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ABSTRACT

Gene trap (GT) vectors which can act as both a reporter and a1 mutagen have
been previously used to isolate new genes that arc  essential for mouse
development. [ used gene trap GT vectors and embryonic stem (ES) cell chimeras to
screen  tor insertions of the /acZ reporter gene into transcription units that are
spatiaily and temporally regulated during carlv mouse cmbryogenesis. 308 G488
ES ccell clones expressing the facZ reporter gene were individually injected into
blastocvsts to screen tor expression in vive. in ES ccelllembryo c¢himeras. The
expression ot the reporter gene in chimeric embryvos was analyzed at embryonic
dayv 8.5 (ER.D).

The characterization of one GT insertion permiited the cloning of a novel
gene named cordon-bleuw (cobly because of its cxpression in EXF embryos. in
cmbryvos carrving the GrC/l0/ insertion. B-Gal activity was first detected at E7.3 in
the node region and ar EX.3. cxpression was restricted to axial structures. namely
g¢ut cndoderm. notochord and the floor platc of the ncuro-cpithclium. Coh!'s open
reading frame shows no homology to any known protcin or protcin domain. No
phenotvpe was detected in mice homozyvgous tor the insertion and mapping ot the
mousc and human svatenic loci did not reveal anv mutation for which cob/ could
be a candidate gene. The insertion may not have completely disrupted cobh!
tunction and cobl's potential role in vertcbrate axis formation or patterning
remains  a conundrum.

Finally. [ have used the viable GrCl 0/ lucZ inscrtion into cobl as a moleculur
marker and studied B-Gal expression in Brachyury (T) and Danforth's short-tail
tSd) mutants. Mutations at both loci are scmi-dominant and aftect the normal
development of the notochord. [ generated mouse lines carrving the GrC/{0! marker
and onc ot the 7. 7" or Sd alleles. For the three alleles. cob/ expression in axial
mesoderm  revealed the carliest defects to date in heterozygous and homosvgous
mutant cmbrvos. Other domains of c¢ohb! cxpression also provide ecvidence for
patterning detfects in the somites and the il bud resulting trom abnormual

organogencsis ot the notochord.
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ABBREVIATIONS

a.a. Amino acids

AER Apical cctodermal ridge

bp Base pair

bHLH Basic helix-loop-helix

3-Gal 3-Galactosidase enzyme

fB-val B-galactosidasc gene

Bgeo Fusion of the (-
galactosidase and
neomycin genes

Bavy Fusion of the -
salactosidase gene with
the hAvgromycin resistance
gene

¢cDNA Complementary DNA

cM centiMorgans

CNH Chordoncural hinge

CNS Central nervous system

cobl cordon-hlen gene

E. coli Lscherichia coli

ER.3 or

8.3 dpc Day 8.5 post-coitum

n-2 Engrailed-2 gcne

ENU Ethvl-nitrosourca

ES Embrvonic stem

ET Enhancer trap

G418R Resistance to the G41i8 drug

GFP Green  {luorescent protein

GT Gene trap

GiCIol Locus name tor the
inscrtion ol pGT+4.5a into
the cordon-bleu genc

Hpri Hypoxanthine
phosphoribosyltrans-
ferase gence

IRES [nternal ribosomal entry
Site

kb Kilo bases

lacZ B-calacrosidase gene

neo Neomycin gene

nls Nuclear localization signal

nts nuclcotides

ORF Open reading frame

pAT
PBS
Puk-1

polv-A
PT

RACE-PCR

RFLPs

Sd

Shh
SSLPs

SV-40
T

Tau

ZPA

Abbreviations

Polyv-A trap

Phosphate buftered saline

Phosphaoglvcerare
kinase | gence
Poly-adenylation
Promoter trap

signal

Rapid amplification ol
¢DNA ends coupled to
polvmerase chain  reaction
Restriction  length
polvmorphisms

Danrorth’s  vhort tail
mutant allele

Sonic hedgehoy gene
Simple scquence length

polvmorphisms
Stmian-virus 40
Brachvury large dcletion
allele

Signal peptide
translocating
afong axons
Thymidine kinase genc
Trans-membrane
Brachyury T** inscrtion
mutant allele

proteins

S-bromo-4-chloro-3-
indolyvi-B-D-galacto-
pyranoside

Zone of polarizing activity
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Introduction

CHAPTER ONE : INTRODUCTION

APPROACHES TO DEVELOPMENTAL BIOLOGY

Genetics is a powerful approach to identity and analyze the tfunction of the
molecules controlling vertebrate development. In prokaryotes and unicellular
eukaryotes. the identification of mutant variants and their genetic analysis has
been =zxtensively used to study the funcrion of proteins and the rcgulation of gene
expression. Molecular biology techniques subsequently allowed isolation of genes
and identification of the molecular basis of the mutations. Moelecular techniques
have also been used to manipulate genes to engineer specific alterations whose
effects can be tested in vive by inverse genetics and in vitro by biochemical
approaches. Similarly genetics has been used in mectazoan model systems to
identify and study developmental genes. The combination of genetic mutation
screens with molecular characterization ot novel genes has allowed both
functional and structural analysis of proteins involved in developmental
processes.

The laboratory mouse. Mus musculus. is undeniably a good experimental and
comparative model system to study vertebrate and mammalian development.
However. vertebrates. with the exception of the zebrafish Brachyvdunio rerio. are
not readily amenable for large scale genetic mutation screems. As a result. most of
our early knowledge on vertebrate development has come trom classical
experimental embryology and ftrom indirect genctic approaches used to analyze
molecules [lirst identified in assays pertormed fn vitro. or taking advantage ol the
structural and functional analogies with invertebrate model systems. However.
direct and independent approaches allowing mutagenesis and <cloning of
developmental genes are needed to turther investigations on vertebrate

embryogenesis.

Classical embryology

Experimental embryologists generally investigate the consequences of
mcchanical alterations to the normal deveclopment of an embryo. These
experiments involve single cells or tissues and generally consist of ablating.
grafting or marking cells in embryos which are then allowed to develop further in
vivo or in vitro. In vertebrates and invertebrates. experimental embryology thus

uncovered many basic developmental processes. These include the appecarance of
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restricted cell lineages early during development: the existence of specific cell tfate
and extensive cell migration patterns occurring within the different embryonic
and extra ecmbryonic lineages: the observation that at specific spatial and temporal
checkpoints. cells could become committed to a determined fate: the potential ftor
some tissues to act as inducer or organizer centres managing the differentiation of
neighbor cells. All these teatures result in the progressive patterning ot the
embryo into regions with restricted developmental potential (reviewed by Slack.
1991). They also pointed out that the most critical stages of development were
occurring during the rtransformation of the egg into a patterned embryo. A few
dexterous embryologists were able to apply these experimental procedures to the
mouse where the same general properties were observed (Lawson er af.. 1986:
Lawson er af.. 1991: Tam and Tan. 1992: Beddington. 1994). However. manipulations
on the mouse embryo are limited by its small size and its development in the utcrus.
Furthermore. cxperimental embryology is limited to the study of cellular
interactions and cannot give access to the underlying molecular mechanisms

controlling the ecarly patterning of the embryo.

Developmental genetics

[Induced mutagenesis. first and toremost in the ftruit fly Drosophila
melanogaster (D. melanogaster). allowed isolation of mutations in genes thar could
control the fate of large regions or complete segments of the embryo. These
original mutations provided candidate genes tor the components ot the genetic
pathways regulating regional specification ot the embryo. Subsequently.
systematic mutation screens were initiated to isolate and characterize more
developmental genes involved in the control of embryo paiterning. The first were
the large genetic screens tfor recessive cembryonic lethal mutations pertormed in
the invertebrates D. melanogaster and Caenorhabditis  elegans (C. ¢legany)
(Nusslein-Volhard and Wieschaus., 1980: Meneely and Herman. 1979: Schiercnberg
et al.. 1980). These screens were designed to detect mutations in pre-determined
genomic regions. which affect specific processes during embryogenesis. They
enabled researchers to identify novel genes that are essential for embryonic
patterning. In D. melanogaster. most of the genes important for early anterior-
posterior axial patterning of the embryo have thus been identitied (Nusslein-
Volthard er al.. [1987). Many different mutant alleles of the same gene werc often
generated. demonstrating that saturation had been reached for this particular

strategy. Consequently. it was possible to design comprehensive modecls of the
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genetic pathways controlling the mechanisms of early embryo patterning. These
cxamples demonstrated that it was conceivable to decipher the genetic pathways
regulating early development of the embryo when genes were systematically
mutagenized and identified.

Vertebrate model systems such as the chick and the frog arc not suitable tor
direct genetic experimentation: the chick is a slow breeder and the frog's genome
is tetraploid. These features are incompatible with the realization of mutagenic
screens. The mousc and the zebrafish are better systems for the genetic study of
vertebrate devclopment. The zebrafish is a particularly suitable organism for
mutation screens: its genome is smaller (1.7 10%2bp) and embryos are produced in
large numbers. Early development is very fast and embryos can be directly
observed under a dissecting microscope during the course of their genesis:
furthermore. induced parthenogenic cmbryos develop normally during carly
embryogenesis. thus facilitating the identification of recessive mutations
(Grunwald and Streisinger. 1992: Solnica-Krezel er al., 1994). Systematic genetic
screcens to identify mutations altering embryogenesis arc underway in the
zebrafish (Mullins er al.. 1994: Haffter er al.. 1996: Driever er al.. 1996). However. it is
also a recent model system tor which good genetic or physical map are not
available yet whereas such maps are well characterized in the mouse (reviewed by
Rossant and Hopkins. 1992). Furthermore. zebrafish is not a complete model tor
mammalian dcvelopment (c.g. if one is interested the role of maternal and
extracmbryonic tissues during development or in later aspects of embryogenesis
such as the organogenesis of the limbs and the brain). [n the mouse model system.
ecmbryonic stem (ES) cell technology and novel strategies combining both genctic
and molecular approaches now permit direct disruption and identification of
developmental genes. Therefore. for the analysis of mammalian development. the
mouse is well known and very versatile vertebrate model to perform genctic

studies.
THE MOUSE: A GENETIC MODEL FOR VERTEBRATE DEVELOPMENT

The laboratory mousec or house mouse is the best model system for the genetic
analysis of vertebrate development for both historical and practical reasons. For
centuries. mouse tanciers have collected spontaneous mouse variants carrying
mutations that mostly affected coat color or behavior (Silvers. 1979). The history of

the mouse as a genetic model system started in the 1900's with the collection of
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animal strains and analysis of these naturally occurring mutations by rescarch
laboratorics (Haldane er al. 1915). The mouse was the first mammal used to verity
the rediscovered Mendel's laws ol inheritance (Cuénot. 1902: Castle and Allen,
1903). Since then. additional spontanecous variants have been accumulated within
the mouse stocks ol large animal colonies (Green. 1989). Wild-type mouse strains
were also established and inbred in laboratories. They provide a variety of
homogenous genetic backgrounds that are used as a reference to study mutations
and DNA polymorphisms. Mutant alleles and DNA polymorphisms between strains
have been used to genecrate a genetic map of the mouse genomc (Bonhomme er al.
1979: Leder er af.. 1981: Avner er al.. 1987). Mutations still represented the majority
of the 1300 genetic loci reported by Green (1989). More recently. molccular biology
techniques allowed the identification of a plethora of novel genes and DNA
polymorphism markers such as restriction fragment length polymorphisms
(RFLPs) and simple sequence length polymorphisms (SSLPs). Interspecific crosses
between species such as Mus musculus and Mus spretus permit a rapid mapping of
these new markers (Rowe er afl.. 1994). As a result. the mouse genetic map now
contains about 14.000 loci and the construction of a physical map is wcH underway
(Dietrich er al.. 1995). Therefore a good scaftfold of markers alrcady exists to help
further genetic characterization of mouse developmental genes.

Practically. mice are easy to breed and have a relatively short gcneration
time of 2 to 3 months. A large array of embryological and genetic manipulations is
achicvable in mice. In particular. the recent development of two techniques. the
mousc ES cells technology and the insertion of exogenous DNA by homologous
reccombination in mammalian cells notably enlarged the possibilities for genetic
studies in the mouse. ES cells can be cultured (Evans and Kaufman. 1981: Martin.
1981) and genetically manipulated in vitro while retaining their potential to
participate in normal embryonic development (Bradley er al.. 1984: Gossler er al.,
1986) or to support developmicnt of the entire embryo (Nagy er al.. 1993).
Homologous recombination allows one to specifically target and introduce
mutations into genetic loci (Capecchi. 1989: Koller and Smithies. 1992). Therefore.
virtually any mutation. generated in ES cells that arc able to colonize the mouse
germline. can be analyzed in vivo (Capecchi. 1989). However. '"inverse gcnetic by
targeted mutagenesis” (a gene is cloned first. altered in vitro by homologous
recombination and re-introduced in vivo to analyze the phenotype caused by the
mutation) is restricted to genes already cloned. The advantage of "“forward

genetics" (a random mutation spontancous or induced in vivo leads to the cloning
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of a candidate gene) is to be a morc random approach. based on the observation of a
phenotype indicating that a gene's function has been altered. Scveral approaches
to random mutagenesis arc possible in the mouse. Mutations can bc spontancous.

induced by X-ray or chemicals. or generated by inscrtional mutagencsis.

Random mutagenesis in the mouse

Spontaneous variants

The majority of spontaneous variants are dominant or semi-dominant
mutations affecting obvious traits of morphology (e.g. coat color. visible skcletal
structures) or behavior. life span and fertility. These mutations have been very
important for the establishment of the mouse as a genetic model system and they
still supply an important resource of mutants. However. they do not provide a
sufficient source of genetic material for developmental studies. The fortuitous
mode of identification of mutant characters results in a strong bias toward
dominant mutations and consequently. very tftew recessive embryonic lethal
mutations affecting ecarly developmental genes were isolated. Furthermorc. the
molecular characterization of these mutants requires difficult cloning strategics
and has only becen possible for a few of them (Gubbay er /.. 1990. Herrmann e al.
1990: Bultman er al.. 1992: Michaud er al.. 1993: Cordes and Barsh. [994. Avraham er
al.. 1995: Schumacher er al.. 1996). The first of these mutants to be characterized
were identified by the candidate gene approach (Balling er al. 1988: Geissler er al.
1988: Epstein er al.. 1991; Hill er al/.. 1991: Hui and Joyner. 1993). The strongest
drawback however. comes from the scarcity of these mutation events which s
incompatible with any mutation screening strategy. X-ray and chemical

mutagenesis were consequently used to induce mutations at much higher rates.

Radiation or chemical induced mutations

X-ray radiation was initially used to mutagenize the mouse genome and
generated new mutations such as the 7T (Brachyury) allele (Dobrovolskaia-
Zavadskaia. 1927). But in the absence of a systematic screen for recessive
mutations. the bias toward dominant mutations already observed with spontaneous
mutants was persistent in this approach. Radiation also creates large deletions
and/or rearrangements at the mutated locus that may alter more than one gene at
a time. Chemical mutagenic agents such as N-ethyl-N-nitrosourea (ENU) (Russell es

al.. 1979) have also been used to mutagenize the mouse germline. The advantage of
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these agents with respect to radiation is that they only create point mutations or
small decletions affecting one gene at a time. Radiation and chemicals are very
efficient mutagenic agents because they generate mutations in a random fashion
and at a high rate: ENU can induce am average of 3to 15 10-+%
mutations/locus/gamete (Russell er al.. 1979: Pretsch and Charles. [1984:
Hitotsumachi er al.. 1985). up to 12 times the frequency obtained with X-rays
(Hitotsumachi er al.. 1985) and 300 times the spontaneous rate (Russell er af., 1981).
These two mutagens as well as other chemical agents have been use to pertorm
mutation screens in the mouse (reviewed by Rinchik. 1991).

Mutation screens are ditficult in the mouse because of both gencration time.
space requirements. small litter size and intra-uterine development of the
embryos. Saturation mutation screens such as the ones performed in invertebrates
have only been possible in the mouse when applied to very restricted and well
characterized regions of the genome where known genetic markers allowed an
casier screcning for offspring carrying recessive lethal mutations. Two chemical
mutagenesis screens were performed to select for mutations in loci linked to the ¢
rcgion on chromosome 17 (Shedlovsky er al.. 1988) and to the albino (c) locus on
chromosome 7 (Rinchik er al.. 1990). The latter screening strategy also relied on a
collection of deletions at the ¢ locus previously induced by radiation mutagenesis
(Russell er al.. 1982). Another screen detected deletions induced by radiation at the
brown tryp-1 locus on chromosome 4 (Rinchik er al.. 1994).

There are still drawbacks to these approaches. Thev require large breeding
facilities for the isolation of the mutant strains. In addition. the identification of
candidate genes for these newly generated mutants still requires tedious cloning
strategies. Because of the limitations of targeted and classical mutagenesis.
approaches allowing large scale mutation screens and tacilitating the cloning of
novel genes were also considered. Mutagenesis techniques using random insertion
of exogenous DNA sequences clearly offer strong advantages to further

characterize altered genes.

Insertional mutagenesis

Mutagenesis by insertion of endogenous (transposons) or exogenous (viruses)
transposable genetic elements is a natural occurrcnce and is an important source
of genetic diversity for many life forms: the random insertion of a DNA sequence
in the genome may alter the structure or function of genes located in the vicinity

of the insertion locus. Transposable elements were first identified in maize by B.




fntroduction

McClintock (McClintock. 1950). Since then. transposable c¢lements have been
identified in bacteria. yeast. invertebrates and vertebrates. Even the wrinkled-seed
phenotype of the rugosus allele described by Mendel in 1865 has been shown to be
caused by a transposon insertion (Bhattacharyya er af.. 1990). The great advantage
of insertional mutagenesis is that when the inserted DNA sequence is known. it can
serve as a tag to identity adjacent genomic region and thus greatly ftacilitates the
cloning of the insertion locus.

In the mouse. retroviral transposons have been used to generate mutations
into the genome. Two methods. the transposition of endogenous proviruses and
insertion of naturally occurring ecotropic retroviruses. have been successtully
used to create recessive lcthal mutations at new loci (Soriano er al.. [1987).
Alternately. exogenous DNA can be introduced into the cells carried by a
recombinant retrovirus (Rubenstein er al.. 1984: Huszar er al. 1985: Soriano es al.
1986: Sanes er al., 1986) or by a plasmid vector (Breitman et al.. 1987: Goring er al.
1987: Jaenisch. 1988). Retroviruses can directly infect embryos or cultured cells.
whereas plasmid vectors need to be mechanically torced into cells. Micro-injection
into cggs or transtection and clectroporation of cells are methods currently used to
introduce plasmid DNA into the mouse genomec. The majority of exogenous DNA
sequenccs insertion events into the genome occurs at random. Exogenous DNA
sequences and retroviruses can both act as mutagenic agents. ecither by the
insertion resulting in the disruption of endogenous gene function or by the
retroviral promoter activating ectopic expression of neighbor genes. Because
transgenic mice are the most current method to analyze transcription regulation
in vivo. many transgenic insertions. sometimes causing a phenotype. have been
generated and thus also became the subjects of mutations’ analyses.

In 1991. T. Gridley evaluated the progress made in the characterization of
insertional mutations generated by retroviral insertion or DNA micro-injection
and resulting in a visible phenotype (Gridley. 1991). Ot 28 insertional mutations
reported. 11 were recessive embryonic lethal., 3 post-natal lethai and [4 viable
mutations. Eleven insertions occurred in known genes (Fprt. Stee!l and alpha-I-
collagen) or in loci for which a mutant allele already existed. The exogenous DNA
could be used as a tag to clone the corresponding genomic loci and identity
candidate genes altered by these insertions. Five novel disrupted genes (/imb
deformity. Mov-34. Mpv-17. dilute and HF58) were already cloned in 1991. Since
then. 3 more genes. hairless (Cachon-Gonzalez er al.. 1994). dystonia musculorum

(Brown er al.. 1994) and the 413.d retroviral insertion into nodal (Zhou er al.. 1993)
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have been cloned from the direct analysis of the insertion site. The Extra-toes locus
was cloned by other means (Hui and Joyner. 1993). The phenotypc of the line myk-
{103 was duc to ectopic cxpression of the rhyvmidine kinase (TK) transgene rather
than to the disruption of a transcription unit (Wilkic er al.. 1991). For the other
insertions. no particular transcript could bec identified. although candidate c¢DNAs
were analyzed for 2 loci (fused and legless).

These recsults permit comparison between proviral and transgenic insertion.
Six out of 7 mutations resulting from insertion of a provirus led to the molecular
characterization of the endogenous loci. When proviruses integrate into the
genome they only gencrate minor rearrangements: the disrupted genomic
sequences are directly flanking proviral DNA and can easily be cloned. On the
contrary. the microinjection technique often generates major chromosomal
rearrangements upon insertion of exogenous DNA: for example. the RSV-CAT
strain2 contains a translocation at the insertion locus (Mahon er al.. [988). deletions
ot approximately 20 kb, 50 kb and 2 cM (about 1000 kb) have bcen reported
(Constantini er al.. 1989: Brown er al.. 1994). These rearrangements causc two
problems: they may well be the primary cause for some of the phenotypes
observed (rather than the insertion event itselt) and they complicate the
identification of the disrupted gene.

Overall. for the two approaches. the frequency of insertions causing a
recessive lethal phenotype is between 5% and 10% (Soriano er al.. 1987: Juenisch.
1988). Since transgenic strains are continuously being gencrated in many
laboratories. novel mutants also continue to appear. Thus. the transgenic insertion
A4 into the motor endplate disease (med) locus (Kohrman er al.. 1993). rapidly led to
the cloning of a novel gene. snc8a. altered in medTgNA4Bs and med mutants
(Burgess er al.. 1995a).

However. no screening strategy is available for these approaches. The
identification of transgenic insertions with a recessive phenotype is generally
fortuitous. Establishing and breeding heterozygous strains to screen large number
of insertions would require a lot of time and space. The tagging by micro-injected
DNA is not necessarily accurate or informative enough to rapidly clone a candidate
gene.

Other particularitics fortuitously observed upon insertion of exogenous DNA
offered the possibility to design novel strategies and to improve the efficiency of
mutagencsis by insertion. Early. in the making of transgenic mice. it was observed

that the activity of exogenous promoters could be influenced by endogenous
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sequences at the site of insertion. It was suggested then that transgenic mice could
be used tor the detection of endogenous regulatory sequences (Soriano er al.. 1986
Jaenisch and Soriano. 1986: Jaenisch. [988). These regulatory elements were shown
to be the enhancer sequences of endogenous transcription units (Hamada., 1986). It
was therefore conceivable to design insertion vectors containing a reporter gene
that would detect genomic regulatory elements at the site of insertion. The recporter
gene expression would then reproduce the pattern of expression of endogenous
genetic loci.

New types of insertion vectors. the trapping vectors. were thus designed to
identity developmentally regulated genes and facilitate their molecular and
tfunctional characterization. These vectors conserved the advantages of
mutagenesis by DNA insertion (i.e. random integration. tagging of the mutant
allele and creation of novel genetic markers). More importantly. they also
permitted the detection of genes by their cxpression pattern. regardless of the

phenotype created by their insertion.

THE TRAPPING VECTORS

General features of trapping vectors

All rtrapping vectors depend on the detection of genomic cis-regulatory
elements that regulate expression of a reporter gene after its insertion into a host
genome (see Fig. | for the different modes of activation). [n addition. the vectors
always contain a selection marker allowing the selection of stable insertion cvents.
Trapping vectors are ‘activated” when expression of their selection andior
reporter genes is induced after insertion by endogenous sequences. The reporter
gene is generally the E. coli 8-galactosidase (lacZ) gene which encodes the readily
detectable B-Galactosidase (8-Gal) enzyme. Active B-Gal can be produced in most
organisms without altering normal cell functions. Simply. trapping vectors can be
turther classified in three categories. according to the mode of activation of the
reporter gene: they are the promoter trap (PT). the enhancer truap (ET) and the
gene trap (GT) vectors: in addition. another type of gene trapping vector. the
polyA trap (pAT). that does not initially require the activation of 1 reporter gene

has also been designed (Fig. 1).

Promoter trap vectors

The first trapping vectors were the promoter trap vectors used in prokaryotes
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(Casadaban and Cohen. 1979). A promoterless reporter gene became activated when
it inserted within an operon sequence. Promoter trap vectors
were also designed for the mouse (Kerr er al.. 1989: von Melchner er «/.. 1990: Reddy
et al.. 1991). The vector is activated when it inserted downstream of a promoter able
to drive expression of the reporter gene. Usually. such insertion must have

occurred into a coding exon of a gene (Fig. I A).

Enhancer trap vectors

In enhancer trap vectors. the lacZ reporter gene expression is driven by a
minimum promoter which is activated when endogenous regulatory sequences arc
present in cis. [nsertions occurring within genes or intergenic regions may
confer on the reporter gene the specificity of expression of endogenous genes
(Fig. 1B). The first eukaryotic enhancer trap vectors were designed tftor D .
melanogaster (O'Kane and Gehring., 1987). Enhancer trap vectors were also
designed for the mouse (Allen er al.. 1988: Gossler er ai.. 1989) and could etficiently

detect regulatory elements.

Gene trap veciors

The gene trap vectors were designed to select for imsertion cvents occurring
within transcription wunits and gencrating a ftusion transcript between the
endogenous gene and the reporter gene (Fig. 1C). [t had been shown that splicing
between donor (S.D.) and acceptor (S.A.) sites trom different genes or synthetically
derived could be used by mammalian cells to torm tunctional chimeric
transcription units (Chu and Sharp. 1981). In gene trap vectors. the reporter gene
contains a S.A. site at its 3' end and thus when insertion occurred into a gene's
intron. it behaves like an artificial exon {Gossler er af.. 1989: Brenner er al.. 1989

Friedrich and Soriano. [991).

Poly A trap vectors

Most trapping vectors rely on insertion into genes active in undiffercntiated
or differentiated ES cells that are able to activate the expression ot the reporter
gene. the selection gene or both. The poly-A trap (p-AT. poly-A is short tor poly-
adenylation signal) vectors were designed to be activated when inserting into any

transcription unit whether the latter is active or inactive at the time of

11
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Fig. 1. - Modes of activation for different types of trapping
vectors.

In A. B. C & D. the trapping vectors (in black) are activated after insertion in
specific regions of a locus (in gray) encoding the abc gene. (A) In the promoter
trap. the B-galactosidase (lacZ) recporter gene is only transcribed when it inserted
into an exon (here ecxon a). (B) The enhancer trap's reporter gene is activated
when the endogenous cnhancer (E) activates the weak promoter (wP) driving its
expression. (C) When it inserts into an intron. the gene trap vector's /acZ reporter
behaves like an exon and is activated when it becomes fused to the upstream exons
of the abc gene via its splice acceptor site (SA). (D) In poly-A trap vectors. the
selection gene (neo) is constitutively expressed but lacks any poly-adenylation
(pA) signal. Thus. stable seclection transcripts are only made when neo becomes
fused via its splice donor site (SD) to an endogenous poly-A signal. The lacZ

reporter gene is activated as in a gene trap vector.
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selection (Niwa er al.. 1993: Yoshida er al.. 1995. Imai er al.. 1995). In a p-AT vector.
the selection gene is expressed from a constitutive promoter and it is ending with a
splice donor site instead of a poly-A signal. Therefore. G418R clones must contain
insertion events putting the neo gene upstream of an exon containing a poly-A
signal (Fig. 1D): these sites alone will allow production of stable neo transcripts.
whether the endogenous gene at the locus is active or not during selection. The
sites of insertion of the selected G418R clones can then be analyzed ftor the

presence of a gene and for the expression pattern of the reporter gene.

The pros and cons of trapping veclors

The trapping vectors have three main applications: i) they c¢an reveal. via
their reporter gene. the expression patierns of the genes located at the insertion
sites: ii) the known vector sequence facilitates the cloning of endogenous
sequence at the insertion sites: {iii) the insertion may alter che tunction of
endogenous genes. The different types of trapping vectors carry specitic
advantages regarding these applications.

The PT vectors are good mutagens. However. a promoterless rcporter gene
requires an insertion in an exon sequence (Fig. 1A insertions into introns will be
excised during endogenous RNA maturation) and in frame with the cndogenous
protein if it does not carry its own transiation start codon (ATG). In cukaryote
genomes the frequency for such insertion events is very low because ot the
relatively large proportion of untranslated sequences. Therefore the wuse of
enhancer and gene trap vectors have been largely preferred in eukaryotes.

The frequency of activation of the reporter gene is much higher for
enhancer trap than for promoter trap insertions because of the difterence in size
of the genomic regions able to activate the vector: ET vectors are able to detect
regulatory elements at large distances. On the other hand. an ET inserted into an
intcrgenic region may have little mutagenic effects (see endogenous transcript in
Fig. 1B) and the cloning of the insertion locus may not necessarily give a direct
access to the gene of interest.

The GT vectors are the most balanced in terms ol possible applications: like PT.
they only detect insertions within genes and at a higher rate than with a PT vector
because "activating" insertion sites include the introns which are usually larger
than exons. Activation of the reporter gene is also less dependent on the structure
of the genomic fusion: the reporter gene becomes ftused with the endogene via its

S.A. sequence. The fusion transcript mimics very closely the expression pattern of
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the endogene. and produces a truncated endogenous protein that is more likely to
have altered activity. Furthermore. the direct fusion of exon sequencec with vector
sequence in the tusion transcripts greatly facilitates direct cloning of the
endogene. Such cloning involves the 35’ Rapid Amplification of ¢DNA Ends-
Polymerase Chain Reaction technique (RACE-PCR): with a primer specific to vector
scquence. the fusion transcript can be wused as a template by the reverse
transcriptase to generate a first strand of ¢DNA containing endogenous sequence
(Fig. | C. D). this ¢DNA can then be amplified by PCR. sub-cloned and sequenced
(see Fig. 11. Chapter III. p. 79).

PT. ET and GT vectors require some gene expression to be activated and
insertions into gene that are not expressed go undetected. The p-AT vectors are
good for detection of genes that are not expressed in ES cells. In p-AT vectors
insertions. it is also possible to clone downstream endogenous sequence with the 3
RACE-PCR technique. which amplifies sequence between the vector and the poly-A
tail (Fig. ID). However. they are also activated by insertion into the 3' untranslated
region of genes which may aftect their potential to disrupt normal gene tunction.
Furthermore. this strategy does not exclude insertions into A/T rich intergenic

regions which are likely to contain cryptic poly-A signal sequences.

Elements used in trapping vectors

Apart from the features characterizing the tvpe ot vectors cited above. other
elements have also been added 1o the basic structure of trapping vectors. mostly to
GT wvectors. These various clements are listed. with their properties. in Table [.
These improvements to the vectors can be made at different levels: they mostly
affect the frequency or the specificity of insertion events able to activate the
reporter gene. or can provide additional help for the cloning of the insertion
locus.

Ditferent vectors have been used to introduce trapping constructs intc mouse
cells, Recombinant retroviruses are efficient vectors because they insert with no
further rearrangement than a 4 to 6 bp duplication of genomic sequence. Plasmid
vectors introduced into cells by electroporation are also used to insert the trapping
elements into the genome. They can also integrate without major DNA
rearrangement. With both techniques it is possible to control the vector copy
number in the selected clones. Multiple copies of a trapping vector inserted in
tandem are a problem because they could produce tftalse positive clones (Yoshida er

al.. 1995). For example. if transcription initiates in a vector copy and runs through
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an adjacent copy. the promoter driving the seclection gene expression could also
direct the expression of the reporter gene located downstream. Multiple copies may
also create artificial regulatory elements and therefore mis-leading expression
patterns.

Different types of selection genes have been wused. The histidinol
dehydrogenase (hisD) gene. confers resistance to L-histidinol and was used in somc
early promoter trap experiments but it may have interfered with germline
transmission (von Melchner et al.. 1992). The E. coli neomycin gene (neo) conters
resistance to the G418 drug in mammalian cells and does not alter the potential of
cells tor germline transmission. It is commonly used as a selection gene in the
mousec.

The lacZ reporter gene is the most popular cell marker used in cukaryotes:
detection of its expression is easy and it is developmentally ncutral (Sanes er al..
1986). The Green Fluorescent Protein (GFP) reporter gene is an efficient rcporter
in bacteria. C. elegans (Chalfie er al.. 1994), D. melanogaster (Yeh er ai.. 1995) and in
the mouse (Zernicka-Goetz er al.. 1997). The fusion between the lacZ and neo genes
(Bgeo gene) allowed the combination of selection with detection of activated
insertions. The sensitivity of detection tor genes ecxpressed at low levels was also
increased: levels of expression sufficient to confer G418R do not necessarily
produce dctectable levels of 6-Gal (Friedrich and Soriano. 1991). Another /acZ
fusion gene. Bgyg. that can act both as a selection and as a reporter. contains the
gene providing resistance to hygromycin (Natarajan and Boulter. 1995). This new
sclection/reporter gene is an interesting alternative and would allow double
selection in experiments involving «cells that may already contain the neo
selection gene.

Splice donor sites. internal ribosome cntry sites (IRES). stop and ATG start
codons have all been added in various combinations to improve the ecfficiency of
rcporter gene or sclection gene activation by endogenous sequences (see Table ).
Sub-cellular localization signals such as the nuclear localization signal (nis)
(Bonnerot e al., 1987) and the Tau (Callahan and Thomas., 1994) tags are
independent of the inscrtion site and may improve the detection of the cells
cxpressing the rcporter gene. For example. the axonal transport of the reporter
gene product by the Tau signal may help determining the morphology ol neurons
when a subset of neural cells in a tissue is expressing the reporter gene.

Other modifications affect the selectivity of reporter gene activation. For

example, in "secrcted protein specific” gene trap vectors (ST vectors. Skarnes er al.
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1995). the addition of a transmembrane domain (TM) in a GT vector selects for
insertion into genes containing a peptide secretion leading signal: proper
cytoplasmic or membrane-bound B-Gal enzymatic activity is only possible when
both an endogenous leading signal and the vector TM domain are present in the
fusion protein. Otherwise. the B-Gal fusiorn protein is first sequestered in secretory
vesicles where the pH neutralizes its activity and is then secreted by the cells.

The cloning of genomic sequence from the insertion locus can be facilitated
by including in the vector. helper elements for plasmid rescue. They facilitatc the
cloning of flanking genomic sequence when 3 or 3' RACE-PCR were not possible or

when analysis of the genomic structure at the insertion site is needed.

Overall. the trapping vectors present many advantages tor the detection,
cloning and mutagenesis of novel genetic loci. All vectors insert apparently
randomly into the genome: the bulk of selection. expression analysis and the
cloning of trapped genes can be done in vitro in tissue culture systems such as ES
cells in the mouse. Trapping vectors have thus been employed in a number of
genctic screens following ditferent strategies designed to identity novel

developmental genes.

Screening strategies
Although all trapping screens initiate with the identfication or the seclection
for insertions into potential transcriptional units. different routes can be followed

to further select tor the loci that will be studied.

Defining developmental genes

Developmental genes can be defined according to three criteria: their
tunction. structure and expression. These measures allow ditferent approaches to
determine whether the product of a gene is a good candidate as a regulatory
protein involved in the patterning of the embryo. The function of a gene product
can be analyzed through the developmental defects resulting trom its alteration in
mutant alleles. The structure of a gene or parts of it may be homologous to that of
other known deveclopmental genes. Furthermore. structural analysis allows onc to
attribute possible ftunctions to a gene. Finally. because the expression of
developmental genes is often spatially and temporally restricted during
embryogenesis. the expression pattern of a gene may also suggest that it plays an

important role during development.
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Introduction

Screening criteria

Therefore three approaches can be used independently to characterize trapped loci
(see an overview of screening strategies in Fig. 2): the type of expression displayed
by the reporter gene in vitro or in vivo: the identification of a phenotype in mice
homozygous for the locus disrupted by the trapping vector: the direct cloning of
the locus (using the 5' or 3' RACE-PCR techniques. the plasmid rescue of tlanking
genomic sequences or mini-libraries derived from the mutated genome. Each type
of trapping vector favors some approaches more than others. For example. since
enhancer traps do not necessarily insert within transcription units. they are less
likely to disrupt a gene function and do not always facilitate the cloning of genes.
However, they detect regulatory elements at very high frequencies. Gene trap
vectors have been used in the majority of screens and they were used following
the three possible approaches. However. although a screen primarily involving
the cloning of insertion sites (Yoshida er al.. 1995) and a large screen tor genc trap
insertions causing a phenotype in mice (Friedrich and Soriano. 1991) were
reported. the screening for the expression pattern of the reporter gene in vivo has
been used in most studies. First. insertions showing a restricted pattern of
cxpression are likely to be linked to a gene involved in embryo patterning: second.
it is necessary when the selection tor stable vector integration does not ecliminatc
insertions into silent loci (with vectors using constitutive expression ot the

selection gene or with p-AT vectors).

Targer cellys

The choice of target cell has great consequences on the possible outcomes ot a
trapping screen. In the mouse. ES cells and multipotent cells have been used
because they can differentiate in virro and can be screened for potentially
interesting insertion events. It is important to consider the target cell’s pre-
screening potential. Although trapping approaches on multipotential cell lines
(for which inducible difterentiation pathways are well defined) led to the cloning
of novel genes (Okazaki er al.. 1994: Imai er of.. 1995). the functional analysis of the
latter in vivo would require de novo mutagenesis by homologous recombination in
ES cells. ES cells provide the most tlexible experimental system from the screening
steps in vitro to the genetic and expression analyses in vive. and all the strategies
used in the analysis of trapping events arc applicable to ES cells. ES cells can give

rise to a wide range of differentiated cell types in vitro and it is possible to screen

19




Introduction

Fig. 2. - Diagram representing potential screening strategies.
An array ol analytical criteria s available ftor the seclection of gene trap

vector inscrtions into mouse ES cells.
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specific factors for the induction or repression of reporter gene expression (e.g.
retinoic acid in Forrester er al.. 1996). With a good ES cell line like R1 (Nagy er al.
1993) chimeric embryos and germline transmission can be obtained by
aggregation with wild-type embryos. Embryos totally derived from ES cells can be
madc by aggregation with tetraploid embryos. The latter can be very usetul for the
study of dominant embryonic lethal phenotypes (Carmeliet er ali.. 1996) or to
confirm expression patterns observed in chimeric embryos (Wurst er al.. 1995). ES
cells can also be selected via Fluorescence Activated Cell Sorting (FACS) analysis
without loosing their developmental potential (Reddy er al.. 1992).

Using multipotent cells and in particular ES cells. it is possible to pre-screen
insertion events in vitro. thus making large scale screens possible in the mouse

system.

Trapping screens in the mouse

The screens listed in Table 2 represent examples of the difterent strategies
that have been used to detect novel genes important for development. The
enhancer trap screens performed in D. melanogasier were not included in this
table: since the first screens (O'Kane and Gehring. [987: Bier er al.. [939: Bellen e:
al.. 1989). trapping vectors carried by the transposable P-element have been used
in multiple screens to identify patterns of expression. create genetic markers and
induce mutations: presently. these vectors are being used in large scale projects 1o
saturate the D. melanogasrer genome with insertion mutations and to facilitate its
mapping and scquencing (Spradling er al.. 1993).

The first trapping screen in the mouse used an enhancer trap vector and the
transgenic mice technology (Allen er ai.. 1988). Among the 32 (out of 200 injected)
embryos that integrated the ASV-TK-lacZ enhancer trap. Il embryos expressed 8-
Gal in a spatially restricted pattern. However. this experiment also suffered the
drawbacks associated with the micro-injection technique: Some embryos had up to
500 copies of the vector: they were all sacrificed to analyze the reporter gene
expression. thus preventing any fturther study on these insertions in vivo: finally
the cloning of disrupted genes would be impaired by the chromosomal
rearrangements caused by the insertion. In all the other screens performed in the
mouse. the trapping vectors were introduced by electroporation or with a
recombinant retrovirus into a variety of ES cells or multipotent cells (Table 2).

In the mouse. most screening strategies were based on the identification of

insertions giving a restricted expression pattern to the reporter gene. Screens
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Introduction

usually involve two rounds of selection: a pre-screen for inscrtions that activate
the reporter (Wurst er al.. 1995) or selection gene (pAT vectors. Niwa er al.. 1993:
Yoshida er al.. 1995: Imai er al.. 1995) or both (Bgeo tusion in Friedrich and Soriano.
1991: Skarnes er al.. 1995: Takeuchi er al.. 1995) in cultured cells: a second screen
analyzes expression in vivo using ES cell chimeras (Ko er al. 1992. Skarnes er al.
1992: Wurst er al.. 1995: Forrester er al.. 1996) or germline chimeras (Friedrich and
Soriano. {991}. Pre-screening in vitro selects for insertions activating the
selection and reporter gene in undifferentiated ES (Friedrich and Soriano. 1991:
Wurst er al.. 1995: Skarnes er al.. 1995) and regulating the reporter gene expression
after induction of differentiation in virro (Forrester er al.. 1996: Imai er al.. 1995).
These screens yielded various kinds of information. The screens focusing on
the pattern of expression in vivo illustrated the types of expression patterns that
could be detected and their ftrequencies. Interestingly. the frequency of genes that
are regulated during development ranged ftrom 10% to 50% in different scrcens
(Table 2). These variations could be due to the vectors’' structure and the number of
developmental stages analyzed. The screen for genes containing a signal sequence
produced two independent insertions at a single locus and preterentially detected
large transmembrane proteins. suggesting that this approach (or the vector used)
may be biased toward a limited number of target genes (Skarnes er al.. [995). The
screen for insertion into genes that are induced or partially repressed by retinoic
acid in vitro clearly enriched for insertions giving a vcestricted pattern of
expression in vivo (95% of them. Forrester er al.. 1996). Screens that also involved
the transmission ol most or some of the insertion to the germline provided more
functional data. In total. 70 insertions (42 are ftrom the screen ot Friedrich and
Soriano. 1991) were transmitted to the germline and about 40% resulted in
recessive embryonic lethal mutations (n=26) or male sterility (n=2) (Table 2).
However. the majority of mutations result from insertions into genes that are
ubiquitously expressed. Such genes are less Ilikely to encode proteins with
patterning functions. Generally. insertions have only been partially
characterized. Some insertions detecting an “interesting” pattern of e¢xpression
were not transmitted to a mouse transgenic strain and/or were not cloned.
Likewise. not all the insertions analyzed in vivo in transgenic mice have been
cloned. Therefore. it is difficult to estimate the number of insertions that trapped
developmental genes. Further characterization of these insertions and results trom
other trapping screens in progress in different laboratories will generatc more

comprehensive data.




Table 3 Genes cloned by trapping approaches
Insertion Gene#t Cloning Remarks Chr. Phenotvpe References
Enhancer trap in  mouse ES cells
6028 | Etl-1 | cenomic |Somec homology to the fly Brahma and a0 GL Sommnen. 92
! LT iyeast SNFL SWI) wranscripuion factors.
3015 ; Etl-2 i ”" INovel tvpe | cytokin receptor. no GL tNeuhaus. Y4
Erl-4 L n.d. E " \Linked to Danforth's short tail 2 viable (Koseki. 93
Promoter trap in  mouse ES cells
i1AS REX-! ‘ genomic EExpresscd in the testis. m.os b ivonMelchner. 92)
LB6 wg-/ | genomic |Yeast RNAI 15 roel +Deciregore. 94
: |5 RACE |
J3A3 i eck 1 genomic Eph related receptor tyrosine Kinase. viable iChen. Y6
i . 5" RACE
Gene trap in mouse FS cells
. GTI0 5' RACE | no GL Skarnes. 92
GTH4-1 5* RACE pn. death
GT4-2 5' RACE {#me-finger proten del. growth
ROSAS T[[‘( genomic ;Ycasz transcription factor famuly. r.oe. L. «hen. 94
GtC101 cobl 5" RACE tHuman cobl ESTs wenuficd. 11 viable ‘Gasca, 9%
ROSA 3-7' BIF3 5' RACE Human BTF; r.oe L tDeng. 9%)
B6 jumonji 3' RACE 'Some homology to RBP? r. e, L. iTakeuchi. 9%
514 netrin 3" RACE Homologue of chicken neirinl NUAL <Skarmes. 9%
s34 [AR " Two imdependant inscrtion 1n the same viable
484 " . gene: a.d.
497 sek "’ n.d.
519 nCadhe rfﬁ o New member of n¢adherin n.d.
‘ ireceptors famuly.
531 PTPk . | viable
U - 3 iES cell lines were not capable of germ line n.: Niwa, 9%
AYL - ’ RAC.E lcalonization. b
(1.2,3.5,6] genomic |
I1.114 " 3 RACE El. & R. refer to induction or repression by viahle rtorrester, 960
1.163 “R..-\._ All show restricted expression "
- patterns during embryogenesis.
1.193 1 "
. R.I40 i roe L
[.214 MWARs MY ! " ‘Rat musearininc acervicinoline recepior
R.24 j \I [ vubtvpe M<
- < c-fvn
pat-12 3 RACE | 10 viable CYoshuda, 9%
PAT-8.2 ! Em3 LTR ! n.d.
pat-(5, 7, 8.1) ! n.d.
Gene trapping insertions in _ mouse multipotent cell [ines
GlY ' ZFP-57 ccnomic Zinc firger protein n.i 1Okazaki. 94
GT1 cenomic i.\'curon spectfic, induced by R.AL n.a ilmar. 95
3' RACE |
¢ . gaxs scnomic (Famuly of growth arrest speoific genes. n.a 1Bonneror, 92
>' RACE
Other model  systems
24C7 pes-1 ! gcnnmic [Some homology uth a domamn of n.a. n.a Hope, 94)
C. eleg IIU: | |D melanogaster forkhead. ‘
. > Q¢ | ! t
GT148 | l’roliferal S'RACE [Somc homology with the veast nLa. !oroel ! (Springer, 95
S MCM2-3-5 gene l 1
A.thaliana ! = ! |

[

Novel genes are n bold type: genes already solated i other species are underlined: others were known mouse

gencs.

b Stenlity could result from disrupted cxpression of REX-/ nermally expressed in the testis or could be a toxic cffect due to the
expression of hisD 1n the germ line as seen with the HSV-tk gene (Wilkie o1 al.. 1991
¢ This unintentional gene trap retroviral vector also mserted nto this locus 1n 21 independent clones.
Abbreviations.. Chr.. chromosomal location; def.: defecuve: GL. germ line transmission: m.s.. male stenle: n.a. not applicable: n.d.. not
determuned: pn.. permatal. re.l: recessive embrvonic lethal
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Large screcns performed in the worm C. elegans (Hope. 1991) and the plant A.
thaliana (Klimyuk er al.. 1995: Sundaresan er al.. 1995) demonstrate that this
approach is also very efficient in these model systems to generate developmental
markers (Hope. 199i: Young and Hope. 1993) and induce mutations (Table 2 and
Klimyuk er al.. 1995: Sundaresan er al.. 1995).

Molecular characterization of trapped genes

Thirty-six mouse genes (listed in Table 3) were cloned following integration
of a trapping vector. Two genes were cloned by the enhancer trap approach and 3
after promoter trap insertions (see Table 3 for references). The majority of genes
were cloned following gene trap approaches. In most cases. endogenous sequence
was cloned using 3' RACE-PCR techniques. The 3' RACE approach was also used for
the poly-A trap vector insertions. For all enhancer trap and some gene trap
insertions. the cloning of genomic sequence flanking the insertion locus was
necessary. In these cases. cloning was made by plasmid rescue or through the
screening of genomic libraries made from the selected clones. Nevertheless. when
an insertion occurred in a big intron or at a large distance from the trapped gene.
this cloning approach may still require additional cloning steps. involving
chromosomal walking. Overall the cloning of genes after insertion of a trapping
vector was easier when it was possible to use the 5' RACE-PCR technique.

Five of the genes werc already known in the mouse. Eight of the newly cloned
genes are novel in the mouse but represent homologues of genes cloned in other
species or belong to gene tfamilies. suggesting that they could have been cloned by
other means. Yet. the majority of genes (23) are completely novel (or present only
weak homology with known sequences). thus validating the trapping approach 10
directly access new genetic loci.

Some of these insertions also disrupted the normal function of the trapped
genes (fug-!.TEF-1. BTF3.R.140 and jumonji) and created recessive embryonic
lethal mutations. These insertions provide good examples of the polyvalence of the
gene trapping vectors: Single insertion events allowed researchers 1o
simultaneously detect and mutate potential developmental genes and to generate
transgenic mouse strains that are essential to analyze the function of thesc genes

in vivo.
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THESIS WORK

The development of the mouse embryonic axis

Thus. trapping vectors and in particular GT vectors provide us with good tools
to identify and analyze novel mouse genes and to investigate their role during
development.

I was particularly interested in the characterization of novel genes involved
in axis formation and patterning. During early mouse embryogenesis. embryonic
axes are established at the time of gastrulation. As the different germ layers of the
embryo are formed by the gastrulation process. they are organized around the
anterior-posterior (A/P) and dorsal-ventral axes. These tissues are simultaneously
divided into territories. prefiguring the future body plan. whose identity is
initially controlled by the expression of patterning genes. The signals controlling
A/P axis formation and patterning originate from an organizer tissue whose
function has been demonstrated in vivoe (Spemann and Mangold. 1924: and
reviewed by Streit er af.. 1993). This inducing activity could also be divided into
different classes of signaling potential. First. organizer tissue trom older
developmental stages was only capable of inducing more posterior structures. thus
suggesting the existence of distinct head. trunk or tail organizer activities. Second.
the organizer showed both mesoderm and neural inducing activities (reviewed in
Gilbert. 1994). Expression cloning and analysis of genes expressed in the organizer
region has allowed investigators to identify molecules that are also able. with
varying potential. to induce axial structures (reviewed by Lemaire and
Kodjabachian. 1996). Other candidate genes. such as Brachyury (T) (Herrmann er
al.. 1990). nodal (Zhou er al.. 1993: Conlon er al.. 1994) and embryvonic ectoderm
development (eed. Niswander er al.. 1988: Faust er al.. 1995: Schumacher er ul.. 1996)
were identified in the mousc as genetic variants altering the proper tormation of
the axis during gastrulation.

However. the full spectrum of genes involved in neural and axial
specification and their modes of interaction are not yet clear. In the mouse and
other vertebrates. many of these genes are expressed in the node (or cquivalent
organizer structures in other vertebrates) and its descendant. the notochord. The
notochord plays a particular role during development as the anatomical embryonic
axis and as a source ol patterning signals (reviewed by Placzeck., [995). Therefore.
genes expressed in the node and the notochord are good candidate genes that are

likely to play a role in axis formation or patterning.
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Further screens directed at gene expression during mouse gastrulation and
axis tormation. at 8.5 dpc. could prove fruitful in identifying novel mammalian
genes involved in these processes. The completion of a gene trap screen at this
stage of development should also provide a large number of candidate genes
involved in other patierning processes. Furthermore. the identification of novel
"axis specific" genes controlling the expression of the /acZ reporter gene would
provide useful markers to investigate the phenotype of known mutations atfecting
axis development.

Embryos carrying mutations in either of two loci. Brachayury (T) or
Danforth's short tail (Sd). are good and complementary experimental models 1o
analyze the development of the notochord and its role in embryo patterning. The 7T
mutation alters carly development of the twrunk axis and only notochord precursors
are tormed. The Sd mutation affects the survival of the notochord and thus has
more effects on the patterning role of the notochaord. Moreover. these 2 mutations
are semi-dominant. thus allowing the study of axis formation in both hetcrozygous
and homozygous e¢mbryos. These mutant backgrounds can be used to further

characterize novel genes involved in the development of the mouse axis.

Thesis work

in the following chapters. [ present experiments investigating some of the
potential of the gene trap approach for the genetic and molecular study of
vertebrate e¢embrvonic development.

The GT vector. pGT4.5a. containing the /acZ reporter gene and the neo
selection marker was developed in the laboratory (Gossler er al.. 1989). This GT
vector was introduced into ES cells and chimeric embryos were generated 1o screen
tor insertions of the /acZ reporter gene into transcription units that arc spatially
and temporally regulated during early mouse embryogencsis (Gossler er ai. 1939).
This GT wvector could act as a reporter. a mutagen and a molecular tag to clone new
mouse genes (Skarnes er al.. 1992). Three modified versions of this GT construct. the
vectors pGT4.5a. PT-1 and PT-3 were designed to improve gene trapping efficiency
(W. Skarnes: D. P. Hill. unpublished results).

My Thesis work started with the testing of these vectors in order to use them
in a large screen for GT insertions in mouse ES cells. We carried out a pilot screen
and a large-scale screen for insertions into genes that were regulated during carly
embryogenesis. | characterized a GT insertion into a novel gene, cordon-bleu.

specifically expressed in the axial structures of early mouse embryos. I used this GT
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insertion as a marker to analyze axis development in Brachyury and Danforth’s
short-tail mutant embryos. The large screen and the analysis of one particular
insertion illustrate several important aspects of the potential uses ot GT insertions

for developmental biology studies.
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- CHAPTER II -

A LARGE SCALE GENE TRAP SCREEN

The results of the "large screen' presented in this chapter appeared in the

following publication:

A Large Scale Gene-Trap Screen For Insertioral Mutations In
Developmentally Regulated Genes In Mice.

* Wolfgang Wurst. Janet Rossant. Valerie Prideaux. Malgosia Kownacka. Alexandra
Joyner. David P. Hill. Frang¢ois Guillemot. Stéphan Gasca. Dragana Cado. Anna
Auerbach and Siew-Lan Ang. Genetics (19953). 139. 889-899.

*All authors contributed equally to this project.




Chapter

CHAPTER TWO : A LARGE SCALE GENE TRAP SCREEN

INTRODUCTION

In D. melanogaster and C. elegans. the ability to carry out large scalc screens
for devclopmental mutations has proven essential in unraveling the molecules and
the genetic programs controlling carly embryogenesis. In the mouse. this strategy
is made difficult by the development of the embryos in utero.

The establishment of mouse embryonic stem (ES) cell lines in culturec now
permits investigators to manipulate the mouse genome and to select clones
carrying the desired mutations in vitro. The tforemost genetic approach using ES
cells involves targeted mutagenesis of genes via homologous rccombination
(Capecchi. 1989: Koller er af.. 1989: Koller and Smithies. 1992). Thus. by inverse
genetics the tunction of cloned genes. that are predicted to be important for
embryogenesis. can be altered in vitro and subsequently analyzed in vivo. Most
often. such genes are identified by homology ecither to genes that have been shown
to be developmentally important in other species. or to genes that contain
functionally conserved protein domains of interest. Although this method of
sclecting candidate genes has proven very successtul in  identifying important
developmental genes. inverse genctic approaches remain limited to the analysis of
cloned genes.

ES cells also provide a good system for random mutagencsis strategies.
Efficient mecans of identitying and mutating novel genes by the intreduction into
ES cells of trapping vectors that drive /acZ reporter gene expression (rom
endogenous cellular promoters have been reported (see Chapter [ and the reviews
by Gossler and Zachgo., 1993: Hill and Wurst. 1993). In the scrcens presented here.
we used GT vectors that serve as an artificial cxon after insertion into an
endogenous transcription unit (Gossler er «i. 1989: Friedrich and Soriano. 1991).
When cell lines containing this vectors arc used to make chimeric cmbryos. the
localization of B-Gal activity generated by the fusion protein is very similar to the
expression pattern of the cndogenous gene tound at the site of insertion (Skarnes
er al.. 1992). Generation of fusion transcripts also makes it possible to directly clone
the transcribed region of the disrupted host gene using the rapid amplification of
c¢DNA ends by PCR protocol (RACE-PCR) (Frohman er af.. [988: Skarncs er al.. 1992).
Finally. GT vectors arc mutagenic agents since they sometimes alter the tunction of

trapped genes (Friedrich and Soriano. 1991: Skarnes er al.. [992).

D
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A large number of genes that are critical for vertebrate embrvos patterning
during development displays specific spatial and temporal reguiation at eariy
stages of embryogenesis (e.g. Hox genes. reviewed in Krumlauf. 1994). Thus.
following the reverse rationale. we conducted a large screen for insertional
mutations into mouse genes that are developmentally regulated during
embryogenesis. expecting that these genes may code for important patterning
molecules. The results of such a ‘"expression pattern” screen would reveal
information on the tundamental domains of gene expression during mouse
development and also provide a large number of candidate mutations affecting the
devclopment of the tissues expressing the reporter gene.

In this chapter. [ report the results ot a pilot screen and a large scale screen
conducted to identity and mutate genes that arc expressed in the mouse cmbryo
around the time of the establishment of the basic body plan ar 8.5 day post coitum
(8.5 dpc or ES8.3). At this stage. gastrulation is still underway in the mousc and
neurulation. somitogenesis and the organogenesis of many organs (optic and otic
vesicles. heart. notochord. definitive endoderm. liver. blood islands. cndothelium.
allantois and germ cells) has begun. Patterning processes are also preponderant in
these newly formed tissues. as embryonic axes are established and cells committed
to specific developmental tate become successively restricted to embryvonic
compartments and sub-compartments. [ndeed. many patterning gcnes  arc
expressed at this stage and display specific expression domains restricted to various
territories. compartments or organs in the vertebrate embryo (reviewed in Faust
and Magnuson. 1993: De Robertis er at.. 1994: Boncinelli and Mallamaci. 1993).

We have characterized i/n vivo the expression patterns of 303 ditferent genes

that activated cxpression of the reporter gene in embryonic stem cells.
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MATERIALS AND METHODS

Vectors

The gene trap vectors used in the screens were pGT4.5a. PT-1 and PT-3. The
three vectors were tested during the pilot screen. All the cell lines ftrom the large
screen however. were generated with the PT-1 GT vector (Fig. 3A). The vector
pGT4.5a (obtained trom W. Skarnes) is a modification of the gene trap vector
pGT4.5 previously described (Gossler er al. 1989). in which the En-2 poly
adenylation signal sequence after the neomycin resistance gene was replaced by
the SV40 signal. PT-1 (constructed by D. P. Hill) is a modiftication of the pGT4.5a
vector: the fB-acrin promoter driving expression of the neomycin resistance gene
was replaced with the Pgk-/ promoter (Boer er al.. 1990). This modification resulted
in a 5-told increase in the number of G418R colonies per electroporation without
affecting the proportion of B-galactosidase expressing colonies among the
resistant colonies (see Table 4). The original vector and PT-1 contain thc splice
acceptor secquence from the £En-2 gene upstream of the E. coli §-galacrosidase gene
(lacZ). lacking its own ATG. The PT-3 {(constructed by D. P. Hill) vector was derived
from PT-1 by the addition of an ATG codon at the beginning of the reporter gene
coding sequence. In this vector. the reporter gene is translated regardless of the
trapped gene reading frame. thus resulting in a 3-fold increase of G418R colonies

expressing B-Gal (sece Table 4).

Electroporation of ES «cells and in vitre screening

Before introduction into cells. the vector DNA was lincarized by digestion with
HindIIl. The reaction mixture was heated t0o 90°C for 15 min. and the lincarized DNA
was ethanol precipitated. DNA was resuspended in phosphate buttered saline (PBS)
at a concentration of Img/ml for electroporation. Electroporation and screening of
ES cells were performed as described previously (Hill and Wurst. 1993: Wurst and
Joyner. 1993). After 8-10 days of selection. when G418R colonies were rcadily
apparent. most of the colonies were individually picked (pilot screen) or replica
plated for the large screen (as described in Gossler er al.. 1989: Gossler and Zachgo.
1993). In the large screen. colonies that showed any /acZ expression on the replica.
either scattered or throughout the colony. were picked. expanded. tested again for

B-Gal activity. and trozen away ftor later analysis in chimeras.

-
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Pilot screen

Single G418R colonies were picked and transferred to gelatinized 96-wells
microtiter plates in DMEM medium (15% fetal calf serum) supplemented with LIF.
The differentiation screen was performed entirely in 96-wells plates. After 2 days.
cells were resuspended with trypsin. split into 2 plates and cultured under the same
conditions. On day 3. | plate was stained for detection of B-Gal activity in
undifferentiated ES cells. On day 4. 15% of ES cells were passed onto ncw plates as
an ES cell stock. The remaining cells were cultured in DMEM medium (15% fetal
calf scrum) in the absence of feeder cells or LIF factor: 75% were passed into non-
tissue plates to induce their differentiation into embryoid bodies and 10% were
plated onto tissue culture plates to promote their differentiation into a monolayer
of fibroblast-like cells. Both types of differentiated cells were stained tor B-Gal
activity after 6 days of culture under these conditions. Clones expressing the /acZ
reporter in ES or differentiated cells were immediately passed onto 15 mm plates
for expansion and freezing. Selected clones were tested again under the same

conditions before injection into blastocysts.

Production and analysis of chimeras

Beta-Gal positive clones were thawed. grown for one week and then
individually injected into blastocysts obrained from outbred CDI mice (Charles
River Laboratories. Quebec). In the pilot screen. all 47 cell lines tested were tested
for B-gal expression at 8.5 and 12.5 dpc and for chimerism at 12.5 dpc (ES cell
contribution to the cmbryo can then be scored by the presence of ecye
pigmentation derived from the agouti D3 ES cell line in the albino CDIl host
embryos: Nagy er al.. 1990). In the large screen. tor 139 out of 290 clones. 30-40
blastocysts were injected with 12-15 cells each and transterred into the uteri of
three recipient temales on the third day of pseudo-pregnancy. Two recipients trom
cach clone were sacrificed at 8.5 dpc. when embryos were at early somite stages (4-
15 somites). Dissected embryos and their extraembryonic membranes were fixed
and stained for B-Galactosidase activity as previously described (Gossler and
Zachgo. 1993: Hill and Wurst. 1993). The numbers of cmbryos that expressed 8-
galactosidase and the pattern of the staining were recorded. and all embryos
displaying decvelopmental regulation of B-galactosidase expression were
photographed. The third recipient was allowed to continue the pregnancy until
12.5 dpc when chimerism could be estimated. Most of the 12.5 dpc embryos were

also stained for B-galactosidase activity. The remaining (51 clones were used to

2
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generate 20-30 embryos in two recipients which were sacrificed and analyzed for
reporter gene expression on 8.5 dpc. Three chimeras showing identical expression
patterns were considered an acceptable minimum because patterns werce

reproducible from embryo to embryo despite varying degrees of mosaicism

P

<

(Gosslcr er al.. 1989). In cases where there was doubt conccrning the pattern of

rcporter gene expression. the injections were rcpeated until three chimeras
showing identical patterns were obtained. Information on the majority of clones
was derived from more than three chimeras. and data based on two chimeras were

reported in a few cases where expression was clearly ubiquitous.

Production of ES-tetraploid chimeras

A few clones that displayed interesting patterns were subjected to analysis
after aggregation with tetraploid host embryos (Nagy er al.. 1990: Nagy and Rossant.
1993). In such chimeric embryos. the ES cells out compete the compromised

tetraploid host cells during development. resulting in embryonic tissues that are

derived solely from ES cell descendants (Nagy er al.. 1990). The absence of

mosaicism allows tor more precise confirmation of the B-Galactosidase staining

pattern.
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RESULTS

Pilot screen

Prior to the large GT screen performed with the PT-1 GT vector (Wurst e al..
1995). the pGT4.5a. PT-3 and PT-1 vectors (see and Material & Methods for their
description) were electroporated into D3 ES cclls and different screening strategies

were tested in pilot experiments.

Pre-screening in vitro in undifferentiated and differentiated ES cells

As the sclection for G41!8R clones only selects for cell lines carrying a stable
insertion of the GT vector. the first stage of the screen is to detect events that are
able to activate the reporter gene and for which insertions probably occurred into
genes. The obvious candidate ES cell clones arc those that already express /lacZ at
the time of selection. However. the final aim of this screen is to dctect genes
showing spatial and temporal regulation of expression in vivo. during carly
embryogenesis because such genes are likely to be involved in the establishment
of the embryo's basic body plan. Another advantage of ES cells is their capacity to
spontaneously differentiate in vitro into a variety of early embryonic cell types
when cultured under certain conditions (Doetschman er al.. 1985). Since the
differcntiation of these cell types in virro tends to parallel the order of appearance
of tissues formed in vivo. we assumed that the differentiation of ES cells in vitro
could be used as an additional pre-screening criterion: our hypothesis was that
insertions whose reporter gene expression was regulated during ES  cells
differentiation in vitro. would be more likely to have occurred into genes with
restricted patterns ol expression during carly embryo development.

About 10.000 G418R ES cell clones (carrying the different GT vectors. sce Table
4) werc assayed for B-Gal expression. Eighty-four clones cxpressed the reporter
genc in undifferentiated ES cells (see Table 4 below for numbers & percentages).
About 0.5% of the G418R clones expressed the reporter genc in the absence of an
ATG codon betore /acZ (pGT4.5a and PT-1). As predicted. when the reporter gene
was provided with its own ATG start codon (PT-3). the number of B-Gal positive
G418R ES cell clones incrcased by about 3-fold. All positive ES cell clones and about
6000 ncgative G418R clones were split and let to differentiate as a monolayer or as
embryoid bodies for a short period of 4 to 6 days (see Material & Methods) betfore
being assayed again for B-Gal expression. Twelve clones that expressed B-Gal in

undifferentiated ES cells. down-regulated or completely turned off expression of

b

P

37




Chapter

TABLE4

Summary of electroporations and irn vitro differentiation screening
for different gene trap vectors

Number of Ifn vitro screening
G418R ES cells-differentiated cells Frequency
vector colonies® blue-blue  blue-white white-blueb blue/G418R
pGT4.5a 2328 9 3 14 0.31%
(15:10 to 400) (1278)
PT-1 6135 29 7 5 0.38%
(4:600 to 2500) (3420)
PT-3 2100 34 2 8 1.71%
(2:500 to 1600) (2064) -
Total 10.563 72 12 27
(6762)
a: in parenthests (No. of electroporations : range of No. of G4I8R  colonies/electroporation).
b: in parenthesis (No. of white ES cell colonies differentiated in vitro).

the reporter gene upon ditferentiation (in all cells or in sub-population ot cells).
Among the clones that did not express the reporter gene in ES cells. 26 showed
some B-Gal activity after differentiation. However. the majority of these clones
only showed very little B8-Gal staining (present in all cells at very low levels or
only detectable in a few cells). Nevertheless. these clones were likely to correspond
to insertions into genes involved n eariv developmental differentiation steps and

a subset of them was further analyzed for expression of the reporter gene in vive.

TABLESS.
No., expression and contribution of cell lines analyzed in viveo
B-Galactosidase expression at 8.5 dpc No ES cells
Vector Restricted Widespread None contribution  Total
pGT4.52 2 2 8 [ P13
PT-1 1 7 4 3 15
PT-3 0 0 1 8 1 19
Total: 3 9 13 22 47

Expression screen in vivo
Forty-seven ES cell lines from the different electroporations selected tfor
their pattern of expression in vitro (as undiftferentiated or differentiated ES cells)

were injected into CDI1 blastocysts and screened in vive in ES cell chimeric
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embryos. by histochemical staining for B-Gal activity (Table 35). Reporter
expression was analyzed in 8.5 dpc embryos and ES cells contribution was estimated
by the presence of eye pigmentation in 12.5 dpc embryos when no B-Gal staining
could be observed. The clones derived trom electroporations of the PT-3 GT vector
contributed very poorly to chimeras (1/19 clone produced chimeric embryos and
no B-Gal expression could ever be observed). [t probably retlects the use of an
unhealthy batch of ES cells ftor the clectroporation rather than an intrinsic toxic
property of the PT-3 GT vector. Thus. these ciones were not included turther in the
results. Among the remaining 28 clones. 3 (11%) had restricted pattern of rcporter
gene expression at 8.5 dpc. 9 (32%) were ubiquitously expressed. 12 (43%) showed
no expression and 4 (14%) showed no contribution of the ES cells to cmbryonic
tissues (Table 6A).

Expression in chimeric embryos made with the three GT insertions displaying
restricted expression pattern of the /acZ reporter are described in more details
(Table 6B). No strong correlation could be found between the expression patterns
observed in vitro and in vivo (Table 6A). Two of the GT insertions with restricted
expression patterns also expressed the reporter in ES cells. Moreover. at sclection
time. cultures ot the H20! clone contained a proportion of differentiated cells large
enough to have it mistaken ftor a clone expressing /lacZ in ES cells. Therctore pre-
screening ES cells after differentiation in virro did not enrich significantly the
screen for clones with restricted patterns of reporter gene expression in vivo at
3.5 dpc. Differentiating small population of ES cells in 96 micro-titer dish is a long
procedure during which many clones could not be completely tested because they
did not grow or were contaminated by bacterial or yeast infections. The number of
clones showing regulated expression during the pre-screen was also low.
compared to the clones expressing the reporter in ES cells immediately after G418
selection. It was then decided that a more etticient and more productive screen
would simply involve the selection of all the G4i8R clones showing some expression

of the reporter gene in unditterentiated ES cell clones.
Large screen
Isolation of f-galactosidase-expressing ES cell clones

The vector PT-1 (Fig. 3A and Materials and Methods) was used to generate all B-Gal

expressing ES cell clones. Clones containing vector DNA were isolated by selection

P
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TABLESG.

A. Expression in 8.5 dpc chimeric embryos for clones
tested in  vitro and in vivo ®

In vitro screening classification b

blue-blue blue-white white-blue white-few blue
Expression in vivo (9)€ (7)€ (2)¢ (10)¢
Restricted expression 1 1 1 0
(3)¢ (5DC6) (C100) (H201)
Ubiquitous expression 6 3 0 0
(9)¢
No expression 2 2 1 7
(12)¢
No contribution 0 1 0 3
(4)¢

B. Description of restricted expression patterns
in 8.5 dpc chimeric embryos

Clones E/eE Expression in embryos' whole mounts and paraffin_sections

SDCé eE -7 chimeras- PT-1 vector
Expression is restricted to the yolk sack: the tree-like distribution of B-Gal

(B-B)d positive cells is characteristic of the endoderm layer lineage. This interpretation
was confirmed by analysis of histological scctions (data not shown).
Clo1 -17 chimeras- pGT4.5a vector
E Expression marks the entire axis of the embryo trom the head to the tul bud. On
(B-w)d sections, B-Gal is found in the roof of the gut. notochord and tloor plate.

H201 E+eE -17 chimeras- PT-1 vector
T ¢ Expression marks strongly the head ectoderm and scems ubiquitous after
(W-B)d overnight staining: B-Gal was also detected in the allantois and yolk sac. On
sections, B-Gal is only found in the ectoderm and mesoderm lavers.

4 19 cell lines from PT-3 were not included (they gave an abnormally low contribution of
ES cells clones to chimeras).

b 13 trom pGT4.52 and 15 from PT-1: (total No. tested in vivo).

IS (Total No.).

d Expression in vitro betore, and uafter differentiation (B=blue: W=white).

N Also analyzed in tetraploid chimeric embryos.

Abbreviations: B: B-Gal cxpression (biue); E: embryonic: ¢E: extra-embryonic expression: W: no

B-Gal expression (white).

for expression of the neomycin resistance gene. driven by the Pgk-/ promoter
(G418R® clones). These G418R colonies were then replica plated and assayed for B-Gal
activity (Fig. 3 & Gossler er al.. 1989). From 38,730 G418% clones. 393 (~1%) B-Gal-
expressing clones were identificd. from thesc 393 clones. we were able to cstablish

300 ccll lines which were cxpanded and kept as trozen stocks.




Chapter 2

Fig. 3. - Schematic representation of the PT-1 gene trap vector
and the screening strategy followed to analyze f-galactosidase

expression patterns in 8.5 dpc ES cell chimeras.
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Since colonies that were expressing f-ga/ usually contained a mixture of
undifferentiated and partially differentiated ES cells. B-Gal staining was observed
in either or both cell types. When 208 selected clones were examined more closely
for f-gal expression patterns within the partially difrerentiated colonies. the
expression in 13 clones appeared restricted to partially differentiated cells. Only
two clones showed f-gal! expression restricted to undifferentiated ES cells. The

remainder of the clones showed B-Gal activity throughout the colony.

Reporter gene expression in 8.5 dpc chimeras

Two hundred and ninety ES clones expressing the reporter gene were injected
into CDI! blastocysts. and chimeric embryos were assayed for f-gal/ expression at
the 4-15 somite stage of embryogenesis. Of the 290 clones injected. 279 lincs
provided enough chimeric embryos to satisfy our criteria for inclusion in this
study (see Materials and Methods). The patterns of B-ga!/ expression observed at
8.5 dpc could be divided in three classes: restricted. ubiquitous and not detectable
(Table 7).

TABLE?
Table 7: Summary of integrations tested in 8.5 dpc embryos
Number of ES cell clones

Total Restricted Widespread No
expression expression expression
Large screen 279 36 88 1335
Pilot screen 24 3 9 12
303 39 (i13%) 97 (32%) 167 (53%)

After examining further the chimeras trom the 36 lines that showed spatally
restricted patterns of expression in the 8.3 dpc embryos. we classified their
expression patterns into tour categories. A description of the expression pattern
for each clone is provided in Table 8.

i) Seventeen clones showed highl

(Fig. 4). Thrce clones were only expressing /acZ in the embryo proper and 6 in
extra-embryonic tissues only (allantois and yolk sac mesoderm). The remaining
clones expressed [acZ in both. Tissues showing specific expression werc the gut.
the neural tube. the head mesenchyme or neural crest cells and in particular, the

node and notochord precursors in the clone PT-1-19 (Fig. 4A).
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TABLE 8

Gene trap f-galactosidase expression patterns in chimeric embryos at 8.5 dpc

Clones Notes! E / cE? Description?

Highly restricted tissue specific expression

PT-1- Fig.4A E Node-specific at carly somite stages. and mudhne cclis anterior to node (passibly notochord
19 precursors).
6-13-1 E ! ¢E Few scattered cells n NT's headfolds.

Allantois and yolk sac.

6-15-2 Fig 4B E / ¢E Spccific staining in porton of veatral pharyax. mid- and hindgut and postcrior NT.
Very weak staining in yolk sac.

T
9-10 Fig4C E/¢E Specific longitudinal stripe along the dorsal posterior NT and scattered cells in the head.
Sirong staining in yolk sac.
12-27 E ;/ ¢cE Stong stuning mn groups of cells lateral to the hindbrain (possibly ncural crest); scattered
cells staming at posterior and along NT.
Weak staining in yolk sac.
12-50 E Bilateral stream of cells between metencephalon and otte vesicle (possibly neural erest or
paraxial mesoderm denved cells).
12-52 T E ; ¢E Suwong i the posterior NT: scattered cells 1 heart and head.
Yolk sac.
14-49 E Expression i scatiered ceils 1n the heart. around the otic vesicles and in the branchial arches

(possibly ncural crest).

14-50 Fig.4D E . :¢E Specific dorsal hindgut stamning.
Allantors and yolk sac.

PT-1-1 ¢E Few cells 1n allantows and yolk suc
13-76 E ' ¢ Weak widespread stamnmg cmbryo.
Strong in allantois and volk sac
PT-1- Fig 4E ¢E Yolk sac mesoderm iprobabiv in blood :slands,
14
6-15-1 Fig 4F ¢E Strong staining in allantots: also wn yolk sac mesoderm.
7-5-2 ¢E Yolk sac only.
13-11 ¢E Staining at base of allantois and in yolk sac mesoderm.
14-57 ¢E Yolk sac mesoderm.
6-9-1 E, ¢E Few scattcred cells in embryo.

Groups of cells in allantois and yolk sac

Highlv Restricted Region-Specific

6-16-3 Fig.5A E:<E Stronger cxpression at anteriot and posterior cnds of the embryo with graded reduction
towards the middle.
Strong staining in yolk sac endoderm.

8-7-1 Fig.5B E / ¢E Stonger staming in the dorsal antenor and postcrior regions of the cmbryo with graded
T reduction towards muddle.
Weak staining in allaniois and yolk sac.
9-3 Fig.5C E/cE Widespread low level expression with stronger stainmg in anterior neural folds and in somutes.

Weak staining in allantois.

(continued -)
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TABLES8 (continued)

Gene trap fB-galactosidase cxpression patterns in chimeric embryos at 8.5 dpc

3

Clones Notes! E / eE? Description

Tissue-Specific Plus Widespread Low-Level

PT-1- Y E eE Swonger suunmng in heart. skin and along the mudline of the NT and hindbramn: scattered
- cells in the mandibie.
i3 Yalk sac
7-9-3 Fig.6A E ' ¢E At carly stages. widespread stanmye probably in mesoderm: later. strongest staining o the

somites and the mudhine of NT.
Weak statminy tn the yaik sac

9.7 Fig.68B E oE Swongest staming m the somutes. heart and hindbram.
’ Weaker s:aining in the volk sac.

9.9 E eE Strongest staming i the somutes and dorsal NT.
Yolk sac.

9-12 E Strongest m the ventral ONS

11-33 E ¢E Swongest staming mn the heart
Strong stamung in the volk sac

1929 E oF Swuonger n the posterior end of embryo and tn a scgment (rhombomere’s ot the hindbram.

- Weak volk sac stainng

13-15 3 E  ¢E Widespread cxpression with the exception of the NT (may be mesoderm specsticn.
Yoik sac

13-17 E Stronger antenorly in head and heart with weak widespread stammg.

13-48 E Strongest 1n the hcad (mamly ONS).

14-59 E ¢E Stongest wn the antcnor cnd of cmiryvo.

Low 1n voik sac

Region-Specific Patterns Plus Widespread Low-Level

PT-1-7 E ¢E Wz:a.k' widespread stammng with stronger marking of four tongnudmal stripes alonz the cnnire
NT.
Low 1n volk sac
5-8-1 Fig'._C E Weak wxdcsprcfld expression with strongest stnng m mud- and hmdbrasn and 4 shaep
T segment of unstatned ceils across the hindbramn,

9.4 Fig °B E Widespread carly weak stanmg but later stages show stronger marking of twa segments across
' the hindbeain.

13-2% E o Weak widespread staumng with stronger stamming m spmal cord and hmdbrain: expression s
the strongest m segment at the anterior boundary of expression i the hindbran.
Weak allantors marking.

13-31 Fi(,’ "4 E ¢E Broad weak stammg with stronger stuning in the mxdl'mg of the mud- and forcbhramn and
) the heart; strongest specitic staming i a segment of cells m the hindbrain rav the level of
the otic vesiclesiwith 1 weaker antenior segment also detectable.
Weak volk sac.

! T: tested by aggregation with tetraploid embryos: §: oanly differentiated ES cells expressed

B-Gal in vitro. Reference to figure number s indicated when applicable.

Embryonic (E). extruembryonic (¢E) or both.

* Extraembryonic expression is indicated in étalics. NT = neural tube: CNS = central nervous
system.
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Fig. 4. - E 8.5 ES cell chimeric embryos showing tissue specific
expression.

Reporter gene expression was detected in the embryo proper (A-D) or
extraembryonic tissues (E. F). (A) An approximately 8 somite-stage chimeric
embryo from ES clone PT-1-19 showing node-specific (arrow) expression. (B) A
late 8.5 dpc totally ES cell derived embryo trom ES clone 6-15-2 showing pharynx
(arrowhead). gut (arrow) and posterior spinal cord (white arrow) expression. (C) A
late 8.5 dpc chimeric embryo trom clone 9-10 exhibiting longitudinal stripes of
B-galactosidase-expressing cells along the posterior neural tube (arrow). in
scattered cells in the head (arrowhead) and in the yolk sac (white arrow). (D) A 9.5
dpc chimeric embryo from ES cione 14-30 showing specific expression in the
dorsal hindgut and cloaca (arrow). (E) An early 8.5 dpc chimeric embryo trom ES
clone PT-1-14 showing expression in the mesoderm layer of the volk sac. probably
in blood islands. (F) A 8.5 dpc embryo from ES clone 6-15-1 showing strong
expression in the mesoderm layer of the yolk sac (arrow) and the allantois (white

arrow).
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Fig. 5. - E 8.5 ES cell chimeric embryos showing reporter gene
expression in graded patterns along the anterior/posterior axis.

ES cell chimeric embryos from lines 6-16-3 (A) and 8-7-1 (B) show strong
reporter gene cexpression at the posterior (white arrow) and anterior (arrow) ends.
The embryo in B represents a totally ES ccll-derived embryo. (C) An ES ccll
chimeric embryo from line 9-3 showing stronger staining in the anterior neural

folds (white arrow) and in the somites (arrow).
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Fig. 6. - E 8.5 ES cell chimeric embryos showing widespread
expression with stronger tissue-specific reporter gene expression.

(A) An ES cell chimeric embryo ftrom line 7-9-3 showing widespread staining
probably in thec mesoderm with stronger staining in the somites (white arrow) and
in the dorsal midline of the neural tube (arrow). (B) An ES cell chimeric embryo
from line 9-7 showing stronger staining in the somites (arrow). hcart (white

arrow) and hindbrain.

R
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Fig. 7. - E 85 ES cell chimeric embryos showing widespread Ilow
expression with stronger reporter gene expression in spatially
defined domains.

(A) An ES cell chimeric embryo from linec 13-31 showing stronger staining
in the midlinec of the mid- and forebrain (white arrow) and strong staining in two
bands in the hindbrain (arrows). (B) An ES cell chimeric embrvo from line 9-4
showing stronger staining in two stripes across the hindbrain (arrows). (C) A
totally ES cefl-derived chimeric embryo from ES clone
5-8-1 showing stronger staining in the hindbrain (arrow) and the midbrain (to

the right).

v
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iil) Three clones showed highly restricted region-specific patterns along the
anterior-posterior axis. without any obvious tissue-spccificity (Fig.5). In
particular. 2 clones showed strong expression at the anterior and posterior ends of
the embryo with a reduction of staining towards the middle of the embryo.

iii) Eleven clones showed tissue-specific patterns plus widespread low-level

expression (Fig. 6). The patterns of expression ranged across a large variety of

tissue types. including heart (3 lines). somites (3 lines) and CNS (6 lines).

iv) Five clones showed region-specific patterns  plus widespread low-level

expression (Fig. 7). Specific expression was marking some boundaries in the

region of devcloping rhombomeres (4 clones) or the trunk neural tube (1 clone).

Reporier gene expression in ES-tetraploid chimeras

Ten clones were used to generate aggregation chimeras using tetraploid host
embryos. Such chimeras are almost entirely ES-cell-derived (Nagy er af.. 1990: Nagy
and Rossant. 1993). These clones were selected because the patterns of reporter-
gene expression seen in the screen were not clear and nceded confirmation. Four
clones could generate chimeric embryos. These embryos contirmed the patterns of
lacZ gene expression that had been observed in the previously described diploid

chimeras.

Analysis of 12.5 dpc embryos

A large proportion (55%) of the lacZ cxpressing ES cell clones failed 1o show
reporter gene activity in 8.5 dpc embryos. It is important to dectermine if these
clones did not ecxpress the reporter gene at this stage or if they were unable to
produce chimeras. tor a subset of clones. ES cell contribution to the embryos was
analyzed by the presence of eye pigmentation in 12.5 dpc chimeras (Table 9).
Ninety-thrce (78%) clones produced chimeric embryos at this stage. This suggests
that a similar proportion 8.5 dpc embryos showing no expression were chimeras

but did not express detectable reporter genc activity.
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Table 9
ES cells contribution analyzed in 12.§ dpc chimeric Embryos
B -
Galactosidase Total no. of ES cells No ES cells
expression at lines contribution? contribution? Nd. b
8.5 dpc¢ analyzed
+ 70 53 10 7
- 69 40 17 12
Total 139 93 27 19

14 Contribution was scored by the B-Gal staining and the presence of eye pigments at
[2.5 dpc.
b No embryos were recovered at 12.5 dpc.

Another important question is to know how many clones would display a
distinct cxpression pattern if tested at another stage. We also assayed reporter-gene
expression for 70 clones at 12.5 dpc (Table 10). Thirty clones had a completely
different expression pattern at this stage. In particular. clones turned on the
expression of the reporter gene between 8.5 and 12.5 dpc (10 of 26 clones) or

restricted its expression to fewer tissues (5 of 28 clones).

Tablie 10
B-Galactosidase expression in 12.5 dpc  chimeric embryos
Expression at [2.5 dpc

B-Galactosidase No. of Widespread Restricted No
expression at 8.5 dpc embryos expression  expression  expression
examined
Widespread 28 21 5 2
Embryonic Pattern 14 8 3 3
Extraembryonic only 2 2 0 0
No expression 26 8 2 0

2

-
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DISCUSSION

We assayed 303 clones. containing potentially mutagenic integrations of a
gene-trap vector. for expression of the [acZ reporter gene in X%.5 dpc chimeric
embryos.

Twenty-eight clones were analyzed in a pilot screen. Integrations with 3
slightly different gene trap vectors (see Material & methods) were analyzed. Clones
selected ftor insertions of the PT-3 vector did not form chimeras efficiently and this
vector was used further. It is not clear whether this was due to the vector or to the
batch of ES cells used for these 2 electroporations. The PT-1 and pGT4.5a vectors
produced similar results. However. the highest number of G418R clones was
obtained with the PT-1 vector (where the Pgk-/ promoter drives neo expression).
and this GT vector was selected tor future experiments. The pilot screen was also
designed to test a simple strategy tor efficiently pre-selecting in vitro. ES cell
clones expected to display restricted expression pattern in vivo in the gastrulating
embryo. ES cells are able to differentiate in vitro into a variety of cell types that
are similar to cell types found in vive during carly embrvo development
(Doectschman er al.. 1985: and reviewed in Baker and Lyons. 1996). We scored
expression of the reporter gene in G413 ES cefl clones after spontaneous
differentiation into tibroblast-like cells or into embryoid bodies. Twenty-eight
clones showing regulated expression of lacZ in virro were assayed for expression
in 85 dpc chimeric embryos.

About half of the insertions did not give detectable levels of rcporter gene
expression at 8.5 or 125 dpc. One third ol the trapped genes were expressed
ubiquitously in the embryos. Three genes displaying restricted expression in
extra-embryonic tissues or in the embrvo proper were identified. However. the
pre-screen was not efficient and not informative enough. Most of the insertions
selected in vitro already expressed lacZ in unditferentiated ES cells (Table 4). Only
1 clone (out of 12 tested) that did not express the reporter gene in unditterentiated
ES cells was expressed in vivo. Furthermorc. the type of expression observed
in vitro did not allow us to predict which cell lines would display a restricted
expression pattern in vivo. This strategy was not ftollowed turther and it was
decided to test. in a larger screen. insertions into genes that are expressed in ES
cells. In a larger screen. we analyzed in vivo the expression pattern of 279
insertions. The larger screen yielded similar results (ubiquitous. restricted or no

expression in vivo). in the absence of clone pre-selection in vitro.

-
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In total. we identified 146 endogenous cellular transcription units expressed
at 8.5 or 12.5dpc (Table 7 & 10). The lack of expression in half of the embryos was
not due to inability of the ES cells to contribute to chimeras. since for most ot these
ciones the presence of ES-derived cells could be scored by the presence of cye
pigmentation when the embryos were allowed to develop to 12.5 days (Table 9). We
can estimate that only approximately 10% of the ES cell clones that underwent the
screening procedure were not able to contribute to chimeric embryos.

A wide range of developmental patterns was observed (Table 6 B & 8). Since
this screen was limited to genes that are expressed in ES cclls. the question of
whether the frequency of these classes of gene expression patterns reflects the
frequency of the types of genes that are devclopmentally regulated in the cmbryo
remains unresolved. It is clear that some developmentally restricted genes such as
En-2 and Hox [.3 are expressed in unditferentiated ES cells. while others such as
wnt-1 and En-{ are not (Joyner er al.. 1985 Joyner and Martin, 1987: McMahon and
Bradiey. [990: Jfeannotte er af.. 1991). A more laborious but less biased scrcen would
involve the analysis of all clones that had incorporated the vector into their
genome. A large-scale screen of this type would be very difficult because many
integrations would tall outside of transcription units and. due to the nature ot the
vector. even those that were within genes could only be expressed it integrared in
the correct orientation and reading trame. Other vectors may be better designed
for such a systematic approach (see Discussion in Chapter V).

Many of the reporter-gene expression patterns that we observe are consistent
with the behavior of ES cells in culture. Spontaneous differentiation ot the D3 ES
cell line has been shown to give rise to a number of identifiable cell types.
including yoik sac-like structures that contain blood islands and primitive blood
vessels as well as cardiac muscle cells (Doetschman er af.. 1983). Of the 39 clones that
displayed restricted expression. 26 clones showed expression in the volk sac (Table
6 B & 8). in two of the lines expression may be restricted to biood islands (PT-1-14
and 6-9-1). Expression in the developing heart was observed in 7 clones. Since in
our pre-screen colonies were allowed to partially ditterentiate. we may have a bias
toward genes that are expressed in tissues that are generated during in vitro
difterentiation. The three clones that were expressed exclusively in differcntiated
cells (H20L. 13-31 and PT-1-13) and displayed regulated expression of the reporter
gene showed expression in both the yolk sac and the heart.

Central nervous system expression was predominant in 19 out of 39 lines. This

I
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result is also not surprising since at 8.5 dpc the CNS is undergoing active growth
and organization with respect to dorsal/ventral and anterior/posterior polarity as
well as with respect to segmental identity. A large number of genes responsible for
thesc events might be cxpected to be active in the early embryo and ES cells and

thus be identified in our screen.

The results of this gene-trap screen demonstrate that it is possible to identify
a wide assortment of genes. showing tissue-specific and spatially-restricted
expression during development by expression in chimeras. even when the
analysis was limited to genes expressed in ES cells and during one developmental
stage. at 8.5 dpc. This time was chosen since it is the time when the basic body plan
of the embryo is being established. However. other time windows could be added.
Limited analysis at 12.5 dpc indicates that if the time window of expression analysis
could be broadened. more genes with restricted expression patterns could be
identified. However. for cach stage analyzed it would be necessary 1o generate new
chimeric c¢mbryos.

Insertions with the most interesting developmental expression patterns can
then be selected for further analysis at the molecular level and can be transmitted
through the germiine for phenotypic analysis of the mutation. One ES cell line
(C101) isolated during the pilot screen and displaying a very specific pattern of
expression in vivo was selected for further analysis and will be described in the

next chapter.
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CORDON-BLEU, A NOVEL MURINE DEVELOPMENTAL GENE.

This chapter includes results previously published in the toillowing paper:

Characterization Of A Gene Trap Insertion Into A Novel Gene,
Cordon-Bleu, Expressed In Axial Structures Of The Gastrulating
Mouse Embryo.

Stéphan Gasca. David P. Hill. John Klingensmith and Janet Rossant.
Developmental Generics (1995), 117, 141-154.
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CHAPTER THREE : CORDON-BLEU, A NOVEL MURINE
DEVELOPMENTAL GENE.

INTRODUCTION

Embryonic axes are ftully established in vertebrate embryos at gastrulation.
As the definitive germ layers that will tform the embryo proper are emerging. they
are simultaneously organized around the anterior-posterior and dorsal-ventral
axes. Analysis of the genes specifically expressed in axial structures around the
time of gastrulation is beginning to identify genes that are involved in axis
formation. However. the full spectrum ot genes involved in axial specification and
their modes of interaction are not yet clear.

Most information has come from study of genes first identified as important
by their molecular nature and pattern of expression (reviewed by Beddington and
Smith. 1993: Faust and Magnuson. 1993:. De Robertis er al.. 1994: Boncinelli and
Mallamaci. 1995: Lemaire and Kodjabachian. 1[996). However. the direct genetic
approach of identifving mutations that atfect gastrulation has also provided
several important candidates such as Brachyury (T) (Herrmann er al. 1990). nodual
(Zhou er al.. 1993: Conlon er al.. 1994) and embrvonic ectoderm developmen: (ecd.
Niswander er a/.. 1938: Faust er al.. 1995:. Schumacher er af.. 1996). Although large-
scale mutation screens are practically ditficult in the mouse. the application of the
different trapping strategies to the ES cells system provided developmental
biologists with novel approaches to perform genetic screens aimed at the random
identification and mutagenesis of novel genes.

The gene trap screening strategy based on the expression of the /aucZ reporter
gene in ES cells in virro and in ES cell’fembryo chimeras in vivo. aliowed us to
screen through a large collection of ES cell clones carrying GT insertions. for
genes showing spatially and temporally restricted patterns of expression in the
late gastrulating embryo at E8.5 (Chapter Il & Wurst er a/.. 1993). From this screen
we itdentified a number of genes with restricted expression suggesting that they
could be playing a role in embryonic patterning. Genes expressed in segments in
the hindbrain region (clones 5.8.1. 9-4 & 13-31) reflect the ecstablishment of
specific compartments along the antero-posterior axis: in others. stronger CNS
expression in the ventral region (clone 9-12) or in longitudinal stripes (clones 9-
10 & PT-1-7) could indicate patterning events along the dorso-ventral and medio-

lateral axes. In particular. two genes (clones Cl0L & PT-1-19) showed an cxpression
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pattern restricted to those structures thought to play a role in axial patterning,
namely the node and the notochord. Genes known to be important for axis
formation or patterning such as HANF3-8 and Shh are also expressed in these tissues
during the early stages ot their development (Ang er al. 1993: Ruiz i Altaba er al.
1993b: Sasaki and Hogan. 1993: Echelard er al.. 1993: Marti er al.. 1993). The inscrtion
PT-1-19 was only weakly expressed in the node and anterior notochord precursors
at early somite stages. whereas the Cl0l insertion was strongly expressed in axial
tissues from the 3 germ layers. with a pattern reminiscent of that of ANFJ3-4 and
Shh.

In the following chapter. [ will describe the characterization ot the «clone
C10l. identified during the pilot screen (Chapter II). which carries a GT insertion
into a novel gene expressed in the node. notochord. tloor plate and the root of the
gut. The identification of this gene. cordon-bleu. provides another possible
component of the genetic hierarchy of genes involved in axial patterning during

early mouse embryogenesis.

3
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MATERIALS & METHODS

Production of the C101 ES cell clone

Electroporation of the linearized pGT4.5a GT vector and selection of G418
resistant (G418%) ES cell lines was performed as described carlier (Gossler er al.
1989). 100 pg of vector lincarized at the unique HindIIl site were dircctly (without
precipitation step) eclectroporated into 5x107 male D3 ES cells (Doetschman er al..
1985) at a final concentration of 2 mg/ml. G418R ES cell lines were then
individually picked. expanded as single clones and tested for /acZ expression in

vitro and in vivo.

Production of ES cell chimeras and breeding

About 30 CDI1 blastocysts were injected with 15 to 30 Cl101 ES cells each and
rcintroduced into pscudo-pregnant CD1 temales. Females were dissected at
embryonic day 8.5 (E8.5) to assay for B-Gal activity in chimeric embryos. To
produce a germline chimera. C57BL/6 blastocysts were injected with C101 ES cells.
reintroduced into pseudo-pregnant CDIl temales. and embryos were allowed to
develop to term. Males with strong contribution from ES cells as judged by coat
color were tested for contribution to the germline by crossing with C37BL/6
temales. Inbred mice heterozygous for the insertion were generated by crossing
with 129/Sv females. Offspring carrying the insertion could be identified by lucZ
staining of tissue samples from car punches used to number the mice. Their
genotype was contfirmed by Southern blot analysis. Mice homozygous for the
insertion were produced by intercrosses between heterozygous parents. Their
genotype was determined by Southern blot analysis on genomic DNA digested with
BamHI.Bglfl and Pvull and hybridized with the En-2 sequence present on the
vector (sce below). which allows comparison of the relative intensity of the bands
between the endogenous and the insertion loci. The genotype of males was also
confirmed by breeding with wild-type CDI1l mice. and staining embryos for B-

galactosidase activity.

Ho23 ES cell line
Three 129/Sv G1Ci101!/+ superovulated females crossed with three 129/Sv
GtC101/+ males gave 43 blastocysts from which we recovered three new ES cell

lines (according to morphology. sceNagy er al., 1993). Two were hcterozygous tor
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the insertion. One. ho-23. was homozygous at the insertion locus. as judged by
relative intensity of the En-2 bands on Southern blots (see below). Ho-23 was also
tested by injection into blastocysts and was able to participate in normal

embryonic development.

B-Gal staining of whole-mount embryos

Embryos were staged as embryonic day 0.5 (E0.5) on the morning the vaginal
plug was detected. Embryos were dissected from the uterus in PBS and then fixed in
0.2% gluteraldehyde (Fisher). 2 mM MgCl,. 5 mM EGTA. 0.1 M sodium phosphate at
room temperature for 15 - 60 minutes and then washed at least twice in 0.1 M
sodium phosphate. 2 mM MgCl,. at room temperature. They were then stained in the
dark in 1 mg/ml X-gal (Vector Biosystems). 5 mM K;Fe(CN)g. 5 mM K Fe(CN)s. 2 mM
MgCl, and 0.1M sodium phosphate at 37°C overnight. Before processing and
paraffin embedding for sectioning. embryos were post-fixed in tresh 4%

paraformaldehyde. 0.2% gluteraldehyde in PBS overnight at 4°C.

Cloning and analysis of endogenous cDNAs

Total RNA for RT-PCR was prepared trom ES cells and from cmbryos via the
method of Chomczynski (1987). Poly A+ RNA was purified by extraction from total
RNA with oligo (dT) cellulose (Ausubel er ali.. 1989). The RACE strategy (Frohman er
al.. 1988) was adapted to the following procedure: the Copy Kit TM (Invitrogen) was
used. following the manufacturer's instructions. to synthesize blunt ended double
stranded ¢DNA from 0.5pg of polyA+ RNA from ho-23 ES cells annealed with 10
nanograms {(ng) of the /acZ primer #1 (5-GCAAGGCGATTAAGTTGGGT-3") in the
presence of MeHgOH. The synthesis yielded 70 ng of double stranded ¢DNA. 3.5 ng
were incubated with 2 pmoles of UNI-Amp Eco RI adapters (Clontech) and T4 ligase
(Boehringer Mannheim). The ligation products were size selected on a SP400
column (Pharmacia) and 1/10 were then subjected to 40 cycles of PCR (94°C for 60
sec: 60°C for 45 sec: 72°C for 2 min. ) and a final extension at 72°C for 10 min.. using
2.5 units of Taq polymerase in 1X Taq buffer (Perkin Elmer Cetus) in the prescnce
of 100 ng of UNI-Amp Eco RI primers (Clontech) and 500 ng of primer #256 (Fig. !l
and Skarnes er al.. 1992). The size range of the amplified ¢cDNAs was visualized by
Southern blot analysis with the En-2 probe (see below). The PCR products were
size-sclected by gel electrophoresis and ftragments larger than 300 bp were
digested by Eco Rl and Kpn [. sub-cloned into the pBluescript [I KS(+) vector

(Stratagene) and sequenced with the Sequenase kit (U.S. Biochemicals). The
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sequence data were managed with the help of the Program Manual for the
Wisconsin Package. Version 8. September 1994. Genetics Computer Group. The
cDNAs were compared to the database sequences with the FASTA (Pearson and
Lipman. 1988) and the BLAST (Altschul er al/.. 1990) comparison algorithms. The 279
bp C101/7 fragment (lacking En-2 sequences). was amplified by 40 cycles of PCR
(94°C for 60 sec. 62°C for 60 sec: 72°9C tor 60 sec) and a final extension at 72°C for 2
min.. using 0.1 unit of Taq pelymerase in X Taq buffer (Perkin Elmer Cetus) in the
presence of 250 ng of CI10l primers #25 (5'-GCGAAGTCAGCATCTGGAGG-3') and Cl101
primer #283 (3'-TGGTGGTGGCTGCTGTGGTG-3'). and sub-cloned into the vector pSL30l

(Invitrogen).

DNA and RNA probes

The /acZ probe is the entire 3.1 kb Bam HI fragment purified from the pGT4.3a
vector. The Engrailed-2 (En-2) probe is a 240 bp Hind [[I-Sst | tragment from the
En-2 genomic DNA clone S15 (kindly provided by A. Joyner) which includes %2 bp
of the En-2 intron 1 and 156 bp of the En-2 exon 2 which are fused to lacZ in the GT
vector. This probe can bind equally to the endogenous En-2 genomic sequence and
to the same sequence in the inserted vector allowing comparison of the allele
number at the two loci (when total genomic DNA is digested with Bam HI + BglIl +
Pvu Il. the two bands are of comparable size: 1.5 and 2.0 Kb). The Ci01'7 PCR
tragment subcloned into pSL301 vector Eco RV site. was excised by digestion with
EcoRI and Xbal. The b3 probe is the entire 1.2kb b3 c¢cDNA subcloned into
pBluescript Il KS(+) (Stratagene) at the EcoRI site. All the DNA probes were
purified from the vectors by clectrophoresis and were radiolabelled with (32-P)-
JdCTP by the random priming method of Feinberg and Vogelstein (1983). Sense and
antisense C101/7 and b3 riboprobes were synthesized from the clones linearized
respectively at the BgllIl and Xbal sites tfor C101/7 and at the EcoRV and Xbal
sites for b3. The transcription was pertormed trom | pg of template DNA. The
C101/7 probe for sectioned in situ hybridization was synthesized in the presence of
10 uCi of (35-S)-UTP as described previously (Hui and Joyner. 1993). The
transcription of the b3 probe for whole mount in situ hybridization was pertormed
in thc presence of digoxigenin-labeled UTP (Boechringer Mannheim) as described

previously (Conlon and Rossant. 1992).

Southern and Northern blot analysis

Genomic DNA was purified from proteinase K-digested ES cell pellets and
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mouse tail biopsies by phenol-chloroform extraction. Total RNA was isolated from
ES cells or cmbryos by the method of Chomczynski (1987). Electrophoresis was
carried out in 1X TAE for genomic DNA and in 1X MOPS for RNA (Sambrook er al..
1989). Both Southern and Northern blots used GeneScreen filters (Dupont).
Hybridization with radiolabelled probes. for 18 hours at 63°C. was in 0.5 M
Na-HPO/NaH,PO;. pH7.4. 7% SDS. 1 mM EDTA for Southern blots and in 3X SSC. 53X
Denhart. 0.1% SDS. 100 mg/ml sheared salmon sperm DNA. 3% dextran sulfae for

Northern blots. Filters were exposed against reflection ™NEF-tilm (Dupont-NEN.

Mapping

The BSS DNA panel from the Jackson Laboratory community resource
[(C57BL/6]JEi X SPRET/Ei) Fl female X SPRET/Ei male]| interspecific backcross (Rowe
et al.. 1994) was used to map the trapped locus with the Ci01/7 probe. Genomic DNA
from CS57BL/6 and Mus spretus was digested with various enzymes and the probe
C101/7 was used on Southern blots to detect restriction fragment length
polymorphisms (RFLPs) between the two strains. When DNA was digested with Xba/
the C101/7 probe detected a RFLP. Genomic DNA from the BSS pancl (from 94 N2
backcrosses and the 2 parental strains) was digested by Xbal. scparated by
electrophoresis and transterred on nylon GeneScreen membranes (Dupont). Filters
were hybridized with the probe C101/7 and exposed against film. Each sample was
scored for the presence of the Mus sprerus allele and the results were transmitted
back to the database of the Jackson Laboratory tfor comparison with the existing

map. The new locus carrying this GT insertion was named G:C/0/.

cDNA library screen

An unamplified agtll random- and oligo(dT)-primed CDI! adult brain ¢DNA
library (Clontech: clones bx and Ex) was first screened with the CIi0L'7 probe.
1.5x10% phage plaques were transferred to nitrocellulose filters (Schlecicher and
Schuell) and hybridized under conditions of medium stringency in 3X SSC. 35X
Denhart. 0.1% SDS. 100 mg/ml sheared salmon sperm DNA. 10% dextran sulfate. for
48 hours at 56°C with 7x10° cpm/ml of radiolabelled C101/7 probe. Filters were
washed at 20°C: twice for ten minutes in 2X SSC and one hour in 1X SSC containing
0.1% SDS. After autoradiography. five different clones were plaque purified and
their inscrts were sub-cloned into the EcoRI site of the pBluescript KS +
(Stratagenc) plasmid vector. Double-stranded DNA sequencing was performed

following the A.L.F. Sequencing protocol (Pharmacia). These cDNAs were then used
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to isolate overlapping additional clones covering the 5' and 3' end of the full length
cDNA. The 5' most clone was obtained from a A-ZAPIl random- and oligo(dT)-primed
CD! newborn brain ¢DNA library (Stratagene: clones NB3 & NBux)

In situ hybridization

CD1 embryos (Charles River. Montreal) were dissected from the uterus at E7.5. E8.5
and E9.5. The whole mount in situ hybridization with sense and anti-sense b3
riboprobes was performed as described (Conlon and Rossant. 1992: Conlon and
Herrmann. 1993). The in situ hybridization of sections was performed as described

(Hui and Joyner. 1993). and exposed for 3 and 4 weceks betore development.
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RESULTS

The CI0I gene trap ES cell line

The C101 ES cell clone carrying the pGT4.5a vector was isolated from the pilot
screen (described in Chapter II) and presented a restricted pattern of expression
both in vitro and in vive. Cl101 ES cells in culture strongly expressed the /lacZ
reporter gene. detectable after 1.5 h of incubation at 37°C (many ES cell clones only
showed detectable expression after an overnight incubation period). Most cells
differentiating in virro did not express the fusion protein. suggesting that the
promoter may be regulated during early development of the embryo. Southern blot
analysis. using the /acZ and En-2 probes. showed that this cell line contained a

single copy insertion of the vector (data not shown).

Generation of chimeras

Upon dissection at embryonic day 8.5 (E8.5). 11/30 CI10I-ES/CDI chimeric
embryos displayed identical restricted patterns of expression after staining for B-
Gal activity: expression was limited to axial structures of the embryo from the tail
bud to the toregut and midbrain. Histological sections from these embryos revealed
that expression was in the roof ot the gut. the notochord and the floor platc of the

neural tube.

Table 11

Frequencies of transmission of the C101 insertion to the
F2 generation of inbred [29/Sv heterozygous mice

Genotype No. %

Wild-type 21 24.7
Heterozygous 44 51.8
Homozygous 20 235
Total 85 100.0

The insertion was transmitted to the germline in order to analyze in more
detail its expression in transgenic embryos and to identify any possible mutant
phenotype. One chimeric male was obtained that transmitted the ES cell genotype
to 60% of its offspring as determined by coat color transmission. Inbred mice

heterozygous for the inscertion were generated by crossing this male with 129/Sv

3
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females. No dominant phenotype has been observed in heterozygous mice and they
were recovered with the expected frequency tor a single gene transmission (Table

il).

Expression of the lacZ reporter gene in heterozygous embryos

129/Sv GrCIl0!/+ males were crossed t¢c CDI temales to assay for /acZ expression in
heterozygous embryos. The pattern of ecxpression was consistent with that
previously observed in chimeric embryos. No expression was detected prior to E7.3.
including at preimplantation stages. although the gene was expressed in ES cells.
Expression was first detected at E7.5 at the late streak stage. when the mesoderm
layer is complete. in a small group of cells at the distal tip of the embryo in the
presumptive node region (Fig. 8 A. B). Expression in the node was clearly
restricted to mesodermal cells initially (Fig. 9 A) but extended to underlving axial
endoderm as the node develops (data notshown). Expression of the transgence
extended anteriorly in the midline (Fig. 8 C) as the head-process progresscs. Some
positive cells were also present just posterior to the node and in more lateral
regions (Fig. 8 C). At the head-fold stage. betore the head-process reaches its most
anterior position. positive cells began to appear along the axis posterior to the node
and into the hindgut. At early somite stages. anterior expression marked the
developing foregut and notochordal plate and extended posteriorly to the
regressing node (Fig. 8 D). At the 5 to !0 somite stages the notochord was B8-Gal
positive along the entire axis ftrom its anterior limit below the midbrain to the base
of the allantois. The most anterior region of the primitive streak also remained 8-
Gal positive. Expression was clearly seen in the dorsal roof of the developing gut
in both foregut and hindgut extensions (Fig. 8 D). As the floor plate of the ncural
tube forms at the somite stage. it too became B-Gal positive (Fig. 9 B). The anterior
limit of expression in the floor plate corresponded to the anterior limit of contact
between the neural plate and the ftoregut. Expression was confined to the midline
cells of the midbrain. and did not extend rostrally or laterally into the tforebrain as
seen at this stage tor other tloor plate markers like ANF-3f and Shh (Ang er al.
1993: Ruiz i Altaba er al.. 1993b: Sasaki and Hogan. 1993: Echelard er al.. 1993: Roelink
et al.. 1994). No expression was observed in prechordal plate mesoderm. although

expression was detected later from E10.0 in the head mesenchyme in the torebrain
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Fig. 8. - Detection of the B-Gal fusion protein from E7.5 to E10.3
stages of development in embryos heterozygous for the G:CI10!
insertion.

In A. B. C. D posterior is to the right. Proximal is at the top in (A. D) and dorsal
at the bottom in (E. F). (A) E7.5. late primitive streak. stage of first expression. (B)
and (C) ventral views of two older E7.5 embryos. (B) Expression is still localized to
the node region (arrow). (C) Positive cells are now present along the axis (arrow)
in the head process. A few positive cells are also present in paraxial positions and
immediately posterior to the node (white arrows). (D) Pattern of expression in five
embryos at consecutive stages of development between E7.5 and E9.5 ftrom left to
right. Expression is restricted to the node (n. arrowhead) at E7.5 (neural pilate.
presomite stage). extends trom the anterior of the primitive streak to the forcgut at
E8.0 (late headfold stage. 3 somites). marks the entire axis trom the anterior
ventral midbrain to the base of the allantois at E8.3 (betore turning. X somites).
remains restricted to the midline structures from the head to the rtail bud at E83
(beginning of turning stage. 10 somites} and expands to the liver anlage and the
branchial clefts at E9.5 (end of twurning stage. 13 somites). (E) Expression in a 23
somite E9.5 embryo. The anterior limit of expression in mesenchyme cells is in the
olfactory placode region (black arrowhead). the midbrain (outlined arrowhead)
tor floor plate cells and the anterior end of the notochord for endodermal cells.
Expression is seen in the endoderm layer of the branchial cletts. in the liver and
in the somites (arrow). (F) Expression in a 30 somite E10.5 embrvo. The expression
in the somites is restricted to the center (arrow) of each somitic scgment

(separated by dashes).

Abbreviations: amniotic cavity (ac). branchial arches (b). exocoelum (Ex). gut (g).
head process (hp). heart (he). liver (L). node (N). primitive streak (ps). tail bud (v).
ventral midbrain (mb).

Scale bar = 50 pm (A). 100 pm (B.C.E). 150 um (F) and 200 pm (D).
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Fig. 9. - Histological sections of embryos heterozygous for G:CI101].
stained for B-Galactosidase activity of the fusion protein.

Sections were stained with eosin. (A) Para-sagittal section of E7.5 embryo
showing that positive cells are restricted to the mesoderm layer of the node.
Anterior is to the left. (B) The plane of section crosses the axis of an E®.5 embryo
three times. through the head (top) and twice through the trunk. Expression is
restricted to the floor plate of the neural tube. the notochord and the root of the
foregut and hindgut. (C) section posterior to the torelimb through the middle of
the fifteenth somite. Expression is in the tloor plate. notochord and surrounding
mesenchyme. the gut. the mesogastrium. part of the somites and very weakly in
the Wolffian ducts. (D) detail of a mid-saggittal section through the head. Anterior
is to the left. Expression is restricted in the posterior midbrain tloor plate (betwcen

arrows). Some cells of the cephalic mesenchyme are also positive (arrowhecad).

Abbreviarions: allantois (al). dorsal aorta (da). cctoderm (Ec). endoderm (En). tloor
plate (tp). foregut (fg). hecadfold (hf). heart (he). hindgur (hg). mesoderm (Me).
mesogastrium (mg). midbrain (mb). nephrogenic cord (ne). notochord (no). oral
cavity (oc). somite (S). Wolffian ducts (W), second ventricle «II) and fourth
ventricle (IV).

Scale bar = 50 um (A. C). 100 um (B. D).
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region. In E9.5 embryos. at the stage of turning. expression was still seen in the
floor plate. notochord and the roof of the gut but also occurred in the pharyngeal
endoderm. the liver anlage and the tail bud (Fig. 8 D. E). In EI10.0 embryos (25
somites) positive cells started to appear in axial head mesenchyme and in trunk
sclerotome tissucs. Expression was [first detected in the somites at this stuge
(Fig. 8 E) and became strong by EI1.5. Positive cells were located in a medtal subset
of somitic cells. between the sclerotome and myotome compartments (Fig. 8 F
and 9 C). However. expression was not observed. at later stages. in muscle
precursors or tissues but was clearly detected in the trunk sclerotomes. suggesting
that positive cells in the somites are also sclerotomal cells. This would represent a
subdivision within the sclerotome compartment that has not been reported before.
In EI0.5 embryos (30 somites). expression was still seen in the floor plate of the
midbrain although it was weaker in the posterior halt (Fig. 9 D). In the gut
endoderm derivatives. expression extended into the lung buds. There was no
expression in the mesonephric rtubules at this stage but weak staining in the
adjacent Wolffian tubes (Fig. 9 C). Weak staining in the apical ectodermal ridge of
the tore limb was also detected at E10.5.

At stages beyond EI10.5. expression became quite widespread in the embryo.
because of extensive staining in the gut endoderm and sclerotome derivatives. but
was never detected in muscle or heart tssues. Beyvond this stage. expression
extended to some cells of the surface ectoderm in the skin and 1o chondrocytes.
Expression persisted in the notochord as it became part of the nucleus pulposus of
intervertebral discs. Expression was seen in the tloor plate until at least E12.3. at
which stage expression became more widespread in various parts of the central
nervous system. including restricted areas ot the brain and ncural tube. (n
newborn and adult mice. expression could be detected in the skin cpiderm and in

the brain.

Expression of the lacZ reporter gene in homozygous embryos

Since embryos homozygous for the GT insertion are viable (see Table 1) I
was also able to analyze the expression pattern with double amount of reporter
gene expression. No major qualitative ditference could be observed in the
expression pattern at all the stages analyzed. but cxpression was expectedly higher.
more easily detectable and homozygous embryos could be distinguished trom
heterozygous littermates on the basis of the signal intensity alone. A useful

application 1is the possibility to genotype newborn pups by assessment of the
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intensity of X-gal staining (after about 5 to 10 minutes of staining. homozygous
tissues are distinctively more strongly labeled than the heterozygous ones).

In homozygous embryos. the weaker domains of expression previously
observed in some tissues were not clearly detected. For example. the weaker domain
of c¢xpression observed in the posterior mid-brain (Fig. 9 D) could not be
distinguished anymore trom adjacent domains. But the anterior limit of ecxpression
in the head is morec readily seen. Stronger expression also revealed two additional
domains of expression that were not identified in the analysis of heterozygous
embryos. At the onset of its expression. cob! was also expressed in the hindgut
pocket at the posterior end of the primitive streak (data not shown) and in

extraembryonic tissues.

Extraembryonic expression of cobl

Extraembryonic expression was restricted to a few rows of visceral endoderm
cells immediately adjacent to parietal endoderm and to cells located at the tip of the
ectoplacental cone. Large numbers of expressing cells were also found in the
maternal decidua. To «c¢learly determine the embryonic or maternal origin of
positive cells in the ecctoplacental cone. [ rtransferred wild-type bilastocyst embryos
into [GiCI01/GtCI101] pseudo-pregnant females (Fig. 10 Ay and did the reverse
experiment with [GtCI101/GtC10t] embryos (Fig. 10 B). The positive cells of the
actoplacental cone were onlv detected in [GtC1OU/GtCL10O1] decidue and are therctore
maternally derived. Expression in maternal tissues could be detected in single cells
throughout the decidua but was also localized to duct-like structures organized
around the embryo and connecting the inner cavity of the decidua with its
outermost cells (Fig. 10 A). The only extraembryonic expression derived trom the
embryo was located in the visceral endoderm cells (Fig. 10 B). Expression in
extraembryonic endoderm persisted at later stages in cells immediately adjacent to
the placenta. In 12.5 dpc placentae. expression was also present in cells dispersed

throughout the labyrinthine layer (data not shown).

Cloning the endogenous gene

Northern blot analysis with a /lacZ probe detected a single fusion transcript of
5.4 kb in RNA samples trom C10t ES «cells or heterozygous cmbryos
(data not shown). LacZ containing c¢DNAs were synthesized and amplified by
RACE-PCR ftrom the ho-23 ES cell poly-A+ RNA sample and from E8.5 embryo total

3
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Fig. 10. - Cobl/B-Gal extraembryonic expression in embryo and
maternal decidua at 7.5 dpc.

The respective genotypes of the embryos and decidue are indicated below the
pictures. (A) Wild-type embryo implanted into a G:C/0/ transgenic decidua.
Expression can be seen in various parts of the decidua. especially at the top of the
ectoplacental cone (EPC) and in "canals" converging toward the embryvo (arrows).
(BY GtCI0] embryo implanted into a wild-type decidua. No expression could be
detected in the decidua. including the tip of the EPC (top of picture). The
enlargement is twice as in (A). focusing on embryonic expression. Expression
restricted to the node (arrowhead) and to some extraembrvonic endoderma! cells

(arrows). at the limit between parietal endoderm and yolk sac endoderm.

Abbreviation: EPC: ectoplacental cone. Stain: eosin + nuclear Fast-Red.
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RNA (see Fig. il for the cloning strategy). Two c¢DNAs (derived from ho-23 cells)
were subcloned and sequenced. They contained 230 bp of overlapping endogenous
sequence with a single open reading frame (ORF) spliced in frame with the coding
portion of the En-2/lacZ gene. The longest (367 bp) cDNA was used for further
molecular analysis. This sequence (Fig. 12 A) did not show any homology to any
previously reported sequence. No recognizable protein domains were observed.
although the protein encoded by this partial ¢DNA is rich in proline (15.7% of the

total). serine (13.7%) and lysine (11.4%).

A 278 bp fragment. CIO0L/7. that lacks any En-2 sequence was subcloned.
sequenced and subsequently used as a probe (Fig. 12 A). On Northern blots it
hybridized to a2 6.5 kb endogenous transcript in both D2 and Cl10l ES cell RNA
samples and to the 5.4 kb fusion transcript in CI10l alone ({(data not shown).

Since the fusion transcript was widely expressed in the brain. [ screened an
unamplified c¢DNA library from CDI1 adult brain with the probe CIl01'7. Five
different clones were detected. subcloned and partially sequenced. They all
overlapped the C101/7 probe and altogether cover a 3.7 kb section of the
endogenous transcript. starting | kb upstream from the splicing site fused to the
reporter scquence and including 2.7 kb of coding sequence located 3' of the
insertion site (Fig. 12 B). The 1200 bp b3 c¢DNA overlaps the CI0l 7 tragment
(Fig. 12 B) and was used as a probe on Northern blots. It detected the same
endogenous transcript and fusion transcript as the PCR probe Cl101'7 (Fig. 12 C).
The fusion transcript was also detected with the En-2 probe on the same ftilter
(Fig. 12 D). Levels of endogenous transcript were progressively reduced in
heterozvgous and homozygous cells. as expected. However low but detectable levels
of wild-type transcript were still detected in RNA from the homozygous ES cell line
ho-23. suggesting that the expression of wild-type transcript is not completely
abolished ({(Fig. 12 C). This could occur by splicing around the insertion vector

(Moens er al.. 1992: Skarnes er al.. 1992).

Expression of the endogenous gene

C101/7 sense and antisense riboprobes were synthesized and hybridized to sections
of 8.3 and 9.5 dpc wild-type CD1 embryos. No signal was detected with the sense
probe. The antisecnse probe detected transcripts in the gut (and presumptive liver
at 9.5 dpc). the notochord and the floor plate (data not shown). The pattern of

expression at these two stages was identical to the /acZ transgene expression. These
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Fig. 11. - Diagram of the §' RACE-PCR cloning strategy.

The 5'RACE-PCR technique was used to isolate endogenous sequence fused to
the /acZ reporter gene. a) The first strand ¢DNA was synthesized from the /lacZ
reverse primer #1 (see materials & methods). b) Second strand synthesis and blunt
ending was pertormed. c¢) EcoRI adapters werc ligated to both ends of the ¢DNAs. d)
The c¢cDNAs were amplified by PCR with the EcoRI primers and primer #256. ¢) PCR
products were subcloned and sequenced. f) A 279 bp fragment amplified with the
primers #25 and #283 and sub-cloned into the vector pSL301 was used as an

endogenous scquence probe.
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Fig. 12. - Cloning mouse Cob! cDNAs: partial sequence and
expression.

(A) 343 bp of endogenous sequence containing an ORF fused in frame (arrow)
with En-2 coding sequence in the fusion transcript. 29 bp of the En-2 sequence
(lowercase characters) and 9 corresponding amino acids are shown within a box.
The sequence of the CI101/7 probe is within the two arrows marking the positions
of the primers #2535 and #283. (B) The C101/7 probe and the five overlapping clones
b3. bd. b5. b7 and bl4. isolated from a mouse adult brain cDNA library. cover 3.7 kb
of endogenous sequence. (C) A probe made from clone b3 (asterisk) was hybridized
to a Northern blot carrying [0 pg of total RNA samples from the wild-type D3 cells.
from the heterozygous Cl10l cells and from the homozygous ho-23 cells. It detects
both the 5.4 kb fusion transcript and the 6.5 kb endogenous transcript also detected

with the probe C101/7. As expected the amount of fusion transcript is increased in

the sample from homozygous ho-23 cells but there are also detectable amounts of

wild-type transcript (outlined arrowhead). This lane contained more RNA than the
wild-type and heterozygous RNA lanes as judged by ethidium bromide staining. (D)
The En-2 probe was hybridized 10 the same blot and only detected the 5.4 kb tusion

transcript.
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results confirmed that the CI101/7 probe corresponded to sequence trom the
endogenous gene trapped by the vector.

The longer b3 cDNA (Fig. [2B) was used as a probe to detect the pattern of
expression of the endogenous gene by whole mount in situ hybridization. At E7.5
expression was detected in the node (Fig. 13 A) and at E8.5 the expression was
restricted to midline structures of the embryo from the mid brain to the tail bud
(Fig. 13 B. C). Upon sectioning this staining was restricted to the roof of the gut. the
notochord and the floor plate of the neural tube (Fig. 13 D). Overall the pattern of
expression of the endogenous scquence was identical to the pattern revealed by the
lacZ fusion. In whole mounts. cxpression in the head process at E7.5 was wecak and
at EB.5 the expression in the node did not seem as strong and extensive as the lacZ
marker. These differences could be accounted tor by differences in the intrinsic
stability of the /acZ fusion transcript and the endogenous transcript. by the halt-
life of the lacZ fusion protein itself. or by the detection technique.

However. the cxpression pattern and the partial sequence. clearly indicated
that the C1i0l insertion had occurred into a novel gene. It was named cordon-bleu
(cobl) because of the specific expression of the lacZ reporter in axial structures of

gastrulating embryos.

Cloning the complete coding sequence of cobl

I used the b3 ¢DNA to clone additional ¢cDNAs and 1 generated probe from the
extremities of the c¢cDNAs covering the 5' and 3' ends (b3la and b7). | was thus able
to clone cDNAs covering the entire open reading frame and the 3' cnd of the full
length cob! cDNA (Fig. 14 B). A 75 bp putative exon coding for 25 a.a. (within
brackets in Fig. 15) was only found in 2 cDNAs: the PCR generated C101/7 probe and
clone b5. Not all the ¢cDNAs were tested for the presence of this sequence (Fig. 14 B).
However. removal of this exon did not alter the rcading frame. In addition. some
mouse EST sequences homologous to cob! (Fig. 14 C) were identified in the cxpressed
sequence tag (EST) public database (Washington University/Merck EST Project).
However. these clones appeared to be chimeric ¢cDNAs: the 3' sequence of W20909 is
first homologous to cohb! exons but switches to unknown sequence precisely from
the same splicing sitc fused to the reporter gene in the fusion transcript: the
sequence of the clone W81955 goes beyond the poly-A tail of the 3' end of cobl/. 1
could not get ¢DNA clones cxtending to the cxpected 3' cnd of cobl. The Northern
cxpression data suggest that the size of the wild-type transcript was 6.5 kb.

However, in a previous Northern blot, [ had cstimated the size of the endogenous
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Fig. 13. - RNA in situ hybridization on wild-type whole-mount
embryos with b&3/cobl riboprobes.

Distal is at the bottom in (A). Anterior is at the top in (B. C). (A)y At E7.5.
expression is detected in the node (arrows) and the head-process (between
arrowheads). (B. C) At EB.5. expression extends from the anterior midbrain and
foregut (arrows) to the tail bud (arrowhecads). The dotted line in C indicates the
plane of the section shown in (D). Transverse section showing that the axial
cxpression is restricted to the roof of the gut. the notochord and the tloor plate of

the neural tube.

Abbreviations: tloor plate (fp). gut (g). node (N). notochord (no).
Scale bar = 25 pm (D). 100 pm (A.B.C).
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transcript at 3.5 kb (data not shown). Thus the real length ot the ftull c¢cDNA
probably lies between these values. Nevertheless. the complete sequence of the

5.5 kb ¢DNA revealed the primary structure of the predicted protein.

Sequence of the cobl gene

The c¢cDNA inferred by the contig is 5465 bp long with an additional 16 bases
forming the poly-A tail. It contains an ORF coding for a predicted protein of 1340
amino acids (Fig. 15). The leading sequence is 78 bp long and contains a stop codon
(nucleotide #19} in frame with the main ORF. The ORF starts with a methionine (nt.

#79) which is part of a Kozak consensus sequence:

-12 -3 4
Vertebrate consensus CCCGCCGCCACCRAIGG (Kozak. 19Y87)
Cob! CCCGCCGgCLCCALGG
Human A-raf-! atCtaaGgcLCCATGE (Beck er al.. 1987)

The thymidine at position -3 is only present in 1% of the 699 vertebrate
mRNAs analyzed by M. Kozak (Kozak. {987). It is also the most conserved position of
the consensus 2mong higher eukaryotes and is occupied by a purine in 97% cases
(generally an adenosine). However. the human A-Raf-!I oncogene tor example.
possesses an initiation codon similar to that of cob/ with a thymidine at the same
position (see above).

The predicted 144 kDalton protein is rich in proline (10%) and serine (12%)
and is hvdrophilic. [t contains 12 possible (consensus) potential asparagine (N)-
glycosylation sites (Fig. 15). | potential amidation site (not shown). 2 potential
glycosaminoglycan attachment sites (not shown) and 20 potenttai  N-
myristoylation sites (not shown). Because serine and threonine make up 18.3% of
the protein there is also a large number of potential phosphorylation sites tor
cAMP and cGMP-dependent protein kinases (6 sites). casein kinase [I (28 sites) and
protein kinase C (28 sites).

Two small repeats with 9 out of !l identical a.a. also contained a potential
nuclear localization signal (nls. Fig. 15): the a.a. sequence Lys-(Lys or Arg)-X-(Lys
or Arg) has been described as a consensus nuclear localization signal sequence
(Chelsky er al.. 1989: and reviewed by Garcia-Bustos er al.. 1991). Furthermore. these
signals are often tound in pairs only separated by 10 to 20 a.a. (28 a.a. in Cobl. Fig.
15). This could explain why the Cobl/8-Gal signal is often localized to nuclei (Fig. 16

A-C). However. Cobl/LacZ is not always localized to the
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Fig. 14. - Diagram of the mouse cordon-blenu cDNA contig.

(A) Schematic representation of the cob/ ¢DNA and CI01:7 probe: the ORF s
depicted by a white box: the three motitf repeats (see Fig. 15 and 17 B and C) are
marked by grey boxes and the poly adenylation sites (pA) are indicated. (B) Map of
the cloned c¢DNAs: dotted lines separate ditferent hybridization rounds: ¢DNAjg
presented as grey rectangles overlap the entire length of the cob/ contig: the
black box present in b5 and partly in CIOL7 is a putative exon missing in ¢DNAs
b3. bl4 and b3la. (C) Mouse ESTs identified in public databases (with their GenBank

accession numbers).

Abbreviations: bp: base pair: EST: expressed scquence tag: kb: kilobases: ORF: open

reading trame: pA: poly-adenylation signal sequence.
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Fig. 15. - Sequence of the cordon-bleu gene.

Numbers indicate positions on the nucleotide sequence. The 1340 amino acids
(a.a.) long open reading frame (ORF) extends between two stop codons (each
marked by 3 asterisks) at position #19 and #4099. The predicted first codon
(methionine codon at position #79) is part of a Kozak consensus scquence
(overlined). The asparagine residues of potential N-glycosylation sites arc in white
over a black circle. The 23 a.a’s sequence within brackets (starting at position
#860) was not encoded by all ¢cDNAs (see Fig. 14). The 2 potential nuclear
localization signals are in black boxes {positions #1045 & #I1141). The genc trap
lacZ insertion occurred between the positions #1249/50 (Black triangle). The three
20 a.a.'s motif repeats are in clear rectangies. The 3' untranslated scquence

contains 2 poly-adenylation signals (in bold).

3

88




68

90%S
POES
zozs
001S
866y
968y
»ELY
T69Y
D6SY
([1:244
58cY
y8ZY
TBIY
080y
8L6E
SLBE
rLLE
TL9E
0iS¢E
:E 241
89¢g
5241
i4-244
090t
8s6z
[14-34
PSLT
14324
DSST
3444
ez
4544

4 224

0Y0r LiSo

BE6T
9EBT

LT

TEST

DEST
:24 29
9TET
L1429
j4 449
ozot
81s
s18

L

0TS
oy
S0t
Yoz

oY

S9%S

089S ' YYYYYYVYYYVYYYYYYLIOLOOLY YI ALY YY OO LYYYIYYYIO YOO OLOVLILIOLILLLOLISLIILOLIOVIOYILOY

LLOLIOLLYY S IO¥ DIV IIOYDYY D00VS IOV ILILLLOYYYIOSLIYOVY LIVOLOLOLLY LOOLLI Y Y SOOLOVYOVLODE DLV IOV LOL YV Y ILILILY
DI20LLIVIOYLLILLIDIVYYEC LY YYYYYYYVOLOVLIOOOLILOLYVYYLYIYOL Y OLLOY SV WY OLOY Y IV LYYIOVOVDYY LYYV YOVSDLIYIYIL
SLLLIJIYYVYYLILILYIOLYY LI LLLLLI ¥ SLOLI oYY OOV 2DV IOV VY LLLY YO Y ¥V ILLOI Y DOV OV OVLODDLOLIY Y LOY LY LLI LIV SYOLY
L¥IIYLOSLDS20LI0YI0¥DOL00 ¥ OOOLLLOYDYIVOLIOIYILLIYIYLLIDOLOLIILY OV OOLIDLOLIY DY S DLOYIODOVOYIOVLOLYIVIOD
YOOVELLOLOYOYIOYOVIVIIODOY IVIOLIDLVYYALILI OOV LOYIO¥ ILLLYOYOLO DOVOS LY IO LLIDOYODY YD LOLOVILIDYILYIDLYOVD
LY LODOYYOYIIALSLOYIIIOIYIOIALI 335 ALLIOVIY LOLLIYIDIOLOLOL Y OV IV LOL OLILLLOODLOLLOODYYODLOYOVYIVOLYOWYDYOOVY
OH5ILYOIYOYYDVLIIDIIN0LI3LIYIVOYYIOVIIILIIDYSILIYIID IDVIDVIVYOYIO IO LO0LLOLOYOOLLIYYYY.LLLLODYIDO YYIOYHLILY
5I5LOYOOLLSLYDIYOYIVILIDYIYILIDOVYDLOYIYIYOLIOLIVIDLLLY IO DI LYOYILS DOWV YO YV IVIOVY IDLLLLOYOLYD ¥OLODLIDOVY
DOYDS LY IOV SOYYOVY LOYOSLILLISLIOI YOOV I SLOSL YOV LI YIAL YYOYILOY IV VYO VO VY O LYY Y IVOVYVYYOVIOLOOVIOLLY YO LLLIOL
YOIV LLOYSIVYYYLLOSIYOYOY IV OV IOYS LLLOYOYOLLLOIVOOLLLLLYDLLOYY LI D OOL Y LI Y ¥ DOV YO VID00L YLDV LI LLYDLILOVOYILS
YIOYS200YDDLIDOY OV I IYYDDOLYYLOYOYIDOLLS LI LIS IVEIVED DOLLOYOVILIDIVYDLOLISOLOIYSIVIVOVOOVYIOLLOLOLLY
HD*D"'33&&&35&3V&YDYDSVSY?YDLSS&VVLYDV&J3&&9&5¥DIJJJVDGLBDDYSZDD&&DVVDDDﬁVDDLJLD&DDLL&DYLDSDQDlDYVDVY

sess A T T S (A N
SLIOOVYYD LYY YOO VS LY YD SLYYYOY LILIVIOIY LY LOYE D L0 ¥ OVISIOOVI DYDYOY YL LIVIOVYLOOLOYYLLOLODLOOLLO 2OLLOOYY
¥ 7 ¥ Y ¥ ® 4 & 5§ 8 I Y @ W 1T Y O dj]vy B A § N § 4 & D 3 § 4 ¥ § A 3
TR LY DYV OOL OOV OOY OV o501 00 00 LYo 001 ¥ AOL YOI DY YO YOV LOSIV VY LOVILOVY IOV 5003 0¥ I00 D 0¥ DOV ILLODOVILOLLLOYOY
A § Y 5§ & ¥ D & Y & ¥ & 2 &8 & 7T ¥ a & a a1 » 1T a3 dDP & ¥y a7 » &
YOS 5L 29YSLLOAL 00305 S00¥ I I800I¥ DYYIOYIDOII5IDLIDYIIS3OVISLLODNOILI I¥VOVYOVYOO YILIOVYYIVODLLLODY DD
¥ ®» 7T ¥ ¥Y R ¥y &4 S b 7 %8 3 § ¥ 37 5§ S|A % ¥ T £ 1 2 O § H_ D ™M I ¥ ¥ 71T

220059 5L0¥D0LISLYYIS 0L I0YDYSSLIOVIOYOLILIDNILIOSIYOLSLOOW NSOV ILS OOV ILILOYIIOLOY IYOLODDDOLLYIDDYIDELD

Y £ H]% 5 % ¥ 3 A A § 4 X X & ¥ 5 ¥ F 2 O 3 v i Aa@[aX w T 3 % ¥

o000 ol ¥ B oD SLOVOVOY DDOYHDLE DY LS DLV DOV Y Y OV YYD DOV ¥ODYYOYDLO DOV D YYDV IS IOV LOLYYOISOYYO0 I LIDOVY Y YO YDY
® 6 5 5§ B I ¥ 3 K 7 Y § B]7 § A @ ¥ & 1 & 3 D & A & 3 a2 3 ¥ X & 9 &
555YDDY LT 31 I¥ Do LISV VD0 ¥5L 00 0010% o¥ 00350 Y LOLYDYYYY SO LLoY I O0DW YYD LI Y OLOLII0 VY D LLOVYYYYOVYYODODDLLL
I s § &d 1T 3 aQvYabeoeaawxs1Ts 5 43I 3 ¥ IV T I I 2SI T I F X
SLYDDYS SIS IOYI oL IYIYDIYOYIO YOV Y ILOS LY DY IV IOV LIS MLA 0¥ oo DO YV YOO YOY DYDY DY ILOLYLIYIVLIOYLOYS LODOVIOIYYE
xasaaaa:noa;uvss@n'x:uasuuv:v'zavaaa
VYYD 0L 0SS5 50 0 00VEL oIV YYDV DS DY Y SOYISLOLINSIY YD IVELIVIVIOVODOLOLOVO LI I00¥O¥ IS0LLILIDLILIDSIOYIS
E Y X Q17T VO s 4afs s 5OV YD w5 I 3 DY TR IO DS D H A 5 A
¥ O0DYY OYDSLIY I00¥ DL ILIOY YA I LY IVY SLLY ¥ Y IDOVYYY S O¥Y IOV DY LOVYYDOVY YYD LVYILLLOS 1L DYDY OYOODLOLILLLE
2 @ ¥ B 5§ 5 4 &8 @ 7 4 2 5§ R ¥ E A Y Y &8 X @B as s o x 1 588 s 32
L185I¥DNOYIYSIDIL0LY oY IOV oL o LLI YIS SLOVYYOYIYII10LI0LS0 N DIYLOWDYY L IOVSOIVILOVYODS IV Y IV IOV IVY OIO0YE
Axanosvaabr.sansauanssa@aan:xouw:sn
YIOYYY S oI LY SO0 DOV DY SI0LIYY DS LOL00L IS DY Y IOV S DI 0110 LILIN YOV I IVYY IVDOoLY DYV LY IOV SODYY DDOVOYILINT

7 R 4 Y Y da X ¥ 3 & &8 § ¥ ¥ 7 ¥ ¥ 3 3 # O D ¥ 3 & ¥ X B & ¥ A A O
YT YYD S DL O DD LY L YO OO S OY S S oL S S L oL Y DY L0 LDV WY DOV SYY DL Y SLOLOWDIYYS LOVOOVY OOCYY IV OV ISYDVYILIDLOLYS
¥ BE o 3 & 4 5 X ¥ ¥ Y I ¥ F Y A 2 b 5B 5 2 ¥ ¥ b & 8 71T &4 3 I a3 & K
LY S LOVYYY S LS 00000 LY OV YOV IO YL 2D3DL 08D 1oL YLOY I 2OV S DI YOV DYV OVYY IID ODVY LIS SIIYIYSIYDYOVIYIIOLIYY
5 Y &8 A 3 A § DO F A X S ¥ 4 ¥ 5§ ¥ ¥ % ¥ 9T H Y D A ¥ 0D s ¥ &8 D D O a
LOLY DY DOSLOYYYE L 6L Ll 4ol DL DY IOV SIS S DY SO0 S 20V YOV OOV YOS YSDLIDYOY IDSDLIVIVY DDV IV ILI D0 LD 0¥ IOYIDOYISIl
i I A & J Yy ¥ ¥ K » R g D D & ¥ &8 ¢ &4 ¥ I I & 14 § 4 ¥ ¥ ¥ I 1 O 31 Y
LOY S OYS IOV Y DAL DOY DOOYYE LY NODI VY LY DY Y DOY DY S OVYYYYDY 2 OYOYIDNLOYIOIYIOY S OYSOLI D2 D000V YWY ILYLOVIDLOYDLDL
d » R 7 2 ¥ f W § B ¥ ¥ M 4 ¥ ¥ A ¥ ® I &8 & 1 @ & 3 A A ¥ § & & s 1I
5o O000L WY LIS OV LOYYYYDS VYO L VY )S 300V D0LILLOY OV Y Y O LOVY YYD S LI YL DOY S OLOVOYDYWOYYYE D10 LILIDOVIIYIOVO S SOLYLY
L ¥ § 9 c: K H 3 S A 7T B ®» 17 8 23 I 3 I Y ®» & § 72 S A 0 ¥ a X O ¥ KW 3
S OYOOYDOYYDS WYY S IV IV LI SLOVLLOS LYY DDV LD VYOl YOLIYDYYILY SOOI DL DY S OLOLSSOLOLOLYDDOY DR O LY ILOLDOVI.LVDYE

sxaaaxx:.;..t'xsxx'xeasss'zvbannsuadavsn
Yo LYW S DS LI OLL oL VY VY LY LYY O OY S L0000 LY LOVY DLIVDOLY LIV YDDDDDY LIS DDOYI 0D IYOLYILILOSIY S O¥S 303DV IOV ILIVY
ssaaxoauan:‘u'.tsu:snsvo.x.xxsnssonaxsx
SO DOYDYS LY DOYY LS LYOVOVYD S LY YD LOYSI0LIY DL OVYY LYY DS I¥DLODY I0DY DY DY DVYOVS LOY DY OLIYIDLLO0 Y IS IOVYYIDOYYY
@ ¥ ¥ ¥ 2 g @ 17173 5 A 7T5 1AL E&AIFTAIRIRI S IOY T3
IYOOYYY DDV YYD D DS LYY LYY LILL I DVYY DS L DY DI DY LLOYIYI S D OWOY YYD LLOYI DIV YO¥SIYYYYDIOL WDV OYYDIOYLLIDY
2 D B ¥ % ¥ R aB § ad ¢ 5 a0 a3 3 ¥ B & ¥ A & 3D S B X LD E &6
¥ OY S LYY DY DY oY VY IVOYY S SoLI DDA 5D 0400 O LY oL S ODY OV YO Y LoV DYDOVY Lo LIV S DOV OOV LY SOYS IOVDYILOLY IOl
7 B 5 ¥ D s ¥ 1 5§ 9 4 K 43 i YR O U S S5 47T H 5 Q43 I d S AT
YOOI ¥DYYY SO0V D05 Y IOV DD DS Y WY LLLLOY LOY O D01 VY O VY IO VO ¥ LOY I OLILLOLODDOY SIOVELILLS DDOVSLI¥HLILLLOYYD
D I 4 1 A 4 1 0 Qd A ® 5 a azi Y ab1s BES5 A5 KEAEKSITE S
9EE DIV LAY LoV S0 LY DYDIYDC L0051 OV L ¥OLS SOIVYIYIOOVYOVY IDLOLO YOV DVY SO YLOLOOLYY DI0 LI LIYYIDYYLOL DL IOV
i d 1 % A 8 ¥ 3 Ko 3 7 a3sx4d7T 3% Y1310 8 7T HH I I L& 7173 dac N
oY LYOY DYV LY LYY YYDV YOS LYYDOYY DS O DOV S LY LI LOYYOY DDLLI L OVOY OL¥ DY LLOY D IDDI OWII¥ LI YLD YOV YOLVOIYOIYY
2 & W 4 Y ¥ 3 3 ¥ % I 5 5 56555 %D K £ &5 3D 3517 3 41 5 Y 1
SOV DS oY SO IOV YOO LOVEDY YL OLIYY DL OOV YOOV LLODLOYYYYDN00S LY D LW S D I0Y DR VY Y IS DALODSLOYYOYOSLOVYDDIDDDLY

g D @ 5§ » a 3 2 @ &4 £ M ¥ @ X 5 ¥ mws ad P 5 a1T S I ¥YQ& & & 5 5 R
YOOV WD 1OV )OS YOV Y DOV OV OYIV S ISl Y VY VS OYY O DIY DY DIY OO Y DY OYY OV Y DYOLOVOOLITSOLIIVIDDIYOVIO IS OOLOLIDVELY
ASSﬂl&&ulS‘.‘LIISIYaAOSAQSISDBBQCQ'Id
SI00095 L OVO0YS S OVY OV OYNOV S LOIY IOV IVOYDOVALOVDY DD OV I 20 LOSYILIL ALOYDOIDDALYOOYDDLOYO DOYIDDLIOIDD20L0L.00
7 5§ 2 ¥ & 8 12 % § 1 ¥ § ®» Y 5 ¥ » & &2 L A & T A A G L a & & & X & &
£ SOV S DYV Y S o OYOYDLIDYOY LI OVDYS S OLLOS L0 DDOVYODOS LIS ALLS IVILSILO DOVONCYOLDLIYSYOYIYD IS DI OLD00¥IIDDY3S
da &4 & 7T A 170 a4 a d® YWY I © ¥ AaaudD e a b u o & A 3 F X ¥ R 2 3
S5 OC oI o oL IlOY LLOY S S DY O I0090 0L DY OY IDOVDY I DL DOVYYY DY O IDI 0DV LEDYDOLLOL! LOYOY OISOV YDOYIYYDVYDYYE
5 @ % % 8 N a A ar a5 aa advoovoaaecave v ENEIFEEEI> " c YD s
OV L YOO DO S OYY S SOOI Lo OOV Y SOV SOV S D0Y DY IV I IVOSIS SIS OI D0V I 0 2000 D00 VOV YDYYOYYOV I DLII VSLDOOYOYDL
£ 2 s ¥ X 2 5 A xadeo 22 x%xas adade s YIEEEEEEEE® oc s Xx u 5 a o
LY OIS D oL S IOV DY LY LOOVY DY OYY SLODOLISLIOOVY S 2 OLOYY IS IO SO 2L I02 20OV DV DD IOVYDVYDIVOIVILOVYDIVIILOLOYDD
s:@aas'zses':.:.'zsusx'xsdsnaLononuabes
LS IY VY DDDC LS Do 0L IS DL S SO LO0s LY OV LS SO LOS DL I Y IOLLI O LY I DY OLIVY IO YOV YOV LO IOL DO IV Y O LLOVOOODYDDLIL
vsxvau:nsuvos‘:a'lnav])lsusuxntxlanuau
WOOWSLOYYE N0 S DYDDYEIYOLOVYIYOY ISLOO YOl L DO0LL IV IOV LIOOVY LOY IV IOY DDYYYYIVY LDV VY DLl Y OO0 LI LILOYY
M ¥ ¥ X @ I ¥ @ R » 7 5§ § ¥ ¥ 4 B 3 ¥ ¥ R 0 » ¥ X 7 3 X I 5 7T I R 1
YD DYDY DYDY OVDYD LYD LYY OOl DY LY Sl Y Y Y Y OV L LO LYV YO YD YYDV OYY OVDDOL o0 LY LS L OOVDOVYOLVODOVIOYYILWYVOLD
£ % 5 7 § = § I ® ¥ A N a ¥ 2?2 7T I A BE X & X A 3 02 Y Y DI aa 17 18N
20lOWY IOl 0OVOD L INYOOYSOSS S 0LILOLYYOVIYDY LIS LIOLIVYSLSOVOYY OV S OO Y OIOoVY S LOLOYYC IOLO LIV SLOYO DS LOLIY LYY
D 7 4 A X & 5 A ¥ A A Y X D 1 ¥ 7 2 B A A 7T ¥ A B 3 ZT & Y X I T D @2
YO LYo LOOYDLI S I0VELODS SIS S oL DODYY DY Do IVYDOYS L OO LOVYS LOY IO LIOVOOYLESLOLYYYDYOLI L9V OOVYIODDOLIC
¥ A ¥ I ¥ & A ¥ T X 7T 1T A3 B A RT S H5 I T I R & V¥ A SF T 3D O 2 o3
YR L OWOYVYOY YD) LY YYYYOYYVOLILLIY LSOV IY ID LOIYYOLLO O LoD LLYD LLO DY LYY YO OO Y Y LLLLOVYELILI DS Y OY YO O DYOVD
£ £ 4 I 3 7 A BE H § 8 N 1T E N D 1 D0 17 X A 71 7T ad U K Y g S O 8 A A S
LD Ol OLYOYOVL IO LS DYDY SO LI IOIY YOI Y IOVYDYILLIDOLILO VY DLLOL LIV LS IV OIYDIVY DO DYO DOYODDLON LIOTLTLOY
xx'!ssauAA.x.xu'la.sﬂb'zv:xuxz\vsoasa'zav
LY OVYOYDOLIYODIOVISIOLILILDOLO DIV IIY DYOOLLO Y IOVIVYOVISLIYIOOYID YYD LY OV L OLODL O DOVYYIDY S D01 YODoI 0D OY LoD
a # &4 7T ¥ 0D 1 5§ H A R D ¥ ¥ ¢ ¥ 8 &8 & &8 4 ¥ ¥ ¥ X B X ¥ 92 J & & A Y
S¥SIYISIODSLOVYYDYDYYDIDYOYIOLOIYYDYD SLOIOYYYOSLIOLIDYODS SO0 LOC 2 20OVYD LYDYYDOVYDOYIYIIIDIDDVY SIS
¥ 7T ¥ ¥ & Y @ R ses
£305.1 oY IS Lo 0500 IYDS IV LIS I D03 DO VYDOVYIY IS D IDSILOVI T D20 IOY L0V IS S XD 00 00 IWDYS LY VOLOY VYWY DD IO DOVE

SIISUDSIOO NDZOD

LOYS
SOES
£0TS
T0TS
6669
L68Y
S6LY
£69Y
T6SY
(1:144
LBEY
HY:14 4
11144
1809
6L6E
LLee
SLLE
£L59¢€
TL5¢
697E
L9EE
SSTE
€9TE
T90¢E
656
LSBT
SSLT
£597
TIS8T
(3424
LPET
3 244
EPIT
T¥0Z
6E6T
L£87
SELT
£EST
TEST
[24 29
LTET
[ 1441
ETIT
ITO1
616

L18

SIL

TIS
60
LOE
50T
€01



Chapter

Fig. 16. - Nuclear localization of Cobl/8-Gal.

(A-C) Dorsal skin from E15.5 embryos. (A) Nuclear + cytoplasmic stain. Region
showing a mixture of expressing and non-expressing cells: the morphology of the
sub-cellular domains expressing B-Gal suggests that expression is localized to the
nucleus. (B) Nuclear stain only. Region where most cells are positive. The stain and
the X-gal precipitate clearly co-localized to thc nuclei: some cells arec negative
(small arrow): the staining may be cytoplasmic (large arrow) or delocalized when
cells are dividing (arrowheads). (C) Nuclear + cytoplasmic stain. Most cells are
positive but negative nuclei are visible (arrows). (D) Protein sequence upstrcam of
the Cobl/En-2/B-Gal fusion (numbers correspond to the protein sequence). Cobl
sequence is in bold type and onlyv En-2 sequence appears as plain twext. Two putative
nuclear localization signals in Cobl and [ in En-2 are indicated by subscript typing.
(E) Alignment of the nuclear localization signals from the 2 cobl small repeats and

from En-2 with a consensus nuclear localization signal.

Abbreviations: En-2: Engrailed-2: lacZ: B-Galactosidase.
Bare = 50 uM.
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nucleus and part of the En-2 sequence present in the fusion protein also contains a
potential nls sequence (Fig. 16 D. E). Therefore. the sub-cellular localization
observed in transgenic ceils could be due to an artifact carried by the hybrid
Cobl/B-Gal protein. Another motif is repeated three times at the C-terminal end of
Cobl. 1 could not detect any other motif such as a signal peptide sequence or any
potential transmembrane domain and overall. Cobl does not show any similarity to
any other known protein or motif.

The 3' untranslated region is [.3 kb long and contains 2 poly-A consensus
signals (Sheets er al.. 1990). with one. located [5 nt. upstream of the poly-A tail.

which is probably essential tor the poly-adenylation process.

Phenotype and mapping of the insertion

Upon crossing heterozygous mice. we recovered offspring homozygous tor
the insertion with the expected trequency (Table 11). Homozygosity was contirmed
by Southern blot analysis with the En-2 probe and for the males by breeding with
CDl wild-type females. Homozygous mice were healthy. presented no observable
phenotype and were fertile. The homozygous insertion is now maintained on
inbred 129/Sv and outbred CDI1/129/Sv backgrounds.

The C101/7 ¢cDNA was mapped using the Jackson Laboratories BSS [(C37BL.6JEi
X SPRET/Ei) Fl female X SPRET/Ei male] interspecitic backcross DNA pancl (sce
Material & Methods and Rowe er af.. 1994). It mapped to chromosome |1 between the
D1IBir3 (Rowe er al.. 1994) and DI11Hunl (McCarthy er al.. 1995) loci. It maps ncar
the Epidermal Growth Facror Recepror locus (EGFR - ak.a. the wg-2 mutation locus
and the ErbB oncogene). The cob! locus carrying the GT insertion was named

GtCl0! in accordance with mouse genomic nomenclature.

Cloning and mapping the human cobl

[ used the ftull sequence of the cob! gene to search for sequence homologics in
public databases. The 3' untranslated region and the end of the ORF allowed me to
identify human expressed sequence tags (ESTs) presenting a high degree of
identity with cob/. Sequence data from these ESTs revealed the sequence of the 3'
end of the human homologue of cob/ (Fig. 17 A. B). Some 3' untransilated regions
were 80% identical to the mouse gene and the degrec of overall identity is 73% in
the overlapping C-terminal portion of the ORF (Fig. 17 B). In the human ORF. the 3
repeats are present and show 75%. 95% and 100% identity to the mouse repeats (Fig.

17 B). The higher degree of conservation within the repeats suggests that their
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structures may have important roles. Furthermore. a gene from the ycast
S. cerevisiae (Toh-E. A.. 1996. Yeast mutants sensitive to local anesthetics.
Unpublished. GenBank #D78487) also contains a motif similar to the sccond repeat
(65% identity with mouse box-2) toward its C-terminal end: like Cobl it is also a
proline rich protein. However. the function of this protein is not known and no
other similarity was found with the rest of the yeast sequence.

The human ESTs were also used to map the human cob! gene. Mousc cobl/ maps to a
region of chromosome 1l which is syntenic to a portion of human chromosome 7p
where EGFR had already been mapped. Indeed. human cob/ also mapped to the same
syntenic region on chromosome 7pl2 (Fig. 17 D). The cobl loci on mouse
chromosome I or on human chromosome 7pi2 do not bear any mutation tor which

cobl could be a potential candidate.
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Fig. 17. - Cloning the human homologue of cobl!l.

(A) Schematic representation of the mousec cob!/ cDNA and human ESTs: the
ORF is depicted by a white box: the three motit repeats arc marked by grey boxes.
The numbers over the ESTs refer to their Clone [D number in the EST database. (B)
Alignment of the of mouse and human Cobl protein sequences. The three repeated
motifs are overlined and were named box-1 to -3: dots indicate conserved a.a. and
an asterisk indicates a stop codon. A yeast protein sequence containing a motif
with strong homology to box-2 was also aligned. The regions with distinct degrces
of homology (indicated in percentage) are separated by opposing arrowheads. (C)
Alignment of the 3 conserved motifs with cach other and consensus motif (capitals
for conserved a.a.. lowercase for most frequent a.a. and "-" sign for gap in
sequence alignment). (D) Chromosomal mapping of mouse and human cob/ to

syntenic regions.

Abbreviations: a.a.. amino acids: bp: base pair: EST: expressed sequence tag: kb:

kilobases: ORF: open reading frame: pA: poly-adenylation signal sequence.
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Chapter 3
DISCUSSION

Pattern of expression of cordon-bleu

The GtC101 gene trap insertion identified a novel gene. cordon-bleu (cobhli).
cxpressed in the node. the notochord. the gut and the ftloor plate. Although the
sequence of Cobl gives no clue as to its possible function. it joins a growing
number of genes expressed in midline axial structures

Expression begins at 7.5 days in a group of mesodermal cells located at the
distal tip of the embryo. in the node region. The node region in the mouse is
cquivalent to Hensen's node in the chick or the amphibian dorsal lip. which both
have the capacity to act as an organizer during embryogenesis by generating and
inducing in surrounding tissues the proper formation of the embryonic axis
(Spemann and Mangold. 1924: Waddington. 1933). The mouse node was also shown to
be able to induce embryonic axis formation in the mouse (Beddington. 1994: and
reviewed by Streit er al.. 1993). Subsequently at EB.5 expression of cobl was
restricted to the roof of the gut, the notochord and the floor plate of the ncural
tube. This pattern of expression is consistent with the close embryological
relationships between these tissue types. Fate mapping in chick (Sclleck and Stern.
1991) and mouse cmbryos (Lawson er af.. 1986: Lawson er af.. 1991: Beddington. 1994:
Wilson and Beddington. 1996) showed that cells of the definitive endoderm and the
notochord can originate from common precursor cells in the node. Further. it was
shown in the chick that. although the tloor plate of the neural tube may arise
later. it fails to torm in the absence of a notochord and that an ectopic graft of an
extra notochord can induce the formation of a second floor plate in the adjacent
ncural tube (van Straaten er al.. 1988. Placzek er al.. 1990). Mouse mutants lacking a
definitive notochord. like 7»i/Tw¢ (Herrmann. 1991: Conlon er al.. 1995) and ANF-33"
- mice (Ang and Rossant. 1994: Weinstein er ai.. 1994) do not develop a floor plate.
Many inductive interactions have been shown to occur between the notochord. the
floor plate (reviewed by Jessell and Dodd. 1992: Ruiz i Altaba and Jessell. 1993) and
adjacent mesodermal tissues at ditferent stages of development {(Dictrich er al.. 1993:
Koseki er al.. 1993: Pourquié er al. 1993). The expression of cob! in the node. the
notochord. the gut and the floor plate suggests that it may be involved in their
formation or in their inductive interactions.

An important issue is to determinec where cob! stands in the hierarchy of
genes already identified that are expressed in the same structures. Genes

displaying expression patterns similar to that of cob! but showing earlicr onsct of
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expression, may be part of the genetic pathway regulating its expression. At least
three transcription tactors. goosecoid. HNF-38 and Brachyury (T). are expressed
before cob/ in the mouse node. The potential transcription factor goosecoid is
cexpressed in the anterior part of the early primitive streak and the node (Blum e:
al.. 1992) and has been shown to have axis-inducing propertiecs in amphibians by
injection into ventralized embryos where it can rescue the formation of dorsal
mesoderm and notochord (Cho er al.. 1991). However the goosecoid gene is not
cxpressed in the notochord or the floor plate at later stages (Gaunt er af.. 1993) and
is not essential for node formation (Rivera-Perez er «f.. 1995: Yamada er al.. 1993).
The winged-hclix transcription factor HNF-3B is also expressed in the anterior
primitive streak and the node (Ang er al.. 1993: Ruiz i Altaba er al.. 1993b: Sasaki and
Hogan. 1993). It is ecssential tor notochord and axis formation (Ang and Rossant.
1994: Weinstein er al., 1994) and can affect normal patterning of the neural tube
(Sasaki and Hogan. 1994: Ruiz i Altaba er al/., 1993a). Because it is expressed betore
cobl! in the streak and the node. HNF-3B could be regulating cob/ expression. HNF-
38 is a good candidate for regulating cobl/ since its expression pattern is very
similar to that of cob!/ in the gut. the notochord and the tloor plate at E3.5. in the
liver at E9.5 and the gut-derived lung epithelium at EI2.5. However. some
expression of cob/ was still detected in HNF-38~- mutant embryos. probably in
endoderm ceclls (Ang and Rossant. 1994) suggesting that. at least in some tissues. its
cxpression is independent of HNF-3B. The Brachyvury transcription tactor is
essential for mouse notochord formation (Herrmann. 1991) and is expressed
throughout the primitive streak. the node and the notochord (Wilkinson er al.
1990). It possible role in the regulation ot cobl expression is analyzed in the next
chapter.

The TGF-B-rclated nodal (Zhou er al.. 1993). expressed early in the primitive
streak. could also be a component of the signaling pathway regulating cob/
expression. However. at the onset of cob/ expression. it is expressed in a domain
surrounding the node. rather than in the node itself where cobl! is expressed.
Furthermorc. nodal is also involved in the dctermination of the left-right axis and
expressed asymmetrically in the node (Collignon er al.. 1996). A similar asymmetric
expression was never observed with cobl. Finaily. the phenotype of noda!/ mutants
suggests that it is required for primitive streak ftormation itselt rather than axis
tormation (Conlon et al.. 1994).

The pattern of expression of Shh/vhh. one of the vertebrate homologues of

3

the Drosophila hedgehog gene (Echelard er af., 1993: Roclink er al.. 1994: Marti et al..
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1995: lIseki er al.. 1996). is restricted to the same axial structures expressing cob/ and
HNF-38. The onset of expression of cobl also coincides with the first expression of
Shh. Shh is a secreted factor important for the proper patterning of vertebrate
embryonic axes in the neural tube (Echelard er al.. 1993: Roelink er al.. 1994: Ekker
et al.. 1995: Chiang er al.. 1996) in the chick limb (Riddle er al. 1993) and in the
somites (Fan and Tessier-Lavigne. 1994: Johnson er al.. 1994: Fan er al.. 1995). Chick
Shh can induce ectopic expression of ANF-38 in the neural tube (Echeiard er al.
1993) and both genes may be acting through a common genetic pathway where
HNF-38B would be the primary signal tfor expression of Shh. However. some
endodermal expression of Shh occurs in HNF-38-- mutants (Ang and Rossant. 1994).
The spatial overlap of expression between these two genes and cohb/ suggests that
cob! may be part of the same genetic or developmental pathway.

The pattern of expression of cob!/ is also distinct from all other axial genes in
some aspects. At its anterior limit ot expression. there is no extension ol expression
from the midline into the rostral and lateral neural wbe. as occurs with ShAi and
HNF-33 (Echelard er al.. 1993: Roelink e al.. 1994: Ang er al.. 1993: Ruiz i Alaba er al..
1993b: Sasaki and Hogan. 1993). Cob! expression was seen in the AER of the limbs
but not in the zone of polarizing activity (ZPA) where ShAh is expressed (Echelard er
al.. 1993: Roelink er al.. 1994). Expression in the notochord persists at stages when
HNF -3 expression decreases (Ang er al.. 1993: Ruiz i Altaba er a/.. 1993b). and
expression in the gut is broader than that of Shh (Echelard er ai. 1993. Roclink e
al.. 1994). Expression in the somites has not been reported before for the genes
expressed in axial structures. Furthermore. the domain of expression in the somites
marks a distinct compartment that is not rcvealed by the expression domains of
myogenic factors or new bHLH genes such as paraxis {(Burgess er al.. 1993b) and
scleraxis (Cscrjesi er al.. 1995). Cobl may theretore play roles outside of axis
development and be regulated by ditferent factors than the axial genes. However.
the early pattern of expression of cob! strongly implicates it in events leading to

the formation of the embryonic axis.

Phenotype of the insertion

Although the pattern of expression of cobl is very suggestive of an
involvement in axis formation. we do not vet have any functional cvidence for
such a role. Mice homozygous for the GT insertion are viable and ftertile. There are
different possible explanations that can account tor the lack of phenotype

tollowing a GT insertion (sce general discussion in Chapter V). However. there is a
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significant amount of wild-type transcript in ho-23 ES cells homozygous for the
insertion. This result suggests that wild-type transcripts may be produced via
splicing around the insert. thus providing enough wild-type protein to rescue the
normal function. Thus. the lack of phenotype in homozygous mice need not mean
lack of essential in vivo function for the genc and further tunctional assays will

be needed to assess this result.

Cobl is a novel gene

Further insights into the role of a novel gene can be provided by its coding
sequence and its chromosomal localization. The gene identitied here was named
cordon-bleu (cob!) based on its pattern of expression. It mapped to the proximal
region of chromosome 11. where nco plausible related gene c¢r murtation resides.
Further. the sequence data available from the 5.5 kb c¢DNA demonstrates that the GT
vector inserted into a novel gene. Apart trom the human homologue of cob/ and
the short motif also found in a yeast gene. sequence analysis to date has not
revealed any similarity in sequence to any known protein or protcin domain.
including all the genes associated with the node and the notochord in other
vertebrate species. No further insight into the possible ftunction of the gene has

yet been provided by this analysis.

Even without knowledge of the tunction of cob!/. this GT insertion ot the /acZ
reporter gene into cohbh/ demonstrates the usefulness of the gene trap approach in
identifying novel genes. that could not be identified by homology with other
genes. as well as displaying their pattern of expression during mouse development.
[t also provides a new. easily detectable marker for phenotypic analyses. In the
next chapter. I have used the GiCl0l insertion as a developmentai marker to
analyze the eftects ot the Brachvury and Danforth's short tail mutations on early

node. notochord and embryonic axis devclopment.
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CHAPTER FOCUR : CORDON-BLEU EXPRESSION IN BRACHYURY AND DANFORTH'S
SHORT-TAIL MUTANTS.

INTRODUCTION

In the mouse. many classical mutations affect the development of skeletal
structures (Lyon and Searle. 1989). Skeletal abnormalities often result from defects
occurring during early embryogenesis. Mutations affecting the devclopment of
the notochord are particularly interesting because the notochord is not ecnly
important tor the tformation of axial skeleton but also for the patterning of
surrounding tissues during early organogenesis. Four semi-dominant mutations.
Brachyury (T). Danforth's short-tail (Sd). loop-tail (Lp). pintail (Pt) and a recessive
one. truncate (tc). affect morphogenesis of the notochord (Lyon and Scarle. 1989
and table 12). The T and Sd mutations have been more extensively studied. partly
because of their drastic effects on notochord development. The other murtations
present a weaker notochord phenotype. The Lp mutation likely affects posterior
notochord morphogenesis because of posterior primitive streak detects. The rc¢
mutation is recessive and involves random disruption of the notochord along the
anterior posterior axis. The P allele onlyv results in a reduction of the notochord
size and length and is only partially lethal. Mutations in the 7 and Sd genes have
strong effects on the morphogenesis of the notochord in both heterozygous and
homozygous embryos. They cause strong but very different phenotvpes resulting
from the lack of an intact notochord at different embryonic stages and thus
provide complementary models tor the analysis ot axial development and

patterning.

The Brachyury gene

The first mutant allele of the Brachyury gene. identified by Daobrovolskaia-
Zavadskaia (1927). is a large deletion encompassing the entire gene. The T gene
maps to the t region on chromosome 17. This region has been the focus of many
genetic studies. and since short-tailed heterozygous T+ mice are easily
identifiable. more alleles of the T gene huave been subsequently isolated. They
include other deletions and frame shifts resulting from point mutations or
insertion of cxogenous DNA. Mice homozygous tor mutations in the T gene dic at
mid-gestation from defects in the primitive streak resulting in the lack of

posterior axis elongation and allantois formation. The allantois fusion with the
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chorion is essential for the formation of the placenta and therefore survival of the
embryvo.

The earliest defects in Brachyury mutants appear in axial mesoderm. In
homozygous embryos. only a few notochord precursors are present at day 8.5 and
the notochord never tforms. Furthermore. somites do not form or are very
abnormal and structures posterior to the future tore limb position do not develop
normally. The notochord of EI10.5 heterozygous embryos is interrupted or altered in
the sacral and tail region thus blocking growth of the tail bud. The 7 gene was
cloned (Herrmann er al.. 1990) and encodes a putative transcription tactor (Kispert
and Herrmann. 1993) with cell autonomous function (Rashbass et ai.. 1991). The T
gene is conserved among vertcbrates (Schulte-Merker er al.. 1994). Its expression
in the nascent primitive streak and notochord is also conserved across species
consistent with a role for the T product in the development of these tissues. Mutant
alleles such as T<or TWis (Shedlovsky er a/.. 1988). encoding a truncated T protein
(Herrmann. 1991). have a stronger phenotype than T null alleles. suggesting that T
probably interacts with other proteins. Hetcrozygous mice carrving these alleles
are tail-less. Analysis of the T gene expression in 7% mutants suggested that the T
protein is only required for its own expression and for mesoderm formation after
day 8.0 (Herrmann. [991: reviewed by Herrmann and Kispert. 1994: and especially
by Beddington er al.. 1992). At this stage. electron microscopy analysis of early
mutant embryvos revealed defects in the structure of the node trom which
notochord precursor cells arise (Fujimoto and Yanagisawa. 1983). This observation
suggested that the T product could play a more direct role in the fate of notochord
precursors. independent of the phenotype observed in the primitive streak and

allantois.

The Danforth's short tail mutation

The Danforth's short-tail (Sd) mutation is the only known mutant allele for Sd
and it was isolated by C. H. Dantorth (hence Sd tor short-Dantorth) trom his stock
of "posterior duplication” mutant mice {(Danforth. 1930) and later described by
Dunn er al. (1940). The Sd mutation is semi-dominant lethal but could become almost
dominant lethal in the Bagg albino genetic background (Dunn er al.. 1940).
Variations in the severity of the phenotype in heterozygous individuals have also
been observed between the NMRI1 and C57BL/6 strains (Dietrich er al.. 1993). The
phenotype is mostly rcpresented by detects in axial skeleton and urogenital and

digestive systems in heterozygous and homozygous mice (Dunn er al.. 1940: Theiler.
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1988: Gluecksohn-Schoenheimer. 1943). Some lethality occurs among heterozygous
mice presenting cxcessive defects, whereas the phenotype in homozygous cmbryos
is stronger and always lethal. In heterozygous mice. there can be no tail at all. a
tail that may never excced half the normal length or any intermediate length. The
sacral region is shortened and occasionally the spine is crooked (scoliosis or
lordosis). onc or both kidneys may be missing or be smaller. Homozygous mice
have no tail. Their spinal column is shorter and there are no vertebrac posterior to
the second lumbar vertebra. Furthermore. they completely lack kidneys and have
an imperforate anus. no rectum but have a genuine cloaca. The bladder. urcthra
and genital papilla may be reduced or missing. Their survival up to birth is not
compromised by this array of defects and they can compete tor suckling with their
littermates. Necvertheless. they die from auto-intoxication within 24 hours of birth
because of their incomplete excretory system. The Sd gene and the molecular
alteration underlying the mutation are still unknown.

The earliest defect visible in both heterozygous and homozygous embryos is
the breakdown of the notochord starting at day 9 of development. In heterozygous
embryos. disruptions in the notochord first appear in the cervical and trunk
rcgion and then cxtend along the entire length of the notochord. By the stage
E11.5. the notochord has almost completely disappearcd. In homozygous embryos.
the same disruptions occur but the notochord is also abruptly interrupted in the
lower thoracic region and only tforms discontinuous fragments in morc posterior

positions.

Expression analysis in T and Sd mutants

The Brachyury and Danforth’s shori-rail genes have not been assigned to any
genetic pathway and no target gene for the T transcription factor has been
identiticd yect. Theretore. the molecular defects at the basis of the Brachyury or Sd
phenotypes are still unknown. There are not enough mutations or genes cloncd to
usc a direct approach to unravel genetic pathways or target genes. However.
cloned genes have been used as novel molecular and genetic markers to analyze
the phenotype of the 7 (Herrmann. 1991: Rashbass er al.. 1994: Dietrich er al.. 1993:
Conlon er al.. 1995) and Sd mutations (Koseki er al.. 1993: Dietrich er al.. 1993: Phelps
and Dressler. 1993). The detection of abnormal expression pattern in specific
tissues may help to understand the extent of alterations generated by these
mutations. More importantly. it may help to identify early effects on gene

expression and tissue patterning in mutant embryos. GT insertions now also
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provide a growing collection of easily detectable genetic markers that can be used
to analyze embryonic development.

[ used the GiC10! GT insertion of the /[acZ reporter gene into cordon-hieu
(cobl) as a genetic marker to analyze the early phenotypes resulting from
mutations in the Brachyury and Danforth's short-tail genes. The G:C!{0! insertion
was previously used to assist in the analysis of the phenotype of targeted mutations
in ANF-3f8 (Ang and Rossant. 1994). GTPase-activating protein (Henkemeyer er al..
1995). SHP-2 (Saxton er af.. 1997) and Gli-2 (Ding er al.. submitted). Cordon-hleu is
expressed in axial structures and in a variety of tissues whose formation or
patterning arc affected by the Brachyury and Sd mutations. Furthermore. the
onset of cob! expression in the node precedes the appearance of morphological
abnormalities for both mutations. The possible function of cob!/ is not known but its
expression pattern in mice carrying the GrC/0! GT insertion provides a versatile
and easily detectable marker to analyze the phenotype of mutations altering axis
development and embryo patterning. The aims of this study are to document
further the description of the 7 and Sd phenotypes and to analyze regulation of

cobl expression in mutant embryos lacking a notochord.
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MATERIALS AND METHODS

Mouse strains

Heterozygous [C57BL/10ScSn-T/+] mice (breeding pair with 7/+ male: Jackson
Laboratories) carrying the Brachyury T mutation (large deletion) were back-
crossed into [129/Sv/CDI GtCI10[/GiC10!)] outbred mice. T/+ short-tailed offspring
were genotyped tor GrCI[0[ by B8-Gal staining. Double heterozygous temale mice
were back crossed with [129/Sv/CDI1 G:Cl101:G:tC101] males to obtain [T. +:
G:Cl0!/GtC101] outbred mice. These mice were then maintained by back-crossing
into the [129/Sv/CD! G:Cl10/!//GtCIl0![] line and by inter-crosses between [T +:
GiC!01/GtC101] littermates.

[(T¥Wis/+:/+: GtCl101:GtC10!] mice were derived by back «crossing
[129/Sv/cp:TWisi+] mice (kindly provided by A. Shedlovsky and W. Dove) into the
[129/SviCD1 G:Cl01!G:tCl101] outbred mice.

[Sdi+: GtCI101/GtCl10!] mice. carrying the Danforth's shorr-tail mutation. were
derived from backcrosses between [C37BL/6By-Re Sd Vaj {NLR] N3] (breeding pair
with Sd/+ female: Jackson Laboratories) and [129/Sv:CD1 GtCl01/GtCl0!] mice.

The genotyping of the mice at the cobl/ locus was pertormed as described

previously  (Chapter IlI).

Brachyury TWYis mutant genotyping

Before the late head-fold stage of development. embryos homozygous tor the
Brachyury mutations are not distinguishable by morphology alone from their
littermates. Furthermore heterozygous embryos are not morphologically ditferent
from their wild-type littermates until EI[2.5 when tail growth is altered. At later
stages. the embryos' morphology provided a good criterion to determine their
genotype.

The sequence for the primers BGH-037 (5’ACGTTGCGAGCTGCTGCGGC3'). BGH-039
(53"ACCCATGTCAAACCCATCAG3") and BGH-052 (5’CCTATGCGGACAATTCATCTGS3) was
obtained from Dr. B. G.. Herrmann. The BGH-052/BGH-037 primer pair is specific to
the Tis allele and amplifies a 150 bp DNA sequence: The BGH-052/BGH-039 primer
pair amplifies a wild-type 200 bp DNA fragment absent in the TW' allele.

Extraembryonic membranes ftrom each embryo were lysed o/n at 353°C in 100
ul of non-ionic lysis bufter: 50 mM KCI. 10 mM Tris.HC1 (pH 8.3). 2 mM MgCl,. 0.1
mg/ml gelatin (Sigma). 0.45% Nonidet P-40. 0.45% Tween-20. supplemented with

Protcinase K at 100 pg/ml and stored at -20°C. One to 5 pl of each sample was
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denatured at 94°C for 10 minutes and used tor a PCR assay. Template denaturation
was donc at 94°C for | minute. annealing at 60°C tor 30 seconds and elongation at
72°C for 1 second in 35 cycles. Samples were analyzed after electrophoresis

through a 2.5% (1.5% agarose/1% Nusieve® agarose) gel.

Genotyping Danforth's short-tail

The molecular nature of the Sd gene and mutation are not known. Theretore.
no molecular assay is available to genotype embryos at the Sd locus. Hence.
genotyping relied solely on ecmbryo morphology and on the GrC/0/[ pattern of
expression. From day E8.5. | found anomalies in axial expression that seemed to
represent the homozygous class. but no further discrimination was possible at this
stage. At E9.0 however. expression in notochord presents large gaps in Sd.5d
embryos and is fragmented and branching with the neural tube or the gut in Sd7+
embryos. At later stages. differences in expression are more conspicuous and
morphological defects also become apparent. Overall. GrC/0/ expression domains
provided good criteria to differentiate heterozygous. homozygous and wild-type

fittermates at stages when morphological defects are not yet visible.

Beta-galactosidase detection in whole mount embryos

The protocol ftollowed was slightly ditferent from the procedure used 1n
Chapter [I or [III. Embryos were dissected from the wuterus in cold PBS
(supplemented with Calcium. CaCl,.2H,O at 0.133g/liter. and Magnesium. MgCl,.6H,0
at O.lg/liter) and scparated from their extraembryonic membranes. When it was
necessary to use the extraembrvonic tissues for genotyping. embrvos were
dissected in individual drops and kept separated throughout the entire staining
procedure.

Embryos were fixed in PBS containing 0.2% gluteraldehyde (Fisher) or 3.7%
formaldehyde tor approximately 5 to 30 minutes according to the stage of
development: E7.5 (5 min.) E8.5 (10 min.). E9.5 (15 min.). E10.5 & EILL3 (30 min.).
E12.5 or older (2 hours). Embryos were then washed 3 times in Wash buffer (0.1M
sodium phosphate. 2 mM MgCl,. 0.2% NP-40) and stained o/n in the dark at 37°C in
X-gal bufter (Wash buffer containing 0.5 mg/ml X-gal (Vector Biosystems). 3 mM
K:Fe(CN)g¢ and 5 mM K Fe(CN)g). Embryos were post-fixed in Wash bufter

containing 3.7% formaldechyde and preserved in the same buftter at 4°C.
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Whole-mount alizarin red/alcian blue bone and cartilage staining
Embryos were dissected out on embryonic day 17. After removali of
extraembryonic tissues aad viscera. embryos were fixed in 95% Ethanol o/n in
scintillation vials. The skin was removed before incubating in alcian Dblue
(Sigma)/acetic acid/ethanol (150 mg/L in | vol/4 vol. of glacial acetic acid/95%
ethanol) for 48 hours. Embryos were then rinse in 93% ethanol for a tew hours and
incubated in 2% (w'v H-Q) potassium hydroxide (KOH) ftor 24 hours. The solution
was replaced by 1% KOH containing 75 mg/L alizarin red-S (Sigma) for 24 hours.
Embryos were cleared in 20% glycerol (viv) 1% KOH for a week. changing the
solution daily and finally transferred to 350% glycerol/530% ecthanol tfor

photography and storage.

Clarification of the embryos
Embryos were dehydrated through serial washes in Methanol at 25%. 50%,
75%. 80%. 95% twice and 100% methanol and then cleared in benzyl alcohol

benzy! benzoate (1:2) just prior to photography.
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RESULTS

The GT insertion into the cobl gene provides a novel genetic marker to

study axis development and embryo patterning

No phenotype has been observed to date in embryos and mice heterozygous or
homozygous ftor the GrC/0! GT insertion (see Chapter 3). It is therefore a viable
marker that should not interfere with embryonic development in control or
mutant embryos. The E£E. coli lacZ reporter gene has been shown to be innocuous
during embryonic development and the enzymatic activity of its product is easily
detectable in vivo. Expression of cobl during early embryogenesis (described in
Chapter 3) makes it a suitable marker to analyze the phenotype of notochord
developmental mutants.

When introduced into the 7T or $4 mutant strains. GrC/0/] caused no variation
from the expected ratio of embryos trom [T/+ x T:/+| or [Sd/+ x Sd/+]| intercrosses
(see Table 13 A & B. 13 A and 14). regardless of whether the mice were
heterozygous or homozygous for G:Ci0/!. Expression of cobl persisted in mutant
embryos thus permitting its use as a marker. Unless specified otherwise.
intercrosses between mice homozygous for the G:C/0[ allele and heterozygous for
onc of the mutant allefe were used to produce control and mutant cmbryos.
Therefore. the embryos described here are always homozygous for GiC/0/ and the
terms wild-type. heterozygous or homozygous usually reter to the genotype at the T

or Sd loci.

Expression of cobl in the axis of mice carrying the T and TY‘smutant

alleles of the Brachyury gene

The expression of cobl was analyzed between E7.5 and E11.5 (sce Table 13 A.B)
in embryos carrying the original T deletion (Dobrovolskaia-Zavadskaia. 1927) or
the TWis allele (Shcdlovsky er al.. 1988). T is a complete deletion of the Brachvury
genc and TW¢s allele encodes a truncated protein. Because the phenotype of TWes
heterozygous and homozygous mutants is more scvere than that of T mutants, it has
been suggested that the 7% truncated protein may intertere with the wild-type
protein in heterozygous and with other peptides normally interacting with 7 in
homozygous cmbryos (Herrmann. 1991). [ found the same phenotypic difterences

observed previously between the 2 alleles. i.e. lesser development of the somites
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and tail bud. Expression in extraembryonic endoderm was not altered by these

mutations.

Table 13.
No. of control and Brachyury mutant embryos analyzed for cobl expression

A: Embryos collected from [7/+] intercrosses!

No. embryos : % of total

# embryos !
Stage (# litters) +/+ | T/ + T'T } n.d.
E7.5 35 (6) 28 79% . 6 18% ; 1 39
ER.5 43 (5) 13 30% | 18 42% | 12 28% |
E10.5 18 (2) 3 179 9 50% 6 33% :
Total 2 96 16 26% | 27 44% | 24 25% 1 1%

B: Embryos collected from [TWis/+] intercrosses!

No. embryos : % of totwal
# cmbryos i

1
Stage (# litters) +/ + TWisj 4 i TWeTWis n.d.
! !
E7.5 48 (6) 8 179 23 18% ; 15 31% 2 49
E75 GiCloli+ 17 (2) 6 354 9 539 ; 2 129
E8.5 20 (2) 5§ 25% 10 50 + 3 15%
| !
E9.5 14 (2) 3 2% 9 64% | 2 14%
E10.5 27 (3) 7 26% 12 44% ' 7 269% 1 1%
Ell.5 8 (1) 2 25% 5 63% @ 1 13%
Total 2 134 31 23G 68 51% . 30 229 . 3 2%
1 All embryos were GiCIl01/GtC10!I carrier. unless specitied otherwise.

Another 17 [Ti+: GtCl0I/+)] and 30 [TWisi+: GiCI01/+] embryos between Ei0.5 & El4.5 were
generated when testing {T(or TW)/ +: GtC101/G1C101] males by breeding with wild-type
CDl.

Cobl onser of expression
[t has been previously reported that the node of 7/7T embryos has an abnormal
morphology at the early hecad fold stage (Fujimoto and Yanagisawa. 1983). Since

cobl's ecxpression appears beforc the first morphological defects reported for T or
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Fig. 18. - Expression of cobl! in the node of Brachyury mutant
embryos.

Expression of cordon-bleu (cobl) as revealed by detection of the COBL (-Gal
fusion protein activity in the node of control and mutant TWis/TW's embryos at the
late streak (A) and early head fold stage (B. C). The genotypes of the embryos are
indicated in the figure. (A) Lateral view with anterior to the left. Expression in the
node of the wild-type embryo (left arrow) is already strong in the node whereas it
is much reduced in a slightly older mutant embryo (right arrow). (B) Lateral view
with anterior to the right. The node (arrowheads) of the wild-type embryo is a
clear morphological structure at the tip of the embryo. In the 2 mutant embryos.
this structure appears missing and the expression area of cob! is consequently
reduced. (C) Ventral view of the embryos shown in (B) with anterior to the top.
Fewer cells expressing cob/ are present in the region of the node (arrowheads) in
mutant embryos. and they do not outline the node as a distinct tissue as in wild-type
embryos. Expression in the anterior midline is present in all embryos (arrows in B
and C). However. in the two TWis/TWis embryos. it did not condense in the axis proper

and probably represents mostly endoderm expression.
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TWis homozygous mutants. [ analyzed B-Gal activity in the node of E7.5 control and
mutant embryos from intercrosses between [T/+: GtCI0!//GiCI0]] mice or {TW'' +:
GiCl01/GtCI10!]. A phenotype could be detected in all homozygous E7.5 embryos
(n=13). At the late streak stage. no difference could be detected between wild-type
and heterozygous embryos at the onset of cobl/ expression. In homozygous embryos
however. cob! expression was delayed or reduced in the node region (Fig. [8A).
Nevertheless. weak expression was still detectable (Fig. 18A). suggesting that the T
transcription factor is not strictly required for cob! expression. [ observed the
same early defect of cob/ expression in the node of T%is/TWis embryos (n=2) from 2
litters heterozygous tor the G:C 10! insertion (data not shown). Therefore. the
alteration of cobl expression is likely to be due solely to the eftects of the TW:»
mutation. At E7.5. 20% (n=7) of the embrvos trom [T:+; GetC{0[:GiCI0I] parents
showed altered cxpression of cob! in the node ( data not shown). However. { did not
genotype embryos carrying the T allele because genotyping by PCR is not as
conclusive as for the TW's allele.

At the head fold stage. cobl! expression anterior to the node appeared in all
embryos but axial condensation was less prominent in homozygous embryos (Fig.
18 B & C). Most of the B-gal activity appeared to come trom the definitive endoderm.
consistent with later expression in the gut and the failure of notochord precursors
to populate the anterior midline. Fewer cob! positive cells were detected in the node
region of homozygous embryos. and they appear scattered (Fig. 18C). The node size
was also considerably reduced at this stage when compared with wild-type embryos
(Fig. 18 B). It corrcsponds to the stage at which morphological detects were
previously identified in the node by eleciron microscopy (Fujimoto and
Yanagisawa. 1983). It is not clear whether the node is completely missing or if a
sub-population of node cells is absent or incorrectly patterned. This deficiency in
cob! expressing cells represents the earliest defect detected in Brachyury murtant

embryvos.

Cobl expression in the axis

At E8.5 (n=3 TWis;TWis: n=12 T/T) cobl expression was restricted to anterior
structures and dorsal gut endoderm (Fig. 19 A-E). In some embryos. groups of cclls
resembling notochord segments were also observed in the anterior midline of both
T!T and TWis;TWis embryos (Fig. 19 C and E). The node itself. as detected bv cobl
expression in wild-type littermates (Fig. 18). was either totally absent or smaller

and of abnormal shape. It was also found at a more anterior position when in
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Fig. 19. - Expression of cobl in the axis of Brachyury mutaat
embryos.

Expression of cordon-bleu (cobl) as revealed by detection of the COBL/8-Gal
fusion protein activity. The genotypes are indicated in the lower left cormer. (A-E)
10 somite stage 8.5 dpc embryos. (A) Wild-type embryo presenting the full cob/
expression pattern. The induction of the liver (L) and the chordoneural hinge
(cnh) are distinct. (B. C) Lateral and ventral views of a T:/7T embryo. The
development of the posterior trunk and allantois are much reduced. Most of the
detectable expression is in the gut. liver (L). wventral midbrain (vmb).
Condensations of cells (possibly notochord precursors) are also visible in the
anterior axis (np in C). (D. E) Lateral and ventral view of a T%:/T%>s embryo (E -
higher magnification after removal of the heart). Although posterior devclopment
of this embryo is more severely affected. expression remains similar. (F. G) 9.5 dpc
embryos. Expression is maintained in the gut endoderm and developing liver.
Expression in the ventral midbrain was sometimes missing (G). (H) 11.5 dpc
embryos at the time of embryonic death. Posterior structures arc completely
missing but expression of ceb!/ remains in anterior structure. Expression has also
appeared at an appropriate time on surface ectoderm dorsal to the hindbrain (big
arrow) and in the anterior olfactory placode. The forelimb is present but small and
has an abnormal morphology (white asterisk). (I Cleared 10.5 dpc embryvo.
Expression was only seen in gut endoderm and liver. Some cells dorsal to the gut

could represent remaining notochord precursors (arrowhead).
Abbreviarions: Al: allantois: c¢nh: chordoneural hinge: hg: hindgut: L: liver:

np: notochord precursors: op: olfactory placode: Ph: pharyngeal pouches: Th:

tailbud; vmb: ventral midbrain.
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control embryos it is moving posteriorly with the regressing streak. Expression of
cobl was not detected in the ventral midline of the neuroepithelium. consistent
with the inability of mutant notochord to induce ftloor plate. However. expression
of cobl could still be detected in midline ventral midbrain cells (Fig. 19 B x D).
Induction of expression in the forming liver was timely and comparable in level
with control embryos (Fig. 19 A-E).

At E9.5 (n=2 TWis/TWis) expression of cob/ remains mostly restricted to the gut
endoderm, the liver and ventral midbrain (Fig. 19 F-I). Homozygous embryos could
be collected up to the stage of embryonic death. between Ei0.5 and Ell.5 (n=8).
Anterior structures appear normal but development of the forelimb and posterior
tissues was always altered in homozygous embryos. Expression of cob! in the
anterior dorsal neural tube also appeared normally at El1.5 (Fig. 19 H). Expression
in the gut remained normal but the hindgut structure was greatly altered by the
lack of posterior development. Expression in the ventral midbrain could be normal
(Fig. 19 H). whereas in some embryos only weak (Fig. 19 F) or no expression (Fig. 19
G & I) could be detected. Overall. expression in all tissues was weaker in TWis/TWis
embryos. The lack of somites and the posterior truncation did not permit further
analysis of cobh! expression in homozygous embryos. The structure of the trunk
notochord was also altered in 2 TW</+ embrvos. One embryo showed interrupted
axial expression in the trunk (Fig. 23 J) and another. branching of the notochord
with the gut (Fig. 21 R). Abnormal expression of cob! in the somites of other
heterozygous embryos further suggests the occurrence of trunk notochord defects

(sec below and Fig. 23).

Expression of cobl in the axis of mice carrying the Danforth's short-

tail mutatien

The GiCl10! insertion does nor alter the Sd phenotvpe

In order to confirm that the G:rC/0! insertion did not interfere with the Sd
phenotype. [ analyzed the penetrance of some skeletal detects in mutant embryos
with or without the GrC/0! insertion. [ dissected 6 litters from [Sd/+. GtCl101:GtC101]
parents and 7 litters from [Sd/+; +/+] parents at E17.5 (Table [4 A). At this stage.
morphological defects alone (e.g. tail and body length) indicate the embryos'
genotype. I processed all the homozygous and subset of heterozygous and wild-
type ecmbryos for bone and cartilage staining. [ scored embryos for their number

of ribs. vertebrac -with and without an ossified centrum. and neural arches.
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Because heterozygous mice often develop only one kidney. I scored the number of
kidneys in sacrificed Sd/+ adult females as a criterion for the penetrance of the
phenotype. All mutant embryos had no visible nucleus pulposus (notochord-
derived) in intervertebral discs and no dens on the axis vertebra (C2). All
heterozygous embryos had 13 ribs and an ossitfied centrum in the atlas (Cl).

[ detected no significant differences in the expressivity of the phenotype
between the two groups (with or without the G:C/0! insertion) (see Table 14 B).
Furthermore. the numbers are comparable to previous observations (Koscki er al.

1993: Dietrich er al.. 1993).

Table 14.
Penetrance of the Sd phenotype in GtCl01/Gt:CI01 mice

A: No. of embryos analyzed for skeletal defects!

No. embryos : (% of total)
# embryos
Stage GrCl10! locus (# litters) +/+ Sdi+ Sd/Sd
E17.5 +/+ 2 49 (7) 13 27% 22 45% 14 29%
" GtClo11GiCl0l 38 (6) 7 18% 21 35% 10 26%
Total 87 20 23% 43 49% 24 28%

B: Comparison between skeletal and urogenital defects?

b
Sd locus Sdi/Sd Sdi+ i +: +
cobl locus | GICIOIGICIO] it GICI01/GICI0] N
(n=10) (n=13) (n=17) (n=22) :
Ribs| 11.2 +1.4 | 11.9 +2.0 13 +0 13 +0 13 +0
Vertebrae 189 +3.2 2000 +1.8 30 +2.5 33 +2.4 61 +2.0
Centrum n.d. n.d. 21 +3.0 225 +4.4 25 +£3.0
Neural arches| 22.0 +4.0 246 +1.0 30 +19 325 +1.7 n.d.
Missing kidney? N.A. NA. 7 (22%) 2 (22%) -
(n=32) (n=9)

! Alcian Blue (cartilage) and Alizarin Red (bone) staining.
The [Sd/+; +/+] parents were derived by backcrossing [Sdi+; GiCI101/GrCI0/] mice into the
129 Sv/cp background.
3 Mean value and standard deviauon are indicated.
Analyzed in adult Sd/+ temales.
Abbreviations: n= sample size: N.A. not applicable: n.d. not determined.

[8)
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Cordon-bleu expression in the axis

Expression of cob! was analyzed between E7.5 and EI2.5 in control and mutant
embryos of [Sd/+: GtC101/GtC101] parents (see Table 15). The embryos' genotype at
early stages (up to day E10.5) could only be inferreed from the pattern of cob!/
expression or at later stages from morphological traits. However. the ratios
observed and the correlation between cobl expression and morphology proved that
GtC101 is a reliable marker to classify embryos into genotypic groups.

At E7.5. in 45 embryos from 6 different litters. no change in cob/ ecxpression
could be detected. At E8.5. 70 embryos from 10 different litters were cxamined.
Before the 10 somite stage and twrning of the embryo. no distinction could be made
between control and mutant littermates (38 embryos). However. in some cmbryos
the notochordal plate cobl! expression appeared reduced in width or discontinuous
and did not show the homogenous structure observed in wild-type litters (data not

shown).

Table I5
No. of control and Sd embryos analyzed for ceb!{ expression!

t

No. embryos : % of total
# embryos !

t

Stage (# _litters) “i+ L Sdi+ | SdiSd | nd.

E7.5 40 (6) n.d.?

E8.5 < 10 somites 38 (5) n.d.? |

E8.5 > 10 somites 32 (5) 26 g1 6 19%5 139

E9.5 52 (6) 10 19% 32 62% 10 19% i

E10.5 40 (3) 6 15% 24 60% 9 23% | I 34
" GiCl1011+ 31 (4) 6 19% 19 o6l% S 6% | 1 3%

Ell.5 12 (3) 3 25% 7 38% 2 7%

El12.5 9 (1) 3 33% 3 33% 3 33%

Total 254 28 19% 85 59% 35S 20% 3 %

I All embryos were GtC/0//GiC10! carrier, unless specified otherwise.

i All embryos displayed similar staining patterns.

No difference was found between wild-type and heterozygous embryos.
In 32 morc advanced E8.5 cmbryos (from 10 somites stage). and especially
after embryos had started turning., the structurc of the notochord was clearly

altered (n=6. Fig. 20 A-F). Cob! expression along the axis of thcse embryos was
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Fig. 20. - Expression of cobl in the axis of Danforth's short-tail
matant embryos.

Expression of cordon-bleu (cobl) as revealed by detection of the COBL 8-Gal
fusion protein activity. The genotypes are indicated in the lower left corner. (A-F)
10 somite stage 8.5 dpc embryos. The notochord (nt} is poorly condensed and does
not form a clear srtructure in candidate Sd/Sd embryos (B. C). (D-F} Higher
magnification of (A-C): note the gaps in axial staining (arrows in E and F). (G-] %
N) 15 somite stage 9.0 dpc embryos. (G) wild-type embryo with a well developed
chordoneural hinge (cnh) and a clear separation between the gut (g) and the
notochord:/floor plate ({(nt/fp) (arrows). (H) Sd.+ embryo with incomplecte
cxpression in the cnh (arrowhead) and an abnormal notochord. branching with
the gut (arrows). (I) Sd/Sd embryo presenting the same detects as Sd/+ ecmbryos: in
addition. expression in the notochord and ftloor plate are interrupted (arrows). (J.
N) Cleared Sd’'Sd embryo. (J) The notochord (arrows) and the tloor plate
(arrowhead) are interrupted. (N) Higher magnitication of embryo in (J) showing
diminution (arrow) and interruption (arrowhead) of floor plate induction
consistent with more severe defects in the notochord. (K-M) 9.5 dpc embryvos from
the same litter. (L) Lower levels of ftloor plate induction in the lumbar region
where the notochord branches with the gut (arrow). Expression in the somites
first appears (arrowheads in K. L). (M) The notochord/tloor plate staining 15
interrupted (arrows): no somite expression is detectable. (O-T) 1215 dpc embryos.
(O.R) Strong cob! expression in the posterior notochord (white arrowhead in R)
and in intervertebral discs (iv discs. arrows in O and R). (P. S) The notochord is
highly disorganized (arrowheads in S) and seems ectopic when compared to iv
discs (arrows): the iv discs are missing in the cervical/thoracic region (between
arrows in P) and smaller in the thoracic/lumbar region (white arrow in S). (Q.T)
No notochord was detected: the body axis is truncated in the thoracic lumbar
region and the neural tube became kinked and folded ventrally in the lumbo-
sacral region (arrows in T):. none or little iv disc expression is detectable in the

cervico-thoracic region (between arrows in Q).

Abbreviarions: cnh: chordo-neural hinge: fp: floor plate: g: gut:

HL: hindlimb: nt: notochord: Tb: tailbud: vmb: ventral midbrain.
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weaker and appeared disorganized. A clear reduction in the density of axial
staining in the middle trunk region prefigured the later notochord defects (Fig. 20
E & F). Cross sectioning of these embryos revealed abnormal cob/ expression in the
three germ layers. Expression in the roof of the gut was not continuous along the
A-P axis. The notochord was interrupted or some segments did not express cobl.
Induction of cob! expression in the floor plate was very reduced including levels
adjacent to notochordal cells (data not shown).

Between the stage E9.0 and E9.5. wild-type. heterozygous and homozygous mice
could be easily identified after analysis of cob/ expression (Fig. 20 G-N). I[n
heterozygous embryos. the notochord extends along the entire axis and expresses
cobl from head to tail bud. but its structure is very abnormal. It is interrupted by
constrictions and often branching wventrally to contact the gut. The constrictions
are localized to anterior notochord and posterior to the thoracic region. whereas
branching occurred more frequently and at any position along the notochord. The
notochord posterior end. in the tail bud's chordoneural hinge, is reduced. The
induction of the floor plate. although wuneven and weaker than in wild-type
littermates. has occurred along most of the axis. Differences in the pcnetrance of
the phenotype could be observed between individual embryos. Homozygous
embryos were identifiable trom stage E9.0 (Fig. 20 [) by loss of expression in the
notochord and the adjacent floor plate. Wherever present. the notochord was
irregular and branching with the gut or the neural tube as in hecterozygous
embryos (Fig. 20 M & N). [t was also abruptly interrupted at thoracic levels and. in
more posterior regions. presented discontinuous fragments which nevertheless
reached the tail bud. The notochord bud of the tail bud was generally reduced or
absent in hecterozygous cmbryos and absent in homozygous embryos (sec below).
The induction of the floor plate also ended at the level of anterior notochord
truncation (Fig. 20 J. M & N). Posterior expression of cob! in venitral ncural tube
was only distinct in some arcas overlying notochord (Fig. 20 M).

At E10.5. morphological defects of thc tail became a clear indicator for
homozygous ecmbryos (n=9). Their tail is shorter. thinner and often kinked:
embryos are also shorter and often had back lordosis (Fig. 23 C-E). In homozygous
embryos. almost no notochord expression was detectable except in the hindlimb
and tail region. Anterior notochord was absent or had become incorporated into
the forming vertebrac and expression in the tloor plate barely extended beyond
the liver anlage. Some cmbryos had a less severe phenotypc and showed wecak axial

expression in trunk and lumbar regions (Fig. 23 C). Defects in the somitic
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patterning of homozygous embryos became evident at this stage (see below). The
notochord deteccts observed at E9.5 persisted in heterozygous embryos.

Between stages EII1.5 and E12.5. the tail of heterozygous embryos became
thinner than in wild-type littermates and the genotype of all embryos could be
determined without doubt. The tail in homozygous embryos (n=5) had become very
thin and did not cxpress cob/. At these stages. axial expression in wild-type
embryos has become restricted to the forming intervertebral discs and the
notochord disappears within forming vertebrae in an anterior-posterior gradicnt
(Fig. 20 O.R). Expression was absent from anterior and diminished in posterior
intervertebral discs of heterozygous embryos (Fig. 20 P). In the lumbar region.
only small fragments of notochord could be identified but they were not located
between vertebral segments (Fig. 20 S). In homozygous embryos. only a few and
weak thoracic intervertebral discs were visiblc and the notochord is totally absent
(Fig. 20 Q.7). The numbers of intervertebral discs detected (determined by their
most hindmost level of expression) corrclates with the numbers of vertebrac
counted in E17.5 in Sd/+ and Sd/Sd embryos skeletal preparations (see Table |5 B).

Dorsal cxpression in neural tube of all embryos was comparable (Fig. 20 O.P.Q).

Expression of cobl in the tail bud of Brachyury and Sd mutant embryos

The nature of the tissues composing the vertebrate tail bud has long been a
controversial subject among developmental biologists. Holmdahl (19257 1939)
proposcd that the tail bud was made of an unditferentiated blastomere but Pasteels
(1939; 1943) argued that it was highly organized and that the different germ layers
were organized around the chordoneural hinge (CNH) structure (Pasteels. 1943).
Holmdahl's model suggested that the three germ layers of the tail arose de novo by
a process namcd 'sccondary body development” and Pasteels proposed that the
morphogenesis of the tail was in direct continuity with gastrulation ("primary
body dcvelopment”) and that the CNH was the perpetuation of the primitive streak.
The former theory still reccives support (Griftith er al.. 1992), but more rccent data
now favours the latter model. The existence ot the chordoneural hinge structure is
supported by the domains of XBrachyury and Xnorl expression in the frog tail bud
(Gont er af.. 1993) and by cell lincage analyses in avian and mouse tail buds (Catala
er al.. 1995: Wilson and Beddington. 1996). The vertebrate CNH probably represcnts
the continuation of the node/primitive streak into the tail as it has also been

shown to have axis inducing activities (Gont er af.. 1993: Catala er al.. 1995). Cob!l is
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expressed continuously in axial structures of the trunk and tail as the latter grows
posterior to the allantois from ES8.5. Interestingly. cohbh! expression also marks
Pasteels's chordoneural hinge structure in the tail bud. and thus supports
arguments depicting the organization of the tail bud as a continuation of trunk
axial structures.

The morphogenesis of the tail bud is affected in heterozygous Brachyury and
Sd embryos. and in homozygous Sd embryos. As a result. mutant mice are born with
a shortened tail or no tail at all. I analyzed cob/ expression in control and mutant
tails to investigate the effects of the Brachyury and Danforth's short-tail mutation

on CNH and tail morphogenesis.

FExpression of cobl in the tail bud of Brachvury heterozygous embryos

On the basis of their morphology. T/+ or T¥'/+ embryos are indistinguishable
from their wild-type littermates before E11.0. However. trom the formation of the
tail bud at stage E8.5. | detected abnormal cob! expression in the CNH of T%is 4+ and
T/+ embryos (Fig. 21 A-G). The notochord bud (its posterior end) is smaller in
mutant cembryos (Fig. 21 A-E). Moreover. the lateral width of the CNH is reduced
(Fig. 21 F. G). and axial expression of cob/ did not extend to the tip ot the tail bud as
in wild-type embryos (Fig. 21 A-E). At this stage. it is not clear whether mis-
expression posterior to the CNH is a primitive streak or a hind gut detect. The
persistence of these defects at E9.5. suggested that it was not a mere developmental
delay in hecterozygous embryos. but a reduction of the notochord bud and tail gut
structures illustrating incomplete CNH formation (Fig. 21 H-L). In the most scvere
cases. expression in the tail is limited to weak axial staining no longer outlining
any CNH structure (Fig. 21L). The lack of cxpression in the tail tip appcared morc
clearly as a gut defect at this stage (Fig. 21 | & L)
From day 10.5. differences became apparent between the tails of T + and T*'v +
embryos. T/+ cmbryos grow a tail to ditferent length. varying from no tail at all to
a shorter tail (up to 3/4 of normal length): T%/s/+ embryos however. always develop
into tailless mice. In T/+ embryos. the notochord stopped at any position trem the
lumbar region to the tip of the tail (Fig. 21 N-P). When the notochord extended to
the tail bud however. cob! expression was never found in the notochord bud of the
CNH unlike in wild-type littermates (Fig. 21 M). The tail gut appeared normal and
always extended to the CNH even in the absence of a notochord (positive cells at the

tip of the tail in Fig. 21 O.P). In all TW%:s/+ embryos. the notochord never extended
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Fig. 21. - Expression of cob! in the tail bud of Brachyury
heterozygous mutant embryos.

Expression of cordon-bleu (cobl) as revealed by detection of COBL,B8-Gal
fusion protein activity. Genotypes are indicated in the lower left corner. All
figures comparc expression in the notochord posterior tip (or notochord bud. nb.
indicated by an arrow) and in the hindgut/tailgut (indicated by an arrowhecad)
between wild-type and heterozygous mutant tail buds. (A-C) 10 somite stage 8.5 dpc
embryos (anterior at the top and dorsal to the right): in mutant embryos. the nb is
reduced in the chordoneural hinge (cnh) and the tailgut does not reach the tip of
the tail bud (B. C. E). (D-G) Enlarged lateral (D. E) and dorsal (F. G) views of the tail
buds from embryos in (Fig. 19 A) and (C): the dorsal view reveals the narrower c¢nh
of mutant embryos (G). (H. [) 15 somite stage E9.5 dpc embryos: the defects observed
at 8.5 dpc remained in the tail bud. (J-L) Higher magnification of the tail bud of 25
somite stage 9.5 dpc embryos just before closure of the posterior neuropore: only
the nb is reduced in (K) and the tail gut appears missing in (L). (M-R) Tail buds
from 10.5 dpc embryos. (M)} In wild-type embryos. the notochord/floor plate and
the tail gut arc still distinct structures in the tail's cnh. (N-P) T/+ cmbryos' tail
buds showing increasing degrees in the expressivity of the phenotype: the
notochord/floor plate (arrows) may extend to various length in the tail bud. The
tail gut appears to always extend to the tip of the tail bud (arrowheads). (Q and R)
TW¥is;+ embryos' tail buds: the notochord always stops at the level of the rump and
no more cxpression is detectable in the tail bud. The tail gut (arrowhecads) is
usually not detectable in the tail (Q) but rarely extended normally as in (R): the
notochord sometimes branches with gut endoderm (asterisks in R). (S-U) Tail buds
from 11.5 dpc embryos. (S) In the wild-type tail. the notochord and tail gut are still
distinguishable in the cnh: expression in the tail somites has also been induced.
(T.U) The tail and somites are resorbing posterior to the notochord tip (arrow) and

where notochord is missing (small arrows).
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Fig. 22. - Expression of cobl in the tail bud of Danforth's short-tail
mutant embryos.

Orientation of the tails: All figures are lateral views with dorsal at the top or
right side and posterior at the right or bottom. Genotypes are indicated in the lower
left corner and developmental stages to the left. All figures compare expression in
the notochord bud (nb. indicated by an arrow) and in the hindgut/tailgut
(indicated by an arrowhecad) between wild-type and mutant tail buds. Trunk
notochord detects are also indicated by asterisks. (A. B) E8.5 embryos shown in Fig.
20 A & B: at this stage. no strong difference was found between control and mutant
embryos: however. the nb was often smaller in mutant tailbuds (B). (C) From day
9.0. the lack of nb was visible in both Sd/+ (branching notochord. asterisks) and
Sd/Sd embryos (not shown). (D) The nb and the tail gut are well developed:
expression in the future cloaca was also visible (small arrow). (E) The tail gut
appeared normal but expression in the nb and cloaca (small arrow) was much
reduced. (G-I) In Sd/Sd embryos. the chordoneural hinge (cnh) was abnormal
because ot both detects in the notochord and the tail gut: the nb was missing in all
cases: the tail gut was always reduced and had failed to torm a ventral pocket or was
even misshapen (G & H): expression in the cloaca was not detectable (small arrow
in F) or clearly ectopic (lett arrowhead in G). (J-L) One day aftter. Sd’Sd tails started
to appear shorter than Sd/+ tails. (K) The notochord extended to the tip ot the tail
but the cnh was missing in Sd/+ embryvos. (L) The decay of the notochord was very
advanced in homozygous embryos and the tail gut was not visible: note also the
very weak expression in the endoderm of the cloaca and allantois (small arrows)
which contrasts with the strong expression in wild-type ¢J} and Sd'+ embryvos (K).
(M-0) In E12.5 wild-type tails (M). tail gut and notochord extended to the tail tip and
the cnh structure was still manifest: expression was also induced in the rtail somites
(S) and ftloor plate (tp). (N) The notochord has stopped prematurely but the tail gut
cxtended to the tip of the tail: somites also formed beyond the notochord in the tail:
however. induction of cob/ expression in the somites (S) and the survival of the
latter was only observed in positions adjacent to notochord tissue. (O) No cob!
expression was detectable: the tail contained some somites (S) but was short and

necrotic with hemorrhages (small arrow).

Abbreviations: tp: tloor plate: nb: notochord bud: S: somite.
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beyond the rump. It could either stop abruptly or end as one or scveral short
individual fragments (Fig. 21 Q). The tail gut expression was not visible in the tail
of TWis/+ embryos (Fig. 21 Q) and no expressing cell could be found at the tip of the
tail (Fig. 21 Q.R). In one embryo the notochord was branching with the gut and gut
cxpression was visible down to the tip of the tail (Fig. 21 R). In all mutant tails.
somites kept forming in the tail well beyvond the end of the notochord.

From stage E11.5. expression is induced in tail somites and the notochord and
tail gut extend to the CNH at the tip of the tail (Fig. 21 S). In mutant cmbryos. the
survival of the tail appcared to be dependent on thc presence of notochordal tissue.
Induction of expression in the somites and conservation of the normal tail
diameter strictly correlates with the presence of underlying axial expression in
notochord (Fig. 21 T.U). From that stage. the breakdown of tail sections lacking a

notochord has started (seec necrosis in Fig. 21 T.U).

Expression of cobl in the tail bud of Danforth's short-tail embryos

Sd/+ and Sd/Sd mice having a short tail or no tail respectively also provide a
good cxperimental system to study abnormal development of the tail bud. Although
40% of E8.5 embryos had reduced expression in the CNH (Fig. 22 B). a clear
difference between wild-type and mutant embryos did not appear before E9.3
before posterior neural tube closure (Fig. 22 C). At this stage the notochord bud was
absent or reduced in the CNH of all mutant embryos. As the tail elongates. defects in
the tail of Sd/+ embryos remained restricted to the notochord bud of the CNH.
suggesting that the notochord was reduced rather than missing since it was still
being formed during elongation (Fig. 22 E). Alterations in the CNH of $d Sd
embryos however. became more scvere so that both notochord and gut expression
were very reduced and the CNH. if present at all. had an abnormal structure: the
notochord bud was reduced or missing and the tail gut either stopped prematurely
or failed to expend ventrally as in wild-type or heterozygous embryos (Fig. 22 F-I).
The ventral expansion of the gut and its contact with the ventral cctodermal ridge
(VER. Griincberg. 1956) arc important tor the formation of the cloaca and anus.
The latter never torms in Sd/Sd embryos. and the bladder. wurethra and genital
papilla. also partly derived trom the cloaca are often missing.

From E10.5. the CNH of Sd/+ embryos started to disappear. The tail gut is still
present and the cloaca appeared normal (Fig. 22 K). At later stages however. the
notochord of the tail breaks down and only patchy expression remained in the

proximal tail while the tail gut extended to the tail bud. Somites also formed down to
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the tail bud but cob/ expression was only induced in somites at levels adjacent to
the notochord (Fig. 22 N). In Sd/Sd embryos the tail was already shorter at E10.5
and the notochord expression was reduced or missing in many segments ot the tail.
The cloaca or tail gut were forming distinct structures and expression was also
missing in the allantois endoderm (Fig. 22 L). By EIl2.5. the tail was nccrotic with
sites of hemorrhages and no cob!/ expression was detectable. but somitic scgments
were still visible (Fig. 22 0O). At birth however. the tail of Sd/Sd mice consisted in
the best cases of a skin thread. suggesting the degeneration of ail mesodermal and

endodermal tissues.

Cordon-bleu expression in the somites of Brachyury and Sd mutant

embryos

The notochord has been shown to play an important role in the dorso-ventral
patterning of the neural tube (reviewed by Placzeck. 1995) and of the sclerotome
(Pourquié er al.. 1993: Fan and Tessier-Lavigne. 1994: Johnson er al.. 1994) and
myotome of the somites (Rong er al.. 1992: Stern and Hauschka. 1995: Pownall er al.
1996).

Between E9.5 and E10.5. expression of cob! appears first in anterior somites
and extends to the tail somites in a rostro-caudal order. At this stage. the
morphology of trunk somites in T/+. Sd/+ and Sd/Sd mutant cmbryos is not
distinguishable ftrom that of wild-type littermates. However. definite somites do not
form in homozygous Brachyury mutants and cxpression of somite specilic markers
has been shown to be altered in Sd mutant embryos (see Table 17 & Koscki er al..
1993: Dietrich er al.. 1993). Theretore. I analyzed cobl! expression in the somites of
Brachyury and Sd mutant embryos. No 7/'T cmbryo ecxpressed cob/ in somite regions
as predicted. However. T/+ or Sdi+ and Sd/Sd did show expression but in all cases.
expression was reduced or lost in regions of absent notochord.

For cxample. many TW%is/+ embryos had reduced somitic expression of cobl in
posterior regions (typically in the rump and tail regions) where the notochord
became interrupted. reduced or missing at axial positions (e.g. Fig. 21 R). One TW+' +
embryo had recduced expression in two trunk somites (contralateral) at a level
where axial cxpression (notochord and floor plate) was missing (Fig. 23 J). This
phenotype was the most scvere in Sd/Sd embryos which lack notochord almost

entircly from day E10.5.
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Seven embryos (20%) showing the severe tail defects typical of Sd/Sd ecmbrycs
and reduced axial cob! expression anterior to the hindlimb. had clear defects in
somite expression. Detfects ranged from weaker expression in individual somites
(Fig. 23 C. D. G) to almost complete loss of expression (Fig. 23 E. H). However. a few
cells expressing cob!/ at low levels could always be identified in some somites of the
most severely affected homozygous embryos (Fig. 23 H). The same altercd somite
expression was observed in [Sd/Sd: GirCl0li+] embryos (n=3). In Sd/+ embryos.
expression was absent only in tail segments missing axial expression of cob/. Thus.
a direct corrclation between notochord expression of cobl and somite cxpression
was observed. supporting the notion that intact notochord is required tor correct

patterning of the somites.

In addition. 1 T/+ and 1 T%is’+ embryos (out of 9 T+ and 41 TWis/+ EI10.5 or EILLS
heterozygous embryos) displayed abnormal cob! expression in all somites. These
embryos had ectopic cxpression ot cobl/ in the anterior and posterior compartments

of somites despite apparentiy normal expression along the axis (Fig. 23 [ & K.
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Fig. 23. - Somite patterning defects in 10.5 dpc Danforth's short-
tail and Brachyury mutant embryos.

Cobl/LacZ expression in the somites. Dorsal is at the right (A-E) or bottom (F-
K) and posterior is at the bottom or left respectively. The genotypes are indicated
in the lower left corner. (A) Wild-type embryo showing normal tail deveclopment
and expression of cobl in the somites (S) from the tore limb (white asterisk) to the
rump. (B) Sd/+ embryos. identitiable by altered cob/ expression in the notochord
(starting at the arrowhead level) but showing normal expression in the somites.
(C-E) The rtails werc kinked and ceob! expression in the axis was interrupted trom
the trunk down (arrowheads): expression in the somites was reduced (C) or almost
completely missing (D. E). (F-H) Details ot embryos shown in (A. C & E). Lower
levels of somite expression (arrowheads) and the division between individual
somites (bars) are indicated. (I) Ectopic expression in the somites of a T:+ embrvo.
(J) Reduced expression in the axis (white arrowhead) and contralateral somites
(only 1 visible. black arrowhead) of a T%:'s/+ embrvo. (K) Ectopic expression in the

somites of a T%:+ embryo.
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DISCUSSION

This study demonstrates the efficacy of using gene trap insertions as
developmental markers. Since the GtCl01 insertion into cordon-bleu has no
phenotype on its own. I could use the /acZ rcporter gene as a necutral marker to
analyze development in embryos carrying mutations at the Brachyury or
Danforth's short-tail loci. These analyses provided new information about the time
of - onsct of anomalies caused by these mutations in both heterozygous and
homozygous embryos. Analysis of cobl expression allowed the detection of the
earliest defects reported so far in Brachyury homozygous and heterozygous
embryos: the node of E7.5 homozygotes only showed weak expression of cobl.
suggesting a patterning defect or the deficiency of a specific population of node
cells. Similarly. incomplete expression of cob/ marked the tail bud of ERS
Brachyury heterozygotes cmbryos. Despite the lack of a molecular assay to
determine the genotype at the Sd locus. the COBL/8-Gal marker proved to be a good
indicator to distinguish wild-type. heterozygous and homozygous embryos. Most Sd
homozygotes could be identified at E8.5 by abnormal expression of cob! in trunk
notochord precursors and all embryos could be classified into genotypic classes
from day 9.5. Analysis of ceb!/ expression in the tail bud of T and Sd heterozygotes
and Sd homozygotes revecaled early alterations ot the chordoneural hinge that are
consistent with the lack of tail growth in mutant embryos and the urogenital
phenotype in Sd homozygous mice. Furthermore. these analyses provided novel
information on the patterning ot the somites by notochord during embryonic

development.

Node formation in Brachyury mutants

The best unitary explanation of the Brachyury phenotype has come trom the
analysis of chimeric embryos comprising wild-type and wmutant cells. Cell
movements are impaired in 7/7 cells. and cells tend to accumulate in the posterior
streak thus blocking posterior development (Wilson er al.. 1995). Cell movements
are also involved in the migration of anterior notochord precursor cells and in the
formation of the allantois posterior to the streak. This study does not explain
however. the dominant phenotype found in the tail of heterozygous mice.
Furthermore. the defects observed in the notochord. the primitive streak and the

allantois could be independent. Previous analyses of Brachyury mutant embryos
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using genetic markers did not reveal defects in the primitive streak betfore the
formation of the first somites at E8.0 (see Table 16). In this study. 1 show that
expression of cob!l is clearly altered in the node of TWis/TWis embryos at E7.5. betore
the decrease of T expression observed in TW!s mutants at EB.0 (Herrmann. 1991).
Expression of cobl in anterior midline appears normal in TWis/TWis embryos at the
early head tftold stage but the lack of expression in the node region persists.
Expression of Sonic hedgehog (Shh). another node-notochord marker has been
reported to be normal in the node and head process of 7% homozygous ecmbryos at
E7.5 (Conlon er al.. 1995). Expression of Shh has been interpreted as suggesting that
the node forms in homozygous embryos. while the lack of notochord has becn
usually described as a defect in the maintenance of notochord precursor cells or in
their differcntiation into notochord. The results presented here suggest that the
node is already altered at an early stage. missing cell sub-populations or not being
properly patterned. This node defect could precede the morphological detects
observed by eclectron microscopy (Fujimoto and Yanagisawa. 1983). The tate of
notochord precursor cells may be already compromised within the node. Dorsal gut
endoderm and notochord are derived from cells of the ventral node (Lawson er al.
1986: Beddington. 1994). The missing or weaker cob! expression in the gut
endoderm of some TW:s/TWis embryos (data not shown) could also be linked to a
common node defect.

The role of the T transcription factor in the formation or patterning of the
mouse node is demonstrated here. Furthermore. the early defect of cobl/ expression
prior to any morphological defect suggests that coh! expression could be partly
regulated by the T protein in the node. The recent identification of a node and
notochord cxpression specific element in the promoter regulatory region of the T
genc (Clements er al.. 1996) also suggests that T could play distinct roles in the

node/notochord and in the primitive streak.

Notocherd formation in Danforth's short-tail mutants

The analysis of the Sd mutation was impaired by the lack of genetic markers
to confirm the genotype of embryos from carly stages presenting no abnormal
morphological traits. However. expression of cobl turned out to be a very good
indicator of the possible genotype of cmbryos. In 1958, Grineberg made an
cxtensive histological analysis of the Sd phenotype and proposed that the
alteration of the notochord was the primary defect responsible tor the whole

skeletal and urogenital phenotype (Grineberg., 1958). He also postulated that the
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initial defect may be within the notochord precursors in the node/primitive streak
since the notochord never seemed to form properly as it emerged from the strcak
(Griineberg. 1958). Later histochemical analyses also suggested that the newly
tormed notochord is abnormal in Sd mutant cmbryos (Paavola er «l.. 1980).
However. carlier studies analyzed formation of posterior notochord at stages when
the genotype is revealed by phenotypic traits. or they focused on NT (Bovolenta
and Dodd. 1991: Phelps and Dressler. 1993) and on paraxial (Dietrich er al.. 1993
Koseki er al.. 1993) or lateral mesoderm (Phelps and Dressier. 1993) patterning (sec
Table 17). They could not easily analyze the -ecarlier formation of anterior
notochord. I could not detect abnormal cob! expression in the node and head
process of any E7.5 embryos derived from ([Sd/+; GrC101/GtCl0!] parents. cither in
the node or posterior strcak before late E8.5 stage. This suggests that the
appearance ol anterior notochord precursors occurs normally in mutant cmbryos.
This is consistent with the normal induction by axial mesoderm of anterior
structures such as the floor plate (analyzed at E13.0 by Bovolenta and Dodd. 1991).
From E8.5 (10 somites) however. cob! provided a good marker to ftollow notochord
morphogenesis in mutant embryos. [n a substantial proportion of latc E8.5 embryos
(19%). the structure of the notochord emerging from the node was abnormal. This
result supports the idea that trunk notochord precursors are abnormal and never
condens¢ into a normal notochord in $d4 mutant embryos. At later stages. the
notochord was also found to have an anomalous structure along its entire length. It
partly supports Griineberg's thcory (1958) and contrasts with a role for the

survival of differcntiated notochord initially attributed to Sd.

Posterior axis and tail bud development

In the tail bud. the domain of cob! ecxpression corresponds to the mouse
chordoncural hinge (CNH). The CNH structure was discovered by Pastecls (1943)
and later inferred in the frog by thec complemcntary cxpression domains ol XNor/
and XBra (Gont er al., 1993) and in the mousc and chick by cell lincage analyses
(Wilson and Beddington. 1996:; Catala er al.. 1995). In Xenopus. it has beecn shown to
retain the organizer activity of the dorsal blastoporal lip (Gont er al.. 1993) and to
be nccessary for compiete axial patterning and growth of the tail bud (Tucker and
Slack. 1995). The continuous expression of cob/ in the node. posterior streazk and
chordoneural hinge of the tail bud and the defects observed in mutant embryos
support these findings. Furthermore, the lack of tail growth in mutant cmbryos

can be traced back to carly alterations in the dorsal component of the
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chordoneural hinge. the notochord bud - representing the hindmost notochordal
cells. In all embrvos fated to become short-tailed or tailless animals. expression in
the notochord bud was reduced or missing (Fig. 21 & 22). For each genotype. I
always found a strong correlation between corruption or premature arrest of the
notochord at E10.5 and predicted tail length: in 7/+ embryos. the notochord and the
tail gut appeared normal but the former stopped prematurely at difterent levels in
cach embryo even though tail gut always reached the tail bud (Fig. 21 N-P) in
TWis/+ embryos. the notochord always stopped just posterior to the rump and tail gut
was not detected in the tail (Fig. 21 Q): in Sd/+ embryos. the notochord and tail gut
initially extended to the tail tip but both failed to reach further at later stages (Fig.
22 K): finally in Sd/Sd embryos. no tail gut was visible and the notochord was
decaying at all levels of the tail (Fig. 22 L). The tail btud always clongated and
formed somites beyond the hindmost level of expression in the notochord. However
these tail segments eventually decayed suggesting that the tail gut (present in 7'+
embryos) is not sufficient to support tail growth or survival. Axial tissues posterior
to the CNH of the tail bud have been shown to form posterior and somitic mesoderm
and could be responsible tor this elongation (Wilson and Beddington. 1996).
Grafting ecxperiments in Xenopus have also shown that tail segments anterior to
the CNH are also responsibie for tail elongation (Tucker and Slack. 1995).
Theretfore. apparent tail growth could alternately be the result of proximal

extension accompanied by distal tail resorption.

Urogenital defects of Sd/Sd embryos

Grineberg (1958) postulated that the urogenital defects in Sd mutant embryos
were a direct consequence of the notochord alterations. In Sd/Sd cmbryos.
alterations in the gut structure were found at the level of the presumptive cloaca at
E9.5 (Fig. 22 F-1). At E10.5. the cloaca is not visible and expression in the allantois
endoderm is also reduced (Fig. 22 L). Abnormal cloaca development was also
observed in some heterozygous embryos. a proportion of which sutfers urogenital
defects. This abnormal development of the cloaca may represent the primary cause
tor the whole urogenital phenotype (lack ot kidneys. bladder. wurethra and genital
papilla). During kidney development. the ureter originates from the mesonephric
duct but becomes part of the cloaca as it grows into the metanephric mesenchyme
to induce kidney formation. It is possible that this process is prevented in Sd’Sd
embryos by an abnormal cloaca thus preventing further development of the

kidneys. However. analysis of Pax-2 expression in El12.5 embryos clearly
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demonstrated abnormal patterning of the metanephric mesenchyme at day EI2.5
whereas the epithelium of the ureter expressed Pax-2 (Phelps and Dressler. 1993).
Therefore causes other than cloaca and ureter defects are still conccivable. The
influence of the hindgut defect on the development of the bladder and urethra can
be inferred by their mode of formation which is more closely associated with
differentiation of anterior and posterior cloaca into urogenital tissues and rectum
respectively. These results however. do not support or suggest any causal cftect

between the notochord and the hindgut defects as suggested by Grineberg (1953).

Expression of cordon-bleu and embryo patterning

The maintenance of its expression indicates that cob!/ does not strictly require
the presence of wild-type Brachyury protein or wild-type Danforth's short-tail
gene. Expression in gut. notochord and floor plate occurred independently at
different positions along the anterior-posterior axis. [t suggests that expression of
cobl is not dependent on cob! expression in adjacent tissues but rather on the
ditfferentiation stage of each tissue. For example. the tloor plate expression was
seen in the absence of adjacent notochord. This 1is consistent with carlier
observations in the mouse and zebrafish that floor plate could be induced in
embryos lacking a definite notochord (Rashbass er al.. 1994: Halpern er al.. 1993).

An important alteration in the regulation of cob!/ expression happened in the
somites of mutant embryos. Expression of Pax-! (sclerotome marker) and m-Twist
(somite marker) have already been showed to be reduced in Sd mutant embryos
(Dietrich et al.. 1993. Koseki er al.. 1993 and Table 17). Somitic cells expressing cob!/
are localized in the medio-ventral myotome compartment but later scemed to
migratc toward the vertebral column where expression of cob!/ was principally
seen in the chondrocytes of forming cartilage. This domain of expression was
severcly reduced or totally missing in Sd/Sd embryos (Fig. 23). Subsequently. Sd:Sd
embryos have reduced vertecbrae and completely lack intervertebral discs. Their
position at the limit between sclerotome and myotome compartments together with
expression of cob! suggest that they could represent a specific groups of
sclerotome cells giving rise to part of the vertebrae and/or to intervertebral discs.
Furthermore. the localization of these cells between the anterior and posterior
compartment of each somite correlates with the position of intervertebral discs

along the anterior-posterior axis. The lack of expression in the somites closely
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corrclates with the absence of notochord. Together with the reduced expression in
one TWis/+ embryo also lacking axial staining. it suggests that thc missing
notochord rather than the mutation is responsible for this phenotype. The
notochord has been shown to be involved in the dorso-ventral patterning of the
sclerotome (Pourquié er af.. 1993: Fan and Tessier-Lavigne. 1994) and myotome
(Rong er al., 1992: Stern and Hauschka. 1995: Pownall er al.. 1996) compartments in
the somites. Interestingly. expression of Pax-/ was reduced in posterior somites
only (Koseki er al.. 1993) whercas | found alterations of cob/ up to the forelimb.

The cctopic expression of cob! in the somites of T/+ and TWis/+ embryos could
be duc to an abnormal underlying notochord or to a role ftor the T protecin in
somitogenesis. The latter is already suggested by incomplete somitogenesis in
Brachyury homozygous cmbryos and by the lack of 7:/T cell contribution io
paraxial mesoderm in <T/T cells + wild-type ceclls> chimeric embryos (Rashbass er
al.. 1991. Wilson er al.. 1995). Therefore in these embryos. a threshold of T activity

required for somitogenesis may not have been rcached.

These cxperiments illustrate how novel gene trap markers can be used to
investigate speciftic cell lineages development or dectect novel genetic interactions.
Using the G:C /0! insertion into cordon-hleu to analyze the Brachyury and
Danforth's short-tail phenotypes provided novel data about node:notochord
formation. tail morphogenesis and somite patterning. The results presented here
also support previous reports suggesting that the node was altered in Brachyury
homozygotes. that the tail bud chordoncural hinge is essential for tail growth and
that patterning of the somites depends in part on the presence of an intact

notochord.
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CHAPTER FIVE : DISCUSSION

During embryogencsis of a metazoan, important devclopmental genes are
cxpressed in specilic regions or tissues where they act as regulators of embryo
patterning and organogenesis. | have used gene trap vectors and mouse ES cells to
identify and characterize a novel gene showing a restricted pattern ol cxpression
during carly cmbryogenesis. Various aspccts and potentials of the genc trap
approach have been investigated. In a large scale screen. 303  independent
insertion events. activating the gence trap vector in vitro. were assayved for
cxpression ol the /ucZ reporter gene in vive in 8.5 dpc chimeric embrvos. Thirty-
nine candidatc developmental genes were identificd together with a large number
ot ubiquitously cxpressed genes. [ characterized turther one insertion and cloned a
novel gene. cordon-blew. cxpressed in  axial structures during gastrulation. This
gene trap insertion was also used as a marker to analyvze the phenotypes of
mutations in the Brachyury and Danforth's short-tail genes.

[ will now discuss these results. the potential utilization of these biological
tools. and finally the future cxperiments necessary to address some of the questions

that arose from the work presented here.

THE GENE TRAP SCREEN

The pilot screen using spontancous difterentiation ol ES cells in vitro did not
provide sufficient criteria to pre-select for insertions into gene with restricted
pattern of e¢xpression during carly embryogenesis. However. our pre-screen  was
rather crude and one should not reject the idea of pre-screenitng ES cells tor the
rcgulation of reporter gene cxpression following in vitro ditferentiation. Other
pre-screens  using more  specific in virro  differentiation  protocols  successfully
cnriched the pools of lines tested further for insertions into genes which are
developmentally regulated in vive (in particular. Forrester er al.. 1996).

In our screen. the chimeras derived from 167 (55%) ES cell clones did not
express lacZ at E8.5 whereas 97 (32%) showed ubiquitous expression and 39 (13%)
displayed a restricted pattern of cxpression. However. the screen was certainly not
fully cxploited. These 39 inscrtions allowed us to identify candidate developmental
genes  possibly involved in embryo patierning. Determining further the role of
these  genes however. would have required their cloning and molecular

characterization as well as the genetic analysis of the potential phenotypes created
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by the insertions. The identitication of mutant embryos is still the most convincing
cvidence tor the importance of a gene product during embryogenesis. Genes that
arc ubiquitously e¢xpressed should not be overlooked either. In  the screen
pertormed by Friedrich and Soriano 1991). the majority of recessive cmbryvonic
lethal mutations corresponded to inscrtion into  genes showing  widespread
cxpression.  Furthermore. the phenotype of genes that arc ubiquitouslty expressed
can affect very specific tissues (e.g. BTF3 in Deng and Behringer. 1995). In our
large screen, the classification of embryos into the "ubiquitous” group was often
decided after an overnight staining. For practical reasons. little attention was
given to the relative levels of expression between different tissues and cexpression
was not analvzed in sectioned embrvos. The insertion H201 (pilot screen) provides
a good cxample. Expression appearcd ubiquitous after an overnight staining:
however. atter a short staining. expression in the hecad CNS was clearly stronger
and sections showed that H201 was not expressed in endoderm. Therefore. some
insertions into genes with subtle restriction of cxpression may have been wrongly
placed into the "ubiquitous" class. Still. this screen and others gave insights into
the potential of gene trapping approaches and suggested possibilities  tor

improving the screening strategies or for alternative uses of trapping vectors.

Potential of trapping approaches

The potential to identify. clone and mutate genes by the gene trap approach
has been demonstrated by ditferent screens (see  Introduction). However. these
different screcning strategies also revealed some of the uadvantages and drawbacks

ot the wapping approaches.

Advantages of the trapping approaches

There arc two main advantages to the use of trapping vectors in the mouse: 1)
insertion e¢vents can  be selected and  screened fn vitro and  i1) the screcning
stratcgy may rcly on three main criteriaz the analysis of gene cxpression. the
cloning of trapped genes and the detection of mutant phenotypes.

The possibility to pre-screen inscrtions in vitro via the analysis of expression
or the direct cloning of trapped genes presents important  advantages over
mutation screens  when one  wants to perform  large scale cxperiments on
mammalian cclls. First. mutation screens require testing the ettects of an inscrtion

in vivoe when the other two approaches can be pertormed in virro.  Furthermore.
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the implementation of better strategics controlling in vitro differentiation of
multipotent cells will cxpand the scope of developmental processes which can be
targeted by ftuture screens. Next. if one wants to isolate any genc. mutation screcns
also bear somc limitations. In the mouse. some null mutations into genes cxpected
to play an important devclopmental role at specific stages of development prescnt
no phenotype at all or phenotypes appearing in unexpected times and tissues. In
the veast S. cerevisiae. 60% of gene disruptions caused no detectable phenotype
aftecting cell growth and division (Goebl and Petes. [986: Burns er af.. 1994). Genes
are likely to cscape a mutagenic screen because their function is redundant or the
phenotype is too subtle to be seen during the screen. [solating genes on thc basis
of their expression pattern or by direct cloning circumvents these limitations.
However, it is casy to arguc that what determines the recal importance of a gene's
product is the phenotype created by its disruption. When this trapping approach
was selected. the average number of genc trap inscrtion resulting in a phenotype

is comparable to that obtaincd with random genc disruption in  yecast.

Drawbacks of the trapping approaches

Specificity of insertion

It onc wants to saturatc thc genome with insertions. the cfficicncy and
randomness of such events are important [lactors. Reccombined retroviruses are
very cfficient vectors but may not integrate totally randomly in the gcnome.
Retrovirus do not integrate randomly in the genome ol birds (Shih e af.. 198%) and
probably not in the mouse (Rohdewohld er of.. 1987: Scherdin er af.. 1990: Bonncrot
et al.. 1992). In . melanogaster. the P clement transposon has some pretercntial
sites ftor inscrtion (Tsubota er al.. 1985: Kelley er af.. 1987) and the specilicity of
insertion of the Hohbo transposon is different tfrom that of the / clement (Smith er
al.. 1993a). In the mouse. plasmid DNA may not integrate completely randomly
cither (Sutherland er af., 1993: Macleod er af.. 1991). The two indcpendent gene trap
insertions that occurred into the LAR genc in a relatively small screen could
represent such a limitation (Skarnes er al.. 1995). It is probably difficult to design a
vector that would integrate perfectly randomly into the mouse genome. However.
it different approaches arc used. they should compensate cach other for some of
the bias that thcy contain.

Mutagenesis efficiency

The cfficiency of mutagenesis is another important issuc. Although the

number of inscrtions that crcated a detectable phenotype affecting embryogenesis
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(46%) is comparable with results from other random mutagenesis cexperiments.
trapping vectors mayv not alwavs be reliable mutagenic agents.  Because GT vectors
insert into inrrons. another problem is the splicing around the insertion  site
iSkarnes er af.. 1992: Gasca er al.. 1993) also observed with knock-out vectors ¢Moens
er al.. 1992). During maturation of mRNAs. an c¢ndonuclease first cuts transcripts at
the polvA signal sites before the addition of a poly-A tail by a terminal transterase.
However. the pely-A signal sequence is not a strong signal in itselt (Day. [9921).
thus increasing the probability of splicing around the insert prior to the cutring
of the RNA. Polyv-AT vectors may prove to be cven poorer mulagenic agents
because they can be activated after insertion into 3 untranslated rcgions.

Reporter zene expression

The cxpression pattern of the reporter gene does not always retlect the
cxpression of the disrupted gene. The high suability ot the B-Gal rcporter protein
mayv give false information about the intensity and duration of gene cexpression. n
a more misleading case. a GT /acZ reporter was only cxpressed in the brain heart
and testis after insertion into the BTF3 gene which was known to be ecxpressed

ubiguitously (Deng and Behringer. 1995).

Possible vector modification

A number of vector modilications are also possible that would tmprove gene

detection and induction of mutations.

Gene expression and detection

Improved efliciency of isolating ES «c¢lones with gene-trap integrations in
active genes has been achieved by development of the fSyee gene-trap vectors. in
which 93% of G418k colonies show B-Gal activity (Friedrich and Soriano. 1991). The
addition of ua translation initiation sequence to the [acZ gene makes it independent
of the endogenous protcin coding sequence and increases the (requency of
cxpressing clones by at least three-fold (PT-3 in the pilot screen). Replacement of
the f-galactosidase gene by a gene that can be assayed in vivo would climinate the
replica plating step of the screen. Once candidate reporter genc is the green
luorcscent protein (GFP) used as a rteporter gene in C. elegans (Chalfic er al.
1994). in D, melanogaster (Yeh er al.. 1993) and. in a modified torm. in the mouse

(Yang er al.. 1996: Zhang er al.. 1996: Zernicka-Goets er al.. 1997).
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Mutagenesis

Retroviral vectors gencrally insert at the 3" end of genes and their insertions
arc less likely to resuit in fusion proteins with residual activity. Introducing in the
trapping vector sequences that promote relcase of the RNA  polyvmerase
downstream of the reporter gene could prevent transcription of sequences located
in 3 and thus would decrease the risk of splicing around the insertion. However.
such sequence motits have not been clearly identificd. Another usctul addition to
the gene-trap vector would be the insertion of scquences that respond to site-
specific rccombinases. Addition of these sequences would allow manipulation of
the locus where insertion occurred to create genetic mosaics. revertants. or place

other genes under the control of the trapped c¢ndogenous promoter.

What s the best trapping strategy?

The results ol gene trapping depend both on the approach chosen and on the
tvpe of vector used. The approaches vary mostly with the type of target celis and
with the screening criteria defining potentially interesting inscrtion cvents.

Even with improved trapping vectors. the rate-limiting step of the screen
remains the production of transgenic mice or the expression screen in chimeric
cmbrvos. Better ES cell lines such as Rl ES cells and improved techniques tor
generating  chimeric embryvos. such as aggregution between ES  cells and  single
embryos. can rcduce the number of cmbryvos and the effort nceded to generate
chimeras  (Nagy er /. 1993). A reduction in the number of inscrtions screened in
vive could also be achieved by prescreening ES clones tor genes that have a
higher possibility ol being involved in developmental processes. For example
subcellular  localization of the B-galactosidase activity could be used as a criterion.
Another potential prescreen would take advantage of the ability of ES cells to
differentiate  spontancously (Doctschman er «f.. 1983). or in response to growth and
ditferentiation ftactors (Forrester er «l.. 1996: Baker er af.. 1997). In addition.
systematic  molecular characterization of the tagged genes by RACE-PCR could
identify novel genes and candidate deveclopmental genes (von Melchner er al.
1992). These types of approaches. coupled with the induction of specific ES ccll
differentiation pathways in vitro. should make large scale mutagenic screens

using trapping vcctors fcasible in mouse ES cells.

Alternate uses for trapping vectors

In . melanogaster cnhancer trap/'P-clement insertions have been  widely
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usced to disrupt and isolatc novel genes. and to saturate the genome with genetic
markers (reviewed by Spradling er af.. 1995). These insertions also provide valuable
markers to detect subtie pattern alterations in mutation screcns. for ccll tagging in
mosaic experiments and they can reveal novel ccll types within apparently
homogenous tissucs (e.g. in the D. melanogaster olfactory lobes: Riesgo-Escovar e
al.. 1992: Yang er al.. 1995). The use of trapping inscrtion as genetic markers is also
applicable to vertebrates.

Insertions that do not aftect the viability of the mouse can be very usetul for
genctic studies. The ability to analyze cell lincage in chimeric embryos is essential
to the understanding of cell fate and potential. The insertion ROSA-Bgco-26
ubiquitously cxpresses the fgeo reporter genc throughout development and adult
life thus providing a marker equivalent to the nucleoli in the avian chick/quail
chimeras system (Le Douarin. 1969: L¢ Douarin. 1973). since Rosa-26 carrying ES
cells can be used to producc chimeric embryos. Other inscrtions. marking specitic
tissucs. could also be used to analyze the effects of different mutations on specilic
cell tyvpes (as tor GtC101l in Chapter V).

In addition to the reporter gene. GT insertions could put other genes under
the control ol endogenous promoters. Thus. proteins such as the Cre (Sauer and
Henderson. 1989) or FLP (Dymecki. 1996a) rccombinases could be cxpressed as
"editor” protcins in  specific tissues and at specific stages of deveclopment. These
protcins can promote rccombination between specific target sequences located in
cis or in trans. Banks of ccll lincs or mouse strains with specific patterns ot B-Gal-
Cre cxpression could be gencrated using trapping vectors (Fig. 24 A). The most
ctficient vector to gencrate these insertions would certainly be an cnhancer trap.
since ETs give the highest frequency of active insertion (sce Introduction).
However. il a screen for novel trapping inscrtions is undertaken, the use of a gene
trap vector would concomitantly provide better tags for cloning the trapped genes
and would gencrate mutations more cfficiently in these genes (Fig. 24 A). Tissue
specific Cre recombinase ecxpression would allow the reccombination (excision or
inversion) of sequences tlanked by the Cre specific loxP sites ("tloxed" sequences).
This approach has alrcady becen used to generate a tissue-specific mutation in the
mousc (Gu er al.. 1994). [t could also be used to activate oncogenes or toxins in

specitic tissues (see Fig. 24 B).
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Fig. 24. - Diagram of possible experiments using trapping vector
tools to pgenerate tissue specific expression of Cre recombinase.

(A) Gene trap construct activated following inscrtion into gene A. Expression
of the fveo sclectionreporter gene and the Cre cditor gene is regulated by the
cndogenous promoter. When insertion occurred into ua devclopmentally regulated
gene. the rccombinase activity should be restricted to specific tissues and time
points. (B) Possible target scquences for the Cre recombinase. Recombination will
be targeted to scquences tlanked by the LoxP sites ("tloxed"): if the loxP scquences
arc in the samc oricntation. the floxed intervening scquence will be deleted bv the
action of the recombinase. (1) In a conditional knock-out of gene B. cxon Bz will
only be deleted in cells expressing Cre. (2) Deletion ol the floxed stop codons will
c¢nable translation of the gene C. This approach may be used to induce tumor
formation (a). to sclectively kill cell lineages (b) and for partial phenotype rescue

(c).
Abbreviations: Bgco: B-galactosidasc/ncomycin  tusion gene: E: enhancer: [RES:

internal ribosome c¢ntry site: P: promoter: pA: poly-adenvlation signal: SA: splice

acceptor site: SD: splice donor site.
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Future studies

fn the gene trap screen presented in Chapter 2. we identified genes by their
pattern ot expression in X5 dpc chimeric embryos. Further analyses could tollow 2
approaches: the genectic study of the possible phenotvpe resulting from the
insertion and the cloning and molecular characterization of the trapped genes.
The genctic analysis, even limited to the 36 developmentally regulated genes.
would posc a number ot teasibility problems. Onc would have to gencrate germline
chimeras for cach of the sclected ES cell lines. which would require considerable
breeding space. It would require that the ES cell clones. some ol them generated in
199G. have conserved their totipotence tor the colonization of the germline. Finally
the average number of gene trap inscrtions into spatially  regulated genes  that
result in a rccessive embryonic lethal mutation is too low to justity this approach.
All these potential drawbacks do not make this approach wvery attractive at this
point of the screcen. The cloning of the trapped genes would certainly represent
the safest approach to characterize further thesc insertions. For cach clone. one
would only nced that the ES cells still express the reporter gene. whether or not
thev conserved their totipotence. The cloning could use 3-RACE-PCR. which s the
most current strategy to clone trapped genes. However. other approaches are also
possible: RNA samples from all the clones under study could be pooled to make a
¢DNA library primed with a /acZ specific oligonucleotide that should only allow the
cloning of fusion transcript scquences. ¢DNAs corresponding to lusion transcripts
could be identitied because they would all contain the En-2 exon sequence
upstream ot /acZ. Each unique clone could be analyzed by Northern blot or by
whole-mount in situ hybridization at EX.3 to match its expression pattern with one

rapping inscrtions.

USING GENE TRAP INSERTIONS AS DEVELOPMENTAL MARKERS

Gene trap markers

Once the locus carrying the GT inscrtion of interest has been backcrossed into
a4 mutant strain, detection of the marker cxpression is technically very casy (most
GT vectors carry the /wcZ reporter gene). Detection of B-Gal activity is last and very
sensitive in whole-mount cmbryos up to the stage E1235. LaecZ is a very good marker
for genctic analyses where tew murant cmbrvos can be gencrated. Furthermore.
the B-Gal cnzyvmatic activity can amplify the signal given by genes cxpressed at

low levels. In this study and in previous studies where the GrC/ 0/ inscrtion was

151



Discussion

used as a marker to analyze mutations in the HNF-38. GAP.SHP-2 and Gli2 genes
(Ang and Rossant. 1994: Henkemeyer er al.. 19930 Saxton er al.. 1997: Ding er al..
subniitred). the inscrtion was innocuous to thc development of control and mutant
cmbryos. In another study of the Brachyury phenotype by Wilson and co-workers
(1995). 4 gcne trap inscrtions that cxpressed the /acZ reporter gene ubiquitously
were generated de novo in BTBR T/T and BTBR 77+ ES cclls. They did not alter the
developmental potential of the cells nor did they interfere with the cell tate

resulting from the 7 mutation.

T and Sd analysis with GtCIl01

In the study of the Brachyvury and Danforth's  short rail mutants. [ also
comparcd the phenotypes observed in the presence or absence of the GiClOl
insertion. [n all cases no difference could be observed according to the genotype at
the cobl locus cxcept for the intensity of B-gal signal. The GtCl0l GT inscrtion
therefore acted as a ncutral genctic marker tor the phenotypic analysis of these
mutations.

This marker was clearly usetful in the identification of early defects in
heterozygous and homozvgous Brachyury and $d mutants. [t provides more
cvidence suggesting that node development is affected in Brachyury mutants. This
delect is unlikely to involve the general cell movement defect proposcd to explain
the Brachyury phenotypes (Wilson er af.. 1995) but could indicatc paticrning
defects in  the primitive streak. This alternate. or additional. cxplanation is
supported by the chordoncural hinge patterning defects tound in the tail bud of
heterozygous cmbryos. In Sd mutants. the formation of the notochord rather than
solely its maintenance is altered thus supporting the wunification model proposed
bv Grincberg (1958).

The maintenance ot cobl expression in the Brachyury TT homosygous mice
clearly indicated that it did not require the presence of the T transcription lactor.
Early ecxpression of cob! occurred independently in the 3 germ lavers. thus
showing that cob! does not inducec its own cxpression from onc tissuc to another.
but is probably induced by patterning genes. The expression pattern of cohbl was
clearly altered by the effects of the mutations on the development of the
notochord: in tissues such as the [Iloor plate and the somites the patterning action

ol an intact notochord is required for induction of cohl cxpression.
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Future studies

Further analvses could use [TWis + ]|, [TWes TWo| [Sd +] and [Sd. Sd] GiC101 GiC 1Ol
ES cells to test their deveclopmental potential when competing with wild-tvpe cells
in chimeric embryos. These studies have aircadvy been pertormed tor the T
mutation (Rashbass er al.. 1991: Wilson er a/.. 1993: Wilson er al.. 1993). These analvses
tirst require the costablishment of ES cell lines carrving the proper genotype. [n
the case ot the S¢ mutation. the genotype ot such cell lines could enly be interred
by the phenotvpe of chimeric embryvos carrving a large proportion ol them. These
ES ccll lines could help us to investigate further the phenotype of the Sd mutation
and answer the following questions. Is there any rescue of mutant cells by wild-
type cells or is the mutation cell-autonomous? What is the relationship between the
notochord and urogenital detects in Sd mutant embryos? What is the potential of

Sd Sd ES cells to colonize the ureter or the kidncys?

THE CORDON-BLEU GENE

The analvsis of the GitClOl gene trap insertion led to the identification of a
novel gene. named cordon-blew because of its cxpression pattern in the embryonic
axis. The expression pattern ot cob/ is strikingly similar to that of HNFJ -4 and Shh
which have been shown to play essential roles in the tormation of the node and
dorso-ventral  patterning ol the embryo respectively (Ang  and Rossant. 1994
Weinstein er al.. 1994: Chiang er af.. 1996). However. the GtClOl insertion does not
cause any phenotype. The production of the tusion transcript should result in the
production ol ua non-tunctional truncated Cobl protein tused to LacZ. As the GT
vector inserted into an intron. the wild-type protein can still be produced when
transcription continues throughout the vector-containing intron and splicing
removes the intron containing the GT insert. In this case and if ecnough wild-type
protein is made. the potential phenotype of the mutation may be rescued. In the
case of the GtClOl insertion. this situation is suggested by the detection ot wild-type
cobl RNA in homozygous ES cclls. However. other cxplanations are possible. The
truncated Cobl peptide may  still fultill the normal tunction of the entire protein.
The function of coh! c¢ould be rcdundant with that of another gene. The knock-outs
ol thc MyoD and myf-5 genes provided good e¢vidence for the existence of
tunctional redundancy in the mouse (Rudnicki er «f.. 1993). Thus the function as
well as the importance of cob/ in the node and axis formation processes remain a

conundrum. However., the degrec of conservation between the mouse and human
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cobl sequences supports the idea that Cobl's function is important. Other node
specific genes such as nozggin (Smith er ai.. 1993b). FEck (Chen er af.. 1996) and
chordin (Sasai et al.. 1994} have been characterized in vertebrates. However. apart
from the essential role of HNF-3B8 in the node. little is known about the hierarchy
of the genetic components controlling node development.

Cobhl's expression pattern indicates two possible directions tor speculations on
the plausible functions for cohl. First it is almost exclusively expressed in
cpithelial cells where it could be important for the architecture ol the cells: this
could involve a role in the elasticity of cells (it is expressed in the notochord.
chondrocytes and the skin) or a more gencral featurc ot cpithelial tissues such as
cell adhesion propertics. However. the important domains of cxpression found in
the CNS after mid gestation are not completely compatible with these hyporheses.
Another possibility is that coh! is involved in cell secretion mechanisms in  the
CNS. Cobl is expressed in  signaling tissues (the notochord. the [floor plate.
chondrocvtes) and in  epithelial structures (the gut. the tongue. the oltactory
cpithelium and the skin) rthar are the centre ol Important secrctory processes.

The sub-cellular localization of cobl in the cytoplasm and or the nucleus also
lecaves multiple options regarding the levels at which cobl may be acting (ie. doex
cobl tunction as a transcription regulator in the nucleus. or as structural or
cnzymatic clement in  the nucleus or c¢yvtoplasm?). Only direct functional srudies

will be able to resolve these questions.

Future studies on the cordon-bleuw pene

Funcrional analysiy

The next priority should be to determine the tunction of the cohl gene.
Functional analvses could be performed in the mouse by targeted knock-out of the
cobl gene or in the trog by injection of the coh/ ¢DNA Into Xenopus laevis cggs.

Only the making ot a rcal null allele of the cohb/ gene will determine whether
its function is neceded during mouse development. Targeted mutagenesis by
homologous recombination is now a standard genetic technique in the mouse. To
knock-out the coh!/ gene however. it will be necessary to [lirst clone ity genomic
sequence in order to build a targeting vector.

Somc genes arc able to induce the formation ol sccondary axis or to rescuc
axis ftormation in X. /ae¢vis cmbryvos following their injection into normal or

ventralized cggs. respectively. This type of assay has been widely used to determine
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it novel genes are involved in the control of axis formation in vertebrates. The (full
lcngth ¢DNA is alrcady available for injection into frog cggs. Mouse node protcins

have bcen shown to be able to induce seccondary axes in X. faevis (Blum er af.. 1992

theretfore. the f{rog cohl genec may not have to be clored tor this experiment if

mousc Cobi is able to ftunction in amphibian embryos.

Structural analysis

The cloning of human cobl secquences alrcady allowed the identitication of

protcin domains that appcar to be more conscrved between the two species. The

conservation of such domains may mark structural or functional constraints and

presumably indicates important features in a protein. The complete sequencing of

the human cob! gene and cloning of cobh! homologues trom other species should
strengthen this tvpe of analysis.  Furthermore. other specics may possess proteins
containing specific domains of cob! or carry mutations at loci corresponding to
cobhl homologues. thus helping the study ol cohl tunction.

Another important consecquence of a protein’s structure is its  sub-celiular
localization. [ showed previously that the Cobl 8-Gal protein could be localized to
the nucleus: however. there is a possibility that it is an artitact due to the structure
of the chimeric fusion protcin. The Cobl protein encoded by the tull-length ¢DNA
can be wused to raise antiscrum. This antiscrum should be usetul to determine
whether native Cobl is also lound in the nucleus and to analyze more completely

the expression pattern of cobl.

Expression  study

A gene's cxpression  pattern  is  another source of information for the
unraveling of its function. First. the immunohistochemical analysis would indicate
it wild-typc Cobl detection matches the domains revealed by the Cobl B-Gal fusion
protein. In another gene twap inscrtion into the BTFJ genc. the cxpression pattern
ol the luacZ reporter genc is restricted to the brain. heart and testis and docs not
reflect the expression of the disrupted gene which is expressed ubiquitously (Deng
and Bchringer. 1995).

Expression of cobl! beyond EI12.5 becomes much more complex and was not
cxtensively analvzed. For example. expression in the CNS appears quite dynamic
from E12.5 and after birth., and may retlect important aspects ol cob/ function in

brain and spinal cord development.
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Mutagenic screen around the GtCI0l insertion locus

A genetic approach taking advantage of the gene trap inscrtion could be used
as an alternative strategy to characterize the function of cohl and other linked
genes on chromosome ![1. Because expression of Cobl/3-Gal is obscrvable in skin
biopsics {rom birth into adulthood. it is almost as conspicuous as an external trait
Furthcrmore. its  cxpression is  distinguishable between  heterozvgous  and
homozygous tissues. In  specific chromosomal regions carryving casily detected
markers. mutagencsis screens  were designed that allowed the identification of
novel mutant alleles (Shedlovsky er al.. 19838: Rinchik er al.. 1990: Rinchik er al..
1994). In the screen presented in Figure 25, [ propose a strategy inspirced by these
authors. that would allow for a rapid sclection ol mutations affecting genes linked
to the coh! locus on chromosome 11. This screen would requirc a minimum
breeding time and spacc. Mice carrving radiation induced deletions overlapping
the cobh! locus. could be identiticd in the first generation (Gl) by the lack of B-Gal
activity (Fig. 23 A). Only seclected animal strains would need to be bred to the third
gencration to analyze the phenotypes associated with the deletions (Fig. 25 A). A
sccond screen. using chemical mutagens such as N-cthyl-N-nitrosourca {(ENU). and
targeted to the same rcgion of chromosome 11 could isolatc point mutations or small
deletions aftecting one locus at a time (Russcil er af. 1979). The largest delction
generated in the first screen would then be used to identity lethal mutations in the
sccond generation (G2, see Fig. 25 B). .

This type ot screen would be theoretically possible for any other gene trap
inscrtion where a biopsy lor /@cZ cxpression is possible (e.g. gence trap inscrtion

expressing facZ in blood cells).
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Fig. 25. - Forward genetic screen using the GtC101 insertion as
anchor locus to detect mutations in cob!/ and in adjacent loci on
chromosome 11.

(A) Screen for radiation-induced large delction. Candidate mice possibly
carrying a dclction cncompassing the GtCi101l locus c¢an be identificd in the first
generation (GI) by the lack of B-Gal expression in tail biopsies. Only the potential
mutation carrier strains necd to be bred to G3 to identify recessive cmbrvonic
lethal deletion. (B) Seccondary screen for point mutations (using N-cthyl-N-
nitrrosourca. ENU. as a mutagen) that are not complemented by deletion alleles at
the cobl locus. Potential carrier. heterozygous for recessive embryvonic lethal

mutations, will bc identificd by their lack of G2 /acZ ncgative progeny.

Abbreviations: cobl: cordon-bleu: cobl_lacZ: GtCI10! allcle driving 8-Gal expression
in the skin: ENU: N-cthyl-N-nitrosourca: A indicates a deletion carrying allele: *
indicates a point muiation carrying allele: chromosomes arc represented by a

white bar or bv a black bar when carrving an active lfacZ allele.
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