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-4 RSTR-ACT 

Gcnc trap (GT) vcctors which crin act as both a rcportcr and (i mutagcn Iiavc 

bccn prcviously uscd to isolritc n c w  gcncs  tliat arc c ïscnt ia l  t'or mous2 

cicvcloprncnt. I uscd gcnc trap GT vcctors and c m b r ~ o n i c  stcm t ES 1 cctl ciiimcrris to 

sçrccn for insertions of tfic / u c Z  reporter gcnc into rranscription units tliat rire 

~pa t ia i lq  and tcrnporaily rcgulated Juring carly mousc cmbryogcncsis. 308 G-llSR 

ES cc11 cloncs csprcsxing thc !acZ rcportcr gcnc wcrc inciividually injcctcci into 

blastocysts to scrccn t'or cxprcssion i n  1.ii.o. in ES  ccll:embsyo chimcras.  Thc 

csprcssion of thc rcportcr gcnc in ciiimcric cmbt--os was rinalyzcd at cmbryonic. 

Liay s.5 tEX.51. 

Tlic cliarrtctcri~~ition of onc G T  inscrtion pci-mittcd rlic cloning ot' a novcl 

gcnc nrimcd  o or don - h  I L '  I I  iCoh  I I  b c c a ~ s c  01' its csprcssion in ES.5 cmbi->.os. in  

cmbr>os crirrying tlic G rC i O i inscrtion. 1.3-Gai ~ c t i \ . i t y  was t'irït detcctcJ rit E7.5 in 

tlic nodc rcgion and at E%j .  express ion \vas rcsrricrcil to risiaI struc turcs. n a m c l ~  

gut cndodcrm, notoc hord and thc floor platc 01' thc ncuro-cpitticlium. Coi )  !'s open 

r i  frlirnc shows no homology to an- known protcin o r  protcin domain. No 

plicnot>.pc wlis Licrcctcd in micc homozygous t'or tlic inscrtion and mapping 01' the 

mousc linci human syntcnic loci did not rcvcril an? mutation loi. whicli c-oh l  could 

bc candidate zcnc. Tlic inscrtion ma! not Iirivc cornplctcly disrupted 2 0  h !  

t'unction anci c o b l ' s  potcntial rolc in vcrtcbratc a s i s  t'orrnation os  pattcrning 

remains a conundrum. 

Finall!. 1 tirive uscd tlic viable G r C l  O i IUL-Z inscrtion into L-oh1 as ri molecular 

markcr ancf studicd U-Ga1 csprcssion in H r c r c - h y l t  r~ ( T )  and Dunforril's .sizorr-ruil 

c S d )  mutants. Mutations at both loci arc ccmi-dominant and rit't'cct the normal 

Licvclopmcnt 01'  thc notociiord, i gcncrritcd rnousc lines car-rying thc GrC ! O / markcr 

2nd one ot' tlic T. T: ">  or Sd  allcles. For tlic tlircc aIlclcs. c.ohl csprcssion in axial 

mcsodcrm rc~.c;llcCJ flic carlicst Jct'ects to date in l i c t c r o ~ ~ g o u s  and t iorno~ygous 

mutant cmbsyos. Othcr domains ol' c . o f ) l  esprcss ion aiso providc cvidcncc for 

pattcrning cfct'ccts in tlic sornitcs ancl tlic t t i i l  bud rcsulting h o m  abnormal 

organogcncsis of thc notochord. 
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ATTRIRL'TION OF T H E  D.4T.4 

The Chaptcr 2 contains thc rcsults from ri pilot scrccn thrit Iiclpcd us cliooving 

the scrccning stratcgy t'ollowcd in ri sccond lrirgcr gcnc trrip qcrccn. Tlic work 

prcscntcd in this pilot scrccn wris richicvcd in collaboration witli Dr. David Hill: D. 

Hill built thc ncw PT-1 and PT-3 gcnc trrip vcctorï and prc-scrccncd iri i.it/-(? hrilt '  ot' 

clic cloncs rtcrivtd (rom thc pGT4.Sa and PT-I vcctors ancf a11 the cloncï gcncratcd 

w i t h  thc PT-3 cector (Table 1). Wc also workcd togctlw- IOr thc dissection and 

rinrilysis ot' cliimcric cmbryos (Tablc 6). I did most 01' thc injections ut' ES ccli cioncs 

inro blristocysts wi th  thc hclp of Janct Rossant. who injcctcd ri third 01' tlic cloncu 

tcstcd in i.ii.o (Table 5 ) .  During tlic pilot ccrccn. 1 pcrformcd routincly on my own 

crich ctcp involved in tlic zenc trztp esprcïsion ccrccn .;tratcgy prcscntcd hcrc. 

(rom the clcctroporation ot' GT vcctorï into ES cclI\ ro tlic prcparation of' 

h i c r o l o i c l  wctions l'rom cliimcric embryos. 

Ir!  rlic sccond hait' ot' tliis chapter. 1 cicicicd rcsuits t'rom tlic 1ai.z~ scrc'en tliat 

W C  undcrtook al-tcr rlic pilor scrccn. Bccausc i t  w2.i ci collriborritivc projcct betwccr. 

the two Iriboratorics ot' Dr. Jrinct Rossant and Dr. .-llc.sandrri ioyncr-. [ tricd to 

prcscnr thcse publishcrt rcsults iWurst L'[ d.. I993) in ci condcnscli L'or-m. .Cl!- 

princip;il contributions to tlic Irirgc scrccn wcrc to injcct ES ccll cloncs into 

blristocysts t I proccsscd about ri quartcr ol' rhc cloncv anlilyzcd during t l i r i t  scrccn ) 

discuss tlic data bcforc publication. 

I am rcsponsiblc tor riII thc work involvcd in tiic cliarrictcrizrrtion ot' thc 

mousc c o r d o n - h l ~ ~ r t  gcnc (Chaptcr 3)  w i t l i  tlic Iollowin_c c-sccptions: rlic wction 

shown in  F i ~ u r c  9.A and Figurc I O  was prcparcli 61. Kcn Hrirpal; thc wliolc mounts 

in siru h~bridi/.ritions in Figurc 13 wcrc prcprircd by Dr. John Klingcnsmith. Cilinc 

Charnpigny ciid somc ot' tlic sub-cloning and scqucncing rcactions t'or cloncs 

covering tfic 5' and 3' cnds ot' thc c-ordon-hlcrr  cDN.4 contig. Tlic mripping ot' tlic 

Iiumrtn ~ - o h I  gcnc was donc by Dr. Stcvc Sciici-cr in Dr. Lap Clicc Tsu i '~  faborritor~ 

cit tlic Hoïpitril t'or Sick Cliildrcn of Toronto. 

I cfid al1 tlic wcrk prcscnted in the Iast ciritri ctiriptcr (Chriptcr 4). 
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CHAPTER ONE : INTRODUCTION 

APPROACHES TO DEVELOPMENTAL BIOLOGY 

Genetics is a powerful approach to identif? and analyze the function 01' the 

molecules controlIing ver tebra te  cieveloprnent. In prokaryotes and  uniccllular  

eukaryotes. the identification of mutant variants and their genetic analysis has 

been sxtensively useci to stucfy the funcrion of proreins and the rcgulation of gcnc 

expression. Molcculrir biology techniques subsequently ailowed isolation of senes 

and identification of the molecular bas is of the mutations. Molecular tcc hniques 

have also bcen uscd to manipulate genes to engineer specific alterritions wkosc 

effects can be tcstcd in vivo by inverse rcnetics and in vitro by biochcmical 

approaches.  Similariy genet ics  has been uscd in metazoan model  systems to 

identify and stuciy developmental  gencs. The combination of gcnctic mutation 

screens  with rnolecular character iza t ion of novcl  gcnes  has a l lowcd both 

func t ionaI and s t ructura l  ana tys i s  of protcins involvcd in Jevc lopmcnta l  

p roccsses .  

The laborarory mousc. M u s  nrusculu .~ .  is undcniably a good expcrimcntaf m d  

comparative model systern to study vcrrcbratc anci mammafian dcvelopmcnt.  

However. vertebrates. w ith the exception of the ~ebrr i f i sh  Bruchydunia rerio .  arc 

not reridily amenablc for large s c d e  generic mutation screens, As :, rcsult. moïr of 

our  car ly  know ledge on  ver tebra te  developrncnt hris comc t'rom clriss ical  

cxperimcntal  embryology and from indirect genctic approaches used to i int i lyc 

moleculcs firut idcntificd in assriys pcrformed in ~.irro. or triking ridvantagc a 1' tlic 

structural and functionril analogies w i t h  invertcbratc mode1 s y  s tems.  Ho wcvcr .  

direct  and indepcncicnt approaches  al lowing mutagcncsis  a n d  c loning of 

developmentri i  gcnc ï  a r c  neetieci to furthsr  inves t igat ions  o n  vcrtcbrate 

e m b r y  o g c n c s i s .  

Class i ca l  e m b r y o l o g y  

Experimencal  c m b r y o l o ~ i s t s  genera l ly  inves t igate  the conscqucnccs  of 

mcchanical  al terat ions to the normal  dcvclopment  of  an  cmbryo. Thcsc  

experimcnts involvc s inglc cclIs o r  tissues and generalIy consist  O C  ablating. 

grrifting or rnürking cells in embryos which arc thcn allowcci to dcvciop furthcr i n  

v i v o  or i n  virro. In vcrtebrates and invcrtebratcs. experimental cmbryology thus 

unçovercd many basic developmental  processes. These includc the appcarancc of 



restricted ce11 Iineages early during development: the existence of spcc ific cc 11 t'atc 

and extensive ceIl migration patterns occurring within the diffcrcnt cmbryonic 

and extra cm bryonic lineages: the observation that rit spec i fic spatial and tcrnporril 

chcckpoints. celIs couid become cornmitteri to a determined fate: the potcntial for 

some tissues to act as inducer or organizer centres inanaging the differentirrtion of 

neighbor cells. Al1 these features result in the progressive patterning o f  thc 

embryo into regions with restricted developmental potential (reviewed by S lack. 

1991). They also pointed out that the most critical stages of cievclopmcnr wcrc 

occurrinz during the transformation of the eg_o into ti patterned embryo. A fcw 

dexterous ernbryologists wcrc able to apply these experimental procedurcs to ttic 

mouse where the same generril properties were observed (Lawuon r . 19H6: 

Lawson er al.. 1991: Tarn and Tan. 1992: Beddington. 1994). Howevcr. manipulations 

on the mouse embryo arc limited by its small size and irs deveiopment in the utcrus. 

Furthcrmore. experimental embryology is limiteci to thc study of cellular 

interactions and cannot give access to the underlying rnolecular mcchanisms 

contïolling the early patterninz of the embryo. 

D e v e l o p m e n t a l  g e n e t i c s  

Induced mutagenesis. îïrst anci t'orcmost in  the fruit F1y D r o s o p  12 1 l u  

nielanoquster ( D .  me /ono,quster 1. allowed isolation of mutations in gcnes thar could 

control the frire o t  largc regions or complctc segments of the crnbryo. Thcsc 

original mutations provideci candidate genes for the components of  thc $cnctic 

pathways rerulat ing rezional spccificarion of the cmbryo. Subsequently.  

systematic mutation scrccns wcre initiateri to isolate and charactcrizc more 

developmental genes involved in the control of cmbryo pattcrning. The first wcrc 

the laree genetic screens for rccessivc cmbryonic lethal mutations performcd in 

the invertebrateii D .  n r e i a n o  ? a s t e r  and Cuc.norhahdiri.s ele,yun.s tC. r i e y u n s  

( NussIein-Volhard and Wiesc haus. 1980; Mcncely and Herman. 1979; Schicrcnbcrg 

er al.. 1980). These scrccns were designcd to detcct mutations in prc-dctcrmincd 

genomic rcgions. whic h affect spccific proccsses during embryogcncsis. Thcy 

enribled researchcrs to idcntify novcl  gencs that arc esscntial for cmbryonic 

patterning. In D .  m e l u n o y a s t e r .  most of' the genes important for early antcrior- 

posterior axial pritterning of the embryo have thus bcen identificci (Nusslein- 

Volhard et al.. 1987). Many diffèrent mutant allcles O S  the same gene were oftcn 

gcnerated. demonstrating that saturation had bccn rcciched for this particular 

strategy. Consequently. it was possible ro design comprehensive modc1.s of thc 



genetic pathways controlling the mechanisrns of early embryo patterning. Thesc 

examples demonstratcd that it was conceivabtc to decipher the gcnetic pathways 

regulating early developmcnt of the embryo whcn gcncs werc systcmatically 

mutagenizcd and identified. 

Vertebrate model systems such as the chick and the frog are not suitable for 

direct genetic cxperimcntation: the chick is a slow breeder and the frog's genomc 

is tetraploid. Thesc featurcs are incompatible w ith the realization of mutagcnic 

scrccns. The mousc and the zebrafish are bctter systcms for the gcnetic study of  

vertebrate devcloprnent. The zebrafish is a particularly suitablc organism for 

mutation scrcens: its genome is smaller (1.7 IO9  bp)  and embryos are produccd in 

large numbers. Early devclopment is very fast and embryos can bc dircctly 

obscrved under a dissecting microscope during the course of their gencsis: 

furthermore. induccd parthenogenic cmbryos develop normaliy during early 

embryogenesis. thus facilitatirtg the identification of recessive mutations 

(Grunwald and Strcisingcr. 1992: Solnica-Krezcl er ai., 1994). Systcmatic gcnetic 

scrcens to idcntify mutations altering ernbryogenesis arc undcrway i n  the 

zebrafish (~MulIins et al.. 1994: Hafftcr er ai.. 1996; Dricver er al.. 1996). Howevcr. it is 

also a reccnt model system for which gooci gcnetic or physical map arc not 

available yct whereas such maps are well characterizcd in the mouse (rcviewed bv 

Rossant and Hopkins. 1992). Furthermore. zebrafish is not a complctc modcl for 

rnûrnmalian dcveloprnent (c.g. if one is interested the role of materna1 and 

extracmbryonic tissues ciuring developmcnt or in later aspects of cmbryogcncsis 

such as the organogencsis of the limbs and thc brain). In the mousc modcl s-stcrn. 

embryonic stem (ES)  ccll tcchnology and novel strategics combining both rcnctic 

and molecular approaches now permit direct disruption and identification o f  

cievclopmental gcncs. Thcrc fore. for the analysis of mammatian devclopmcnt. thc 

mousc is wcll known and very versatile vcrtcbratc model to pcrform genctic 

studies. 

THE MOUSE: A GENETIC MODEL FOR VERTEBRATE DEVELOPMENT 

The laboratory mousc or house mousc is thc best mode1 system for the gcnetic 

analysis of vcrtebrate dcveloprnent for both historical and practical reasons. For 

centuries. mouse fanciers have collectcd spontaneous mousc variants carrying 

mutations that mostly affccted coat color or behavior (Silvers. 1979). The history of 

the mouse as a genctic model system staned in the 1900's with the collection of 



animal strains and analysis of these naturally occurring mutations by rcscarch 

laboratorics (Haldanc el al.. 1915). The mousc was the first mammal used to vcrify 

the rcdiscovercci Mendel's laws of' inheritance (Cuénot. 1902: Castle and Allcn. 

1903). Since thcn. additional spontancous variants have been accumulatcd w i th in  

the mouse stocks of large animal colonies (Green. 1989). Wild-type mouse strains 

were aIso established and inbred in laboratories. They provide a varicty of 

homogcnous genetic backgrounds that are used as a reference to study mutations 

and DNA polymorphisrns. Mutant allelcs and DNA polymorphisms bctwccn strains 

have becn used to gencrate a genetic map of the mouse genomc (Bonhomme C r  (11.. 

1979: Lcder et al.. 1981; Avner er al.. 1987). Mutations still reprcsented the majority 

of thc 1300 genetic loci rcportcd by Green (1989). More reccntly. molccular biology 

techniques allowed the identification of ri plcthorri of novel genes and D N A  

polymorphism markers such a s  restriction fragment length polymorphisms 

(RFLPs) and simple sequence length polymorphisms (SSLPs). Interspecific crosscç 

betwecn species such as Mus musculus and Mus spretus permit a rapid rnapping of 

thcsc ncw marken  (Rowe et al.. 1994). As a rcsult. the mouse genetic map now 

contains about 14.000 loci and the construction of a physicd map is well  underway 

(Dietrich er al.. 1995). Therefore a good scaffold of markers alrcady cxists to help 

furthcr genetic charactcrization of mouse developmenta! genes. 

PracticalIy. micc are easy to breed and have a relatively short gcncrütion 

time of 2 to 3 months. A large array of cmbryological and genctic manipulations is 

achicvablc in mice. In particular. the rccent development of two tcchniqucs. the 

mouse ES cells technology and the insertion of exogenous D N A  by homologous 

rccombination in mamrnalian cclls notably enlargcd the possibilitics t'or genctic 

studics in the mouse. ES ceils can be culturcd (Evans and Kaufman. 1981: Martin. 

1981) and gcnetically manipulated in \vitro while retaining thcir potential to 

participatc in normal embryonic developmcnt (Bradley er al.. 1984; Gosslcr et al.. 

1986) or to support dcveloplncnt of' thc entirc embryo (Nagy  et cri.. 1993). 

Homologous rccombination allows one to spccifically target and introclucc 

mutations into gcnctic loci (Capecchi. 1989: Koller and Smithics. 1992). Thcrct'orc. 

virtually any mutation. gcncratcd in ES cclls that arc able to colonizc the mousc 

germlinc. can be analyzcd in v i v o  (Capecchi. 1989). Howcver. "invcrsc gcnetic by 

targcted mutagcncsis" ( a  gcnc is cloned first. altercd in vitro by homologous 

recombination and rc-introciuccd in v i v o  to analyzc the phenotypc causcd by the 

mutation) is rcstrictcd to genes already cloneci. The advantagc of "forward 

genctics" (a random mutation spontancous or induccd i n  v i v o  leüds to the cloning 
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of ri candidate gene) is to be a more random approach, based o n  the observation ot' a 

phcnotypc indicating that a gene's function has been altercd. Scvcral approaçhcs 

to random mutagenesis arc possible in the mouse. Mutations çan bc spontancous. 

induced by X-ray o r  chemicals. o r  generatcd by insertional mutagcncsis. 

Random mutagenesis in the mouse 

Sponraneous variants 

The major i ty  o f  spontaneous variants a re  dominan t  o r  semi-dominant 

mutations affecting obvious traits of morphoIogy (e.g. coat  color. visible skc lctal 

structures) o r  behavior. life span and fertility. These mutations havc bcen very 

important for the establishment of the mouse as ri genetic rnodcl system and rhey 

still supply an important resource of mutants. However. thcy d o  not providc a 

sufficient source  of genetic material for  developmcntal studies.  The fortuitous 

mode of identif ication of mutant characters results in a strong bias toward 

dominant  mutat ions  and consequently.  very f e w  recess ivc  embryonic lcthal 

mutations af fect ing early devclopmental  genes were isolated.  Furthcrmorc. the 

molecular characterization of thcse mutants rcquircs diff icult  cloning strritegics 

and has only bcen possible for a few of  them (Gubbay rr al-. 1990: Herrmann er al.. 

1990: Bultman er al.. 1992; Michaud er (11.. 1993: Cordes and Barîh. 1994: Avrahrtrn t . r  

a . .  1995; Schumacher er al.. 1996). Thc first of thcsc mutants to bc charactcrizcci 

wcrc Identifieci by the candidate gene approach (Balling e r  al.. 1988: Geissler er al.. 

1988: Epstein er al.. 1991; Hill er al.. 199 1; Hui and Joyncr. 1993). Thc strongest 

drtiwback howcver. comes trom the scarcity of thesc mutation events w h i c h  is 

incompat ib le  w i t h  iiny mutation sc reen inz  s t r a tcgy .  X-ray  and chernical 

mutagenesis were consequently uscd to induce mutations a t  muc h highcr rates. 

Radiation or chenrical indriceci nrutarions 

X-ray radiat ion was initially used to mutagenizc thc mouse genomc and 

generatcd new mutations such as the T ( B r a c h y u r y )  al leIe  (Dobrovolskaia-  

Zavadskaïa. 1927). But in the absencc of  a systernatic screen t'or rccessive 

mutations, the bias toward dominant mutations alrcady observcd with spontaneous 

mutants was persistent in this approach.  Radiation also creates Iarge deletions 

and/or rearrangements at the mutated locus that may alter  more than one gcne at 

a timc. Chemical mutagenic agcnts such as A'-erhyl-N-nitrosoureu (ENU) (RusseIl et  

al.. 1979) havc also bcen used to mutagenize the mouse gcrmlinc. The advantrige of 



thcse agents with respect to radiation is that they only creatc point mutations or  

srnaII dclctions affecting one gene rit ri time. Radiation and chemicals are very 

efficient mutagcnic agents because they generate mutations in a random fashion 

and a t  a high rate: E N U  can induce an average  of 3 t o 1 5  

m u t a t i o n s ~ l o c u s i g a m c t e  ( R u s s e i l  et al. .  1979: Prctsch and Charles. 1984: 

Hitotsumachi et al.. 1985). up to 12 times the frequency obtained with  ,Y-rays 

(Hi to t sumac  hi er al.. 1985) and 300 timcs the spontaneous rate (Russell er al.. 198 1 ). 

These two mutagens as wcll as other chernical agents have been use to pert'orm 

mutation screens in the mousc (revicwed by Rinchik. 199 1 ) .  

Mutation screens are difficult in the mouse because of both gencration tirne. 

spacc requircmcnts. small  litter size and intra-uterine developmcnt of the 

embryos. Saturation mutation scrcens such as the ones perforrned in  invcrtebrates 

have onIy been possible in the mouse when applicd to very restricted and well 

characterizcd rcgions of the genome wherc known genetic markers allowed an 

casier scrccning for offspring carrying recessive lethal mutations. Two chcmical 

mutagenesis screens wcre performcd to select for mutations in loci linked to the r 

rcgion on chromosorrie 17 (Shedlovsky et al.. 1988) and to the albino ( c )  locus on 

chromosome 7 (Rinchik et al.. 1990). The latter screcning strategy also rclied on ri 

collection of deletions at the c locus previously induced by radiation mutagenesis 

(Russell et al.. 1982). Another screen detected deletions induced by radiation at the 

brotvn rryp-1 locus on chromosome 3 (Rinchik er al.. 1994). 

There are ~ t i l l  drawbacks to these approaches. They require large breeding 

facilities for the isolation of the mutant utrains. In addition. the identification of 

candidate genes for these newiy generated mutants still rcquires tedious cloning 

strategies. Because of the limitations of urgeteci and classical  mutagenesis.  

approaches allowing large scalc mutation scrcens and facilitating the cloning of 

novcl genes were also considered. Mutagenesis techniques using random insertion 

of exogenous DNA scquençes clearly offer strong advantagcs to furthcr 

characterize altered genes. 

Insertional niuragenesis 

Mutagenesis by insertion of endogenous (transposons) o r  exogenous (viruses) 

transposabie genetic elements is a natural occurrence and is an important source 

of genetic diversity for many Iife forms: the randorn insertion of a DNA sequence 

in the gcnome may alter the structure or  function of genes Iocated in the vicinity 

of the insertion locus. Transposable elements were Cirst identified in maize by B. 
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iMcClintock (McClintock, 1950). Since then. transposable clements have been 

identified in bacteria. yeast. invertebrates and vcrtebrates. Even the wrinkkd-seed 

phcnotype of the rugosus  allele described by Mendel in  1865 has been shown to be 

caused by a transposon insertion (Bhattacharyya er al.. 1990). The great advantage 

of insertional mutagenesis is that when the inserted DNA sequcnce îs known. it ciin 

serve as a tag to identify adjacent genomic rcgion and thus greatly facilitates the 

cloning of the insertion locus. 

In thc mouse. retroviral transposons have been used to generatc mutations 

into the genome. Two rnethods. the transposition of endogenous proviruses and 

insertion of naturally occurring ecotropic retroviruses. have been successfuIIy 

uscd tu creatc recessive Içthal mutations at new loci (Soriano el al.. 1987). 

Alternately. exogenous D N A  can be introduced into the cells carried by a 

recombinant rctrovirus (Rubenstein er a!.. 1984: Huszar et al.. 1985; Soriano er al.. 

1986; Sanes et al.. 1986) or by a plasmid vector (Breitman et al.. 1987; Gorinr er a!., 

1987; Jaenisch. 1988). Retroviruses can directly infect embryos or culturecf cclls. 

w hereas plasmid vectors need to be mechanically forcecl into cells- Micro-injection 

into cggs or trrinsfection and clectroporation of cells are mcthods currently uscd to 

introducc plasmid DN.4 into the rnousc genomc. The majority of exogenous DN.4 

sequenccs insertion cvents into the genorne occurs at ranciom. Exogenous DN.4 

sequenccs and retroviruscs can both act as rnutagenic azents. either bu the 

insertion resulting in the disruption of endogenous genc function or by the 

retroviral promotcr üctivating ectopic expression of neighbor gencï .  Bccause 

transgenic micc are the mosr current method to analyzc transcription rcgulation 

in vivo. many transgenic insertions. sometimes causing a phenotype. have bccn 

gcneratcd and thus also became the subjecfs of mutations' analy5es. 

In 199 1. T. Gricilcy evaluated the progress made in the chriracterization of 

insertional mutations generated by retroviral insertion or DN.4 micro-injection 

and resulting in a visible phcnotype (Gridle.. 1991).  Ot' 28 insertional mutations 

reporteci. 1 1  were recessive embryonic lethal. 3 post-natal lethai and 14 viable 

mutations. Elevcn insertions occurred in known genes (Hprr.  S t e e l  and a l p h a - I -  

co l lagen)  or in loci for which a mutant alleie already existed. The exogenous DNA 

could bc used as a tag to clone the corresponding genomic Loci and identify 

candidate genes altcred by thesc insertions. Fivc novcl disruptcd gcncs ( 1  i m b 

J e f o r n i i t y .  M o i . - 3 4 .  M p v -  1 7 .  dilrrte and HP.58) were already cloneci in 199 1. Since 

then. 3 more gcnes. h u i r l e s s  (Cachon-Gonzalez et ai.. 1994). dysronia niusculornnl 

(Brown et ni.. 1994) and the 413.d retroviral insertion into nodal (Zhou et ai.. 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 nt y k - 

103 was due to ectopic expression of the rhynridinr kinase (TK) transgene rather 

than to the disruption of  3 transcription unit (Wilkic er ai.. 199 1 ) .  For the other 

insertions. no  particular transcript couId bc identified. although candidate cDNAs 

werc analyzcd for 2 loci ( fused and legless)  . 

These  rcsults  permit comparison between proviral and transgenic insertion. 

Six out of 7 mutations rcsulting from insertion of a provirus fcd to the molecular 

characterization o f  the endogenous  loci. When proviruses integrate into the 

genome they  o n l y  gencra te  minor rearrangements:  the  d isruptcd genomic  

sequences a re  directly tlanking proviral DNA and can easily be cloned. On thc 

contrary.  t h e  microinjec  t ion technique of ten  genera tes  major  c hromosomril 

rearrangements upon insertion of exogenous DNA: for example. the R S V - C A T  

strain2 contains a translocation at  the insertion locus (.Mahon er ai.. 1988): delctions 

of approximately 20 kb. 5 0  kb and 2 CLV (about 1000 kb)  have bcen rcported 

(Constant in i  et al.. 1989: Brown er al.. 1994). These rearrangements causc two 

problcms: thcy may well be the  primary cause for some of the phcnotypes 

observed ( ra the r  than the insert ion cvent  itself) and they complicrite the 

identification of the Jisrupted genc. 

Ovcrall .  for  thc two rtpproaches. the frequency of insertions causing ri 

recessivc lethal phenotype is between 5% and 10% (Soriano er ul.. 1987; Jacnisch. 

1988) .  S i n c e  transgenic s t ra ins  are continuously being gencratcd i n  man?  

Isboratories. novcl mutants also continue to appear. Thus. the transgenic insertion 

A 3  into the nzoror endplare disease (n ted )  locus (Kohrman et al.. 1995). rapidl- led to 

the cloning o f  a novel gene, s n c 8 a .  altered in n i e d T g r V A 4 B s  and nred  mutants 

(Burgess et al.. 1995a). 

Howcvcr ,  no screcning stracegy is available for thcsc approrrches. The 

identification of  transgenic insertions w ith ri reccssive phenotype i c$enerally 

fortuitous. Establishing and breeding heterozygous strains to screen Irirgc number 

of insertions would require a lot of tirne and space. The tagging by micro-injccted 

DNA is not neccssarily accurate o r  informative enough to rapidly clone a candidate 

g e n e .  

Other particularities fortuitously observed upon insertion of exogcnous D N A  

of'fered the possibility to design novel strategies and to improve the efficiency of 

mutagencsis by insertion. Eariy. in the making of transgenic micc. i t  was observed 

that the activity of exogenous promoters coutd be influencecl by endogenous 



sequences at the site of insertion. I t  was suggested then that transgenic micc could 

be used for the detection of endogenous regulatory sequences (Sorirrno et al.. 1986: 

Iaenisch and Soriano. 1986; Jaenisch, 1988 ). These regulatory elements wcre show n 

to be the ènhancer Tequences of cndogenous transcription units (Hamada. 1986). I t  

was therefore conceivable to design insertion vectors containing a reporter gene 

that wouId detect genomic regulatory elements at the site of insertion. The reporter 

oene expression would then reproduce the pattern of expression ot' cnciogènous - 
genetic loci. 

New types of insertion vectors. the trripping vcctors. wcre thus dcsigncd to 

identify developmentally regulated genes and facilitate [ k i r  molecular a n d  

func tional characterizrit ion, Thesc vec tors conserved the rtdvan tageï of 

mutagenesis by DNA insertion (i,e. rmdom integration. tagging of thc mutant 

allele and creation of novel genetic markers). More importantly. thcy aIso 

perrnitted the detection of genes by their expression pattern. re~ard lcss  of thc 

phenotype crcatcd by thcir insertion. 

THE TRAPPING VECTORS 

General features of trapping vectors 

Ail trapping vec tors depend on  the dctection o t  genomic c is-regulatory 

elements that regulate expression of a reporter gene after its insefiion into ct hoït 

genome (see Fig. L for the riifferent modes of activation). In addition. thc bectors 

always contain a selection marker allowing the selection of' \table insertion cvcnts. 

Trapping vectors rire "activateri" when e.uprcssion of their sclec tion anci, or  

reporter genes is induced after insertion bu  endogenous sequences. Thc reporter 

gene is generally the E. coIi J - q a l a c r o s i d a s ~  ( h c S )  gcne which encodcs the rcadily 

detectable U-Galric tosiciase ( B-Gal) enzyme. Active B-Ga1 can be produccd in most 

organisrns without altering normal ce11 tunctions. Simply. trapping vcctors can bc 

further cIassified in three categories. according to the mode of activation of thc 

reporter gene: the); are the promoter trrip (PT). the enhanccr trüp (ET) and the 

gene trap (GT) vectors; in addition. another type of gene trapping vcctor. thc 

polyA trap (pAT). thrit does not initially require the activation O C  3 reporter genc 

has also been designed (Fig. 1). 

Promo~er  trap vecrors 

The first trapping vectors were the promoter trap vectors uscd in prokriryotes 



(Casadaban and Cohen. 1979). A promoterless reporter gene became rictivatcd when 

it inser ted  wi th in  a n  operon  s e q u e n c e .  Promotcr  t rap  vcctors  

were also ciesigned for the mousc (Kerr er al.. 1989; von iMelchner er d.. 1990: R e d ?  

cr al.. 1991). The vector is activatecl when it inserteci dowrxream of a promotcr ablc 

to drive expression of the reporter gene. Lisually. such insertion must have 

occurred into ri coding exon of a gene (Fig. 1 A). 

Enhancer trap vectors 

In enhancer trap vcctors. the l a c 2  reporter gene expression is driven Sy a 

minimum promoter whic h is ac tivated w hen endogenous reguiritory seq uences arc 

present in cis. Insertions occurring within genes or intcrgenic: regions m a y  

confer on the reporter gene the specificity of expression of endogenous genes 

(Fi_o. 1B). The first eukaryoîic enhancer trap vectors were designed for D . 

m e l a n o g  a s t e r  (0 'Kane and Gehring. 1987). Enhancer trap vectors wcrc d s o  

designeil for the mouse (Allen er al.. 1988; Gossler er ai.. 1989) and could sfficicntly 

detect regulatory elements. 

Gene rrap vecrors 

The gene trap vectors were dcsigneii to select for insertion cvcnts occurrinr 

within transcription units and gencrating li fusion cranscript bctween the 

endogenous genc and the reporter gcne ( F i g .  1C). t t  had becn shown thlit splicing 

bctween donor ( S . D . )  and acceptor (S..\.) sites l iom different gcncs or syntheticrilly 

deriveci cou ld  be used by rnarnmalirin ceils to form funct ional  chimeric 

transcription units (Chu and Sharp. 198 1 ) .  In gene trap vectors. the rcportcr genc 

contains a S.A. site at its 5' end and thus when insertion occurrcd into a ~ C ~ C ' S  

intron. it behrives like an rinificial exon iGossier er al.. 1989: Brenner ri al.. 1989: 

Friedrich and Soriano. 199 1 ). 

Poly  A rrap vectors 

Most trapping vectors rely on insertion into $enes active in undiffercntiarcd 

or difkrentiatecl ES cells that are able to activate the expression of the rcportcr 

gene. the seIection gene or both. The poly-A trrtp (p-AT. poly-A is short for poly- 

xienylation signal) vectors werc des igned to be ac tivated when inserting into any 

transcription unit whethcr the latter is active or inactive rit thc tirne of 



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

v e c t o r s .  

In A. B. C & D. thc trapping vectors (in black) are rictivated aftcr insertion in 

specific regions of a locus (in gray) encoding the abc  gene. ( A )  In the prornoter 

trap. the J-galuctosidase (l a c Z )  rcporter gene is only transcribed when it insertcd 

into an exon (herc cxan a). ( 8 )  The enhancer trap's reporter gene is activated 

when the endogenous cnhancer (Ej activates the weak promoter (wP)  driving its 

expression. (C) When it inserts into an intron. the gene trap vectorts l a c 2  reporter 

behaves likc an exon and is activated when it becomes îùsed to the upstream exons 

of the u6c  gene via  its splice acceptor site (SA). (D) In poly-A trap vectors. the 

selection genc ( n e o )  is constitutively cxpressed but Iacks any poiy-ridenylation 

(PA) signal. Thus. stable sclection trrinscripts are o n l y  made when n e u  becomcs 

fused via its splice donor site (SD) to an endogenous poly-A signal. The l a c 2  

reporter gene is activatcd as in a gene trap vector. 
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I n t roduct ion  

selection (Niwa er ai.. 1993; Yoshida es ai.. 199.5; Imai er ai.. 1995). In a p- AT vector. 

the selection gene is expressed from a constitutive promoter and i t  is ending with ri 

 plic ce donor site instead of a poly-A signal. Therefore. G41RR clones must sontain 

insertion cvents putting the n e o  gene upstrcam of an exon containing a poly-A 

signal (Fig. ID): these sites alone will allow production of stable neo trrinscripts. 

whether the endogenous gene at the locus is active or not during selection. The 

sites of insertion of the selected G41gR clones can then be anaiyzeci ior the 

prescncc of a gcne and for the expression pattern of the reporter gene. 

The pros and cons of trapping vecfors 

The trapping vectors have three main applications: i )  the? crin rcvcal.  via 

their reporter gcne. the expression patterns of  the genes located at the inwrtion 

sites: i i )  the known vector sequence facilitates the cloning of endogenous 

sequence at the insertion sites; i i i)  the insertion rnay alter the function of 

endogenous genes.  The different types o f  trapping vectors carry spccit'ic 

advantages regarding these applications. 

The PT vectors are good mutagens. However. a promoterless reporter gcnc 

requires an insenion in an exon sequence iFi_o. 1A: insertions into introns will be 

excised during endogenous R N A  maturation) and in frame with thc cndogcnous 

protein i f  i t  Joes  not c x r y  its own translation sian codon ( ATGi. In cuknr>otc 

Eenornes the frequency for such insertion cvents is v e r -  low becriusc of the - 
relatively large proportion of untranslated sequences. Thcret'ore thé use O t' 

enhancer and gcne trap vcctors have been hrgeIy prefened in eukaryotcs. 

The frequençy of activation of the reporter gene is much higher for 

enhancer trap than for promoter trap insertions because of the ciilference in s i ~ e  

of the ~ e n o m i c  regions able to activate the vcctor: ET vectors are able to Jetect 

regulatory elements at large distances. On the other han& an ET inscrted into an 

intcrgenic region rnay have littie mutagenic et'lécts isee endogenous transcript in 

Fig. 1B) and the cloning of the insertion locus may not necessarily give a direct 

access to the gcnc of intcrest. 

The GT vectors are the rnost balanceci in terrns of possible applications: likc PT. 

they only detect insertions within genes and as ri higher rate than with a. PT vector 

because "rictivating" insertion sites includc the introns which arc usually largcr 

than exons. Activation of the reporter gene is also less dependent on thc structure 

of the genornic fusion: the reporter gene becomes iùsed with the endogene via its 

S.A. sequence. The fusion transcript mimics very closely the expression pattern of 



the endogene. and produces a truncated endogenous protein thrit is more likely to 

have altercd activity. Furthermore. the direct fusion of exon sequencc w ith vector 

sequence in the fusion t rmscripts  greatly facilitates direct cloning of the 

endogene. Such cloning involves the 5' Rapid Amplification of cDNA Ends- 

Polymerase Chain Reaction technique (RACE-PCR ): w ith a primer spec ific to vcc tor 

5cquence. the fusion transcript can be used as a ternplrite b y  the reverse 

transcriptase to senerate a first strand of cDNA containing endogenous sequencc 

(Fig. 1 C. D): this cDNA can then be unplified by PCR. sub-cloneci and sequenccd 

(see Fig. 11. Chapter [II. p. 79). 

PT. ET and GT vectors require some bene expression to be activated and 

insertions into gene that rire not expresseci go undetected. The ?-AT vcctors arc 

good for detection of genes that are not expresseci in ES cells. In p-AT vcctors 

insertions. i t  is also possible to clone downstream endo_renous sequencc with the 3' 

RACE-PCR technique. w hich amplifies sequence between the vector and thc poiy-A 

tail ( F i g  ID).  Howcver. they are also activateci by- insertion into the 3' untranslatecl 

region of genes which may affect their potential to disrupt normal scne function. 

Furthermore. this strategy doeq not exclude insertions into A: T ric h intcrgcniç 

reg ions whic h are likely to contain cryptrc poly-A signal wqucnces. 

Elernents used in t r a p p i n g  vectors 

Apart Liom the featurcs îharacterizing the t ype  of vectors cited abovc. othcr 

clernents have ais0 bcen d d e d  to the basic structure of trapping vcctors. mostlt to 

GT vectors. Thesc various ciements rire listeil. with their propcrtics. in Table 1 .  

These improvements to the vectors can be made at different levcIs: thcy rnostly 

affect the frequency or the specificity of insertion events able ta activatc the 

reporter gene. or crin provide additional help for t he  cloning of thc insertion 

locus. 

Different vectors have been uscd to introduçe trapping construc ts into mouïc 

cells. Recombinant retroviruses are efficient vectors because they inscrt with no 

further rearrangement than a 4 to 6 bp duplication of genomic sequencc. Plasmid 

vec tors introduced into cells by electroporation are also used to insert thc trapping 

elcments into the genome. They crin also integrate without major D N A  

rcarrangement. With both techniques it is possible to control the vcctor copy 

number in the selected clones. Multiple copies of a trapping vector inscrtcd in 

tandem are ri probiem because they couIJ produce hlsc positive clones (Yoshidri er 

a l . .  1995). For example, if trmscription initiates in a vector copy and mns through 



an adjacent copy. the promoter driving the selection gene expression could also 

direct the cxprcssion of the reporter gene Iocated downstream. Multiple copies rnay 

also crcate rtrtificial regulritory elements and therefore mis-leading csprcssion 

pa t t e rns .  

Different types of selection genes have been used. The h i s t i d i n o l  

dehydrogenase ( h i s D )  gene. confers resistance to L-histidinol and was used in sornc 

early promoter trap experiments but it may have interfcred with gcrmlinc 

transmission (von Melcliner er al.. 1992). The E. coii  n e o m y c i n  gene (nro  i confers 

resistance to the G418 drue in mamrnalian cells and does not alter the potential of 

cells for germlinc transmission. I t  is commonly used as a selection genc in the 

rnousc. 

The lac2 reporter gene is the most popular ce11 rnarker useci in cukaryotes: 

dctection of its expression is easy and i t  is developrnentally neutral (Sancs et al.. 

1 9 8 6 ) .  The Green Fluoresccnt Protein (GFP) rcporter gene is an efficient rcporter 

in bacteria. C. elegans (Chalfie et al.. 1994). D. nielanoguster (Yeh er ai.. 1995) and in 

the mouse (Zernicka-Goetz et al.. 1997). The fusion between the lacZ and ncla , wnes  

( p g e o  gene) allowcd the combination of selection with detcction of activateci 

insertions. The sensitivity of dctection for genes cxpressed at low lcvels was also 

increascd: lcvels of expression sufficient to confer G41gR do not nccessarily 

produce dctcctablc lcvcls of 8-Gai (Friedrich and Soriano. 199 1 ). Anothcr 1 a c Z 

fusion gene. P g y g .  that can act both as a selection and as a reporter. contains the 

gcne providing resistance to hygromycin (Natarajan and Boultcr. 1995). This ncw 

sclcctionireportcr gene is an interes r ing rtltcrnritivc and would rtllow double 

sclection in cspcriments involving cc115 that may rilready contain thc n e n 

sclection rcne. 

Splice donor sites. intcrnal ribosome cntry sites (IRES). stop and ATG srart 

codons have al1 becn addcd in various combinations to improvc the ct'ficicncy of 

rcporter genc or selection gene activation by endogenous scquences (see Table 1 ) .  

Sub-cellular locrilization signals such as the nucicar Iocalization sirna1 { nis) 

(Bonncrot et ai.. 1987) and the Tau (Callahan and Thomas. 1993) tags are 

indcpcndent of the insertion site and may improve the detcction of the cclls 

exprcssing the rcporter gcne. For example. the axonal transport of the rcportcr 

genc product by the Tau qignal may help determining the morphology of neurons 

when a subset of neural cclls in a tissue is exprcssing the rcporter gene. 

Other modifications afkc t the selectivity of rcporter genc activation. For 

examplc. in "sccrcted protein spccific" gene trap vcctors (ST vcctors. Skarncs et ai.. 
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1995). the addition of a transrnembrane domain (TM) in a GT vector sekcts  for 

insertion into genes containing a peptide secretion ieading 3igna1: proper 

cytoplasmic or membrane-bound B-Ga1 enzy matic ac tivity is only poss ibie w hen 

both an endogenous leading signal and the vector TM domain are prcscnt in the 

fusion protein. Othèrwisc. the 13-Ga1 fusion protein is first sequestered in secretory 

vesicles where the pH neutralizes its activity and is then sccreted by thc çells. 

The cloning of genomic sequence from the insertion Iocus can be friçilitated 

by including in the vector. helper elements for plasmid rescue. They hcilitatc thc 

cloning of tlanking genomic sequence when 5' or 3' RACE-PCR werc not possible or 

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

Overall. thc trapping vectors presenr many ridvantages for t h e  detec tion. 

c Ioning and mutagenesis of  novel genetic loci. Al1 vectors insert apparently 

randomly into the genome; the bulk of seIection. expression anrtiysis and the 

cloning of trapped gcnes can be done in virro in tissue culture systcms such as ES 

cells in the mouse. Trapping vectors have thus bsen employcd in 3 number of 

designeci to  identify novel genc tic screens follow ing differcnt 5 trategies 

dcvelopmcntal genes. 

S c r e e n i n g  s t r a t e g i e s  

Although al1 trapping screens ini  te with rhe identification or th 

for insertions into potential transcriptional units. different routes can bc t'ollowcd 

to furtlicr select for the loci that will be stuciicd. 

Defining developnienrnl genes 

Developmcntri~ genes can be defineci according to threc criteria: thcir 

function. structure and c'uprcssion. Thcse measures allow dift'erent ripproachc> to 

determine whether the product of a gcne is a good candidate as a rcgulritory 

protein involvcd in the patterning of the embryo. Thc function of 3 gcne product 

crin be analyzed through the developmental delècts resulting from its alteration in 

mutant allelcs. The structure of a gene or pans of it may be homologous to that of 

other known developmcntril genes. Furtherrnore. structural analysis allowï onc to 

attribute possible functions to a gene. Finally. because the expression of 

developmental genes is often spatially and ternporaliy rcstrictcd d u r i n g  

embryogenesis. the expression pattern of a gcne mriy also suggest that it plays an 

important role during deve Iopment. 





In t roduc t ion  

Screening crire ria 

Therefore three approaches crin be used indepenclently to charactcrize trapped loci 

(sec an overview of screening strategies in Fig. 2): the type of expression displaycd 

by the reporter gene in virro or in vivo: the identification of a phenotypc 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 

gcnomic sequences or mini-libraries derived from the mutated genomc. 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 

likcly to disrupt a gene function and do not always ficilitate the cloning of genes. 

However. they detect rcgulatory elernents at very high frequencies. Gene trap 

vectors have been uscd in the rnajority of screens and they were used t'ollowing 

the three possible approaches. However. although a screen primarily involving 

the cloning of insertion sites (Yoshida er ai.. 1995) and a large screen for scne trap 

insertions causing a phenotypc in mice (Friedrich and Soriano. 1991) were 

reported. the screening for the expression pattern of the reporter genc in v i v o  has 

bcen used in most studics, First. insertions showing a restricted pattern of 

expression are likely to bc linked to a gene involveci in embryo patterning: second. 

i t  is necessary when the selection for stable vector integration does not eliminrite 

insertions into silent loci (with vectors using constitutive expression of the 

selection gene or with p-AT vectors). 

Targ er cells 

Thc choice of target ce11 has grcat consequences on the possible outcomes of ri 

trapping screen. In the mouse. ES cells and multipotent cells have bcen used 

becausc they crin differentiate in virro and can be screcned for potcntiatly 

interesting insertion events. I t  is important to consider the target cell's pre- 

screening potential. Although trapping approachcs on multipotential cc i l  lines 

(for which inducible diffcrentiation pathways are well defineci) Iéd to the cloning 

of novel gcnes (Okazaki et al.. 1994; [mai et of.. 1995). the functionril analysis of the 

latter in vivo would requirc de novo mutagenesis by homologous recombination in 

ES cclls. ES cells providc the most tlexible experimcntal system from the scrcening 

steps in virro to the genetic and expression analyses in v ivo .  and a11 the stratcgics 

uscd in the analysis of trapping events are applicable to ES cells. ES cells can give 

risc to a widc range of differentiated ce11 types in vitro and it is possible to screen 
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Fig.  2. - Diagram represcnting potential screening strategies. 

An array of rinalytical criteriri is available tor  the sclection of gcne trap 

vcctor inscrtions into mouse ES cells. 
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specific factors L'or the induction or repression of reporter gene expression (e.g. 

retinoic acid in Forrester er al.. 1996). With ri good ES ceil line like R1 ( X a g y  et (31.. 

1993) chimeric embryos and gerrnline transmission can be obtained by 

aggregation with wild-type embryos. Embryos totally deriveci frorn ES celis can bc 

made by aggregation with tetraploid embryos. The latter can be very useful Cor the 

study of dominant embryonic lethal phenotypes (CarmeIiet et al.. 1996) or to 

confirm expression patterns observed in chimeric embryos (Wurst er al.. 199Si. ES 

cells can also be selected via Fluorescence Activateci CeII Sorting (FACS)  anafysis 

without loosing their developmental potential { Reddy er al.. 1992)- 

Using multipotent cells and in particular ES cells. it is possiblc to prc-screen 

insertion events in vixro. thus making large scaIe screens possible in the mouse 

sys tem.  

T r a p p i n g  screens in the mouse 

The scrcens listed in Table 2 represent examples of the different strategics 

that have bcen used to detect novel ,penes important for development. The 

enhanccr trap screens performed in D. n i e l a n o ~ a s r e r  were not included in this 

table: since the t'irst screens (O'Kane and Gehring. 1987: Bier er al.. 1989: Bcllen er 

a .  1989). trapping vectors carried by the transposable P-element have been used 

in multiple screens to identiîj patterns of expression. create zenetic markers and 

induce mutations: prcsently. these vectors are being useci in large scale projects to 

saturate the D. m e f a n o g a s r e r  genorne with insertion mutations and to facilitate its 

mapping and scquencing (Spradling er al.. 1995 1. 

The tïrst trapping screen in the mouse useci an cnhancer trap vector and the 

transgenic mice technology (Allen er ai.. 1988). Xmong the 52 (out of 200 injcctcd) 

embryos that integrsted the HS V -  TK - l a c 2  enhancer trap. 1 I embryos exprcsscd U- 

Ga1 in a spatially rcstrictcd pattern. Howcvcr. this cxpcriment also sutfercd the 

drawbacks associateri with the micro-injection technique: Some embryos had up to 

500 copies of the vector: they were al1 sacrificeci to analyze the reporter gcnc 

expression. thus preventing any further study on rhese insertions in vivo:  t'inally 

the cloning of disruptcd genes would be impaircd by the chromosoma1 

rearran'_rements causcd by the insertion. In al1 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 -stratecries wcre based on the identification of 

insertions giving a restricted expression pattern to the reporter gene. Screcns 







usually involve two rounds of selection: 3 pre-screen for insertions thrit activate 

the reporter (Wurst el  aï.. 1995) or selection gene (pAT vectors. Niwa er al.. 1993: 

Y osh ida  er a!.. 1995: Imai er al.. 1995) or both (Bgeo fusion in Friedrich and Soriano. 

199 1: Skarnes er al.. 1995; Takeuchi et al.. 1995) in cultureci cells: a second screen 

analyzes expression in vivo usine ES ce11 chimerris (Kom er al.. 1992: Skarnes er al.. 

1992: Wurst er ai.. 1995; Forrester er ai.. 1996) o r  germline chimerris (Friedrich and 

Soriano. 199 1 }. f re-screening in  vitro x l e c t s  for insertions activriting the  

selection and reporter gene in undifferentiated ES (Friedrich and Soriano. L99I: 

W urs  t er al.. 1995; Skarnes er al.. 1995) and regulating the reporter gene expression 

after induction of differentiation in vitro (Forrester er al.. 1996; [mai er al.. 1995). 

These screens yieIded various kinds of information. The screens tocusing on 

the pattern of expression in vivo illustrated the types of expression patterns that 

could be detectcci and their frequencies. Interestingly. the frequency of genes that 

arc reguiated during development rünged from 10% to 5 0 %  in different 'icrcens 

(Table 2). These variations could be due to the vectors' structure and the number of 

developmentai stages analyzcci. The scrcen for genes containing a signal sequence 

produceci two independent insertions at a single locus and preferentially dctectcd 

large transmembrane proteins. suggesting that this approach (or the vector uscd) 

may be biased toward a limited number of target genes (Skarnes er ai.. 1991'). The 

gcrecn for insertion into genes that are inducecf or partially reprcssed by rctinoic 

acid in vitro clearty cnricheci for  insertions giving a restrictcd pattern of 

expression in ~1ir.o (95% of them. Forrester or a).. 1996). Screens thrit also involvcd 

the transmission ol' most or some O &  the insertion to the gtlrmIine provided more 

functional data. In  total. 70 insertions (43 are t'rom the .;creen of Friedrich and 

Soriano. 1991) wcre transmitted to the pxml ine  and about 40% rcsulted in 

recessive embryonic lethal mutations (n=26)  o r  male sterility (n=2)  (Tablc 2 ) .  

However. the mrijority of mutations result I'rorn insertions into gencs that arc 

ubiquitously expresseci. Such genes are less Iikely to cncode protcins with 

pat terning func t ions .  General ly .  inser t ions have only  been partially 

characterizcd. Some insertions detecting an "interesting" pattern of expression 

were not transmitted to a mouse transgenic strain rind!or were not cloned. 

Likewise. not al1 the insertions analyzed in ~ ~ i v o  in transgenic micc have been 

cloned. Thereforc. it is difticult to estimate the number of insertions chat trappcd 

devclopmental genes. Further characterization of these insertions and results from 

other trapping screens in progress in different laboratories wili gcnerritc more 

compre hensive data.  
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Large screcns performed in the worm C. elegans (Hope. 1991) and the plant A .  

r h a l i a n a  (Klimyuk et al.. 1995: Sundaresan et al.. 1995) demonstrate that this 

approach is also very efficient in these mode1 systems to generate developmental 

markers (Hope. 1991: Young and Hope. 1993) and induce mutations (Table 2 and 

Klimyuk et al.. 1995: Sundaresan et al.. 1995). 

Molecular characteriration of t rapped genes  

Thirty-six mouse genes (listed in Table 3 )  were cloned following integrrttion 

of a trapping vector. Two genes were cloned by the enhancer trap approach and 3 

after prornoter trap insertions (sec Table 3 for references). The majority of genes 

were cloned following gene trap approaches. In most cases. endogenous sequencc 

was cloned using 5' RACE-PCR techniques. The 3' RACE approach was also used for 

the poly-A trap vector insertions. For al1 enhancer trap and some genc trap 

insertions. the cloning of genomic sequence flanking the insertion locus was 

nccessary. in  thesc cases. cloning was made by plasmid rescue or through the 

sçreening of gcnomic Iibraries made from the selected clones. Nevertheless. when 

an insertion occurrcd in a big intron or at a large distance from the trappcd gene. 

this c loning approach may still require additional clonin3 steps. involvine 

chromosomal walking. Overall the cloning of zenes after insertion ot' a trapping 

vector was easier when it was possible to use the 5' RACE-PCR tcchniquc. 

Five of the gcnes werc already known in the mouse. Eight of the ncw15 cloncd 

eenes are novel in the rnouse but reprcscnt homologues of genes cloned in other 
C 

species or  belong to gene families. suggesting that they could have becn cloned by 

other means. Yet. the majority of genes (23)  are completely novel (or prcscnt only 

wcak homology with known sequences). thus validating the trapping approach to 

dircctly access new gcnctic loci. 

Some of these insertions also disruptcd the normal function of the trripped 

genes fig- I .  TEF- 1 .  B T F 3 .  R .  140 and j u n i o n j i )  and created recessive cmbryonic 

lethal mutations. Thcse insertions providc good examplcs of the polyvalence of the 

gene t rapping  vec tors: Single  insertion events allowed researc hers  to 

simultaneously dctcct and mutate potential dcvelopmental gencs and to generatc 

transgenic mouse strains that are essential to analyze the function of thesc gcnes 

in vivo. 



Inrroducrion 

THESIS WORK 

Tire 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 .  

1 was particularly interesteci in the c harac terization of novel genes involvcd 

in axis formation and patterning. During e x l y  mouse embryogenesis. cmbryonic 

axes are established at the time of gastrulation. As the different germ layers of the 

embryo are formed by the gastrulation process. thcy are organizcd around the 

anterior-posterior (A/'P) and dorsal-ventral axes. Thcse tissues are simuItaneousIy 

divided into tcrritorics. prefiguring the future body plan. whose icientity 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  vivo (Spemann and Mangold. 1924: and 

rcvicwcd by Streit et ai.. 1993). This inducing activity could also be divided into 

diffcrent classes of signaling potentiaI. Firs t. organizer tissue h m  aider 

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 (rcviewcd in 

Gilbert. 1994). Expression cloning and analysis of genes expressed in the organizcr 

region has allowed invcstigators to idenrify molecuIes that are also able. with 

varying potcntial. to induce axial structures (reviewed by Lemaire and 

Kodjabrichian. 1996). Other candidate gencs. such as Brachy u r y  (T) (Herrmann rr 

al.. 1990). nodal (Zhou er al.. 1993: Conion et a!.. 1994) and enlbryonic.  rcroderni 

developnlent  (ccd. Niswander er al.. 1988; Faust or dl.. 1995: Schumacher er dl.. 1996) 

were idcntificd in the mousc ris genetic variants altering the proper formation of 

the axis during gastrulation. 

However. the full spcctrum of genes involved in neural and axial 

specification and their modes of interaction are not yet cIear. In the mousc and 

other vertebratcs. rnany of these genes are expressed in the node (or  cquivalent 

organizcr structures in other vertebrates) and its descendant. the notochord. The 

notoc hord plays a particular role ciuring cieveiopment as the anatomical em bryonic 

axis and as a source of patterning signals (reviewed by Placzeck. 1995). Therefore. 

genes expressed in the node and the notochord are good candidate gcncs that arc 

IikeIy to play a role in axis formation or patterning. 



Further screens directed at  gene expression during mouse gastrulation and 

axis formation. at 8.5 dpc. could prove fruitful in identifying novcl mrimmalian 

eenes involved in these processes. The completion of a gene trap sçrecn rit this 
C 

ctage of development should aIso provide a large number of cstndidate genes 

invotved in other patterning processes. Furthermore. the identification of novel 

"axis specific" genes controlling the expression of the l a c 2  reporter gcne wouId 

provide useful markers to investigate the phenotype of known mutations at'fecting 

axis development. 

Embryos carrying mutations in either of two loci. B r a c h y u r y  ( T l  or 

Danforth's shorr tail ( S d ) .  are good and complementary experimental modeis to 

anaIyze the devclopment of the notochord and its roic in embryo patterning. The T 

mutation alters early development of the trunk axis and oni y notochord prccursors 

are formeri. The Sd mutation affects the survival of the notochord and thus hris 

more ef'fccts on the patterning role of the notochorci. ~Moreover. these 2 mutations 

rire semi-dominant. thus aliowing the study of axis formation in both hetcrozygous 

and hornozygous embryos. Thcse mutant backgrounds can be used to further 

characterize novel gencs invoIved in the developmcnt of the mouse axis. 

Tlzesis w o r k  

In the tollowing chapters. 1 present experiments investigating some ot' the 

potentiaI of the gcne trap approach for the genetic and molecular ctudu of 

vertebrate embryonic devclopment. 

The GT vector. pGT4.53. contriining the l a c 2  reporter gcne and thc n P O 

selection marker wrts developed in the lriboratory ( G o s e r  e 1 .  1989). This GT 

vector was introduced into ES cells and chirneric embryos were generatsd to scrccn 

for insertions of the l a c Z  reporter gene into transcription unit?; that arc spatially 

and temporally reguIated during early mouse cmbryogencsis (Gossler ri cri.. i9%9). 

This GT vector could act as a reporter. ri mutagen and 3 molecuiar tag to donc ncw 

mouse genes (Skarnes et al., 1992). Three rnodificd versions of this GT construct. the 

vectors pGT4.5a. PT-1 and PT-3 were ciesigned to improve gcne trapping efiïcicncy 

(W. Skarnes: D. P. Hill. unpublished results). 

My Thesis work started with the testing of these vectors in order to use thcm 

in a large screen for GT insertions in mouse ES cells. We carried out ri pilot screen 

and a large-scalc scrcen far insertions into genes that werc regulrited during cariy 

embryogenesis. 1 characterized a GT insertion into a novel gcne. C O  r d o  n - h l e  u .  

specifically expressed in the axial structures of early mouse embryos. 1 used this GT 



insertion as a marker to analyze axis development in Brac h y u  r~7 and D u n  f o r r h ' s  

s h o r t - i a i l  mutant embryos. The large screen and the anaiysis of one prirticuhr 

insertion illustrate several important aspects of the potential uses of GT insertions 

for developrnental biology studies. 



- C H A P T E R  I I  - 

A LARGE SCALE GENE TRAP SCREEN 

Thc results of the "large screen" prescntcd in this chapter appearcd in the  

fo l lowing publication: 

A Large Scale Gene-Trap Screen For Insertional Mutations I n  

Developmentafly Regulated Genes In bfice. 

* Wolfgang Wurst. Janet Rossant, Valerie Prideriux. Malgosiri Kownacka. Alexandra 

Joyner. David P. Hill. Franqois Guillemot. Stéphan Gasca. Dragana Caclo. Anna 

Auerbaçh and Siew-Lan Ang. Genetics ( 1995 ). 139. 889-1399. 

*.411 cluthors conrributed eyual ly  to this project. 



CHAPTER TWO : A LARGE SCALE CENE TRAP SCREEN 

INTRODUCTION 

In D. ntelunogaster and C. elegans. the ribility to carry out large scliic scrccns 

for dcvclopmental mutations has proven cssential in unravcIing thc moIcculcs and 

the genetic progrrims controiling carly embryopnesis.  In thc rnousc. this stratcgy 

is made difficult by the development of the embryos in utero. 

The establishment of mouse cmbryonic stem (ES) cc11 Lincs in culturc now 

permits investigators to manipulate the mouse genomc and to sclcct clones 

carrying the dcsircd mutations in vitro. The Lorcmost gcnctic approach using ES 

cells involves targctcd mutagencsis of zenes via bomologous rccombination 

(Capecchi. 1989: Koller er ai.. 1989; Koller and Smithics. 1992). Thus. by  inverse 

genetics the function of cloncd gcncs. that arc prcdictcd to bc important for 

cmbryogenesis. can be altered in vitro and subsequcntly analyzcd in vivo .  .Most 

often. such gcnes arc idcntified by homology cithcr to gcncs that have bccn s h o w  

to be dcvelopmcntalty important in othcr spccies. or to gcnes thlit contain 

functionally conservcci protcin Jomains of intcrcst. Although this mcthod of 

sclecting candidate gencs has proven vcry successful in icienrifying important 

dcvelopmcntal gcnes. invcrsc genctic approaches rcmain lirnitcd to the analysis ot' 

c loned gcncs . 

ES cclls aIso provide a good system for rrindom mutagcnçsis strritcgics. 

Efficient rncrrns of identifying and mutating novel gcnes by the introduction into 

ES cclls of trripping vccrors that cirivc l u c Z  rcporter gcnc cxprcssion L'rom 

cndogcnous cellular promoters have bccn rcportcd (sec Chztptcr 1 anci [hc 1-cvicws 

by Gosslcr and Zaçligo. 1'393: Hill and Würst. 1993). In the scrccns prcscntcd hcrc. 

wc used GT  vcctors that serve as Lin artificial cson aî'tcr insertion inro an 

endogenous transcription unit (Gosslcr er cri.. 1989: Friedrich and Soriano. 199 1) .  

When cc11 lines containing this vcctors arc used to makc chimcric crnbryos. tlic 

localization of &Ga1 activity gcnerateci by the fusion protcin is vcry similar to thc 

expression pattern of the cndogenous gcnc founci at the site of insertion (Skrtrncs 

et sl.. 1992). Gcncration of fusion manscripts also makcs it possible to directly donc  

the transcribed rcgion of the disruptcd host gcnc using the rapid amplification of  

cDNA ends by PCR protocol (RACE-PCR) (Frohman et ul.. I 9W:  Skarncs Cr al.. 1992). 

Finally. GT vectors arc mutrigcnic agents sincc they sometimes alter the function ot' 

trapperi gcnes (Friedrich and Soriano. 199 1; Skarnes er al.. 1'392). 



A large number of genes that are critical for vertebrate embryos prittcrning 

during development Jisplays specific spatial 3rd temporal reguiation at carly 

stages of embryogenesis (e.g. Hox genes. reviewed in Krumlauf'. 1991). Thus. 

t'ollowing the reverse rationrile. we conducted a large screen for insc'rtional 

mutations into mouse  genes that are Jevclopmental ly  r e p l a t c d  during 

embryogenesis. expecting that these senes may code for important pattcrning 

moleculcs. The results of such a "expression pattern" screen woulri rcvcal 

information on the fundamental domriins oL' gene expression during mousc 

development and also provide a large number of candidate mutations affccting the 

development of the tissues expressing the reporter gcne. 

In this chaptcr. 1 report the resuits of ri pilot screen and ri large scale screcn 

conducted to identify and mutatc renes chat arc exprcsscd in the  mousc cmbryo 

riround the time of the establishment of the basic body plan rit 8.5 day posr coitum 

(8.5 cipc o r  E8.5). A t  this stage. gasvulation is stilI underway in thc mousc and 

neurulrition. somitogcncsis and the organogenesis of m m y  organs (opt ic  and otic 

vesicles. heart. notoc hord. de finitive endoderm. liver. bIood islancis. cnciothcliurn. 

allantois and germ cells) has begun. Patrerning processcs are aIso prcpondcrrint i n  

these newly hrmed tissues. as embryonic axes are established and cclls committed 

to specific developmcntal t'ate becomc successively restrictecl to cmbryonic 

w n m  arc  compartments and sub-cornpartments. Iricteed. many patterning = 
expresseri at thi5 stage and display specific c.uprcssion domains restricrcd to various 

tcrritorics. corn partments oc organs in the vertebrate cmbryo ( reviewcd in Faust 

and Magnuson. 1993: De Robcrtis et ui.. 1994: BoncineIli and :Mallamxi. 1995 1. 

We have chriracterized i n  vivo thc expression patterns of 203 diffcrcnt gcncs 

that activateri expression of the reporter gene in cmbryonic stem cclls. 



MATERIALS AND METHODS 

V e c t o r s  

The genc trap vectors used in the screens were pGT4.53. PT-1 and PT-3. The 

three vectors were tested during the pilot screen. Al1 the ce11 lines from the large 

screen however. were generated with the PT- 1 GT vector (Fig. 3A) .  Thc vector 

p G T 4 . 5 a  (obtained from W. Skarnes) is a modification of the gene trap vector 

pGT4.5 prcviously Jescr ibed  (Gossler et a!.. 1989). in which the E n - 2  poly  

adenylation signal sequence after the n e o  m y c i n  resistance gene wris repiriccd by 

the SV40 signal. P T - 1  (constructed by D. P. Hill) is a modification of the pGT1.Sri 

vector: the J-acr  i n  prornoter driving expression of the ne o m  y c i n  resis tance gene 

was replaced with the P . q k - I  promoter (Boer cr al.. 1990). This modification rcsultcd 

in a 5-fold increase in the number of G ~ 1 8 ~  colonies per electroporation without 

affecting the proportion of B-galactosiciase expressing colonies among the 

rcsistant colonies (see Table 4). The originai vector and PT-1 contain the splicc 

rzcceptor sequence from the E n - 2  gene upstrearn of the E. coli J3-qalaçrosidusë gene 

( lacZ) .  lacking its own ATG. The PT-3 fcon~uucted by D. P. Hill) vector wrts dcrivcd 

from PT- 1 by the addition of an ATG codon at the beginnine of the reporter gene 

coding sequence. In this vector. the reporter gene is transhted regarcilcss of the 

trapped gene reading frame. thus resulting in a 3-fold incresse of GJ IRR colonies 

expressing 8-Ga1 (sec Table 4). 

Electroporation of ES cells and in vitro screening 

Before introduction into cclls. the vecror DNA was linearizeci by digestion with 

H i n d l l l .  The reaction mixture was heated to 90°C for 13 min. and the lineriri~cd DNh 

was ethanol precipitateii. D N A  wzts resuspended in phosphate but'kred salinc (PBS ) 

at a concentration of 1 rngiml for electroporation. EIectroporation and x rccn ing  O t 

ES cells were performed as ciescribed previously (Hill and Wurst. 1993: Wurst and 

Joyner, 1993). After 8-10 days of sclection. whcn G4lsR cotonies werc rcadily 

apparent. most of the colonies wcre individually picked (pilot screen) or replica 

plated for the large scrccn (as describcd in Gossler cr ai.. 1989: Gossler and Zachgo. 

1993). In the large screen. colonies that showed any l a c 2  expression on the rcplica. 

either scattered or throughout the colony. were picked. expanderi. tested again for 

I3-Ga1 activity. and frozen away for later rinalysis in chimeras. 



Pi lo t  screen  

Single G41gR colonies were picked and transfcrred to gelatinized 96-wells 

microtitcr plates in DMEM medium (15% fetal calf semm) supplementcd with LIF. 

The differentiation screen was perforrned entirely in 96-wells plates. At'ter 2 driys. 

cells wcre resuspcndcd with trypsin. split into 2 plates and cultured undcr the same 

conditions. O n  day 3. 1 plate was stained for detection of 6-Ga1 activity in 

undiffercntiated ES selIs. On day 4. 15% of ES cells werc passed ont0 new plates as 

an ES ce11 stock. The rcmaining cclls wcre cultured in DMEM medium ( 13% letal 

calf scrum) in the absence of fceder cells or LIF factor: 75% were passed into non- 

tissue plates to induce their differentiation into embryoid bodies and 1 0 9  were 

piatcd onto tissue culture platcs to prornote their differentiation into rt monolaycr 

of fibroblüst-like cells. Both types of dift'crcntiatcd cells werc ~tciined for B-Gril 

activity aftcr 6 days of culture undcr thesc conditions. Clones expressing the l a c 2  

reporter in ES or differentiated cells were immediately passed onto LS mm platcs 

for expansion and freczing. Selected clones were tested again under the samc 

conditions bcforc injection into blas toc ysts. 

Production and analysis of c/zimeras 

Bcta-Ga1 positive clones werc thawcd. grown for one weck and thcn 

individually injected into blastocysts obrained trom outbred CD1 micc (Charles 

River Laboratories. Quebec). In the pilot screen. al1 47 ce11 lines testcci were tcstcd 

for B-gal expression as 8.5 and 12.5 dpc and for chimerism at 12.5 dpc (ES cc11 

contribution to  thc crnbryo can then be scored by the presencc of  eye 

pigmentation dcrived frorn the agouti D3 ES cc11 line in the albino CD1 host 

cmbryos: Nagy et al.. 1990). tn the large screen. ror 139 out of 290 clones. 30-40 

blastocysts were injected with 12-15 cclls each and transferred into the uteri of 

thrcc rccipient fcmales on the tliird day of pseudo-pregnancy . Two recipicnts from 

cach clone wcre sacrificcd at 8.5 dpc, when embryos were at early somite striges (4- 

15 somitcs). Disscctcd cm bryos and their extraembryonic membranes were fiseli 

and striined for 0-Galactosidasc activity as prcviously described (Gosslcr and 

Zachgo. 1993: Hill and Wurst. 1993). The numbers of embryos that exp res sd  8- 

galactosiciase and the pattern of the staining werc recorded. and al1 cmbryos 

displaying dcvclopmcntal  regulat ion of B-galactosidasc cxprcssion were 

photographcd. The third recipient was allowcd to continue the prcgnancy untiI 

12.5 dpc whcn chimerism could be estimated. Most of thc 12.3 cipc cmbryos wcre 

also stained for 0-galactosidasc activity. The rcmaining I5i  clones were uscd to 
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generate 20-30 cmbryos in two recipients which were sacrificcd and analyzed for 

reporter genc exprcssion on 8.5 dpc. Thrce chimeras showing identical expression 

patterns were considered an acceptable minimum because patterns were 

rcproducible t'rom embryo to embryo despite varying degrees of mosaic i sm 

( G o s s l e r  cr al.. L989). In cases whcre there was doubt conccming the pattern of  

reporter gene express ion. the injections were rcpeated until three c himeras 

showing idcntical patterns were obtained. Information on the majority of clones 

was Jeriveci frorn more than three chimeras. and data based on two chimeras wcre 

reporteci in ri few cases where expression was clearly ubiquitous. 

Production of ES-tetraploid cizirneras 

A few clones that displayed interesting patterns were subjected to anaiysis 

after aggregation with tctrriploid host embryos (Nagy er al.. 1990: Yagy and Rossant. 

1993). In  such chimeric embryos. the ES cells out compete the cornpromiseci 

tetraploid host cc1 1s during development. resulting in cmbryonic tissues that  arc 

deriveci soIcly from ES ccll descendants (Nagy et al.. 1990). The absence of 

mosaicism allows for more precise confirmation of the 6-Galaccosidase staining 

pa t t e rn .  



RESULTS 

Pilot screen 

Prior to the large GT screen performed with the PT- 1 GT vector (Wurst ct al.. 

1995). the pGT4.5a. PT-3 and PT- 1 vectors (see and Material & Methods for thcir 

description) were electroporated into D3 ES cells and different screening ctratcgics 

wcrc tcstcd in pilot experiments. 

Pre-screening in vi tro in undifferentiated and ciifferentiated ES cells 

A s  the selection for G428R clones only sefects for ce11 lines carrying ri stable 

insertion of the GT vector. the tïrst stage of the screen is to detect cvents that are 

able to activate the reporter gene and for which insertions probably occurrcd into 

genes. The obvious candidate ES ce11 clones arc those that already express l acS  at 

the time of selection. However. the final aim of this screen is to dctect gcncs 

showing spatial and temporal regulation of expression in v i so .  during early 

embryogenesis because such genes arc likely to be involved in the estabIishmcnt 

of the embryo's basic body plan. Another advantage of ES cclls is their capacity to 

spontancously differcntiate in v i t ro  into a varicty of early embryonic cc11 types 

when culturcci under certain conditions (Doetschman er al.. 1985). Since the 

dilfercntiation of thesc cc11 types in vitro tcnds to parallel the order of appeürance 

of tissues formcd in vivo. wc assumed that the ciifîèrentiation of ES cells in  ipirro 

could bc uscd ris an additional pre-screening criterion: Our hypothcsis wii\ thrit 

insertions whosc rcportcr gene expression was rcgulrrtcd during ES cc l l s  

differentiation in vitro. would be more likely to have occurrcd into gencs with 

rcstricted patterns of cxprcssion during early crnbryo development. 

About 10.000 G41SR ES cell clones (carrying the different GT vcctors. scc Table 

4) wcrc assaycd for 8-Ga1 expression. Eighty-four clones cxpresscd thc rcportcr 

genc in undifferentiated ES celis (see Table 4 below for numbers & pcrccntrigcs). 

About 0.5% of the G418R clones expressed the reporter genc in the abscncc of an 

ATG codon bcfore lacZ (pGT4.5a and PT-1). As predictcci. when the rcportcr genc 

was providcd with its own ATG start codon (PT-3). the numbcr of 13-Ga1 positivc 

G 4  1 8 R  ES ce11 cloncs increascd by about 3-bld.  AI1 positive ES ceIl clones and about 

6000 ncgative G41SR clones were split and let to differentiate as a monolüycr or as 

cmbryoid bodies for a short pcriod of 4 to 6 days (sec Material 8r Methods) bcforc 

bcing assayed again for B-Ga1 expression. Twelve clones that cxpressed &Gril in 

undifkrentiated ES cells. down-regulated or complctely turned off expression of 
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TABLE 1 

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

Number of l n  virro screening 
G31gR ES cclls-Jifkrentiated celis F r c q u e n c y  

vec to r  coloniesa b lue-b luc  b l u e - w h i t e  whi te -b lueb  biue;'G41XR 
pGTJ.Sa 2328 9 3 14 0.5 1 % 

(1S:IO to 400) i 1 2 7 8 )  
P T -  1 6 i 35 29 7 5 0 . 5 8 %  

(4:600 to 2500) ( 3 4 2 0 )  

P T - 3  2100 3 4  2 8 1.71% 
( 2 5 0 0  to 1600) ( 2 0 6 4 )  

T o t a l  10.563 7 2 1 L 27 * 

( 6 7 6 3 )  

3: in parenrhesis ( N o .  of elecrroporarrons : raner: d No. i ~ f  G-F I Y coIi>nics;e i e s  troporrit i ~ i n  1. 

b:  in  parenrhesis (No. of white ES ce11 colonies itifferentiated in vitro). 

the reporter Zcne upon Jifferentiation ( in  al1 cells or  in sub-population of cclls). 

Among the clones that did not express the reporter gene in ES cclls. 16 showed 

somc 8-Ga1 activity after differentiation. However. the majority of thesc clones 

only showed very iittle B-Ga1 staining (present in al1 cells at very low leveis or 

only cietectable in a few celisj. Neverthciess. these clones were likely to correspond 

to insertions into genes involveci in e a r I ~  cieveIopmentaI differentiation steps and 

a w b s e t  of them was further analyzed for expression of the reporter gene in rira. 

TABLE 5. 

No., expression and contribution of cell lines analyzed in  vivo 

B-GaIactosidase expression at 8.5 dpc No ES cells 

Vec tor Rcstr ic ted Witiesprectd S o n e  c o n t r i b u t i o n  TotrtI 

pGT4.5 a 2 2 8 1 i 1 3  

PT- 1 1 7 4 3 i 15 
, 

PT- 3 O O 1 18 j 19 
- - 

Total: 3 9 1 3  a a 4 7 7 9 

Expression screen in  rlivo 

Forty-seven ES ce I l  lines from the d i fkrent  electroporations seiec ted for 

their pattern of express ion in vitro (as uncii fferentiated or  di fkrentiateci ES cells) 

were injectecf into CD1 blastocysts and screened in v i v o  in ES ceIl chimeric 



embryos. by histochemical staining for B-Gai activity (Table 5 ) .  Reporter 

expression was anaIyzed in 8.5 dpc embryos and ES cells contribution was estimated 

by the presence of eye pigmentation in 12.5 dpc embryos when no &Ga1 staining 

could be observed. The clones deriveri from electroporations of the PT-3 GT vcctor 

contributeci very poorly to chimeras ( 1)' 19 clone produced chimeric embryos and 

no &Ga1 expression could ever be observed). It probably retlects the use of an 

unhealthy batch of ES cells for the clectroporation rather than an intrinsic t o ~ i c  

property of the PT-3 GT vector. Thus. these clones were not included t'unher in the 

results. Among the remaining 28 clones. 3 ( 1  1%)  had restricted pattern of rcportcr 

eene expression at 8.5 dpc. 9 ( 3 2 9 )  were ubiquitously expressed. 12 (43%) showed - 
no expression and 4 (14%) showed no contribution of the ES ceI1.s to cmbryonic 

tissues (Table 6A). 

Expression in chimeric embryos made with the three GT insertions displriying 

resuicted expression pattern of the l a c 2  reporter rire described in morc details 

(Table 6 B ) .  No strong correlation could be found between the e'cpression patterns 

observed in vitro and in vivo (Table 6 A ) .  Two of thc GT insenions with rcstrictcd 

express ion patterns also expresscd the reporter in ES cells. Moreovcr. at scicction 

timc. cultures of the Hz01 clone contained a proportion of Jifferentizited iells large 

enough to have it mistaken for a clone expressing lacZ in ES cells. Thcrcforc prc- 

screening ES cclls after differentiation in vitro did not enrich si~nificanrlq the 

screen for clones with restricted patterns of reporter gene e~pres s ion  in  ~.ic.o rit 

8.5 dpc. Differentiating small population of ES cells in 96 micro-titcr dish is a long 

proccdure during which many clones could not bc completeiy testeri bccausc rhcy 

did not grow or were contarninated by bacrerial or ycrist infections. Thc numbcr of 

clones showing regulated expression during the pre-screen was rilso l o w .  

cornparcd to the clones expressing the reporter in ES cells imrnediately riftcr G41S 

selection. It was then decicicd that a more cfîïcient anci more productive scrccn 

would simply involvc thc selection of a11 the G41gR clones showing somc expression 

of the reporter gene in undifferentiated ES ce11 clones. 

Large  screen 

Isolation o j  B-galactosidase-e-cpressing ES celi clonrs 

The vector PT- 1 (Fi-. 3A and Materials and Methocls) was used to generatc al1 B-Gril 

exprcssing ES ce11 clones. Clones containing vector DNA were isolatcd by scleçtion 
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- 

A .  Expression in 8.5 dpc chimeric embryos for clones 
tcsted in vitro and in vivo a 

In v i tro  screening classification 
b l u e - b l u e  b lue-whi te  whi tc -b lue  white-fcw blue  

Expression in vivo (9 y (7IC ( 2 y  ( 1 0)' 

Restric ted expression 1 1 1 0 
(3IC (5DC6) ( C l O l )  (H20 1 ) 

Ubiquitous expression 6 3 O O 
(9 

No expression I 7 - 3 1 7 
( 1  2 ) =  

No contribution O 1 O 3 
(- 4) 

B. Description of rest r ic ted  expression patterns 
in 8.5 dpc chimeric embryos 

Clones E!eE Expression in cmbryos' whole mounts and paraffin sections 
5DC6 eE -7 chimeras- PT-1 vector 

Expression is restricted co the yolk sack: the tree-like distribution of 13-Gril 

( B - B ) ~  positive cells is  characteristic of the endoderm layer lineagc. Th i s  rnterprctatian 
was confirmed by analysis of h is to lo~ical  sections (data not shown). 

cl01 - 17 ch~merris- pGT4.5a vector 
E Expression marks the entire axis ~ > t '  the cmbryo tiom the head to thc taii bud. Or! 

( B - w ) ~  sections. &Gai is found in the root of the sut .  notochord m d  tloor plritc. 

H 30 1 E+eE - 17 chimeras- PT-! veccor 
T Expression marks strongly the hzrid ectederm m d  sccms ubiquitous 3t'tt.r 

( w - B ) ~  overnight staining: &Gril was also cietccted in the allantois and yolk sac. On  
sections, B-Gd is only found in the ectoderrn and mesodcrm triycrs. 

;" 19 ceIl Iincs from PT-3 were not included [they ~ a v c  an abnormally low contribution 01' 
ES cells clones to chimerris). 

13 (rom pGT1.53 m d  15 lrorn PT- 1: (total No. tested in i r i iw) .  
c (Total No.). 

d Expression in vitro bet'ore. and after difkrcntirition ( B=bluc: W=whi te). 

t. AIso analyzcd in tctrripioid chimeric embryos. 

Abbre~~iar ions:  B: &Gril cxpression [blue): E: embryonïc: eE: extra-embryonic rinprcssion: W: no 

B-Cal expression (whi te ) .  

for expression of the n e o n i y c i n  resistance gene. driven by the P g k -  l promoter 

( G 4  1 8R clones). Thesc G 4 N R  colonies were thcn replica platcd and assaycd for &Ga1 

activity (Fig. 3 & Gosslcr er 01.. 1989). From 38.730 G 4 l  gR clones. 393 (- 1 %)  B-Gal- 

expressing cloncs wcrc idcntificd. from thesc 393 clones. we were able to cstablish 

300 cc11 lines which wcrc cxpanded and kcpt as frozcn stocks. 



Fig. 3. - Schematic rcpresentation of the PT-1 genc trap vector 

and the scrcening strategy followed to analyze 9 - g a l a  c t o  sida s e  

expression patterns in 8.5 dpc ES ceII chimeras. 



Select neo' colonies 
and repiica plate 

Replica plate 

Masterplate / 

PicAc expand and freeze 
laci-expressing cîones 

I Stain replica date to identify 

Assay lac2 expression 
in 8.Sdpc chirnenc embryos 
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Since colonies that were expressing J - g a l  usually contained ri mixture of 

undifferentiated and partially differentiated ES cetls. B-Ga1 staining was observcd 

in either or both ceil types. When 208 selected clones were examined more closely 

for J3- gal  expression patterns within the  partially differentiated colonies. the  

expression in 13 clones appeared resuictcd to partially difkrentiated cells. Only 

two clones showed J - g a  f expression restricted to undifferen tiated ES cells. The 

remainder of the clones showed &Ga1 activity throughout the colony. 

Reporter gene e.~pression in 8.5 dpc chinleras 

Two hundred and ninety ES clones expressing the reporter gene wcre injected 

into CD1 blastocysts. and chimeric embryos were assayed for J - , q u i  expression zit 

the 4-15 somitc stage of embryogenesis. Of the 190 clones injected. 279 lincs 

provided enough chimeric embryos to satisfy our criteria t'or inclusion in  this 

study (see Materials and .Methods). The patterns of J - g a l  expression obscrvccf at 

8.5 dpc could be divideci in three cIasses: restrictcd. ubiauitous and not detectable 

(Table 7 ) .  

TABLE 7 
Table 7: Summarv of integrations tested in 8.5 dpc embrvos 

Number of ES ce11 clones 
Tot ri 1 Restr ic ted Widespread N o  

exp re s s ion  exp re s s  ion expression 
Largc scrcxn 279 36 88  I55 
Pilot scrern 23 3 9 12 

303 39 ( 1 3 % )  9 7  ( 3 2 % )  167 ( 5 5 4 )  

After esriminine tùrther the chimeras from the 36 Iines that showcd spatially 

rcstrictcd patterns of expression in the 8.5 cipc embryos. we ~Ias s i f i cd  thcir 

expression patterns into four categories. A description of the expression pattern 

for each clone is provided in Table 8. 

i )  Seventeen clones showed h i ~ h l v  restric teci r i s sue-s~ec i t ' i c  exoression 

(Fig. 4). Three clones were only expressing l a c 2  in the exnbryo proper and 6 in 

extra-embryonic tissues only (allantois and yolk sac mesoderm). The rcrnaining 

clones expresscd l a c 2  in both. Tissues showing speçific expression wcrc the gut. 

the neural tube. the head mesenchyme or  neural crcst cells and in particulrtr. the 

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



Gcnc trap J - g a l a c t o  s i d a s e  expression patterns in chimeric emhryos at 8.5 dpc 

Clones N r j t e s l  E / CE? ~ e s c r i ~ t i o n '  

Hi~h1-v  resrricfed rissue specific expression 

PT- 1 - ~ i ~ .  JA E Nude-spccif" a i  carly comiic rtûgcs. and midlinc cclls micrior io no& ipss ih l>  noiochord 

19  
prtcursors 1. 

PT- 1 - 
1 4  

6 - 1 5 - 1  

7 - 5 - 2  

1 3 - 1  1 

14-57 

6 - 9 -  1 

Fig.4E 

Fig - 4 F  

Fcw scaitcrtd cells in ST's hcadfolds. 
:Wantois and yolk sac. 

Spccific staining in ponton of vcnml  pharynx. mid- and hindgut and posicrior ST. 
Vrry weak sraining in yoik sac. 

Spccific longitudinal strspc dong (hc dorsal postcrior ST and scatrcrcd cclls in rhc hsad. 
Wang sraininy in yok sac. 

Strong suining tn groups of cclls latcral to thc htndbnin (possihly ncurd c e s i ) ;  .ic;iitcred 
cclk staining at pstcrior  and dong ST. 

Weak sraining rn yolk sac. 

Bilaicral strcarn of cells bciwccn melcnccphalon and otic vcsiclc ipossrhly neural crcsr or 
parxx~al rncsodcnn dcrivcd cells l .  

Strong in thc postcnor ST: scancrrd ~ r l l s  in hcart and hcad. 
Yolk sac. 

Expression rn scattercd ccils in the hcan. uound thc otic vcsiclcî and in the branchial arches 
ipossibly ncuni  crcst). 

Spccific dorsal hindgut shining. 
A h u o i s  and yak sac. 

F m  ceils in ai!anrors und yolk suc 

Wcdi widcspred smining in c r n h q o .  
Srrong in alianrois and yolk snr. 

Yofk suc ntrsodrrrn (prohahi? in hlood sslanah 

Srs-ony srarnrrrg in ailanrois: uLo rn ynlk soc me~oderni. 

Yolk S m  oniy . 

S~oining ar base of allanrois r i r d  in yolk sur niesoderrn. 

Yolk sac niesodtrm. 

Fcw ïsattcrcd cclls in t m b ~ o .  
Croups of cells in a lhnrok arul yolk suc 

H i g  hlv Resrricred Reaion-Specific 

6 -  1 6 - 3 ~ i ~ - 5 / 1  E ; & S ~ o n g e r  expression at antcrlor and postcrior cnds of thc cmbryo wirh gradcd rrducrion 
towards rhc middlc. 

S~rony sraining in yolk sac endodcmt. 

8 - 7 - 1 E r e~ Suonger staining in chc dorsal ontenor and posicrior rcgions of ihc cmbryo wirh gndcd 

T 
rtduction iowards rniddic. 

Weak stuining in allontois and yolk suc. 

9 - 3 F ~ ~ - J C  E ,I e~ Wtdesprcd low levcl expression wirh strongcr stainuig in ûntrrior ncwal folds and in somiirs. 
Wenk staining in allanrois. 

( c o n t i n u e d  - 1  
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TABLE8 ( c o n r i n u e d )  

Gene trap 3 -gala c t o  s i d a s  e expression patterns in chimeric emhryos at 8-5 dpc 

Tissue- Specijlc Plus Widespread Low- Levcl 

PT- 1 - 5 E e~ Strnnger smining in hcan. &in m d  d o n e  thc nudlinc of rhc S T  iind hindhrain: i c a t t c r ~ d  
rclls in thc mandihic. 

1 3  YoIk x a c  

9-7 F ~ , ~ - ~ B  E 2~ Swnngcst stmning in the iornitcs. hcari and h~ndhmin.  
W r a k e r  st~inircy in rlw yolk sac. 

E è~ Strongcst staining ln die iomitcs and dorsal NT 
Yolk Xac. 

13-  15 8 E L . ~  
Widcspead cxprcssion with thc cxccpt~on .>i rhc 4'T (ma? bc mcsr>dcnn rpccttiri. 
Yolk sac 

1 3 - : 7  E Strongcr rinrenorly m hcad and hcÿn wiih wcak widcsprcad ;tainmg 

Repion-Spcciflc Parrcrns Plus CVidespread Lmv-LevrI  

E c . ~  WC& widespnod suining wi th  s m n g c r  iiaining in spinal cord and hindbrriin: expression is 
the stmnecsr m icgmcnt at thc anicrior boundsry of cxprcssiun in the hindhrun. 

Weuk uICan~o~s m p r k ~ n ~ > .  

13-3 1 , E L ' ~  B r o d  wcnk rmining with itmngcr imining in thc midlinc of thc mrd- and hrchmin and In 

0 h e  h e m ;  ctrongcst spcçitic staining in a scgrncnt oi ccils in thc hindhrain rat rhc lcvcl tif 
the otic vcsiclcs~wiih i wcakcr iintcrior rcgmciit d s o  detcctablc. 

Wcuk yolk suc. 

T: resteci by ~ l g g r e p ~ i o n  with tetraploid rmbryos: 5: only diffcrcnt~ateci ES cclls csprcssccl 
U-Gd in vifro.  Rrferenct: ru figure number is indicrited whcn applicable. 
Emhryonic ( E). extrarmbryonic ( sE j  or both. 
Extraembryonic expressron is indicated in italics. N T  = neural cube: CNS = centrai iicrvous 
s y s t e m .  



Fig. 4. - E 8.5 ES ceIl chimeric embryos showing tissue specific 

e x p r e s s i o n .  

Repor ter  gene express ion  was detected in t h e  e m b r y o  proper ( A - D )  o r  

ex t r aembryon ic  tissues (E. F). ( A )  An approximateIy 8 somite-stage chimer ic  

e m b r y o  from ES c lone  PT- 1 - 19 showing node-spccific ( a r row)  expres5ion. ( B )  A 

late 8.5 dpc totally ES ce11 derived cmbryo from ES clone 6-15-2 showing pharynx 

(arrowhead). gut  (arrow) a n d  posterior spinal cord (whi te  arrow) expression. (Cl  -4 

la te  8.5 dpc  chimeric e m b r y o  from clone 9-10 exhibi t ing  longitudinal srripes of 

B-galactosidüse-expressing c e l l s  a long  the pos te r io r  neura l  tube ( a r r o w  ). i n  

scattered cells in the head (arrowheadj and in the yolk sac (white arrow). (D) X 9.5 

dpc chimer ic  embryo f r o m  ES c lone  14-50 showing specif ic  i.xprcssion in the 

dorsal hindgut and cloaca (arrow). (E) An earIy 8.5 dpc  chimeric ernbryo frorn ES 

clone PT-1-14 showing expression in the mesoderm layer of the yolk sac. probably 

in blood islands. (F) .A 8.5 dpc  embryo from ES clone  6-15- 1 showing srrong 

expression in the mesoderm layer of the yolk sac (rirrow) and the allantois (whi te  

a r r o w ) .  
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Fig. 5. - E 8.5 ES cell chirneric embryos showing reporter gene 

cxprcssion i n  graded patterns along the antcrior/posterior axis. 

ES cc11 chimeric embryos from lines 6-16-3 (A)  and  8-7-1 (B) show strong 

reporter gcne expression at the posterior (white arrow) and anterior (rirrow) cnds. 

Thc embryo i n  B represents a totally ES ccll-derived embryo. (C) An ES cc11 

chimeric embryo from line 9-3 showing stronger staining in the anterior neural 

folds (white arrow) and in the somites (arrow). 





Fig. 6. - E 8.5 ES ceIl ch imer ic  embryos  showing widespread 

e x p r e s s i o n  w i t h  s t r o n g e r  t i s s u e - s p e c i f i c  r e p o r t e r  gene expression. 

( A )  An ES ceIl chimeric embryo t iom line 7-9-3 showing widesprertd staining 

probably in thc mesocierm with  ctronger staining in the sornites (whi tc  arrow) and 

in the dorsal midline of the neural tube ( a r r o w ) .  (B) An ES ceII chimeric embryo 

from Iine 9-7 showing  s t ronger  s ta in ing  in the somi tc ï  (arrow). hcarr ( w h i t e  

a r r o w )  and h indbra in .  





Fig. 7. - E 8.5 ES cel l  chimeric embryos showing widespread Iow 

express ion  with stronger reporter gene expression in spatial ly  

de f ined  d o m a i n s .  

( A )  An ES cc11 chimeric embryo from linc 13-31 showing çtrongcr staining 

in the miciiinc of the mid- and forebrain (white  arrow) and  strong staining in two 

bands in the hindbrain (arrows). (B) An  ES ceII chimeric cmbryo frorn line 9-4 

showing stronger staining in two stripes across the hindbrain (arrows). (C) A 

t o t a l l y  ES  c c I 1 - d e r i v e d  c h i m e r i c  c m b r y o  f rorn  ES c lone  

5-8-1 showing stronger staining in the hindbrain (arrow) and the midbrain ( t o  

t h e  right). 
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ii) Three clones showed highly - - restricted reg ion-s~ec i f ic  patterns along the 

antcrior-postcrior axis. without any obvious tissue-spccificity (Fig .  5 ) .  In 

particular. 2 clones showcd strong expression at the anterior and posterior ends of 

the ernbryo with a rcduction of staining towards the middle of the embryo. 

iii) Eleven clones showed tissue-s~ecit ' ic patterns   lus wides~read  low-levcl 

e x p r e s s  ion (Fig. 6). The pattcrns of expression ranged across a large varicty of 

tissue types. including h a r t  (3 Iines). somites (3 lines) and CNS (6 lincs). 

iv) Five clones showed region-s~ecif ic  patterns ~ l u s  widespread low - le ve 1 

e x ~ r e s s i o n  (Fig. 7). Specific expression was marking some boundaries in the 

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

Reporter gene espression in ES-tetraploid chinteras 

Ten clones were used to generate aggregation chirneras us in- tetraploid host 

embryos. Such chimcras arc almost entirely ES-ccll-derivcd (Nagy et al.. 1990: Nagy 

and Rossant. 1993). These clones were selected because the patterns of reportcr- 

gene expression seen in the screen were not clcar and nceded confirmation. Four 

clones could gcnerate chimeric embryos. Thesc embryos confirmed thc patterns of 

l a c 2  gene expression that had been observed in the previously dcscribed diploid 

c h i m e r a s .  

Anaiysis of 12.5 dpc enrbryos 

A large proportion ( 5 5 % )  of the fucZ cxprcssing ES ceil cloncs Iàiled co show 

reporter gene activity in 8.5 dpc embryos. I t  is important to dcterminc i f  thesc 

clones did not cxprcss the reporter gene at tliis stage or if the- wcre unablc to 

producc chirneras. for a subset of clones. ES ceil contribution to thc embryos was 

analyzcd by the prcsencc of eye pigmentation in 12.5 dpc chimcras (Table 9). 

Ninety-threc (78%) clones produced chimcric cmbryos at this strige. This suggcsts 

that a similar proportion 8.5 dpc embryos showing no expression wcrc chimcras 

but did not express detectabIe reporter genc activity. 



Table 9 
ES cells contribut ion analyzed in 12.5 dpc chimeric  Ernbryos 

13 - 
Galactositiase Total no. of ES cells No ES cclls 
expression at  l i n e s  con t r ibu t iona  con t r ibu t iona  .Id 

8.5 dpc analyzed 
+ 70 53 1 O 7 
- 69 4 0 17 12 

Total 139 93 27 19 

a Contribution w3s scvred bp the &Ga1 staining rtnd the presence of eye pigments rit 

12.5 d p c .  
No ernbryos were recovered rit 12.5 dpc. 

Anotlier important question is to know how many clones would display ri 

distinct expression 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 complctcly 

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 16 cloncs) or 

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

8-Galactosidase cxpress ion  in  12.5 dpc chirncric cm bryos 
Expression at 12.5 dpc 

6-Galactos idasc No. of Wiciespread Rcstricted No 
cxpression at 8.5 dpc e rnbryos  e x p r e s s i o n  cxpress ion  c s p r c s s i o n  

e x a m i n e d  
Widcspread 28 2 1 5 2 
Embryonic Pattern 14 8 3 3 
Extraembryonic only - 7 - 3 O O 
No expression 26 8 2 O 
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DISCUSSION 

We assayed 3 0 3  clones. containing potentiaIly mutagenic intesrations of  a 

gene-trap vector. for expression of the l a c 2  reporter gene in 23.5 dpc chimeric 

cmbryos .  

Twenty-eigfit clones were analyzed in 3 pilot screen. [ntegrations w ith 3 

slightly different gcne trap vectors (see Material & methods) were analyzed. Clones 

sclected for insertions of the PT-3 vector did not torm 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 ceils used for these 2 electroporations. Th2 PT-1 and pGT4.3a vcctors 

produced similar results. However. the highest number of G41gR cloncs was 

obtained with the PT-L vector (where the P g k - l  promoter drives neo eicprcssion). 

and this GT vector was selccted for future experiments. The pilot screen was also 

designed to test a simple srrategy for efîïcientty pre-selecting in t.itro. ES cc11 

clones expccted to display restricted expression pattern ir: v i v o  in thc gastrulating 

embryo. ES cells are able to differentiate iu vitro into a variety of ce11 types that 

rire 5imilar to ce11 types found i n  v i v o  during early cmbryo dcveIopment 

( D o e t s c h m a n  er al.. I985: and reviewcd in Baker and Lyons. 1996). We scored 

expression of the reporter gene in GLiIXR ES çell clones after spontaneous 

differentiation into fibroblast-Iike ce  Ils or into embryoid bodies. Twenty-eight 

clones showing regulated expression of lacZ in virro werc rissayed for expression 

in 8.5 dpc chimeric ernbryos. 

About half of the insertions did  not give detectabie levels of rcportcr gcne 

expression at 8.5 or  12.5 dpc. One third of the trapped genes were expressed 

ubiquitously in the embryos. Three genes cfisplaying restricted expression i n  

extra-embryonic tissues or in the embryo proper were identifieci. Howevcr. the 

pre-screen was not efficient and not informative cnough. .Most of the insertions 

sclecteci i n  vi tro  already expressed l a d  in undifferentiateci ES cells (Table 4j. Only 

1 clone (out of 12 tested) that did not express the reporter gene in unciiffercntiritcd 

ES cells was expressed in vivo. Furthermorc. the type of expression obscrved 

i n  v i r ro  dici not d l o w  us to preiiict which tell lines would display ri restricted 

expression pattern i n  v i v o .  This strategy w u  not followed further and i t  was 

dccided to test. in a hrger screen. insertions into genes that rire expressed in ES 

cells. In a largcr screen. WC analyzed in vira the expression pattern of 279 

insertions. The larger screen yielded similar reïuits (ubiquitous. restricted or no 

expression in vivo) .  in the absence o f  clone pre-selection in virro. 



In total, we identifieci 146 endogenous cellular transcription units cxpresscd 

at 8.5 or 12.5 dpc (Table 7 & 10). The lack of expression in half of the embryos was 

not due to inability of the ES celis to contribute to chimeras. sincc for mosr ot- these 

clones the presence of ES-derived ceils could be scoreci by the prescncc of cye 

pigmentation when the embryos were rillowed to develop to 12.5 days (Table 9) .  Wc 

crin cstimate that only ripproximately 10% of the ES ce11 clones that undcrwent the 

screening procedure were not able to contribute to chimeric embryos. 

A wide range of deveIopmenta1 patterns was observed (Table 6 B & 3) .  Since 

this screen was Iimiteci to gcnes that are expressed in ES cclIs. the qucstion of  

whether the frequency of these classes of gcne expression pattems rctlccts thc 

t'requcncy of the types of genes that arc devclopmentally regulated in the cmbryo 

remains unresolved. It is clear that soms developrnentally restrictcd gencs such as 

En-2  and Ho.r 1.3 arc expresseci in undifkrentiated ES cells. whilc others such as 

rcnt- i and E n -  i are not (Joyner rr al.. 1985; Joyner and Martin. 1987: McMahon and 

Bradley. 1990: Jeannotte et al.. 199 1). A more laborious but less biased scrccn would 

involve the analysis of a11 clones that had incorporated the vector into thcir 

genome. A large-scale screen of this type would be very difficulr b e c a w ~  many 

integrations would fa11 outside of transcription units and. due to the nature ot' the 

vector. even thosc that were within genes could only be expresscd if  intcgrrircd in 

the correct orientation and reading trame. Othcr vectors may bc bcttcr designeci 

t'or such a systernriric ripprorich (sec Discussion in Chripter V i .  

~Many of the reporter-gene expression prtttcrns that wc observe arc consistent 

with the behavior of ES cells in culture. Spontancous differentiation of the 0 3  ES 

ce11 line has bcen shown to give rise to a number of identifiable cc11 types. 

inc luding yolk sac-like structures that contain blootl is lands and primit ivc b toocf 

vessels as well 3s cardiac musclc celis (Doctschrnlin rr cd., 1985). 01 the 39 clones thrit 

displayed restrictcd expression. 26 clones showcd expression in the yolk sac (Table 

6 B & 8): in two of the lines expression may bc resuicted to blood islrrnds (PT-1-14 

and 6-9-1). Expression in the developing hean was observed in 7 clones. Since in 

our pre-screen colonies were allowed to piirtirilly différentiate. we rnay have a bias 

towarci genes that are expressed in tissues that are generated during in virra 

differentiation. The three clones that were expressed excIusively in diffcrcntiated 

çells (H201. 13-3 1 and PT-1-13} and displayed regulated expression of thc rcportcr 

gene showed expression in both the yolk sac and the h e m .  

Central nervous system expression W ~ S  predominant in 19 out of 39 lincs. This 



rcsult is also not surprising since rit 8.5 dpc the CNS is undergoing active gowth  

and organization with respect to dorsal/ventral and antcriodposterior polarity ris 

wcll as with respect to segmental identity. A large number of genes responsible for 

thcsc evcnts rnight be expectcd to be active in the early embryo and ES cclls and 

thus be identified in our screen. 

The results of this gene-trap screen demonstrate thrit it is possible to idcntify 

a  wide assortment of genes. showing tissue-specific and spatially-restrictcd 

expression during dcvelopment by expression in chimeras. even whcn the  

anaIysis was limited to genes expressed in ES cells and during one cieveloprnental 

stage. at 8.5 dpc. This time was chosen since it is the time when the basic body plan 

of thc embryo is being established. However. other time windows couId be adcfed. 

Limited analysis at 12.5 dpc indicates that if the time window of expression analysis 

couId bc broadened. more genes with restricted expression patterns could be 

identified. Howevcr. for cach stage analyzcd it would be necessary to gcncrritc new 

chimeric cmbryos .  

Insertions with the most intcresting clcvclopmental expression p a t t c r n î  can 

then be selected for tùrther analysis at the molecular level and can bc transmitted 

through the gcrmiine for phenotypic analysis of the mutation. One ES cc11 linc 

(C 101 ) isolateci during the pilot screen and ciisplaying a vcry specific pattern ot' 

expression in vivo wris selected for further rinalysis and will be dcscribed in the 

next chapter. 



- C H A P T E R  I I I  - 

CORDON-BLEU, A NOVEL MZjRlNE DEVELOPMENTAL GENE. 

This chapter includes results previously published in the t'oilowîng paper: 

Characterizaiion Of A Gcne Trap Insertion ln to  .1 Novel Gene. 

C o  r d  o n  - B l e u  , Expresscd t n  Axial Structures 01 The Gastrulating 

Mousc Embryo. 

Stéphan Gasca, David P. Hil l .  John Klingensmith and Janet Rossant. 

Developnirntal Genetics ( 1995). 1 17. 14 1- 154. 
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CHAPTER THREE : C O R D O N - B L E U ,  A NOVEL MURINE 

DEVELOPMENTAL GENE. 

INTRODUCTION 

Embryonic axes are fully estabtished in vertebrritc embryos at gastrulat ion. 

As the definitive germ Iayers that will form the ernbryo proper are cmerging. thcy 

are simultaneously organized around the anterior-posterior and dorïal-ventral  

axes. Analysis of the genes specifically expressed in axial strucrures riround t h e  

time of gastrulation is beginning to identify p n e s  that are involved in axis 

formation. However. the full spectrum of genes involved in axial spccification and 

their modes of interaction rire not yet c!ear. 

Most information has corne from study of genes first identified as important 

by their molecular nature and pattern of eupression (reviewed by Beddington and 

Smith. 1993: Faust and ~Magnuson. !993: De Robertis CC al.. 1994: Boncinelli and 

Mallamaci. 1995: Lemaire and Kodjabrichian. 1996). However. thc direct genetic 

approac h of identifying mutations tha t  affect  gastrulation ha:s rilso providcd 

several important candidates such as B r u c h y  u r y  ( T )  (Herrmann et a!.. 1990). nodczl 

( Z h o u  er al.. 1993; Conlon et al.. 1994) and emhryonic e c t o d e r n t  developnlenr ( c d .  

N i swander  er al.. 1988; Faust et al.. 1995: Schumacher er al.. lY96j. AIthough large- 

scale mutation screens are practically difficult in the mouse. thc application of the 

different trapping strategies to the ES cr1l.s system provideci dcveloprnentril 

biologists with novel approaches co perform gcnetic wrcens riimed rit thc rrindorn 

identification and mutagenesis of novel  genes. 

The gene rrap screening strategy based on the expression of the IucZ rcportcr 

eene in ES cclls in v i tro  and in E S  ceIliembryo chimerris in vivo. aliowcd us ro - 
screen through ri large collection of ES cc11 clones carrying GT insertions. t'or 

senes showing spatially and temporally rcïtricted patterns of  expression in the 

lare gastrularing embryo rit ES.5 (Chapter I I  & Wurst rr al.. 1993). From this scrccn 

w e  identified a number of genes with restricted cxprcssion suggesting that thcy 

çould be playing a rolc in embryonic patterning. Gcnes expresscd in scgmcnts in 

the hincibrain region (clones 5.8.1. 9-4 & 13-3 1 )  reflect the estriblishrncnt of 

specific cornpartments rilong the ontero-posterior asis: in othcrs. stronser CNS 

expression in the ventral region (clone 9-12) or in longitudinal stripcs (cloncs 9- 

10 & PT-1-7) could indicate patterning events d o n g  the dorso-ventral and mcdio- 

lateral axes. In particulrir. two genes (clones C l 0  1 & PT-1- 19) showed an expression 



pattern restricted ta those structures thought to play ri role in axial pattcrning. 

narnely thc node and the notochord. Genes known to be important t'or axis 

formation or pritterning such ris H N F 3 - j 3  and S h h  are also exprcssed in ihcsc tissues 

during the early stages of their development ( X n g  c'r al.. 1993: Ruiz i .Utabri er c d . .  

1993b: Sasaki and Hogan. 1993: EcheIard ZI ai.. 1993: .Marti er al.. 1995 ). Thc iriscrtion 

PT-1-19 was only weakly expressed in the node and anterior notochord prccursorï 

at early somite stages. whereas the CtOl  insenion was strongly exprcsscd in axial 

tissues from the 3 germ layers. with a pattern reminisccnt of that of H,VF3-J3 and 

S h h .  

In the f'ollowing chripter. I will describe the charricterization of the clone 

CIO 1. identifieci during the pilot screen (Cliapter I I ) .  which carries a GT insertion 

into a noveI gene expressed in the node. notochord. tloor plate and the roof of the 

zut. The identification of tliis gene. C O  rdo  n - b l e  u . provides anothcr poss iblc 

component of the genetic hierarchy of senes involved in axial patterning during 

early mouse embryogenesis. 



iMATERIALS & METHODS 

Production of the Cl01 ES ceIl clone 

Electroporrition of the linearized pGT4.5a GT vcctor and selection o f  G418 

resistant (G418R) ES ce11 Iines w u  pcrformed as describcd earlier (Gossler C r  al.. 

1989). 100 pg of vector Iincarized at the unique H i n d l l l  site wcrc dircctly (without 

prccipitation step) elcctroporated into 5 x  10' male D3 ES cclls (Doetschman rr al.. 

1985) at a final concentration of 2 mg/ml. G41gR ES ce11 lines were thcn 

individually picked. cxpanded as single clones and testcd for i acZ  expression i n  

virro and in vivo. 

Production of ES ce11 chimeras and breeding 

About 30 CD1 blastocysts were injected with 15 to 30 C 101 ES cclls cach and 

rcintroduced into psèudo-prcgnant CD 1 fernale?. Fernales wcrc disscctcd ri t  

embryonic day 8.5 (E8.5) to assay for LJ-GüI activity in chimeric cmbryos. To 

producc a gcrmlinc chimcra. CS7BL/6 blastocysts wcrc injected with  Cl01 ES cells. 

reintroduced into pseudo-pregnant CD1 fernales. and cmbryos wcrc allowcd to 

develop to tcrm. Malcs with strong contribution from ES celk as judged by coat 

color were tested for contribution to the germlinc by crossing with C57BLi6 

fcmalcs. lnbred micc hetcrozygous for the insertion werc gencrated by crossing 

with 129/Sv fcmales. Offspring carrying thc insertion could bc identified by 1ucZ 

staining of tissue sarnplcs from car punchcs uscd to numbcr the micc.  Thcir 

genotypc was confirmed by  Southern blot analysis. Micc homozygous for thc 

insertion wcrc produccd by intercrosscs bctwecn hcterozygous parents. Thcir 

genotypc was dcterrnincd by Southern blot analysis on genornic D N A  digestcd with 

B a n i H I .  B g l I I  and P v u l I  and hybridized with the E n - 2  scquence prcscnt on thc 

vector (sec below). which allows cornparison of  the relative intcnsity 01' the band3 

bctween the endogenous and the insertion loci. The genotypc of males was also 

confirmcd by brccding with wild-type CD1 rnice. and staining crnbryos o r  13- 

galactosidase activity. 

Ho23 ES cell Iine 

Thrcc 129/Sv G I C I  O I / + supcrovulatcd fernales crossed wi th  three l29/Sv 

G I C I  OZ / + males gave 43 blastocysts from which WC rccovcrcd thrce ncw ES cc11 

lines (according to morphology. sceNagy et al.. 1993). Two were hctcrozygous for 
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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 (sec below). Ho-23 was rilso 

testcd by injection into blastocysts and was able to participate in normaI 

embryonic dcvelopment .  

U-Gal staining of whoIe-mount cmbryos 

Ernbryos were staged as embryonic day 0.5 tE0.5) 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 thcn washed at least twice in 0 . 1  M 

sodium phosphate. 2 m M  MgCII. at room temperature. They were then stained in the 

dark in 1 mgml  X-gal (Vector Biosystems). 5 miM KIFclCM),. 5 mM K,Fe(CN),. 1 m M  

M g C  1 ,  and O.IM sodium phosphate at 37OC overnight. Before processing and 

paraffin ernbedding For sectioning. ern bryos were post-fixed in fresh 4% 

paraformaldehydc. 0.2'3- gluteraldehyde in PBS overnight rit W C  . 

Cloning and analysis of endogenous cDN.L\s 

Total RNA for RT-PCR was prepared from ES cells and from crnbryos via. the 

method of Chomczynski (1987). Poly A+ RNA was puritleci bg extraction from total 

RNA with oligo (dT) cellulose (Ausubel er ai.. 1989). The RACE strategy (Frohrnan rr 

ut.. 1958) was ridapted to the following procedure: the Copy Kit TM (Invitrogen} was 

used. Fol low ing the manufacturer's ins  trucrions. to syn thes ize blun t endcd double 

strandcd cDNA from O.5pg of polyA+ RNA from ho-23 ES cells annealeci with 10 

nanograrns (ng) of the l a c 2  primer # l  ( 5 ' - G C X X G G C G X T T A X G T T G G G T - 3 ' )  in the 

prescnce of MeHgOH. The synthesis yieldcd 70 ng of double strancied cDN.4. 3.5 ng 

wcrc incubatcd with 2 pmoles of UNI-Amp Eco RI adapters (Clontech) and Tf ligasc 

(Boehringer Mannheim). The ligation products were size seiected on a S P N O  

column (Pharmacia) and 1/10 were then subjected to 40 cycles of PCR (YWC L'or 60 

sec: 60°C for 45 sec; 720C for 2 min. ) and a tinal extension at 7Z0C for 10 min.. using 

1.5 units of Taq polyrnerase in IX Taq buffer (Perkin Elrner Cetus) in the prescnce 

of 100 ng of UNI-Amp Eco RI prirners (Clontech) and 500 ng of primer #756 (Fig. I l  

and Skarnes er al.. 1992). The size range of the amplified cDNAs wris visualizecl by 

Southern blor anaiysis with the E n - 2  probe (sec below). The PCR products wcre 

size-selecteci by gel electrophoresis and fragments larger than 300 bp w c r c  

digestcd by Eco RI and Kpn 1. sub-doned into chc pBluescript I I  K s i + )  vector 

(Stratagene) and sequenced with the Scquenase kit (U.S. Biochemicals). The 
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sequcnce 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 (AltschuI et al.. 1990) comparison algorithms. The 379 

bp C101/7 fragment (lacking En-2 sequences). was amplified by 40 c y c l e  of PCR 

(94OC for 60 sec; 62OC t'or 60 sec; 7Z°C for 60 sec) and a final extension at 7 P C  for 2 

min.. using 0.1 unit of Taq polymerase in LX Taq buffer (Perkin Elmer Cecus) in the 

presence of 250 ng of C l01  primers #25 (5'-GCGAAGTCAGCATCTGGAGG-3') and CIO[ 

primer #283 (5'-TGGTGGTGG CTGCTGTGGTG -3'). and sub-cloned into the vector pSL30 1 

( I n v i t r o g c n ) .  

DNA and RNA probes 

The !acZ probe is the entire 3.1 kb Barn HI frazrnent puritïed from the pGT3.53 

vector. The E n g r a i l e d - 2  ( E n - 2 )  probe is a 240 bp Hind [II-Sst l fragment (rom the 

En-2 genomic DNA clone S15 (kindly provided by A. Joyner) which includes 82 bp 

of the En-2 intron 1 and 156 bp of the E n - 2  exon 2 which are hsed  to l a c 2  in the GT 

vector. This probe crin bind equally to the endogenous E n - 2  genomic scquencc and 

to the same sequence in the inserted vector allowing comparison of thc allcle 

number at the two loci (when total genomic DNA is digestcd with Barn HI + Bgl II + 
Pvu II. the two bands arc of comparable s i x :  1.5 and 2.0 Kb). The C 101 7 PCR 

fragment subcloned into pSL301 vector Eco RV site. was excised by digestion with 

Eco RI and Xba 1. The b3 probe is the entire 1.2 k b  b3 cDNA subcloned into 

pBiuescript I I  KS(+) (Stratagene) at the EcoRI site. Al1 the D N A  probes wcre 

purifieci from the vectors by electrophorcsis and were radiolabelleci with (32-P)-  

JCTP by the random priming method of Feinbcrg and Voge!stein (1983). Sense and 

antisense C 10 117 and b3 riboprobcs were synthesized from the clones I incarizcd 

rcspectively at the Bgl II and Xbri I sites for Cl0117 and at the Eco RV and Xba 1 

sites for b3. The transcription was perforrned from t k g  of template DNA.  The 

C101!7 probc for sectioned in situ hybridization was synthesized in the presencc of 

10 p C i  of (35-S)-UTP as  described prcviously (Hui and Joyner. 1993). The 

transcription of the b3 probe for whole mount in situ hybridization was pert'ormed 

in the presence of digoxigenin-iabelcd UTP (Bochringcr Mannheim) as describcd 

prcvious ly (ConIon and Rossant. 1992). 

Southern and Northern blot  analysis 

Genomic DNA wiis purificd from proteinase K-digested ES cc11 pellets and 
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mouse  tail  biopsies by phenol-chloroform extract ion.  Total RNA was isolated from 

ES cel l s  o r  cmbryos  by the method of  Chomczynski  (1987). Electrophoresis wris 

carried out  in 1X TAE for gcnomic DNA and in IX MOPS for RNA (Sambrook el (11.. 

1989). Both S o u t h e r n  a n d  Northern b lo ts  used  GeneScreen  f i l tc rs  (Dupon t ) .  

Hybr id iza t ion  with radiolabelleci probes. fo r  18 hours rit 63OC. was in 0.5 M 

Na2HPOJiNaH2POJ .  pH 7.4. 7 9  SDS. 1 m M  EDTA for Southern blots and in 5X SSC. 5 X  

Denhart. O . i %  SDS. 100 mg/ml sheared salmon spcrm DNA. 5 %  dextran sult'atc for 

Northcrn blots. Filters were exposed a p i n s t  retlection TMNEF-tïlm (Dupont-NENj. 

M a p p i n g  

T h c  BSS DNA pane l  from the Jackson  Laboratory communi ty  rcsourcc 

[(CS7BL/6JEi X SPRET/Ei)  F I  k m a l e  X SPRETJEi male] interspecific backcross (Rowc 

er al.. 1994) was uscd to map  the trapped locus with the CIOli7 probe. Genomic DNA 

from C57BLi6 and Mus spretus was digestcd with various enzymes  and the probc 

C I 0 1 / 7  was  used o n  Soutl iern bIots to d e t e c t  res t r ic t ion  f ragment  Icngth 

polymorphisms (RFLPs)  between the two strains. When DNA wlis digesteri with X h l  

rhc Cl0117 probc dctected a RFLP. Genomic DNA from the BSS pancl (from 94 N 2  

backcrosscs  and the 2 parental  s t ra ins)  was digested by X b n l .  separatecf by 

electrophorcsis  and  t rans tér red  on nylon GeneScreen membranes (Dupont) .  Filtcrs 

werc  hybridized with the probe C101/7 and exposed against film. Each sample was 

scorcd for  the presencc o f  the Mus  sprerus allele and the rcsults urerc trrinsmitrcd 

back to the database o f  the Jackson Laborarory for cornparison with the csisting 

map. The  new locus çarrying this GT inscrtion was niimed G r C I O I .  

c D N A  l ibrary screen 

An unamplificd h g t l l  random- and o l igo ( JTbpr imed  CD1 aduIt brain cDNA 

l ibrary  (Clontcch:  c lones  b.r and Ex)  was first screenccl with the ClO1,7 probc. 

1.5x1O6 phagc plaques were transferred to  nitrocellulosc f i l ters  (Schlcicher and 

Schuel l )  and hybridizcd undcr  conditions o f  medium str ingcncy in 5X SSC. 5X 

Denhart. 0.1% SDS. 100 mg/rnl shearcd salmon sperm DNA. 10% dextrrin sulfate. for 

48 hours rit 56OC with 7x105 cpmtml of radiolabclled C101i7 probe. Filtcrï wcre 

washed at 20°C: twice for  ten minutes in 2X SSC and one hour in IX SSC containing 

0 . 1  SDS.  After autoradiography.  fivc diffcrent  cloncs were plaque purificd anci 

thc i r  inscrts  were sub-cloneci into the EcoRI  si te  ot' the pBIucscript  KS + 
(S t r a t agcnc )  p l a smid  vcc to r ,  Double-stranded DNA sequenc ing  was performed 

following the A.L.F. Sequencing protocol (Pharrnacia). These cDNhs were then used 



to isolate overlapping additional clones covering the 5' and 3' end of the full lcngth 

cDNA. The  5' most clone was obtained from a À-ZAPII random- and oIigo(dT)-primcd 

CD! newborn brain cDNA library (Stratagene; clones NB5 & NBx) 

In s i t u  hybr id i za t ion  

CD1 embryos (Charles River. Montreal) werc dissected from the uterus st E7.5. ER.5 

and E9.5. The wholc mount in situ hybridization with sense and anti-scnsc b3 

riboprobes was performed as described (Conlon and Rossant. 1991: Conlon and 

Hcrrmann. 1993). Thc in si tu hybridization of sections was performed as described 

(Hui and Joyncr. 1993). and exposed t'or 3 and 4 weeks before dcvelopmcnt. 
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RESULTS 

The C l O I  gene trap ES cell line 

Thc Cl01  ES ce11 clone carrying the pGT4.53 vcctor was isolated from the pilot 

screcn (describcd in Chapter I I )  and presented a rcstricted pattern of expression 

botb in vitro and in vivo.  CIO1 ES cells in culture strongly expresséd the l a c Z  

reporter gene. detectablc Lifter 1.5 h of incubation at 37°C (many ES ceIl clones only 

showed detectablc expression after a n  overnight incubation pcrioci). Most çclls 

diffcrcntiating in vitro Jid not express the fusion protein. suggesting that the 

promoter may be regulated during early development of the embryo. Southcrn blot 

rinalysis. using the l a c 2  and E n - 2  probes. showed that this celi line contriincd a 

single copy insertion o f  the vector (data not shown). 

Generation of chimeras 

Upon dissection a t  cmbryonic day 8.5 (E8.5). 1 1/30 C 10 1-ESICDl chimeric 

embryos displaycd identicai restrictcd patterns of expression after staining for LJ- 

Ga1 activity: expression was lirnited to axial structures of the cmbryo tiom the taii 

bud to the foregut and midbrain. Histologicül sections from these embryos rcverild 

that expression was in thc roof of the tut .  the notochord and thc tloor platc ot' the 

neural tube. 

Table I l  
Frequencies of transmission of the C l 0 1  insertion to the 

F2 gencration of inbred I29/Sv heterozygous micc 

G e n o t y p e  N o .  % 

Wild-type 

Hc terozygous 

Homozygous 

TotaI 

The insertion was transmittcd to thc germlinc in ordcr to anrilyzc in morc 

dctail its exprcssion in transgcnic embryos and to idcntify any possiblc mutant 

phenotype. One chimcric male was obtained that trrinsmitted thc ES cd1  gcnotype 

to 60% of its offspring as detcrrnined by coat color transmission. InbreJ micc 

heterozygous for thc insertion wcre gencrated by crossing this male with 129!Sv 



femalcs. No dominant phenotype has been observed in heterozygous mice and they 

were recovered with the expecteci frequency for a single gene transmission (Table 

i 1 ) .  

Express ion of the lacZ reporter gene in heterozygous embryos 

129!Sv GrCIO1 .I + mates were crossed te CD1 females to assay for l a c 2  cxpression in 

heterozygous embryos. The pattern of cxpression was consistent with that 

previously observed in chimeric embryos. No expression was cietectcd prior to E7.5. 

including at preimplantation stages. although the gene was expressed in ES cclls. 

Expression was Cirst detected at E7.5 rit the Iate strcak stage. when  the mesoderm 

layer is complete. in a srnall group of cells at the Jistal tip of the crnbryo in thc 

presumptive node region (Fig. 8 A. B) .  Expression in the node was clcarly 

resuicted to mcsodermal cells initially (Fig. 9 A )  but elctended to underlying ri'tiaI 

endoderm as the node develops (data not shown) .  Expression of' the transgcnc 

extended anteriorly in the midline (Fie. i3 C )  as the head-process progesscs. Some 

positive cells were also present just posterior to the node and in more Iatcral 

regions (Fig. 8 C). At the head-fold staee. bet'ore the head-process reaches its most 

anterior position. positivc cells began to appertr dong the axis postcrior to thc nocic 

and into the hindgut. At earty somite stages. anterior expression mrirked thc 

developing foregut and notochordal plate and extended posteriorly to the 

regressing node (Fig. 8 D). At the 5 to !O somire stages the notochord was E-Ga1 

positive dong the entire axis from its anterior limit below the midbrain to the base 

of the alIantois. The most anterior region of the primitive strertk also rcmained 8- 

Ga1 positivc. Expression was çkctrly seen in the dorsal roof of the developing gut. 

in both foregut and hincigut extensions (Fig. 8 D). AS the lloor plate ot' the ncurd 

tube forms at the somite stage. it too became &Ga1 positive (Fig. 9 B) .  The antcrior 

limit of expression in the tloor plate corresponded to the anterior limit of contact 

between the neural plate and the foregut- Expression was confineci to thc midIinc 

c d l s  of the midbrain. and did not extend rostrally or Iaterally into the t'orcbrain as 

seen at this stage for other tloor plate markcrs likc H N F  - 3J and S h  h (Ang er ai.. 

1993: Ruiz i AItaba er al.. 1993b; Sasaki and Hotan. 1993: Echeiard er al.. 1993; Roclink 

et al.. 1994). No expression was obsewed in prechordal plate mesodcrm. although 

cxpression was detecteci later from E1O.O in the head mesenchyme in the forebrain 



Fig. 8. - Detection o f  the B-Ga1 fusion protein from E7.5 to E10.5 

stages of deve lopment  in embryos heterozygous for the G t C  I O I 

i n s e r t i o n .  

In A. B. C. D posterior is to the right. Proximal is rit the top in ( A .  D) and dorsal 

at the bottom in (E. F). ( A )  E7.5. late primitive streak, stage of first expression. cB) 

and (C) ventral views of two older €7.5 embryos. (8) Expression is still localized to 

the node region (arrow). (C) Positive cells are now present d o n g  the axis (rirrow) 

in the head process. A few positive cells are also present in paraxial positions and 

immeciiately posterior to the node (white arrows). (Dl Pattern of expression in five 

embryos at consecutive stages of development between E7.5 and E9.5 from left to 

right. Expression is rcstricted to the nocie In. arrowherid) rit E7.5 (neural platc. 

presomitc stage). extends from the anterior of the primitive sue& to the forcrut at 

E8.0 (latc headfold stage. 3 somites). marks tlic entirc axis from the antcrior 

ventral midbrain to the base of the allantois at ES.5 (before turning. S iomitcs). 

rernains restricted to the midIine structures t'rom the head to thc tail bud rtt F8.j 

(bqinning  of turning stage. 10 somites! and cxpands :O the liver rtnlligc and the 

branchial clefts at E9.5 (end of turning strige. 13 somites). (E) Expression in a 75 

somite E9.5 embryo. The anterior lirnit of expression in mesenchyme cellii is in the 

oIfactory plricode rczion (black arrow head). the rnicibrain (outlined arrow hcrid, 

for tloor plate cclIs and the anterior e n d  of  the notochord for endodcrma1 cclls. 

Expression is sern in the endoderm layer of the branchial clefts. in the livcr anci 

in the somites tarrow). (F) Expression in a 30 somitc El0 . j  embryo. The eiiprcssion 

in the somites is restricted to the center (arrow) of each somitic segment 

i ssparated by dashes ). 

.A bbre  viarions: arnniotic cavity (ac ). brrinchral arches (b ) .  exocoelum (Ex) .  zut (g) .  

head process (hp). heart (hc).  liver IL). node N. primitive strerik (ps) .  tail bud ( t ) .  

ventral midbrain (mb). 

Scde bar = 50 pm !A). 100 p m  (B.C.E). 150 pm ( R  and 200 prn (DL 





Fig. 9. - Histological sections of crnbryos hcterozygous for G t C  11) I .  

stained for B-CaIactosidase activity of t h e  fusion protcin.  

Sections were stained with eosin. ( A )  Para-sagittal section of E7.5 cmbryo 

showing that positive cells arc restricted t a  the mesoderm layer of the nodc. 

Anterior is to the left. (B) The plane of section crossés the asis of a n  E8.5 cmbryo 

thrcc timcs. through the head ( top)  and twicc through the trunk. Esprcssion is 

restricted to the tloor plate of the neural tube. the notochord and the roof ot' thc 

foregut and hindgut. (C)  section posterior to the torelimb through thc mitldlc of 

the fifteenth somite. Expression is in the tloor plritc. notochord and surrounding 

mesenchymc. tlic sut. the mcsogastriurn. part of the sornitcs and vc ry  wcrikly in 

the Wolffian ducts. (D) detail of a mid-saggittal section through the hcad. Antcrior 

is to the Ieft. Expression is restricted in the posterior midbrain iloor platc (betwccn 

arrows). Somc celis of the cephalic mcsenchyme are also positive ( a r r o w h c d ) .  

A h h r e ~ i i u r i o n s :  allantois (al) .  dorsal aorta (da) .  cctodcrm (Ec). cndocierm ( E n ) .  tloor 

plate ( fp ). foregut i fg). hcadî'old (11 0. hetin ( h e  1. hindgur (hg). mcsodcrm ( M c  1. 

mesogastrium m g )  midbrain (: mb). nephrogcnic cord ( n e  1. notochord ( n o ) .  osa1 

cavity ( o c ) .  sornitc ( S  1. Wolffian ducts W .  .iccond vcntrick ( I I )  and fourrh 

ventricle ( I V ) .  

Scaie bar = 5 0  pm (A, C). 100 pm (B. D). 





region. In E9.5 ernbryos. at the stage of turning. expression was still scen in thc 

tloor plate. notochord and the roof of the gut but also occurred in the pharyngcal 

endoderm. the Iiver anlage and the tail bud (Fig. 3 D. E). [n E1O.O embryos ( 3 5  

somites) positive cells starteri to appear in axial head mesenchyme and in trunk 

wlerotome tissues. Expression wris first detected in the somitcs at this sragc 

(Fig. 8 E) and becrime strong by El  1.5. Positive cells were located in a mcdial subsct 

of somitic cells. bctween the sclerotomc and myotome compartmcnts ( Fie. 8 F 

a n d 9 C ) .  However. expression was not observeci. a t  Iater stages. in muscie 

precursors or tissues but was clearly detected in the trunk sclerotomes. suggesting 

that positive cells in the somites are also sclerotomal cells. This would represcnt a 

subdivision w i thin the sclerotorne compartment that has no t been reportcd beforc. 

In E10.5 embryos (30 somites). expression wris still scen in the tloor plarc o i  the 

midbrain although it was weaker in the posterior half (Fig. 9 Dj. I n  rhc  gut 

endoderm derivatives. expression cxtcnded into the lung buds. Thcrc w u  no 

expression in the mesonephric tubuLes at this stage but weak strtining in rhc 

adjacent Wolffian tubes ( Fig. 9 C). Weak staining in the apical ectodcrmal ridgc of 

the fore limb was also cietected at E1O.S. 

At striges beyond E10.5. expression became quite widespread in the cmbryo. 

because of extensive staining in the gut endoderm and sclerotome dcrivativcs. but 

was never detected in muscle or heart tissues. Bcyond this stage. cxprcssion 

extencied to some cells of the surfrtcc cctodcrm in the skin and to chondrocytc.;. 

Exprcssion persistecl in the notochord as i t  bccamc part  of the nucleux pulposus of 

intcrvertebral ciiscs. Exprcssion was secn in the tloor plate untiI at least E1T.S. at 

which stage expression became more widcsprcrid in various parts of the central 

nervous systcm. inciuding restricted areas O F  the brain and neural tubc. In 

newborn and adult mice. expression could bc detccted in the skin cpidcrm and in 

the brain. 

Expression of the  lac2  reporter gsne in liornozygous embryos 

Since cmbryos hornozygous for the GT insertion are viable (sec Tabtc I 1). I 

was rilso able to andyze the expression pattern with double amount of rcportcr 

gcne expression. No major qualitative diffcrence could be obscrvcd in the 

express ion pattern at al1 the stages analyzed. but cxprcss ion was cxpcc tedl y highcr. 

more easily detec table and homozygous embryos could be  djstinguis hcd t'rom 

heterozygous littermates on the basis of the signal intcnsity alonc. .4 uscful 

application is the  possibility to genotype newborn pups by Ltsscssmcnt of thc 
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intensity of X-gai staining (after about 5 to 10 minutes of staining. homozygous 

tissues rire distinctively more strongly labeled than the heterozygous ones). 

In homozy_gous embryos. the weaker domains of espression previously 

observed in some tissues were not cIear1y detected. For example. the weakcr domain 

of expression observed in the posrerior rnid-brain ( F i g . 9 D )  could not be 

distinguished anymore from adjacent domains. But the anterior limit of cxpression 

in the head is more readily seen. Strongcr expression also revealed two additional 

domains of expression that were not identifieci i n  the analysis of heterozy_'ous 

embryos. At the onset of its expression. cobi was a h  expressed in the hindgut 

pockct at the posterior end of the primiiive streak t a  not zhown) and in 

extraembryonic tissues. 

Exrraeni bryonic expression of cob f 

Extraernblonic expression was restricteci to a few rowî of viscerril cndoderm 

cells imrnediately adjacent to parietal endoderrn and to cells located at the tip of the 

ectopIaccnta1 cone. Large numbers of expressing cells werc also found in the 

materna1 decidua. To  clcarly determine the embryonic or materna1 origin of 

positive celIs in the cctoplacental cone. i transterred wild-type blastocyt embryos 

into [GtCIOt!'GtCIOlI pseucio-pregnant fernales (Fig.  1 0  A )  and Jici the rcversc 

elcperiment with [GtC I O  FGtC I O  L 1 embryos i Fig. 10 B). The positive ceils of thc 

sctoplacental cone were only detected in [GtCIOL'GtClOLI decidue and arc therctorc 

maternally derivcd. Expression in materna1 tissues could be detected in s inglc cclls 

throughout the decidua but was ais0 loclrlized ro duct-like structures orgrinized 

riround the smbryo and connecting the inner crivity of the deciduri with its 

outermost cclls (Fig. 10 A) .  The only extraembryonic expression derivcd t'rom thc 

embryo was located in the visccral sndoderm cells iFig. I O  B ) .  Expression in 

extraembryonic endoderrn persisteci at later stages in cclls immediritcly adjaccnt to 

the placenta. In 12.5 dpc placcntae. expression was also prescnt in cells dispcrscd 

throughout the labyrinthine layer (data not shown). 

C l o n i n g  tire endogenous gene 

Northern blot analysis with a lacZ probe detected a single fusion transcript of 

5 .4  kb in R N A  sarnplcs from CIO1 ES cclls or  hetcrozygous cmbryos 

(da ta  not shown). L u c 2  containing cDNAs wcre synthesizcd and amplificd by  

RACE-PCR from the ho-23 ES ce11 poly-A+ RNA sample ancf fi-om E8.5 cmbryo totai 
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Fig. 10. - CobIIB-Ga1 extraembryonic expression in e m b r y o  and 

materna1 decidua at 7.5 dpc. 

The respective genotypes of the embryos and Jecidue are indicated below the 

picturcs. ( A )  Wild-type ernbryo implanted into a Gr C I O I transgenic decidua. 

Expression can be seen in various parts of the decidua. especiaIly at the top of the 

ectoplacental cone (EPC) and in "canals" converging toward the embryo (arrows). 

(B) G t C I  O I embryo irnplanted into a wild-type decidua. No expression could bc 

dctectcd in the decidua. inctuding the tip of the EPC (top of picture). The 

cnlargement is twice as in (A). focusing on embryonic expression. Espression 

restrictcd to the node (arrowhead) and to some extraembryonic endodermal ce 11s 

(arrows). rit the limit between parietal endoderm and yoik sac endoderm. 

Ab brr viation: EPC: ectoplacental cone. S tain: eosin + nuc lear Fris t-Red. 
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RNA (see Fig. I i for the cloning strategy). Two cDNAs (dcrived from ho-23 cclls! 

were subcloned and sequenced. They containcd 250 bp of overlapping cndogcnous 

sequence with a 3ingle open reading frarne (ORF) spliced in kame with the coding 

portion of the E n - 2 i l a c Z  gene. The longest (367 bp) cDNA was used for tlirther 

molccular analysis. This sequence (Fig. 12 A )  ciid not show any homology to any 

prcviously reported sequence. No recognizable protein domains were observed. 

although the protcin encoded by this partial cDNA is rich in proline ( 15.7% of the 

total). serine { 15.7% 1 and lysine ( 1 1 -4% ). 

A 278 bp fragment. C101/7. that lacks any En-2 sequence w a s  subcloncd, 

3equenced and subsequently used as a probc (Fig. 12 A). On Northern blots i t  

hybridized to a 6.5 kb cndogenous transcript in  both D3 and C l01  ES ccll RK.& 

srimpIes and to the 5.4 kb  fusion transcript in C 10 1 alone (data not shown). 

Since the fusion transcript was widely expres~ed in the brain. 1 screcncd an 

unarnplified cDNA library t'rom CD1 adult brain with the probc Cl01  7.  Fivc 

different clones were detected. subcloned and partially sequenced. The? a11 

overlappcd the C l O l i 7  probe and altogether cover a 3.7 kb section of  the 

cndogenous transcript. strining 1 kb upstrerim from the splicing site fuscd to the 

reporter sequcnce and including 2.7 kb of coding sequence located 3' ot* the 

insertion site (Fis.  12 B). The 1700 bp b3 c D N A  overlaps the C i 0  1 7 fragment 

(Fig. 12 B) and was useci as a probe on Northern blots. I t  cieteçted the 5amc 

endogenous transcript and fusion transcript as the PCR probc C101.7 (Fig.  12 C) .  

The fusion transcript was also detected with the En-2 probe on the srimc tiltcr 

(Fig. 1 2 D ) .  Levels of endogenous transcript were progressively reduccd in 

heterozygous and homoz ygous cells. as expec ted. However low but detec table lcvcls 

of wild-type transcript were still detected in RNA trom the homozygous ES cc11 Iinc 

ho-23. suggesting that the expression of wild-type transcript is not compIetclq 

abolished (Fig. 12 C). This could ocçur by spiicing around the insertion Lcctor 

(Mocns et al.. 1992: Skarnes er ai.. 1993). 

Expression of t h e  endogenous gene 

C 10 l / 7  sense and antisense riboprobes werc synthesized and hy bridized to sections 

of 8.5 and 9.5 dpc wild-type CD1 smbryos. No 5ignaI was detected with thc sense 

probe. The antiscnse probe detected transcripts in the gut (and presumptive liver 

at 9 .  dpcj. the notochord and the tloor plate (data not shown). Thc pattern of 

expression at thcsc two stages was identical to the l a c2  transgene expression. These 



Fig. I I .  - Diagram of the 5' RACE-PCR cloning strategy. 

The S'RACE-PCR technique was used to isolate endogenous sequence hscd to 

the l a c Z  reporter gcne. a) The first strand cDNA was synthesiteci t'rom thc la c Z  

reverse primer # 1  (see matcrials & methods). b )  Second strand synthesis and blunt 

cnding was performed. c )  EcoRI adapters werc ligated to both ends of the cDNXs. cl! 

The cDNAs were amplifiecf by PCR with the EcoRI primers and primer #256. c )  PCR 

products wcrc subcloned and sequenced. t-1 A A79 bp fragment amplificd with the 

primers #25 and #283 and sub-cloned into the vcctor pSL301 w u  useci as an 

endogenous scqucnce probe. 
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Fig. 12. - Cloning mousc C o b l  cDNAs: partial sequence and 

expression. 

(A)  343 bp of endogenous sequence containing an ORF fused in framc (arrow) 

with En-2 coding sequencc in the fusion transcript, 29 bp of the En-2 sequence 

(Iowercasc characters) and 9 corrcsponding arnino acids are shown within a box. 

The sequence of the C 101/7 probe is within the two arrows marking the positions 

of the prirners #25 and #283. (B)  The C101i7 probe and the five overlapping clones 

b3. b4. b5. b7 and b 14. isolated ti-om a mousc adult brain cDNA library, cover 3.7 kb  

of endogenous scqucnce. (C) A probe made from clone b3 (asterisk) was hybridized 

to a Northern blot carrying 10 pg of total RNA samples from the wild-type D3 cells. 

from the heterozygous Cl01  cells and from the hornozygous ho-23 cells. [ t  detects 

both thc 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 ceils but there are aIso detectabk rimounts of 

wild-type transcript (outIined arrowhead). This lane contained more RNA thm the 

wild-type and heterozygous RNA lanes 3s jucigcd by ethidium bromicie striining. (D) 

The En-2 probe was hybridized IO the same blot and only dctcctcd the 5.4 kb fusion 

t r a n s c r i p t .  
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results  confirmcd that the Cl0117 probe corrcsponded to sequencc from the 

endogenous gene trapperi by the vector. 

The longer b3 c D N A  (Fig. L2 B) was used as a probc to detect the pattern o f  

expression of the endogenous gene by whole mount in situ hybridizarion. At E7.5 

expression was detectcd in the node (Fig. 13 A )  and at  E8.5 the expression was 

restricted to rnidline structures of the embryo from the mid brain to thc trtil bud 

(Fig. 13 B. C). Upon sectioning this staining was rcstricted to the roof of the gut. the 

notochord and the tloor plate of the neural tube (Fig. 13 D). Overall the pattern of 

expression of the endogenous scqucnce was identical to the pattern rcvcalcd by the 

lac2 fusion. In whole mounts. cxpression in the head process at €7.5 was wcak and 

at  E S 3  the cxprcssion in the node did not scem as strong and extensive as the lac2 

rnarker. These ciifferences could be accounted for by differences in the intrinsic 

stability of the l a c 2  fusion transcript and the endogenous transcript. by thc half- 

lifc of the lacZ fusion protein itself. o r  by the dctection technique. 

However. the cxprcssion pattern and the partial scqucncc. clearly inciicatcd 

that the C l01  insertion had occurred into a novel gcnc. I t  was named c o r d o n - h i e u  

(cob l )  bccausc of the specific expression of the IacZ reporter in axial structurcs of 

gas t ru la t ing  embryos.  

Cloning  the contplete coding sequence of cobl 

1 used the b3 cDNA to cIone additional cDNAs and 1 generated probc from the 

extremities of the cDNAs covering the 5' and 3' cnds (b3 la  and b7). 1 was thus able 

to clone cDNAs covcring the entire open reriding tiamc and the 3' end of the full 

lcngrh c o b l  c D N A  (Fig. 14 B). A 75 bp putative cxon coding for 25 r i a .  (within 

brackets in Fig. 15) was only found in 2 cDNAs: the PCR gcncrated C101/'7 probe and 

clone b5. Not al1 the cDNAs werc tested for the prcsence of this scqucncc (Fig. 14 BI. 

However. rcmoval of this exon did not  alter the rcading t'rame. In addition. somc 

mouse EST sequenccs homologous to cob/ (Fig. 14 C) were identifieci in the cxprcsscd 

sequence tag (EST) pubIic databrise (Washington Univcrsity/Merck EST Projcct). 

However. thesc clones appearcd to bc chimcric cDNAs: the 5' scqucncc of w20909 is 

t'irst homologous to c a b /  exons but switchcs to unknown sequencc prcciscly frorn 

the same splicing sitc fused to the  reporter gcne in the fusion transcript: thc 

sequcncc of thc clonc W81955 goes beyond the poly-A tail o f  thc 3' end of c o b l .  1 

could not gct cDNA cloncs cxtcnding to the cspcctcd 5' cnd of cobl.  The Northcrn 

expression data suggcst that the s i zc  of the wild-type transcript was 6.5 kb.  

Howevcr. in a previous Northern blot. I had cstimated the sizc of the cndogenous 



Fig. 13. - RNA i n  situ hybridization on wild-type whole-mount 

embryos with  b 3 / c o b l  r iboprobes.  

Distal is rit the bottom in (A).  Anterior is at the rop in (B. C). ( A )  A t  E7.5. 

expression is detected in the node  (arrows)  and the head-process (betwecn 

arrowhcads). (B. C) At E8.5. expression extends from the anterior midbrain and 

forcgut (arrows) to the taï1 bud (arrowhcads). The dotted line in C indicates the 

plane of the section shown in (D).  Transverse section showing that the axial 

cxpression is rcstricted to the roof of the gut. the notochord and the floor plate of 

the neural tube. 

.4bbreviur ions:  tloor plate ( fp) .  gut (g). node (N). notochord {no). 

Scale bar = 25 prn (D). 100 pm (A.B.C). 
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transcript at 5.5 kb (data not shown). Thus the real length of the ful l  cDN.4 

probabIy lies between theîe values. Nevertheless. the complete scqucnce of the 

5.5 kb  cDNA revealcd the prirnary structure of the prcriicted protein. 

Sequence of the cobl gene 

The cDNA inferrcd by the contig is 5465 bp long with an additional 16 bascs 

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 

(nucieotide #19}  in trame with the main ORF. The ORF s tms  with a methionine in t .  

#79) which is part of ri Kozak consensus scquence: 

- 12 - 3 +3  

Vertebratc consensus CCCGCCGCC&cc&T&G (Kozak. 1987) 

Cobl CCCGCCGgC&CCATGG 

Human A-ra f -1  a t C t a a G g c L C C A I I G C -  (Beck et al.. 1987) 

The thymidine at  position -3 is only present in l?? of the 699 vcrtcbrate 

mRNAs analyzed by LM. Kozak (Kozak. 1987). It is also the most conserveri position of 

the consensus :mon: highcr eukaryotes and is occupied by a purine in 97% cascs 

(renerally an acienosine). However. the humrin A - Raf- l oncogene for example. 

possesses an initiation codon similar to chat of c o h l  with a thymidine at the same 

position (sec abovc ). 

The prcdicted 144 kDa1ton protein Is rich in proline ( I O ? )  and serinc ( 1 7 4 )  

and is hydrophilic. It contains 12 possiblc iconscnsus) potential risparaginc (N  ) -  

glycosylation sites F i .  15). 1 potential rimidation site inot shown). 3 potcntial 

rlycosarninoglycrin ri t tachment sites ( n o t  shown)  and 2 0  potcntirii 5 -  - 
rnyristoylation sites (not shown). Because serine and threoninc makc up 1 . 3  o f  

the protcin there is rilso a large number of potcntial phosphoryIation sitcs t'or 

CAMP and cGMP-dependent protein kinases 16 sites). casein kinase II ( 2 8  site?;) and 

protein kinase C (28 sites). 

Two small repeats with 9 out of 1 1  identical a-a. also containcd a potcntial 

nuclear localizrition signa1 (ols. Fig. 15): the a.a. scquencc Lys-(Lys or Ar2)-X-(Lys 

or Arg) has been describcd as a consensus nuclear Iocalizrition signal scquençc 

(Chelsky er al.. 1989: and reviewed by Garcia-Bustos er al.. 199 L ). Furthcrmorc. these 

signals are often found in pairs only separatecf by 10 to 20 a.a. ( 2 8  a-a. in Cobl. Fig. 

15). This could explain why the CobVB-Ga1 signal is often localizeci to nuclci (Fig. 16 

A - C ) .  However .  C o b i i L a c Z  is n o t  alwriys l o c a l i z c d  to the 



Fig. 14. - Diagram of the mouse c o r d o n - b l e u  cDNA contig. 

( A )  Schcmatic representation of the c o h l  cDN.4 and C I O L ' 7  probe: the ORF is 

depictecf by ri white box: the three motif repcats (see Fig. 15 and 17 B 2nd C )  arc 

marked by grey boxes and the poly adenyIation sites (PA)  are indicated. (B) Map of 

the cloned cDNAs:  dotteci lines separate different hybridization rounds: cDN.4'; 

presented as grey rectangles overiap the entire length of the c o b l  contig; the 

black box present in b5 and partIy in CIOl.'7 is a putative exon missing in cDNAs 

b3. b14 and b31a. (C)   mou se ESTc icientitïed in public databases (witli their GcnBank 

accession numbers 1. 

Ab hre via r i o n s :  bp: base pair: EST: expressed scquence tlig: kb: kilobases: ORF: open 

reading tiarne: p A: poly-acicny lation signal sequence. 





Fig. 15. - Sequence of the c o r d o n - b l e u  gene. 

Numbers indicatc positions on the nucieotide sequence. The 1340 amino acids 

(m.) long open reading frame (ORF) extends between two stop codons !each 

markeü by 3 asterisks) at position #!9 and #4099. The predicted first codon 

(methionine codon at position #79) is part of' a Kozak consensus scqucnce 

(overlined). The asparagine residues of potential Y-glycosylütion sites are in white 

over a black circle. The 25 a.a.'s sequencc within brackets (starting at position 

#860) was not encoded by a11 c D N A s  (.;ce Fig. 14). The 3 potcntial nuclcar 

localization signrils are in black boxes (positions #IO45 & # l  141 1. The genc trap 

lucZ insertion occurred between the positions # l&i9/'5O (Black triangle ). The tlircc 

20 a.a.'s motif repeats are in clear rectangles. The 3' untranslstcd scqucncc 

contains 3 poli -adeny lat ion signals (in bolcl). 
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Fig. 16. - Nuclear localization of Cobl/O-Gal. 

(A-C) Dorsal skin from E15.5 embryos. (A )  Nuclear + cytoplasmic stain. Rcgion 

showing a mixture of expressing and non-expressing cells; the morphology of the 

sub-cellular domains expressing 6-Ga1 suggests that cxpression is locaiizcd to the 

nucleus. (B)  Nuclear stain oniy. Region where most ceIIs are positive. The stain and 

the X-gai precipitate clearly CO-localized to the nuclei: sorne celis arc n c p t i v c  

(small arrow): the staining may be cytoplasmic (large arrow) or tielocalized when 

ce1Is are dividing (arrowheads). (C) Nuclear + cytoplasmic stain. Most cells arc 

positive but negativc nuclei are visible (arrows), (D) Protein scquence upstrcam O t' 

the CoblIEn-?!&Ga1 fusion (numbers correspond to the protein scquencc). Cobl 

sequencc is in bold type and only En-2 sequence appcars as plain tcxt. Two putative 

nuclear iocalization signais in Cobl and L in En-2 arc inciicrited by subscript typing. 

(E) Alignment of the nuclear localization signrils from the 2 cobl small rcpeats and 

from En-2 with a consensus nuclear localization signal. 

Ab hre via tio ns:  En-2: Engrailed-2; 1x2: 8-Galac tosidase. 

Bue = 50 PM. 
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nucleus and part of the En-2 sequence present in the fusion protein aiso contains a 

potential nIs sequence (Fie.  16 D. E). Therefore. the sub-ccllulrtr !ocalization 

observed in transgenic cefls could be due  to an artifact carrieci by thc hybrid 

cobl!B-Gril protein. Another motif is repeated three times at the C-terminal end of 

Cobl. i could not detect any other motif such as a signal peptide sequence or any 

potential transmembrane Jomain and overall. Cobl does not show an? similarity to 

any other known protein or motif. 

The 3' untranslated region is 1.3 kb long and contains 2 poly-A consensus 

signals (Shcets r 1 .  1990). with one. locrtted [ 5  nt. upstreiim of the poly-.A triil. 

which is probably essential for the poly-acienylrition process. 

Plienotype and rnapping of the insertion 

Upon crossing heterozygous mice. we recovered offspring homozygous for 

the insefiion with the expected frequency [Table I I  1. Homozygosity was confirmed 

by Southern blot analysis with the E n - 2  probe and for the males by breeding with 

CD1 wiId-type lemales. Homozygous mice were healthy. prcsentcd no observable 

phenotype and were fertile. The hornozypus insertion is now maintaincd on 

inbred I29iSv and outbred CD li lZ9ISv backgrounds. 

The C lOLi7 cDNA was mapped using the Jackson Laboratories BSS ((C57BLAJEi 

X SPRETiEi) F1 temale X SPRET!Ei male] interspeciiïc backcross DKA panel !.;ce 

.Material & ,Methods and Rowe et al.. 1994). Tt mapped to chromosome 1 1  bctwccn the 

D l  1 Bir3 ( R o w e  er al.. 1994) and Dl  lHunl (.McCarthy er al.. 1995) loci. Tt mrips ncar 

the Epidermal Grorvrh Fucror Recepror locus ( E G  F R  - a.k.a. the \ vu -2  mutation locus 

and the E r b  B oncogene). The cobl  locus crirrying the G T  insertion was namcd 

GrClOl in accordance with mouse _oenomic nomenclature. 

Cloning and mapping  tire lzurnan cobl 

1 used the fu11 sequençe of the cobl gene to serirch for sequence homologies in 

public databases. The 3' untranshted region and the end of the ORF allowcci rnc to 

identify human expressed sequence tags (ESTs) prcsenting a high Liegrec of 

identity with cobl .  Sequence data from these ESTs rcveriIcd the scquencc of thc 3' 

end of the human hornolo_rue of cob l  (Fig. 17 A. BI. Some 3' untrrinsIated regions 

were 80% identical to the mouse gene and the Jcgree of overall identity is 734  in 

the overlapping C-terminal portion of the ORF (Fit. 17 B).  In the human ORF. thc 3 

repeats are present and show 75%. 95% and 1005- identity to the mouse repeats (Fie. 

17 B) .  The higher degree of conservation within the repeats suggcsts that their 
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structures may have important roles. Furthermorc. a gcnc from thc ycast 

S. cerev i s iae  (Toh-E. A..  1996. Yeast mutants sensitive to local ancsthetics. 

Unpublished. GenBank #D78487) ais0 contains a motif similar to the second rcpcat 

(65% identity with mouse box-2) toward its C-terminal end: like Cobl it is also a 

proline rich protein. However. the Lùnction of this protein is not known and no 

other similarity was  found with the rcst of the ycast sequencc. 

The human ESTs werc aIso used to rnap the human cobl gene. Mousc cobl  maps to 3 

rcgion of chromosomc 1 1  which is syntenic to a portion of human chromosomc 7 p  

wherc EGFR haci already becn rnapped. Indeed. human  cobl also mapped to the srime 

syntenic rcgion on chromosome 7p12 (Fig. 17 D). The cobl loci on mousc 

chromosomc I I  or on human chromosome 7p12 do not bear any mutation for which  

cobl coulci be a potentiaI candidate. 



Fig. 17. - Cloning the human homologue of c o b l .  

( A )  Schematic representation of thc mousc cobl  cDNA and human ESTs: thc 

ORF is depicted by a white box; the  threc motif repeats are markeci by grcy boxes. 

Thc numbers over the ESTs refer t o  their Clone ID number in thc EST database. ( B )  

Alignmcnt of thc of mouse and human Cobl protein sequcnces. The threc repcated 

motifs are ovedineci and wcre narned box-1 to -3: dots indicrite conserveci a.a. and 

an asterisk indicrites a stop codon.  A ycast prorcin sequencc containing a motif  

with strong homology to box-2 was also aligneci. The regions with distinct degrces 

o f  homology (indicated in pcrcentage) are separated by  opposing rirrowhcads. (C) 

Alignment of the 3 conserved motifs with caçh other and consensus motif (capitals 

for  conscrved a-ri.. lowercase f o r  most  frcquent a.a. and O - "  sign Lor gap in 

sequence  alignment). (D) Chrornosomal mapping o f  mousc and human c o b l  to 

syn tcn ic  rcgions.  

Abbreviat ions:  a.a.: amino acids; bp: base pair: EST: cxpresscd scqucncc tag: kb: 

kilobrises; ORF: open rcading frame; PA: poly-adenyhtion signal sequence. 
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DISCUSSION 

Pattern of expression of cordon-bleu 

The GtC 101 gene trap insertion idcntified a novel gcne. c o r d o n - b l e u  ( e u h i ) .  

expresscd in thc node. the notochord. the gut rind the tloor platc. Although the 

scqucncc of Cobl gives no clue as to its possible function. it joins a growing 

numbcr of gcnes expresscd in rnidline axial structures 

Expression begins at 7.5 days in a group of mcsodermal cells locatcd at the 

distal tip of the embryo. in the nodc rcgion. The nodc region in the rnousc is 

cquivalent to Hcnsen's nodc in the chick or the amphibian dorsal lip. which  both 

have the capacity to act as an organizcr during embryogenesis by generating and 

inducing in surrounding tissues the proper formation of the cmbryonic axis 

(Spemann and Mangold. 1924: Waddington. 1933). The mousc node was also shown to 

bc able to inducc embryonic axis formation in the mouse (Beddington. 1994; and 

rcvicwcd b y  Streit et al.. 1993). Subsequently nt  E8.5 expression of c o h l  was 

restrictcd to the roof of the gut. the notochord and the tloor plate of the neural 

tube. This pattern of expression is consistent with the close embryological 

rclationships bctween these tissue types. Fatc rnapping in chick (Selleck rind Stern. 

199 1 )  and mousc cmbryos (Lawson et al.. 1986; Lawson er al.. 1991; Beddington. 1994: 

Wilson and Beddington. 1996) showed thrit cclIs of thc definitive cndodcrm and the 

notochord can originatc frùm common precursor cclls in the node. Further. i t  was 

shown in the chick that. although the tloor plate of the neural tube may arise 

Iriter. it fails to form in the absence of a notochord and that an cctopic graft of an 

extra notochord can induce the formation of ri second i'roor plate in the acijaccnt 

ncurai tube (van Straaten et al.. 1988: Placzck et al.. 1990). Mouse mutants lacking ri 

deilnitive notochord. like TwtSITwH (Herrmann. 199 1 : Conlon er al.. 1995) and H N F - 3J- 

micc (Ang and Rossant. 1994: Wcinstein er al.. 1994) do not dcvelop ri tloor platc. 

Many inductive interactions have bcen shown to occur between the notochord. the 

tloor plate (reviewcd by Jesscll and Dodd. 1992: Ruiz i Altaba and Jessell. 1993) and 

adjacent mesoderrnal tissues at different stages of cievelopment i Dietric h er al.. 1993; 

Koscki  el al.. 1993: Pourquié el al.. 1993). The expression of c o b l  in the node. the 

notochord. the gut and the tloor plate suggests that it may bc involvcd in thcir 

formation or in their inductive interactions. 

An important issue is to detcrminc where c o h l  stands in the hicrarchy of 

genes already idcntified that are expresseci in thc same structures. Genes 

displaying expression patterns similar to that of  cohl  but 5howing ezirlicr onsct of 
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exprcssion. may bc part of the genetic pathway regulating its expression. At least 

three transcription factors. goosecoid. HNF-3B and Brachyury (T). arc exprcssed 

before c o b l  in the mousc node. The potential transcription factor goosccoid is 

expressed in thc anterior pan of the early primitive streak and the node (Blum er  

al.. 1992) and has been shown to have axis-inducing properties in amphibians by 

injection into ventralized embryos where it  crin rescuc the formation of dorsal 

mesoderm and notochord (Cho et al.. 1991). Howevcr the goosecoid gene is not 

exprcssed in the notochord or the tloor plate rit later stages (Gaunt et al.. 1993) and 

is not essential for node formation (Rivera-Percz er al.. 1995: Yamada el al.. 1995).  

The winged-hclix transcription factor HNF-SB is also expresscd in the anterior 

primitive streak and the node (Ang er al., 1993: Ruiz i Altaba et al.. 1993b: Sasaki and 

Hogan. 1993). I t  is csscntial for notochord and axis formation (Ang and Rossant. 

1994: Weinstein et al.. 1994) and can affect normal patterning of the neural tube 

(Sasaki and Hogan. 1993: Ruiz i AItaba er al.. 1993a). Becausc it is expresscd bcforc 

cobl in the streak anci the node. HNF-30 couId bc regulating cobl expression. HNF- 

38 i s  a gooci candidate for regulating c o b l  since its expression pattern is very 

sirnilar to that of cobl  in the gut. the notochord and the tloor plate rit EK.5. in the 

livcr at  E9.5 and the gut-derived lune epithelium at E13.5. Howcver. sornc 

expression of c o b l  was still detected in HNF-3B-'- mutant embryos. probably in  

endoderm cells ( h g  and Rossant, 1994) suggcsting that. at Ieast in somc tissues. its 

expression is independent of HNF-30. The B ra c h y u r y  transcription Factor is 

esscntial for mouse notochord formation (Herrmann. 1991) and is cspreuscd 

throughout the primitive streak. the node and thc notochord (Wilkinson Cr cil.. 

1990). It possible roIc in the regulation of cobl exprcssion is analyzcd in the next 

c h a p t c r .  

Thc TGF-B-rclated nodal (Zhou er al.. 1993). exprèssed early in the primitive 

streak. could aIso bc a component of the signaling pathway rcgulating ~ . o h l  

expression. Howtlver. at the onset of cobl  expression. it is expresscd in ri domriin 

surrounding the node. rather than in the nodc itsclf where c o h l  is csprcssed. 

Furthermorc. nodal is also involved in the dctcrmination of the left-right axis  2nd 

cxpressed asymmctrically in the node (Collignon er al.. 1996). A similrir risymmctric 

expression was nevcr obscrvcd with cobl. Finaily. the phenotype of nodal mutants 

suggests that it is rcquired for primitive strcak formation itseif rathcr than rixis 

formation (Conlon er al.. 1994). 

The pattern of exprcssion of S h h l v h h .  one of the vertebrate homologues of 

the Drosophiln hedgehog genc (Echelard et a(.. 1993: Roclink et al.. 1993: Marti et cd . ,  
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1995: Iseki er a!.. 1996). is restricted to the same axial structures expressing cob l  and 

H N F - 3 P .  The onset of expression of cohl  also coincides with the iïrst cxpression of 

S h h .  S h h  is a secreted factor important for the proper patterning of vcrtebraté 

ernbryonic axes in the neural tube (Echelard er ai.. 1993: Roelink cf al.. 1994: Ekker 

et ai.. 1995; Chiant el al.. 1996) in the chick limb (Riddle et al.. 1993) and in the 

somites (Fan and Tessier-Lavigne. 1994: Johnson er of.. 1994: Fan er dl.. 1995 1. Chick 

Shh can induce ectopic expression of H N F - 3 3  in the neural tube (Echeirird er al.. 

1993) and both genes may be acting through a common genetic pathway whcrc 

HNF-3B would be the primary ~ i g n a l  for expression of Shh .  Howcver. ïome 

endoderma1 expression of Shh occurs in HNF-38- - mutants (-4ng and Rossant. 1994). 

The spatial overlap of expression between these two genes and cohl sugsests chat 

cobl may be part o f  the same genetic or Jevelopmental pathway. 

The pattern of expression of cobl  is also distinct from al1 other axiaI genss in 

some aspects. At its anterior Iimit of expression. therc is no extension of expression 

from the midIine into the rostral and lateral neural rube. as occurs with Shlz and 

H N F - 3 P  (Echeiard er al.. 1993; Roelink ei al.. 1994: . h g  cr of.. 1993; Ruiz i Xltrtbri rr al.. 

1993b: Sasaki and Hogan. 1993). Cobi expression was seen in the AER of the lirnbs 

but not in the zone of polarizing activity tZP.4) where Shh is exprcïsed (Echclard zr 

al.. 1993; Roelink et al.. 1994). Expression in the notochord persists rit stase5 whcn 

H , V F - 3 J  expression decreases (Ang et al.. 1993: Ruiz i AItaba er al.. L993b). and 

cxpression in the put is broader than that of Shh (Echelard et ai.. 1993; Roclink er 

ai.. 1994). Expression in the somites has not been reponed before t'or the gcncs 

expresseri in axial structures. Furthermore. the domain of cxpression in thc somites 

marks a distinct cornpartment that is not rcveriled by the expression domains O C  

myogenic factors or new bHLH genes such ris p u r u x i s  (Burgess er al.. 19956) and 

s c l e r u x i s  (Cscrjesi er al..  1995). Cobl ma! thereforc play roIeç outside of  axis 

development and be regulated by ciifferent factors than thc rinial senes. However. 

the eariy pattern of expression of cobl strongly implicates it in events Icading to 

the formation of the embryonic axis. 

Phenotype of the insertion 

Although the pattcrn of expression of c o h l  is very suggestive of an 

involvement in axis formation. we do not yet have any functiond cvidcncc for 

such a role. h4ice homozygous for the GT insertion are viable and fertile. Thcrc are 

different possible explanations that can account for the lack of phsnotype 

following a GT insertion (see general discussion in Chapter V).  Howcver. thcre is ri 



significant amount of wild-type transcript in  ho-23 ES cells homozygous for rhe 

insertion. This result suggcsts that wild-type transcripts rnay be produccd via 

splicing around the insert, thus providing enough wild-type protein to rescue thc 

normal function. Thus. thc lack of phenotype in homozygous mice need not mean 

lack of essential in vivo function for the genc and further functional 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 cl-iromosornal localization. The gene identifieci herc wa.; named 

c o r d o n - b l e u  ( c o t r f )  based on its pattern of expression. I t  mapped to the proximal 

region of chromosome I I .  wherc no plausible relateci sene  cr  mutation rcïidcs. 

Further. the qequence data avriilable from the 5.5 k b  cDNA demonstrates thrit the GT 

vector inserted into a novel gene. Apart from the human homologue of cnbl and 

the short motif also Cound in a yeast gene. sequence anaIysis to date has not 

reveakd any similarity in qequence to any known protein or  protein domain. 

including al1 the genes associated with the node and the notochord in other 

vertébrate specieï. No further insight into the possible function of the gene ha?; 

yet been provided by this anaiysis. 

Even witliout knowiedge of the function of c o h l .  this GT insertion ot' the l a c Z  

reporter gene into c o h l  demonstrates the usefulness of the gène trap approrich in 

icientifying novel gencs. that could not bc identif'icd by homology with othcr 

genes. as well as displaying thcir pattern of expression during mouse dcvciopment. 

It also providcs a new. easily detectable marker for phenotypic analyses. In the 

next chapter. 1 have used the GtClOl insertion ris a developmentrii markcr ro 

analyzc the cffects of the B r a c h y u r y  and Dunforrh's short ruil mutations on érirly 

node. notochord and embryonic axis development. 
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CORDON-BLECT EXPRESSION IN BRACHYUR Y 
.4ND DAANFORTH'S SHORT-TAIL ,MUT.ANTS. 



CHAPTER FOUR : CORDON-BLEU EXPRESSION IN BRACHYURY AND DAVFORTH'S 

SHORT-TAK MUTANTS. 

INTRODUCTION 

In the mouse. many classical mutations affect the development 01' skcictal 

structures (Lyon and Searle. 1989). Skeletril abnormalitics often result from defccts 

occurring during early embryogenesis. !Mutations affeçting the devcloprnent of 

t h e  notochorci rire particu lady interestins because the notochord is not cnly 

important for the formation of axial skeleton but also for rhc patterning of 

surrounding tissues during early orgrino~enesis.  Four semi-dominant mutations. 

B r a c h y  ury ( T ) .  Danjbrrh's shorr-rail ( S d ) .  loop-rail  ( L p ) .  p i n t a i l  ( P t  ) and a rcccssivc 

one. I r u n c a r e  (rc) ,  affect morphogenesis of the notochord (Lyon and Scaric. 1989 

and table 13). The T a n d  Sd mutations have been more extensively studiecf. partly 

because of their drastic effects on notochord developrnent. The othcr mutations 

present a weaker notochord phenotype. The L p  mutation likely affects postcrior 

norochord morphogenes is because of posterior primitive strcak defects. The I c 

mutation is rccessive and involves random disruption of the notochord d o n g  the 

anterior posterior axis. The Pr allele only rcsults in a reduction o i  thc notochorci 

sizc and length and is only partially lethal. .Mutritions in the T a n d  gencs I ir ivc 

srrong eft'ects on the morphogenesis of the notochord in both hcterozygous and 

homozy~ous  cmbryos. They cause strong but very differcnt pht'norypcs rcsulting 

from the lack of an intact notochord rit different smbryonic stages and thus 

provide somplementary modsls  for thc anrilysis of dl131 Jevclopmcnr ~ n d  

p a t t e r n i n g .  

Tite  Braci iyury  g e n e  

The t'irst mutant allele of the B ruc  h y u r y  gene. identified by Dobrovolskaia- 

Zavridskaïa (1927). is a large deletion cncornpassing the entire gene. The T gcnc 

maps to the t region on chromosome 17. This region has been thc focus of many 

genetic ';tuJies. and since short-tailed hcterozygous T! + micc are easily 

identifiable. more alleles of' the T gene have been subsequently isolatcri. Thcy 

inclucie other deletions anci frarne shifts rcsulting from point mutations or  

insertion of cxogcnous DNA. Mice homo~ygous for mutations in the T gcnc die at 

mid-gestation ti-om defects in the primitive streak resulting in the  lack of 

posterior axis elongarion and allantois formation. The allantois fusion with the 





chorion is essential for the formation of the placenta and therefare survival of the 

c m b r y o .  

The earl icst  detècts in B r a c h y u r y  mutants appear in axial mesoderm. In 

homozygous embryos. only a few notochord precursors are present at day 8.5 and 

the notochorà  never  forms. Furthermore. somites d o  not form or arc very 

abnorrnal and structures posterior to the future fore limb position JO not Jevelop 

normally. The notochord of  E10.5 heterozygous ernbryos is interrupted or altcred in 

the sacral and tail region thus blocking growth of the tail bud. The T genc was 

cloned (Herrrnann et al.. 1990) and encodes a putative transcription factor (Kispert 

and Herrmann. 1993) with ceIl autonomous function (Rashbass e r  al.. 1991). The T 

gene is conserved among vertcbrates (Schulte-Merker er al.. 1994). Its expression 

in the nascent primitive streak and notochord is dso conserved across species 

consistent with a role for the T product in the cievelopmcnt of these tissues. 9Iutant 

alleles such as T a  o r  Pis ( S h e d l o v s k y  er a:.. 1988). encoding 3 truncated T p r o t e i n  

(Herrmann. 1991). have a stronger phenotype than T nul1 alleles. suggesting that T 

probably interacts with other proteins. Hetcrozygous mice carryinp thcsc alleles 

are tail-lcss. Analysis of the T gene expression in Twis  mutants suggestcd that the 7 

protein is only required for its own expression and for mesocicrm formation riftcr 

day 8.0 (Hcrrmann. 1991; reviewed by Herrmann and Kispert. 1994; and especially 

by Beddington et a!.. 1993). Aï this stage. elcctron rnicroscopy rrnaly\i.; of crirly 

mutant e m b r y o s  revealed ciefects i n  the structure of the nodc from which 

notochord precursor cells arise (Fujirnoto and Yrinrtgisawa. 1983). This observarion 

suggestecl that the T product could play a more direct roie in the fate of notochord 

precursors. indepcndent of the phenotype observecl in the primitive streak a n 3  

a l l a n t o i s ,  

The  Dan forflz's short tail nrufation 

Thc Danforrh's shorr-rai! (Sd) mutation is the only known mutant rillelc for S d  

and it was isoIatcd by C. H. Danforth (hence Sd for short-Danforth) from his itock 

of "posterior duplication" mutant micc (Danforth. 1930) and later dcscribcd by 

Dunn et ni. (1940). The Sd mutation is semi-dominant Icthal but could become almost 

dominant Icthril in the Bagg albino genetic background (Dunn er ai.. 1940). 

Variations in the severity of the phenotype in hcterozygous individuals have aIso 

becn observed bctween the NMRl and C57BL/6 strains (Dietrich et al.. 1993). The 

phenotype is mostly represented by detècts in axial skeleton and urogenital and 

digestive systcms in  hcterozygous and homozygous mice (Dunn er al.. 1940: Thciler. 
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1988: Gluecksohn-Schoenheimer, 1943). Some lethality occurs among heterozygous 

micc prcscnting cxccssive defects. whcrcas the phcnotype in homozygous embryos 

is stronger and always lethal. In heterozygous mice. there can bc no tail at alL a 

tail that may ncver excced half the normal length or any intermediate length. The 

sacral region is shortened and occasionally the spine is crooked (scoliosis or 

lordosisj. one or both kidneys may be missing or be smaller. Homozygous mice 

have no tail. Their spinal column is shortcr and thcre are no vertcbrae postcrior to 

the second lumbar vertcbra. Furthermore. the y comple tely lack kidneys and havc 

an imperforate anus. no rectum but have a gcnuine cloaca. The blaJder. urcthra 

and genital papitla rnay be reduced or missing. Their survival up to birth is not 

compromiseci by ehis array of defects and they can compcte for suckling with their 

littermates. Nevertheless. they die from auto-intoxication within 24 hours of birth 

because of their incomplete excretory system. The Sd gene and the molcculrir 

alteration underIying thc mutation arc still unknown. 

Thc earlicst defect visible in both hctcrozygous and homozygous embryos is 

the breakdown of the notochord starting rit day 9 of development. In hctcrozygous 

embryos. disruptions in the notochord first appear in the cervical and trunk 

rcgion and thcn cxtenci d o n g  the cntire iength of the notochord. By the stage 

E t  1.5. the notochord has almost completely disappearcd. In hornozygous embryos. 

the same disruptions occur but the notochord is also abruptly interruptcd in thc 

lowcr thoracic rcgion and only forms discontinuous fragments in more postcrior 

posi t ions.  

Expression analysis in  T and Sd mutants 

The B r a c h y u r y  and Dunforth's shorr-rail gencs have not been assigncd to any 

gcnetic pathway and no target gene for the T transcription factor has bccn 

identificd yct. Thcretore. the molecular defects üt  the basis of the Brach jur !  or S d 

phcnotypes arc still unknown. Thcre are not enough mutations or gcnes cloncd to 

usc a direct approrich to unravel genetic pathways or target genes. Howcvcr. 

cloned genes havc been used as novel molecular and genctic markcrs to analyzc 

the phenotype of the T (Herrmann. 1991; Raslibass er al.. 1994: Dietrich er al.. 1993: 

Conlon  er al. .  1995) and Sd mutations (Koseki er al.. 1993: Dietrich er al.. 1993: Phelps 

and DressIcr. 1993). The dctection of abnormal expression pattern in spccific 

tissues may help to  understand the extent of alterations gcnerated by thcse 

mutations. More importantly. it may help to  idcntify early effects on gcnc 

expression and tissue patterning in mutant embryos. G T  insertions now also 



provide a growing collection of easily detectable genetic markers that can bc uscd 

to analyze embryonic developrnent. 

1 used the G r C 1 O I GT insertion of the l a  c Z  reporter gcne into c n  r do n - h i e u 

( c o b l )  as a genetic marker to analyze the early phenotypes resulting from 

mutations in the B r a c h y  u r y  and Danforrh's short-rail genes. The Gr C! O 1 insertion 

was prcviously uscd to assist in the analysis of the phenotype of targcted mutations 

in H.hrF-34 (Ang and Rossant. 1994). GTPase-activating protein (Henkemeyer er al.. 

1995). SHP-2 (Saxton et uf.. 1997) and Gli-2 (Dint  er al.. submirred).  C o r d o n - b / e u  is 

expresscd in  axial structures and in a variety of tissues whose formation or 

patrcrning are affected by the Brachyccry  and Sd mutations. Furthermore. the 

onset of c o b l  expression in the node precedcs the appearance of morphological 

abnormalities for both mutations. The possible function of cobl  is not known but its 

expression pattern in mice carrying the G r C l  OI GT insertion provides a versatile 

and easily detectablc rnarker to anaiyze the phenotype of mutations altcring axis 

development and embryo patterning. The aims of this study are to document 

funher the description of the T and Sd phenotypes and to analyze regulation of 

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

M o u s e  s tra ins  

Hetcrozygous [CS7BL; 1 OScSn-T: + J mice (breeding pair with Ti + male: Jackson 

Laboratories) carrying the Brachyury  T mutation (large deletion) were back- 

crossed into [ 129/Sv/CD 1 Gr C 1 O 1 /G t C l  O 1 j outbred mice. T: + short-tailed ol'fspring 

were genotyped for G rC I O I by B-Ga1 staining. Double heterozygous ternale micc 

were back crossed with [1291Sv/CDl G t C 1 O I !'G r C 1 O 1 1 males to obtain [ T .  + : 
G t C 1 O I lG r C I O 1 1 outbred mice. These mice were then rnaintained by back-crossing 

into the [ 125/Sv!CD 1 G r C 1 O i IG r C 1 O I 1 line and by inter-crosses between [ T .  + : 

GrCI OIIGrCI O? 1 littermates. 

[ T  W ' 3 ~  +! +:  G t C 1 O 1 !G r C 1 O f 1 mice were derived by  back crossing 

[ 1 2 9 ! S v l ~ p : T ~ ' ~ i + ]  micc (kindly provided by A. Shedlovsky and W. Dove) into the 

[139/SviCDl GtClOL'GtCIOl j outbred mice. 

[Sd:'+: GrCf O f  ;GrCf O I 1 mice. canying the Danforth's short-ruil mutation. wcre 

derived from backcrosscs between IC57BLi6By-Re Sd L'd [NLRl N3] (breeding pair 

with Sd /+  fernale: Jackson Laboratories) and [129/Sv.'CD I GrC I O I .'GrCI OZ 1 mice. 

The genocyping of the mice at the c o b l  locus wss performed as desçribed 

previously (Chapter I I I ) .  

Brachyury  T F v i s  mutant genotyping 

Before the late head-folci stage of development, cmbryos homozygous for the 

R r a c  h y u r y  mutations are not distinguishable by morphoiogy alont. t'rom rhcir 

littcrmates. Furthermore heterozygous embryos are not morphologicrill~ dit'fcrent 

from their wild-type littermates untiI €12.5 when tail growth is rtltered. At Iatcr 

striges. the embryos' rnorphology provideci a good criterion to detcrm inc their  

geno type .  

The sequence for the primers BGH-037 (S'XCGTTGCGAGCTGCTGCGGC~'). BGH-O39 

(S 'ACCCATGTCA.~ACCCATCAG~')  and BGH-052 (~'CCTATGCGGACXATTCATCTG~'? was 

obtained from Dr. B. G.. Hemnann. The BGH-052/BGH-037 primer pair is specific to 

the Pbis allele and amplifies a 150 bp DNA sequence: The BGH-0SZ;BGH-O39 primer 

pair amplifies a wild-type 200 bp DNA fragment absent in the Pt' allele.  

Extraembryonic membranes from each ernbryo were lysed o h  rit 55°C in 100 

pl of non-ionic lysis bufkr: 50 m M  KCl. 10 mM Tris.HC1 (pH 8.3). 2 mM MgCII. 0.1 

mgiml gclatin (Sigma). 0.45% Nonidet P-JO. 0.45% Tween-20. supplemented with 

Protcinase K at 100 pg/ml and stored at -ZO°C. One to 5 pl  of each sampte was 



denatured at 94OC for 10 minutes and used for a PCR assay. Tcmpiate denaturation 

was donc at 94OC for 1 minute. annealing at 60°C t'or 30 seconds anci elongation at 

7Z0C for 1 second in 35 cycles. Samples were analyzed rtt'ter electrophoreïis 

through a 2.5% ( 1.5%'- agarosei 1% Nusieve@) agarose) gel. 

G e n o t y p i n g  D a n f o r t h ' s  s h o r t - t a i i  

The molecular nature of the Sd gene and mutation are not known. Therelorc. 

no molccular assay is avrtilable to genotype embryos at the Sd locus.  Hence. 

genotyping relieri solely on embryo morphology and on the G r  C 1 O 1 pattern of 

expression. From ciay E8.5. 1 found anomalies in axial expression thlit secmerl to 

represent the homozygous class. but no further discrimination was possiblc rit this 

stage. At E9.0 howevcr. expression in notochord presents large gaps in S d :  S d 

embryos and is t'ragrnented and branching with the neural tube or the gut in Sd, '  + 

embryos. At later stages. differences in expression are more conspicuous and 

rnorphoiogicril defeccs also become apparent. Overall. Gr C l O l expression domains 

provided good criteria to ciifferenthte he terozygous. homozygous and w ild- type 

iitterrnates r i r  stages when  morphological cieîêcts are not yct visible. 

Beta-ga lac tos idase  de tec t ion  in who le  rnvunt embr-vos 

The protoc01 fo1lowed was siightly dift'ercnt from the procedure used i n  

Chapter I I  or I I I .  Embryos were dissected frorn the uterus in cold PBS 

(suppiemented with Calcium. CaC12.2H20 at O. l37geliter. and Magncsium. .MgCI2.6H2O 

at O. Lgilitcr) and separateci from their sxtraembryonic membranes. Whcn i t  was 

necessary tu use the extraembryonic tissues for genotyping. crnbryos were 

dissccted in ind ividual drops and kept seprirate J throug hout the cnt ire \triin in2 

procedure .  

Embryos were fixed in PBS containing 0.2% ~luteraldehyde (Fisher) or 3 - 7 9  

formaldehyde for approximately 5 t o  30 minutes acçorciing to the stage of 

developrnent: E7.5 ( 5  min.) E8.5 (10 min.). E9.5 (15  min.). E l 0 3  & El 1.5 (30 min.). 

E12.5 or older (2  hours). Embryos were thcn washed 3 times in wash buffcr (0.1.M 

sodium phosphate. 2 rnM MgCl?. 0.2% NP-40) and stained o h  in the drirk at 37OC in 

X-gal buftèr (Wash buffer containing 0.5 mgiml X-gal (Vector Biosystems). 5 mM 

K ? F C ( C N ) ~  and 5 mM K,Fe (CN)6) .  Embryos were post-fixeci in Wash buffcr 

containing 3.7% formaldchyde and preserved in the samc buffer at 4OC . 



Wltole-mount alizarin red/aician blue bone and cartilage s taining 

Embryos  were dissected ou t  on embryonic d a y  17. Aftcr rcmovai of 

extraembryonic tissues and viscera. embryos were fixed in 9 5 9  Ethanol o in  in 

scinti l lat ion vials. The skin  was removeti before incubating i n  alcian blue 

(Sigma)!rtcetic acid/ethanol (150 mg/L in I vol . i l  vol. of glacial acetic acid:959 

ethrtnol) for 48 hours. Embryos were then finse in 95% ethanol for a few hours and 

incubated in 2 9  (w!v H20) potassium hydroxide (KOH) t'or 24 hours. The solution 

was replaceci by l a ;  KOH containing 75 mgL rilizririn red-S (Sigma) for 2 4  hours. 

Embryos were îleared in 3 0 9  glycerol (v !v )  1% KOH for a week. changing the 

solut ion driily and f ina l ly  t r a n ~ t è r r e d  to 5 0 %  glycero1/50% ethano1 for 

photography and storage.  

Clarification of the  embryos 

Embryos werc dehydrated through serial wastles in Methano1 at 2 5 % .  5Wi. 

75%. 80%. 95% twicc and 100% methanol and then cleareci in benzyl rilcohol : 

benzyi benzoate ( 1:2> just prior to photography. 



RESULTS 

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

s tudy axis  deve lopment  and e m b r y o  patterning 

No plienotype hüs bcen observed to date in embryos and mice hcterozygous o r  

homozygous t'or the G t C  I O I GT insertion i s c c  Chapter 3). I t  is therefore a viable 

marker that should not interferc with embryonic development  in control  or  

mutant embryos. The E. coli l a c 2  reporter gene has been shown to be innocuous 

during embryonic developmcnt and the enzymatic activity of its product is easily 

cietectable in vivo. Expression of cab1 during early embryogenesis (described in  

Chaptcr 3) makes it a suitable rnarker to analyze the phenotypc of notochord 

developmentaI mutants.  

When introciuced into the T or Sd mutant strains. G r C i O I  caused no variation 

from the expected ratio of embryos from [Ti+ s T:'+J or [Sd/+ x Sd! '+[  intercrosses 

(see  Table 13 A & B. 13 A and 14). regardless of whether  the m i ç c  wcrc 

hcterozygous or homozygous for Gr C 1 O 1 . Expression of c o b l  pcrsisted in mutant 

embryos  thus permitt ing its use a s  a marker. ü n l e s s  specified othcrwise.  

intcrcrosses between mice homozygous for the G r C I O 1 allele and heterozygous for 

onc of  the mutant allele were used to produce contrc.1 and mutant cmbryos.  

Thereforc. thc embryos described here arc always hornozygous for GrCIOI  and the 

tcrms wild-type. hctcrozygous or homozygous usually refer t o  the genotype at the T 

o r  Sd loci. 

Expression of cobl in  the  axis of mice carrying t h e  T and TN''+n u t a n  t 

a l le les  of the Bracltyury gene 

Thc expression of' cobl  was analyzed bctwcen E7.5 and E 1 1.3 (sce Table 13 A B )  

in embryos carrying the original T dele t ion (Dobrovolskaïa-Zavadskaïa. 1927 ) or  

the Pi"llelc (Shcdlovsky er al.. 1988). T is a complete deletion of the B r u c h  y u  r y  

gcnc and F 1 5  ailclc encodcs a truncated protein. Because the phcnotypc ot' P v L s  

hcterozygous and homozygous mutants is more scverc than that of T mutants. it has 

been suggcstcd that the Fis truncated protcin may interferc w i t h  the wild-type 

protein in hctcrozygous and with other peptides normally interacting with T i n 

homozygous cmbryos (Herrmann. 1991). 1 found the s a m e  plienotypic diffcrences 

observed prcviously between the 2 d le les .  Le. lesser developmcnt of the somitcs 



and tail bud. Expression in extraembryonic endoderm was not altercd by thcse 

muta t ions .  

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

A: Embryos collected €rom [T/+] intercrossesl 

No. cmbryos : 5% of total 
l 1 # embryos 

1 

S tagc  (# litters) +!+ ! T! + i T/T I n.J. 
I 1 

E7.5 35 ( 6 )  2 8  7 9 %  j 6 18% 1 3 8  
t 1 

B: Ernbryos collected from [TWiV+] intercrossesl 

# crnbryos 
S tagc  (#  litters) +/  + 
E7 -5 48 ( 6 )  8 i7% 

€7.5 GtClOli+ 17 ( 2 )  6 35% 

E8.5 20 ( 2 )  5 25%- 

E9.5 14 ( 2 )  3 21% 

E10.5 27  ( 3 )  7 26Cic 

€ 1  1.5 8 ( 1 )  2 2 5 %  

o .  crnbryos I : 7- of total 

l 
Total ' 134 3 1  23% 1 6 8  5 1  3 0  2 2 %  i 3 2 %  

I Al1 embryos were GrC1 O I /Ci rC I O  I carrier.  unless specificd ocherwise. 
Anorhcr 17 [ T i + :  GrCIOZ:+l cind 30 ( ~ ~ ' ~ 1 - t :  GtClOII+J embryos berween EiO.5 ~r €14.3 wsre 
grneraicd when testing [T(or T * ~ ~ ) I  +; G t C  1 OIIGrCI O 11 males by brecding with wild-type 
CD!. 

Cobl onset of e.rpression 

It has bccn prcviously reported that the node of TiT embryos has an abnoma1 

morphology at the earlg hcad fold stage (Fujimoto and Yanagisawa. 1983). Since 

cobl ' s  expression appears beforc thc îïrst morphologicd dckcts reportcd for T or 



Fig. 18. - Expression of c o b l  in the node of B r a c l z y u r y  mutant  

e m b r y o s .  

Expression of cordon-bleu (cob l )  as revealed by detection of the CORL*L3-Gal 

fusion protein activity in the node of control and mutant TWS:TW" embryos at the 

Iate streak (A)  and early hrad folci strige (B. C). The genotypes of the ernbryos are 

indicatcd 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 whcreas i t  

is much reduced in a s!ightly older mutant embryo (right arrow). (B) Lateral view 

with antcrior 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 cmbryos. 

this structure appears missing and the t?xprcssion area of c o b l  is consequcntly 

rcduced. (C) Ventral view ot' the embryos shown in (B) with anterior to the top. 

Fewer çelIs expressing cobl  are present in the region of the node (arrowheads) in 

mutant embryos. and thcy do not outline the nodc as a distinct tissue as in wild-type 

cmbryos. Expression in the anterior midline is present in ail embryos (arrows in B 

and C). However. in the two ~ ~ j s / ~ ~ ~ ~  embryos. it did not condense in the axis proper 

and probably represents mostly endoderm expression. 
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TWis  homozygous mutants. 1 analyzed S-Ga1 activity in the node of E7.5 control and 

mutant embryos from intercrosses between [T /+:  GtC1011GrCIOll mice or [ T w N * + :  

G tC I O I I G t C I O 1 1. .4 phenotype could be detected in al1 homozy~ous E7.5 e m  bryos 

(n=15). At the irtte streak stage. no riifference could be detected bctween wilcf-type 

and heterozygous embryos at the onset of cobl expression, In homozygous embryos 

howcver. cohl  expression wris cielayed or reduced in the node region ( F i l .  18.4). 

Nevertheless. weak expression was still detectable (Fig. 18A). suggesting that the T 

transcription factor is not strictly required for c o b l  expression. I observed the 

same earIy defect of cobl expression in the nocle of Tw'1-r!Tw13 embryos (II=?) from 7 

litters heterozygous for the G r C I O 1 insertion (data not shown). Thereforc. the 

aIteration of c o b l  expression is likely to bc ciuê solely to the et'fects o i  rhc Tw" 

mutation. At E7.5. 20% (n=7)  of the embryos (rom [T :+:  GrC1OI:GtCIOI~ parents 

showed altered cxpression o f  cobl in the node ( data not shown). However. [ did not 

genotype embryos carrying the T aIleIe becriuse genotyping by PCR is not as 

conclusive 3s for the T W i s  dlele.  

At the head fold stage. cob l  expression anterior to the node rippeareci in al1 

embryos but axial condensation was less prominent in homozygous embryos (Fis. 

18 B & C). Most of the 8-gai activity appeared to corne liom [he dcfinitive cndodcrm. 

consistent with Iater expression in the gut ancf the t'ailure of notochord prccuruors 

to populate the antcrior miciline. Fewer cobl  positive cells were detected in the no& 

rcgion of homozygous embryos. and they appelir sclittcred (Fig. 1XC). The nodc iizc 

was aIso considerably rcduced rtt this stage when compareci with w ild-type cm bryos 

(Fig. 18 B). I t  corrcsponds to the stage rit which morphological defects werc 

previously icientified in the node by elcctron microscopy (Fu j imoto  and 

Yanagisawri. 1983). I t  is not clear whether the node is completely missing or if a 

sub-population of nodc cells is absent or incorrectly pattemeci. This deficiencc in 

c o b  l expressing cells rcpresents the crirlicst cicfccc detected in Brut h y u ru mutant 

e m b r y o s .  

Cobl expression in the mis  

At E8.5 (n-3 F i s /  T W i s :  n= 12 TI T )  co  b 1 expression w as rcstricted to antcrior 

structures and dorsal _rut endociem (Fig. 19 A-E). In some embryos. groups of cclls 

resembling notochord segments were also observeci in the anterior miciline of both 

T! T and T"II Twis embryos (Fie. 19 C and El. The node itsclf. as detccted by C U  hl  

expression in wild-type littermates (Fig. 18). was either tottilly absent or smaller 

and of abnormal shape. It was also t'ound at a more anterior position when in 
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Fig. 19. - Expression of c o b l  in the axis of B r a c l t y u r y  mutant  

e m b r y o s .  

Expression of cordon- b l e u  ( c o h l )  as revealed by detection of the COBLIJ-Ga1 

fusion protein rictivity. The genotypes are indicated in the lower left corner. ( A - E )  

10 somite stage 8.5 dpc embryos. ( A )  Wild-type embryo presenting thc full ç o h l  

expression pattern. The induction of the liver (L )  and the chordoneural hinge 

(cnh) arc distinct. iB. C) Lateral and ventral views of a T T  embryo. The 

developrnent of the posterior trunk and allantois are much reduced. Most of the 

detectable expression is i n  the $ut. Iiver (L).  ventra1 midbrain (vmb) .  

Condensations of ceils (poss ibly notochord precursors) are also visible in the 

anterior axis (np in C). (D. E) Lateral and ventral view of 3 TW:" TwM embryo t E - 

higher magnification after rernoval of the heart). Although posterior devclopment 

of this embryo is more severeIy 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 sometimeî missing (G i .  ( H )  1 1.5 cipc 

embryos at the tirne of embryonic death. Postcrior structures arc cornpietdy 

missing but expression of cobl  rernains in anterior 5tructure. Expression has ais0 

appeared at an appropriate time on surface ectoderm dorsal to the hindbrain (big 

arrow) and in the anterior olfactory pIacode. The torelimb is preîent but srntill and 

has an abnormai morphology (white asterisk). (1'1 Clerired 10.5 dpc èmbryo.  

Expression was only seen in rut  endoderm and liver. Some cells dûrsal to the gut 

could represent remainine notochord precursors (arrowherici). 

Abbrer7iarions: AI: allantois: cnh: chordoneural hingc: hg: hindgut: L: liver: 

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

tailbud: vmb: ventral midbrain. 
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controt embryos it is moving posteriorly with the regressing streak. Expression of 

c o h l  was not detected in the ventral midline of the neuroepithelium. consistent 

with thc inability of mutant notochord to induce tloor plate. However. expression 

of cobl  could still be detected in midline ventral midbrain cclls (Fig. 19 B Yr D). 

Induction of expression in the forming liver was timely and comparable in lcvel 

with control embryos (Fig. 19 A-E). 

At E9.5 (n=2 TW1xlTW's).  expression of cobl remains rnost!y restrictcd to the gut 

endoderm. the livcr and ventral midbrain (Fig. 19 F-1). Homozygous embryos could 

be colkcted up to the stage of embryonic death. between Ei0.5 and E l  1.5 (n=8). 

Anterior structures appear normal but development of the forelimb and posterior 

tissues was always altered in homozygous embryos. Expression of c o b l  in the 

anterior dorsal neural tube also appeared normally at E l  1.5 (Fig. 19 H). Expression 

in the gut remained normal but the hindgut structure was greatly altered by the 

lack of posterior devclopment. Expression in the ventral midbrain couid be normal 

(Fig. 19 H). whereas in some embryos only weak (Fig. 19 F) or no expression (Fig. 19 

G & 1) could be detected. Overall. expression in al1 tissues was weaker in T W I S ! T w L S  

embryos. The Iack of somites and the posterior truncation ciid not permit further 

anrtlysis of c o b l  expression in homozygous ernbryos. The qtructure of the trunk 

notochord was also altercd in 2 TwLJ:+ embryos. One embryo showed interrupted 

axial expression in thc trunk (Fig. 23 1) and another. branching of the notochord 

with the gut (Fie. Il R) .  Abnormal expression of c o b l  in the somites of other 

heterozygous embryos further suggests the occurrence of trunk notochord dcfects 

(sec bcIow and Fig. 23). 

Express ion of cobl i n  t h e  a x i s  of mice  c a r r y i n g  the Danforth's shor t -  

t a i l  m u t a t i o n  

The GrCIOI inserrion does nor alter the Sd phenoiype 

In ordcr to confirrn that the Gr C l  O l  insertion did not interfcre with thc Sd 

phenotypc. 1 rinalyzcd the penetrance of some skcletal ciefects in mutant embryos 

with or without the G t C l O I  insertion. i dissected 6 Iitters from [Sd/+; GtCIOl!GtCIOlJ 

parents and 7 littcrs tiom [Sd/+; +/+ ]  parents at E17.5 (Table 14 A).  At  this stage. 

morphological defects alone (e-g. tail and body length) inciicate the embryos' 

_ocnotype. 1 processed al1 the homozygous and subset of hetcrozygous and w ild- 

type cmbryos for bonc and cartilage staining. I scored embryos for their numbcr 

of ribs. vertebrae -with and without an ossificd ccntrum. and neural arches. 



Because hetcrozygous mice oftcn develop only  one  kidney. I sco red  the numbcr of  

kidncys in sacrif iccd Sdi+ adult fcmales  as a criterion for the penetrancc of thc 

phenotypc.  Al1 mutan t  embryos  h a d  n o  v is ib le  nucleus pu lposus  (notochord-  

deriveci) in intervcrtebral  discs and no d e n s  on the axis  ver tebra  (C2). Al1 

heterozygous embryos had 13 ribs and an ossified centrum in the atlas (Cl) .  

1 detccted no  signif icant  diftèrences in  thc expressivi ty of the phcnotype 

between the two groups [with or without the G r C l 0 1  insertion) (sec Table 14 B). 

Furthermore. thc num bers are comparab le  t o  prev ious observa t ions  (Kosck i er al.. 

1993: Dietrich et al.. 1993). 

Table 14. 

Penetrance of the Sd  phenotype in G t C I O Z / G t C I O I  mice 

A :  No. of embryos analyzed for skeletal defectsl 

No. embryos : (52 
# e m b r y o s  

Stage  GtC/ 01 locus (# l i t t c rs )  +/ + 1 M i +  

E 17.5 +/+ ' 39 ( 7 )  1 3  27% 1 2 2  4 5 %  

T o t a l  87  2 0  2 3 4  1 13 49% 

of total) 

B: Cornpari! 

Sn locus 

cohl  locus 

- -  - 

R i b s  

Verte brae 

Ccntrurn 

Neural arches 
Missing kidney4 

l n  bctwecn skeletal and urogcnital defects3 
7 

' Alcian Blue (cartilage) and Alizarin Red (bone) staining. 
The [Sdl+; +i+] parents werc dcrived by backcrossinp [Sdi+:  GrClOIIGrCiOI 1 rnicc iritu th<: 
129 Svicp background. 
Mean value and standard deviaiion arc indicated. 
Analyzcd in adult Sd/+ fcrndes. 
Abbreviat ions:  n= sample size: NA. not applicable; n.d. nut dcterrnined. 
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Cordon-bleu expression in the axis 

Expression of cobl was analyzcd between E7.5 and E12.5 in  control and mutant 

cmbryos of [Sdl+;  GtC10 11GtC1011 parents (sec Table 15). The embryos' gcnotypc ar 

early stages (up to day E10.5) could only be inferreed from the pattern of c o b l  

expression o r  at Iatcr stages from morphological traits. However. the ratios 

observed and the correlation between cob 1 expression and morphology proved that 

GtC 101 is a rcliable market to classify embryos into genotypic groups. 

At E7.5. in 45 embryos from 6 different litters. no change in cobl expression 

could be detectcd. At E8.5. 70 embryos from 10 different littcrs werc exrimineci. 

Before the 10 somire strige and turning of the embryo. no distinction could bc made 

between control and mutant littermates (38 embryos). Howcver. in some cmbryos 

the notochordal plate cobl  expression appeared reduced in width or discontinuous 

and did not show the hornogenous structure observed in wild-type litters (data not 

s h o w n ) .  

Table 15 
No. of control and S d  embryos analyzed for c o b l  expression1 

No. cmbryos : C7c of total 
I i 1 

# embryos ; 1 
Sta rc  (# litters) +, + I Sn!+ 1 Sd/Sd 1 nad. 

E7.5 40 ( 6 )  

E8.5 < 10 somitcs 38 ( 5 )  

E8.5 > 10 somitcs 32  ( 5 )  2 6 

E9 -5 5 2  ( 6 )  1 0  L9% 

E 10.5 40 ( 5 )  6 15% 

" GrCIOI/+ 31 ( 4 )  6 19% 

El  1.5 12 ( 3 )  3 25% 

E 12.5 9 ( 1 )  3 33% 
I 

Total 254 2 8  1 9 8  1 8 5  59% 1 3 5  2 0 4  1 3 '3 

Al1 cmbryos were GiCI  O i i G t C I O I  carrier. unless specified otherwisç. 
AI1 ernbryos displaycd similar staininp patterns. 
No  diiference wris tound betwccn wild-type and hcterozygous embryos. 

In 32 more advanccd E8.5 cmbryos (from 10 somites stagc). and cspeçially 

after embryos had started turning. thc structure of the notochord wris clearly 

altered (n=6. Fig. 20 A-F). C o b l  expression d o n g  the axis of these embryos wss 



Fig. 20. - Expression of C O  b l  in the axis of D a n f o r t h ' s  shor t - ta i l  

m u t a n t  embryos.  

Expression of cordon-b l eu  (cobl)  as revealed by detertion of the COBLU-Ga1 

fusion protein activity. The genotypes are indicateci in the lower left corner. ( A - F )  

10 somite strigc 8.5 dpc embryos. The notochord (nt) is poorly condensed and does 

not forrn a cIear structure in candidate Sdl  Sd embryos (B. C). (D-F)  Higher 

magnitication of (A-C): note the gaps in axial staining (arrows in E and n. (G-l & 

N )  15 somite stage 9.0 dpc embryos. ( G )  wild-type embryo with ri weIl developed 

chordoneural hinge (cnh) and a clear separation bctween the r u t  ( _ r )  and the 

notochord/tloor plate {nrifp) (arrows).  (H) S d ; +  embryo with incomplcte 

expression in the cnh (arrowhead) and an abnormal notochord. branching w i t h  

the gut (arrows). (1) Sd!Sd embryo presenting the sarne defecrs as Sdl+ cmbryos: in 

addition. expression in the notochord and tloor phte  are interrupted (arrowsi. (J .  

N)  CIcared S d  'Sd embryo. ( J )  The notochord (arrows) and the floor platc 

(arrowhead) are interrupted. ( N )  Higher magnit'ication of ernbryo in ( J )  show ing 

diminution (a r row)  and interruption (arrowhead) of floor platc induction 

consistent with more severe dekc t s  in the notochord. (K-LM) 9.5 dpc cmbryos [rom 

the same litter. ( L )  Lower levels of tloor plate induction in the hmbrtr rcgion 

where the notochord branches with the gut (rirrow). Expression in the somitcs 

first appears iarrowheacis in K. L). (M)  The notochord! tloor platc staining [ \  

interrupted (arrow3): no somitc expregsion is cietectable. (O-T) 12.5 dpc crnbryos. 

(0.R) Strong cob l  expression in the posterior notochord (white arrowhead in R )  

and in intervenebral discs (iv discs. arrows in O and R). (P. S )  The notochord is 

highly disorgrinizcd (arrowheads in S )  and seems ectopic when compared to iv 

discs (arrows): the iv discs rire rnissing in the cervicalithoracic region (bctwccn 

rimows in P )  and smallcr in the thoracic.'lumbar rezion (white arrow in S I .  (Q.T) 

No notochorci was dctected; the body axis i truncated in the thoracic lumbrtr 

region and the neural tubc becamc kinked and folded ventrally in the lumbo- 

sacrai region (arrows in T): none or little iv disc expression is cietectable in the 

ccrvico-thoracic region (between arrows in Q). 

A b b r e v i cr r i o  n s : cnh: chordo-neural hinge: i'p: t loor  plate: g: z u t :  

HL: hindlimb; nt: notochord; Tb: tailbud: vrnb: ventral rnidbrain. 





weaker and appearcd disorganized. A clear reduction in the dcnïity ot' axial 

staining in the middle trunk rcgion prefigured the later notochord dcfects (Fig.  7 0  

E & F). Cross scctioning of these ernbryos revealed abnormal cab/  expression in thc 

three gcrm layers. Expression in the roof of the gut was not continuous rilong the 

A-P axis. The notochord was interrupted or some segments did not express c a b l .  

Induction of cob l  expression in t h e  tloor plate was very reduced including Icvcls 

adjaccnt to notochordal cells (data not shown). 

Between the stage E9.0 and E9.5. wild-type. heterozygous and homozygous mice 

could be easily identifieci aftter analysis of c o b l  cxpression (Fig. 20 G-N). tn 

hcterozygous embryos. the notochord extends along the entire axis and expresses 

cobl  from head to tail bud. but its structure is vcry abnormal. It is intcrrupted by 

constrictions and often branching ventrally to contact the gut. The constrictions 

rire localized to antcrior notochord and posterior to the thoracic rcgion. whereas 

branching occurrcd more frequently and at any position along the notochord. The 

notochord postcrior end. in the tail bud's chordoneuraI hinge, is reduccd. The 

induction of the tloor plate. although unevcn and weaker than in wild-type 

littermates. has occurrcd along most of the mis. Diffcrences in the penctrance o f  

thc phcnotype could be observed betwcen individual embryos. Homozygous 

cmbryos wcre idcntifiablc tiom stage E9.0 (Fig. 10 I )  by loss of expression in the 

notochord and the adjaccnt floor plate. Wherevcr present. the notochord was 

irrcgular and branching with the gut or  the neural tube as in  hctcrozygous 

cmbryos (Fig. 20 M LQ N). I t  was also abruptly interrupted at thoracic IcvcIs and. in 

more posterior regions. prcsented disconrinuous fragments which nevcrthclcas 

reached the tail bud. The notochord bud of the tail bud was generallq rcduced or 

absent in hcterozygous cmbryos and absent in homozygous embryos ( s e c  b c l o w ) .  

The induction of the tloor platc aIso endcd rit the level o f  antcrior notochord 

truncation (Fig. 20 J .  M & N) .  Posterior expression of cob l  in ventral neural tube 

was only distinct in somc arcas overlying notochord (Fig. 20 Ml. 

At E10.5. morphological d e k c t s  of thc tail became a clcar indicator for 

homozygous cmbryos (n-9). Their tail is shortcr. thinner and often kinked; 

cmbryos are also shorter and often had back lordosis (Fie. 23 C-E). In homozygous 

cmbryos. almost no notochord expression was detectable except in the hindlimb 

and tail region. Antcrior notochord was absent or had becomc incorporatcd into 

thc forming vertebrae and expression in the tloor plate barcly extendcd bcyonci 

the liver anlage. Sorne cmbryos had ri less severe phenotypc and showed weak axial 

expression in trunk and lumbar regions (Fig. 13 C).  Defects in the somitic 
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patterning of homozygous embryos bccame evident at this stage (see beIow). The 

notochord defccts observeil at E9.5 persisted in heterozygous crnbryos. 

Betwccn stagcs E l  1 .S and El 2.5. the tail of heterozygous ernbryos became 

thinner than in wild-type littermates and the genotype of al1 embryos could be 

determincd without doubt. The tail in hornozygous embryos (n=S) had bccome ver? 

thin and ciid not express c o b l .  At these 5tages. axiaI expression in wilJ-type 

cmbryos has bccome restricted to the forming intervertebral discs and the 

notochord disappears within forming vertcbrae in an anterior-posterior gradient 

(Fig. 20 0.R). Expression was absent from anterior and diminished in postcrior 

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 

betwcen vertcbral segments (Fig. 20 S). In homozygous embryos. only a f ew and 

weak thoracic intervertebral discs were visiblc and the notoc hord is totally absent 

(Fig. 20 Q.T). The numbers of intervertebral discs detected (determincd by thcir 

most hindrnost Ievcl of expression) corrcIates with the nurnbers of vcrtcbrac 

counted in El75 in Sd/+ and SdlSd ernbryos skeietrr! preparations (see Table 15 B).  

Dorsal cxpression in neural tube of al1 embryos was comparable (Fig. 20 0.P.Q). 

Expression of cobl in  tire tail bud of Brachyury and Sd mutant enrbryos 

The nature of the tissues composing the vertebrate tail bud has long becn ri 

controvcrsial rubject among developmcntril biologists. Holmciahl ( 1 Y 2 5 ;  1939 ) 

proposcd that the tail bud was made of an undifferentiated blastornere but Pastccls 

(1939: 1943) argucci that it was highly organized and that the different germ lriycrï 

wcrc organized around thc c hordoneural hinge ( C N H )  s tructurc (Pasteels. 1943). 

Holmdahl's mode1 suggestcd that the three gcrrn layers of the tail arose de nova by 

a proccss namcd "sccondary body devclopment" and Pasteels proposcd that the 

morphogcncsis of the tail was in direct continuity with gastrulation ("primriry 

body dcvcloprnent") and that the CNH was the pcrpetuation of the primitive ctrcak. 

The former thcory still rcccives support (Griffith et al.. 1992). but more rccent data 

now favours thc latter modcl. The existence of the chordoneural hingc structure is 

supporteri by the domains of XBruchyrrry  and Xnotl  expression in the frog tail bud 

(Gont et al.. 1993) and by ce11 lineage analyses in avian and mouse tail buds (Catrila 

er al.. 1995; Wilson and Beddington. 1996). The vertebrate CNH probably rcprcscnts 

the continuation of the nodelprimitive streak into the tail as it has also becn 

shown to have axis inducing activities (Gont et al.. 1993; Catala et al.. 1995). Cohl  is 



expressed continuousIy in axial structures of the trunk and tail as the latter grows 

postcrior to the allantois from €8 .5 .  Interestingly. c o h i  expression also marks 

Pastccls's chordoneural hinge structure in the tail bud. and thus supports 

arguments dcpicting the organization of the tail bud as a continuation of t n i n k  

axial structures. 

The morphogenesis of the tail bud is affected in heterozygous Brachyury  and 

Sd embryos. and in homozygous Sd embryos. As si result, mutant mice arc born with 

ri shortcned tail or no tail at all. 1 analyzed c o h i  expression in control and mutant 

tails to investigate the eft'ccts of the Brachyrcry and Danforth's  short-ruil mutation 

on C N H  and tail morphogenesis. 

Expression of cobi in rhe tail bud of Rrachyury hererozygous enlbrvos 

On the basis of thcir morphology. Ti+ or TW1"!+ embryos are indistinguishable 

from their wild-type littermates before E l  1.0. However. from the fannation of the 

tail bud at stage E8.5. 1 detected abnormal c o h l  expression in the CNH of Tw." + and 

Ti+ embryos (Fig. 21 A-G). The notochord bud (its posterior end) is smalIcr in 

mutant cmbryos (Fig. 21 A-E). Moreover. the lateral width of the CXH is rcduced 

(Fig. 31 F. G). and axial expression of cobl  did not extend to the tip of the tail bud ris 

in wild-type embryos (Fig. 21 A-E). At this stage. it is not clear whethet mis- 

expression posterior to the C N H  is a primitive streak or a hind gut Jefeçt. The 

persistencc of these dcfects at E9.5. suggestcd that it was not a mere devclopmentai 

delay in heterozygous embryos. but ri reduction of the notochord bud and tail gut 

structures illustrating incompktc CNH formation (Fig. 21 H-L). In  the movt scvcre 

cases. expression in the tail is limited to weak axiai staining no Longer outlining 

any C N H  structure (Fig. 21L). The lack ot' csprcssion in the tail tip rippertrcd more 

clearly as a gut det'cct at this gtage (Fig. 21 1 k LL). 

From day IO.5. differences became apprirent betwcen the tails of T + and 7"" + 

embryos. T / +  embryos grow a tail to different length. varying from no tail at 311 ro 

a shorter tail (up to 3/4 of normal length): TH'>'!+ embryos however. always devclop 

into tailless mice. In T!+ embryos. the notochord stopped rit any position from the 

lumbar rcgion to the tip of the tail (Fig. 2 1 N-P). When the notochord cxtcncicci to 

the tail bud however. cob l  cxpression was never found in the notochord bud of thc 

CNH unlikc in wild-type littcrmates (Fig. 21 M). The tail gut rippeared normal and 

always extcndcd to the CNH cvcn in the absence of a notochord (positive cclls rit the 

tip of the tail in Fig. 21 0.P). In al1 TW"/+ embryos. the notochord ncvcr extendeci 
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Fig. 21. - Expression of C O  bl in the tail bud of B r a  c i i y  u r y  

heterozygous  m u t a n t  ernbryos. 

Expression of cordon-b leu  ( c o b l )  ris reveriled by cietcction of COBLIB-Ga1 

fusion protein activity. Genotypes are indicated in thc lower left corner. Ali  

figures compare expression in the notochord posterior tip (or notochord bud. nb. 

indicatcd by an arrow) and in  the hindgut/tailgut (indicated by an arrowhcad) 

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 taiIgut docs not rcach the tip of 

the tail bud (B. C. E). (DG) 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 cnh 

of mutant cmbryos (G). (H. 1) 15 somite stage E9.5 dpc embryos: the LietCcts obscrved 

3t 8.5 Jpc remaineci in the tail bud. (J-L) Higher rnagnification of the tail bucl of 25 

somite stage 9.5 dpc embryos just beforc closure of the posterior neuroporc; only 

the nb is reduced in (K)  and the tail gut appears missing in (L). (M-RI Tai1 buds 

from 10.5 dpc ernbryos. (M) In wild-type embryos. the notochord/tloor plate and 

the tail gut  arc still distinct structures in the tail's cnh. (N-P) Ti+ cmbryos' taii 

buds showing increasing degrecs in the expressivity of tlic phcnotypc: the 

notochord/tloor plate (arrows! may extend to various lcngth in the tail bud. The 

tail gut appears to always extend to the tip of the tail bud (arrowheads). (Q and R )  

T W r s : +  cmbryos' tail buds: the notochord always stops at the level of the rump and 

no more expression is dctcctrible in the tail bud. The tail gut  (arrowhcads) is 

usually not detectable in the tail (Q) but rarely cxtendcd normalIy as in (R): thc 

notochord sornetimcs branches with gut endoderm (ristcrisks in R). (S-U) Tüil bu& 

from 11.5 dpc embryos. (S) In the wild-typc tail. the notochord and tail gut rire still 

distinguishabic in the cnh: expression in thc tail somitcs has also been induceci. 

(T.U) The tail and somitcs are resorbing posterior to the notochord tip (ürrow) and 

whcre notochord is missing (small arrows). 





Fig. 22. - Expression of cobl in the tail bud of Danforth's short-tail 

mutant embryos. 

Orientation of the tails: .411 figures are lateral views with dorsaI a t  the top or 

right side and posterior at the right or bottom. Genotypes are indicated in the lowcr 

left corner and developmental stages to the left, Al1 tïgures compare expression in 

the notochord bud (nb. indicated by an  a r r o w )  and in the hindgut!tailgut 

( indicated by an rirrowhcadj between wild-type and mutant tail buds. Trunk 

notochord detècts are also indicated by asterisks. (A. B) E8.5 ernbryos shown in Fig. 

20 A & B; at this 5tage. no strong difîèrence 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 S d ; +  (branching notochord. asterisks) and 

Sdi'Sd embryos (not shown). (D)  The nb and the tail eut  rire weil developed; 

expression in the future cloaca was also visible (small arrow). ( E )  The tail gur 

appeared normal but expression in the nb and cloaca (small a r row)  was much 

reduced. (G-1) In SdlSd embryos. the chordoneural  hinge ( c n h )  wsis abnormal 

because of both defects in the notochord and the tail gut: the nb was missinr in al! 

cases: the tail gut was always reciuced and haci t'ailed to form ri ventral pocket or was 

even misshapen (G & H): expression in the cloaca was not detectable (srnaIl arrow 

in F) or ckarly ectopic (left arrowhead in G).  (J-L) One day after. Sd'Sd tails starteci 

to appcar shorter than S d i +  tails. ( K )  The notochord exicnded to the tip of the tail 

but the cnh was missing in Sd; + embryos. (L) The decay of the notochord was vcry 

advanced in homozygous embryos and the tail eut  was not visible: note also the 

very weak expression in the endodemi of the cloaca and allantois (.;mal1 rirrowc) 

w h i c h  contrasts with the strong expression in wilci-type ( J )  and Sd + embryos i K ) .  

(M-O) In E12.5 wild-type tails (.M). tail :ut and notochord extendeci to the tail tip ancl 

the cnh gtructure was stiil manifest: expression was rilso induced in the tail sornitcs 

(SI and tloor plate ( fp) .  ( N )  The notochord has stopped prcmaturely but thc rail gut 

extendeci to the tip of the tail: somites also tormed beyonci the notochord in the tail; 

however. induction of cobi  expression in the somites ( S )  and the survival of thc 

latter was only observed in positions adjacent to notochord tissue. (0 )  No c o h l  

expression was detectabk: the tail contained some somites ( S )  but wris short and 

necrotic with hemorrhages (small arrow ). 

Ab breviat ions:  fp: tloor plate: nb: notochord buci; S: somite. 
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beyond the rump. It could either stop abruptly or end as one or scvcral short 

individual fragments (Fig. 21 Q). The tail gut expression was not visible in the tail 

of TWi5;+  embryos (Fig. 21 Q) and no expressing ce11 could be found at the tip of the 

tail (Fig. 21 Q.Rj.  In one embryo the notochord was branching with the rut and e u t  

cxpression was visible down to the tip of the tail (Fig. 21 R). In al1 mutant taiis. 

sornites kept t'orming in the tail well beyond the end of the notochord. 

From stage E l  1.5. expression is induced in tail somites and the notochord and 

tail eut extend to the CNH at the tip of the tail (F i t .  21 S } .  In mutant crnbryos. the 

sumival of the tail appcared to be dependent on the 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. 2 1 7.U). From chat stage. the breakdown of triil sections lacking a 

notochord has startcd (sec necrosis in Fig. 31 T . C ) .  

Expression of cobl in the rail bud of Danforrhfs short-taii enzhryos 

Sdt + and SdlSd  mice having a short tail or no tail respectively also providc a 

good cxperimental system to study abnormal developrnent of the tail bud. Aithough 

40% of E8.5 embryos had reduced expression in the CNH (Fig. 22 B). ri çlcrir 

difference bctwecn wild-type and mutant embryos did not rtppcar bcfore E9.5 

before posterior neural tube closure (Fig. 27 Cl. At this stage the notochord bud was 

absent or reduccd in the CNH of d l  mutant embryos. As the tail eIongatcs. dekcts in 

the tail of Sdi+ embryos remained rcstricted to the notochord bu2 of the CNH. 

suggesting that the notochord was reduced rathcr chan missing since it was stiil 

being t'ormed during elongation (Fig. 22 E). Alterations in the CNH of S'd S (1 

ernbryos howcver. became more scvere so that both notochord and gut expression 

werc very reduced and the CNH. if presenr at all. had an abnormal structure: the 

notochord bud wris reduced or missing and the tail gut either stoppeci prematurely 

or t'ailed to expcnd ventrally as in wild-type or heterozygous embryos (Fig. 27 F-1). 

The ventral expansion of the gut and its contact with the ventral cctodermril ridge 

(VER. Grünebcrg. 1956) arc important for the formation of the cloaca and anus. 

The latter nevcr forms in Sdl :Sd embryos. and the bladder. urethra and ,ucnitrtI 

papilla. also partly Jcrived from the cloaca are often missing. 

From E1O.S. the C N H  of Sd!+ embryos started to ciisappear. The tail gut is still 

present and the cloaca appeared normal (Fig. 32 K). At latcr stages howcver. the 

notochord of the tail breaks down and only patchy expression remained in the 

proximal tail while thc tail gut cxtended to the tail bud. Somites also formeci down to 
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the taiI buci but cobl  expression was only induccd in somites at levcls adjacent to 

the notochord (Fig. 22 N). In SdlSd embryos the tail was rilrcady shorter at Et0.5 

and the notochord expression was reduced or missing in many segments ot' thc taiI. 

The cloaca or tail gut were forming distinct structures and cxprcssion w u  also 

missing in the allantois endoderm (Fig. 22 Li. By Et2.S. the taiI was nccrotic wi th  

sites of hemorrhages and no cobl expression was detcctable. but sornitic scgmcnts 

werc still visible (Fig. 22 0). At birth however. thc tail of SdlSd  mice consistcd in 

the best cases of a skin thread. suggesting the degeneration of ail mesoderrnal and 

endodermal tissues. 

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

enrbr -vos  

Thc notochord has been shown to play an important role in the dorso-ventral 

patterning of the neural tube (revicwed by Placzeck. 1995) and of the sclcrotomc 

( P o u r q  uié et ul.. 1993; Fan and Tessier-Lavigne. 1994: Johnson er ai.. 1994) and 

rnyotomc of thc somites (Rong er al.. L992; Stern and Hauschka. 1995: Pownrill er al.. 

1996). 

Between E9.5 and E10.5. expression of cobl  appears first in tintcrior somircs 

and extends to the tail somites in a rostro-caudal order. A t  this stage. thc 

morphoiogy of trunk sornites in T !  +.  S d !  + and Sdt' Sd mutant cmbryos is nor 

ciistinguishable from that of wild-type littcrmates. Howcver. dcfinite somitcs do  not 

form in homozygous B r a c h y  u r y  mutants and cxpression of somitc spcc il'ic markers 

has bccn shown to bc altcred in Sd mutant embryos (sec Table 17 & Koscki rr c d . .  

1993: Dietrich et a/., 1993). Therefore. 1 cincifyzcci cobl  cxpression in the somitcs ot' 

Brachyrrry and Sd mutant embryos. No T i T  cmbryo cxpressed cobl in sornitc rcgions 

as prcdicted. Howcvcr. Ti+ or Sdi+ and Sd'Sd did show expression but in riI l  cases. 

cxpression was rcduccci or lost in regions of absent notochord. 

For example. many TWlsI+ embryos had reduced somitic expression of cob l  in 

postcrior regions (typically in  the rump and tail rcgions) whcre the notochord 

becamc interruptcd. rcduccd or missing at axial positions (e-g. Fig. 21 R). Onc TH'"!+ 

cmbryo had rcduccd expression in two trunk somites (contraiateral) at a Icve1 

where axial cxpression (norochord and tloor platc) was missing (Fie. 23  J ) .  This 

phenotype was thc most scverc in Sd'Sd embryos which lack notochord dmost 

entircly from day E10.5. 



Sevcn ernbryos (20%) showing the severe tail d e k c t s  typiçal of Sd:Sd cmbrycs 

and  reduced axial  cobl expression anterior to the hindlimb. had c l e a r  cicfccts in 

somi te  expression.  Defec ts  ranged t'rom weaker  expression in indiv idual  somites 

(Fig. 23 C. D. G) ta  almost complete loss of expression (Fig. 73 E. ff). However. ri fcw 

cells expressing cobl a t  low Ievels could always be identified in somc somitcs of the 

most  severely af fec ted  homozygous embryos (Fig. 23 H). Tbe same al tercd sornite 

expression was observed  in [SdiSd:  G r C l O l i +  J embryos (n-5). In Sdi + cmbryos.  

expression was absent  only in tail segments rnissing axial expression of  cobl .  Thus, 

a d i rec t  corrclat ion be tween notochord express ion  of  co h l  and somi te  cxpress ion 

was  observeci. supporting: the notion that intact notochord is requircd t'or correct 

patterning of the sornites. 

In addition. 1 T! + and 1 Twis !+  ernbryos tout of 9 T! + and 41 T w i x l +  E10.5 or E l  1.5 

he terozygous  e m b r y o s )  J i s p l a y e d  abnormal c o h l  expression in al1 somitcs. Thcse 

embryos  had ectopic expression of c o b l  in the anterior and postcrior compartments 

of somites cicspite apparentiy normal expression d o n g  the axis (Fig. 23 y; K). 



Fig. 23. - Somite patterning defects in 10.5 dpc Danfort ir 's  s f z o r t -  

t a i l  and B r a c l r y u r y  mutant  embryos .  

Cobl tLacZ expression in the sornites. Dorsal is at the right (A-E) or bottom (F- 

K)  and posterior is at the bottom o r  left respectively. The genotypes arc indicated 

in  the lower lcft corner. ( A )  Wild-type embryo showing normal taiI dcveIopment 

and expression of cob l  in the somites ( S )  from the fore limb (white asterisk) to the 

mmp. (B)  Sdi + embryos. identifiable by altered cobl expression in the notochord 

(starting rit the arrowhead level) but showing normal expression in the .romire.;. 

(C-E) The tails werc kinked and cûbl  expression in the axis was intcrruptcd t'rom 

the trunk down (arrowheads): expression in the somites was reduced tC) or almost 

cornpletcly missing (D. E). (F-H) Details of embryos shown in (A.  C & E). Lower 

IeveIs of somite expression (arrowheads) and the division betwecn individual 

sornites (bars) are indicated. (1) Ectopic expression in the somites of a T:+ embryo. 

( J )  Reduced expression in the axis (white arrowhead) and contralateral somires 

(only 1 visible. black arrowhead) of a TWls!+  embryo. (KI Ectopic expression in the 

somires of 3 Twis:  + embryo. 
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DISCUSSION 

This study demonstrates the cfficacy of using gene trap insertions ris 

dcvelopmcntal markers. Since the GtC 101 insertion into cordon-bleu ha5 no 

phenotypc on its own. 1 could use the l a c 2  rcporter genc as a neutral marker to 

analyze development in embryos carrying mutations at the B r a c  h~ r t r y  or 

Dun forth's short-rail loci. These analyses provided new information about the time 

o f .  onset of anomalies caused by thcse mutations in both heterozygous and 

homozygous embryos. Anal y sis of co b 1 expression allowed the detection of the 

earliest defects reported so far in Brachyury homozygous and heterozygous 

embryos: the node of €7.5 homozygotes only showed weak expression of c o h l .  

suggesting a prittcrning dcfect or the  deficiency of a specific population of nodc 

cells. Similarly. incomplete expression of c o b l  marked the tail bud of E8.5 

Brachyury hcterozygotes embryos. Despite the Iack o f  ri molecular rtssay to 

dctcrmine the gcnotype rit the Sd locus. the COBLif3-Ga1 marker proved to be rt good 

indicator to distinguis h wild-type. heterozygous and homozygous embryos. .Most Sd 

homozygotes couId be identified at E8.5 by abnormal expression of cobl  in trunk 

notochord precursors and riIl embryos could be c lassified into genotypic ç lasses 

from day 9.5. Analysis of cobl  expression in the taiI bud of T and Sci hetero~yrotes 

and Sd homozygotes revcaled early alterations of the chordoneural hingc thrit are 

consistent with the lack of tail growth in mutant embryos and the urogenital 

phcnotypc in S homozygous mice. Furtherrnore. thcse analyses provided novcl 

information on the pritterning of the jomitcï by notochord during cmbryonic 

deve lopmcnt .  

N o d e  formation in Brachyury mutants 

The best unitary csplanation of the B r a c h y u r y  phenotype has corne from the 

anrilys is 01' chimcric ernbryos cornprishg wild-type and mutant cells. CeIl 

movements are impaired in TIT cells. and cclls tend to accumulrtte in the posterior 

streak thus blocking posterior developrnenr (Wilson er al.. 1995). Ce11 movements 

are also involved in the migration of antcrior notochord precursor cells and in the 

formation of the allantois posterior to the streak. This study does not exphin  

howevcr. the dominant phenotype found in the tail of hcterozygous mice. 

Furthermore. the detècts observed in the notochord. the primitive streak and the 

allantois could be independent. Previous analyses of Brachyury  mutant embryos 



using genctic markcrs did not reveal defccts in  the primitive streak bcforc the 

formation of the first sornites at E8.0 (see Table 16). in this stuciy. 1 show that 

expression of cohl  is clearly altered in the node of T W i s / T W i s  embryos rit E7.5 .  bcforc 

rhe decreasc of 7 expression observed in T w i s  mutants at E8.0 (Hcrrmann. 199 1 ) .  

Expression of cob l  in anterior midlinc appews normal in TWisITWis  embryos at thc 

early head fold strige but the lack of expression in the nodc region pcrsists. 

Expression of Sanic hecigehog (Shh) .  another node-notochord markcr h m  bccn 

reported to be normal in the node and head process of 7'1 homozygous ernbryos at 

E7.5 (ConIon er al.. 1995). Exprcssion of S h l ~  has becn interpreted as suggcsting that 

thc nodc forms in homozygous embryos. while the lack of notochord has becn 

usually describeci as a defect in the maintenance of notochord precursor cells or in 

their difkrcntiation into notochord. The results prescnted here suggcst thrit the 

nodc is already altered at an earIy stage. missing ce11 sub-populations or not bcing 

properly pattcrned. This node defect could precede the morphological defccts 

observed by clectron microscopy (Fujimoto and Yünagisawa. 1983). The t'atc of 

notochord precursor ccIls may be already compromiscd within the node. D o r d  _rut 

endoderm and notochord arc dcrivcd from cells of the ventral nodc (Lawson eî 01.. 

1986: Beddington. 1994). The missing or weaker c o b l  exprcssion in the gut 

endoderm of some TWls"IWi5  embryos (data not shown) coüid also bc Iinkcd to rt 

common node defect. 

The rolc of the T transcription factor in the formation or pattcrning of' the 

mouse nodc is ciemonstrütcd here. Furtherrnore. thc early d e k c t  of c o h l  cxprcssion 

prior to any morphologica1 cieféct suggests that c o h l  exprcssion could bc partly 

rcgulated by the T protcin in the node. The reccnt identification ot' ii node and 

notochord cxprcssion spccific element in the promotcr rcgulatory region 01' thc T 

gene (Clcmentz er al.. 1996) also suggcsts tliat T could play distinct rolcs in the 

node/notochord and in the primitive strcak. 

Notoc i tord  formation i n  Danfor th ' s  shor t - ta i l  mutants  

The cinalysis of the Sd mutation was impaired by the lack of genetic markcrs 

to confirm the genotype of embryos from carly stages presenting no abnormal 

morphological traits. Howcver. exprcssion of c o b l  turned out to be a vcry good 

indicator of the possible senotype of cmbryos. In 1958. Grünebcrg made an 

cxtcnsivc histological analysis of the Sd plicnotypc and proposcd that thc 

alteration of thc notochord was the primary dcfect responsiblc [or the wholc 

skeletal and urogenitai phenotype (Grüneberg. 1958). He also postulatcd that the 







initial defcct may be within the notochord prccursors in the nodc/primitive strcak 

sincc the notochord never scemed to form properly as i t  crnerged t iom the strcak 

(Grüncbcrg. 1958). Later histochemical analyses also suggestcd that the ncwly 

formeci notochord is abnorrnal in Sd mutant cmbryos (PaavoIa et al.. 1980). 

Howevcr. carlier studies rinalyzed formation of postcrior notochord at stages whcn 

the genotype is rcvcaled by phenotypic traits. or  tbey focused on N T  (Bovolenta 

and Dodd. 199 1; Phelps and Dressler. 1993) and on paraxial (Dietrich er al.. 1993: 

Kosek i er a/.. 1993) or lateral mesoderm (Phelps and Drcsslcr. 1993) pattcrning (scc 

Table 17). They could not easily analyzc the carlier formation of anterior 

notochord. 1 could not detcct abnormal c o b l  expression in the nodc and head 

proccss of any E7.5 cmbryos derived from [ S d / + ;  GtClOI /GrC101]  parents. cithcr in 

the node or posterior strcak before late E8.5 stage. This suggests that the 

appearance O[ antcrior notochord precursors occurs normaliy in mutant cmbryos. 

This is consistent with the normal induction by axial mesoderm of antcrior 

structures such as the tloor plate (analyzed at E13.0 by BovoIenta and Dodd. 1991). 

From E8.5 (10 somites) however. çohi provided ri good markcr to follow notochord 

morphogcncsis in mutant embryos. in a substantial proportion of latc E 8 . j  embryos 

(19%). the structure of the notochord emerging from the node was abnorrnal. This 

rcsult supports the idca that trunk notochord precursors are abnormal anci ncvcr 

condensc into a normal notochord in Sd mutant cmbryos. At later stages. tlic 

notochord was aIso tound to have an anornalous structure along its entire Icngth. I t  

partly supports Grüncberg's thcory (1958) and contrasts with a rolc for the 

surviviil of diftèrcntiated notochord initiatly attributed to Sd. 

Posterior axis and tail bud development 

In the mil bud. the domain of c o b l  expression corresponds to the mousc 

chordoncural hinge (CNH).  The CNH structure was discovercd by Pastccls (1943) 

and later inferred in the frog by thc complemcntary expression domains of ,Y ,Vor  l 

and X B r a  (Gont er al.. 1993) and in the mousc and chick by ce11 lincage analyses 

(Wilson and Bcddington. 1996; Catala et al.. 1995). In Xenopus.  it has becn shown to 

retain the organizer activity of thc dorsal blastoporal lip (Gont e t  al.. 1993) and to 

be ncccssary for complctc axial patterning and growth of the tai1 bud (Tuckcr and 

Slack. 1995). The continuous expression of c o b l  in the node. postcrior streak and 

chordoneura~ hinge of the tail bud and the detècts obscrvcd in mutant embryos 

support thcse findings. Furthcrmore, the lack of tail growth in mutant cmbryos 

can bc trrtccd back to cariy altcrations in  the dorsal componcnt of the 





chordoneural hingc. the notochord bud - representing the hindmost notoc hordal 

cells. In al1 embryos fatcd to become short-tailed or ta i l les  animals. expression in 

the notochord bud was reduced or missing ( F i g  21 & 22). For each genotypc. 1 

dways  found a strong correlation between corruption or premature arrest of thc 

notochord at E l 0 3  and predicted tail length: in T: + embryos. the notochord and the 

tail gut appcared normal but the former stopped prematurely at difkrcnt lsvels in 

cach ernbryo even though tail gut always reached the tai1 bud (F ig  21 N-P); in 

TWisl+  embryos. the notochord always stopped just posterior to the rump and tail sut 

was not dctected in the tail (Fig. 21 Q): in Sd!'+ embryos. the notochord and tail rut  

initially cxtended to the tail tip but both faikd to reach further at later stages (Fig. 

22 K): finally in SdlSd embryos. no tail eut was visible and the notochord was 

dccaying at al1 levels of the taiI (Fig. 22 Lj. The tail bud always ciongated and 

formed somites beyond the hindmost level of expression in the notochord. However 

thcse tail segments evcntuülly decayed suggcsting that the taiI s u t  (prcsent in T :  + 

cmbryos) is not sufficient to support tail growth or survival. Axial tissues posterior 

to the CNH 01' thc tail bud have been shown to form posterior and somitic mesodcrm 

and could be responsible for this e l o n ~ a t i o n  (Wilson and Beddington. 1996). 

Grrit'ting cxperiments in Xenopus have also shown that tail segments antcrior to 

the CNH are also responsible for tail elongation (Tucker and Slack. 19951. 

Thercfore. apparent tail growth could alternately be the result  ot' proximal 

extension accompanied by dista1 tail rcsorption. 

CTrogenital defects of SdlSd embryos 

Grüneberg (1958) postulated that the urogcnital dsfects in  Sd mutant embryos 

wcre a direct conscqucnce of the notochord alterations. In SdiSd c m  b r y o s .  

alterations in the gut structure were t'ounci at the level of the presumptivc cloaca ar 

E9.5 (Fig. 22 F-1). At E1O.S. the cloaca is not visible and expression in the allantois 

encioderm is also reduced (Fig. 22 L). Abnormal cloaca dcvelopmenr wris rilso 

O bserved in some heterozygous embryos. a proportion of whic h suffers urogcn ital 

defects. This abnormal Jevclopment of the cloaca m q  represent the primar? cause 

for the whok urogenital phenotype (lack of kidneys. bladder. urethra and genital 

papilla). During kidney dcvelopment. the ureter originates t iom the mesoncphric 

duct but becomcs part of the cloaca as it grows into the metanephric mescnchyme 

to inducc kidney formation. I t  is possible that this process is prcvented in S t l 5  d 

embryos by an abnormal cloaca thus preventing further developrnent of the 

kidneys. Howcver. rinrilysis of Pax  - 2 expression in E 12.5 embryos clcarly 
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dernonstrateci abnormal patterning of the metanephric mesenchyme at  day E l 3  

whereas the epitheliurn of the ureter expresseci P a x - 2  (PheIps and Dressler. 1993). 

Therefore causes othcr than cloaca and ureter detécts are still conceivable. Thc 

intluence of the hindgut d e k c t  on the dcvelopment of the bladder and urethra can 

bc inferred by their mode of formation which is more closely rissociated witl i  

difkrentiation of anterior and posterior cloaca into urogenita1 tissues and rectum 

respectively. These results however. do not support or suggest any causal ct 'kct 

between the notochord and the hindgut defects as suggesteci by Gnineberg ( 1 9 5 8 ) .  

Expression of cordon-bleu and embryo patterning 

The maintenance of its expression indicates that cohl  does not strictly requirc 

the presence of wild-type R r a c h y u r y  protein or wild-type DunJorrh's shor t -mi l  

gene. Expression in gut. notochord and tloor plate occurred inciependently at 

differcnt positions d o n g  the anterior-posterior axis. It suggests that expression of 

c o b l  is not dependent on c o b l  expression in adjacent tissues but rather on the 

difkrentiation stage of each tissue. For esample. the tloor plate expression was 

seen in the absence of adjacent notochord. This is consistent w i t h  carlier 

observations in  the mouse and zebrafish that Lloor plate could be i n d u c d  in 

cmbryos lacking a definite notochord (Rashbass et al.. 1994: Halpern et üf.. 1993 1. 

An important alteration in the rcgulation of c o b l  expression happened in the 

somites of mutant embryos. Expression of Pax- l (sclerotome marker) and nr - Trv i s  t 

(somite markcr) havc alrcady been showed to be reduced in Sd mutant embryos 

(Dietrich er al.. 1993; Koseki et ai.. 1993 and Tablc 17). Somitic cells expressing c o h i  

arc localizcd in the meciio-ventral myotome cornpartment but later wemcd to 

migratc toward the vertebrai column where espression of c o b l  was principril1j 

seen in the chondrocytes of forming cartilage. This domain of expression w u  

severely reduced or totally missing in Sd!Sd cmbryos (Fig. 33).  SubsequentIy. Sd:Sd 

embryos havc reduceci vcrtcbrae and cornpIetely Iack intervertebral riiscs. Their 

position at the limit between SC lerotome and m yotome compartments toge ther w ith 

expression of c o b f  suggest that they could represent a specific groups of 

sclerotome cclls giving rise to part of the vcrtebrae andlor to intervcrtebral Jiscs. 

Furthermore. the localizrition of these cells bctween the anterior and postcrior 

cornpartment of erich somite correlates w i th  the position of intervertebral cliscs 

d o n g  the anterior-posterior axis. The lack of expression in the sornites closcly 



Chapter 4 

corrcIates with the absencc of notochord. Together with the reduced expression in 

one T w i s t +  embryo also lacking axial  staining. it suggests  that thc  missing 

notochord ra ther  than the mutation is responsible fo r  this  phenotype.  T h e  

notochord has been shown to be involved in the dorso-ventrai pattcrning o f  the 

sc lc ro tome  (Pourquié  et al.. 1993: Fan and Tessier-Lavigne. 1554) and niyotome 

( R o n g  et al.. 1992: Stcrn and Hauschka. 1995: Pownall t.1 al.. 1996) compartments in 

the somites. Intcrestingly. expression of P a x - 1  was reduced in postcrior somitcs 

o d y  (Koseki et al.. 1993) whcrcas 1 found alterations of cobl  up to the t'orelimb. 

The cctopic expression of cobl  in the somites of TI+ and T W i s / +  embryos could 

be duc to an abnormal underlying notochord o r  to a r o k  for the T proteio in 

somitogenesis. The latter is already suggestcci by incornpletc somitogencsis in 

B r u c h y u r y  hornozygous cmbryos and by the lack of T ! T  ce11 contribution iû 

paraxial mesoderm in <T/T cells + wild-type cclls> chimeric embryos (Rashbass rr 

al . .  1991: Wilson er al.. 1995). Therefore in thcse embryos. a tlireshold of T activity 

requircd for somitogenesis rnay not have been rcachcd. 

These experiments illustratc how novcl gene trap markers can be used to 

investigatc specifiç cell lineages development o r  dctcct novel genetic interactions. 

Using the G r C l O l  insertion into c o r d o n - b l e u  to analyzc the B r c l c h y u r y  and 

Dunforth's  short-rai l  phenotypes  providcd novel d a t a  about  nodc ,no tochord  

formation. tail morphogcncsis and somite pattcrning. Thc  rcsults prcscnted hcrc 

also support previous reports suggesting that the nocie was altercd in Brachyury 

homozygotes. that the tail bud chordoncural hingc is cssential for tail growrh and 

rhat pattcrning of the sornites depends in part on  the  prcsence of an intact 

n o t o c h o r d .  
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CHAYTKR [;IVE : DISCUSSION 

During cmbryogcncsis of ri mctazoan.  important dcvslopmcntal gcncs arc 

espresscd in spccil'ic rcgions or tissues whcrc thcy act ris rcgulators ol' cmbryo 

prittcrning and organogcncsis. 1 have uscd gcnc trap vcctors and mousc ES ccils to 

idcntify and charrictcrize a novcl gcne showing a restricted pattcrn 01' csprcssion 

during crirly cmbryogcncsis.  Various rispccts and potcntials O!' the gcnc trap 

ripproach tiavc bccn invcstigrited. In ri large scrilc çcrccn. 303 indcpcndcnt 

insertion c\-cnts. activriting tlic gcnc trap vcctor in o .  wcrc assrivcd fo r  

csprcssion of tIic Il lc-Z rcportcr gcnc in  \si\-o in S .5  dpc chimcric c m b r ~ o s .  Tliirty- 

ninc crindidatc dcvclopmcntal gcncs werc idcntit'ied togcthcr with ri large numbcr 

ot' ubiquitously csprcsscd gcncs. 1 cliaractcrizcd t'urthcr one inscrtion and cloncd a 

novcl scnc. c o r d o n  - h i e  r c .  cxprcsscd in asilil structures during gastruIation. Tliis 

gcnc trap insertion was ~ I S O  uscd as  a markci- to anaiyzc tlic phcnotypcs O!' 

mutat ions in tlic Rrcr c l z y u r ~  and llcrnf*orth'.s shor t - t a i l  gcncs. 

1 will  now discuss tlicsc rcsults. thc potcntiril utilization of thcsc biological 

tools. and t'inrilly thc f'uturc cxpcrimcnts ncccssary to addrcss somc of' tlic questions 

tl i t i t  arosc L'rom tlic work prcscntcd hcrc. 

THE CENE TRAP SCREEN 

Thc pilot scrcen using spontancous difkrcntiat ion of' ES cclls in ~Sirro did not 

provide sufl'icicnt critcriri to prc-uclcct fo r  insci-tionï into gcnc witli rc.;trictcd 

pattern 01' csprcssion dur-ing ccirly cmbrjrogcncsis. Howcvcr. our prc-scrccn was 

r-atlici- CI-udc and one should not rcjcct the idcri of prc-sci-ccning ES cclls for tlic 

rcgulrition ol' rcportcr ccnc csprcssion following in  r-itro di t'fcrcntiat ion. Otlier 

pi-c-scrccns using more spccil'ic in \.irro di l't'ci-cntiation protocols succcss f'ully 

cnrichcd tlic pools of lincs testcd furtlicr for insertions into gcncs which arc 

dcvclopmcntally rcgulatcd in vi\w (in particulris. Forrcstcr ct al., 1996 1 .  

In our scrccn. thc chimcras dcrivcd from 167 ( 5 5 % )  ES ceil clones did not 

cnprcss 1ac.Z at ER.5 wlicrcris 97 (32%) sliowcd ubiquitous csprcssion and 39 ( 1 3 5 . )  

dis playcd a rcstricted pattcrn of' csprcssion, Howcvcr. thc scrccn was ccrtainly not 

fully csploitcd. Thcsc 39 inscrtions allowcci u5 to idcntil'y candidate dcvclopmcntal 

gcncs possibly involvcd i n  cmbryo pattcrning.  Dctcrmining t'urthcr the rolc 01' 

t l i c ~ c  gcncs howcvcr .  would have rcqu i rcd  thci r  clonin_r and molcculrir 

chriractcrization as wclI as the gcnctic analysis of thc poicntiril phcnotypcs crcatcd 



b! the insertions. Thc identification of mutant crnbryoi is still thc rnost convincing 

CL-idcncc t'or thc importance of 3 gcne product during cmbr:;ogcncsis. Gcncs tlirit 

rire ubiquitously c uprcsscd should not bc o\ .crloo kcd cit l ier .  In rhc scrccn 

pcrformcd by Friedrich and S o r i m o  9 .  t h  majority of rcccssivc cmbr.;onic 

Icthal mutations cor rcspondcd  to insertion into gcncs sl iowing widcsprcrid 

cxpression. Furthcrrnorc. the phenotype of gcnes that arc ubiquitouslt- c.'cprc.;scd 

can affect vcry spccific tissucs ( e .2 .  BTF3 in Dcng and Bchringcr. 1995). In our  

large scrccn. the classification of ernbryos into thc "ubiquitous" group was oftcn 

dccidccf aftcr an ovcrnight  staining. For practical rerisons. l ittlc arttntion was 

givcn to the rciativc lcvels of cxpression bctwccn dift'crcnt tissues and cxprcssion 

\vas not anrilyzcd in scctioncd cmbryos. Thc inscrtion H30I  ipifot scrcen) p ro~ , idcs  

;i good csamplc.  Expres i  ion rippeared ubiqui tous aftcr  r i r? ovcrnighr s taining: 

howcvcr. riitcr a short striining. c.cprcsïion in thc hcrid CNS was cicarlq strongcr 

and sections showcd that H201 was not evpresscd in endoderm. Thcrcforc. somc 

inscrtions inro gcncs with subtie restriction o t  csprcssion ma'; havc bccn wrongl- 

placcd into the "ubiquitous" ciass. Still. this scrtcn and others p v c  insighrs into 

the potcntial of g c n c  t rapping approrichcs and quggcstcd posui bilities fo r  

impro\.ing thc scrcc'ning utratc'gics or for riltcr-natitc uscs ot' trapping vcctors. 

P o t e n f i a l  of t r a p p i n g  appruaclres  

Thc potcntial to idcntify. clonc and rnutritc gcncs by the gcnc trap approx l i  

Iias bcen dcmonstrated b- dit't'ercnt scrccns c s c t  Introduction 1. Howcvcr. tIicsc 

diftcrcnt scrccning strtttcgics also rcvcalcd some ot' the rid\.antagcs anci drriwback\ 

0 1 -  the ti-tipping approrichcs. 

.-4tlr.trnrcr;l4.s O/' rhr rrtlppiriq «pprotrches 

There arc two main ativrintrigcs to the usc ai' trripping vcctors in thc mousc: i )  

inscrtion cvcnts can bc scIcctcd and scrccncd i n  ~ . i r r o  and i i )  thc xi-ccning 

utrritcgy may rcly o n  thrcc main criteriri: thc analysis of s c n c  cxprcssion. clic 

cloning ot' trappcd g n c s  and the dctcction of mutant phenotypcs. 

Thc possibility to prc-scrccn inscrtionï in r-irro via thc analys is 01- euprcss ion 

r thc dircct c lonin2 of trappcd gcncs prc\cnts important advantagcs ovcr  

mutation scrccn\ w h c n  one  wants to pcrl'orm large s ï a l c  cxpcriments o n  

marnmrrlirin c.cIls. First. mutation scrccns requirc tcsting thc cffccts ot' an inscrtion 

in ~ . i r . o  idwn thc othcr two approachcs can bc pcrt'ormcd i n  r.irro. Furthcrrnoi-c. 



the implcmcntation ot' bcttcr stratcgics controlî ing in  i-itro dit't'crcntiation 01' 

multipotcnt cclls will cspand thc scopc o r  dcvclopmcntal proccsscs which crin bc 

targctcd by future scrccns. Ncxr. il '  one wrints to isolatc any gcnc. mutation scrccns 

also bcar somc limitations. In  thc mousc. w m c  nuIl mutations into gcncs cxpcctcd 

to play an important dcvclopmcntal rolc rit cpcciîïc stagcs of dcvelopmcnt prcscnt 

no phcnotypc zit al1 or phenotypcs appcaring in unespccted timcs and tissues. In 

thc ycrtst S. ccrst,i.sitrc. 60% of gcnc disruption.; criuscd no cictcctablc phcnotypc 

at'fccting cc11 growrli and division (Gocbi and Pctes. 1986: Burns rr al.. 1994). Gcncs 

rire likcIy to cscapc a mutagcnic scrccn bccausc thcir t'unction is rcdunclrint o r  rhc 

plicnotypc is too subtlc to bc sccn during thc sci-een. lsolating gcncs on thc basis 

of thcir esprcssion pattern or by direct cloning circrrmvcnts ilicsc limitations. 

Howcvcr. i t  is casy to arguc that what dctcrrnincs tfic rcril importancc 01' a gcnc'\ 

product is the phcnotypc crcatcd by its disruption. Whcn t h i s  trlipping approach 

wrts sclccrcd. thc averrigc numbcr OS genc trap inïcrtion resulting in ri phcnotypc 

is comparable ro that obtaincd witli randorn gcnc disruption in ycast. 

Dror\.hcrck.s 01- rlw trwpping a p p r o n c h s  

Spec-i ficity o f  inseriion 

If onc wants to saturatc thc gcnomc with inscrtions. thc cl'i'icicnc>, and 

randomncss of such cvcnts arc important I'actors. Rccombincd rctrot.iruscs arc 

vcry ct'l'icicnt vcctors but may not integrarc totrilly ranciomly in the gcnomc. 

Rctrovirus d o  not intcgatc randomly in rhc gcnomc oi' birds (Shih rr al.. 1988) and 

probr tbl~ not in the mousc (RohJcwohlJ cr d.. 19S7: Schcrdin ci al.. 1 0  Bonncrot 

< s r  al . .  1992). In D .  nrc~ltinoqcr.srcr. thc 1' clcmcnt transposon hris .;orne prei'crcntial 

sites t'or insertion (Tsubota er (11.. 19135: Kcllcy C I  ci/. .  19X7) and tlic .;pccil'icity 01' 

insertion O!' thc H o h o  transposon is dil'l'crcnt t'rom thrit ot' tlic I' clcmcnt (Smith c r  

1 . .  9 In thc mousc. plasmid D N A  ma! not intcgratc completcly randomly 

cithcr (Suthcriand cl cri.. 1993: Maclcod et al.. 195) 1 ). Thc two indcpcndcnt gcnc trap 

insertions tliat occurrcd into thc L A R  gcnc in a rcliitivcly smrill sc r t cn  could 

rcpi-cscnt such a limitation (Skarncs cr a/.. 1995).  I t  is probably difficult to dcsign a 

iVcctor that would intcgratc pcrfectly randomly inro tlic mousc gcnomc. Howcvcr. 

i f  Jiffcrcnt approachcs arc uscd. thcy shoulci cornpensate cach othcr for somc ot' 

thc bias t h  thcy contriin. 

kiutcr,qenesis c~fficciency 

T h c  cfficiency of mutagcnesis is rinotlicr important issuc. Although tlic 

numbcr of inscrtions that crcated ri dctcctablc phcnotypc rit'fcctin~ embryogcncsis 



i36G;) ii.; comparable w i t h  rcsults from othcr rrindom rnutagcncsis ~ 'xper imcnrs .  

trapping vcctorï ma! not riIwaj.5 bc rclirible rnutagcnic agents. Bccause GT vccrors 

inscrt into inrrons. anothcr problem i the .;plicins around the inscrtion sitc 

S krirncs C I  d.. lC)9L:  G : ~ S C ~  er d.. 1995 ) also observcd with knock-out vcctoru ! blocns 

r i .  1 9 9 2 ) .  During niaturation of r n R S . 4 ~ .  an cndonuclcasc f'irst cuts transcriprs rit 

the po1y.A signal sites bcfore the addition of a poly-.A rail by ri terminal trrinsicrasc. 

Howcvcr. thc pcly-A signal sequence is not a strong signal in itsclf (Da?.  IYLIIi. 

thus increasin- the probability o f  splicing around the inïert prior to rbc curring 

ot' the RN.4.  Poly-.AT tcctors may proce to bc cven poorcr murrigcnic agents 

bccausc r h c ~  crin bc ricri~.atcd riftcr insertion into 3' untranslatcii rcgions. 

Reportet- ;.une e.rpr.es.3 ion 

Thc csprcssion pattcrn o f  the ccportcr gcnc docs not ri1waq.b ri't-lcct the 

csprcssion of' the disrupteci genc. The high stabilit>- ot' the fi-Ga1 rcportcr protcin 

ma- give h l sc  information about thc intcnsity and durrition of gcnc csprcïsion. In  

a more misleading casc. ri GT !acZ rcporter was on11 c~prcssccl  in the brain hcart 

and tcstis at'rcr inscrtion into the BTF3 gcnc which was know:n ro be ssprc'\;cd 

ubiquirou~I> (Deng 2nd Behringer. ! 9 9 5 ) .  

Poss ib le  r t l ç r n r  nt o d i j ï c a t i o n  

.A numbcr ot' \.cctor modil ' i~ations arc' ~ I S O  pos\;iblc tliat would improvc gcnc 

dttcction and induction O t' mutations. 

Gcne c~spre.s.sion ~ ~ r i d  iicrecrion 

I rnprowd ~I'L'icicncy af isolriting ES cloncs with g c n c - r r ~ p  intcgriirions in 

activc has becn achicvccf by Jevclopmcnt ot' tlic j3;lc.o gcnc-trap Lccrori. in 

~vhich c)5Ci of' G 3  L X K  colonics 

addition of a translri~ion initirit 

of the cnciogcnous protcin 

cxprcssing cloncs by at lcast 

the P - y a l u c r o . s i d ~ l s ~ .  gcnc by a 

rcpiicri plriting ctcp of thc 

show &Ga1 tictivity [.Friedrich and Soriano. IW l ). Thc 

ion scqucncc to thc I L ~ L - Z  gcnc m~tkcs i t  indcpcndcnr 

coding scqucncc and incrcases thc ircquenc- o i  

thrce-hld  (PT-3 in the pilot scrccn). Rcplxcmcnt  of' 

ecne that crin bc rissriycd in c.i~.o would elirninrttc the  
b 

scrccn. Onc candidate rcportcr gcnc is the grccn 
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Rctroviral vectors generally inscrt at the 5' end O!' gcnes and tticir inïcrtions 

arc lcss likcly to result in fusion protcins wi th  residuril rictivity. Introduîing in the 

trapping vcctor  sequcnccs that  promotc  re icasc  of thc R N A  polt.mcrasc 

downstrcrim 01' thc rcportcr s c n c  could prcvcnt transcription of .;equcnccs locritcd 

in 3' and tiius would dccreasc thc risk of .;p!icing rtround thc insertion. Ho~vc~ .c r .  

huch ïcquencc motifs have not bccn c i e a r l ~  iclentiiïcd. Anothcr uset-ul addition to 

tlic gcne-trap vcetor would bc the insertion of' scqucncc?; that respond to site- 

spccif'ic rccombinascs.  Addition of thcsc wqricnccs would allow manipulation 01' 

the locus whcrc inscrtion occurrcd to crcatc gcnetic mosaics. revcrtrints. or  plricc 

orhcr gcncy undcr the control of  the trapped cndogcnous promotel-. 

tViiat i s  t i te  best  trapping s t r a t e ~ v ?  

Thc results 01- gcnc trapping dcpcnd both on thc approach choscn and on thc 

tvpc 01' vcctor uscd, Thc approachcs var? rnostly with the type of targct cclis anci 

with the scrccning criteria defining potcntially intcrcsting insertion cvents. 

Evcn with improvcd trapping vcctors. thc ratc-limiting stcp o t  the .;crccn 

rcrnains the  production of transgenic miçc or thc c\;pression scrccn in chimcric 

cmbryos. Bcttcr ES cc11 lincs such as R I  ES cclls and irnpro\.cd tcchniqucs for 

gcncrating cliirncric cmbryos. such as  risgrc=ution hctwccn ES cclls and singlc 

c m b r ~ o s .  crin rcducc thc nurnbcr of  cmbryoï and the cf't'ort ncedcd ro gcnerate 

chirncr;~.; ( N r i g y  cl t  d.. 1993). .A rcduction in the nurnbcr ot' inscrtionï scrccned i rr 

i - i i * o  could  also bc achicved by prcscrecning ES cloncs t'or gcncs that h a ~ . c  ri 

liighcr possibility ot' being involvcd in Jcvelopmcn taI proçcsscs. For esamplc  

.;ubccllultir localization of tlic 0-grtlactosidase rictivit! could be uscd ris ri critcrion. 

Anothcr potentiril prcscrccn would take n c  o i  thc ribility 01'  ES cclls to 

Jil't 'crcntiatc spontancously cDoctschmrin rr c l / . .  1985). or in rcsponsc to growth and 

di t't'crcnt i a t ion  t'tic tors ( For rcs tc r  cr (il.. 1996: Bakcr ct czl . .  1997). In acfclition. 

systcrnatic rnolcculrir chrirrictcriz;ltion of' the tagzcd gcncs by R.4CE-PCR couIL1 

idcntify novc  l gcncs and candidate dcvcloprncntril gcncs (von  Mclc hncr rr c d . .  

1992). Tlicsc types 01' approachcs. couplcd with tlic induction ot' spccific ES cc11 

(Iit't'crcntirition prithways i n  vitro.  should nirikc large scrilc mutrigenic scrccns 

using trapping vcctors L'crisible in mousc ES cctls. 

Alterrraie uses fur  t rapp ing  vectors 

In i l. nrclorrogcrsrcr cnhrinccr trapl 'P-clcrncnt insertions havc bccn widely 



uscd to disrupt and isolatc novcl gcncs. and ro saturatc tlic gcnomc witli gcnetic 

markers (rcvicwcd by Sprxdling el rd.. II)!J5 ). Thcsc inscrtions also providc valuablc 

mrirkcrs to dctcct subtlc pattern dtcrarions in mutation scrccns. for ccll rrigging in 

mosaic cxpcrimcnts and thcy crin rcvcal novcl cclI types within :ipprrrently 

hornogcnous tissucs tc.g. in the D. rnclanogastcr olKactory lobes: Ricsgo-Esc'oc'ar C C  

al . .  1992: Yang cr a l . .  1995). Thc use of trapping insertion as gcnctic markcrs is also 

applicabtc to vcrtcbratcs. 

Insertions that d o  not al 'kct thc viability 01' the mousc can bc vcry uscf'ul Ior 

ccnctic studics. The ability to analyzc ccll lineagc in chimcric cmbryos is csscntial 
b 

to tlic understrinding of ccll  fatc and potcntial .  Thc  insertion ROSA-Llgco-26 

ubiquitousiy csprcsscs thc Jgeo rcportcr gcnc throu_ghout dcvclopmcnt and adult 

lifc thus providing ri marker cquivalcnt to the nuclcoli in thc avian chiçk:'quail 

chimcras s-stem ( L e  Douarin. 1969: Lc Douarin. 1973). sincc Rosa-26 carrying ES 

ccIIs c:!n bc uscd to producc chimcric crnbryos. Othcr inscrtions. marking spccific 

tissucs. couid aIso bc uscd to rinalyzc the cl-fccts ot' diffcrcnt mutations on specil'ic 

cc11 typcs (as tor GtC 1 0 1  in Chaptcr IV).  

In addition to t l ~ c  scportcr genc. GT i n c r t i o n s  could put othcr gcncs undcr 

thc conti-ol oi' endogcnous promorcrs. Thus. psotcini s u c h  ris thc Crc tSaucr and 

Hcndcrson. 1989) o r  FLP (Dymccki. 1996a) rccombinascs could bc cspi-csscd as 

"cditor" protcins in spccit'ic tissues and at spccifïc s tagcs ot' clcvctopmcnt. Thcsc 

proteins can promotc rccombination betwccn spccific targct scqucnccs locatcd in 

cis or in trans. Banks O S  cc11 Iincs or mousc strains with spccit'ic pattcrns ot' U-Gril- 

Crc cxpi-ession could bc gcncratcd usin3 trapping vcctors (Fig .  74 A ) .  T h c  most 

ct'ficicnt vcctor to gcncratc thcsc inscrtions would ccrtainl! bc an cniianccr ti-ap. 

s incc  ET.; givc tlic highcst  frcqucncy 01' act ivc inscrtion {sec Introduction).  

Howcvcr. il '  ;l scrccn 1'0s novcl trapping inscrtions is undertakcn. tlic use 01' ri gcne 

trap vcctor would concornitrintIy providc bcttcr tags for cloning thc trappcd gcncs 

and would gcncratc mutations more cfficicntly in thcsc gcncs (Fig.  24  A ) .  Tissuc 

spccit'ic Crc recombinasc csprcssion would ~ i l l o w  thc rccombination (csc i s ion  or 

inversion) 01' scqucnccs llankcd by thc Crc spccit'ic losP sitcs ("lloscd" scqucnccs). 

This approacfi lias iilrcridy bccn uscd to gcncratc ri tissue-spccif'ic mutation in the 

niousc (Gu cr d.. 1904). i t  could also bc uscd to rictivatc oncogcncs or tosins i n  

spccit'ic tissues (SCC Fig. 24 6). 



Fig. 24. - Diagram of possible cxperimcnts using trapping vector 

tools to gcncrate tissuc specit'ir cxprcssion of  Crc rccombinase. 

(31) Gcnc trrip construct activatcd toIlowing inscr-tion into gcnc ,4. Esprcssion 

of' thc J: c o  sclcction. rcportcr gcnc and the C r e  cditor gcnc is rcgulritcd by thc 

cndogcnous promotcr.  Wlicn insertion occurrcd into ri dcvcloprncntrtlly rcgulritcci 

gcnc. thc rccombinasc activity should bc rcstrictcd to speciKiç tissuc.; ancl r ime 

points. ( B I  Possiblc tarzct ~ c q u c n c e s  for the Crc recombinasc. Rcçombinrition w i l1  

bc targctcd to wqucnccs tlrinkcd by thc L o s P  sitcs ("floscd"): i t '  thc losP wqucnccs 

; ~ r c  in flic samc oricntrition. the Iloscd intcrvening scqucncc will bc dclctcd by the 

action of' tlic rccombinrisc. ( 1 )  In a conditional knock-out 01' gcnc B .  cson B: \vi l1 

o n l y  bc Jclctcd in cclls csprcssing Crc. ( 2 )  Dciction 01- the tloscd stop codons will 

snriblc tranxlrition of the gcnc C .  This ripprorich may be uscd to inducc tumor 

formation (ri) .  to selectiveiy ki l I  cc11 lincages (b) and for partial phcnotypc rcscuc 

(c). 

.-\ h h r c t - i a r i o n s :  Ll~co: fi-grilrictosidasc:'ncom'ç in I'usion zcnc: E: cnhanccr: IRES: 

intcrnaI ribosomc cntry sitc: P: promotcr: pA: poly-ridcnylation signal: S A :  splicc 

acccptor sitc: SD: splicc donor sitc. 
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Future studies  

in the g n c  trap wrccn prcscntcd in Chaptcr 7. wc idcntit'icd gcncï by tlicir 

pattern o f  csprc5sion in 8.5 dpc chimeric cmbryos. Furthcr anrilÿscs could t'ollow 2 

rtpproric hcs: the gcnctic study of tlic possiblc phcnotypc rcsult  ing i'rom tlic 

insertion and the cloning and molcculrir cliaractcri~rition ot' tlic trappcd gencs. 

Thc gcnctic rinalysis. cvcn Iimited to the 36 dcvcloprncntally rcgulritcd gcncs. 

~vou id  pose ri numbcr ot' t'casibility problcms. Onc would Iirivc to gencrritc gcrmiinc 

cliimcrris t'or c;ich ot' the sclectcd ES ceIl lines. wliicli wouId rcquirc consicicrrible 

brccding .;pacc. I t  wouId requirc tlirit the ES ccII clone.;. sonle 01'  rlicrn gcnt'i-3rd in 

IWO. havc conscrvcd rlicir totipotcncc !.or rhc coloni~rttion of the  gci-mlinc. FinriIl' 

thc ;1~.c'ragc riurnbcr 01' gent rrap insertions into p a t a  rcgulatcd scncs that 

rcsult in a rcccssivc embryonic lcthal mutation i.; too low to justit'y this cipproliçh- 

.Al1 thcsc potcntiaj cfrnwbacks do not makc this ripproach vcry attractive r i t  tfiis 

point ot' thc scrccn. Thc cloning o f  tlic trappcd gcnes would ccrtriinly rcprcscnr 

rlic satCst ripproxh to cIiarriçtcrizc furthcr thcsc inscrt ions. For cricli donc .  onc 

ivould only nccd thrit tlic ES cclls still csprcss rlic rcportcr gcne. wlicrhcr or not 

the- conscrvcd thcir totipotcnic. Tlic cloning could use 2'-RACE-PCR. whicli is rlic 

most currcnt strritcgv ro clonc trrippcd gcncs. H O W C V C ~ .  0f11cr appror icf i~s  arc rilso 

possiblc: RN.4 iamplc\ t'rom al1 tlic cloncs undcr study could bc pooled 10 makc 3 

cDNX librriry primcd with a IucZ spccific oligonuclcoridc t l u t  sliould onl) rillow tlic 

cloning ot' fusion transcript scqucnccs. cDN.4.i corrcsponding ro L'uiion irrinscripts 

could bc idcntificd bccrrusc the? would ail conrriin thc En-2 cKon scqucncz 

upstrcrim ot' I l iL -2 .  Each uniquc clone. could bc rinri1y~c.d bc Nortlicrn blor o r  b!: 

wholc-mount i n  5itu t i~ .b r id i~a t ion  rit ES.3 ro marcfi i t ï  csprcïsion pattern wirli onc 

p i n  inscrrionï.  

C e n e  t rap  markers  

Oncc the locus carrying the GT inscrtion 01' intcrcst iiris bccn brickcrosscd into 

a mutant strriin. dcrcction o f  thc markcr e'cprcssion is tcchnically vcry cris? (most 

GT vcctors carry thc iucZ  rcportcr gcnc). Dctcction 01' &Ga1 activity is I'rist and vcry 

scnsitivc in wholc-mount crnbryos up to thc $trige El2.3. Luc2  is ri ver- good markcr 

t'or gcnctic rinrilyses whcrc t'cw murant cmbr-os c m  bc gcncrritcd. Furtllcrmorc. 

thc U-Ga1 cn/.ymritic acrivity crin simplit'_v the signal givcn by gcncs csprcsscd at 

low levcls. In this study and in prcvious studics whcrc tlic G r C I  (I I inscrrion was 



uïccl as a markcr to analyzc mutations in thc H ' V F - j f l . G A 1 ' .  S H P - 2  and Gl i7  gcncs 

( A n g  and Rossant. 1994: Hcnkcrncycr cr ai.. 1995: Saston cr d.. 1997; Ding LV d-. 

.crrhnr i : r r  ti }. thc inscrtion was innocuous to t l ~ c  dcvclopmcnt 01' control and murant 

crnbryos. In anothcr study 01' thc Brachyury phcnotypc by Wilson and CO-workcrs 

t 1995). 4 gcnc trap inscrtionï that cxprcsscd thc l t r c Z  reporter gcnc ubiquitously 

u crc gcncratcd tic nol-o in BTBR Ti 7 and BTBR Ti + ES cclls. Thcy clid not altcr tlic 

dcvcIopmcnta1 potcntial o f  the cclls  nor did  thcy intcrfcrc with thc ceII t'atc 

rcsulting from the T mutation. 

T arzd Sd n r z a ~ s i s  witfr GtCIOf 

ln tlic srudy ot' thc H r ~ i c h y u r !  and I ) a n / i > r ~ t i ' s  .sliori rr~il  mutants. I rilso 

cornparcd tlic plicnotypcs obscrvcd in tlic prcscncc o r  abscncc ot* tlic GtCIOI 

inscrtion. In  al1 cascs no Jit'fcrcncc couId bc obscrvcd accorcfing to the scnotgpc rit 

t h c  c o h l  locus cxccpt for thc intcnsity o f  fi-gal iignal. Thc GtC I O 1  GT insertion 

thci-cbrc x t c d  cis a ncutral gcnctic markcr for the phcnotypic anal>-sis oi' thcïe 

m u t a t i o n s .  

This markcr was clcarl j .  usciui in thc iclcntil'ication ot' c a r l ~  dct'cct\ in 

l i c te ro~ ,ygous  and homoxygous Brachyi i r? .  and S d  mutants. I t  provides more 

cvidcncc ~uegcs t ing  that nodc dcvclopmcnt is aficctcd in Brachyury mutants. This 

dcl'cct is unlikciy to involve thc gcncral cc11 movemcnt dct'cct proposcd to cxplain 

t hc Brac h yury phcnotypcs  (Wi lson  er al.. I C)?3 1 but couid indicatc plittsrning 

dcl'ccts in thc primitive strcak.  This altcrnritc. or  additional. csplanat ion is 

supportcd by the chordoncural hingc pattcrninz dcf'ccts t'ound in thc tail bud of 

Iictcrozygous cmbryos. I n  Sd mutants. the t'ormation of' the notocliord ratttcr tlian 

solcl-. its maintcnancc is altcrcd thus supporting thc unification modcl proposcd 

by Grüncbcrg ( 195s). 

Ttic mriintcnrincc o i  cohl  cxprcssion in thc Brricliyury T ' T  homo/,ygous micc 

clcarly indicatcd that i t  did not rcquirc tlic prcicncc oi' ilic T transcription factor. 

Early csprcssion ol' co l11  occurrcd indcpcndcnrly in thc 3 gcrm Ia>,crs. tlius 

ihowing tliat coh l  docs not inducc its own csprcssion trom onc tissue to anothcr. 

but is probably induccd by pattcrning gcnes. Tlie csprcssion pattcrn of' ' - ,>hl was 

clcarly altcrcd by thc cl'l'ccts o f  thc mutations on thc c lc~~ctopnicnt  01' thc 

notochord: in tissucs such as thc t b o r  plate and the somitcs thc patternin? action 

01' an intact notocliord is rcquircd for induction oi' cohl csprcssion. 



F u t u r e  s tudies  

Further analyses couid use [TLC".' + 1. [TU.(.' Tw" 1. [SU'. + 1 and [Sd Sd 1 GtC 1 O 1 GtC I O  1 

ES ceils to tcçt thcir dtlvclopmcntril potential whcn cornpcting with wild-type cclls 

in chimcric embryos. Thcsc studics ha tc  aIready bccn pcrt'ormcd t'or the T 

mutation t Rashbass er c d . .  199 1 ;  Wilson CC CI!.. 1993: Wilson et ni.. 1995 1. Thcsc anaI>scs 

t'irst rcquirc thc cst;iblishmcnt of ES cc11 Iincï crirrying thc propcr gcnot>pc. [ n  

the case ot' the S d  mutation. the gcnotypc ot' such cc11 lincs could only bc  inl'crrcd 

bq' thc phenorypc O( ciiimcric crnbr>os crirrying ri Iargc proportion ot' thcm. Thcsc 

ES ceIl lincs could help r i s  to invcstigatc furthcr thc plienotypc of' thc S d  mutation 

and answer the t'ollowing questions. 1s there an? rcscuc 01' mutant cells by wilcf- 

type ccils or is the mutation ccll-autonomous'? What is the rclationship bcrwccn the 

notochord and urogcnitril dcfccts in  SJ mutant embr).os'! What is the potentiril 01' 

Sd Stl  ES cells to colonizc the urctcr or the k idnc~s ' l  

Thc anaIq'\is o f  the GtC101 gcne trrip inscrtion Icd to thc idcnriiicrttion of ri 

novcl gcne. namcd c o r d o n - h l c r t  because of its csprcision pattcrn in thc cmbr>,onic 

axis. Thc cspression pnttcrn of c o b l  is strikingly \imilar to that ot' H.VFj- /J '  anci S h l i  

which hate  bccn shown to play cssentiril rolc' in thc t'ormlition of the nodc 2nd 

Jor-\o-t.cnti+ciI prittcrning 01' thc e m b r ~ o  rc.;pc.ctit.cI> ( A n  anci Ro.;s;int. 19q-l: 

LVc instci  n C I  c d . .  1994: Chiring rr al.. 1996). Howcvcr.  rhc GtC I O  I inïcrtion d ~ c i  not 

crtusc an' phcnot>.pc. Thc production ot' thc t-usion transcripr ihould rc.iult in the 

production oi' ;i non-t'unctional rruncatcd Cobl  protcin L ' U S L ? ~  to L x Z .  As thc GT 

vcctor insertcd into an intron. thc wild-t_ç.pe prottlin t a n  stilI bc produccd kvhen 

transcription continues throughout the vec tor-containing intron and spiic ing 

rcmovcs the intron contriining the G T  inscrt. In this crise and i f  cnough wild-t1.p~ 

protein is made. thc potcntial phcnotypc of the mutation ma- bc rcscucd. In rhc 

case of  thc GtC101 insertion. this situation is suggcstcd by tlic dctcction ot' wiid-t'pc 

cohl R N A  in homo~ygous  ES cclls. Howcccr. othcr csplrtnations arc possible. The 

truncatcd Cobl pcptidc mriy stiil f u l î ï l l  thc normal t'unction of thc cntirc protcin. 

The I'unction 01' coh l  could bc rcdunciant with that of  anothcr gcnc. Thc knock-outs 

01- the . \ !JO 11 anci nryj ' -5  - crnes providcd good c\.idcnce o r  the c.uistcncc ot' 

t'unctionril rcdunciancy in  the mousc (Rudnicki er al.. 1993). Thus thc function ris 

wcll ris tlic importance ot' cobl  in thc nodc and risis formation proccsscs rcrnain ri 

conundrum. Howcwr. the dcgrcc of conscrvrition bccwccn thc mousc and human 



cobl wqucnccs supports the idca that Cobl's function is Important. Otlicr nodc 

spccific gcncï such as n o :  ? i n  (Smith et ai.. I993b). E c k  tChcn et c d . .  1996) and 

c.lir>rdin (Sasai rr ai.. 1994) have bccn c l iaractcr izd  in vertcbrrttcs. Howcvcr. cipart 

from the essential roic of HNF-38 in the node. littlc is known about thc tiicrarchy 

of the genetic componcnts controlling node dcvcloprncnt. 

Co h l ' s  csprcssion pattern indicatcs rwo possiblc cf ircctions for spcculations on 

rhc pIausibIc funçtions for c o h ; .  Firït i r  is alrnost csclusivcly csprcsscd in 

epithclial i c l l ~  tvhcrc i t  could bc important ['or tlic archirccrurc 01' thc cclls: rliis 

coulcf involcc a rolc in tiic clasticity O!' cclis t i r  is cnprcsscd in thc notochorci. 

chondrocytcs and rhc sk in )  o r  ri morc gcncral ka tu rc  of cpirhclial tissucs sucl-i as 

ccil adhcsion propcrtics. Howcvcr. thc important domains of c'rprcssion t'ound in 

the CXS aftcr mid gestation arc not complctciy compritiblc with thcsc hypothescs. 

Anothcr possibility is that c o h i  is involvcd in ceIl sccr~?tion mechani.;rns in the 

CIiS. Cohl i~ cuprtlsscd in i n i n  rissucs ( t h e  notachord. the I'loor pla te .  

cliondrocl; tcs ! ancl in cpithelial  structures ( the gut. the tonguc. rhc oI t'actor). 

cpithclium and the i k i n )  thrit arc thc ccntrc 01' imporrrinr wcrctor). proccssc.;. 

The sub-ccIIular localizrition of cobl in tlic c._vtoplrtsm and. o r  thc nuclcus also 

Icrivci multiple options rcgarding thc Icvcls rlt which cobl mriy bc acting t i.c. ciocv 

cobl L'unction lis a transcription rcgulator in thc nuclcus. or  lis structural or  

e n ~ ç m r i t i c  clcmcnt in thc nuclcus o r  ctoplasrn '!  ) .  Only direct I'unctional \;ruclics 

will bc able to rcsolvc thcsc questions. 

F-rtncrionui c i n ~ ~ i ~ . v i . i  

Thc ncxr priority should bc to dctcrminc the' t'unction ot' the L-oh1 zc'nc. 

Functionltl anal'-scs couid bc pcri'orrned in rhc mousc by targctzd knock-out 01' tlic 

~ ' o h i  genc or in thc frog by injcction of the c o h i  CDS.\ into S c ~ t n p l r s  I c r i ~ i - i s  cggs. 

Onl! the making ot' ri rcal nul1 allclc 01' the C-oh/  gcnc wi l l  dctcrminc ~vhctlicr 

its t'unction is n c t d c d  dur ing mousc dcvcloprncnt. Tcirgctccl muta_«cncsis Sc- 

I-iomoIogous rccombinrition is now a standard genctic technique in thc mouse. To 

knock-out thc  oh/ gcnc howcvcr. it will  bc nc-ccssar> to L'irst cionc its gcnornic 

scqucncc in ordcr to build a targcting vcctor. 

Soinc gencs arc 3bIc to inducc thc ïormation oi' sccondciry axis or to rcscuc 

as is  formation in S. Icrcvis crnbryos f'ollowing thcir injcction into normal or 

vcntralizcd ergs. rcspcctivcIy. This typc of asmy lias bccn widcly uscd to dctcrminc 



i l '  novcl gcncs arc involvcd in the controI of asis t'ormrition in i.crtcbratcï. Thc full 

Icngth cDNA is rilrcrrdy rivailable t'or injection into t'rog cggs. Mouse node proteins 

havc bccn shown to bc ablc to inclucc scconcfary riscs in X. lciei-is t Blum el d. I992!: 

tlicrcl'orc. tlic t'rog c n h l  gcnc may not h a t c  to bc cloncd for th i s  cspcrimcnt i t '  

mousc Cobi is able to i'unction in rimphibian embrqos. 

Srrrtcrurol unrt lys is  

Thc cloning of' tiuman cohl  sequcnccs rilrcady allowcd the identit'ication ot. 

protcin domains thar appcar to bc more conscrvcd betwccn the two spccics. Thc 

conucrvation ot' such domain5 ma; mark structural or  functionril conïtrrrint.; and 

prcsumably inclicarcs important fcritures i n  ri protcin. Thc complctc scquencing 01- 

thc human coh i  gcnc and clonin2 ot' c o h l  homologues t'rom othcr spccics should 

strcngthcn this t v  pc of analys is. Furthermorc. othcr specics ma' possess protcins 

çontaining spccil'ic domains of cohl  o r  carry mutations rit ioci c o r r c c p o n d i n ~  to 

coh l  homologues. thus ticlping thc study 01' cohl t'unçtion. 

Another important conscqucncc ot' a protcin's .;truc turc is its sub-ccliular 

locrilizrition. 1 showcd prcviously rhat thc Cobl fi-Ga1 protein could bc locaIized to 

thc nuclcus: hou.evcr. thcrc is ri possibilit> t l i r i t  i t  is an artifact duc ro thc structure 

01' tlic chimcric Ïusion protcin. Thc Cobl prorcin cncoded b>. thc t'ull-lcngrh cDN.4 

crin bc uscd to raicc rinti\crum. This  rintiserum should bc usct'ul to dctcrminc 

urlicthcr nati~rc Cobl is also found in thc nuclcus and to rinal>.x morc complctely 

the csprcss ion pattcrn O t' c o l ~ l .  

E-rpression srrtd~ 

. gcnc's csprcssion pattern is anothcr source 01' int'ormririon l'or the 

unrrivcling of its function. First. the immunohistochcmicri1 anal>-sis ivould inclicritc 

i t '  ivild-typc Cobl dctcction matches thc domriin\ rc\.calcd b >  the Cobl 1;-Grii fusion 

protcin. In rrnothcr gcnc rrap insertion into the H T F 3  gcnc. thc cuprcssion pattcrn 

01' t hc  Itrc-Z reporter gcnc is restriçted to thc brliin. hcrirt anci tcstis and ciocs no[ 

rctlcct thc csprcssion of thc disruptcd gcne whicli is csprcïscd ubiquitousl'. (Dcns  

and Bchringer. 1995). 

Esprcssion of cohl  bcyond E12.5 bccorncs much more complcs and wris not 

c s w n s  ivcl) .  analyzcd. For csamplc.  esprcssion in  thc CNS appcars quitc c i~namic 

!'rom El 2.5 and al'tcr birtli. and ma" rctlcct important rispccts of ' - o h /  function in 

bt-riin and $pinal cord cfcvclopmcnt. 



Murtz,qeniç screcJn nroztnd rlte GiCIOl insertion locus 

A gcnctic tipproach triking advantrigc ot' thc gcnc trrip inscrtion could bc uscd 

as an altcrncitivc stratcgy to charlictcrizc the t'unction ot' c o h l  and other linkcd 

gcncs on chrornosomc I f .  Bccausc cxprcssion of' Cobl:'IJ-Grtl is obscrvablc in skin 

biopsics (rom birth into adulthood. it is almost as conspicuous as rin cstcrnal trait. 

Furthcrmorc?. its c ~ p r c s s i o n  is distinguishablc bctwccn h c t c r o z y ~ o u s  and 

tiomo;.~gouï tissues. I n  spcc it'ic c hromo?;omal rcrions carrying cas i l y  dctcc tcd 

markcrs. mutrigcncsis scrccns wcrc dcsigncd thrit rillowcd thc identification 01- 

novcl mutant alleles (Shedlovsky et al.. 1 9 X X :  Rincliik et cd . .  1990: Rincliik ct CI/.. 

1994). In the scrccn prescntcd in Figurc 25. 1 proposc ri stratcgy inspircd by tl-icsc 

rtut1ioi.s. thrit would rillow t'or a rapid sclection ol' mutations aftccting gcncu linkcd 

to the C O / )  / I O C U S  on chrornosomc 1 1 .  This scrccn woulci rcquirc a minimum 

bi-ecding timc and spacc. Micc a i n  radiation induccd Jclct ions ovcrlapping 

thc c o h /  locus. coulri bc idcntificd in thc f'irst gcncration ( G I )  by the lack 01- 13-Gril 

rictivity (Fig. 25 A ) .  Only sclcctcd animal $trains woulcl nccd to bc brcd to the third 

ceneration to rinalyzc tlic phcnotypcs associritcd witti the dclctions (Fig. 25 A ) .  .A - 
second scrccn. using chcmical mutagcns such as N-cthyl-N-nitro5ourca iENC;). and 

targctcd ta the samc rcgion ot' chromosomc 1 1  cou1ri isolritc point mutations or smrill 

dclctions aft'ccting one locus at a timc (Russcll ct d.. 1979). Tllc Iat-gc'it dclction 

~encra tcd  ir. the t'irst scrccn wouId thcn bc uscd to idcntit'y Icthal mutations in thc 

sccond gcnct-ation tG2. .;cc Fi-. 25 B). . 

T i  type o t  ïcrccn would bc thcorcticrtil~. poïsiblc L'or an' othcr gcne tr-ap 

inscrtion wlicr-c a b i o p i ~  Ior / a c Z  cspscssion is pou.iiblc (c.g. gcnc tr-rip inscrtion 

csprcssing / u c Z  in blood cclls). 



Fip. 25. - Forwàrd genctic scrccn using the GtCIOI insertion as an 

anchor locus to dcttct mutations in  c o h l  and in adJaccnt loci on 

chromosomc 1 1 .  

( A  ) Scrcen l'or radiation-induccd Irirgc dcle tion. Candidate m icc possibly 

carrying a dclction c n c o m p a s s i n ~  thc GtClO1 locus can bc idcntif'icd in thc i'irst 

gcncration ( G  1 )  by the Iack of B-Gal csprcssion in taiI biopsies. Only thc potcntial 

mutation carrier strriins nccd to be brcd to G3 to identif? reccssivc cmbryonic 

Ictliril dclction.  ( B )  Sccondacy scrcen t'or point mutations (using 5-cttiyI-N- 

nitrosourca. ENU. as a mutrigcn) thrit arc not complcmentcd bu dclction allclcs at 

the c o h l  locus. Potcntial carrier. hctcrozygous for rcccssivc crnbryonic Icthal 

mutations. will bc idcntit'icd by thcir lack of G2 lacZ ncgative progcny. 

.4 hbrer. iar ions: cohl: c o r d o n - b l e u :  cohl - lncZ:  Gr C I  O 1 allelc driving (3-Ga1 csprcssion 

in  thc 5kin: ENC: N-cthyl-N-nitrosourca; A inciicatcs a dclction crirrying allclc; ' 

indicrites ri point mutation carrying allclc: chromosomes rire rcprescntcd bu a 

wliitc bai* or b~ ri bltick bar whcn carrying an ricti\:c lcrc-Z rillck. 
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