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Abstract

Sox genes comprise a substantial family of genes, each encoding a transcription 

factor. These proteins all possess an HMG box DNA binding domain with significant 

homology to that of the mammalian testes determining gene, Sry. Sox3 is an X-linked 

member of the family with an HMG box that is most homologous to that of SRY.

In order to ascertain the expression of Sox3 during mammalian embryogenesis, whole 

mount in situ hybridisations were performed with antisense cRNA probes. Results 

indicate that in streak stage embryos, Sox3 is expressed strongly in extra-embryonic 

ectoderm of the developing chorion and at a lower level in the embryonic ectoderm. 

Later in development, expression is restricted to the neuroepithelium where Sox3 is 

detected throughout embryogenesis.

To investigate the function of Sox3 during mouse embryogenesis, this X-linked gene 

was disrupted by homologous recombination in male (XY) embryonic stem cells. 

Results were obtained from the use of two targeting constructs: one inserted a 

selectable marker into the HMG box of Sox3 and the second replaced 75% of the 

coding region of Sox3 with a selectable marker. ES cell lines made with both of 

these constructs were tested for their ability to function in chimaeric mice and showed 

identical phenotypes. The resulting chimaeras were shown to die at about 10.5d/?c. 

At a gross morphological level, the phenotype of the mutant embryos showed a 

failure of mesodermal derivatives to be properly organised; namely a failure of the 

allantois to fuse with the chorion, aberrant somitogenesis, a shortened posterior axis

ix



and head defects. Surprisingly, the mutant ES cells only had to contribute to 30% 

of the embryo to cause the mutant phenotypes which were observed. Differentiation 

of ES cells in vitro showed that the mutant cells could form derivatives of all three 

germ layers.

These studies suggest that Sox3 plays an essential role in mouse embryogenesis. 

What this role may be and methods to further investigate S0X3 function are 

discussed.



Chapter 1 : Introduction

Srv - the founder member of the Sox gene family

The human testis determining factor or TDF was mapped onto the Y chromosome by 

studying patients displaying sex reversal (de la Chapelle et a l., 1984; Guellaen et al., 

1984)). Fine mapping of XX individuals phenotypically male due to the presence of 

translocated regions from the Y chromosome on to the X, indicated that a minimum 

of 35kb of unique Y chromosome sequence were sufficient to cause sex reversal. 

This 35kb was cloned and fragments were used to detect homologous Y specific 

regions in other mammals (Sinclair et al., 1990). One of these fragments detected 

a band in all mammalian genomic DNA probed and led to the discovery of a gene 

termed SRY, Sex determining region Y gene in humans and Sry in mice (Sinclair et 

al., 1990). Reverse transcription followed by the polymerase chain reaction (RT- 

PCR) was used to demonstrate that the Sry gene has appropriate spatio-temporal 

expression to influence sex determination (Gubbay et al., 1990). When a 14.7kb 

fragment of genomic DNA containing Sry was micro-injected into fertilized mouse 

eggs, approximately 30% of the XX mice carrying the transgene that were born were 

phenotypically male (Koopman et a l., 1991). This experiment proves that this 14.7kb 

fragment is sufficient to direct testis determination and that Sry is the only gene from 

the Y chromosome required for male development.

The Sox gene family

On sequence analysis, the open reading frame of Sry was shown to possess a 

conserved DNA binding motif known as an HMG box. The HMG box was originally 

identified as a domain in the chromatin associated, high mobility group protein, 

HMGl. When the HMG box region of SRY was used to screen a mouse embryonic

1



(S.Sdpc) cDNA library, four related genes were found (Gubbay, 1992); the first 

members of what is now known to be a substantial family. These initial four genes 

were termed Soxl to 4 where the term Sox stands for Sry-like HMG box. It is only 

applied to genes that encode proteins possessing HMG boxes that are at least 60% 

homologous or 50% identical to the box of SRY (Collignon, 1992; Stevanovic et al., 

1993; Wright et al., 1995).

HMG box proteins

The Sox genes are expressed in a wide variety of embryonic and adult tissues. With 

the exception of the HMG box domain, these genes are significantly divergent in 

sequence. It is known that the HMG box is integral to function in vivo at least in the 

case of SRY. Studies of sex reversal in humans indicate that almost all loss of 

function mutations in SRY map to the HMG box domain of the gene (Berta et al., 

1990).

As mentioned earlier, HMG domains are not exclusive to the Sox genes. Proteins 

with HMG domains are grouped into two classes: 1) Proteins which possess HMG 

boxes that bind structured DNA, such as cruciform DNA without sequence 

specificity, but do not bind linear DNA. This group includes HMGl itself and a co

factor of RNA polymerase 1 called hUBF (Jantzen et al., 1990). 2) The second

group consists of HMG proteins that can bind cruciform DNA, but they also bind 

linear DNA in a sequence specific way. This group includes SRY which binds to a 

consensus sequence of AACAAT (Harley & Goodfellow, 1994; Harley et al., 1994). 

This group also includes the SOX proteins as well as more divergent HMG proteins 

such as TCFl (T-cell specific transcription factor -1) and LEFl (Lymphoid enhancer 

factor 1).



There is increasing evidence that HMG domains can affect DNA tertiary structure. 

It is believed that all HMG boxes bend linear DNA on binding. The degree of 

bending has been analysed in LEFl (130®), hSRY (80®), mSRY(85®) and S0X5 (74®) 

(Giese et al., 1992; Connor et al., 1994). It is easy to imagine how DNA bending 

at a specific location could bring into contact distant regulatory elements that affect 

transcription of a target gene. The binding and bending ability of these mutated 

HMG boxes were tested in vitro using circular permutation assays and one mutation 

was shown to be able to bind target sequences at near the wild type affinity but with 

bending at a different angle (Pontiggia et al., 1994). This is consistent with the 

bending of the DNA being essential for sex determination and hence SRY function.

The Sox gene ancestry of Srv

Soxl, Sox2, Sox3 are the Sox genes encoding HMG boxes with the highest similarity 

to that of SRY. Outside of the HMG DNA binding domain, there is no sequence 

similarity to Sry. However, these three genes do share certain domains amongst 

themselves (see figure 1.1). For these reasons, these genes are grouped together to 

comprise a sub-family (see table 1.1). It has been suggested that Sox3 could be the 

ancestral gene from which Sry evolved. The reasons for this hypothesis are as 

follows:

1) Sox3 is highly conserved throughout mammals and homologues have also been 

cloned in lower vertebrate species that appear not to possess Sry (Uwnaogho et al., 

1995). Sox3 therefore appeared before Sry in evolution.

2) It has been reported that Sox3 is expressed in the genital ridge, which is of course 

the tissue where SRY is active ( (Collignon et a l., 1996). After divergence of the two



------------------------1-------------------------1-------------------------1-------------------------1-------------------------1-------------------------1-------------------------1-------------------------1-------------------------1-------------------------1-------------------------r
10 20  30  40 50 60 70 80 90 100  110

Sox-3 I4YSLL -  ETELKNPVGPPTPAAGTGVTAAPGAAGKSGANPAGGANAGNGGSGGANGGGGGGGGGGSDQDRVKR PMNAFM'A/'/SRGQR R K M A L M PK I^ISE  ISKRLGADWKL 109
Sox-2 Î4YNMM- ETELK PPGPQQASG GGGGGGNATAAATGGNQKNSPDRVKRPMNAFMVWSRGgR.RKMAQENPKMHNSETSKRL.GAEWKL 83
S ox l  riYSMMMETDLHSPGGAQAPTNLSG-------------------------------PAGARGGGGGGGG--------- GGGGGGTKANQDRVKRPMNAFTfÆSRGQRRRMAQEr JPKMHNSEISKRLGAEWKV 91

120 1 3 0  140  150  160  17 0  180 190 2 0 0  21 0  22 0
LTDAEKRPFIDEAKRLRAVHMKEYPDYKYRPRRKTKTLLKKDKYSLPGGLPPPGAAAAAAAAAAAAAAS- SPVGVGQRLDT-----------------YTHVNGWANGAYS---------------- 202
LSETEKRPFIDEAKPJLRALHMKEHPDYKYRPRFKTKTLMKKDKYTLPGGLLAPGGNSMASGVGVGAGLG-A- -GVNQRMDS-----------------YAHMNGWSNGSYS---------------- 174
Î4SEAEKRPF IDEAKmRALHMKPHPDYKYRPRRKTKTLLKKDKYSLAGGLLAAGAGGGGAAVAMGVGVGVGAAAVGQRLESPGGAAGGGYAlP/NGWANGAYPGSVAAAAA 201

230  2 4 0  2 5 0  26 0  TTO 2 8 0  2 9 0  300  31 0  3 2 0  33 0
 LVQE-QLGYAQPPSMSSPPP PPALPQMHRYDMAGLQYSPMMPPGAQSYMMAAAAAAAASGYGGMAPSAAAAAAAAYGQQPATAAAAAAAAAA 293
 MMQE-QLGYPQHPGLNAHGA-------------------------------AQ-MQPMHRYDVSALQYMSM--TSSQTYMMGSPT------------YS-----------------------MSYSQQ GTPG 236
AAAMMQEAQLAYGQHPGAGGRHPHAHPAHPHPHHPHAH PHNPQPMHRYDMGALQYS P I  -  -  SNSQGYMSAS PSGYGGIPY-GAAAAAAAAAGGAHQNSAVAAAAAAAAASS 308

340 1 5 0  3 6 0  370  380  390  400  4 1 0  3 Ô "
MSLGPMGSWT<SEPSSPPPAI--RSHSQRACL-GDLFUOMISMYLPPG--GDAADAASPLPGGRLHGVHQHYQGA GTAVNGTVPLTHI. 375
MALGSMGSV\TCSEASSSPP\rv7TSSSHSRAPCQAGDLRDMISMYLP-G--AEVPEPAAP SRLH-MAQHYQSGPVPGTAINGTLPLSHM. 319
GALGALGSLW SEPSGSPPA PAHSRAPC-  PGDLREMI SMYLPAGEGGDPAAAAAAAAQSRLHSLPQlTirQGA GAGVNGTVPLTH1. 391

Figure 1.1 Comparison of amino acid sequence of mouse S0X3, S0X2 and SOXl. The sequences have been aligned using the Clustal 

method (Meg Align™ DMAS tar). Regions of significant homology are observed including the HMG, DNA binding domain (shaded in 

blue) and a putative trans-activation domain of SOXl (shaded in red). Lengths in amino acid residues are indicated on the right.



genes, it is easy to imagine that Sry expression outside of the genital ridge would 

become redundant and lost.

3) The HMG box of S0X3 is closest in homology to the box of SRY (83 % identical); 

however the boxes of SOXl and S0X2 are also very homologous (81% identical). 

Outside the box there is no homology to SRY, however it is thought that this region 

of SRY has evolved rapidly (Tucker & Lundrigan, 1993; Whitfield et al., 1993). 

Evidence for this came from comparisons of Sry genes cloned from different species. 

Divergence in sequence outside of the DNA binding domain indicates either 

functional redundance in this region of SRY or reflects the high selection on Sry, as 

the mechanisms of sex determination have evolved.

4) The HMG box of S0X3 binds the same consensus sequence as the box of SRY in 

vitro (AACAAT), although with lower affinity than displayed by the HMG box of 

S0X 2 (Collignon et al., 1996).

5) Sox3 is X-linked and it is thought that the X and Y chromosomes share a common 

ancestry. However, as there so many Sox genes it is also feasible that Sry was placed 

on the Y chromosome by a translocation from an autosomal fragment, or by 

retroposition.

Sox genes encode transcription factors

It is thought that there are two ways that SOX proteins can influence transcription; 

via transactivation and/or by influencing the DNA architecture.



Evidence of transactivation

There is increasing evidence that certain HMG proteins can act like classical 

transcription factors through interacting with other components of the transcriptional 

machinery. This was demonstrated for mouse SRY, using HELA cells carrying a 

chloramphenicol acetyltransferase (CAT) transgene coupled to the AACAAT motif. 

On transfection with Sry, CAT activity was detected and a trans-activation domain 

mapped to a glutamine/histidine rich region of the protein (Dubin & Ostrer, 1994). 

The same authors showed that human SRY which does not have a glutamine/histidine 

rich region, fails to activate transcription in this assay.

Various other SOX proteins have also been shown to possess the characteristics of 

transcriptional activators. This was demonstrated for S0X9, using COS cells 

carrying the CAT reporter gene containing multiple AACAAT binding sites. When 

Sox9 was transfected into such COS cells, CAT activity was detected and a strong 

trans-activator domain mapped to a QP rich domain at the C terminal end of the 

protein (Sudbeck et al., 1996). SOXl and S0X2 both possess the ability to trans- 

activate gene expression. When a yeast strain containing a transgene of LacZ and the 

GAL4 binding site is transfected, with either Soxl or Sox2 cloned in frame to the 

DNA binding domain of GAL4, blue colonies can be recovered (L.Pevny and 

A. Avilion personal communication). Serial deletion of the Soxl/GAIA  construct, has 

pointed to a region required for trans-activation and this motif is also conserved in 

the C-terminae of Sox2 and Sox3 (L.Pevny personal communication, see figure 1.1).

To date, two potential target genes for S0X2 activation, have been reported. The 61- 

crystallin gene is expressed in the lens of avian embryos. A 30bp enhancer that 

directs lens specific expression was cloned and mutation studies of this element



GENE CLONED IN:- TISSUES KNOWN TO 
EXPRESS GENE

REFERENCE

G roup A

Human, rodents, 
marsupial

Genital ridge and adult testis (Goodfellow & Lovell-Badge, 
1993)

G roup  B

Soxl Human, mouse Mouse embryonic CNS and lens 
placode

(Collignon, 1992; Prior & 
Walter, 1996)

^0x2 Human, mouse, 
chicken.

Mouse ICM. Mouse and chick 
developing CNS + PNS

(Collignon, 1992; Uwanogho et 
al., 1995; Prior & Walter, 1996)

Human, mouse, 
chicken.

Mouse and chicken developing 
CNS

(Collignon, 1992; Stevanovic et 
al., 1993)

Mouse (Gubbay et al., 1990)

ZfSoxI9 Zebrafish Developing CNS (Vriz & Lovell-Badge, 1995)

SoxI5 Mouse (van de Wetering & Clevers, 
1993)

sox70D  
/  fish-hook

Drosophila Stripes in epidermis then 
developing CNS

(Nambu & Namhu. 1996; 
Russell et al., 1996)

G roup C

Sox4 Human and 
mouse

embryonic heart developing 
CNS adult pre-B and T cells

(van de Wetering et al., 1993; 
Wotton et al., 1995; Schilham et 
al., 1996)

Sox 11 Human, mouse 
and chicken

Chicken developing CNS and 
post mitotic neurons

(Goze et al., 1993; Wright et 
al., 1993; Uwanogho et al., 
1995)

Human, mouse (Wright et al., 1993)

6:0X20 Human (Meyer ct o/., 1996)

G roup D

Sox5 Human, mouse Mouse adult testis (Denny et al., 1992b; Wunderle 
et al., 1996)

Sox6 Mouse Mouse developing CNS and 
adult testis

(Connor f t <•//., 1995)

G roup E

Mouse (Denny et al., 1992a)

Sox 9 Human, mouse 
and chicken

M ouse and ch icken  co ndensing  
m esenchym e / c h o n d ro cy te s, genital 
r id g e , deve lop ing  C N S , n o to ch o rd  and 
ad u lt testis

(Wagner et al., 1994; Wright et 
a i ,  1995; Morais da Silva et al., 
1996)

^0x70 Mouse (Denny et al., 1992a)

G roup F

S o x l Mouse (Denny et al.. 1992a)

Soxl 7 Mouse (Dunn et al., 1995)

^ 0 X 7  & Mouse Mouse adult heart,lung and 
skeletal muscle

(Dunn et al., 1995)

Table 1.1 Summary of the Sox gene family (Pevny & Lovell-Badge, 1997)
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indicated the presence of two regions of sequence that have a positive influence on 

expression (Kamachi & Kondoh, 1993). Four nuclear factors were isolated from a 

variety of tissues, which bind to the more 5’ site in the enhancer. These proteins 

were named ôEF2a to d. The factor ôEF2a was most abundant in the lens and brain. 

A factor binding to the 3’ site in the enhancer was isolated in the same way and 

named ÔEF3.

In order to identify the 6EF2a factor, a chicken lens cDNA library was expressed in 

E. coli and colonies probed with the multimerised DNA sequence of the 6EF2 binding 

site. A positive clone was picked and shown to have an identical sequence to cSox2. 

Further proof of the identity of ôEF2a came from gel mobility shift assays. It was 

shown that the 6EF2a/enhancer complex would be super shifted if pre-incubated with 

a poly-clonal antibody to mouse S0X2 (Kamachi et al., 1995).

A luciferase reporter construct containing the lens specific enhancer was co

transfected with varying amounts cSox2 into lens cells. This caused activation of the 

luciferase gene but the activation reached a plateau with increasing amounts of cSox2 

DNA (Kamachi et at., 1995). This implies that a second factor is also required to 

bind this enhancer to affect transcription. Interestingly, only basal levels of luciferase 

activity are detected with c5'ox2/reporter co-transfection into fibroblast cells. This is 

consistent with this unknown regulator also being tissue specific. This second factor 

may be the unidentified factor ÔEF3.

The authors further showed that chicken Soxl and cSoxS can replicate the results seen



for cSox2 (Hisato Kendo personal communication). Mammals do not contain ô- 

crystallin genes, however, the products of the Sox genes have also been shown to 

activate the mouse yF-crystallin, lens specific promoters in vitro (Kamachi et al.,

1995).

Studies on an enhancer of Fibroblast growth factor4 gene {Fgf4) revealed the presence 

of potential SOX and octamer protein binding sites (Yuan et al., 1995). It was then 

shown that S0X2 could activate transcription of a reporter gene cloned upstream of 

the Fgf4 enhancer. This activation was dependent on the presence of another 

transcription factor Oct4 which is an embryonically expressed octamer binding 

protein. The expression patterns of Sox2 and Oct4 are consistent with these genes 

being activators of Fgf4, in vivo.

The TCRœ gene is regulated by a tissue specific enhancer that was shown to contain 

a LEFl binding site. LEFl is not a SOX protein, however, it is a related HMG 

protein and binds DNA at the specific consensus sequence (A/T)(A/T)CAAAG 

(Travis et al., 1991). In two separate studies the HMG box of LEFl was replaced 

with other DNA binding domains, from Gal4 mdLexA  (Carlsson et al., 1993; Giese 

& Grosschedl, 1993). In vitro assays were used which utilised reporter constructs 

coupled to the TCRa enhancer. By replacing the LEFl binding site with sequences 

that the respective chimaeric molecule could bind to, transcription was still activated. 

This suggests that there are domains outside of the HMG box which can regulate 

transcription.



Evidence of DNA architectural changes bv other HMG proteins

It has also been demonstrated in vivo that HMG box proteins can affect DNA 

architecture by changing chromatin conformation. LEFl has been shown to enhance 

transcription of another of its target genes, adenosine deaminase (ADA), by binding 

and changing the accessibility of the DNA to other proteins (Haynes et al., 1996). 

This was demonstrated by coupling the enhancer of ADA to the CAT reporter gene 

and using this construct to generate transgenic mice. This not only caused tissue 

specific activation of the reporter but also the appearance of areas sensitive to 

DNasel, within the environment of the construct. Fewer hypersensitive sites were 

found when the LEFl binding site was mutated in the transgene. The same construct 

and mutant version were cloned into non-replicating plasmids (which do not acquire 

nucleosomes) and transiently transfected into a cell line. On comparison, the 

presence of a wild type LEFl binding site did not increase reporter activity. It was 

concluded that the activation caused by LEFl binding to the ADA enhancer, in vivo, 

is solely due to its affects on the chromatin conformation.

An enhancer on the Human Immunodeficiency Virus 1 (HIV 1), has also been shown 

to contain a LEFl binding site (Sheridan et a l., 1995). The mutation of this site was 

shown to depress the potency of this enhancer. It was also demonstrated that in vitro, 

HIV 1 gene transcription was repressed by using a synthetic system to coat the DNA 

with nucleosomes. This repression was alleviated if the DNA was first exposed to 

LEFl. These latter two studies imply that LEFl can influence transcription by 

controlling the architecture of DNA and presumably allowing access of other factors
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to regulatory elements.

The Role of Sox genes during embryogenesis

It appears that HMG proteins may be playing a variety of transcriptional roles 

depending on the context of the target gene. Since the Sox genes are closely related 

to Sry, which is known to be involved in a developmental decision, it has been 

hypothesized that these Sox genes may be involved in other critical events in 

embryogenesis. At least twenty Sox genes have been cloned from mammals and other 

organisms (see table 1.1, reviewed in Pevny & Lovell-Badge, 1997), and several of 

these genes have been linked to important developmental events. For instance Sox4 

is widely expressed but mutation data implies a critical involvement with B cell 

formation and heart development (van de Wetering et al., 1993; Schilham et al.,

1996). S0X5 is exclusively located in the nucleus of round spermatids of the adult 

testis which implies a role in spermatogenesis (Denny et al., 1992b; Connor et al., 

1994). Interestingly, Sox9 appears to have dual roles in development as mutations 

in the gene give rise to skeletal malformations and sex reversal in humans (Foster et 

al., 1994; Wagner et al., 1994). During mouse embryogenesis, Sox9 is expressed 

in the condensing mesenchyme, neural tube (Wright et al., 1995) and in the genital 

ridge of both XX and XY embryos (Morais da Silva et a l., 1996). At the same time 

as Sry is being expressed in the developing XY genital ridge, the expression of Sox9 

in the developing XX genital ridge is lost. These data suggest that Sox9 is essential 

for testicular differentiation and hence ultimately the development of the male 

phenotype.
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A Sox gene has been cloned from Drosophila which encodes a protein with an HMG 

box that is 88% identical to the box of S0X2 (Russell et at., 1996) and corresponds 

to a locus termed Dichaete where a gain of function mutation leads to a dominant 

outstretched wing phenotype. This fly gene has been called soxVOD by Russell et al., 

(1996) and fish-hook by Nambu & Nambu, (1996). The early expression pattern of 

this gene suggests it may function in segmentation. Later in embryogenesis, soxVOD 

is strongly expressed in the neuroectoderm. Loss of function mutations in soxlOD 

result in abnormalities in segmentation as well as defects in the nervous system.

Several vertebrate Sox genes are also expressed in the embryonic central nervous 

system (CNS), as indicated in table 1.1. This is consistent with the Sox genes having 

an evolutionarily conserved role in nervous system development. Of the vertebrate 

Sox genes transcribed in the developing CNS, the earliest expression is seen for Soxl, 

Sox2 and Sox3. To understand the roles these genes may play, it is important to 

know the cellular and molecular events that surround early events in the nervous 

system development.

Neural Induction

In the mouse, the neuroectoderm is first delineated during gastrulation from the 

ectoderm, anterior to the primitive streak. By 1 .5épc the thickened neuroepithelia of 

the neural plate is morphologically distinct from laterally adjacent ectoderm. During 

the process known as neurulation the edges of the neural plate become elevated and 

fuse to form a tube (see figure 1.2). Neurulation starts in the middle of the
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prospective trunk at about Mpc, and proceeds in both anterior and posterior 

directions. The anterior neural tube is closed by 9d/?c and the caudal end of the tube 

or neuropore, is completely closed by lOdpc.

The importance of axial mesoderm in inducing overlying primitive ectoderm to adopt 

a neural fate is well established from classical grafting experiments, performed in 

several vertebrate models. The dorsal lip of the Xenopus gastrula (Spemann 1928, 

as reviewed in Gilbert, 1991), Henson’s node in the chick (Waddington 1933, as 

reviewed in Gilbert, 1991) and the node in the mammalian embryo (Beddington, 

1994) are considered analogous structures which give rise to axial mesoderm and 

when ectopically grafted into host embryos induce neural tissue. Many insights into 

the molecular mechanisms used by mesoderm to induce and pattern neuroectoderm 

have come from amphibian studies (reviewed in Kessler & Melton, 1994). This is 

due to the ease of frog embryo culture, the ability to readily isolate specific tissues 

and grow them in the presence of candidate inducing molecules. The affects on 

differentiation can then be studied in vitro.

The Xenopus blastula is clearly polarised as the yolk accumulates in the so called 

vegetal hemisphere which is fated to become endoderm. The mesoderm region forms 

from the proximal animal hemisphere in an equatorial ring circling the blastula. The 

distal part of this hemisphere, termed the animal cap, is fated to give rise to 

ectodermal derivatives, namely epidermis and neuroectoderm. By injecting Xenopus 

zygotes with ectopic mRNA and cutting animal caps from the subsequent blastulas, 

caps can be obtained with an altered molecular composition and again, the effects on
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differentiation can be assayed in vitro.

Potential Neural Inducing Factors:

Activin and Follistatin

Xenopus animal cap explants isolated from blastula stage embryos and grown in saline 

alone differentiate into epidermis, so it was initially thought that epidermis was the 

default fate of ectoderm. Cells from dissociated animal caps, however, differentiate 

to give neurons, in the absence of mesoderm markers (Godsave & Slack, 1989; 

Wilson, & Hemmati-Brivanlou, 1995). This result fits the theory of a secreted neural 

antagonist. After disaggregation this signal would be too dilute thus permitting 

default neural differentiation.

Activin is a secreted molecule of the TGFB family of proteins and it is known that 

application of activin will induce mesoderm differentiation in animal cap assays 

(Smith, et at., 1990). When activin signalling is blocked by injecting embryos with 

mRNA encoding a dominant/negative activin type II receptor, neural specific 

markers, such as NCAM are induced in animal caps isolated from these embryos 

(Hemmati-Brivanlou & Melton, 1992, 1994). The same result is obtained if mRNA 

encoding a secreted protein called follistatin is injected. Follistatin binds to activin 

and antagonises its activity (Hemmati-Brivanlou et al., 1994). Hence these results 

point to activin as a potential antagonist of neural differentiation. As follistatin is 

expressed in both the organizer and axial mesoderm (the prechordal plate and

14



notochord), it is expressed at the right place and time to antagonise activin in vivo and 

allow neural induction to occur in Xenopus.

The P19 cell line, derived from mouse embryonic carcinomas, has the potential to 

differentiate into tissues that possess the morphological and molecular characteristics 

of all three embryonic germ layers (McBumey et al., 1982). These cells can be 

specifically induced to follow a neural fate by culturing them in the presence of the 

teratogen, retinoic acid. It has been reported that this action of retinoic acid can be 

blocked by application of activin (Hashimoto et al., 1990). This implies that mouse 

Activin can block the same differentiation pathway that it antagonises in Xenopus 

animal cap assays.

Although in vitro experiments have been useful in elucidating the type of molecular 

pathways which may be involved in the process of neural induction, what of the 

action of these genes in vivo? Targeted disruption of the murine Activin genes have 

been carried out (Matzuk et al., 1995a, b, c). The phenotype observed is not 

consistent with activins playing a role in murine neural induction. Mice lacking both 

the 8A and BB subunits of activins survive to birth but then die of cranofacial defects 

(Matzuk et al., 1995b). It may be possible that activin protein from a maternal 

source plays a role in early germ layer differentiation, as activin is detected in the 

decidua. This seems unlikely, however, as follistatin, (the antagonist of activin) is 

found at high levels in the parietal endoderm and decidua and would presumably 

sequester the maternal activin (Feijen et al., 1994). The targeted disruption of 

follistatin in mice gives a wide-ranging phenotype affecting epidermal and
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musculoskeletal tissues (Matzuk et al., 1995c). This suggests several functions for 

follistatin during embryogenesis but significantly not a role for this molecule in neural 

induction .

Noggin

Noggin is another secreted molecule, first cloned after screening a cDNA library to 

find genes that could rescue UV ventralised Xenopus embryos (Smith & Harland, 

1992; Harland, 1994). Initially, noggin is ubiquitously expressed in the early embryo 

but by the gastrula stage it is restricted to the organiser. Noggin has also been shown 

m Xenopus animal cap assays, to neuralize ectoderm without first inducing mesoderm 

markers. Together these data suggest a role in neural induction. This seems 

unlikely in the mouse as the targeted disruption of murine noggin leads to fused 

vertebrae and other aberrant skeletal problems but no failure of neural induction 

(McMahon et al., 1995).

Bone Morphogenetic Protein 4

To return to the theme that neuroectoderm is the default state of ectoderm, we should 

be looking for repressors of neural induction. It is known from studies in the frog, 

that exposure to another TGFb molecule. Bone Morphogenetic protein 4 {Bmp4), can 

prevent disaggregated animal caps from autoneuralising (Wilson & Hemmati- 

Brivanlou, 1995). Instead of neural markers, epidermal ones are induced. This 

result is consistent with BMP4 being the secreted antagonist to the neural default
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mechanism, which is presumably lost from animal caps on dissociation.

It is not clear from targeting the mouse Bmp4 gene whether it plays a role in 

controlling ectoderm fate, as the null mice do not successfully form mesoderm and 

therefore development is disrupted prior to neural induction (Winnier et a l ,  1995). 

More informative experiments, have been performed m Xenopus animal caps, where 

the translation of BMP4 was prevented. This was shown by injecting antisense 

mRNA into Xenopus embryos. Animal caps from these embryos exhibited neural 

differentiation (Steinbeisser et al., 1995), supporting the idea that BMP4 acts as a 

repressor of neural differentiation.

As discussed above, one of the reasons that Activin had been thought to be a neural 

antagonist, was the experiment to express dominant-negative activin type II receptors 

in Xenopus animal caps. This led to expression of neural markers. It has since been 

shown that neural induction resulting from the expression of a dominant negative 

Activin receptor will also block epidermal induction by BMP4 (Wilson & Hemmati- 

Brivanlou, 1995). BMP molecules are also known to bind Activin type II receptors 

(Yamashita et a l. , 1995). So the previously observed result of the induction of neural 

markers using these dominant-negative constructs, could be a consequence of blocking 

signalling of BMP4 rather than of activin.

The neural inducing activity of noggin in animal cap assays can also been explained 

in context of disrupting BMP4 activity. It is now known that noggin protein directly 

binds to and consequently inhibits BMP4 from inducing epidermis in animal cap
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assays (Zimmerman et al., 1996). This inhibition would also explain the phenotype 

of the null noggin mouse if the mutation lead to the mis-regulation of a BMP 

molecule. Follistatin is also known to bind BMPs, although with a lower infinity than 

shown for Activins (Yamashita et al., 1995). Another molecule that has been 

reported to induce neural tissue without mesoderm markers in animal cap assays is 

chordin (chd) (Sasai et al., 1995). This molecule is also expressed in the organizer 

of the frog. Cells grown in the presence of radio-labelled BMP4 molecules 

themselves become labelled when the BMP molecules bind to their membrane bound 

receptor. It was shown that addition of Chd protein would block BMP4 from binding 

to its receptor (Piccolo et al., 1996). It was also shown using immunoprécipitation 

that Chd directly binds BMP4.

The key to vertebrate neural induction may be the suppression of a BMP signal that 

would otherwise epidermalise neuroectodermal precursors. Neural induction mediated 

by the proteins encoded by chd, follistatin and noggin appears to occur because these 

proteins directly bind and inhibit the function of BMP4.

The null mutations in these genes in the mouse show an apparent discrepancy with 

the in vitro data. However, the in vivo studies may be indicating that the neuralising 

effects of follistatin, noggin and chordin upon ectoderm are functionally redundant.

Anterior / Posterior Patterning of the Neural Plate by Mesoderm

The exact molecular mechanism of how mesoderm induces ectoderm to follow a
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neural fate remains unanswered. Chronologically the next question that arises is how 

anteroposterior patterning of the neural plate occurs. Again this is a subject that has 

been extensively studied in Xenopus as the relevant tissues are easily separated and 

cultured alone or together as recombinant explants.

In the Xenopus animal cap assays, follistatin or noggin induce pan-neural genes and 

genes exclusively expressed in anterior regions of the developing nervous system. 

In other words, genes expressed in the more posterior regions of the hindbrain and 

developing spinal cord are not induced (reviewed in Harland, 1994). This implies 

that the initial neural signal provides anterior positional information and has to be 

accompanied by a second signal that confers posterior neural epithelium its 

characteristics. It has long been thought that this posteriorisation of the neural plate 

could be caused by retinoic acid (RA) and Hensen’s node is known to be a source of 

this molecule (Chen et al., 1992). Papalopulu & Kintner (1996) have shown that 

application of RA to noggin treated animal caps, causes down regulation of anterior 

markers and the expression of more posterior markers. A reporter gene encoding B- 

galactosidase under the control of a retinoic acid response element has been used to 

generate transgenic mouse embryos (Rossant et al., 1991). B-galactosidase activity 

is detected in and posterior to the node. This implies that RA is also located in these 

regions in the mouse and supports the theory that RA is involved in the patterning of 

the vertebrate axis.

Experiments to address anteroposterior patterning of neural ectoderm in mouse 

embryos have been performed by culturing naive ectodermal explants with mesoderm
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from different anteroposterior levels (Ang & Rossant, 1993; Ang et al., 1994). In 

these recombinant explant assays the Engrailed genes Enl and En2 as well as Otx2, 

were used as markers of anterior neuroectoderm. In the embryo, Enl is first detected 

in the anterior neural folds at the one somite stage and En2 in a similar region slightly 

later. Otx2 is initially expressed throughout the epiblast and subsequently becomes 

restricted between early and late streak stages, to the rostral region of the embryo. 

Ectoderm taken from pre to early streak stage embryos fails to express Engrailed or 

to maintain Otx2 expression in culture. However, when these explants were cultured 

with anterior mesoderm from head-fold stage embryos Engrailed and Otx2 expression 

was detected. This result could not be duplicated when posterior mesoderm or 

mesoderm from younger embryos was used (Ang & Rossant, 1993). Conversely, it 

was shown that posterior mesoderm causes down regulation of Otx2 expression in 

dissected ectoderm (Ang et al., 1994). This suggests that loss of Otx2 expression 

posteriorly is due to repressive signals from underlying mesodermal tissues.

These studies clearly indicate that the mesoderm is regionalised and is influential in 

the anteroposterior patterning of the neural plate. Following the anteroposterior 

polarising of the neural plate by the underlying mesoderm, patterning of the 

neuroepithelium in the dorsoventral axis occurs.

Differentiation and Neurogenesis in the Neural Tube

The dorsoventral (D/V) patterning of the neuraxis begins at neural plate stages and 

ultimately leads to the positioning of specific neurons at distinct D/V levels (figure
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Figure 1.2 Development of the neural tube (taken from Jessell et al., 1989). This 
diagram schematically shows the morphogenic movements which occur during 
neurulation and which accompany the initial stages of cell differentiation in the 
neuroepithelium. Neural plate is first detected as a flat sheet of morphologically 
identical cells. One of the first cell types to differentiate are those at the ventral 
midline. In caudal regions these cells overlie the notochord (NC) which induces their 
differentiation to floor plate (FP). As the neural plate begins to fold, signals from 
adjacent epidermal ectoderm induces dorsal cell types to differentiate in the lateral 
edges of the neural plate (as indicated ■̂ ). These cells form the prospective dorsal 
region of the neural tube.
Due to ventralising (indicated by \ / )  and dorsalising signals, specific neurons 
differentiate at precise positions in the dorsoventral axis, some of which are 
represented above in a transverse view through the developing caudal spinal cord, 
motorneurons (M), interneurons (I), commissural neurons (C) and association neurons 
(A). The position of the paraxial structures of the forming somites are also depicted 
(S)
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1.2). The first cell type to differentiate from the immature neuroepithelium is located 

in the ventral midline of the neuraxis and forms a structure known as the floor plate; 

which is known to be important in patterning adjacent neuroepithelium and in axon 

guidance later in development (Colamarino & Tessier-Lavigne, 1995). It has been 

shown in chick embryos that floor plate differentiation is induced by the underlying 

notochord, an axial mesoderm structure. The grafting of an ectopic chick notochord 

into an host embryo results in the induction in the adjacent neuroectoderm of an 

ectopic floor plate, as well as other ventral cell types including motor neurons. In 

the converse experiment, ablation of the notochord was shown to result in the loss of 

floor plate formation and the absence of motor neurons (Placzek et al., 1990).

In vivo, notochord mediated floor plate induction, is first marked by expression of the 

transcription factor HNFSfi (Ruiz i Altaba et al., 1993). This is shortly followed by 

the exclusion of SOXl from this ventral midline area (Pevny et al., 1997). These 

events can be recapitulated in recombinant explant cultures. When undifferentiated 

neuroepithelium and notochord are cultured together, upregulation of HNFSfi and 

down regulation Soxl expression is observed in neural tissue adjacent to the 

notochord (Pevny et al., 1997). The expression of Soxl, is consistent with this gene 

marking undetermined neuroepithelium.

It has also been shown that the floor plate itself has inductive properties. Grafting 

an ectopic floor plate into a host embryo in vivo or culturing floor plate and neural 

plate explants together in vitro, have shown that floor plate will induce floor plate 

markers in competent neuroepithelium. These experiments also lead to motor neuron
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differentiation (Placzek et al., 1991, 1993; Yamada et a l ,  1993). This indicates that 

the floor plate shares with the notochord the ability to pattern the ventral neural tube. 

One reason the induction of floor plate properties is ventrally restricted may be the 

fact that the neuroepithelium rapidly loses competence to respond to these inducing 

signals (Placzek gr a /., 1991).

A candidate signalling molecule for floor plate and motor neuron induction, came 

from cloning vertebrate homologues of Drosophila secreted molecules (reviewed in 

(Smith 1994). Hedgehog (hh) is a molecule involved in a variety of patterning events 

in fly embryogenesis. A vertebrate homologue. Sonic hedgehog (Shh), was shown 

to be expressed in the node, the notochord and subsequently, in the floor plate. It 

was also shown that COS cells constitutively expressing Shh, could induce floor plate 

and motor neuron markers in neural plate explants in culture (Roelink et al., 1994). 

In an analogous fashion to the notochord itself, these COS cells can induce motor 

neurons in a contact independent manner (Tanabe et al., 1995). Using in vitro 

assays, the same authors showed that motor neuron induction by SHH, is independent 

of floor plate induction. SHH was shown to directly induce differentiation of these 

ventral cell types as the addition of recombinant protein directly to neural plate 

explants in culture also leads to formation of floor plate cells and motor neurons 

(Tanabe et al., 1995; Ericson et al., 1996).

In vivo, the ventral neural tube differentiates to give rise to interneurons, motor 

neurons and the floor plate, all at specific positions in the D/V axis. The 

establishment of this pattern is also thought to be controlled by the action of SHH.
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In vitro, a specific threshold concentration of SHH protein is required for floor plate 

induction in naive neuroepithelium. A five fold lower concentration will lead to the 

differentiation of motor neurons, without the induction of floor plate markers (Tanabe 

et al., 1995). Exposing neural plate explants to a low concentration of SHH, 

followed by ablating the signal using antibodies specific to SHH, leads to the 

differentiation of intemeurons at the expense of motor neurons (Liem et al., 1995). 

This result was interpreted as SHH providing a ventralising signal and without 

continued exposure to SHH, motor neurons are not formed and interneurons 

differentiate instead. This data supports a theory whereby in vivo SHH may act as 

a morphogen, such that cells at specific distances from the SHH signal will be 

exposed to distinct concentrations and will consequently adopt specific fates. The 

positions at which interneurons, motor neurons and floor plate cells differentiate in 

vivo with respect to a SHH source support this theory, since interneurons are 

generated more dorsally in the neuraxis than motor neurons and are therefore further 

from the SHH signalling source. Motor neurons themselves form lateral to the floor 

plate (see figure 1.2).

It is believed that SHH activity is influential in more than just the specification of 

ventral structures and may be required for the patterning of the whole neural tube. 

The homeodomain genes Pax3, Pax7, Msxl and Msx2 are expressed throughout the 

open neural plate. As the plate begins to fold these genes are gradually down 

regulated from the medial region and become restricted to the lateral edges of the 

neural plate. After neural tube closure these genes continue to be expressed in the 

dorsal region of the tube (Liem et al., 1995). The down regulation observed for
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these genes in naive neuroepithelium can be duplicated in vitro by applying SHH 

protein to neural plate explants. This result is consistent with a SHH signal from 

axial mesoderm acting as a morphogen and having an early ventralising affect on the 

neuroepithelium and restricting expression of these markers to the dorsal neural tube.

Recent studies, however, have shown that the absence of ventralising signals is not 

sufficient to lead to differentiation of all dorsal cell types. (Liem et al., 1995) 

dissected explants from the intermediate neural tube and cultured them for 18 hours. 

The cells of these explants were shown to still be expressing Pax3 and Msx after IShr 

in culture. Continued expression of these genes implies a lack of ventralisation. 

These explants were also shown to have turned on the expression of certain general 

dorsal markers such as Dorsalinl (DSLl) but not other dorsal cell specific markers 

such as Slug or HNKl which mark migratory neural crest (Liem et a l., 1995). This 

suggests that a specific polarising signal may also be required for specifying dorsal 

characteristics.

The tissue origins of such a dorsalizing signal were located in studies using chick 

explants. Co-culturing non-neural ectoderm next to a competent neural plate explant 

induces the expression of both dorsal neural markers such as Wntl and Wnt3a and 

neural crest markers such as HNKl (Dickinson et a l. , 1995). The same result is also 

achieved when the neural explant is grafted in vivo into a host chick embryo under 

the non-neural surface ectoderm.

Investigation of candidate dorsalizing molecules, expressed in non-neural ectoderm
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adjacent to the neural plate, has centred around two TGFB members. Bmp4 and 7 are 

expressed in the epidermal ectoderm which lies adjacent to the lateral edges of the 

neural plate. After tube formation, Bmp7 expression is maintained in the epidermal 

layer of ectoderm now overlying the neural tube and Bmp4 is expressed within the 

dorsal midline of the tube itself. In summary, Bmp4/7 have a spatial and temporal 

expression pattern consistent with these genes providing an initial dorsalizing signal 

at neural plate stages which would then be maintained within the tube itself. 

Treatment of chick neural explants with recombinant BMP4 or 7 protein results in the 

specific induction of dorsal cell types. Moreover, BMP? activity acts to antagonise 

the ventralising properties of the notochord on neural plate explants which would 

otherwise normally be observed in co-cultures (Liem et al., 1995).

It would appear that the neural tube is dorsoventrally patterned via two antagonistic 

signalling pathways, one ventral (from the notochord and later from the floor plate) 

and one dorsal (from the epidermal ectoderm and later from the dorsal neural tube). 

This D/V patterning of the neural tube is essential for correctly positioning the 

differentiation of specific neurons. Ongoing work has given some insights into how 

neuronal differentiation from a stem cell like population of neuroblasts is controlled. 

A great deal of this knowledge has been gained by studying the similar process of 

neural determination in Drosophila. This topic will be dealt with next.
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The Proneural and Neurogenic Genes: Lessons from Drosophila

Saturation mutagenesis in the fly has revealed a number of genes which are involved 

in controlling the fate of nascent ectoderm. The expression of these so-called 

proneural genes in epithelial cells confers upon them the competence to adopt a neural 

fate instead of becoming epidermis. The proneural genes identified so far form part 

of the Achaete-Scute (AS-C) complex which encodes several basic Helix loop Helix 

(bHLH) family members. Expression of these genes occurs in waves which coincide 

with transient bursts of neurogenesis in both the peripheral and central nervous system 

of the fly embryo. The study of this mechanism in the peripheral nervous system is 

facilitated by the fact that the fully developed sensory organ includes a bristle that can 

easily be observed. Expression of AS-C arises first in patches of epidermal cells 

termed proneural clusters. The whole of the cluster has the potential to become 

neuroblasts. Later expression of AS-C is restricted to only one cell per cluster and 

this coincides with the development of the single bristle per cluster. The down 

regulation of AS-C expression by all but one cell per cluster is known to require cell 

contact and this process is termed lateral inhibition. This is thought to involve the 

activity of two transmembrane proteins called Delta and Notch. Loss of function of 

either gene, leads to continued expression of AS-C in all precursors of the cluster and 

the subsequent over production of sensory organs and neurons at the expense of 

epidermal tissue (Heitzler & Simpson, 1991). As these two genes regulate proneural 

gene expression, they are termed neurogenic genes. Cell aggregation studies have 

shown that Notch and Delta directly bind each other (Fehon et al., 1990).
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By using heterozygous fly embryos for a mutant notch or delta allele and exposing 

these embryos to X-ray radiation, mosaic larvae can be generated in which clones of 

homozygous "wild type" cells develop and differentiate adjacent to homozygous 

mutant clones (Heitzler & Simpson, 1991). It was shown that the Notch loss of 

function mutation acts cell autonomously since mutant clones develop as sensory 

organs even if adjacent to wild type cells. Hence Notch has the characteristics of a 

receptor. Clones of wild type cells generated next to clones of cells with multiple 

I copies of the notch gene, were shown to have an increased number of bristles. Hence 

the authors have shown that a proneural cell "displaying" less Notch than its 

neighbours will tend to become neural whereas a cell with more Notch receptor than 

its environment will become epidermal. Figure 1.3 below shows a simplified model 

for this regulatory loop that is proposed to control neural fate in the fly ectoderm.

In a clone of delta mutant cells, the central cells follow the neural pathway whereas 

the cells on the periphery of the clone were shown to be capable of differentiating to 

epidermis (Heitzler & Simpson, 1991). This indicates that Delta acts non cell- 

autonomously. It was shown that in contrast to Notch, cells with comparatively more 

Delta than their neighbours were more likely to adopt a neural fate. As expected, 

embryos possessing null mutations for /IS-C and lacking either delta or notch, do not 

develop sensory organs, as the proneural genes of the AS-C complex are upstream of 

the mechanism of lateral inhibition. It has also been shown that proteins encoded by 

the AS-C complex, directly bind and enhance transcription of the delta gene (Kunisch 

e ta L , 1994).
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Figure 1.3 Copied from (de la Pompa et al., 1997). This diagram demonstrates the 

conservation between invertebrates (A) and vertebrates (B) in the molecular pathways 

that control lateral inhibition. In the fly lateral inhibition is used to control the 

segregation of neural precursors from the epidermis. In the mouse lateral inhibition 

is employed to regulate the progression of neuroblast differentiation.

Drosophila and mouse homologues in the two pathways are placed at the same level. 

The vertebrate neurogenin gene is claimed by the authors to be a candidate gene X.

29



All this data is consistent with the hypothesis that the precursor within a proneural 

cluster that expresses the most Delta, will inhibit its neighbours from becoming 

neural. This lateral inhibition occurs via the activation of Notch receptors. As the 

transcription of AS-C is transient, it is expected that slight initial differences in Delta 

would occur; a regulatory loop, involving Notch-Delta signalling in adjacent cells, 

would then amplify these differences allowing one precursor per cluster to be selected 

to give rise to the sensory organ. The Enhancer o f split complex also encodes bHLH 

proteins. Genetic studies have placed this complex downstream of Notch signalling 

in the process of lateral inhibition within the proneural cluster (Heitzler et a l., 1996 - 

see figure 1.3).

Proneural genes in Vertebrates

Two homologues of the Drosophila AS-C genes have been cloned in mammals. 

These are called Mashl and Mash2. Mashl is expressed early in the trophoblast 

layer. Mice homozygous for a targeted disruption of the gene, die due to a lack of 

placenta at 10d/?c (Guillemot et al., 1995). As Mash2 is an imprinted gene, 

heterozygotes inheriting the wild type allele from their fathers are indistinguishable 

from homozygotes and also die in utero. Mashl has a transient expression pattern 

within the developing CNS and peripheral nervous system. This expression occurs 

too late for Mashl to be a proneural gene but seems to correlate with neuronal 

differentiation; expression decreasing as neuroblasts begin to differentiate into 

immature neurons (Lo et al., 1991). The Mashl targeted mutation in mice also 

argues that it is not a proneural gene. The mutation affects the neuronal precursors 

of the olfactory epithelium, which die, and the neural crest cells fated to form part 

of the autonomic nervous system, which start to migrate but fail to differentiate 

(Guillemot et al., 1993). These data are consistent with Mashl playing a role in 

controlling the differentiation of a subset of neuroblasts in the developing nervous 

system.

There is, of course, every possibility that there are additional Mash and Mash related 

genes still to be discovered in the mouse. In the frog a homologue to Mashl has
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been cloned, called Xashl. Like its mammalian counterpart it is expressed only after 

the neuroepithelium has already been formed. However, a novel AS-C homologue, 

XashS has been cloned from Xenopus. This has very early expression from mid- 

gastrula stages, in a region fated to become neural plate (Zimmerman et al., 1993; 

Turner & Weintraub, 1994). When XashS RNA is injected into embryos the 

subsequent developing tadpoles possess larger neural tubes (Ferreiro et at., 1994; 

Turner & Weintraub, 1994). This increase of neuroepithelium occurs at the expense 

of neural crest and epidermal tissues. Animal caps taken from injected embryos 

indicate that XashS is unable to induce expression of neural markers in naive 

ectoderm (Turner & Weintraub, 1994). Together these studies suggest that XashS 

itself is not a neural inducer but does act like a proneural gene to promote neural 

development within competent tissue. In support of this theory animal caps from 

embryos co-injected with XashS and noggin, express neuronal markers that are not 

observed in caps cut from embryos injected with just the neural inducer noggin 

(Ferreiro et at., 1994).

Cloning of related bHLH encoding genes has uncovered more factors involved in 

vertebrate neurogenesis. A gene called neurogenin has been cloned in the frog and 

mammalian systems. Injection of mRNA for the Xenopus homologue X-ngnrl, into 

embryos causes increased neurogenesis within the neuroepithelium as well as in 

regions of ectoderm that do not normally differentiate into neural tissue (Ma et a l., 

1996). Additional experiments show that X-ngnrl activates a Xenopus homologue of 

Delta and that endogenous expression of X-ngnrl is repressed by ectopic expression 

of the Xenopus homologue of Notch. These data suggest that neurogenin is a 

proneural gene involved in the same mechanism as observed for Achaete-Scute genes 

in the fly.

It seems likely that the function of other members of the bHLH group of proteins are 

conserved between invertebrates and vertebrates. A gene with homology both to 

E(spl) and another Drosophila gene called hairy, has been cloned in the mouse and 

named Hesl (Ishibashi et al., 1995). As already mentioned, E(spl) is a downstream 

target of Notch activation and a negative regulator of neurogenesis in the fly.
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Similarly, in Drosophila, the gene product of Hairy is known to bind and down- 

regulate expression of AS-C genes. The targeted disruption of the mouse gene has 

indicated that Hesl also plays an important role in neurogenesis. Embryos which are 

homozygous null for Hesl have premature neuronal differentiation and increased level 

of Mashl expression in a larger domain in the forebrain. This indicates that Hesl is 

crucial in temporally regulating neurogenesis.

Suppressor of Hairless (Su(H), is another Drosophila gene implicated in the 

neurogenic pathway and positively regulates E(Spl) (see figure 1.3). The disruption 

of the vertebrate homologue, RBP-Jk in the mouse causes malformation in several 

embryonic tissues and lethality by 9dpc. Studies of the neural tube in homozygous 

RBP-Jk disrupted embryos have shown that this mutation causes a decrease in 

expression of Hes5, another vertebrate homologue of E(Spl). The phenotype in the 

neural tube includes an increased level of Mashl expression in a larger domain in the 

prospective brain as well as an increased expression of a Delta related gene. D ill, 

throughout the developing spinal cord. Markers for neuronal progenitors are also up- 

regulated (de la Pompa et al., 1997).

Taken together, these data indicate that many of the genes and mechanisms involved 

in the control of neurogenesis may have been conserved between invertebrates and 

vertebrates.

Lateral Inhibition in Vertebrates

Proliferation in the neural tube occurs within the layer of cells adjacent to the lumen, 

an area called the ventricular zone. The vertebrate homologues of the Drosophila 

lateral inhibition components are thought to be involved in controlling the 

differentiation of postmitotic neuronal precursors as they migrate from the ventricular 

zone to the mantle of the neural tube. Delta and Notch homologues have been cloned 

in Xenopus and named X-Deltal and X-Notchl respectively. The expression of both 

is seen in three stripes either side of the midline in late gastrula Xenopus embryos. 

This expression pattern preempts expression of a neuron specific tubulin called N-
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tubulin (Chitnis et al., 1995). Chitnis et al. have also shown that injections of X- 

D eltal mRNA into one cell of a two cell embryo will give rise to an embryo where 

one half of the neural tube is deficient in neurons. This is due to the bisymmetric 

development of Xenopus embryos and the accumulation of injected Delta in one half 

of the embryo which acts to inhibit neurogenesis. The theory that the mechanism 

controlling neurogenesis is similar to the model for lateral inhibition with feedback 

\n Drosophila, is further supported by the following two observations: injections of 

constitutively active X-Notchl leads to less primary neurons and a down regulation 

of X-Deltal while injection of X-Deltal truncated for the intracellular domain, 

increases the occurrence of primary neurons. This latter phenomenon is believe to 

be caused by the mutant protein interfering with the function of the endogenous 

protein (Chitnis et al., 1995).

In the mouse three Notch genes have been cloned and both Notchl and Notch2 have 

been targeted by homologous recombination in ES cells (Conlon et al., 1995). The 

resultant homozygous progeny die during gestation too early to establish a role for 

these genes in regulating neurogenesis. The cause of lethality is complex and reflects 

the fact that the Notch genes are expressed in many tissues of the embryo (Williams 

e ta l .,  1995).

Studies in flies have demonstrated that on ligand activation the intracellular region of 

the Notch protein is cleaved and enters the nucleus to transduce the inhibitory signal. 

Lardelli et al used the Nestin promoter to drive neural tube expression of a transgene 

encoding the intracellular region of N0TCH3. They showed using this assay that 

over expression of this activated form of N0TCH3 in the mouse neural tube, prevents 

normal neurogenesis. On closer inspection the neural epithelium of transgenic 

embryos was shown to be thicker. Experiments analysing the incorporation of BrdU 

(which marks cells in S phase of cell division) indicated a higher proportion of 

proliferating cells in these embryos compared to wild type. This further suggests that 

Notch signalling is important in maintaining a stem cell like population in the 

developing CNS (Lardelli et al., 1996).
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A Delta homologue has also been cloned in the chick and has an expression pattern 

that suggests it may play a similar role in chicken neurogenesis as X-Deltal in 

Xenopus. It is first expressed in the neural tube in the region that becomes the 

hindbrain. This region is the first area to differentiate along the anteroposterior axis. 

Expression of C-Delta then extends both anteriorly and posteriorly preempting 

neurogenesis in the rest of the neuroepithelium (Henrique et al., 1995). It has been 

shown that both C-Notchl and C-Deltal are expressed within the ventricular zone but 

the use of BrdU labelling has shown C-Deltal to be in non-dividing cells (Myat et 

al., 1996).

All this data taken together suggests that the mechanism of lateral inhibition in 

vertebrates, mediated through Notch and Delta activity, is responsible for controlling 

the release of progenitors cells within the ventricular zone to becoming neurons. 

Hence on release from cell cycle, a nascent neuron begins to express delta and 

suppress its neighbours from following it through the pathway. Once this neuron 

loses contact with ventricular zone cells as it enters the mantle, the inhibition is lifted 

allowing further differentiation.

The Vertebrate Hindbrain

Segmentation plays an important role in development as it permits the 

compartmentalisation of tissues with a shared identity and fate. This is the case in 

the developing vertebrate hindbrain which is transiently arranged in a series of bulges 

called rhombomeres. Rhombomeres represent regions consisting of both 

neuroepithelium and neural crest with defined morphological fates. For instance the 

neuroepithelium of rhombomere four gives rise to vestibuloacoustic neurons and the 

crest from this region generates the cartilages of the ear and tongue (Simon & 

Lumsden, 1993). In this way the segmentation of the hindbrain patterns both 

cranofacial structures and the emerging peripheral nervous system.

The morphological constrictions that lead to the physical appearance of the 

rhombomeres develop between 8 and 8.5d/?c in the mouse. Several genes have been
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demonstrated to have expression domains restricted within specific rhombomeres. 

These genes include members of the Hox gene family whose expression domains 

within the developing CNS have an anterior limit that coincides with rhombomeric 

boundaries (reviewed in (Wilkinson, 1993).

Two Hox genes, Hoxa-2 and Hoxb-2, that are expressed in the hindbrain have been 

demonstrated to be regulated by Krox20 which encodes a zinc finger protein 

expressed in the hindbrain and neural crest (Sham et a l., 1993; Nochev et a l. , 1996). 

Krox20 expression, which precedes the morphological segmentation of the hindbrain, 

is first seen in prospective rhombomere 3 (r3) at Mpc and then in prospective r5 as 

well by S.5dpc (Nieto et al., 1991). The targeted disruption of the mouse gene, 

indicated that this gene plays a role in rhombomere specification (Schneider-Manoury 

et al., 1993). As the targeting construct contained B-galactosidase such that it would 

be expressed as a protein fusion, it was possible to study the effects of the disruption 

on Krox20 expression itself. This showed initial^-galactosidase activity in r3 and r5, 

but this activity was not maintained. Furthermore, the boundaries of these 

rhombomeres failed to develop. Later in development there was disarray in the 

emerging cranial ganglia consistent with an absence of r3 crest. Mice homozygous 

for this Krox20 null mutation die shortly after birth due to an inability to feed. This 

phenotype suggests a role for Krox20 in maintaining the identity of the rhombomeres 

3 and 5. It is known from experiments in the chick embryo that when an even 

numbered rhombomere is grafted adjacent to another even numbered rhombomere a 

boundary fails to develop (Lumsden & Guthrie, 1991). Conversely if an odd 

numbered rhombomere is grafted adjacent to an even numbered rhombomere, then 

a boundary will form. It has been suggested that Krox20 is required both for r3 and 

r5 identity and in the absence of these odd numbered segments, boundaries will not 

be formed between the remaining even numbered rhombomeres 2,4 and 6.

Studies have been undertaken to examine the property of rhombomere boundaries. 

It is known from cell-labelling experiments that there appears to be limited cell 

movement between rhombomeres (Fraser et al., 1990) and three mechanisms have 

been proposed that could account for this lack of mixing: 1) cells of from different
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rhombomeres differ in surface markers which renders them immiscible, 2) that 

specialised cells located at the boundary actively prevent cell movement and 3) cells 

that move into a new rhombomere adopt new markers to fit the environment. This 

second possibility is supported by the fact that the cells at the margins of 

rhombomeres are very different from those cells within rhombomeres in both physical 

characteristics and the genes they express.

The interface between rhombomeres contain specialised cells and extracelluar matrix. 

For instance, Pax6 is strongly expressed at the boundary of chick rhombomeres along 

with laminin and NgCAM both of which are molecules concerned with neuron-glia 

adhesion (Heyman et al., 1993, 1995). Extracellular spaces between boundary cells 

have been shown to be more numerous when compared to inner rhombomeric regions 

and this is thought to be involved with allowing room for axons to exit the hindbrain 

along a specific pathway (Heyman et al., 1993). It appears therefore, that the 

apposition of adjacent rhombomeres induces a specialised group of cells that influence 

correct neuronal development and axonal migration.

The phenomenon of segmentation during the development of the body plan is shared 

by invertebrates and chordates. It is therefore, of interest to see if there is any

conservation in the mechanisms employed in the compartmentalisation of the

Drosophila body plan and the vertebrate hindbrain (reviewed in (Wilkinson, 1993). 

Interestingly, a Drosophila homologue of Sry, soxJOD, has been implicated in

segmentation in the fly (Russell et al., 1996; Nambu & Nambu, 1996). The

expression of soxlOD is similar to that of the pair rule genes (which are concerned 

with segmentation) and overexpression of soxJOD causes disruption of normal 

segmentation. A transient ectopic dose of soxJOD driven from a heat shock promoter 

causes ectopic expression of a number of pair rule genes. Most encouraging is the 

fact that soxJOD maps to a mutation called lethal of Dichaete (loD) which causes a 

segmentation defect. It will be informative to see if any of the Sox genes are 

concerned with segmentation in a vertebrate system.
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The Mid and Fore-brain

As discussed earlier, the neuroectoderm is induced by signals emanating from the 

node. The neural plate is then patterned along the anteroposterior and dorsoventral 

axes by signals derived from the underlying mesoderm. There is, however, 

increasing evidence that an additional signal is required for the specification of rostral 

structures. Certain markers have been shown to be expressed in the anterior visceral 

endoderm before gastrulation begins (Thomas, P. & Beddington, 1996). This implies 

that heterogeneity in molecular markers exist in the anteroposterior axis prior to the 

formation of the streak and extension of axial mesoderm. Resent research has 

identified mutations in the mouse that specifically lead to an anterior disruption in 

development but leave the rest of the embryonic axis comparatively unaffected 

(Shawlot & Behringer, 1995; Ang et al., 1996; Varlet et al., 1997).

Nodal encodes a TGFB secreted molecule which prior to gastrulation is expressed in 

proximal primitive ectoderm and visceral endoderm. Injections of wild type ES cells 

into blastocysts homozygous for a Nodal disruption, result in chimaeras where all the 

primitive endoderm is null for this gene. These embryos typically fail to form 

anterior neural structures. In contrast, injecting null ES cells into a wild type 

blastocyst, generates a viable chimaera. This suggests that Nodal expression in the 

visceral endoderm is essential for specifying anterior identity in the developing 

embryo (Varlet et al., 1997).

Mice homozygous for a disruption in the homeodomain gene, Liml develop with 

rostral structures anterior to r3 missing (Shawlot & Behringer, 1995). Liml is 

expressed in the streak and the involuted mesoderm, including the anterior 

mesendoderm. As discussed previously, the gene Otx2 is expressed throughout the 

epiblast by 5.5d/?c and becomes restricted to the anterior ectoderm. It is also 

expressed in the anterior mesendoderm. After targeting this gene, homozygous null 

embryos were shown to have a similar phenotype to homozygous null Liml embryos 

and to be missing a prechordal plate as assayed by expression of specific markers 

(namely Liml and HNF3fi){Ang et a l., 1996). Despite the presence of a node in these
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mutants the lack of rostral structures implies the need for a specific head organiser.

Anterior to the hindbrain (rhombencephalon), the neural tube develops in distinct 

vesicles, the midbrain (mesencephalon) and forebrain (prosencephalon). As 

development proceeds, the prosencephalon becomes further divided into two domains, 

the diencephalon and telencephalon, which can be distinguished through the 

expression domains of specific transcription factors (reviewed in Bang & Goulding, 

1996). The midbrain forms the cerebellum and tectal cortex in the adult. The 

diencephalon gives rise to the hypothalamus and thalamus and the telencephalon forms 

the cerebral hemispheres.

The Hox genes are expressed posterior to these developing structures so are unlikely 

to be involved in specifying regional identity in the developing brain. However, 

members of the Pox, Wnt, Fgf and Engrailed families have all been implicated in 

regulating midbrain/anterior hindbrain development. WNTl is a putative signalling 

molecule, originally cloned as a proto-oncogene. Expression studies have shown that 

it is first expressed in the prospective midbrain at 8d/?c. The targeted disruption was 

performed in ES cells and homozygous embryos were shown to be missing the whole 

of the midbrain by morphology and molecular markers (McMahon et al., 1992). The 

markers used were the Engrailed genes. Mammals possess two Engrailed genes Enl 

and En2. Both are expressed by Mpc in a similar domain as Wntl. The targeting 

of both of these genes has shown that they are required for normal midbrain-hindbrain 

development. En2 null mice are viable but possess smaller cerebellums (Millen et 

al., 1994). Enl is expressed earlier than En2 and the null mutation of Enl is neo

natal lethal with large deletions in the midbrain detectable by 9.5dpc (Wurst et al., 

1994). It has been shown that En2 can replace all the functions of Enl by gene 

targeting and replacement (Hanks et al., 1995).

Wntl is a homologue of the Drosophila gene wingless (wg). The mouse genes Enl 

and En2 are homologues of the Drosophila gene engrailed {en). Both wg and en are 

segment polarity genes and are expressed at the boundaries of parasegments in the fly 

embryo. Paired is a pair rule gene which is essential for initiating expression of
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these segment polarity genes. The Pax genes (1-9) are the mouse homologues of 

paired  and three members of this family are expressed in the midbrain/hindbrain. 

These are Pax2, Pax5 and Pax8.

Pax2 expression preempts both Wntl and the Engrailed genes in the brain. A 

frameshift mutation in mouse Pax2 causes an array of effects in embryonic tissues 

including the eye, kidney and ear. The central nervous system is also affected with 

the entire mid-hindbrain region deleted (Favor et a l., 1996). The Pax5 gene has been 

disrupted in mice by gene targeting. Pax5 null mice are stunted in growth and 

usually die within 21 days of being born (Urbanek et al., 1994). On investigation, 

these mice were also shown to have abnormalities in the midbrain and cerebellum.

Clearly, Pax genes are essential for mid-hindbrain development. Pax2 has the most 

severe phenotype which correlates with it being the earliest Pax gene expressed in the 

mid-hindbrain region. Taken together these mutation studies suggest that the 

regulation of wingless and engrailed by paired seen in the fly, is a mechanism that 

has been conserved in vertebrates (reviewed in Joyner, 1996). This theory is further 

supported by the finding that the minimal promoter for En2, possesses two domains 

that are putative binding domains for PAX proteins. Mutation of these sites abolishes 

the tissue specific function of the promoter (Song et al., 1996).

The junction of the rostral hindbrain (metencephalon) and midbrain (mesencephalon) 

is called the isthmus and this structure has been shown to have organizer qualities. 

This was demonstrated in chick embryos, where grafts of the isthmus to the caudal 

diencephalon led to the induction of ectopic midbrain structures. Alternatively, if the 

isthmus is grafted into the rhombencephalon, then cerebellar structures are induced. 

Fibroblast Growth Factor 8 (FgfS) is expressed at the isthmus and FGF8 coated beads 

implanted into the caudal diencephalon, recapitulates the action of an ectopic isthmus 

graft (Crossley et al., 1996). It is evident that the isthmus is essential for patterning 

the mesencephalon and metencephalon and Fgf8 is capable of mimicking this 

patterning. How Fgf8 fits into the genetic pathway outlined above is still not fully 

understood.
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Genes expressed in the putative forebrain include homologues of the Drosophila 

genes, orthodenticle (otd) and empty spiracles {ems), known to be involved in 

specifying anterior identity in the fly embryo. There are two mouse homologues for 

each of these Drosophila homeobox genes and they are named Otxl, Otx2, Emxl and 

Emx2. Otxl is expressed by Mpc in the putative forebrain (Simone et al., 1993), 

Emx2 slightly later at 8.5 dpc and Emxl later still by 9.5dpc (Simone et al., 1992). 

The targeted disruption of all these genes has been performed.

Homozygous mice for either Emxl or Otxl disruptions are viable but possess subtle 

morphological deformities in the forebrain (Suda e ta l., 1996; Yoshida et al., 1997). 

Homozygous mice for the Emx2 disruption die at birth, presumably from a total lack 

of kidney formation and also possess cerebral hemispheres that are reduced in size 

(Yoshida e ta l., 1997). Dependent on genetic background, heterozygotes for the Otx2 

disruption also possess subtle and non-lethal abnormalities in the forebrain. This 

phenotype is exacerbated in the Otxl and Otx2, double heterozygote, which implies 

that these two homologues act in synergy in their function in the developing 

forebrain.

Brain factor 1 (BFl) encodes a winged helix protein and this gene is expressed in the 

prosencephalon before the division between diencephalon and telencephalon is 

observed. This gene has been disrupted by homologous recombination and 

homozygotes die at birth displaying a 95% reduction in the cerebral hemispheres 

(Xuan et al., 1995). Analysis of null mutants during embryogenesis indicated less 

proliferation and premature differentiation of the neuroepithelium of the 

telencephalon. These data suggests that BFl is not required for specifying regional 

identity in the forebrain but is required for regulating its development.

Soxl^Sox2 and Sox3 expression in the developing nervous system

Soxl, Sox2 and Sox3 are all expressed at a high level throughout the developing 

brain. Like BFl, these Sox genes are expressed in the region of the neural tube 

where cell proliferation is occurring. Sox2 is the first of these genes to be expressed
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in the mouse embryo. Both mRNA and protein have been detected in the inner cell 

mass of the blastocyst (Nicolis et al, manuscript in preparation). As embryogenesis 

proceeds, Sox2 expression becomes restricted to the primitive ectoderm of the 

epiblast. As cells of the primitive ectoderm differentiate into mesodermal cells of the 

primitive streak during gastrulation, Sox2 expression is down regulated and expression 

is restricted to the anterior ectoderm. This implies that loss of Sox2 expression may 

provide an indicator for the gradual restriction in cellular fate within the ectoderm 

lineage.

At the same time as Sox2 becomes restricted to the anterior ectoderm, Soxl mRNA 

and protein are first observed in the same region. This area of the embryo is fated 

to contribute to the neuroepithelium (reviewed in Hogan et a t., 1994). Soxl and Sox2 

are then co-expressed in the undifferentiated neural plate. As the neural epithelium 

matures and neurogenesis proceeds, both Soxl and Sox2 become simultaneously down 

regulated. The down regulation in expression of these genes correlates with the 

differentiation of neuroepithelium cells (Collignon et at., 1996; Pevny & Lovell- 

Badge, 1997). This suggests that expression of these genes delineates neural cells in 

an unspecified state.

This hypothesis is supported by in vitro studies on P19 cells. As described earlier, 

P19 is an embryonic carcinoma cell line, which is capable of differentiating to 

neuronal and glia cell lineages when treated with retinoic acid (RA). Coincident with 

neuroblast differentiation, Soxl expression is up regulated in P19 cells on treatment 

with RA. Conversely, Sox2 is highly expressed in undifferentiated P19 cells. As 

neuronal differentiation occurs, the expression of Soxl is down regulated (Pevny et 

al., 1997). At the same time Sox2 expression is down regulated and the protein is 

excluded from the nucleus (S.Sockanathan personal communication). It has also been 

demonstrated that expressing exogenous Soxl from an inducible transgene causes P19 

cells to follow a neural pathway on differentiation, without requiring treatment with 

retinoic acid (Pevny et al., 1997). This is consistent with a role of Sox genes in cell 

fate determination.
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Human males with X chromosome deletions that includes the S0X3 locus, display 

mental retardation (Stevanovic et al., 1993). Although the deletions are typically 

large (6Mb), it has been suggested that this phenotype is due to the absence of S0X3. 

This is consistent with Sox3 playing a role in the developing nervous system where 

this gene, along with the closely related genes Soxl and Sox2 are strongly expressed 

during mouse embryogenesis.

Aims of Project

To elucidate the role of Sox3 in mammalian embryogenesis, I have disrupted this X- 

linked gene in embryonic stem (ES) cells via homologous recombination. As the ES 

cells used have an XY karyotype, the targeted disruption caused a hemizygous 

mutation. The phenotype of these cells was analysed in a variety of methods. This 

included differentiating the cells in culture to ascertain if mutant cells can still form 

derivatives of all three primary germ layers. The involvement of Sox3 in 

neurogenesis was investigated by differentiating the mutant ES cells on a substrate 

and detecting mature neurons using immunocytochemistry.

The phenotype of the Sox3 disrupted ES cells in a wild type environment was 

ascertained by injecting the cells into host blastocysts. These injected blastocysts 

were transferred to pseudo-pregnant female mice and left to develop for a varying 

length of time before being examined. To augment the targeted mutagenesis study, 

the expression of Sox3 was studied in detail by in situ hybridisation during the early 

stages of mouse embryogenesis.

The following is an account of this new expression data and the targeted disruption 

of this gene. The potential function of S0X3 will be discussed.

42



Chapter 2; Materials and Methods

Commonly used Solutions

IxTAE 40mM Tris-acetate, pH 8.0, ImM EDTA

TE lOmM Tri-HCl, pH 7.5, ImM EDTA

IxSSC 150mM NaCl, 15mM Na Citrate, pH 7.0

Denhardt’s 0.02% (w/v) Ficoll (Type 400, Pharmacia), 0.02% (w/v)

polyvinylpyrrolidone and 0 .0 2 % (w/v) bovine serum albumin 

PBS 140mM NaCl, 3mM KCl, lOmM Na2HP04  and 2 mM KH2PO4

The cloning of mouse Sox3

The mouse Sox3 cDNA was isolated from an S.Sdpc embryonic cDNA library using 

a probe derived from the HMG domain of Sry (Collignon, 1992). On sequencing, 

the Sox3 cDNA was found to be missing both the 3’ untranslated sequence and poly- 

A tail. A genomic clone named 241.1 was isolated from a 129/SV/EV mouse library 

using an HMG box probe (J.Gubbay unpublished results). Sub-clones from 241.1 

were used to make riboprobes and used in RNase protections with embryonic head 

RNA. Clone #45 showed only partial protection by the 3 ’ of the Sox3 transcript. 

Sequencing of this clone (#45) verified it possessed a poly-adenlylation signal (see 

figure A l in appendix for data). It is therefore assumed that the whole of the 

transcribed sequence is present in the genomic clone 241.1.
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The cloning of chicken Sox3

A  chick embryo cDNA library was screened using a probe consisting of an unique 

region of the mouse Sox3 gene located 3 ’ to the box i.e. a 500bp fragment made by 

a Sma I/EcoR I digest of the partial Sox3 cDNA (described above). A positive clone 

was obtained and named 211 (Lidia Perez; unpublished data).

Generation of Dieoxveenin labelled Sox3 riboprobes for whole mount in situ 

hvbridisations

Subclone #52 was linearised with the restriction endonuclease Not! and used as a 

template for the transcription of a Sox3 riboprobe, using the T7 polymerase. This 

was used for whole mount in situ hybridisations on mouse embryos. Below is a 

schematic of the mouse Sox3 transcript with the relative position of sub-clone #52.

AUG TGA

■9.33.
^T7

900bp cloned into pBluescript SK 11+ 
S u b - c l o n e  #52

211 is the chick Sox3 cDNA which was linearised with Ndel and transcribed with T3 

to generate a riboprobe for whole mount in situ hybridisations on chick embryos (see 

figure on next page).
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C l o n e  2 1 1

The Sox2 riboprobe was transcribed from a subclone (#3) that consists of a Accl/Xbal 

fragment from the 3’ of the gene. Subclone #3 was linearised with AccI and 

transcribed with the T3 polymerase. The Soxl riboprobe was transcribed from a 

subclone (#1) that consists of a Smal/EcoRI fragment from the 3’ of the gene. 

Subclone #1 was linearised with Smal and transcribed with the T3 polymerase. The 

Brachyury template consists of a EcoRI fragment from the 3’ UTR of the gene 

(Herrmann, et al 1990). This subclone (#102) was linearised with BamHI and 

transcribed with T7. The Max! riboprobe was transcribed from pcMox-l-PR 

(C.V.E. Wright and A.Caudia) which consists of the 3 ’ UTR from M oxI. This vector 

was linearised with BamHI and transcribed with T3. The AFP riboprobe was 

transcribed from pAFPXX3’ (R.Arkell, Beddington lab) which was linearised with 

Xhol and transcribed with T3.

In a total 20fx\ reaction volume, 1/xg of linearised plasmid was incubated for 2hours 

at 37°C in: Ix transcription buffer (Promega), O.OIM DTT (Promega), Ix DIG RNA 

labelling mix (Boehringer), 2.4Units//xl RNasin (Promega) and lunit//xl of a suitable 

polymerase T3 or T7 (Promega). Following incubation, 2 Units of DNase (Promega) 

was added to the transcription reaction and incubated for a further 15 minutes. The 

RNA was passed through a Chroma spin™ column ( PT1300-1 Clontech) by 

centrifugation as per manufacturer’s instructions. The elutant was then quantified by
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spectrophotometry.

Whole mount in situ hybridisation

Whole mounts were performed according to (Wilkinson & Green, 1990). Unless 

stated, the temperature for each step was ambient and all washes were performed on 

a rocking platform. Embryos were dissected in PBS and then fixed overnight at 4"C 

in 4% paraformaldehyde dissolved in PBS. After washing twice in PBS supplemented 

with 0.1% Triton (PBT) for 10 minutes each, the embryos were taken through a 

dehydration methanol series (10 minutes each of 25%, 50%, 75% MeOH - PBT 

followed by two 20 minutes washes in 100% MeOH). After this procedure the 

embryos were rehydrated (75%, 50%, 25% MeOH - PBT) and then washed three 

times for 10 minutes in PBT. The embryos were then treated with lO/xg/pd Proteinase 

K (Boehringer) in PBT. Embryos aged 8 dpc or older were incubated in Proteinase 

K at 37°C for 15 minutes. Less advanced embryos (and cell cultures) were incubated 

for 5 minutes at room temperature. After washing twice for 5 minutes in PBT, the 

embryos were refixed in 0.2% glutaraldehyde, 4% paraformaldehyde in PBT for 20 

minutes.

After two further washes in PBT, prehybridisation mix was added to the embryos. 

Prehybridisation mix consists of:- 50% formamide, 5xSSC, 2% blocking powder 

(Boehringer), 0.1% Triton, 0.5% CHAPS (3-[(3-Cholamidopropyl)- 

dimethylammonio]-1 -propane-sulphonate, Sigma), 1 mg/ml yeast RNA (Boehringer), 

5mM EDTA and 50pg/ml heparin (Sigma). The embryos were incubated in pre-
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hybridisation mix in a rotating hybridisation oven at 65°C for a minimum of 3 hours. 

After this time the digoxigenin labelled probes were added at a concentration of 

0.2jLtg/ml. The embryos were then further incubated at 65“C overnight.

The following day serial washes were carried out using a solution of 50% formamide, 

5x SSC, 0.1% Trition and 0.5% CHAPS (denoted as Solution 1). These washes were 

namely 100% Solution 1, 75% Solution 1 ; 25% 2xSSC, 50% Solution 1 : 50% 

2xSSC, 25% Solution 1 : 75% 2x SSC. Each wash was carried out for 5 minutes at 

65°C. Next the embryos were washed twice for 30 minutes in 2x SSC, 0.1 % CHAPS 

at 65°C. An RNAse step was included, which comprised of incubating the embryos 

for 30 minutes in 20/{g/ml RNase A (Sigma) in 2x SSC, 0.1% CHAPS at 37"C. 

After two washes in 2x SSC, 0.1% CHAPS the embryos were placed back at 65°C 

in 0.2x SSC, 0.1 % CHAPS for two washes of 30 minutes each.

Next the embryos were washed twice in 50mM TrisHCl pH7.5, 150mM NaCl, 0.1% 

Triton (TBT) at room temperature for 5 minutes. Embryos were then preblocked in 

TBT containing 10% sheep serum (Sigma) and 2% Bovine Serum albumin (Sigma) 

for three hours. 1/xl of Anti-digoxigenin-AP Fab fragments (0.75Units//xl Boehringer) 

was preabsorbed in 250^1 of the TBT/serum/albumin mixture with at least 3mg of 

embryo powder for at least two hours at 4°C. The preabsorbed antibody was then 

diluted up to 1 ml and added to the preblocked embryos. This gives a final 

concentration of 0.75/xl/ml. The embryos were then incubated at 4°C overnight.

The next day the antibody was removed and the embryos were washed at least five
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times during the day with TBT. The embryos were then placed back in the fridge on 

the rocking platform in TBT.

The next morning the embryos were twice washed with TBT and then three times in 

lOOmM NaCl, lOOmM TrisHCl pH 9.5, 50mM MgCl^, 0.1% Tween-20 (NTMT). 

All these washes were for 5 minutes. Embryos were then transferred to glass watch 

dishes and incubated, in the dark, in NTMT containing 75mg/ml nitroblue tétrazolium 

chloride (NBT)(Gibco) and 50mg/ml5-bromo-4-chloro-3-indolyphophate p-toluidine 

(BCIP)(Gibco). The colour reaction was stopped with TBT. The embryos were then 

fixed over night in 4% paraformaldehyde in PBS. To obtain sections, the embryos 

were placed in OCT (Tissue-Tek) compound at 4°C for Ihour before being frozen on 

dry ice in order to cryostat section.

Immunohistochemistrv

Dissected tumours or whole embryos were fixed in 4% paraformaldehyde for l-2hr 

at 4°C. After washing in PBS, tissues were placed in 30% sucrose in PBS and left 

at 4°C overnight. The following day, the sample was placed on a glass slide and 

excess sucrose removed using a paper tissue. The sample was then added to OCT 

(Tissue-Tek), orientated in the desired fashion and frozen on dry ice. 13-15 micron 

cryostat sections were made and collected onto electrostatically charged slides (BDH 

superfrost plus).

To analyse expression of markers in cells by immunocytochemistry, the cells were
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grown in chamber slides. The following protocol applies to either embryo/tissue 

sections on slides or cells grown on slides.

The slides were left horizontally, section up in a moist chamber and washed with PBS 

supplemented with 1 %HINGS (heat inactivated goat serum), 0.1 % Triton. This wash 

solution was replaced with more PBS supplemented with 1 % KINGS, 0.1 % Triton and 

the primary antibody (see below for concentration). The sections were incubated 

overnight at 4°C in the primary antibody. The following day, the antibody solution 

was aspirated off and the slides washed twice in PBS(1 % KINGS, 0.1 % Triton) before 

the secondary antibody was added (diluted 1:200 in same PBS supplemented solution). 

The slides were left at room temperature for 30 minutes before being washed twice. 

Coverslips were mounted onto the slides using Citifluor PBS solution 

(Citifluor,UKC). Fluorescence was detected using a Olympus Vanox-T fluorescent 

microscope.

Primary antibody Concentration Secondary used Reference

Neurofilament-1 1:60
(monoclonal, IgG)

anti-mouse cy3 Sigma

SOXl

(polyclonal, IgG)

(polyclonal, IgG)

1:500

1:200

anti-rabbit FITC

anti-rabbit FITC

(Pevny et al., 
1997)

(Kispert et al., 
1995)
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ES cell culture

The CCE embryonic stem cell-line used in these studies was originally derived from 

XY 129 pre-implantation embryos (Bradley et al., 1984). They possess the agouti 

coat colour marker and the C isoform of GPI-1. CCE ES cells were grown at 37°C 

in a 5% CO2 equilibrated incubator in Dulbecco’s modified Eagles’ medium 

(DMEM)(Hyclone - HyQ) supplemented with ECS (15% of total -Globefarm), 

50^g/ml streptomycin and 50 units of penicillin per ml. To passage these cells, the 

medium was removed and the cells washed in PBS. Enough Ix Trypsin-EDTA 

(Gibco-BRL) in PBS was added to cover the cells and the plate returned to the 

incubator for 3 minutes or until the cells could be observed to have lifted off the 

plate. An equal or greater volume of medium was added to the cells and the cell 

suspension centrifuged at 1000 RPM in a benchtop centrifuge. The supernatant was 

aspirated off and the cell pellet re-suspended in desired volume of medium and plated 

out.

To prevent differentiation, the ES cells were grown on top of a monolayer of 

mitomycin treated, neomycin resistant, fibroblast cells (STO(N)s)(Robertson, 1987). 

The mitomycin treatment consists of incubating the STOs cells in l/xg per ml of 

mitomycin C (Sigma) for 2 hours. This reagent blocks mitosis, thus arresting STO 

cell proliferation. After washing the STOs with PBS three times to remove any 

traces of mitomycin, they were plated onto gelatinized plates (10cm in diameter) at 

a density of 3x10^ per plate.
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To freeze either ES or STO cells, the cells were first trypsinized, then resuspended 

in PCS in a small volume (<500jLtl). The cells were added to a 1 ml cryotube 

(Nunc) containing an equal volume of 80%PCS, 20%DMSO (Sigma). These tubes 

were closed, wrapped in several layers of paper towels and placed at -70"C. After 

12 hours the tubes were unwrapped and stored in liquid nitrogen.

The ST 125 cell line was generated following a gene trap experiment in CGR8 PS 

cells (in the same screen and by the same authors as Skarnes et al., 1995) which 

inserted the figeo cassette into the mouse homologue of the Drosophila gene, 

segregation distorter. This conferred on these widespread 6-galactosidase activity in 

chimaeras generated with these cells (Val Wilson personal communication). The PS 

cell line CGR8 is feeder independent (Mountford et al., 1994), hence ST125 cells 

were cultured on gelatinized plates in the same medium as above supplemented with 

leukaemia inhibitory factor (LIP) 1000 Units/ml (Gibco).

The cloning of targeting construct NTK 11

The following is a brief description of the cloning strategy performed by Michel 

Cohen-Tanoudji (M.C.-T. personal communication). A 7.5kb PcoRV fragment of 

genomic clone (241.1) was cloned into a bluescript vector at the PcoRV site and 

called 241. IRV. The ^gk -̂neo' cassette was liberated from its vector, 

pPGKneobpA(ARIASal) using Xhol. After fill in reactions to create blunt ends, the 

selectable cassette was cloned into the region of Sox3 that encodes the HMG box at 

the Mlul site which is unique. The Sail site in the poly linker of bluescript is unique
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and was used to clone in the HSV-TK gene and to linearise the construct for 

electroporation into ES cells (see Figure 4.1 for diagram).

The cloning of targeting construct K0SX3

The Sox3 genomic clone 241.1 was linearised using Mlul. pRMM (#48) consists of 

ipgk-hygro cloned into pBluescript SKII+ (gift from A.Furley). The insert was 

liberated by a Clal/Notl double digest and cloned by into pBluescript SKII+ at the 

AccI and Not! sites (#49). This step removes the Sail restriction site in the poly linker 

of pRMM. Following a digest with BssHII the whole insert and poly linker was 

liberated, gel extracted and cloned into the Mlul site of 241.1 (see figure A2 in 

appendix).

The cloning of targeting construct Soxlox

The 7.5 kb FcoRV fragment from the genomic clone 241.1 was cloned into the vector 

Puc 19 (Stratagene) at the Smal site in the poly linker. This construct (#63) was 

digested with Xhol and Not! and blunt ends were created using a Klenow reaction 

(Sambrook et al., 1989). The DNA was then dephosphorylated using alkaline 

phosphatase (Sambrook et at., 1989) to prevent self ligation. The 9.2kb fragment 

was then gel purified and extracted.

The plasmid pNTL (Abuin & Bradley, 1996) was digested with BstXI and Sail. The 

sticky ends were filled in and the 4kb fragment gel extracted. This insert includes
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both pgk-neo^bpa and MCl-r/: cassettes flanked with loxP elements (floxed). This 

fragment was ligated into the genomic fragment, described above (as per (Sambrook 

et al., 1989). NB, the Sal I enzyme site in pNTL is destroyed. The resulting 

targeting construct, Soxlox, was mapped by restriction digests to confirm the 

orientation of the insert (see figure 5.1). Using primers either side of the selectable 

marker, the junction between the genomic clone and the insert from pNTL was 

sequenced to verify the locus was disrupted and the loxP elements were intact.

On homologous recombination this construct removes 1077bp of Sox3\ 215 bp of 5 ’ 

untranslated and 862 bp of the open reading frame (76%) which encompasses all of 

the HMG box (see figure 5.1 for diagram). 270 bp of the open reading frame will 

remain, as does all of the 3’ untranslated sequence.

Electroporation

The targeting constructs NTK 11, K0SX3 and Soxlox, were linearised with Sail, and 

phenol/CHClj extracted. Cells were trypsinized, washed in PBS and resuspended in 

PBS at a concentration of 3.33x10^ cells per ml. 10-20jng of DNA was added to 

0.6ml of cell suspension (2x10^ cells) in a Gene Puiser^ Curvette (0.4cm electrode 

from Bio Rad) and electroporated at 960 /xF at 0.2 Volts. Each aliquot of transfected 

cells was added to 8mls of fresh medium and after 5 minutes split between four 

10cm, tissue culture plates of STO(N)s. As a control (mock) for the selection to be 

used, 2x10^ cells were electroporated with no DNA and plated onto one 10cm plate.
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Selection of transfected cells

After transfection the medium in the plates was changed every day. Two days after 

electroporation, cells were fed with DMEM supplemented with 300/xg/ml G418 

(Geneticin - Sigma) for positive selection.

Selection was judged to be complete when the mock plate was clear of ES cells 

(approximately ten days of selection). At this time the medium was aspirated off and 

replaced with PBS. Using a Gilson pipette and sterile filtered tips, individual colonies 

of ES cells were lifted from the plate in a minimum volume of PBS ( <  I5fxl). Each 

colony of ES cells was then pipetted into one well of a 96 multi-well plate containing 

100^1 of trypsin. Once several colonies were collected, the multi-well plate was 

placed in the incubator for three minutes. Each dispersed colony was then directly 

added to a single well of a 24 well-plate, containing 1ml of medium and feeder cells. 

As soon as the ES cells were confluent, they were passaged 1 to 2. One duplicate 

was frozen, the other used for making DNA for screening.

In the experiment using the construct NTK 11 to transfect ES cells, following two 

days of selection with G418, the ES cells were also negatively selected by 

supplementing the medium with 2/xM Gancyclovir (Sigma). In the experiment using 

the construct K0SX3 to transfect ST 125 ES cells, Hygromycin (Sigma) at 80/xg/ml 

was used for selection.
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Extraction of DNA from ES cells

To prepare DNA from ES cell clones, the medium was first removed, then 0.3mls 

of lysis buffer added to each well (lysis buffer =  lOOmM Tris-HCl pH8.5, 5mM 

EDTA, 0.2% (w/v)SDS (sodium dodecyl sulphate ) ,200mM NaCl, Proteinase K 

lOOjug/ml (Laird et a l. , 1991)). These lysates were then incubated overnight at 37°C. 

The next day an equal volume of isopropanol was added to the lysate and the whole 

plate swirled vigorously on a shaker table. The DNA precipitate was spooled out on 

a drawn, sealed, glass pipette. After briefly washing in cold 70% ethanol, the DNA 

was left to dry for 1 minute before the pipette end plus DNA was submerged in TE 

(200jLil) and left overnight at 4°C for the DNA to dissolve.

Southern blotting

10/xg samples of genomic DNA were digested with the appropriate restriction 

enzymes supplemented with 4mM Spermidine in a total volume of 300/^1. The 

samples and a Ikb DNA marker (Gibco-BRL), were loaded onto 0.7% (w/v) 

TAE/agarose gels containing 0.2pg/ml ethidium bromide. The DNA was separated 

via electrophoresis until the bromophenol blue front entered the buffer and the xylene 

cyanol front reached half way down the gel (45volts overnight for a 12cm x 16cm, 

150ml gel). Gels were photographed on a UV transilluminator alongside a ruler to 

allow the sizing of bands. The gels were depurinated by washing for 15 minutes in 

0.25M HCl and then denatured by washing twice for 15 minutes in 1.5M NaCl, 0.5M
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NaOH. Finally the gels were neutralized by washing twice for 15 minutes in 1.5M 

NaCl, 0.5M Tris-Hcl pH 7.5. The gels were capillary blotted overnight in 20xSSC 

onto Hybond-N+ nylon membranes (Amersham). After blotting, the membranes were 

placed DNA side up on a pad of 3mm filter paper and soaked in 0.4M NaOH for 20 

minutes. The nylon membranes were then rinsed briefly in 2xSSC and UV cross 

linked.

Hybridization

The nylon membranes were rolled up and placed in a hybridization bottle containing 

prehybridisation fluid consisting of IxSSC, 5xDenhardts, 0.1%SDS, 50pg/ml herring 

testis DNA (Sigma) and 0.1% Na4P207. These bottles were then placed at 65°C in a 

rotating hybridisation oven (Hybaid) for a minimum of 2 hours. During this step the 

probes were generated.

DNA probes were labelled with using the Megaprime DNA labelling system from 

Amersham as per manufacturer’s protocol. Unincorporated nucleotides were removed 

by spinning through a Sephadex G-25 NAP™5 column (Pharmacia Biotech) as per 

manufacturer’s protocol. 5pi of the 800pl elutant was removed and used to quantify 

counts per minute (CPM) in a scintillation counter. Following the prehybridisation 

step, the buffer was changed to 3xSSC, 5xDenhardts, 0.1% SDS, 50pg/ml herring 

testis, 0.1% Na4P20y, 9% dextran sulphate. After boiling the probes for 10 minutes, 

10̂  cpm/ml of labelled probe was added in hybridization mix and hybridized for a 

further 16 hours at 65°C. Filters were washed three times at 65°C in 3xSSC, 0.1%
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(w/v) SDS and then exposed to film (Kodak 0-MAT) overnight.

Karvotvpe analvsis

Karyotypic analysis of homologous recombinant ES cells was performed according to 

(Robertson, 1987). This proved that all clones used had the expected 40, XY 

karyotype.

Formation of teratocarcinomas in vivo

ES cells were grown until confluent and passaged 1 to 4 onto gelatinized plates 

without feeders. The following day the cells were trypsinized and suspended in PBS 

at a concentration of 10̂  cells per ml. lOOpl of this cell suspension was then sub- 

cutaneously injected into the flank of a syngeneic mouse (male 129SV\EV\NIMR) 

(Robertson, 1987). After 3 weeks the tumours had grown sufficiently (l-2cm) and the 

teratocarcinomas were dissected, fixed and sectioned for immunocytochemistry.

Differentiation of ES cells in vitro

ES cells were grown to confluency and passaged 1 to 4 onto 6cm gelatinized plates 

without feeders. The following day the cells were trypsinized to a single cell 

suspension, l/8th of which was added to a 10cm bacterial plate without gelatin. This 

leads to the cells forming aggregates called simple embryoid bodies. If neuronal 

derivatives were desired then all-trans retinoic acid (RA)(Sigma) was added to the
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medium (lO'^M). After 48hrs in bacterial dishes, the embryoid bodies were gently 

pipetted from the dish to a conical falcon tube. After allowing the embryoid bodies 

to settle at the bottom of the tube, the old medium was aspirated off and replaced with 

fresh medium. Again if neuronal derivatives were desired then the medium was again 

supplemented with lO'̂ M RA. The simple embryoid bodies were incubated for a 

further two days in bacterial dishes.

Following this total of 96 hours in bacterial dishes, the simple embryoid bodies were 

plated out onto gelatinized plates or microscope slides (plastic slides from Lab-tek) 

and cultured for a further three days. For differentiation into visceral endoderm, 

embryoid bodies were allowed to differentiate on a gelatinized substrate for seven 

days.

Cystic embryoid bodies are fluid filled embryoid bodies which are generated by 

keeping simple embryoid bodies in suspension in bacterial dishes for up to a period 

of 2 weeks. These cultures are fed every other day by gently pipetting the bodies into 

falcon tubes, allowing them to settle out before aspirating off the medium and 

replating them in fresh medium.

Iniection of blastocvsts

Blastocysts were collected from C57/B16 female mice (3.5dpc) as previously described 

(Robertson, 1987). Cells for injection were trypsinized in the usual way and 

resuspended in ES cell medium (see above) and kept at 4°C until needed. The
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blastocysts were kept at 37°C in a 5% CO2 equilibrated ineubator, in the same medium 

until required. Whilst in the injection dish, the blastocysts were kept in medium 

supplemented with 20mM Hepes. Approximately 10-12 cells were injected into each 

blastocyst and a maximum of 12 injected blastocysts were transferred into the uterine 

horns of a pseudopregnant F1(C57BL6 x CBA) female mouse. A rough estimate of 

the extent of contribution of the ES cells to the resulting live born chimaeras was 

obtained from the proportion of agouti verses black coat colour.

Analvsis o f chimaerism using GPI isozvmes

Dissected embryo samples were added to 5pi of water and frozen, thawed and then 

kept on ice. l-2pl of sample was then dotted onto a cellulose acetate plate (Titan III 

plates, Helena Laboratories) that had previously been soaked in 0.089M Tris Glycine 

pH 8.5 for 2 hours. The loaded plate was then placed face down in an Helena tank 

(Helena Laboratory) as described by the manufaeturer, using 3mm Whatman paper as 

wicks. O.IM Tris-glycine was used as a running buffer. The plates were run at 200V 

for 1.5hrs at 4®C. The bands of GPI protein were visualised using the following 

staining solution:

4.5mls of a solution containing 0.2% MgClj ,0.75% agarose was boiled. Whilst 

keeping the agarose at 50°C, the following stock solutions were added

Volume Reagent Stock Solution

0.5mls Tris Citrate pH8 20.Ig Tris, 8g citric acid / 500mls
0.5mls 4-Nitro blue tétrazolium chloride (Sigma) lOmg/ml
0.5mls Fruetose 6-Phosphate (Sigma) 1 OOmg/ml
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O.Smls NADP (Sodium salt) (Sigma) lOmg/ml
10|Lil Glucose-6-Phosphate Dehydrogenase (Sigma) 140U/ml
1 5 p l Phenazine methosulphate (Sigma) 2 .5 mg/ml

After applying the staining solution to the Titan plate, the bands were allowed to 

develop in the dark (room temperature). The plates were photographed and then fixed 

in 10% methanol, 5% glacial acetic acid for storage.

X-gal Staining of embryos

Embryos were dissected in PBS and fixed in 4% paraformaldehyde in PBS for 30 

minutes on ice. After three washes in PBS, embryos were placed in staining solution, 

consisting of: 1 mg/ml X-gal (Promega), 2mM MgCl2, 4mM KFerroCN, 4mM 

KFerriCN in PBS. The embryos were left for 12 hours at 30°C then washed in PBS.

Cre-mediated removal of the floxed selectable marker

The targeting construct Soxlox contains a selectable cassette from the plasmid pNTL 

(see above). This selectable marker can be removed from Sox3' ES cells in vivo by 

ere mediated recombination which removes all the DNA between the two LoxP sites 

and leaves just one lax P element in the genome (Abuin & Bradley, 1996). To do this 

2x10^ ES cells were transfected with a circular plasmid (pOG231) which encodes ere 

recombinase linked to a nuclear localisation site (S. O'Gorman, Salk Institute). The 

ere gene is driven by the CMV promoter.
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Accounting for 50% cell death during the transfection, the ES cells were plated out 

at densities of 10"̂  and 10̂  on 10cm feeder plates. Colonies were picked when 

sufficiently large (approximately seven days). The individual cell clones were grown 

in 24 well plates. Once these cell clones were confluent, they were passaged one to 

two. One set of duplicate clones were cultured and frozen for storage. The other set 

of duplicate clones were cultured in medium containing 2pM Gancyclovir. Surviving 

clones were then lysed to make DNA.

RNase protection

Transcription was carried out using 0.5-lpg linearised plasmid DNA in the presence 

of 800 Ci/mmole ^̂ UTP (Amersham) in a volume of 20pl containing 40mM Tris-HCl 

pH 7.9, 6mM MgCl2, 2mM spermidine, lOmM NaCl, lOmM dithiothreitol, 2.5mM 

ATP/CTP/GTP and 20 units of the correct RNA polymerase for 1 hour at 37"C. The 

DNA template was removed by the addition of 1 unit RQl DNase (Promega) for a 

further 15 minutes at 37°C. Riboprobes were electrophoresed on a 6% (w/v) poly

acrylamide, 8M urea gel. X-ray film was then exposed to the gel and developed. The 

auto-rad was used to locate the position of full length probe in the gel. The region 

of gel containing the probe was excised and the riboprobe eluted from the poly

acrylamide in a solution of 0.5M NH^-acetate, ImM EDTA, 0.1% (w/v) SDS. After 

two hours of elution, the supernatant was removed to a clean tube and precipitated 

with ethanol. The pellet was then dried and resuspended in 40/xl of water. 1 /xl was 

removed and used to measure CPM in a scintillation counter.
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The genomic sub-clone called Sox3XX (#10) is shown below. This sub-clone was 

linearised by Xho 1 and transcribed using T7 polymerase to generate a labelled 

riboprobe, using the method outlined above.

AUG TGA

X ho i  rHMG-i
'------------------------------------------------a a a

xm n

J----------------------------  *=T7

Sox3X X  /  # 1 0

The SAP62 probe came from a PCR fragment (F8 to R2, probe A) cloned into 

pBluescript SK (Hacker, 1995), linearised with Notl and transcribed with T7 RNA 

polymerase.

6jLig of total RNA from different sources were hybridized for 8-18 hour at 50°C with 

4 x 1 0 ^ cpm of RNA probe in 20/xl of 80% (v/v) formamide, 40mM PIPES pH 6.7, 

0.4M NaCl, ImM EDTA and then digested at 37°C for 30 minutes using 100 units 

RNase T1 and 2.5jLig RNase A per ml of reaction buffer (0.5M NaCl, lOmM Tris-HCl 

pH 7.5, ImM EDTA). 125pg/ml of Proteinase K (Gibco) was added to samples and 

incubated at 37°C for 15 minutes. Samples were then phenol-chloroform extracted, 

ethanol precipitated, heat denatured and electrophoresed on 6% (w/v) polyacrylamide, 

8M urea gels.

Gels were exposed to film for two days with an enhancing screen at -70”C.
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Chapter 3 : Results and Discussion

Expression of Sox3 during early mouse embrvogenesis

Introduction

Sox I, Sox2 and Sox3 are expressed in overlapping domains in the developing nervous 

system (Collignon, 1992; Collignon a i,  1996). The encoded proteins have very 

similar HMG box DNA binding domains which are all capable o f binding in vitro the 

consensus sequence for SRY (A AC A AT), determined by random oligoselection 

(Harley et al., 1994). SOXl, S0X2 and S0X3 also contain similar putative trans

activation domains. It is conceivable that these proteins may compensate for each 

others function, in vivo. It is therefore of interest to know if there are any subtle 

differences in expression between the three genes during embryogenesis as this may 

facilitate analysis of the phenotypes arising from mutations generated in these genes.

Expression of SoxS in mid and late streak embrvos

Expression of Sox3 was determined by RNA in situ hybridisation of whole embryos 

(figure 3). The earliest stage of mouse development investigated for Sox3 expression 

was the mid streak stage (7dpc) (figure 3.1). A low level of expression at this stage 

was found throughout the embryonic ectoderm. However, a high level of expression 

was detected in an equatorial ring around the inner layer of the embryo. This region 

corresponds to the amniotic folds and is in the extra-embryonic ectoderm. Expression
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Figure 3.1 Expression of Sox3 mid and late streak stage
embryos

a) Whole mount in situ hybridisation on a mid-streak embryo {Idpc) 
indicating a low level of Sox3 expression in the embryonic ectoderm 
and a high level of Sox3 expression within the amniotic folds of the 
extra-embryonic region.

b) Whole mount in situ hybridisation on a late primitve streak embryo (7.5 
àpc), indicating the restriction of Sox3 expression to the anterior 
ectoderm.

c) A transverse section of a l.Sàpc embryo, assayed by whole mount in 
situ hybridisation, showing Sox3 expression in the anterior region of 
embryonic ectoderm.

A - anterior P - posterior
XE - extra-embryonic AF - amniotic folds
EE - embryonic ectoderm M - mesoderm
PS - primitive streak
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of Sox2 is also detected in this area at this stage (Collignon, 1992).

A low level of Sox3 expression is also detected in the primitive ectoderm. By late 

streak stages, Sox3 expression becomes progressively restricted to the anterior half of 

the embryo. At this stage transverse sections showed expression only in the anterior 

ectoderm and not in either mesoderm or endoderm (figure 3.1b and 3.1c). A similar 

restriction of expression from the entire primitive ectoderm (epiblast) to the anterior 

ectoderm is seen for Sox2 (Collignon, 1992). However, Sox2 expression appears 

stronger and is detected at earlier stages, including the inner cell mass (ICM) of the 

blastocyst. It is not clear when Sox3 expression begins in the embryo, however, 

embryonic stem cells, which are derived from the ICM of blastocysts, express Sox2 

but not Sox3. This suggests that Sox3 is not expressed as early as Sox2 in mouse 

embryogenesis.

Expression of Sox3 is restricted to the neuroepithelium during earlv embrvogenesis

The results of a whole mount in situ hybridisation analysis for Sox3 expression on a 

12 somite mouse embryo (8.75dpc) are shown in figure 3.2a. Sox3 is expressed 

throughout the anteroposterior axis of the neuroepithelium, but with comparatively 

high expression in the prospective brain. It also appears that Sox3 expression is higher 

in rhombomeres 3 and 5, than in the rest of the hindbrain. Results from younger 

embryos (8 somites ~8.5d/7c) indicate that this rhombomeric expression is first seen 

as an upregulation in rhombomere 5 (data not shown). This variation of expression 

in the hindbrain, has not been observed with Soxl or Sox2.
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Figure 3.2 Expression of Sox3 in a HJSdpc mouse
embryo

a) A dorsal view of a S.lSdpc (12 somite) embryo after performing a 
whole mount in situ hybridisation for SoxS.

Expression is restricted to the neuroepithelium of the developing central 
nervous system. The highest SoxS expression in the hindbrain is 
detected in rhombomeres 3 and 5.

b-d) Transverse sections through the embryo pictured in figure a). SoxS 
expression is detected in the neural tube but is absent from the 
floorplate at the ventral midline.

r3 - rhombomere 3 r5 - rhombomere 5
A - anterior P - posterior
nc - notochord fp - floorplate
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After 9.0d/?c, within the prospective spinal cord of the embryo, there appears to be 

higher expression of Sox3 in more caudal regions of the developing spinal cord. This 

posterior to anterior gradient of expression within the developing spinal cord has not 

been reported for either Soxl or Sox2.

The ubiquitous expression of Sox3 in neural plate becomes down regulated first in the 

ventral midline (figure 3.2b-d). Using riboprobes to Soxl mRNA and polyclonal 

antibodies to SOXl, it has been shown that Soxl is also down regulated in the ventral 

midline (Collignon, 1992 and Pevny et al 1997) coincident with the onset of floor 

plate marker expression (Pevny et al 1997). Down regulation of Soxl and Sox3 

therefore, occur within the first region of the neural tube to differentiate (in the 

dorsoventral axis) from immature neuroepithelium. Conversely, Sox2 expression 

continues within the floor plate up to 13.5dpc (Collignon, 1992).

As illustrated in figures 3.3C - 3.3E, the level of Sox3 expression is much higher in 

posterior regions (3.3D and 3.3E) compared to anterior regions (3.3C) of the 

prospective spinal cord. In anterior regions of the developing spinal cord, only a low 

level o f Sox3 expression is detected and it is limited to the intermediate region of the 

tube (see figure 3.3c). This is similar to the expression pattern of cSox3 in the chick 

(H.Kondo personal communication).

At 9.5dpc, in addition to the developing CNS, expression of Sox3 is detected 

specifically in the ectoderm of the olfactory placode (figure 3.3b). In comparison, 

Sox2 is expressed in all three sensory placodes (optic, olfactory and otic) and Soxl is
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Figure 3.3 Expression of Sox3 in a 9,5dpc mouse
embryo

A) A sagittal view of a 9.5dpc embryo after performing a whole mount in 
situ hybridisation for Sox3.

Expression is restricted to the neuroepithelium with high expression in 
the prospective brain and the caudal neural tube. The positions of 
section B - E are represented by the parallel lines.

B) This transverse section focuses on the olfactory placode where Sox3 
expression is detected.

C-E) These transverse sections demonstrate that Sox3 is expressed in a 
gradient with the highest expression around the posterior neuropore. 
Section C) goes through neural tube in the rostral domain of the 
developing spinal cord. Sox3 expression is only detected in the 
intermediate third of the tube. This suggests that as the neural tube 
matures, Sox3 expression is excluded from both the dorsal and ventral 
regions of the neural tube.

71



Figure 3.3

r

- g m -
■T  ̂--i*-



expressed in none although it does get expressed in the lens after invagination.

Expression pattern of Sox3 in the developing vertebrate hindbrain

As previously mentioned, an 8 somite embryo shows a high level of Sox3 expression 

in rhombomere 5. Figure 3.2 shows upregulation of Sox3 expression in both 

rhombomeres 3 and 5 in a 12 somite embryo. Figure 3.4a shows Sox3 expression in 

a 9.5dpc embryo. At this stage, Sox3 expression in the neuroepithelium of 

rhombomeres 3 and 5 appears to be down regulated when compared to the rest of the 

hindbrain.

Within the hindbrain of a lOdpc embryo, Sox3 expression can be seen to occur in 

discrete stripes (figure 3.4b) which correspond with the rhombomere boundaries. As 

observed in the anterior prospective spinal cord (figure 3.3c), expression in the 

boundaries is highest in the intermediate region of the neural tube (figure 3.4c).

To investigate if  the boundary expression for Sox3 has been conserved through 

evolution, in situ hybridisations were performed on chick embryos using a cSox3 

riboprobe (see figure 3.5). As with the mouse, cSox3 is highly expressed at the 

rhombomere boundaries (figure 3.5a-e). The expression at the boundary is 

comparatively weaker in dorsal and ventral regions of the tube. This dorsal and 

ventral restriction can also be seen in the neuroepithelium between the boundaries 

(figure 3.5a-c). Figure 3.5c shows a sagittal section through the hindbrain of an 

Hamburger and Hamilton (HH) stage 18 chick embryo. cSox3 is expressed within a

72



73



Figure 3.4 Expression o f Sox3 in the mouse hindbrain

A) Dorsal view o f a 9.5dpc hindbrain, following whole mount in situ 
hybridisation for Sox3. The intensity o f Sox3 expression in the 
hindbrain is coincident with specific rhombomere (r) identity. In 
particular, low expression is detected in r3 and r5.

B) A dorsal view o f a lOdpc embryo after performing a whole mount in 
situ hybridisation for Sox3. Stripes o f Sox3 expression are indicated 
which correspond to the boundaries between the rhombomeres.

C) After performing whole mount in situ hybridisations for Sox3 in 1 Odpc 
embryos, the anterior neural tube was dissected out, flattened and 
photographed. As the hindbrain has been flattened out, the ventral 
neuroepithelium is in the middle o f the figure and the dorsal 
neuroepithelium appears around the periphery (as indicated }). Stripes 
of Sox3 expression are seen to coincide with the boundaries between 
the rhombomeres. The expression o f Sox3 in boundary cells is down 
regulated in the dorsal and ventral extremities of the tube.

r3 - rhombomere 3 r5 - rhombomere 5
d - dorsal neural tube v - ventral neural tube
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Figure 3.5 Expression of cSox3 in the avian hindbrain

A) A dorsal view of a Hamburger and Hamilton stage 18 chicken embryo 
after performing a whole mount in situ hybridisation for cSox3. Stripes 
of cSox3 expression are indicated which correspond to the boundaries 
between the rhombomeres.

B) A flat mount of the embryo featured in figure A Again stripes of 
cSox3 expression are seen that coincide with the boundaries between 
the rhombomeres. The expression of cSox3 in boundary cells is down 
regulated in the dorsal and ventral extremities of the tube in an 
anlagous way to that seen in the mouse.

C) Sagittal sections through the hindbrain of embryo after performing a
whole mount in situ hybridisation. This figure focuses on a boundary 
between two rhombomeres. cSox3 expressing cells are located at the 
ventricular ridge which protrudes into the neurocoel. The solid line 
indicates the rhombomere boundary and fan shaped ventricular ridge.

r3 - rhombomere 3 r5 - rhombomere 5
d - dorsal neural tube v - ventral neural tube
vr - ventricular ridge L - lumen of the neural tube

(neurocoel)
ap - apical surface (ventricular) 

ba - basal surface (pliai)
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fan shaped domain at the ventricular ridge of the neural tube at the rhombomere 

boundary.

Genital Ridge Expression

Using RNase protection assays, (Collignon et al., 1996) showed that Sox3 transcripts 

were detectable in the genital ridges of 11.5àpc male and female mouse embryos. The 

results from these protections also implied that SoxS transcripts in the XY genital 

ridges were more numerous than transcripts for Sry. To verify these results, XX and 

XY genital ridges were dissected from 11.5-13.5d/?c mouse embryos and SoxS 

expression investigated via whole mount in situ hybridisation. In contrast to the 

findings of (Collignon et a i,  1996), no expression of SoxS was detected (A. Swain and 

M.Parsons data not shown). This in situ method is not as sensitive as RNase 

protections, however, using whole mount in situ hybridisation, Sry can be detected in 

XY, W.Sdpc genital ridges (A.Swain personal communication). There is an obvious 

discrepancy between these results that will required further investigation to resolve.
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Discussion

Expression of Sox3 during earlv mouse embrvogenesis

It is clear that the entire expression pattern of Sox3 lies within the expression domains 

of the closely related genes Soxl and Sox2. The expression of these three genes, at 

two points in embryogenesis, is compared schematically in figure 3.6. As gastrulation 

proceeds, Sox2 and Sox3 are both expressed in the extra-embryonic, ectodermal 

component of the chorion.

Sox2 is expressed in the epiblast of pre-streak embryos and by Idpc, Sox3 is faintly 

expressed in the primitive ectoderm. By l.Sdpc, both Sox3 and Sox2 are restricted to 

the anterior ectoderm where SOXl protein is first detected. This gradual restriction 

in expression is concurrent with mesoderm invaginating at the streak during 

gastrulation and moving towards the anterior side of the embryo. According to fate 

maps of late streak embryos, the anterior portion of the ectoderm forms the neural 

plate and surface ectoderm (reviewed in Hogan et aL, 1994). As discussed in Chapter 

1, experiments in Xenopus have suggested that neural differentiation is the default 

pathway of embryonic ectoderm. Following this theory, the competence to 

differentiate to a neural cell type is removed by a neural antagonist that emanates from 

the migrating mesoderm. Hence this restriction of Sox2 and Sox3 expression appears 

to mark cells which remain competent to contribute to the neural plate.
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7 dpc

ae

9 dpc
Sox Sox P SoxJ

Figure 3.6 A schematic comparison of the expression patterns of SoxJ, 
Sox2 and Sox3

Schematic diagrams of 7+dpc and 9.5dpc embryos with the expression patterns 
of Soxl, Sox2 and Sox3 represented in blue.

Idpc S o x l  and Sox3  are limited to the anterior ectoderm which differentiates into the neural plate. Sox2  
is expressed in the primitive ectoderm.

A - anterior
ae - anterior ectoderm
ce - chorion ectoderm

P - posterior
ps - primitive streak
m - mesoderm

9.5dpc SoxJ  is expressed throughout the neuroepithelia and later in development in the lens
placode.

Sox2  is expressed throughout the neuroepithelia aswell as in the otic and olfactory placodes, the 
endoderm o f  the foregut and neural crest derived ganglia. Later in developm.ent Sox2  is expressed 
in the forming retina.
Sox3  is expressed throughout the neuroepithelia but in a graded fashion in the developing spinal 
cord. There is also a variation in expression in the hindbrain. Outside o f  the developing CNS, 
Sox3  is expressed in the olfactory placode.

A - anterior 
n - neural tube 
f - foregut 
r - retina
op - olfactory placode

P - posterior 
o - otic vesicle 
g - forming ganglia 
h - hindbrain
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Expression o f Sox3 in the developing mouse spinal cord

At later stages o f mouse embryogenesis there are several distinct differences between 

the expression patterns of the members of this Sox gene sub-family. These differences 

are also schematically represented in figure 3.6. As outlined in the Results, Soxl, 

Sox2 and Sox3 are all expressed in over-lapping patterns in the developing central 

nervous system. Two differences of expression were uncovered between Sox3 and the 

other two genes. These were namely the dynamic expression seen for Sox3 in the 

hindbrain and the gradient o f Sox3 expression observed along the developing spinal 

cord. This gradient within the neural tube is reminiscent of the anterior to posterior 

maturation of the neuroepithelium. Similarly, Sox3 is regulated in the dorsal to ventral 

axis, coincident with the onset of cellular differentiation. Transcription o f Sox3 is 

initially down regulated in the floor plate. This ventral structure is the first known 

tissue type in the neural tube to differentiate. Later in development, Sox3 is restricted 

to the ventricular zone where proliferation is still occurring (Collignon, 1992). All 

these data together suggest that Sox3 is marking undifferentiated neuroepithelium.

Expression o f Sox3 in the vertebrate hindbrain

It is believed that the regional diversity in the hindbrain is influenced by the Hox 

gene cluster. Sequences between the loci of two paralogous Hox genes, Hoxa-2 and 

Hoxb-2 were compared and a region containing Krox20 binding sites, shown to be 

conserved. Krox20 is a zinc finger transcription factor expressed in the vertebrate 

hindbrain which is regionally restricted to rhombomeres 3 and 5. This conserved
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element was linked to the E.coli LacZ gene and used to create transgenic mice. 

Studies o f transgenic embryos have shown that this conserved region is a cis acting 

regulatory element that will direct reporter gene activity to rhombomeres 3 and 5 (r3 

and r5)(Sham et aL, 1993; Nochev et aL, 1996).

In these experiments, ̂ -galactosidase activity was only detectable when this enhancer 

was present in multiple copies. It was concluded that there were other elements that 

act at the endogenous Hoxa-2 and Hoxb-2 loci. A second enhancer has been 

uncovered which augments the expression o f the original LacZ transgene. On 

sequencing, this enhancer was shown to possess a potential SOX binding site 

(Krumlauf personal communication). Whether any o f the SOX proteins are important 

in enhancing expression of the Hoxa-2 and Hoxh-2 genes is currently under 

investigation (Nonchev personal communication). As Sox3 is preferentially expressed 

in r3 and r5, this gene is a key contender for mediating Hox gene regulation.

As outlined in the Results, the expression pattern of Sox3 in the mouse hindbrain is 

dynamic. By 9.5àpc the expression of Sox3 is down regulated in r3 and r5 and by 

lOdpc the highest levels of transcripts are localised to the rhombomere boundaries. 

A similar rhombomeric expression pattern has been shown for a zinc finger gene 

called PLZF which was original cloned from humans with acute promyelocyte 

leukaemia. After cloning the mouse gene, the expression pattern o f mPLZF was 

ascertained during embryogenesis (Cook et aL, 1995). It appears to be expressed at 

pre-somitic stages (7.25dpc) in the neuroectoderm and as development proceeds it is 

expressed within the prospective brain and developing spinal cord in a similar way to
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Sox3. Unlike Sox3, however, it is expressed in the branchial arches as well as in other 

tissues including the limb buds, otic vesicle and mesonephros.

The expression of mPLZF in the mouse hindbrain is very similar to Sox3. Initially 

homogenous in expression throughout the hindbrain, by 9.5dpc, mPLZF expression is 

downregulated in r3 and r5. By lOdpc expression of mPLZF is restricted in the 

hindbrain to the rhombomere boundaries. Cook et al. cloned the chicken orthologue 

of PLZF and demonstrated that the expression profile in the chick embryo was 

identical. The expression studies of mPLZF and the results presented here for Sox3 

expression, suggest that these genes may share common regulatory mechanisms that 

gives them their tissue specific expression. Another possibility is that one of these 

transcription factors is regulating the other. The expression at the rhombomere 

boundaries is consistent with these genes playing a role in specifying or maintaining 

the phenotype of the boundary cells.

Expression of Sox3 at rhombomere boundaries

What are the special qualities of the cells located at the rhombomere boundaries? The 

earliest known difference between the boundary cells and cells from the rest of the 

rhombomere is their rate of cell division. The cells at the boundary of a HH stage 10 

chick embryo divide at a reduced rate when compared to the rest of the rhombomere. 

Also, neuroepithelial nuclei usually move between the ventricular and basal surfaces 

(so called interkinetic migration) and whilst in S phase are located near the basal 

surface. This does not seem to be the case at the boundaries (Guthrie et aL, 1991).
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By HH stage 12, significant differences have been reported in the volume of 

extracelluar space present at boundaries when compared to inter boundary regions 

(Heyman et a l,  1993). The increased extracelluar space at the boundaries are later 

filled with axons leaving the hindbrain.

The first marker of rhombomere boundaries that has been reported in the chick is 

fibroblast growth factor-3 {Fgf3). Fgf3 expression is detected in the boundary cells 

soon after a visible boundary has formed (Mahmood et al., 1995). By HH stage 13 

(19 somites) Fgf-3 is expressed in 5 stripes which coincide with boundaries between 

r2/r3 ,r3/r4, r4/r5, r5/r6 and r6/r7. By later stages the boundary cells can also be 

detected using antibodies to a group of extra-cellular matrix proteins such as laminin, 

the adult form of NCAM and a peanut agglutinin (reviewed in Heyman et al., 1995). 

Other differences have been noted at the rhombomere boundaries including a higher 

number of non-neuronal cell types, thought to be radial glia (Heyman et al., 1995). 

Taken together it appears that boundary cells have a specific cellular composition, 

cellular organisation and gene expression. Heyman et al. have suggested that these 

cells may be important in facilitating axon migration out of the hindbrain.

Chicken Sox3 expression was studied at HH stage 18 and the results are presented in 

figure 3.5. The expression of cSox3 at the boundaries in the ventricular ridge at this 

stage is relevant to the expression reported for three other transcription factors 

(Heyman et ah, 1995). Firstly, in r3 and r5 Krox20 is down regulated in this fan 

shaped structure that protrudes into the lumen. Secondly, in an identical way Hoxb-l 

is down regulated in the ventricular ridge in r4. This down regulation of Hoxb-l and
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Krox20, coincides with cSox3 up-regulation in this structure. Finally, Pax6 expression 

has been reported to be preferentially expressed at the rhombomere boundaries 

between stages 16-24 (Heyman et ah, 1995).

Pax3, Pax7, and Pax6 are expressed in the mouse neural tube at 8.5d;?c. As 

differentiation proceeds, this expression becomes restricted to the proliferating region 

of the ventricular zone. In this manner, these particular Pax genes are similar to the 

Sox], Sox2 and Sox3 genes. The expression pattern of cPax6 in the chick embryonic 

hindbrain, is remarkably similar to cSox3. Both cPax6 and cSox3 are expressed highly 

at the boundaries within the ventricular ridge. cPax6 is also expressed in the inter

boundary regions in the hindbrain, albeit at a lower level (Heyman et al., 1995). This 

expression between the boundaries is also dorso-ventrally restricted to the intermediate 

third of the neural tube, in a similar way to cSox3 in the chick and Sox3 in the mouse.

The close parallels between Pax6 and Sox3 in the hindbrain of both mouse and chick, 

suggest that they may be marking the same cell type or differentiation process. As 

previously described, rhombomeric boundaries have distinct properties and cellular 

composition. Heyman et al. have suggested that the boundary region is important in 

facilitating axon exit from the hindbrain. The same spatial expression of Pax6 and 

Sox3 also imply that these two transcription factors may be regulated by a common 

factor or alternatively one of these genes is involved in the regulation of the other.
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Chapter 4 : Results and Discussion

The targeted disruption of Sox3 in ES cells via homologous recombination 

Introduction

The human and mouse Sox3 genes are both X linked and map to a region o f conserved 

synteny. Men who possess deletions in the X chromosome that encompass the S0X3  

locus, show a phenotype o f mental retardation (Stevanovic et al., 1993). Although 

these deletions are typically large (6Mb), it has been suggested that the phenotype is 

due to SOX3 loss of function. Mental retardation is consistent with hSOX3 expression 

in the foetal brain. Assuming hS0X3 and mSox3 are expressed in similar fashion 

during embryogenesis i  e. throughout the neuroepithelium, then the human phenotype 

is surprisingly mild. This suggests that either most of the expression o f SOX3 is 

superfluous and the gene product is essential only for a restricted region o f the 

expression domain or that other SOX proteins can compensate for S0X3 function. To 

further investigate these possibilities and characterise the phenotype in mice, it was 

decided to target and inactivate the Sox3 gene in embryonic stem cells (ES).

Embrvonic Stem cells

Embryonic stem cells (ES cells) are pluripotent stem cells that are derived from the 

inner cell mass o f mouse blastocysts (3.5dpc) (Evans & Kaufman, 1981). ES cells can 

be maintained in culture as a permanent cell line displaying the normal euploid
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karyotype. To remain in an undifferentiated state these cells require either to be co

cultured with a monolayer of feeder cells or grown in the presence of leukaemia 

inhibitory factor (LIF) (Wurst & Joyner, 1993). When ES cells are micro injected into 

host blastocysts, they retain their ability to colonize all tissues of the developing, 

chimaeric animal including the germ cells. ES cells are commonly derived from 

blastocysts o f the 129 strain. Using an inbred strain, such as C57BL6, as a source of 

host embryos can increase the contribution o f ES cells to the subsequent chimaeric 

embryo. This is due to a growth advantage o f the 129 cells over the C57BL6 host 

cells (Schwartzberg et ah, 1989). XY ES cells can convert XX host embryos to male 

chimaeras. XX germ cells cannot differentiate to sperm, therefore the functional 

germline o f the chimaera is derived entirely from the ES cell component. In an XY 

host, germ cells will be derived from both host and ES cells.

In addition ES cells can be induced to differentiate in the following two ways: Firstly, 

ES cells will differentiate when injected subcutaneously into syngeneic mice and will 

form teratocarcinomas (Rudnicki & McBurney, 1987). Within such tumours, the ES 

cells will differentiate to form a larger diversity o f tissues types, including cartilage, 

skin and bone (Martin, 1980).

Secondly, removing the ES cells from their feeder cells (or LIF) and growing them 

in suspension, leads to the formation of small aggregates o f cells (Robertson, 1987). 

After 2-4 days these aggregates are called simple embryoid bodies and have a 

morphologically distinct outer layer of primitive endoderm like cells. Further 

culturing in suspension leads to the formation o f cystic embryoid bodies which are
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fluid filled and have a discernable inner layer of ectoderm like cells. By plating 

simple embryoid bodies onto a gelatinized substrate, the aggregates attach and form 

a larger diversity of cell types, including muscle and neurons (Robertson, 1987). In 

addition, chemical inducers can be added to the medium to encourage differentiation 

towards certain lineages. For example, treating simple embryoid bodies with retinoic 

acid increases the proportion of neurons that will differentiate. Conversely treating 

with dimethyl sulphoxide (DMSO) results in the differentiation of cardiac and skeletal 

muscle (McBurney et al., 1982).

Gene Targeting

Perhaps the most valuable method to study the role of gene expression in development, 

has been the ability to introduce foreign DNA into the mouse germ-line. This allows 

the study of regulation and function of genes in vivo. ES cells can be genetically 

modified in culture and remain fully pluripotent. The phenotypic effects of these 

alterations can subsequently be tested by using the cells to produce chimaeric animals 

thus introducing the mutation into the germ-line. The development of methods which 

serve to select and enrich for homologous recombination in mammalian cells (Smithies 

et al., 1985) has permitted the targeted mutagenesis of specific genes in the mouse 

germline (Thomas & Capecchi, 1987).

In order to insert exogenous DNA in a site directed manner, a targeting construct is 

made from two regions of DNA (2-lOkb) homologous to the locus of interest, 

interrupted by a positive selection marker, such as the neomycin resistance gene {neo').
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Stable transfectants can be selected for by adding a suitable antibiotic to the culture 

medium (eg. G418). Only cells possessing the exogenous resistance gene will survive 

to form colonies. A few of the recovered resistant clones will have integrated the 

exogenous DNA at the targeted locus via two recombinogenic events. The most 

efficient targeting vectors are constructed with DNA syngeneic to the locus. This 

presumably facilitates homologous recombination.

If the targeting vector is constructed in such a way that the selection cassette is 

inserted into or replaces part of a gene of interest, then after homologous 

recombination a mutant allele will be present at the endogenous locus. Such ES cells 

can then be used to generate chimaeras to attempt to pass the mutation through the 

germ-line to create a null mutation (first achieved by Thomas & Capecchi, 1987). To 

be able to enrich for homologous recombinant clones, a suitable negative selection 

marker such as the Herpes simplex virus thymidine kinase (HSVTK) gene, is often 

cloned at one end of targeting vector. On homologous recombination the HSVTK 

gene is lost and the ES cell will retain resistance to the antibiotic, Gancyclovir. 

Random integrants should retain the HSVTK gene and will become susceptible to 

Gancyclovir and die.

Clones that survive this positive and negative selection procedure still require 

screening to ensure the correct targeting event has indeed occurred as the HSVTK can 

be lost or inactivated by position effects. The screening can be performed via PCR 

or Southern analysis (Hasty & Bradley, 1993). The latter method requires the 

following: 1) a restriction endonuclease which will cut the targeted locus in such a



way that the mutant and wild type alleles can be discriminated by size and 2) a 

suitable probe that is external to sequences shared between the construct and the target 

locus. The use o f internal probes can be misleading as they will also detect fragments 

caused by the random integration of the targeting construct.

Positive clones from this primary screen need to be further examined by Southern 

analysis. It is vital to ensure correct replacement of the wild type locus with the 

exogenous DNA occurred via two recombinogenic events. The easiest way to do this 

is using a probe and restriction sites all external to the region where homologous 

recombination can take place. A predicted change in fragment size can be made and 

verified using Southern analysis. Frequently, such suitable endonucleases are 

unavailable. In which case, external probes from either side of the target site will be 

required to demonstrate that the endogenous gene was replaced by the two cross-over 

events. Finally, Southern analysis with a probe internal to the homologous event is 

useful to show that only one copy of the construct is present. Extra random 

integrations could cause a phenotype unrelated to the targeted locus.

Once a suitable homologous reeombinant has been isolated, it can be used to create 

chimaeric mice by injecting the ES cells into blastocysts and transferring the injected 

embryos into pseudopregnant mice. There are two common ways to determine the 

level of chimaerism: Firstly, ES cell lines derived from the 129 strain of mice carry 

the agouti coat colour marker (A\A). C57BL6 mice are non-agouti (a\a) and have a 

black coat colour; hence, injection of 129 ES cells into C57BL6 host blastocysts will 

create chimaeras that will have a mosaic coat colour (agouti and black). The degree
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of ES incorporation can be gauged by the proportion of agouti coat colour expressed.

Secondly, chimaerism can be determined by GPI analysis. This method utilizes 

different isozymes of glucose-6-phosphate isomerase produced in the 129 derived ES 

cells (GPI-1C) and in the host C57BL6 blastocyst (GPI-IB). GPI isozymes can be 

separated by electrophoresis and visualized by a simple colour reaction (see methods). 

Chimaerism is then estimated by comparing the intensity of the two bands.

If viable chimaeras are born, they are crossed to wild type mice to generate 

heterozygotes. These mice are inter-crossed to obtain homozygous null mutant mice. 

In some cases when homozygous mutations cause early embryonic lethality, the role 

of the gene can be addressed more easily by creating homozygous null ES cells. 

Three ways in which such cells have been generated is by derivation from 

homozygous blastocysts, carrying out a second round of targeting or by culturing 

heterozygous cells in high concentrations of the antibiotic or drug used as selection. 

Chimaera analysis with such cells is informative for the following reasons: First, it is 

easier to ascertain whether the mutation generated is cell autonomous or not. For 

instance, if  the mutation blocks the differentiation of a particular tissue in a chimaera, 

mutant cells will be excluded from that tissue type (Tsai et al., 1994; Chen & 

Behringer, 1995). If the mutation is in a secreted factor, then the chimaera can be 

totally rescued by the wild type host cells (Conlon et al., 1991, 1994). Secondly, by 

marking the mutant ES cells it is possible to ascertain how the cells behave in a wild 

type environment i.e. how they interact with other cells. Marking ES cells 

homozygous for the T mutation showed that the Brachyury gene is essential for cell
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migration through the streak (Wilson, et al., 1995).

Targeting an X-linked gene in XY ES will create a hemizygous mutation. This allows 

the phenotype to be studied directly in ES cells. These cells can be differentiated in 

culture, in syngeneic mice or returned to pre-implantation embryos to generate 

chimaeras. For example these methods were used to study the role of the X-linked 

gene GATAI. Analysis of the GATAT ES cells in chimaeric embryos and 

differentiation in vitro, indicated that these cells could not give rise to mature 

erythrocytes, thus proving that GATAI is essential for haematopoiesis (Pevny et al., 

1991).

As Sox3 is an X-linked gene, the creation of an hemizygous mutation in ES cells was 

made to elucidate the role of this gene in mouse embryogenesis.
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Results:

The generation o f Sox3 disrupted CCE ES cells

In order to disrupt Sox3 in ES cells, the construct N T K ll was created by Michel 

Cohen-Tannoudji (formerly o f the Lovell-Badge laboratory). NTKl 1 is designed to 

target the Sox3 locus and disrupt the gene by insertion of a positive selection marker 

into the HMG box. See figure 4.1 for details.

CCE ES cells were electroporated with the targeting construct N T K ll. Following 

transfection, half the cells were then cultured in the presence of both G418 and 

Gancyclovir and for comparison the other half were cultured in the presence of G418 

alone. No significant difference was observed in the number of resistant colonies 

recovered between these two selection regimes. This indicated that no eniichment for 

homologous recombinants had occurred. One possible explanation for this result is 

damage to the 5’ end of N T K ll affecting the transcription of the thymidine kinase 

gene.

After selection, 200 individual ES clones were picked and expanded. One plate of 

each o f these clones was used to generate DNA which was screened by Southern 

analysis, using a probe and restriction endonuclease sites external to the region of 

homology. Figure 4.2a shows an example o f such a screen. Sox3 is X-linked and the 

CCE ES cells are XY, hence a homologous recombination event creates a single band 

larger than that observed for wild type DNA. The increase in size is due to the

92



Probe I
__________ lOK

Sox-3

pgk-neoHSV-tk 2.5kb

Targeting
construct

NTKll

Probe

Mutated
Sox-3

1kb

Figure 4.1

A) Schematic diagram of the Sox3 genomic locus. The transcribed region 
of the locus is represented by the orange/green shading and the start 
of transcription by the arrow. The open reading frame of Sox3 is 
contained in a single exon, designated by the raised box. The region 
encoding the HMG box, DNA binding domain is shaded in green.

B) Schematic diagram of the Sox3 targeting construct, NTK 11. Shaded 
in blue is the neomycin'' gene driven by the pgk promoter which allows 
for positive selection for stable insertion of the construct using 0418. 
Also depicted in blue, is the HSV thymidine kinase gene. This allows 
enrichment for homologous recombinants, using negative selection with 
Gancyclovir. The regions of homology either side of the neo'' gene are 
included (kb = kilobase pairs)

C) Schematic diagram of the mutated Sox3 locus following homologous 
recombination with the targeting construct NTK 11. The HMG box 
is disrupted by the insertion of the neo'' cassette. The position of the 
probe used in Southern analysis is indicated by a red box. NB. probe 
sequence is external to any homologous recombination event.
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Figure 4.2

a) Following transfection with NTK ll and selection, DNA was 
extracted from surviving ES cell clones. The DNA was digested 
with Bglll and used in Southern blot analysis. An example is shown 
opposite, with DNA digests from clones #21 to #24. Wildtype (wt) 
DNA is added as a control. The sizes of bands which hybridise to 
the M PI.5 probe are calculated by comparison to a 1 kb ladder in the 
second lane. The positive band detected in the clone #24 DNA  
digest is 11.5kb in size. This is 2kb larger than bands observed in 
both wildtype and DNA digests from #21 to #23. This shows the 
insertion of the N TK ll construct into the Sox3 locus.

b) A schematic representation of the wildtype and mutant Bglll 
fragments that are recognised by the probe, M PI.5 (red box). Both 
probe and restriction sites are external to the insertional event. The 
Bglll fragment is 9.5kb in wild type DNA and 11.5kb in mutant 
DNA. The difference in size can be attributed to the insertion of the 
neo’’ cassette.
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insertion o f the selection cassette (see figure 4.2b). Of 40 clones screened, 3 were 

found to be homologous recombinants (clones #24, #66 and #124). This gives a 

frequency o f approximately 1 in 13 for homologous integration. By stripping the 

original filters and hybridising with a probe homologous to neo'' gene, clones #24, #66, 

and #124 were shown to only possess a single insertion o f N T K ll (data not shown).

In order to analyse the disruption o f Sox3 further, DNA from homologous 

recombinants and wild type cells was digested with three more restriction 

endonucleases and the sizes o f fragments compared via Southern blotting. The results 

using DNA from clone #24 are displayed in figure 4.3a. The differences in band sizes 

between #24 and wild type DNA were predicted from physical maps of the targeting 

construct and knowledge of the endogenous genome (represented in figure 4.3b). The 

changes in size between wild type and mutant ES cell DNA are due to either the 

inserted neo gene increasing the distance between restriction sites or adding extra sites. 

The pattern of bands seen in figure 4.3 is the same as observed in the homologous 

recombinant clones #66 and #124.

This analysis indicates that Sox3 has been disrupted by the integration of NTKl 1 into 

the genomic locus in the expected orientation and as a single copy (as opposed to a 

concatamer). This mutant allele was named Sox3"‘'". Analysing mitotic spreads 

generated from the homologous recombinant ES cell clones, revealed that these clones 

had the expected 40, XY karyotype.
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Figure 4.3

A) Southern blot of #24 and wildtype DNA digested with the restriction 
endonucleases indicated. A Ikb ladder is included to calculate the 
sizes of bands hybridising to the probe M PI.5. Faint wild type 
bands can be seen in lanes containing #24 DNA digests. These extra 
bands are due to DNA from feeder cells.
The results shown here are identical to digests made with #66  and 
#124 DNA.

B) Representation of the restriction map of the wild type and mutant 
loci. After homologous recombination fragments made by digestion 
with Bglll and Kpnl are predictably larger than for wild type DNA, 
due to the insertion of the 2kb selectable cassette.
Fragments made by digestion with Spel and Hindlll are smaller than 
wild type because the selectables cassette contains extra restriction 
sites from these enzymes.
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Phenotype analysis o f hemizygous ES cells in chimaeras

The three ES cell clones hemizygous for the Sox3"‘"“ mutation (#24, #66  and #124), 

were injected into genetically distinct C57BL6 host blastocysts and then transferred 

to pseudo-pregnant foster females. Initially, these embryos were left to deyelop to full 

term and the ES contribution to the chimaeras was analysed by coat colour in the 

subsequent neonates. Of the mice born, few mice displayed any chimaerism (<10%). 

Using coat colour to estimate chimaerism, none of these mice had an ES incorporation 

higher than 5%. It was therefore suspected that chimaeras with more extreme 

contribution from Sox3"‘"'’ mutant ES cells may be dying in utero. The foster females 

were therefore sacrificed during gestation and the recoyered embryos dissected and 

analysed for chimaerism.

The first stages of chimaera deyelopment inyestigated were 13 and \Adpc {ie 10 & 11 

days after transfer of injected blastocysts into foster mothers). On dissection, no 

embryos of any significant chimaerism were found as assayed by GPI analysis, 

howeyer, a large proportion of resorptions were noted. Sacrificing the foster mothers 

earlier, proyed more informatiye. Table 4.1 displays the results of collecting 

chimaeras aged between 9 to lOdpc.

The yisceral yolk sac was used as a source of tissue to ascertain chimaerism by GPI 

analysis. Howeyer, as the yisceral yolk sac is formed from two populations of cells, 

the yisceral mesoderm and yisceral endoderm, there is a bias towards host tissue in the 

GPI results (Beddington & Robertson, 1989). This is because ES cells readily
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contribute to primitive ectoderm derivatives including visceral mesoderm but in 

chimaeras they fail to contribute to primitive endoderm derivatives. Analysis of 

various embryonic tissues (such as heart, head, limb) always gave GPI results that 

indicate higher ES cell incorporation than using the yolk sac (data not shown).

As indicated in Table 4.1, a significant number of chimaeras recovered were retarded 

in their development and exhibited severe aberrant morphology. There is a strong 

correlation between incorporation of mutant ES cells and aberrant morphology. The 

abnormal phenotypes observed have been grouped into two non-exclusive classes. 

These are namely: 1) an observed failure of neural tube closure and head malformation 

and 2) an unfused allantois which grows into a bulbous structure. These embryos 

often showed a posterior bias in their deformed appearance. Examples of these mutant 

chimaeras are illustrated in Figure 4.4.

In panels a) and b) of Figure 4.4, two lOdpc chimaeras are pictured with 50% and 

33% ES cell contribution respectively. Both show a deformed and bulbous allantois 

(as indicated / ) .  The chimaera in panel a) is more severely deformed than the 

chimaera in panel b) and this corresponds to a greater incorporation of ES cells. The 

chimaera in panel b) shows typical defects relating to the classes of phenotypes already 

mentioned. Although anterior structures are relatively well developed (head, optic 

vesicle, heart, otic vesicle and branchial arches) the neural tube is open in the 

prospective brain. Obviously this embryo has failed to turn and the axis of embryo 

is truncated in the posterior region. The chimaera pictured in panel a), can be seen 

to be devoid of somites. This absence of somites only seen in embryos with a
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ES clone 

injected

N°

Chimaeras

recovered

% ES

Contribution

N°s "normal" Head &/or 

tube 

defects

Allantois 

&/or A > P  

defects

Resorptions

#24 62 >30% 17 2 6 8 1

10-30% 6 5 1

<10% 39 38

#66 19 >30% 2 1 1

10-30% 4 1 2 1

<10% 13 12 1

#124 61 >30% 10 1 2 7

10-30% 18 12 4 2

<10% 33 32 1*

TOTAL 142 >30% 29 3 8 16 2

10-30% 28 18 7 3

<10% 85 82 1* 2

Table 4.1
This table demonstrates the numbers of embryos recovered after blastocyst injection 
of three independent ES cell clones (#24, #66  and #124) all hemizygous for the 

mutation. The relative ES cell contribution was gauged by GPI analysis on 
yolk sac tissue. The ES cell contributions have been grouped into 3 phenotypic 
categories and compared to the gross morphological phenotype. These categories are 
as follows: "normal" - relating to embryos that had the expected appearance for an 
embryo of that particular age. "Head &/or tube defects" included embryos where the 
neural tube was irregular, unfused or wavey as well as embryos where the prospective 
brain was seriously abnormal. "Allantois and / or A > P defects" - included embryos 
with a bulbous allantois that had failed to fuse with the chorion, and defects in the 
posterior of the embryo. Nb. most of these most severely affected embryos also had 
neural tube and head defects. "Resorptions" - include GPI results from any embryonic 
tissue undergoing a resorption.
There is an obvious correlation between higher ES cell contribution and observed 
morphological mutations.
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high incorporation of mutant ES cells.

From Chapter 3 it is clear that Sox3 expression is restricted to ectodermal derivatives 

and is not expressed in mesoderm. The absence of somites, in some cases and the 

affect on the allantois were therefore surprising. The allantois is formed from extra- 

embryonic mesoderm migrating from the primitive streak which fuses with the 

chorion. It is known that when the gastrulation process is disrupted, malformation 

of the allantois can result (Wilson, et al., 1995). Expression of the Brachyury (T) 

gene was used to detect if there were any abnormalities in gastrulation in the Sox3 

disrupted chimaeras. The results of whole mount in situ using a T antisense 

riboprobe are illustrated in Figure 4.4 d,e and f.

Panel d) of Figure 4.4, compares a chimaera with low incorporation of FS cells to 

a chimaera with significant incorporation of FS cells (as judged by GPI analysis). 

Although the chimaera on the right displays severe malformations, the integrity of T 

expression is maintained with T expression in the tail bud and notochord. However, 

in some examples of chimaeras made with cells hemizygous for Sox3""''’, T is only 

seen in the tailbud. This implies that the notochord has failed to form, has 

degenerated or does not comprise T positive cells.

In order to demonstrate that part of the Sox3 gene is not being mis-expressed from 

the ectopic pgk promoter, chimaeras made with the mutant FS cells were analysed by 

whole mount in situ hybridisation using a Sox3 antisense cRNA. An example of such 

a procedure on a chimaera is illustrated in Figure 4.4c. This figure shows two
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Figure 4.4

9.5dpc  chimaeras made with hemizygous ES cells.

a,b) Two chimaeras displaying the typical morphological abnormalities observed 
in thisstudy. These embryos are retarded in size and have failed to turn. The 
embryo pictured in panel b) shows a caudal bias in the degree of aberrant 
development indicating a failure of axis elongation. One deformity in the 
anterior region of this embryo is the failure of the neural tube to fuse in the 
midbrain region (}). The embryo pictured in panel a) has severe 
abnormalities both caudally and rostrally. Head folds are present but have 
failed to fuse. In the trunk of the embryo there is an absence of any 
discernable somites. Both embryos have a bulbous allantois (</). The 
proportion of the GPI-1C in the chimaera indicates the degree of ES cell 
incorporation.

c) Two embryos probed for expression of Sox3 using whole mount in situ 
hybridisation. The relative amount of Sox3 ES cell incorporation is 
indicated by the GPI analysis. The b isoform is expressed in host embryo 
derived tissue and the c isoform is expressed in ES cell derived tissue. 
Expression of Sox3 in the more chimaeric embryo is restricted to the 
developing CNS but is less intense and punctate when compared to the control 
embryo. This implies that Sox3"^° is a null mutation.

d,e,f) Four chimaeras following whole mount in situ hybridisation to detect using a 
Brachyury riboprobe.
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embryos, one is non-chimaeric as judged by the GPI results included and the other 

is about 25 % derived from ES cells. The latter embryo is obviously malformed. The 

expression of Sox3 can clearly be seen to be restricted to the neural tube of both 

embryos. However, the expression of Sox3 in the chimaera can be seen to be 

punctate. Results from other chimaeras show an inverse correlation between the 

proportion of ES cell derivatives and the number of cells expressing Sox3. Together 

these observations suggest that Sox3''̂ ° is a null mutation, at least as far the 

transcription of the 3 ’ part of the gene is concerned. These points will be reviewed 

further in the Discussion.

Random integrant cell lines generate morphologicallv normal chimaeras

To demonstrate that the observed phenotype is due to the de novo mutation at the 

Sox3 locus and not an artifact of the construct or a consequence of selection during 

culture, random integrant ES clones were also used to generate chimaeras. These 

cells have not only undergone the same selection strains and stresses, but also possess 

the same exogenous DNA. These cells were injected into host blastocysts to create 

chimaeras in an identical way as before with the homologous recombinants. One 

week after the transfers, the embryos were dissected and the degree of chimaerism 

estimated via GPI analysis.

Figure 4.5 displays the results from five such random integrant clones. Southern 

analysis was used to prove cell lines #170-174 are random integrants. To do this 

digests of genomic DNA were probed with the original 5’ external probe. The probe
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Figure 4.5

Chimaeras generated from random integrant ES cell lines, derived from the 
same transfection experiment as the homologous recombinant clones #24, #66  
and #124.

a) Southern blot of DNA from clones #170 - #174, digested with Bglll. The 
probe M PI.5 hybridises to genomic sequence not contained within the 
targeting construct. A band of 9.5kb is detected in each case, indicating 
that homologous recombination did not occur.

b) Same blot as above, stripped and re-probed with a probe internal to the 
construct. A 9.5kb band and an additional band of varying size indicates 
clones #170-# 174 are random integrants.

c) 9.5d/?c chimaeras (A-J) generated from blastocyst injected with clones #170 - 
#174, as indicated. These embryos appear normal at a gross morphological 

level.

d) The results of GPI analysis for chimaeras A-J, to demonstrate the relative 
incorporation of ES cells.
C57BL6 embryo derived tissue is GPI-IB and 129 ES cell derived tissue is 
GPI-IC.
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detects a band of the same size as in non-transfected control DNA, indicating that the 

endogenous Sox3 locus has not been disrupted. Further analysis with an internal 

probe shows hybridisation to both the wild type band and another band the size of 

which varies between clones. This second band is caused by the random integration 

of the construct into the ES cell clone.

Cells from the clones 170 to 174 were used to create the chimaeras shown in figure 

4.5C, panels A to J. The results of GPI analysis are also included. It is apparent 

that chimaeric embryos, often with significant contributions from the ES cells, were 

recovered that showed none of the morphological traits associated with the use of the 

Sox3 disrupted ES cells. It is therefore concluded that the phenotype seen in 

chimaeras made with clones #24, #66  and #124 is due to the mutation made in the 

Sox3 locus.

Hemizveous Sox3 ES cells can form derivatives of all three primarv germ lavers

As the tissue distribution of mutant ES cells in chimaeras could not be assayed in 

detail, it was of interest to k n o \^ if  the phenotype observed was due to a failure of 

Sox3 disrupted cells to form any of the three primary germ-layers. To investigate the 

differentiation abilities of mutant cells they were differentiated both in vitro and in 

teratocarcinomas and compared to results obtained with wild type cells. If the mutant 

cells did fail to form a particular cell type, this would indicate the mutation was cell 

autonomous. The results are shown in figure 4.6.
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Figure 4.6 In vitro and in vivo differentiation of ES cells to all three primary germ layers

Embrvoid bodies "wild type" #124

10 days in suspension to create fluid filled "cystic" bodies a) b)

4 days in suspension and then 3 days on a gelatinize substrate

Whole mount in situ hybridisation to thcBrachyury transcript c) d)

Whole mount in situ hybridisation to the Sox-2 transcript e) f)

4 days in suspension and then 7 days on a gelatinize substrate

Whole mount in situ hybridisation to the a-fetoprotein transcript g) h)

4 days in suspension with retinoic acid (lO^M) and then 3 days on a gelatinize substrate

Immunocytochemistry using antibody to the Neurofilament protein (N Fl) i) j)

Section through a 3 week teratocarcinoma derived from Sox3'^ ES cells.

Immunocytochemistry using an antibody to the T protein k) I)

Immunocytochemistry using an antibody to the SOXl protein m) n)
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Prolonged culture in suspension indicates that Sox3 ES cells will form fluid filled 

cystic embryoid bodies that were morphologically indistinguishable from those 

generated using wild type cells. Cystic embryoid bodies possess an inner layer of 

ectoderm cells and an outer layer of primitive endoderm but also consist of a variety 

of tissue types including blood islands and beating cardiac muscle (Martin et al., 

1977; Robertson, 1987). To test the ability of the mutant ES cells to differentiate in 

teratocarcinomas they were injected sub-cutaneously into syngeneic (129SV/EV) male 

mice. The tumours were left to develop for three weeks or until they reached 1.5cm 

in diameter. The following molecular markers were assayed on sections of these 

tumours and in vitro differentiated cultures. Brachyury which is expressed initially 

in the primitive streak and node and is a marker of nascent mesoderm; Sox2 which 

is a marker of both primitive ectoderm and neuroectoderm; Soxl which is also a 

marker of undifferentiated neuroectoderm; Neurofilament which is a marker of post 

mitotic neurons and a-fetoprotein {AFP) which is expressed in primitive endoderm 

and in liver. Using either whole mount in situ hybridisation or immunohistochemistry 

for these markers it was shown that Sox3 disrupted ES cells can differentiate to 

derivatives of all three germ layers. In addition, the Sox3 disrupted cells 

differentiated into mature neurons (see figure 4.6).

The generation of Sox3 disrupted ES cells with ubiquitous fi-galactosidase activitv

In order to investigate whether Sox3 mutant ES cell are excluded from particular 

tissues or localised within the chimaeric embryo, it was decided to target an ES cell 

line known to carry a constitutively expressingj^-galactosidase marker. The cell
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line ST 125 was chosen for such a purpose as most of its differentiated cell derivatives 

were known to express LacZ. As this ES cell line is derived from a gene trap 

experiment (Skarnes et al., 1995) and already contains the neo'' gene, a new targeting 

construct was made, called K0SX3 (see figure A .2 in the appendix). This construct 

should disrupt the endogenous Sox3 locus with the selectable marker hygro'' to create 

a mutant locus

After selection, only 50 resistant clones were recovered. These clones were screened 

with an internal probe and two potential homologous recombinants were obtained: 

ST125/40A and ST125/79. Further Southern analysis with DNA from clone 

ST125/40A indicated that the Sox3 locus had been targeted but may have also 

rearranged (see figure A .3 in the appendix). Chimaeras were made with ES cells 

from both clones (ST125/40A and ST125/79) and the ES incorporation assayed by X- 

gal staining. Chimaeric embryos were recovered with a high proportion of ES cell 

derivatives, but they were all morphologically normal. Whole mount in situ 

hybridisation for Sox3 was performed on these embryos and revealed that both 

ST125/40A and ST125/79 expressed Sox3 (see figure A.4 in the appendix). This 

latter result suggests that the Sox3 locus has not been correctly targeted in these cells, 

but it has not been possible to determine the exact nature of the Sox3 mutation if any. 

Although Sox3 transcripts are still present, it is still conceivable that the mutation 

affects translation. The implications of this Sox3 mutation will be dealt with in 

the discussion.
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Discussion

The targeted disruptions of Soxl. Sox2 and Sox4

To elucidate the role of specific Sox genes during embryogenesis, null mutations have 

been generated in mice using ES cell technology. To date three Sox genes have been 

targeted and the mutant alleles successfully passed through the germline. These genes 

are Soxl, Sox2 and Sox4. The analysis of the homozygous null phenotypes in these 

genes has demonstrated their developmental importance and also suggest that there 

may be functional redundancy amongst members of the Sox gene family.

Sox2 begins to be expressed early in embryogenesis within the inner cell mass of the 

blastocyst and primitive ectoderm of the implanted embryo. A null mutation was 

created by substituting the Sox2 opening frame by fi-geo (Nicolis et al, manuscript in 

preparation). Crosses between Sox2!̂ ^̂ ° heterozygotes, generated no live born 

homozygous offspring. Investigation in utero at 6 days post coitum {dpc), 

demonstrated that a quarter of the decidua implantation sites contained no obvious egg 

cylinder structure. Using molecular markers at 5 .5d/7c, it was shown that these 

putative Sox2P̂ °̂ISox2/̂ ^̂ '' embryos contained extraembryonic cell types but no 

embryonic ectoderm. This failure of Sox2P̂ °̂!Sox2P̂ ^̂  embryos to form primitive 

ectoderm is very reminiscent of the phenotype in Oct4 embryos, although these fail 

at an earlier stage (Austin Smith, personal communication). This is significant as 

both Sox2 and Oct4 are known to regulate Fibroblast growth factor 4 (Fgf4) in vitro 

(Yuan et al., 1995). Fgf4 null homozygotes also fail at peri-implantation stages and
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lack embryonic ectoderm (Feldman et al., 1995). It is possible that the early 

phenotype of Sox2P̂ °̂ homozygous embryos is due in part to the failure to produce 

FGF4.

Unlike Sox2, Soxl is not expressed until the neuroepithelium is delineated from the 

primitive ectoderm. Soxl null homozygotes are initially viable at birth (Vasso 

Episkopou personal communication). Numbers of homozygotes do, however, 

decrease over time and by 28 days post partum many are dead. The mice tend to die 

after acute seizures. However, one deformity which is obvious at birth is a 

malformation of the eyes, which are smaller with vacuolated lenses. This result is 

significant as the invaginating and maturing lens is the only known region where Soxl 

is expressed exclusively. As mentioned in the Introduction, SOX proteins are known 

to regulate 6-crystallin in the developing chick lens (Kamachi et al., 1995). 

Mammals possess three clusters of crystallin genes a,  B and 7  (ô-crystallin is only 

found in avians and reptiles). Reverse-transcription followed by amplification by the 

polymerase chain reaction (RT-PCR) in Soxl homozygous embryos has indicated that 

levels of expression for individual 7 -crystallin genes are either absent or down 

regulated when compared to the lenses of wild type foetuses. This result strongly 

implicates Soxl in the regulation of 7 -crystallin expression and the lack of these 

highly abundant proteins is likely, at least in part, to lead to the abnormal lens 

phenotype.

The primary expression domains of Sox4 lie within the developing heart, lymphoid 

cells and central nervous system. The targeted disruption of Sox4 causes embryonic
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lethality when homozygous, due to defects in the heart. There is also a significant 

decrease in the numbers of B cell progenitors in the foetal liver (Schilham et al., 

1996). Again this is a significant result as no other Sox genes are known to be 

expressed in these particular tissues. Hence, both the targeted mutations of Soxl and 

Sox4 suggest that there is redundancy in the proteins encoded by the Sox gene family.

The Sox3'"̂ ° hemizveous mutation in CCE ES cells

The results presented here demonstrate that the Sox3 mutation is deleterious to 

normal embryogenesis. Chimaeras generated from the Sox3 hemizygous ES cells 

exhibit variation in the severity and location of tissue abnormality. This is 

presumably due to the amount and position of mutant ES cell descendants. A typical 

chimaera, with over 30% incorporation of ES cells, displays retarded growth when 

compared to less chimaeric litter mates. There is a truncation of the anteroposterior 

axis which has a caudal bias and is often accompanied by a noticeable depletion of 

mesenchyme in the trunk of embryo. In some cases there was a total absence of 

visible somites and a deformed or missing notochord, as revealed by Brachyury 

expression. These defects are connected to mesoderm derived tissues which is 

surprising as Sox3 is not expressed in mesoderm. The phenotype is unlikely to be 

due to a failure of mesoderm to form as it was shown from in vitro and in vivo 

differentiation experiments that Sox3"^  ̂ hemizygous ES cells can efficiently form 

mesodermal derivatives.

Soxl and Sox2 belong to the same subfamily of Sox genes as Sox3 (B) (Wright et al.,
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1993). They possess HMG boxes that are 96% identical in amino acid sequences 

which can bind the same consensus sequence in vitro as SRY (AACAAT). The 

expression studies undertaken to date suggest that all cells transcribing Sox3, lie 

within a domain of Soxl expression. The phenotype of chimaeras generated with 

SoxS""̂ " hemizygous ES cells suggest that S0X3 function is not compensated by 

another SOX protein.

There is also a discrepancy between the results presented here for this mutation in 

mouse cells and observations in humans where the orthologue S0X3 is absent 

(Stevanovic et al., 1993). As previously mentioned, these men exhibit mental 

retardation, but this is certainly a milder phenotype than that seen in the chimaeras.

There is growing evidence that phenotypes observed following gene targeting are not 

always due to the inactivation of the target gene. Indirect mutagenesis is assumed to 

occur when the insertion of the targeting construct, including a strong exogenous 

promoter, interferes with cis-acting elements of other neighbouring genes and affects 

their transcription. Documented examples of targeted disruptions affecting the 

transcription of neighbouring genes have been published (reviewed in Olson et a l. , 

1996) and include the targeting of the myogenic gene, MRF4. Three groups 

inactivated the MRF4 gene and obtained different homozygous phenotypes ranging 

from neo-natal lethality with deformed musculature, to complete viability. Another 

myogenic gene, Myf5, is only 8kb away from the MRF4 locus. The Myf5 

homozygous mutation also has a neo-natal lethal phenotype with malformations in the 

muscles. It therefore seems likely that there are cis-acting regulatory elements, in or

116



around the MRF4 locus that are essential for correct expression of gene Myf5.

The targeting construct NTK 11 was designed to inactivate S0X3 function by the 

insertion of the pgk-neo cassette into the region of the gene that encodes the HMG 

box, DNA binding domain. It is possible that the exogenous promoter is interfering 

with the expression of a nearby gene, and creating a dominant, mutant phenotype. 

The Kosx3 construct was designed to inactivate S0X3 function by the insertion of the 

pgk-hygro cassette. The transcriptional orientation of this cassette is opposite to the 

pgk-neo cassette in the NTK 11 construct. The most likely explanation for the 

anomaly between the Sox3 and Sox3 phenotypes is that the Sox3 ES cells 

are incorrectly targeted. They are clearly not null at the transcriptional level. 

However, it is possible that transcription of the exogenous DNA could interfere with 

a neighbouring gene. In this case a deleterious effect on embryogenesis would 

depend on the direction of transcription. This would be consistent with the fact the 

selection cassettes in the Sox3 and Sox3’̂^̂'̂ ° alleles are in opposite orientations with 

respect to each other in the Sox3 locus.

The region of the X chromosome around mouse Sox3 shows conserved synteny with 

the corresponding region of the human X deleted in the S0X3' patients. For this 

reason it seems unlikely that the severity of the Sox3 mutation is due to 

downregulation of an adjacent gene. However, the mutation observed in chimaeras 

may be due mis-regulation of nearby gene.

Another indirect way the targeting experiment with NTK 11 may have created a
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dominant mutant phenotype, is if parts of the Sox3 gene are transcribed from either 

the wild type or pgk promoter and then translated into either truncated or chimaeric 

proteins. The pgk promoter can be ubiquitously active so this could lead to wide 

distribution of such a molecule. If such truncated or fusion proteins possessed 

biological function, then this could lead to a deleterious effect on embryogenesis. 

This idea seems unlikely as in situs with a Sox3 probe do not indicate mis-expression 

in chimaeras made with Sox3"̂ ° hemizygous cell lines (see figure 4.4c). However, 

it could be argued that this method of detecting aberrant Sox3 transcripts is not 

sensitive enough to detect low levels of transcription.

In order to confirm that the phenotype observed is due specifically to a loss of

function of Sox3, it was decided to design a new targeting construct that creates a null 

allele by removing 75% of the open reading frame. The construct Soxlox also 

possesses a selectable marker that can be removed via ere mediated recombination.

The methodology will be discussed in the next section.
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Chapter 5 : Results and Discussion 

Targeting the Sox3 locus in ES cells using the construct Soxlox 

Introduction

Site-specific recombination is increasingly being used to cause excisions, 

rearrangements and translocations in the genomes of a diverse spectrum of organisms. 

To date, two enzymes have been utilised to catalyse these processes, namely Flp and 

Cre recombinases. Flp recombinase was isolated from Saccharomyces cerevisiae and 

mediates recombination between specific 34bp sequences called FRT (Flp recognition 

target) sites. Cre recombinase was isolated from PI bacteriophage and directs 

recombination between specific 34bp sequences called loxP elements (locus of 'x’over 

in PI). Insertion of either two loxP or FRT elements, in the same orientation, into 

the genome of an organism and subsequent expression of suitable recombinase (Cre 

or Flp respectively) will result in recombination between the elements. Flp mediated 

recombination has been used successfully, in the genetic manipulation of Drosophila 

(Chou & Perrimon, 1996), several plant species (Lyznik et at., 1996) and in 

transgenic mice (Dymecki, 1996).

Cre mediated recombination has been more extensively utilized to modify the 

genomes of several organisms in a variety of different ways. Firstly, site-specific 

recombination in this manner allows very large regions to be deleted. To do this, two 

targeting vectors are generated that will insert a loxP element either side of the region
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to be deleted. Following the two targeting events, this region will be flanked by loxP 

elements (floxed). After Cre recombinase expression, the floxed region will be 

removed via recombination between the two loxP elements. This method is 

particularly useful if a null mutation is desired in a gene too large to remove directly 

by traditional gene targeting. This method was used to obtain ES cells deleted for the 

200kb amyloid pre-cursor protein gene (Li et al., 1996). Remarkably, the two 

targeting vectors and a plasmid encoding cre-recombinase were all transfected into 

ES cells in a single electroporation and clones heterozygous for the deletion 

successfully isolated. These ES cells were used to generate chimaeras which 

transmitted the mutation through the germ-line.

Secondly, Cre-mediated recombination can be used to generate chromosomal 

translocations. This involves targeting via homologous recombination two sites on 

different chromosomes. This methodology can be utilised to reciprocally exchange 

chromosomal regions and create in mammalian cells the same sort of translocations 

that cause oncogene activation in humans (Smith, et at., 1995; Vandeursen et al.,

1995).

Thirdly, it is often desirable to create mutations in a spatial and temporal restricted 

manner, to ascertain the function of a gene in distinct tissues and at different times 

of development. If a homozygous mutation is an embryonic lethal, this conditional 

Cre-mediated mutagenesis can elucidate requirements for the gene later in 

embryogenesis. One way to do this to cross mice homozygous for floxed alleles of 

a gene of interest to mice expressing a transgene consisting of Cre-recombinase under
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a tissue specific promoter. This method was shown to be possible by replacing an 

endogenous gene CD19, which has B cell specific expression, with the Cre 

recombinase gene via homologous recombination (Rickert et al., 1997). This gave 

a line of mice that expressed Cre recombinase in their B cells (CD19-Cre). These 

mice were bred to generate CD19-Cre mice with one allele of the DNA polymerase 

fi gene ipolfi) possessing a deletion (polfiA) and one floxed but active allele {poljf 

Southern analysis of these CD19-Cre, polfiA!poljf^'' mice indicated that 90-95% of 

splenic B cells recovered had lost the allele to become polfiAlpolfiA. T cells

and other tissues displayed no evidence of Cre-mediated recombination and were still 

polfiA/poljf^''. Normal numbers of B cells in these mice indicated that polfi is not 

essential for B cell development (Rickert et at., 1997).

The limitation of conditional gene inactivation is finding a tissue specific promoter 

with high enough fidelity to drive the Cre-recombinase gene. Even if a promoter is 

slightly active at an early stage of development then a mosaic animal will be 

generated. Betz et al used Cre-recombinase driven by the neural specific, Nestin 

promoter to generate transgenic mice. Analysis of tissue specific expression of Cre 

was made by crossing these transgenic mice to polfî "" Ipolfi A mice. The resulting 

progeny were mosaic for the loss of polfi, indicating the transgene had been active in 

non-neural tissues early in embryogenesis (Betz et al., 1996).

Two other ways to create temporal mutations have been demonstrated to be feasible. 

These are the following: 1) Generating mice with both alleles of a gene floxed with 

loxP elements and infect with a virus expressing Cre. This method has been used to
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deleted the gene encoding the lipoprotein receptor-related protein (LRP), in mouse 

adult liver (Rohlmann et al., 1996). 2) using an inducible transgene containing Cre- 

recombinase. Stable transgenic mice have been generated which contain the 

tetracycline transactivator and Cre-recombinase under the control of basal promoter 

linked to tetracycline operator sequences (St-Onge et al., 1996). Cre-recombinase 

activity was monitored by another transgene consisting of the LacZ gene driven by 

the CMV promoter but disrupted by floxed stop sequences. In the absence of 

tetracycline, expression of Cre and B-galactosidase activity is detected in all tissues. 

Slow release tetracycline pellets were surgically added to female mice prior to mating. 

New born mice which contained all three transgenes did not possess B-galactosidase 

activity. This indicates that sufficient tetracycline is reaching the embryos to repress 

the transactivator and prevent expression of the Cre recombinase (St-Onge et al.,

1996).

Such systems in the future, may allow the ability to manipulate the adult mouse 

genome. This has obvious applications for studying adult onset diseases in a 

mammalian system.

Finally, Cre-mediated recombination can be used to remove any heterologous DNA, 

such as the selectable marker cassette, following gene targeting via homologous 

recombination. This is achieved by using a targeting construct in which the selectable 

cassette containing a positive marker such as neo'', is floxed by loxP elements. Once 

suitable gene targeted lines are isolated, DNA encoding the Cre recombinase is 

transiently transfected into the cells. The selectable cassette can be removed at high
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efficiency (10-20%). This event can also be selected for if the cassette possesses a 

negative marker such as the thymidine kinase gene. Using this method and selecting 

with a suitable antibiotic, eg Gancyclovir, 100% of clones recovered from such a 

transient transfection will have lost the selectable marker cassette and the only 

heterologous DNA left at the locus is a 34bp loxP element (Abuin & Bradley, 1996).

It was decided to target the Sox3 locus with a construct where the selection cassette 

was flanked by loxP elements. Chimaeras could be generated with targeted ES cells, 

either before or after Cre-mediated recombination. This would allow the investigation 

of whether the activity of the exogenous promoter, pgk or Sox3 inactivation was 

responsible for the mutant phenotype. The opportunity was also taken to create a 

guaranteed null mutation by deleting a significant proportion of the open reading 

frame of Sox3.
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Results:

The generation of Sox3' ES cells

The targeting construct, Soxlox is schematically represented in figure 5.1. This 

construct replaces 1077bp of the Sox3 locus with the selectable markers from plasmid 

pNTL (Abuin & Bradley, 1996). This deleted region includes 215bp of 5 ’ 

untranslated and 862bp of the open reading frame (76%), encompassing all of the 

HMG box. 270bp of the open reading frame remains, as does all of the 3’ 

untranslated sequence. The deleted sequence is replaced by a selectable marker 

flanked by loxP elements. After homologous recombination, a hemizygous mutation 

is generated (Sox3^^^).

Following electroporation with Soxlox, 300 0418 resistant colonies were picked and 

expanded. Of the 150 clones screened by Southern analysis, only one clone gave the 

correct sized Bglll fragment that implies integration of Soxlox via homologous 

recombination and the generation of the mutant allele Sox3 This clone is called 

#19E. This targeting experiment obviously worked with a lower efficiency than the 

previous experiment with N T K ll. One reason for this decrease in the proportion of 

homologous recombinants is the smaller amount of homology between Soxlox and the 

target locus. It is possible that the deleted 1077bp of Sox3 in the construct Soxlox 

is particularly recombinogenic.

Genomic DNA from clone #19E, was analysed by Southern analysis (see figure 5.2).
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A) Schematic diagram of the Sox3 genomic locus. The transcribed region of 
the locus is represented by the orange/green shading and the start of 
transcription by the arrow. The opening reading frame of Sox3 is 
contained in a single exon, designated by the raised box. The region 
encoding the HMG domain is shaded in green.

B) Schematic diagram of the Sox3 targeting construct, Soxlox. Shaded in 
blue is the selectable cassette from pNTL which includes a neomycin' 
gene driven by the PGK promoter and a thymidine kinase gene driven by 
the MCI promoter. This cassette is floxed by loxP elements depicted by 
yellow arrows. The sizes of homology either side of the floxed markers 
are shown in kilobase pairs (kb).

C) Schematic diagram of the mutated Sox3 locus {Sox3 following 
homologous recombination with the targeting construct Soxlox. As 
indicated, 75% of the open reading frame of Sox3 is replaced by the 
selectable cassette. The position of the probe M PI.5 used in Southern 
analysis is indicated by a red box. NB. the probe sequence is external to 
the homologous recombination event.

D) Schematic diagram of the mutated Sox3 locus following Cre-mediated 
recombination {Sox3 )̂. This recombinogenic event between the loxP 
elements removes the selection cassette leaving only a single loxP element 
and 27bp from the poly-linker of pNTL. As the thymidine kinase gene 
is removed, cells hemizygous for the Sox3  ̂mutant allele will be resistant 
to Gancyclovir.
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Figure 5.2

A) Southern blot of wild-type and clone #19E ES cell DNA, digested 
with the restriction endonucleases as indicated. The sizes of bands 
hybridising to the probe M PI.5 can be calculated by comparison to 
a Ikb ladder.

B) Representation of the restriction map of the endogenous locus and the 
mutant allele, Sox3 After homologous recombination with
Soxlox, 75% of the open reading frame is replaced with the selection 
cassette which contains additional restriction sites for Bglll, Hindlll, 
Spel and BstEII. For this reason the predicted size of positive 
fragments in #19E DNA digests will be smaller than seen for in wild- 
type DNA.
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Figure 5.3

RNase protection using a probe specific to the region of Sox3 deleted in the 
mutant allele Sox3^^^ (see methods for details). A probe specific to the 
SAP62 gene is used as a loading control (%% 1026,1040%%). This probe 
recognises two different sized transcripts of SAP62.

RNA samples used:-

1 - positive control, total RNA from lO.Sdpc embryonic head

2 - Wild type CCE ES cells cultured for 24hrs in absence of feeder cells
3 - Wild type CCE ES cells grown as cell aggregates for 48 hours
4 - Retinoic acid treated wild-type, simple embryoid bodies (cell aggregates

cultured for 96 hours in lO^M retinoic acid)
5 - Untreated wild-type simple embryoid bodies

6 - Retinoic acid treated simple embryoid bodies made from #19E ES cells
(cell aggregates cultured for 96 hours in lO'^M retinoic acid)

7 - Untreated simple embryoid bodies made from the #19E clone.

The results of this RNase protection demonstrate that high levels of Sox3 
expression in CCE, ES cells can be induced in vitro and that clone #19E does 
not express Sox3 under the same conditions. This suggests that #19E is 
hemizygous for the Sox3^^  mutation.

P - Undigested probe F - Protected fragment

LC - SAP62 Loading control
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The pattern of fragments recognised by the external probe, M PI.5 was consistent 

with clone #19E being hemizygous for the SoxS^^  mutation. However, all the 

enzymes used also cut the targeting construct. Attempts to find an informative 3’ 

external probe or restriction site were unsuccessful. Stripping the blot and reprobing 

with an internal probe also gave the predicted pattern of fragments for a Sox3^"^ 

mutant locus (data not shown). To ensure the targeting event had indeed created the 

null mutation Sox3^^, an RNase protection was performed to show that #19E no 

longer expressed Sox3 (see figure 5.3). This result conclusively showed #19E does 

not express Sox3 and further suggests that this clone is indeed hemizygous for

Phenotvpe analvsis of hemizveous Sox3 ES cells in chimaeras

The Sox3^^  clone, #19E, was injected into genetically distinct C57BL6 host 

blastocysts and then transferred to pseudopregnant foster females. Following from 

the results of the Sox3 mutation, the foster females were sacrificed one week 

following transfer. 9.5dpc chimaeras were dissected out and the morphology studied. 

The morphological phenotypes of chimaeras made with the Sox3^"^ ES cells were 

identical to that previously observed for chimaeras generated with the Sox3"''° 

hemizygous mutation (see table 5.1). Molecular markers were used to investigate the 

phenotypes observed. Sox2 was used as a marker of neuroectoderm and Moxl as a 

marker of pre-somitic and somitic mesoderm. Examples of the results are shown in 

figure 5.4. These results demonstrate that in chimaeric embryos with a significant 

ES cell contribution, where somites cannot be observed, Moxl is still expressed.
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Figure 5.4

a) Two chimaeras generated from blastocysts injected with Sox3^^^ ES cells. 
The embryo on the right is significantly chimaeric and morphologically 
abnormal. This embryo has not turned, possesses no visible somites and the 
allantois has failed to fuse with the chorion. Whole mount in situ 
hybridisation was used to detect the expression of Sox2. This indicated that 
the formation of the developing spinal cord is also severely affected, whereas 
the prospective brain shows high levels of Sox2 expression.

b) Moxl expression in three chimaeras as detected by whole mount in situ 
hybridisation. The sagittal view of the embryo on the right indicates normal 
expression of Moxl in the somites. The middle chimaera shows stripes of 
Moxl expression in a region that corresponds to the paraxial mesoderm. This 
suggests that the Moxl probe is detecting pre-somitic mesoderm that has not 
condensed properly to form somites. The chimaeric embryo with the higher 
proportion of ES cell derivatives is positioned on the left and indicates weak 
expression of Moxl in a lateral region of the embryo. This is interpreted as 
specification of pre-somitic mesoderm, but a failure of correct mesoderm 
organisation to form discernible somites.
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This implies that it is a mechanism of somite organisation and not specification that 

has been perturbed in these Sox3^^^ chimaeras. The development of the posterior 

neural tube is also clearly affected as shown by the lack of Sox2 expression. Reasons 

for this abnormality will be discussed at the end of the Chapter.

ES clone 

injected Chimaeras
recovered

% ES N°s 

Contribution

"normal" Head &/or 

tube 

defects

Allantois 

&/or A >  P 

defects

Resorptions

#19E 31 >30%  9 1 2 6

10-30% 12 10 2

<10%  10 10

Table 5.1

This table demonstrates the numbers of embryos recovered after blastocyst injection 
of ^0% j  hemizygous ES cells (clone #19E). The relative ES cell contribution was 
estimated by GPI analysis on yolk sac tissue. The ES cell contributions have been 
grouped into the 3 same phenotypic categories as used in Chapter 4. Again there is 
a correlation between higher ES cell contribution and morphological abnormalities.

As shown previously for the Sox3 cells, #19E ES cells were also able to 

differentiate in vitro, to derivatives of the three primary germ layers and mature 

neurons.
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Figure 5.5

a) Southern analysis of DNA from wild type, #19E and #19E14 ES cells, 
digested with BglII and HindIII. The external probe M PI.5 was used to 
detect fragments at the Sox3 locus (Probe 1). After stripping the blot, the 
filter was reprobed with an internal probe that is complementary to a region 
that is deleted in both the mutant alleles Sox3 and Sox3  ̂ (Probe 2).

Bglll and Hindlll digests of #19E DNA gave smaller sized positive fragments 
than wild type digests as the selection cassette has extra restriction sites for 
Bglll and Hindlll. Following Cre-mediated excision of the cassette, the 
additional Bglll site is lost. The size of the positive fragment in #19E14 DNA 
digest is Ikb smaller than wild type due to the deletion in the Sox3 locus. 
Although the Hindlll site from the cassette is lost, there is another Hindlll site 
in a piece of poly-linker which together with one loxP element is the only 
remaining exogenous DNA in the Sox3^ mutant allele. Due to remaining 
poly-linker, the Hindlll digest of #19E14 gives a 4kb fragment.

As expected, when the blots were re-probed with the internal probe, bands 
were only detected in digests of wild type DNA.

135



a) Probe 1 Probe 2
Bgl II Hind III

 / \  .   / \

Bgl II Hind III
 /N____ .   /\__

Kb

10 -  

9 -  
8 -

7 -  

6 —

5 -

wt 19E 19E14 wt 19E 19E14 wt 19E 19E14 wt 19E 19E14

I
. ' ■ i .I

4 -

b)
Wild type locus

Bgl II 

Hind III

Probe 1

19E Mutant locus
Probe 1

Bgl II 

Hind III

4kb

SOX-3 cDNA

Probe 2 

9.5kb

6.5

Met tk pgk-neo
I I ■ ___  ■ . . I  I I

S.Skb

19E14 Mutant locus
Probe 1

Bgl II I-

Hind III I-

8.5kb

4kb



Cre-mediated removal of selection cassette to generate Sox3  ̂ hemizygous ES cells

Hemizygous t o i  cells from the #19E clone were electroporated with the plasmid 

pOG231 encoding the Cre recombinase protein. Of 75 colonies picked, 11 were 

resistant to Gancyclovir. Using Southern analysis, all 11 were shown to have lost the 

selectable cassette NTL (data not shown). To further investigate this new mutant 

allele, Sox3 two of these resistant clones (#19E13 and #19E14) were expanded and 

characterised by Southern analysis. Figure 5.5 shows the results of such analysis 

with #19E14 DNA and it is clear that the selectable cassette NTL has been excised. 

After NTL excision, a Bglll digestion cuts the Sox3  ̂ locus at sites that are external 

to the original targeting event that generated the parent clone #19E. This confirms 

the assumption that #19E was hemizygous for the mutation S o x 3 ^ ^  (see above).

The Sox3  ̂ hemizygous cell line #19E14 was used to generate chimaeras and 

examples of the results are shown in figure 5.6. From these results is very clear that 

the phenotype of Sox3 ̂  hemizygous ES cells in chimaeras is identical to the previous 

results with t o j ' ^  and Sox3^^  mutant ES cells. Figure 5.6a shows a collection 

of 9.5dpc embryos. It is apparent from the GPI analysis that the delay in 

development correlates with the ES cell contribution in the chimaeras. Expression 

of T at this stage appears normal. Figure 5.6b shows two lOdpc chimaeras, one 

displaying an unfused neural tube and the other is more severely affected with 

multiple defects including an unfused allantois. These embryos are 25% and 40% 

derived from Sox3  ̂ ES cells, respectively. Soxl expression in these cells is 

abnormal. In the embryo with 40% incorporation of Sox3  ̂ ES cells, Soxl is only

136



expressed in the neuroepithelium of the head folds and in a small region of the 

posterior neural tube. In both embryos the expression of Soxl seems punctate. The 

reasons for this will be discussed at the end of the chapter.
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Figure 5.6

a) Four 9.5dpc chimaeras generated from blastocysts injected with Sox3^ ES 
cells. The GPI analysis shows a correlation between mutant ES cell 
incorporation and delay in development. At this stage normal expression of 
Brachyury is detected by whole mount in situ hybridastion.

b) Two lOdpc chimaeras generated from blastocysts injected with Sox3  ̂ ES 
cells. The embryo on the left exhibits an open neural tube in the prospective 
brain. The embryo on the right shows multiple defects including a failure of 
the allantois to fuse with the chorion. Whole mount in situ hybridisation for 
Soxl indicates abnormal expression in both chimaeras. The embryo on the 
left exhibits Soxl expression in the anterior head folds and only in a small 
region more caudally. Expression in both chimaeras appears punctate.
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Discussion

The results shown in figures 5.4 and 5.6 clearly demonstrate that the Sox3 ^ ^  and 

Sox3  ̂ mutations cause an identical phenotype as the mutation Sox3 This 

categorically proves that the phenotype observed in chimaeras generated with Sox3 

ES cells is not due to an effect of the exogenous DNA on an adjacent gene or 

transcription of a truncated or chimaeric transcript. The results with the hemizygous 

Sox3 and Sox3  ̂ cell lines also support the hypothesis that the Sox3 was not 

an inactivated allele.

The aberrant development of chimaeras made with Sox3" '̂', Sox3^^^  ̂ and Sox3^ 

chimaeras seems to involve a general retardation of embryonic growth, a failure of 

axis elongation and a deficiency of mesoderm in caudal regions of the embryo. Using 

molecular markers it has been shown that correct somite formation, maintenance of 

the notochord and correct neural tube differentiation are also affected. As Sox3 

encodes a transcription factor and therefore acts cell autonomously, we expected to 

see a phenotype within the developing CNS, its main site of expression. Indeed a 

variety of neural tube defects are observed. Expression of Soxl and Sox2 was shown 

to be abnormal in the developing spinal cords in chimaeras generated with Sox3^"^ 

and Sox3^ ES cells respectively. However expression of these two genes is more 

normal in the anterior head folds. The aberrant expression in the posterior neural 

tube may represent a secondary effect of the caudal trunk of the embryo being so 

severely malformed. As shown in figure 5.6b, expression of Soxl appears punctate 

which implies a cell autonomous effect down regulating Soxl expression in the mutant
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cells. Cells within the neural tube normally only lose Soxl expression after 

differentiation to neuronal cell types (Pevny et al., 1997). This result would be 

consistent with Sox3 also being involved in maintaining the neuroblast cell state. 

From the in vitro experiments it is known that Sox3 and Sox3 cells can 

differentiate to mature neurons, but this in vitro analysis is only a qualitative assay 

of differentiation ability. To further investigate whether Sox3 plays a role in 

neuroblast fate, wild type and Sox3' ES cells could be differentiated in vitro and levels 

of neuroblast (eg Soxl) and neuronal markers (eg Neurofilament) compared by RNase 

protection assays.

The most dramatic phenotype and cause of lethality appears to be due to mesodermal 

defects. Mesodermal derivatives do not seem to be organised properly and this 

includes the allantois which fails to fuse with the chorion. A number of other mouse 

mutants have a similar phenotype. Some of these mutations are in genes known to 

be important in mesoderm development. For example, embryos homozygous for the 

T mutation also exhibit a deficiency or failure in organisation of mesodermal 

derivatives. Again, this abnormality is most severe in the posterior of the embryo. 

When homozygous T/T ES are used to make chimaeras, there was a higher 

proportion of ES incorporation in caudal regions of the embryo and a range of 

phenotypes including the failure of the allantois to fuse with the chorion and a failure 

of posterior axis elongation (Wilson et al., 1993, 1995). It was concluded that the 

T mutation acts cell autonomously and hinders movement of mesodermal derivatives 

through the primitive streak leading to an accumulation of mutant cells in the tail bud. 

This in turn leads to a deficiency of mesodermal derivatives in the embryo proper.
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This is not the case with the Sox3 mutation as there is no accumulation of mutant 

cells in the caudal region as shown by dissections and GPI analysis. Other null 

mutations created in several genes have also generated phenotypes which have 

similarities in appearance to chimaeras formed with SoxB"""" ES cells. These genes 

all encode e ith er^ ^ c e l l ^ ^ atrix  components or cell adhesion molecules.

The integrin family encode transmembrane glycoproteins which are thought to link 

the extra-cellular matrix with the cell cytoskeleton. Integrin receptors are widely 

expressed and are thought to receive and transduce signals from the extra-cellular 

matrix. Activation of integrin molecules may regulate gene expression, cell 

proliferation and differentiation (Damsky & Werb, 1992). An integrin receptor 

consists of a heterodimer of a  and 15 subunits. There are 16 ol subunits and 8 15 

subunits (Yang et al., 1995). The «4151 and a5Bl integrins are both known to be 

receptors for the extracelluar matrix molecule Fibronectin (Damsky & Werb, 1992). 

The genes encoding o;4, a5 and 151 integrin as well as Fibronectin have all been 

targeted by homologous recombination to generate null mutations in the mouse. 

Homozygous null o:4 integrin embryos fail during embryogenesis for two reasons: 

Some survive until 12.5dpc, lethality being caused by abnormal heart development, 

however, most null o:4 embryos die at 1 Idpc because the allantois fails to fuse with 

the chorion and forms a spherical structure. Lethality is then caused by a lack of 

nutrition when placenta formation is not initiated (Yang et a l. , 1995). This abnormal 

allantois in o:4 null embryos is similar in appearance to that seen in Sox3 

chimaeras.
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The phenotype of homozygous, null a5-integrin embryos is even closer to that 

presented in this thesis for Sox3 chimaeras. a5 null embryos are noticeably 

smaller than their litter mates at 8.5d/?c. By 9.5dpc, «5 null embryos fail to turn and 

exhibit a mesoderm deficiency in the posterior trunk region of the embryo, which 

includes a failure of posterior somites to form (Yang et al., 1993).

Embryos lacking Fibronectin are again noticeably delayed in their development. This 

is already apparent by Sdpc (George et at., 1993). Again there is a deficiency of 

mesenchyme and although the notochord and somites are specified, as shown by 

molecular markers, these structures fail to condense properly (Georges-Labouesse et 

al.,  1996). Homozygous, null hi-integrin embryos die following implantation. In 

comparison to «4 and «5, the h i integrin mutation is more severe and lethal at earlier 

stages. This is probably a reflection on the fact that several integrin heterodimers, 

which bind other extracellular matrix components, are also formed with the hi 

subunit. Perhaps the most suggestive piece of data that the Sox3"‘'" mutation is 

involved in one of these signalling pathways, is the observation that as little as 25% 

incorporation of -/- h i integrin ES cells in a chimaera will result in serious deformity 

and embryonic lethality (Fassler & Meyer, 1995). This demonstrates how a mutation 

in only a proportion of cells in a chimaera can affect the morphology of the whole 

embryo. Perhaps as little as 20% Sox3"^‘’ ES cells (as judged by GPI analysis on 

yolk sac) need to contribute to the chimaera to cause aberrant embryogenesis.

A tyrosine kinase molecule, thought to mediate intracellular responses of integrin 

activation is a ubiquitous protein called focal adhesion kinase (FAK). The gene
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encoding FAK has been targeted and embryos lacking FAK, exhibit a phenotype that 

is very similar to the phenotype observed in homozygous null Fibronectin mutant 

embryos. FAK mutant embryos gastrulate normally, however, by Mpc they are 

retarded in their development and due to a deficiency of mesenchyme they display 

abnormal headfold formation and somitogenesis (Furuta et al., 1995). By S.Sdpc 

mutant embryos show a severe deficiency of mesodermal derivatives which in turn 

causes the neural tube to develop abnormally. The allantois fails to fuse with the 

chorion and according to the data presented by (Furuta et al., 1995) it appears to be 

large and spherical.

ES cells deficient in FAK, were shown to be as efficient as wild type cells in forming 

cystic bodies and differentiating to derivatives of the three germ layers, in vitro (Ilic 

et al . , 1995). This indicates that like Sox3"̂  ̂hemizygous cells, ES cells lacking FAK 

can differentiate to a variety of cell types but cannot form a correctly organised 

embryo.

The mutations reviewed above all show certain similarities with the phenotype of 

chimaeras generate using hemizygous ES cells. It is increasingly clear that

Fibronectin, the integrins and FAK are all concerned with a signal transduction 

pathway that is essential for correct mesoderm organisation. If the Sox3 mutation 

is disrupting this pathway, then the expression of Sox3 should relate to location 

distribution of these other molecules. As shown in Chapter 3, Sox3 expression is not 

seen in any mesodermal derivative, but is expressed in the primitive ectoderm prior 

to mesoderm differentiation. It is possible that this early expression is required for
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specifying a characteristic in mesoderm precursors prior to their differentiation. 

Alternatively, Sox3 function may be required to generate the extra-cellular matrix that 

influences mesoderm migration.

The results presented here show that S0X3 function is essential for mouse 

embryogenesis. This in turn implies that products of other Sox gene are not capable 

of compensating for the loss of S0X 3. To investigate if this hypothesis is correct 

further studies are required. Sox2 is expressed throughout the epiblast, so it is 

presumed that all cells that express Sox3 must lie in the expression domain of Sox2. 

However, if a population of cells uniquely expressing Sox3 did exist, then aberrant 

differentiation in these cells may be sufficient to cause the phenotype seen with Sox3' 

ES cells. Ideally, an antibody specific to S0X 3 is required to investigate whether the 

two gene products are always co-localised. Attempts to raise specific antibodies to 

S0X3 have so far been unsuccessful (S.Sockanathan, V.Episkipou personal 

communication). Double in situ or an in situ for Sox3 and immunohistochemistry for 

SOX2 could be used, but it is the distribution of SOX protein that is most critical to 

understand.

Even if SOX2 and S0X3 are co-localised, it is possible that the proteins cannot 

substitute for each other, there are differences in both the N and C terminal domains. 

However, assays such as the activation of the 6-crystallin enhancer do suggest these 

proteins do have very similar properties (H.Kondo personal communication). 

Alternatively, the phenotype in Sox3' cells could be due to a general reduction in 

protein encoded by Sox genes from this sub-family. If this were true then the
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phenotype of Sox3' cells would be rescued by additional expression from a related Sox 

gene. The cell line #19E is hemizygous for the mutant allele Sox3^^. These cells 

possess a selection cassette including the Herpes simplex thymidine kinase gene. This 

could facilitate the targeting and replacement of the cassette with the coding region 

of another gene as this event will remove the susceptibility to Gancyclovir. In this 

manner a new allele can be created possessing all of the endogenous cis-regulatory 

elements of Sox3 but expressing another related Sox gene.

Planned experiments to further investigate the Sox3' phenotype in ES cells will be 

discussed in the next Chapter.
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Chapter 6: Final Discussion

The results presented in this thesis indicate that SoxS activity is essential for normal 

mouse embryogenesis. Chimaeras generated with Sox3 disrupted or null alleles show 

retarded growth and die mid-way through gestation. The morphology and results 

from molecular marker analysis reveal defects in the developing nervous system, in 

agreement with this being the main site of Sox3 expression. However, the most 

dramatic effects are seen in mesoderm. Although mesoderm derivatives are specified, 

certain tissues fail to become properly organised. This includes the condensation of 

pre-somitic mesoderm to somites and the fusion of the allantois with the chorion. It 

is the failure of the latter which results in embryonic lethality.

As mentioned in Chapter 5, a number of mutations have been described which lead 

to phenotypes similar to those seen in chimaeras made with mutant Sox3 ES cells. 

These mutations are in genes that encode for a variety of proteins, including extra

cellular matrix molecules, cell adhesion molecules and proteins involved with 

intracellular signal transduction. All these classes of molecules may be involved in 

the signal pathway from extra-cellular growth factors to gene activation. Antibodies 

to many of these proteins are available and it will be of interest to see if the level or 

distribution of any of these molecules is affected by the Sox3 mutations. There are 

at least three ways this could be done: First, to generate more chimaeras and section 

them in utero for analysis by immunohistochemistry. The level of chimerism could 

easily be demonstrated if a mouse line that ubiquitously expresses LacZ (such as 

ROSA 26, Zambrowicz et a l., 1997) was used as a source of host blastocysts.
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Following staining for B-galactosidase activity, cells derived from the host embryo 

would stain blue, but tissue derived from the mutant ES cells would not.

Secondly, a similar approach of immunohistochemistry could be applied to sections 

of teratocarcinomas. The advantage with this approach is the investigation of a 

tumour that is solely derived from the mutant Sox3 ES cells. Finally, mutant ES cells 

can be differentiated in vitro and fibroblasts etc immortalised and used to investigate 

whether the mutation alters cell adhesion or migration properties (Fassler et al., 

1995).

A more general approach, aimed to uncover downstream targets of Sox3, is to 

differentiate Sox3^ hemizygous and wild type ES cells and to generate a cDNA library 

from each cell type. Subtracting common cDNA clones of the mutant library from 

the wild type library will lead to enrichment of clones that are more frequently 

expressed in wild type cells. These cloned cDNAs will include potential downstream 

targets of Sox3. Such an experiment is planned in collaboration with Marco Bianchi 

and lab. in Milan.

The phenotype of Sox3~ was far from expected for the following reasons: 1) Sox3 is 

not expressed in mesodermal derivatives. 2) mutations in Soxl and Sox4 suggest that 

there may be redundancy within the Sox gene family. 3) the phenotype in men 

lacking S0X3  is much less severe. Reasons for the first two anomalies have already 

being discussed in Chapter 5. Reasons why the phenotype in humans is less severe 

include the possibility that mouse and human S0X3 have different roles in
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embryogenesis or perhaps in human embryos another SOX gene product is capable 

of compensating for loss of S0X3. Of the two closest members of this sub-family, 

SOXl and S0X2, the former protein has higher sequence similarity to S0X3. So if 

there was redundancy in protein function, perhaps it is only between SOXl and 

S0X3. If this were the case, human SOXl would have to be expressed in human 

embryogenesis earlier than its mouse counterpart, to provide for the role acquired by 

mouse Sox3 in early post-implantation development.

Other mutations designed to recapitulate human diseases have been shown not to 

recreate the human phenotype (reviewed in Erickson, 1996). Reasons for these 

discrepancies have been attributed to the differences between the biochemistry and 

development of mice and humans, as well as the genetic background of the mouse 

which will influence penetrance. In the chimaera experiments, the only way to 

change the genetic background would be to perform the targeting event in ES cells 

from other mouse strains. Perhaps the easiest way to investigate any background 

effects on the mutation will be to create a floxed allele of Sox3 in ES cells and pass 

this mutation through the germline. Then homozygous (9) or hemizygous (c3) mice 

can be crossed onto a wide variety of genetic backgrounds and when the resulting 

progeny are crossed to a Cre recombinase transgenic mouse a null mutation will be 

formed in the Sox3^^ ‘̂̂ embryos.

Such a conditional null mutation of Sox3 would also be invaluable for in studying the 

loss of gene function later in embryogenesis. Crossing Sox3̂ °̂̂ ^̂ ‘ mice to transgenic 

mice expressing Cre under a suitable promoter could address the question of the role
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of Sox3 in neurogenesis in vivo. mice could be crossed to Soxl

heterozygous mice to investigate if the loss of Sox3 in the neuroepithelium 

exacerbates the Soxl -/- phenotype. It is known from expression studies that these 

Sox genes seem to be marking a pluripotent lineage in the developing nervous system, 

but the_g^stion of whether this sub-family of Sox genes are essential for the 

developl^ent of the CNS is yet to be ascertained. Experiments to mis-express Soxl 

in differentiating P19 cells appears to increase the number of neurons seen in the 

culture (Pevny et al., 1997). This could be interpreted as increasing the potential of 

these cells to become neuronal or maintaining / causing proliferation of the neural 

precursors. Whether Sox2 and Sox3 expression will causes analogous results in the 

in vitro assay has yet to be investigated.

As discussed in Chapter 3 experiments are planned to see if Sox genes are involved 

in the regulation of certain Hox genes. Recent work with a Drosophila Sox gene has 

suggested other targets for regulation by the Sox genes in the mouse (Russell & 

Ashburner, 1997). The Dichaete {D) mutation in Drosophila, has been shown to be 

caused by ectopic expression of soxVOD. This mis-expression in the developing wing 

hinge corresponds to a down regulation of wingless (wg) in the same cells (Russell 

& Ashburner, 1997). Furthermore, the D / p h e n o t y p e  can be rescued by driving 

expression of wg to the wing hinge. It was therefore concluded that the ectopic 

Sox70D in Dichaete mutants is either directly or indirectly preventing wg expression 

and this causes aberrant development of the wing hinge. There are 9 potential 

binding sites for the Sox70D protein in sequences just downstream of wg, so it is 

possible that ectopic Sox70D binds and represses wg transcription or Sox70D is
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displacing another Sox gene product from the enhancer. Russell and Ashburner have 

reported the discovery of a Sox gene called sox50D which is endogenously expressed 

in the wing hinge.

If Drosophila Sox proteins do regulate wg transcription, then this relationship may 

have been evolutionarily conserved. If this is the case, then SOX proteins would be 

involved in the regulation of the mammalian homologues of wg, the Wnt genes. 

Mammalian Wnt genes are expressed in the developing central nervous system in 

distinct regions along the dorso-ventral axis. For instance, Wnt-1, Wnt-3 and Wnt-3a 

are all expressed in the dorsal midline of neural tube. Wnt-4 is expressed in a larger 

domain of the dorsal neural tube and floor-plate and Wnt-7a and Wnt-7b are expressed 

in a larger domain in the medial and ventral tube (Parr & McMahon, 1994). Several 

Sox genes are expressed in the developing central nervous system (see table 1.1), it 

would therefore be interesting to ascertain if any of these genes are critical for the 

regulation of particular Wnt genes.

Sox genes and their protein products have many interesting properties. The genes 

appear to respond to early inducing signals and their expression correlates with the 

establishment of specific cell fates. Their complex expression patterns and the nature 

of the proteins themselves suggest they will serve many different functions during 

embryogenesis. This complexity is being borne out by mutant studies in several 

genes such as Soxl, Sox2, Sox4, S0X9  and sox70D. The studies presented in this 

thesis have shown that Sox3 also plays an essential role in mouse early development. 

The investigation of the mechanism of how the Sox3 mutation effects development
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will be particularly interesting as it may reveal how the briefest of transient gene 

expression in a specific tissue can be influence later development. These studies may 

also elucidate some important developmental differences between mice and men.
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Figure A .l

Left: RNase protection o f RNA samples (3/xg) from : adult liver (L), ES cells 
treated with retinoic acid for 7 hours (ES), \0 .5dpc  embryo heads (H) and 
11.5d/?c whole embryos (E). Size o f full length probe is shown (•^). NB the 
protected fragments in ES,H and E lanes.
Top right: map o f riboprobe (transcribed from #45) in relation to Sox3 gene 
Open reading frame depicted by raised box, the HMG domain is shaded 
green.
Bottom right sequence of clone #45. NB. the poly-adenylation signal (as 
indicated )
This experiment proves that the whole o f the transcribed sequence is present 
in 241.1



Figure A.2

Probe I

Sox-3

4kb  -, pgk-hygro |---------  skb  ,

Targeting
construct

Kosx3

Probe
T  . I____________ cOC

Mutated
Sox-3

1kb

Top: Schematic diagram of the SoxS genomic locus. The transcribed region 
of the locus is represented by the orange/green shading and the start of 
transcription by the arrow. The open reading frame of Sox3 is contained in 
a single exon, designated by the raised box. The region encoding the HMG 
box, DNA binding domain is shaded in green.

Middle: Schematic diagram of the Sox3 targeting construct, K0SX3. Shaded 
in magenta is the hygro' gene driven by the pgk promoter which allows for 
positive selection for stable insertion of the construct using Hygromycin. The 
regions of homology either side of the hygrb gene are included (kb = kilobase 
pairs)

Schematic diagram of the intended mutated Sox3 locus following homologous 
recombination with the targeting construct K0SX3. The HMG box is 
disrupted by the insertion of the hygro' cassette. The position of the probe 
used in Southern analysis is indicated by a red box. NB. probe sequence is 
internal to any homologous recombination event.
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Figure A 3 - panel A : Southern blot analysis of clone ST125/40A. 
The Hindlll digest of ST125/40A DNA, clearly 
indicates the presence of two bands that hybridise to 
M PI.5 (<). This indicates that either the locus has 
been rearranged or was incorrectly targeted.

Figure A.4 - panel B : Three morphologically normal chimaeras 
(lldpc) made with clone 40A ES cells. The regions 
anterior to the fore-limb bud were used to test for fi- 
galactosidase activity. This clearly shows that the 
embryo on the right is significantly derived from ES 
cell. The regions posterior to the fore-limb bud were 
used in a whole mount in situ hybridisation to detect 
Sox3 expression. This demonstrates that the chimaera 
on the right is still expressing high levels of Sox3 in the 
developing spinal cord. This proves that Stl25/40A ES 
cells do not possess a null mutation for Sox3. An 
identical result was obtained with clone ST 125/79.
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