) 

First strand cDNA synthesis 

5 jig of total RNA was used in a reaction performed as described in 

the previous section except that the RNA strand was degraded at the end 
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of cDNA synthesis by addition of NaOH to a final concentration of 0.1M 

and incubation at 65°C for 20 mm. Samples were neutralised by addition 

of HC1 to a final concentration of 0.1M, loaded onto a 0.025MM 

microdialysis filter (Millipore) floating in a petri dish filled with TE and 

left to dialyse for 4 hours. 

Poly A tail addition 

First strand cDNA was polyA tailed in a reaction containing 

20mM Potassium cacodylate pH7.2, 2mM CoC12, 0.2mM DTT, 133/LM 

dATP and 30 units of Terminal deoxynucleotidyl Transferase (TdT, 

GibcoBRL). Samples were first incubated at 37°C for 2 min before TdT 

was added then incubation continued for a further 5 min at 37°C 

followed by 2 min at 70°C. 

Second strand synthesis 

Half of the tailed cDNA (15 Al) was incubated with 2 units of 

Kienow polymerase, 0.5mM dNTPs, lOng of primer R2 (table 5.3) in 

10mM Tris-HC1 pH7.5, 10mM MgC12, 50mM NaCl, mM DTE for 30 mm 

at RT followed by 30 min at 37°C. The enzyme was heat inactivated at 

70°C for 5 min and samples were microdialysed against TE on a 0.1m 

filter (Millipore) for 4 hours. 

1st round PCR 

Double stranded cDNA was amplified in a reaction containing 100 

ng of each primer (R3 and R4, table 5.3), 0.2mM dNTPs, 5 units Taq 

polymerase, 2mM MgCl,, 50mM KC1 and 10mM Tris-HC1 pH8.3. Cycling 

conditions consisted of 30 cycles: 94°C for 1 min 30 sec, 60°C for 1 min 30 

sec and 72°C for 3 nun. PCR products were dialysed against TE on 0.1MM 

filters. 
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2nd round PCR 

1/8 of the 1st round PCR products were used for a second 

amplification using primers bio-R4 and R5 (table 5.3). Conditions were 

the same as for the 1st round PCR. Products were microdialysed and 

sequenced as described below. 

DNA Sequencing 

Direct solid-phase sequencing of 5'RACE products 

Preparation of Streptavidin-coated beads 

200 4ag (20 jtl) of strep tavidin-coated magnetic beads (Dynabeads-

280) were used for each template. Supernatant was removed from the 

beads using a magnetic holder (Dynal). The beads were washed with 20 

/L1 of 1xBW buffer (5 mM Tris-HC1 pH 7.5, 0.5 mM EDTA, 1.0 M NaCl) 

and resuspended in 40 i1 of 2xBW buffer. 

Binding of 5'RACE products to beads 

Buffer was removed from the beads on magnet and 40 pi of 

biotinylated RACE-PCR products were added. Samples were incubated 

for 15 min at RT with occasional mixing to keep the beads in suspension. 

Denaturation of DNA and removal of the non-biotinylated 

strand 

The supernatant was removed from beads, which, were then 

washed with 40 /Ll of 1xBW buffer. The bound cDNA was denatured by 

resuspending the beads in 8 Al 0.1 M NaOH and incubating at RT for 10 

mm. The beads were washed twice with 50 JL1 0.1 NaOH, once with 

1xBW buffer and once with 50 Al TE. They were finally resuspended in 

12.5 pi of sterile H20. 
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End labelling of the sequencing primer 

10 pmol of sequencing primer was incubated with 50 [tCi 

y32PdATP and 10 units polynucleotide kinase (PNK; Roche), in 1 x PKN 

buffer for 10 min at 37°C. The enzyme was heat inactivated at 95°C for 2 

min and the labelled primer was stored at -20°C for a maximum period 

of 1 week until use. 

Sequencing reactions 

Amplicycle Sequencing kit (Perkin Elmer) was used for 

sequencing. A reaction mix was made by adding to 12.5 p1 of beads, 4 i1 

of 10 x cycling mix (containing the enzyme) and 1 Al of end labelled 

primer. 6 p1 of the reaction mix were added to 2 p1 of each termination 

mix (ddATP, ddCTP, ddGTP, ddTTP) in 0.5 Itl PCR tubes. Reactions were 

performed in a thermal cycler (Hybaid) under the following conditions: 

95°C for 3 min then 30 cycles of 95°C for 1 mm, 60°C for 1 min and 72°C 

for 1 min followed by a final extension cycle of 72°C for 10 mm. 4 p1 of 

stop solution were added at the end of cycling, the samples were 

incubated at 80°C for 3 min and loaded on a sequencing gel. 

Automated sequencing 

Automated sequencing for purposes other than RACE was 

performed by CGR sequencing service using the Perkin-Elmer Taq 

DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems) and 

ABI PRISM 377 DNA Sequencer or by MWG-Biotech. 

5.3. CELL CULTURE 

Cell culture was performed in laminar flow sterile hoods. All 

solutions were filtered (0.21tm filter), tested for sterility and pre-warmed 

to 37°C prior to use. Cells were incubated in a humified incubator 
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(Heraeus) at 37°C and 7.5% CO2  and examined using an inverted 

microscope (Olympus CK2). 

Materials 

Embryonic stem (ES) cells 

E14TG2a ES cell line, an HPRT-deficient variant of the original E14 

line derived from129/Ola mouse blastocysts, was used (Hooper et al., 

1987). This line is karyotypically male, feeder independent, and can be 

maintained in an undifferentiated state by addition of Leukemia 

Inhibitory Factor (LIF) to the culture medium. 

Culture media and solutions 

Stock solutions were prepared and filter sterilised by Derek Rout 

and Helen Henderson at CGR. 

Phosphate Buffered Saline without Mg (PBS lx) 

Trypsin/EDTA (lx): 250 /1g/ml of trypsin (Difco) and 372 jig/ml 

of EDTA disodium salt in PBS. Filter sterilised, aliquoted and stored at 

-20°C. 

. 1% Gelatin (lOx): 1 g of gelatin (Sigma) per 100 ml of water. 

Sterilised by autoclaving, aliquoted and stored at 4°C. A working dilution 

of 0.1% gelatin was made in PBS. 

0.1M 2-mercaptoethanol (SIGMA): Stored up to one month at 

4°C. 

G418 (Roche): 200 mg/ml in water and filter sterilised. 

. Culture medium 

1X Glasgow MEM/BHK12 (GibcoBRL) medium was used and 

supplemented with 10% Fetal Calf Serum, 0.25% sodium bicarbonate, 

0.1% MEM non-essential aminoacids (GibcoBRL), 4mM glutamine 

(GibcoBRL), 2mM sodium pyruvate (GibcoBRL), 0.1mM 
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2-mercaptoethanol and 100 units/ml of LIF. Batches of serum were tested 

for their ability to sustain the viability, growth and differentiation of ES 

cells plated at clonal density in the absence or presence of LIP. 

Leukemia Inhibitory Factor (LIP) 

LIF was prepared by Derek Rout at CGR by transient transfection of 

murine or human LIF expression plasmids in COS-7 cells following the 

method described by Smith (1991). Serial dilutions of the supernatant 

were tested on ES cells for their ability to maintain pluripotency. 100-fold 

the minimum concentration required to maintain ES cells 

undifferentiated was typically used. 

Freezing medium 

ES cell culture medium including 10% dimethyl sulfoxide 

Routine ES cell culture procedures 

Maintenance and passage of ES cells 

Cells were plated in gelatinised flasks and passaged when they had 

nearly reached confluency. Medium was changed every day. For 

passaging, the medium was aspirated and cells were washed twice with 

PBS. A volume of trypsin solution sufficient to cover the surface of the 

flask (1 ml for a 25 cm' flask) was added and the cells were incubated at 

37°C for 2-3 mm. 5 ml of ES cell medium was added to inhibit the 

activity of trypsin and a single cell suspension was achieved by gently 

pipetting the cells several times. Cells were transferred in a 30 ml 

universal tube and centrifuged for 5 min at llOOxg. The supernatant was 

removed and the cell pellet was resuspended in 5 ml of medium. Cells 

were counted in an hmocytometer and approximately 106  cells were 

plated in a 25cm2  flask in a total volume of 7 ml of ES cell medium. 
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Freezing ES cells 

Cells were trypsinised to obtain a single cell suspension and 

pelleted by centrifugation. The pellet was resuspended in freezing 

medium (1 ml for a 25 cm2  flask) and 0.5 ml were transferred to each 

cryovial (Nunc). Cells were left at -70°C for 24 hours and finally stored in 

a liquid nitrogen cell bank. 

Thawing ES cells 

Frozen vials were retrieved from liquid nitrogen storage and 

quickly thawed in a 37°C water bath. The cell suspension was transferred 

in a universal tube containing 10 ml of pre-warmed medium and 

centrifuged for 5 min at 1100g. The supernatant was aspirated, cells were 

resuspended in 7 ml of ES cell medium and plated in a 25cm2  flask. The 

medium was changed after approximately 8 hours to remove any 

residual dimethyl sulfoxide known to be toxic to cells and to induce cell 

differentiation. 

Transfection of DNA vectors into ES cells 

Electroporation 

Gene trap and targeting vectors were introduced into ES cells by 

electrop oration. 150 pg of vector DNA was linearised with the 

appropriate restriction enzyme, precipitated with 1 ml of absolute 

ethanol, washed with 70% ethanol and resuspended in 100 ttl of sterile 

PBS. Cells in 3 x 175 cm2 flasks were trypsinised as described earlier using 

4 ml of trypsin. 15 ml of medium were added and the cells were counted. 

Following centrifugation, the pellet was resuspended in 10 ml of cold 

PBS. The cells were pooled, centrifuged again and the pellet was 

resuspended in cold PBS at a concentration of 108  cells/ml. 600 Al of cell 

suspension was transferred to a 0.4 cm electroporation cuvette (Bio-Rad) 
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and the DNA solution (150tg/100d in PBS) was added and mixed 

gently. Cells were electroporated immediately in a Bio-Rad Gene Pulser 

unit set at 3LF, 0.8kv which must result in a time constant of 0.1msec. 

They were left for 10 min in the cuvette before being transferred in a 

universal containing 9.5 ml of ES cell medium. 1 ml of the cell 

suspension was plated in each 10 cm plate containing 10 ml of ES cell 

medium. The following day the medium was removed and replaced 

with the appropriate selective medium. 

Lip ofec t ion 

Lipofection was performed using Lipofectamine Plus Reagent 

(GibcoBRL) according to manufacturer's instructions. For transient 

transfections, ES cells were seeded the day before transfection at io 

cells/ml of medium in 24-well plates. 0.4 pg of DNA was transfected and 

reporter gene activity was assayed 24-48 hours after transfection. For 

stable transfection, cells were seeded at 105  cells/ml of medium in 6-well 

plates and transfected the following day with 1jg of DNA. Cells were 

passaged one day after transfection and two days after transfection the 

appropriate selective medium was added. Transfection was performed in 

both cases by incubation of cells with the DNA-cationic lipid complexes 

for 3 hours at 37°C in serum free medium (Opti-MEM I Reduced-Serum 

Medium with Glutamax, Gibco) supplemented with 100 units/ml of LIF. 

At the end of the incubation, 1 volume of ES cell medium containing 

twice the normal concentration of serum was added to the cells. The next 

day the medium containing the complexes was replaced with fresh ES 

cell medium. 

Picking resistant colonies 

10 days after the start of selection, resistant colonies were picked in 

96-well plates. A 10 cm plate containing the cells was rinsed with PBS 
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and then 10 ml of PBS was added. Single colonies were picked with a 

Gilson 50 jil pipette set to 20 id and transferred to round-bottom 96-well 

plates. For each group of 24 colonies picked, 30 ttl of trypsin was added to 

each well with a multi-channel pipette and the cells were incubated at 

37°C for 3 mm. 200 il of ES cell medium was added, the colonies were 

dissociated by gentle pipetting and transferred in gelatinised flat-bottom 

96-well plates. When 80-90% of colonies had reached confluency, cells in 

each well were passaged in one 24-well master plate used for subsequent 

expansion of selected lines and one 96-well plate used for screening 

desired integration events. 

5.4. EMBRYOLOGY 

Maintenance of animals 

Mice were housed and bred within the animal unit of CGR 

according to the provisions of the animals (Scientific Procedures) Act 

1986. They were maintained in a stabilised environment on a 14 hours 

light! 10 hours dark cycle. 

Recovery of embryos 

For the collection of embryos at specific developmental stages, 

matings were set up overnight and the females examined for the 

presence of a vaginal plug the next morning. Noon on the day of finding 

a vaginal plug was designated 0.5 d.p.c. (E0.5). Embryos were dissected 

from the uterus in PBS or M2 medium. 

Blastocysts injections and generation of chimaeras 

Injections of ES cells into blastocysts and transfer of the blastocysts 

to pseudopregnant females were performed by Val Wilson. The 
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procedure followed was essentially the same as that described by 

Robertson (1987). Host blastocysts were C57BL/6 and recipient mothers 

were an Fl stock from matings between C57BL/6 and CBA strains. Fl 

females had been mated with vasectomised DBA males 2.5 days before 

blastocyst transfer. Contribution of ES cells to the pups born was 

estimated by the coat colour and the distortion of sex ratio. Germline 

transmission was tested by breeding of male chimaeras to C57BL/6 

females. Generation of agouti offspring indicated successful transmission 

through the germline of the ES cells' genotype. 

Histology 

Preparation of cryostat sections 

Freshly dissected embryos were embedded in OCT compound 

(BDH), snap frozen in dry ice and stored at -70°C. 2-3 hours before 

sectioning, specimen were equilibrated at -20°C. Frozen sections (10-15 

pm) were cut on a Cryotome 620 cryostat (Anglia Scientific) and 

transferred to gelatin-coated slides. The slides were either stored at -20°C 

or fixed and X-gal stained immediately. Stained sections were mounted 

under coverslips in Mowiol 4-88. 

Preparation of paraffin sections 

Paraffin sections were prepared by Ron Wilkie. 

Embryos or tissues were prepared as described by Kaufman (1995) 

before being embedded in paraffin wax. 8-10 jim sections were cut and 

deposited on gelatin-coated slides, dewaxed in xylene for 5 min and 

mounted under coverslip in DPX mountant (BDH). 
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Staining cells, embryos and sections for /3gal activity 

Cells and cryostat sections were fixed for 10 min at 4°C in fixing 

solution (0.2% glutaraldehyde, 2mM MgCl,, 5mM EGTA, 0.1M phosphate 

buffer pH7.4) and washed 3 times for 10 min in wash solution (0.1M 

phosphate buffer pH7.4, 2mM MgCl2, 0.01% (w/v) sodium desoxycholate, 

0.02% (w/v) Nonidet P-40). For embryos (E5.5 to E12.5), the fixation time 

varied from 30 min to 2 hours depending on the stage and similarly 

washing time varied from 10 to 30 mm. Staining was performed at 37°C 

in wash solution containing 5mM K3Fe(CN)6, 5mM K4Fe(CN)6.H20 and 

lmg/ml X-gal (SIGMA) for 2 hours to overnight. X-gal was originally 

dissolved in dimethyl formamide at a concentration of 100 mg/ml. 

Following staining, specimen were refixed overnight in fixing solution 

and stored at 4°C. 

In situ hybridisation 

Whole mount in situ hybridisation was performed as described 

previously (Wilkinson, 1992) with the following modifications. Samples 

were fixed overnight at 4°C in 4% PFA in PBS. Treatment with 101tg/ml 

of Proteinase K was 3 min for cells, 6 min for E5.5, 7 min for E6.5, 10 mm 

for E9.5 and 15 min for E10.5 embryos. RNase A treatment during the 

post-hybridisation wash procedure was performed only for embryos and 

the anti-DIG antibody was not pre-absorbed in embryo powder. 

Digoxigenin or fluorescein-labelled antisense riboprobes were 

transcribed using the appropriate RNA polymerase (Roche) according to 

manufacturer's instructions. 

X-gal/in situ hybridisation double staining of cells 

Cells were fixed with 4% PFA in PBS for 10 min at 4°C, washed 

twice with DEPC-treated PBS for 10 min and stained with RNase-free X-

gal solution (4mM potassium ferrocyanide, 4mM potassium ferricyanide, 
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400.g/ml X-gal in dimethyl formamide, 2mM MgCl,, 0.1% Tween20) at 

37°C, overnight. After staining, cells were washed twice with PBS for 5 

min and re-fixed in 4% PFA for 1 hour to overnight. They were then 

washed for 5 min with PBS and dehydrated in methanol series (25%, 

50%, 75%, 100%, 5 min each). They were stored in 100% methanol at 

-20°C or directly rehydrated in reverse order methanol series and 

processed for in situ hybridisation as described above. 

Imaging 

Digital images of whole-mount embryos and sections were 

acquired using Openlab v.3.0 (Improvision) and a digital camera attached 

to a Zeiss Stemi SV11 stereoscope with bright field or FITC fluorescence 

optics. Plated cells were observed in a Zeiss Axiovert S100 inverted 

microscope and digital images were acquired as above. Acquired images 

were processed using Adobe Photoshop v.6.0 (Adobe Systems Inc.) 
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Appendix 

Appendix LT regulatory sequence cloned in Tcre vector 

1 GAGCTCTCCC TTCCTTCCCG CTTCCTCGCC TCCCCTTTTA 1fliT7TT 

51 ATTGTTTAAA GAGACCCCAT TGAACTATTT CCTGCTCTTT GTCACCTTCC 

101 COTCACTCTC CCGGCAGAGG TTCTCACCGA GAGGCAATA1 ACCAACTGCT 

151 GCCCACACCG CTGGCGAGG CGGGTAGGGA AACGCGCGCA GCATGCGTTC 

201 CAACAATCCC CGGCGCAAAG AGACCAGGGA CTCCCGGGGC CACATTCGGT 

251 GCAGGCGCAT CCACCGTCAA AGTCCAGCTT TTATGTGGGA CGCGGGACA 

301 CCTCCTACTA GGGTCGCTJT CTGTTCGTCT ATTTCCCTCT CTGGACAGAT 

351 CCGCATTGAG CTTCCCTCTC CACGCAGGTG A22 GGTCGTGG GGGACCTGGA 

401 TGCCGAGGTG GGAGTTAGTG GCAGTCCATG GGGCGAGGGG ACGTGTCCCA 

451 AAGCTGCCAC ACCTGGGGAG GCTGAGGCTT TGGAGAGGTC AAGGAGACCC 

501 GGGGACGCC GATCCGCCGP AGTCCCTCTC AGGTGOGCGC AGTGGACGCA 

551 CTCCGCGGGG CAAAGTCGCA GGCGCCGGTG TGCGCTTGGA CAGCGCGTGG 

601 GAGTGGAGG TTTAGCAGTG GCTCTAGGAG CCAGGGTCCT GGGTGGCTCC 

651 AG000GGCTT CTCGCCCTCC CTCCCCCAGG GTCCGCCCCG CCGCTTTGT 

701 GGAGGTGCAA ACATTTGGGG GAGGGCGGGG GTGTCGGGAC TGCGCCCGAC 

751 GCTTTCCTTA CAGGAAGCGC GCGCTGGGC CCATTGTTGG CCCCCAGCCT 

801 CCGGGCCCGC CCGGCCAGTC TGATATGGCC GCGCACCGCC AATGGGCAGC 

851 TGCTCGGTAC TTCAPAGGGT GTCCCGCCCA ATCCGCCGCA CCCCCCTGCG 

901 AGGCCACCTC GGCTGTATTT ATGGGGAGGG GACCCATTTT TCTCTTCCCC 

951 AGAGACTTAC TCTTGTCGCG CCTTGCGGGA GTTCAAGTGG AGCCACGGCT 

1001 CCCCAGGCCC TCTCCCCCAT 000CGCCCCC TTCCCCCCTC ATCCCGATCT 

1051 CGGTGCTCCT TTGGCGAATG TGCAGGGACC CAGGTGTAAT CTTTGGGCTC 

1101 CGCAGAGTGA CCCTTTTTCT TGGAAAAGCG GTGGCGAGAG AAGTGAAGGT 

1151 GGCTGTTGGG TAGGGAGTCA AGICTCCTGG AAGGTGGAG 

The unpublished sequence is shown in red. Minor errors found in the previously pub-
lished sequence (Clements et al., 1996) shown in black were verified by alignment to 
the genomic sequence in Ensembl database and corrected. Transcribed sequence is in 
blue. The ATG codon, not shown here, was not included in the vector. 
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Appendix II. LaacZ-revertant clones 

Clones containing deep cells in head and neck regions 

/ 

52.1 

	

27.1 \ 	© 	L" 	100 

	

27.2 	 I_r 

10.1 91.3 

Clones in sornites or derivatives 

\© \ 

79 

97 

14i 11 y 67 

98.2 
51.1 62.1 
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Clones containing deep cells in limb and interlimb regions 

/\ 

36.1 

77 

53.1 	 ______32.1 

84* 65.1 

A 	 90.3 
91 
27.3 
90.2 
33.1 

32.2 

ccIk coloured black couliuue behind limb in body 

Clones in surface and neural ectoderm 

43.1 	
63.1 

30.1 

98.l
30.2 

 

rc: 	
, 

I 	J 	 882 :  (Pl11) 

I ,  91.2 
63.1 

18/19.1 

7 1. 1 
8 8. 1 

Clones shown in blue: uetiwcltlerm 
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Appendix III. Alignment of E148-matching ESTs 

10 	20 	30 	40 	50 	60 
I 	I 	I 	I 	I 	I 

human3 CCCCCCCCGCGGCAGCAGCGACCCAGAACCAGIGACACACAGiCCICC.CCAAACAAGCCA 

70 	80 	90 	100 	110 	120 	130 
I 	 I 	 I 	 I 	 I 	 I 

human3 AACGCCAGACCC-AGACCGCCCCCG CCGCCAGGCCCCGCGCGCGCGCGCCCGCGAGAGCAGGGGCCCG 

human2 	 CACGAGGCGGAGGGAGGCAGCCGC GAGCGCAGCGC CACC 

humani 	 CACCAGGGCCAAAGAC II CCTGCAGTAGT IACAGC 

mousel 	 CCGCCGCCCGCGCCGCCGC 

mouse3 	 GCGCGGGCGAC 

mouse4 	GCGGGC CGGGCAGC-AGGCGCCCCI GAGCACGCCGC7GCIGCICAAAGCGCCCGAGCGCGGC 

140 	150 	160 	170 	180 	190 	200 
I 	I 	1 	I 	I 	I 	I 

human3 CCCGGC CCCCGCCCCCCGCGGCCCGAACCCATGCAGCICCGAGCGAGCGAGCGGCGCCCAGCCCAGCG 
human2 ACCCCACCAGIAACCGGGCAT GCCGGGGCGGGGGCCGGAGGAGGAGGAGAGGATGATTTTTGGATCC 

humani AAACGCCACACGAAA7ACAAAGAAACCCGC-iAiCTGGGAGACCTACTGA7AiGGACTCLCCA 
human4 	 GCAGG GCACGGCJACCCGCCAG GGGC-GIGCCCCAACTCCCGCGGGCGCCTAAA 

human5 	 GAACI 

bovine 1 	 CGGAGCGAGCGGCGAGGAGCCCAGCG 
ratl 	 CGGCCGCAGGCGCTGTCTGTTGCCIGCGCGCCGCCCCGCG 
mousel 	ACCA! CCCACCJ\GCAACT CGCCAICGCCGCGCGGGGGCCC-C-CAACGAGGCCGGGACGGCCGCGC-AGCC 

mouse3 AGCAGCCCCCGCCCCCC CCCCGCGGC-GCCICGGIGGCCCGGACCCATCCGGCGCGGCGGCGCAGCCCG 
mouse2 	 ::CTI TGGGCIAGAACGCAGAAGACATCCTCG1CCCCTCGCCTGCTACCICTGAGGAAAC 
mouse4 	GGCGGGAGGCAGGTGCACAGCACCCCCGGTGGGGGCGACTCAAC1 CCGCGGGCGTTCAAATAGCAGCC 

210 	220 	230 	240 	250 	260 	270 
I 	 I 	 I 	 I 	 I 	 I 	 I 

human3 CCTCGGCCGAACCCCCCCGCAGCAGGCGCC CC C CCCCIGGAGATCA GAAACGAGC CC4CC 
human2 	CCACAAGAiC1AGIGCACCA-CCCC CC 	CCC' :;GAGACCA GAAACCACC CCCC 
humanl 	CCCCCCCCCCCC TCCAACCCGGC ICC CC 	CCC IGAGA  CA. CAAACGACC CCCC 
human4 	CAGCAGCCTCCCTCCCCCCCCACCGGC CCC 7C 	CCC CGAGA CA. GAAACGAGC CCCC 
human5 CCCGGGACG-CuICCCGTGACAGAGGC CC CC C 	CCCC:CGAGACA GAAACGAGG CGCC 
bovinel CCGCGGCCGAACCCCCCCGCAGCACGC CC IC 	CCCI IGAGAICAGAAACGAGC CCCC 
ratl 	CGCCGGACGGCICCCCGTGACAGAGGC C CC I C CCCC _,GAGA CA GAAACGAGC CICC 
mousel 	CCAGAAICGAICGGCGCCGGACCA-GC CC CC I C CCC

,  
ICCIGAGAICAGAAACGACC CCCC 

mouse3 CGGAGGCCCAGCCCGIGCGCAGCAGGCGCC CC C CCCCCCGAGAICA:GAAACGACC CCCC 
mouse2 	CCGGGGCCCCACCCAGTGCCGAGGC CCC IC I C CCCICGGAGAICAIGAAACGAGG CCCC 
mouse4 	GGGCCCCCCICC-ACCGG---  ------- -'CC C I C ACCICCGAGAICAGAAACGAGGCCCC 

C CCC II---AGA CA CAAAC-AGC- CCCC 

280 	290 	300 	310 	320 	330 	340 
I 	 I 	 I 	 I 	 I 

human3 	CCCACCAGCAGIGAGCIC C CACCAC-AACGGCCCCC C C- ---C AC- G:C CCCCCI. CCC—' 
human2 	CCCAGCAGCAGIGAGC C C IACGAC-AA GGCIICCC I C- CCC AC- GGI CCC C:- -. CCC-_I 
humani 	CCCAGCAGCAGCGACIIC C IACGAC-AA GGCAGCC C C-CICC AC- CCC CCC I ICC CCCCA 
human4 	CCCACCACCAGIGAC 1 C IACCAC-AA GGCAGCC 	C_ ___C AC- CC CCC.. CA CCCCA 
human5 	CCCACCAGCAG GAl-C C CACGAC-AA GGCAGCC C-CCC AC- CC CCC_  ICC CCCCA 
bovine 1 CCCAGCACCAGIGAG CC C GACGAC-AA GGCAGCC C. -CC CCC- CC CCCC. CC CCCGA 
ratl 	CCCAGCAGCAGGAC C C CACCAC-AA GC-CAGC 	C-CCCGACC-I CC CCC.:. CCII C CCC 
mousel 	CCCAGCAGCA-IGAG 	C CACGAC-AAl CCCACC 	C-CACGACA- CC CCCI CC C Cc-A 
mouse3 	CCCACCACCAGCGAI- 	C IACGACGAA GGCACC 	C-CACGACAC C CCC_ - CA C CCC 
mouse2 	CCCAGCAGCAGGAGI C IIACGAC-AA GGCACC 	C-:- .CCGACAICC CCC II!CA C CCA 
mouse4 	CCCAGCAGCAGCGAGGA I  IC. GACCAC-CA CGCAGC 	C-IIACGACA- ICC CC- C' C CGA 

CCCAc-CACCAC GAG-A : C I GACCAC-AA CCCAGC I C-AACGACA-I CC CCC ICC C CCC 

Primer E148/2 
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350 	360 	370 	380 390 400 	410 
I 	 I 

human3 

	

I 	I 	I 	I 
C- CC-- . ACA- CA 	GGAG.-- 	C CC 	-- 

	

CCC' 	A GA 
I 
C CC 	C 	GG 	.AGGA 

human2 CCC o7 C_,',  AGGAG.- 	C CC 	C- CC 	_,CA-i GAI C CC 	C 	.GGTAGGA 

humani C CC 	C- CC--- 	CA-GA CCC GCAAGGAG 	 'A C CC 	C 	GGTGFT[AGGA 

human4 CCC .CA'AGGA(A 	C CC 	C- CC--- 	-C- C CC 	C 	2GTGTTTAGGA 

human5 ccc 	cT AGGAG: 	c cc 	c- cc--- 	c - C CC 	C 	-.GGTGTTTAGGA 

bovinel CCC 	C-CACGAG 	CC 	C- CC--- 	CC- C CC 	C 	7GTGTTTAGGA 

rati CCC 	AGGuA 	CC 	C- 	C 	-C - C CC 	C 	GGAGTTTAGGA 

mousel CCC GCA'IGGGAGGr 	- 	CC 	C C 	CC- C CC 	C 	GGTGTTIAGGA 

mouse3 CCC -CCK'GGGAGGAG 	- 	CC 	C C 	CC- C CC 	C 	CGGTT1AGGA 

mouse2 CCC -7CATGGGAGGAG 	- 	CC 	C C 	CC- C CC 	C 	GGTGTTTAGGA 

mouse4 CCC -CCA,GGGAGGAG 	- 	CC 	C C 	C CC- C CC 	GGFGTTTAGGA 

CCC-CCA'GGGAGGAG 	-- 	CC 	C C 	C-- C CC 	C 

XbaI• 

420 	430 	440 	450 460 470 	480 

human3 
I 	 I 	I 

Ci- 	CC 	C C 	CC- 	GAAG- 	C 	C CC CC 
I 

C 
I 

CC 	AGAG -.,',C ,'A 

human2 C 	CC 	C C 	CC- 	GAAG- 	C 	C CC CC C CC 	Y\: GAG- C AAGFGTT 

humani C 	CC 	C C 	CC- 	GAAG- 	C 	C CC CC C CCGA GAG -CC A]'GTGGT 

human4 C: 	CC 	CC 	CC- 	GAAG- 	CC 	c CC CC/C CC 	-A'G/C, 	CC AG' C 

human5 C_`" 	CC 	CC 	CC- 	GA 	- 	C. 	-CCC CC C CC 	-T\'G7CJCCAGG 

bovinel C 	CC 	C C 	CC- 	GA 	C- CC 	C CC CC C 	CCC 	,ACGAG.AC AC 	CC 

rati C 	CC 	c c 	cc- 	:cc'C- 	C 	C CC cc C 	CCCCGA - GAG isC 	C 

mousel CC 	CC 	C C 	CC- -' 	. 	- 	C 	C CC CC C 	CccCCA cc AC 	C 	C 
mouse3 CC 	CC 	C C 	CCCC:J-'- 	C 	C CC CC C CCCCGC 	'CC AC 	C 	-C 

mouse2 CC 	CC 	CC 	cc-'.CJAAG- 	C 	CCC CC C 	CCC_'. 	CCC AC 	C 	-C 
mouse4 CC 	CC 	C C 	CC- 	GAAG- 	CC 	C CC CC C CC 	'-C C-CC AC 'AC 

490 	500 	510 	520 530 540 	550 

human 1 
I 	I 	I 

GGCI 	CCC- 	-. CC: 	GCA GGGAG-AAAGE- CC CC 
I 

CCCGL. 	CC 	CCC 

human4 'C . 	CCC- 	-- C 	.-C\Ai GGGAG-AAAGC CC CC CCCG 	CC 	CCC 

human5 C 	CCC- 	- '-\CAGGAA'GGGAG-AAAGG CC CC ccCG 	cc 	ccc 
bovinel C 	CCC- 	CGACAGGAG GGGAG-AAAGC CC CC CCC 	CC 	CCCC 

rati C 	CCC- CC CC CCC 	CC 	CCC 
mousel C 	CCC- 	- CCCACGAGIGG GAG -AAAGG CC CC CCC 	CC 	CCC 

mouse3 C 	CCC- 	CGACAGGAGCGGGACGAAAGG CC CC CCCC- 	- CC 	CCC 
mouse2 C 	CCC- 	CGACCCGAG'TGGGAC-AAAGC CC CC CCCi 	CC 	CCC 

mouse4 C 	CCCC 	:-AGACAGGAGCGGGAG-AAAGL-'--. cc__ - 	- CC - 	- CCCC -.-. 	CC. 	CCC 

560 	570 	580 	590 600 610 	620 

humanl 
I 	I 

CACCC 	'cCAGGGr"G 	C 	GAGYA\C CCC 
I 
C 

I 
C 	C 

I 
CCC:' 	C 	CCC 

human4 cACCC 	CC'CCG'E 	- 	C 	- 	.CA(C 	: 	CCC C C- 	C CCC 	C 	CCC 

human5 CA-CCCC 	 c 	CA'-'- 	CCC C C 	C CCC 	CA CG G 

bovinel CA 'CC 	CC 	''CCC - 	C 	GAG' 	- 	CCC C C 	C CCC 	CC 	GC 

ratl CACC 	CC 	-CC 	C 	GA CA 	CCC CC CCC 	CC 
mousel C-  CCC 	CC 	'GG 	C 	GAG 	C C C C 	C CCC 	C 	C'C" 

mouse3 C:--CC 	CC 	GTTG 	C 	- GAGA:.. 	C C C C 	C CCC 	-C 	C C 

mouse2 CAGcC 	CC 	:GGT'iG 	C 	:GAGAA 	C C C C 	C CCC: 

mouse4 CAGCCA G(_C-AGGGTTG. 
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Appendix 

630 640 

I 
650 

I 
660 

I 
670 

I 
680 690 

I 

humani C 
I 

CA 

human4 C:. CiC c cc ccc' '. GGr;C A 'GiGGAC cc c C :c GACASC1 0 C C 

human5 CA c:- 	cc cc CCC . GGC C.GIGGACI. cc 1CnC VC GACAYCG o CC 

bovinel C C 	C CC CC CC 'GC 'CCACG :C'.0 CC C QC GGCCGACMGTG1G CC 

mousel C CC 	C C CCCCC C "C ACG CCC A CCCC C 

mouse3 C CC 	C C CCCCC CG ." .0 CCC CC CC C C GCAKnCW GrGIC C 

mouse2 C CC 	C C CCCCC CG C ThC CCC C cc C C KGCAGACAC CiG'. C C'C 

die primer mEst 

700 	710 	720 	730 	740 	750 

human4 	'UA7'GACC CAA-GACA GG-C. •C '-C 	' '-C - 	 C - CC-CC GAA-GAA'l 'AAGGAG 

human5 	'i'ATG. CC C - 'CCC -A C '-C 	C - 	 C - CC 	GAA-GAA 	AAGGAG 

bovinel ACC C C C-GACC CC-AC CC -C 	-c - 	 C - CC CGAGGAG'B 

mouse3 	A CC C - GA1'ATGG-A C -C 	-c -. 	 - 
CC- CCGAA-GAA- 'AAGGAG 

mouse2 	TA 	CC C '• 'GA('AI'GGGA CC 'CCC CCGC GGAAG ~AAACCCAATGAAAGAAATTTAAAGGG 

760 	770 	780 	790 	800 	810 	820 

	

I 	 I 	 I 	 I 	 I 	 I 
human4 A GGGAr. CC 	C 	SAL CC C .G-AGAGCG CC 	&WATTTGAGCAMn C 

human5 	A GGGAI' CC 	C 	A K. 	 C CC CC-AGAGCG CC 	GGi\A - ' CCCCI "C 	C 

mouse3 	A,: GGGG 	CC 	C 	C' 	C CC 	;Z4CCCACC' C 	'\GG. 	C 	CAGCV 	C 

830 	840 	850 	860 	870 	880 	890 

I 	 I 	 I 	 I 	 I 	 I 
human4 	CGACAATAVc 	C 	CC 	CAC!,C KAGG4 	CC '"' C1,'A A.GAGAAAGA"C- 	C 

human5 	C('CCCA'A 	C 	CC 	GAGAC CCC4- 	CC ': ' ''- CCC 	GA 'CAA-GA"C 	C 

mouse3 	.C'C2 .,. A"' C C 	CC 	CJ\GCC 

900 	910 	920 	930 	940 	950 	960 

I 	 I 	 I 	 I 	 I 	 I 
human4 	G'i'GA : C .:CC 	C CC C'GGTGAGGACGGCAA'!"GAGATGG C C C 'GACAAA GCCI'.0 C 

human5 	GTGA Ci c; CCCAL C CC 	GGTcAGGACGGCAL'GAGATGG Ci .. C. GGACA2CC CCC C C 

970 	980 	990 	1000 	1010 	1020 	1030 

I 	 I 	 I 	 I 	 I 
human4 	GG c.C;CC 	CCCN RIG 	CCNC . 	 CC 	CC CC 	C 	CC 

human5 	GG"CCCC 	CC- 	A'CC 	CC- C 	CC 	C- CC 	-C .- CCGACATG 

1040 

human5 	CCCC.......1300 

Initial alignnment made with ESTs retrieved from Entrez database as matching E148 sequence. 

Different sequences within each species (human or mouse) are almost identical (shaded in grey) 

except from the extreme 5' region. Outside this variable region, nucleotide differences are mostly 

species-related. Sequences mousel-4 correspond to the 4 groups indicated in figure 3.12. 
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