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Abstract

Splotch (Sp) is a semidominant mouse mutant which maps ta the

proximal portion of chromosome 1 and is phenotypically expressed as a
pleiotropic defect during neurogenesis, resulting in spina bifida, exencephaly

and dysgenesis of neural crest ccli derivatives. T 0 identify the aberrant

gene underlying the defects observed in the Sp mouse mutant we initiated a

positional cloning strategy. Our preliminary efforts were directed at
establishing the boundaries of a deleted chromosomal segment found in the

SpT allele, using nine gene probes that were assigned ta that region of

chromosome 1. Four of these genes,vil, Des, Inha, and Akp-3, spanning a

genetic distance of approximately 15 cM, were found ta map within the SpT
deletion. In order ta further delineate the subchromosomal location of the

Sp gene, the proximal segment of mous!;' chromosome 1 was saturated with

microclones isolated from a library of microdissected genomic fragments

generated from this region. An additional eight markers were found ta

map within the confines of the SpT deletion.

During the course of this work a member of the paired box gene

family, Pax-3, was described as a candidate for Sp. The striking similarity

between the tissue distribution of Pax-3 mRNA in normal developing

embryos, and the neural structures affected in Sp mice, tagether with the

chromosome 1 location of Pax-3 led us to examine whether Pax-3 was

mutated in three alleles at this locus SpT, Sp2H and Sp. The entire Pax-3
gene was determined to be deleted in the SpT allele. Analysis of genomic
DNA and cDNA clones constructed from RNA isolated from Sp2H/Sp2H
embryos identified a deletion of 32 nucleotides within the paired type

homeobox and is predicted ta produce a truncated protein as a result of a

newly created termination codon at the deletion breakpoint. The original

Sp allele was also characterized and found ta contain an A ta T transversion

at position -2 in the third intron of Pax-3 which abrogates the normal

splicing of this intron due ta the 1055 of its natural 3' splice acceptor. Taken

tagether, these studies indicate that the severe defect in neural tube

formation detected in Sp and its allelic variants is linked ta the inactivation

of the paired box gene Pax-3, and provides direct genetic evidence of a key

role for Pc:;:ç-3 in normal neural development.



•

•

11

Résumé

Le locus Splorch (Sp), situé sur la partie proxim'lle du chromosome \

de la souris, est lié à des mutations semi-dominantes qui entrainent un

phénotype pléiotropique lors de la neurogénèse. On observe chez les souris Sr
une malformation de l'axe neural avec exencéphalie, spina bifida et

malformation des structures dérivées des cellules de la crête neurale. Nous

avons initié l'approche du clonage positionne! afin d'identifier le gène

mutant associé au phénotype observé chez les souris Sp. Notre premier

objectif était d'établir les limites du segment chromosomique délété chez le

variant allélique SpT, en utilisant neuf marqueurs génétiques préalablement

localisés dans la même région du chromosome 1. Quatre de ces marqueurs,

provenant des gènes de la villine, la desmine, la sous-unité a de l'inhibine et

la phosphatase alkaline placentale, et couvrant une distance génétique de 15

cM, ont été localisés à l'intérieur de la région délétée chez SpT. Pour mieux

cerner le locus Sp quant à sa localisation subchromosomique, nous avons

saturé la région proximale du chromosome 1 de marqueurs génétiques,

provenant d'une librairie préparée à partir d'un fragment d'ADN obtenu par

microdissection de la même région du chromosome 1. Huit de ces

marqueurs ont été localisés dans la région délétée chez SpT.
Au cours de ce travail, Pax-3, un membre de la famille de gènes

'paiTed box', s'est révélé être un candidat pour le locus Sp. La similitude entre

les tissus affectés cllez Sp et les tissus où l'ARN messager du gène Pax-J. :st

exprimé chez les embtyons normaux, de même que la localisation du gène

Pax-3 sur le chromosome l, nous ont incité à tester si ce gène était altéré

chez Sp et les deux variants alléliques, SpT et Sp2H. Nous avons d'abord

déterminé que le gène Pax-3 était entièrement délété chez le variant SpT. Par

la suite, l'analyse de clones d'ADN génomique et d'ADNe du gène Pax-3
produits à parti{Be l'ARN isolé d'embtyons homozygotes Sp2HfSp2H, a

permis d'identiCer 'une délétion de 32 nucléotides à l'intérieur du domaine

homéo de type 'paired', entraînant la formation d'une protéine tronquée,

privée de sa partie COOH-terminale. Finalement, une transversion d'un A

pour un T à la position -2 du troisième intron de Pax-3 a été décelée chez les

souris Sp. Cette transversion cause une anomalie au niveau de l'épissage

normal du gène, causée par la perte du site accepteur d'épissage à l'extrémité

3' de l'intron 3.
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L'ensemble de ces résultats démontre que la malformatiùn de l'axe

neural observée chez les souris Splocch est liée à l'inactivation du gène 'paired

box' Pax-3 et établit de manière évidente que ce gène a un rôle déterminant

lors du développement normal du tube neural.
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Objectives of the Presented Work

Neural tube defects in human populations have a considerably high

incidence wim respect ta other genetic defects, yet litde is known about

their etiology. Almough heritable and environmental factôrs have both
been implicated in the cause of these defects, the actual genes and

environmental agents have remained virtually elusive. To gain insight into

me pamogericity of neural tube defects and ta better our understanding of

me neurulation process in general, we have initiated a positional cloning

strategy to identify me genetic determinants which when mutated give rise

ta neural tube defects.

As a result of the heterogeneous and multifactarial nature of human

neural tube defects and me difficulty in mapping such complex traits in
human pedigrees, we decided ta utilize the large number of single gene

mouse models of human neural tube closure defects to fulfill our task. Once

me particular mouse gene is cloned we will exploit me high degree of

homology between me genomes of mice and humans ta clone the

corresponding human gene. We win men be in a position to determine

whemer mutations in the human homologue result in a comparable

phenotype ta mat of me mouse mutant.

To inaugurate our strategy, we embarked on a positional cloning
approach ta identify me molecular basis underlying me defects observed in

the splotch (Sp) mouse mutant. Armed wim a large interstitial deletion on

mouse chromosome 1 encompassing several genetic loci including Sp, a

region specifie library of microdissected clones spanning this chromosomal

segment and a panel of intraspecific backcross animais segregating the Sp
phenotype (in collaboration wim F. Mancino and 0.0. Trasler, Deparrment

of Biology, McOill University) we set out ta define a minimal candidate

interval wimin which the Sp gene would be conrained. Once a reasonably
small genetic and physical interval flanking the Sp locus is delineaœd, this

candidate region could men be screened for transcribed sequences. The

likelihood of these rranscripts being equivalent to me Sp gene product wouId

men be assessed by 1) comparing meir individual expression patterns with

me tissues affected in homozygous Sp embryos and 2) examining me

integrity of me candidate transcriprs in me various Sp alleles.
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1. The genetic control of human neural tube defects

1.1. Introduction

Congenital malformations of the neural tube, known collcctivcly as

neural tube defects (NTDs), comprise some of the most common forms of

defects observed at birth (Bergsma 1979). NTDs are the second most

common cause of perinatal death (the first being heart defects) in the

United Kingdom, accounting for approximatcly 15% of perinatal

mortalities (Office of Population Census and Surveys, 1985). The

prevalence at which NTDs are recognized, although varying geographical1y

and racially, is 1 in 1000 live births (Edmonds and James 1990).

Clinically, NTDs are c1assified according to the location of the lesion

in the neural tube, the mechanism by which the defect arises, and the stage

of development at which it occurs. These distinctions are important because

they relate directly to the cause of the defect. In order to categorize an

NTD according to these criteria it is important to briefly outline the normal

process by which the primordium of the central nervous system is formed.

This process, known as neurulation, occurs during the third and fourth

weeks of embryogenesis and is divided into two stages, primary and

secondary neurulation (Muller and O'Rahilly 1987). Primary neurulation

is initiated upon the induction of the embryonic ectoderm by the underlying

notochord and paraxial mesoderm to form the neural plate which runs

along the anteroposterior axis of the developing embryo. The edges of the

neural plate, the neural folds, begin to elevate until their apices are apposed.

Fusion of the neural folds then occurs along the dorsal midline. Cranio­

caudal variations in this process gives rise to the complex formation of the

brain and spinal cord. Secondary neurulation results in the canalisation

through a group of tightly packed mesenchymal cells to form the neural

tube at the caudal extremity of the embryo (Copp et al., 1990).
Defects arising during the process of primary neurulation often

result in open neural tubes. A congenital fissure of both the skull and spinal

cord results in craniorachischisis. When the anterior neural tube in the

region of the brain fails to close, degeneration of the exposed nervous tissue

ensues and results, in the case of anencephaly, in the absence of the cranial

vault. An open lesion anywhere along the spinal axis in which there is
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protrusion through the defect of a cystic swelling involving the meninges
(meningocele) spinal cord (myelocele) or both (meningomyeloce!e) is

generally known as spina bifida cystica. If these lesions occur at or above

the level of the posterior neuropore, coinciding with the second sacral
vertebra, (the final point of closure along the neural tube) then they are

considered primary neurulation defects (Lemire 1988). If they occur below

the level of the pnsterior neuropore then they are considered secondary

neurulation defects. It is essential to distinguish between the two as the
mechanisms of origin are entire!y different and therefore, may be causally

distinct. On the other hand, the disruption of certain cellular events

cornmon to both processes may explain why both types of lesions are

sometimes found segregating in families or even in the same individual·

(Campbell et al., 1986). Defects which are thought to occur after the

c!osure of the neural tube such as: spina bifida occulta, iniencephaly,

encephaloce!e, and hydrocephaly, are also often considered causally distinct

from those NTOs that arise before c!osure (Lemire 1988).

Presently, no single factor may be deemed responsible for the

majority of NTDs, however, both genetic and environmental components

have been implicated (for a review see Campbell et al., 1986; Copp et al.,
1990). A generally accepted hypothesis stipulates that malformations of the

neural tube oceur when an embryo's underlying genetic and environmental

risk factors surpass a tolerable threshold, known as the multifactorial

threshold mode! (Carter 1976). However, in sorne instances single mutant

genes segregating in Mendelian fashion may be enough to predispose the

embryo to insult, for examples of such refer to McKusick (1990) (182940,

206500, 301410, and references therein). A single teratogen, acting at the

gene or protein level, may also suffice as a cause in the mal-development of

the embryo (Copp 1990). These represent only a few of a variety of models

that have been proposed to account for the high incidence ofNTDs. Others

which have been proposed such as chromosomal anomalies (Byrne and

Warburton 1986), although frequent in spontaneous abortions, constitute

only a small proportion (=1 %) of NTDs at birth, while other models

implicating components in maternai cytoplasm (Nance 1969) and uterine

interactions (Carter 1974) are not weil supported.
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The ultimate aims in identifying the responsib1e agents causing

NTDs are twofold. First, it should allow for the design of a means ta

prevent the malformations from occurring. At present, embryos with

NTDs are effectively recognized in utero by ultrasonography, by screening

pregnant mothers for clevated levcls of maternai serum alpha-fetal protein,

or bath (Wald and Cuckle 1977; Brock 1983). Parents are then offered the

option of selectively terminating an affected pregnancy. A far more

preferable scenario would be the outright prevention of the NTD. True

prevention relies on identifying the gene(s) which contribute significantly

to the embryo's liabiliry for the NTD. Once these genes have been isolated,

parents may undergo genetic screening to identify those individuals at risk

of cor.ceiving an embryo with an NTD. Potential therapies involving gene

product replacement may then be carried out before or at the time of

conception. Second, the identification of mutant genes which cause NTDs

will provide a better understanding of the molecular and cellular events

required for the normal process of neurulation to occur. Identification of

these genes will provide a direct means to investigate the effects of potential

teratogenic agents on their function.

The purpose of this review is to provide the reader with an overview

of the evidence from a large number of studies supporting a genetic

contribution in the formation of an NTD. The primary indications that

genetic factors do indeed play a role in the formation of NTDs come from:

1) epidemiologicaI studies 2) studies of consanguinous matings and 3)

familial aggregation studies. Each of these topics will be addressed in turn.

1.2. Epidemiological studies

EpidemiologicaI methods of studying the causation of malformations

in generaI and NTDs in particular focus on two aspects, environmental and

genetic factors which may predispose the embryo to a defect (Carter 1974;

Campbell 1986). EpidemioIogical studies are divided into four components

(Leck 1972). Initially, descriptive studies are performed to determine the

frequency of a defect in different groups of children at a particular time.

Correlative studies are then performed to determine if the varying

prevalences between twO groups can be associated with the exposure to a
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potenrially causal factor. Geneticists wouId conduct these studies by
investigating whether the defect segregates in families (suggestive of a

gcnetic etiology), while environmental epidemioJogists wouId look to see if

affected individuals were exposed to a common factor such as a drug, as ic'

the case of babies born with phocomelia when exposed to thalidomide.
Analytic studies would be carried out next to test the hypothesis formulated

by the correlative studies. Geneticists would perform linkage analysis to see
if the defect segregates with genetic markers on a particular chromosome,

while environmenral epidemiologists would examine the histories of the
individuals involved, for instance, was the proportion of phocomelic

childre!', whose mothers took thalidomide unusually high. The fourth and

final study ut;: izes the experimental process to determine whether the

causal agent, gene or drug, can be manipulated to make the defect less

widespread. The geneticist could genetically screen couples at risk of
conceiving a child with the defect and offer a preventative treatment for

those fetuses at risk, whereas, the environmental epidemiologist would, in

the case of phocomelia, simply refrain from prescribing thalidomide to

pregnant women.

A large number of epidemiological studies have been conducted

according to the aforementioned method in order to identify the

environmental and genetic agents thought to play a causal role in the

formation of an NTD. Unfortunately, as was previously mentioned by

Leck (1972) and which continues to hold true today, few of these studies

have succeeded past the descriptive and correlative stages of analysis. The

prevalence of NTDs at birth has been extensively investigated in a large

number of populations (Stevenson 1966). They have been shown to vary

geographically (Leck 1974), temporally (Elwood and Elwood 1980),

racially (Carter 1974), and seasonally (Leck 1974). Children with NTDs

have been found to be more prevalent in young and older first time mothers

(Carter and Evans 1973a), in families of lower social class (as measured by

the father's occupation) (Carter 1974), and in mothers exposed to

environmental heat stress (Milunsky 1992). The consumption of a variety

of foods including, blighted potatoes, canned cooked meats (conraining

nitrites and nitrates) canned peas, tea, and ice-cream have all been

correlated with the presence of NTDs at birth (Carter 1974). It cannot be

overstated that correlations do not provide evidence of a causal role,
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nonethe1ess, there does appear to be growing support for the idea that
maternai diet is an important factor in preventing NTDs, especially in light
of the vitamin supplcmentation trials which in sorne studies showed a
reduction in the number of cases of NTDs in mothers givcn viramin

supplements compared to controis (Smithells et al., 1983; Mulinaire et al.,
1988; Milunsky et al., 1989; MRC \/itamin Research Group 1991).

The epidemiological studies that were set forth t,o identify the

environmental factors contributing towards the etiology of NTDs in

different populations may not have succeeded in recognizing specific causal

factors, however, the studies did generate important data co,',cerning the

birth frequencies of NTDs in distinct populations. For instance, ethnic

differenccs have been reported in the hirth frequency of NTDs (Carter

19(4). The prevalence ofNTDs (anencephaly and spina bifida) per 1000

births was found to be as high as 8.8 in the Irish, 7.6 in the English from

South Wales, and 7.1 From a number of primarily Sikh cities in northern

India, compared to the significantly lower rates of 1.0 for black populations

in Lagos, United States, West Indies or Britain and 0.9 for ]apanese in

Hiroshima and Nagasaki (Chung et aL, 1968; Carter 1974; Verma 1978).

Although one cannut distinguish between the genetie and environmental

reasons for these differences, sorne support for at least a partial genetic

component cornes from examining the birth frequencies of NTDs in the

various populations after migration. For example, the low birth frequency

of NTDs in West African blacks remained low even after they moved to an

area where the prevalence was particularly high (Carter 1974). The

reasons for these differences appear to be genetic rather than cultural in
origin because the low birth frequency in blacks has persisted in several

different geographic locales sorne of which African blacks migrated to over

three hundred years ago, a considerable amount of time for dietary and

other cultural habits to adapt to the new habitat (Carter 1974).

Additional evidence supportive of genetic factors being implic:1ted in

the cause ofNTDs cornes from population stùJies which detected high rates

of NTDs in Sikh populations From several geographic regions. The majority

of the world's Sikh population inhabits the Punjab province of India. The

birth frequency of NTDs in Sikhs was shown to be considerably higher than

that for Hindus from the same geographic region (Stevenson et al., 1966;
Verma 1978). A consistently high rate has been shown to persist when
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Sikhs emigratc ta areas of low prevalencc, namcly Singapore and Canada

(Searle 1959; Baird 1983). Furthermore, siblings of Sikh probands having

an NTD had a higher occurrence of hydrocephalus without spina bifida
(6%) compared to sibs of non-Sikh probands (0.15%) (Hall et al., 1988).
These findings prompted Hall et al (1988) ta suggest that a Mendelian

disorder may be segregating among Sikhs expressed as either a primary

NTD or as isolated hydrocephalus. The Sikh religion grew out from

Hinduism approximately 500 years ago. It is therefore conccivable, that a

mutant gene originating in a "founder Sikh" gave rise ta the high incidence

of NTDs found specifically in the Sikh community. Strict laws preventing

the marriage between Hindus and Sikhs may explain the lower prevalence

of NTDs in Hindus (Hall et al., 1988). Informative pedigrees from the Sikh

population should be useful for linkage analyses in order ta map the

responsible genets) to a parricular chromosome.

A worldwide decline in the prevalence of NTDs over the past two

decades has been documenred (Seller, 1987a). This decline cannat be fully

explained by prenatal diagnosis and improved maternai diets. However,

now that the rates have dropped considerably and somewhat plareaued (at

least in the United States at one NTD birth per thousand) this may be

suggestive that the primary causal agents in the environmenr have been

removed and what has remained is the underlying genetie predisposition.

Although this theory remains virrually untested, complex segregation

analyses on different populations may provide sorne evidence in support of

this view. Sorne of these studies have already been done and will be

discussed bclow.

Roberts and Lloyd (973)proposed an alternative explanation for

why there are differences in the rates of NIDs between populations. They
suggested that these findings were the result of a differenrial ability in

womel). from different populations ta sclectivcly terminare an affected

fetus. This hypothesis is not unfounded for it has been shown that the

survival of trisomie fetuses in miee is strain dependent (Vekemans and

Trasler 1987; Epstein and Vekemans 1990). Byme and Warburron (1986)

tested this hypothesis by examining the rate of NTDs in spontaneous

aborrions From populations displaying low, intermediate, or high

prevalences of NTDs at birth. Their finding of a positive correlation

between rates of NTDs in sponraneous aborrions and rates of NTDs at birth
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suggested that the population differences in NTDs were not due to

differential fetalloss but most likely due ta differences in their incidence
during embryogenesis (Byme and Warburton, 1986).

1.2a. Sex Ratios

An overall preponderance of females with NTDs have been identified

(Carter 1976; Seller 1987b; and Mariman and Hamel 1992). However,

when the NTDs are categorized according to the position of the lesion the
sex ratio (M:F) is 0.66 for anencephaly, 0.42 for "upper" spina bifidas

(lesions involving the thorax), and 3.0 for "lower" spina bifidas (lcsio~s

involving only lumbar/sacral regions) (Seller 1987b). Recalling that open

NTDs occurring above the second sacral vertebra are indicative of primary

neurulation defects and those arising below ~re the result of defects in

secondary neurulation (see introduction), one may conclude that defects in

primary neurulation are more prominent in females and that defects in

secondary neurulation are more prominent in males. Given that gonadal
differentiation occurs after neurulation during embryogenesis (Goldbard

and Wamer 1982), the most obvious explanation for the above findings,

involvement of sex specifie gene products, must be excluded (Mariman and

Hamel, 1992). Still, differential rates in early mouse development have

been observed between the sexes. For instance, male mice reach the

blastocyst stage before females (Tsunoda et al., 1985) and male embryos are

known to have on average three more pairs of somites than do females at

the onset of neurulation (Seller and Perkins-Cole 1987). Moreover, a

female bias has been reported in homozygous curly-tail mouse embryos

displaying an NTD (Embury et al., 1979). Based on these observations

Seller (l987b), proposed that if female embryos are developmemally

delayed, compared to males, they would be more susceptible to defects in

neural tube closure (primary neurulation defects). Seller (1987b) also

reasoned that males would be more susceptible to lower lesions of the neural

tube (canalization or secondary neurulation defects) because they would be

inclined to "over-canalize" as a result of their faster rates of devclopment.

The only way differential rates of growth between males and females can

expiain the sex ratio differences inNTDs would be if a regional rather than
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general growth difference was exhibited between the sexes. Thus far, no

such regional variation in neurulation between the sexes has been reponed.

In offering an alternate hypothesis for the overall female predominance of

fetuses with NTDs, Mariman and Hamel (1992) proposed that mechanisms

influencing the levcl of expression of certain genes on the X chromosome

may be involved. Their hypothesis is supponed by the finding that

variability in gene dosage resulting from anomalous X inactivation has been

reponed as a cause for some NTDs (James 1988).

1.2b. Twin studies

Typically, twin studies are a geneticist's ultimate tool for

determining the heritability of a particular disease. The more significant

the genetic contribution is to the underlying cause of the disease, the greater

the concordance should be between affected and unaffected sibs in

monozygotic versus dizygotic twins. Studies of twins affected witl-. neural
tube defects have been plagued with inconclusive data. A particularly low

incidence of twins with meningomyelocele has made it difficult to collect

large sample sizes which are needed for proper analysis. Furthermore, early

fetal loss of affected twins is greater than for normal twins, thus

explaining why fewer twin cases are observed (Elwood and Elwood 1980).

Nevertheless, in the limited number of studies that were performed,

concordance rates of NTDs in twins was determined to be 2-4% overall

(Campbell et al., 1986) with like sex concordance slightly higher at 4.5%

(Windham and Sever 1982). These concordance rates are lower than most

genetic diseases including those that are multifactorial in nature (Carter

1976). These studies are therefore suggestive that environmental

influences may also significantly contribute in the t>::ology of NTDs.

1.3. Studies of Consanguinous matings

The frequency of malformations in children from consanguinous

matings was investigated worldwide (Stevenson et al., 1966). lt was

determined that in two cities, Alexandria and Bombay, related parents, by
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any degree, more often had children with NTDs than unrelated parents. In
Alexandria, consanguinous matings constituted 30% of ail matings and

were responsible for more than 50% of ail births with an NTD. The mtes of
NTDs (per 1000 births) in the offspring of parents whose relations were

first cousins or doser was 14.2 (30/2109) in Alexandria and 4.1 (16/3875)

in Bombay, which was significantly higher when compared ta the mtes of

NTDs in nonconsanguinous matings in these two cities, 5.7 (37/6431) and
3.8 (135/35620) respectively. When the relationship between parents was

less than first cousins, a higher rate of births with NTDs was still reported

in related compared ta unrelated couples.

As is often brought up in studies of consanguiniry, a failure ta

account for the socioeconomic status of the parents can lead ta an

overestimation of the effects of inbreeding (Bittles et al., 1991). Stevenson

et al (1966) concede that sorne of their results may be confounded by these

variables but not to the point of making them insignificant. lt can be

surmised that their findings are indeed supportive of a genetic basis in the

formation of an NTD. On their own, the data suggest that an individual's

chance of being afflicted with an NTD is significantly increased when

transmission of the deleterious gene or genes is identical by descent. This is

further supported by the fact that the greater the degree of consanguini ty

the more prevalent the defects are at birth (Stevenson et al., 1966).
One shortcoming worth mentioning, conceming the report by

Stevenson et al (1966), was that no extensive family data was collected.

Information on the status of sibs would have enabled them or others to

calculate segregation ratios in order to determine the possible mode of

inheritance, or at least the relative contribution ta the phenorype by major

genes. Furthermore, consanguinous families are often associated with

relative1y large pedigrees (Bittles et al., 1991) and therefore, wouId have

been an excellent resource for linkage analysis.

Several pedigrees have been reported over the years in which

recurrent anencephaly had been observed in progeny of consanguinous

matings (Polman 1951; Carter et al., 1968; Fuhrman et al., 1971; Farag et

al., 1986). Because of these frequent observations, Penrose (1957), went so

far as ta say that autosomal recessive forms of anencephaly existed. Carter

(1968) astutely pointed out that this was unlikely because the proportion of
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affected sibs in first-cousin marriages does not approach the typical

segregation ratio of one in four for autosomal recessively inherited diseases.

Shaffer et al (l990), compared the segregation ratios from 24

consanguinous families (containing at least one child with anencephaly)

with that of 294 presumably nonconsanguinous families. The estimated
segregation tatios for the non-sporadic cases in both populations suggested
that a major genetic locus was involved. A recessive mode of inheritance

was proposed as the method of transmission for some of the consanguinous
families, with a recurrence risk that may be as high as 25%. However, one

serious limitation of this study was that the consanguinous families were

not ascertained through a population based study, where the chances are

higher that the segregating gene will be of common origin, but were

collected from the literature and are therefore, of a variety of origins.

1.4. Familial aggtegation studies

Crucial to the undetstanding of the genetic involvement in the

etiology of NTDs is the determination of their rates of recurrence in

families. The importance of this is two-fold. First, the existence of a

familial recurrence for NTDs is not only confitmatory of a genetic

etiology, but the extent of the familial recurrence is indicative of the

number of genes involved in causing the malformation. For instance, a

recurrence rate of 25% in sibs (with equal numbers of affected males and

females) for a particular type of NTD would suggest that the defect is being

inherited in an autosomal recessive fashion, with little or no environmental

influence. This information is of utmost importance when counselling

parents with an affected child about the risk that a subsequent child will

have of developing an NTD. Second, establishing the rate of familial
recurrence is important for gene mapping studies. The mode of inheritance

is an important variable in the determination of linkage to genetic markers.

In three large family studies from the United Kingdom it was

observed that when one child was affected with an NTD, 5% of his or her

sibs would also be affected (Carter 1974). The risk to sibs was determined

to be 7-15 times that of the general population (depending on the city from

where the study was conducted). Similar risks were reported in a Rhode
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Island srudy (Yen and MacMahon 1968). Interestingly, one study has

reported that children of mildly afflicted parents have a 3·4°,{, chance of
ceing affected with an NTD (Carter 1974). Carter (1976) also determined

that the risk to third degree relatives (cousins) was two-fold that of the

general population.
A common genetic mechanism used to explain these findings is the

multifactorial threshold model (Yen and MacMahon 1968; Carrer 1974,

1976; Leck 1972). The multifactorial threshold mode! stipulates that rhe

threshold beyond which there is a risk of malformation is determined by

both polygenic and environmental factors (Fraser 1976). First degree
relatives (either sibs or children) of index cases (having 50% of their genes

in common) have a greater chance of crossing the threshold than do

members of the general population. Similarly, second and third degree

relatives of index cases have a greater liability than do members of the

general population, but because they have a smaller proportion of genes in

common with the index case they are at a lower risk of deve!oping the

malformation than both the index case and first degree relatives. These

patterns were consistent with what was observed in the family srudies on

NTDs and have also been observed for other cornmon malformations

ineIuding eIeft lip, talipes equinovarus and pyloric stenosis (Carter 1976).

Another genetic mechanism put forth on the basis of family srudies

postulates that NTDs are inherited as a single gene disorder with a marked

reduction in penetrance (Penrose 1957). Support for this idea cornes from

the segregation analysis performed on 298 families (with at least one case of

NTDs) from France (Demenais et al., 1982). Results from this srudy

coneIude that the familial aggregation of NTDs may result from the

inheritance of a monogenic component with a large influence of

environmental factors, sorne of which may be common to sibs. Other

segregation analyses, performed on large English and Polish data sets, could

not resolve between a single locus and polygenic mode1s, to explain the

familial aggregation ofNTDs (Lalouel et al., 1979; Pietrzyk 1980).

Other examples suggesting that NTDs can be transmitted as single

genes have been reported in the literature. For instance, Fineman et al
(1982) observed an increased frequency of spina bifida occulta in four

families with multiple cases of spina bifida cystica, suggesting that spina

bifida cystica and spina bifida occulta may be different phenotypic
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expressions of the same gene. They surmised that the two disorders may be

due to an autosomal dominant gene with a penetrance of 75%. Fellous et al
(1982) reported on a five generation family with sacral malformations
including complete sacral agenesis, spina bifida aperta, and spina bifida

occulta. A fully penetrant major dominant gene was postulated to be the

cause of the sacral agenesis, however mendelian transmission was rejected

when the cases of spina bifida were included as affected cases. Possible
explanations for these findings included, genetic heterogeneity, a dominant

major gene transmitted in excess by heterozygotes (segregation distortion)

(Fellous et al., 1982), or what seems most feasible, ascertainment bias

(Opitz and Gilbert 1982).
Yet another mode of transmission of NTDs has been detected, albeit

rare1y, that of X-linked inheritance. A total of four kindreds have been

reported in the literature in which the segregation of the NTD

(anencephaly, and/or spina bifida), From mother to son, is indicative of X­

linked recessive inheritance (Toriello et al., 1980; Baraitser and Bum 1984;
Toriello 1984; Jensson et al., 1988). Unfortunately, once again, no linkage

studies with X-linked probes were performed to confirm these Hndings.

When determining the familial recurrence rates of NTDs it is
important to distinguish between the syndromic and non-syndromic forms.

The causes of NTDs when in combination with other malformations

(syndromic) must differ from those of isolated NTDs (non-syndromic).

For example, the autosomal recessive Meckel syndrome includes in its

phenotypic description, a sloping forehead, exencephalocele, polydactyly

and polycistic kidneys (McKusick 1990). The unknown gene which when

murated causes these phenotypes must either be expressed in a variety of

deve10ping organ systems or is expressed in a primordial cell or tissue type
common to the affected structures. Alternatively, the NTD may simply be

secondary in nature to the primary defect. It is likely that the gene

responsible for the Meckel syndrome is not specifie to the process of

neurulation and therefore, should not be included in the same category as

those malformations which ate restricted to the neural tube. Similarly, the

NTDs resulting from gross chromosomal abnormalities (large delerions,

trisomies, duplications, and triploidi~s) are probably due to disruptions of a

variety of developmental systems not necessarily specific to neurularion.

Moreover, syndromic forms of NTDs constitute only a small proportion of
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ail NTOs, estimated ta be less man 10% (Holmes et al., 1976). NTOs

resulting from chromosomal abnormalities on me omcr hand, arc

extremely prevalent in early spontaneous abortions, reprcscnting almost

80% of NTOs found at me embryonic stagc, but arc rarcly found at birth

(Byrne and Warburton 1986).
The massive epidemiological and familial aggrcgation stud ics

performed over the past few decades have accumulated largc amounts of

data revealing me importance of bom genetic and cnvironmcntal
components in me etiology of NTOs. It is quite clear from thesc studics that

mere is no single gene or teratagen mat causes me majority of

malformations affecting the neural tube, but that many variant genes

acting eimer independenrly or in unison with various environmenral agents

are the likely causes. Holmes et al (1976) pointed out very clearly the

heterogeneous nature of neural tube defects. The authors predict from
meir studies that 90% of the NTOs at birth are multifactarial in nature

wim me remaining 10% being caused by single genes, as part of a

syndrome, chromosomal abnormality or non-genetic entitics. Holmes et al
(1976) also righrly brought forth the argument mat the genetic counselling

of families at risk should not be governed by the 5% recurrence risk thm

was determined for ail NTOs. Ir is quite clear that different families have

varied risks of having a child affected wim an NTO. For mese reasons,

other counselling strategies must be put form. These strategies, which

should apply ta both genetic counselling and prenatal diagnosis rely on the

identification and chara.cterization of the genes involved in causing the

NTOs.

Having firmly established mat genes do play a role in the cause of

NTDs, the focus must now turn on me identification and characterization

of them. Thirteen years have passed since the landmark paper by Botstein et
al (1980) described me use of restriction fragment length polymorphisms

(RFLPs) in me mapping of genetic markers ta disease genes of interest. At

me time, perhaps only a handful of genetic markers were available ta

follow the segregation of me RFLP wim me presence or absence of the

disease phenotype, making it very difficult to localize a disease gene to a

particular chromosome. We are presenrly in the midst of a new era, that of

me human genome project, the initiative of which is ta map, clone, and

ultimately sequence me entire human genome. Over 3000 genetic markers
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in the form of sequence tagged sites (STSs) covering 100% of the human

genome arc readily available (Todd 1992). These STSs must now be pur ta

use ta map the genes segregating in families that cause NTDs. This strategy

is presently being employed for other multifactorial traits including type 1

diaberes. This complex trait is being dissected, at the genetic level, by the

mapping in mice of nine unlinked loci contributing ta immune destruction

of the insulin producing beta-cells (Todd 1992). Similar prcigress must be
realized with respect ta the study of NTDs. Only when the mapping and

eventual cloning of the genes causing NTDs is accomplished can screening

strategies be initiated to identify couples at risk of conceiving a child with

an NTD. Upon the identification of high risk couples, gene product

replacement or other preventative measures can then be taken.

Furthermore, the identification of these genes will help unravel the curious

environmental interactions thought ta occur during neural development.
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2. Mouse mode!s of human neural tube c10sure defects

2.1. Introduction

The morphogenetic events responsible for the development of the

vertebrate neural tube occur through coordinated interactions between eclls

and molecules resulting in cellular shape changes, cellular migrations, and

complex cellular communications with both neighboring cells and the
extracellular matrix (reviewed in Schoenwolf and Smith 1990). To gain

understanding of the complex pattern of developmental events which lead

ra the formation of the nervous system, and how errors in this

developmental process may lead to malformations of the neural tube, it is

important ra study the process of neurulation in a controlled experimental

system. Human embryos would be the ideal source for study, however, for

obvious ethical reasons this is not possible. Furthermore, as mentioned in

the previous section, human neurulation occurs early in embryogenesis, at

a time when most women do not even know that they are pregnant, thus

making non-invasive methods to examine the deve!oping embryo difficult.

On the other hand, for a number of advantageous reasons, the laborarary

mouse has proven to be an excellent mode! system for the study of both

normal and aberrant processes of neurulation. Firstly, all developmental

stages in the mouse embryo are accessible for analysis (Hogan et al., 1986).
Secondly, the genetic homology between humans and mice is such that if a

gene is involved in a particular developmental process in one species, then it

wouId be expe':ted ra be involved in the same deve!opmental process in the
other species. Thirdly, there exist a large number of single gene mouse

mutants which disturb the normal process of neurulation (Lyon and Searle

1989). The identification of these genes will allow for the isolation of their

human homologues, and the assessment of whether or not the genes in

question may cause similar phenotypes in both organisms (Winter 1988).

Finally, the potential for environmental factors to produce NTDs can be

tested in the mouse, however, caution m'.Ist be applied in the interpretation
of these results because what may be teraragenic ra one organism may not

necessarily be teraragenic to another (Copp et al., 1990).
The availability of a large number of neurulation mutants in the

mouse has provided a means for investigating the pathogenesis of a variety
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of different NTDs. The variatibn, both genetic and phenotypic, in the types

of mouse NTD mutants compares quite weil with what has been observed

in humans. For instance, there are mouse mutants whose neural tube

malformation results from mutations in either single (Axd, Bn, Cd, cm, ct,

Lp, Ph, Rf, Sp, TC/tw5, vi, xn, XC) or multiple (SELH) loci, as weil as from

chromosomal aberrations (Trisomies 12 and 14, T(2j4)lSn) (reviewed in

Copp et al., 1990)(see List of Abbreviations for nomenclature of mouse

mutants). There are mutants in the mouse whose phenotypic expression is

restricted to a component specifically associated with the process of

neurulation (Axd, Bn, cm, ct, SELH, Sp, vI, m) as weil as tG other organs

and systems (Cd, Ph, Rf)., With respect to the level of the lesion, there are

mouse mutants that result in spina bifida alone-including tail flexion

defects (Axd,TCftw5, vI), exencephaly alone (Cd, cm, SELH, Ts 12 and 14),

spina bifida and exencephaly (Bn, ct, Sp, T(2;4)lSn) and craniorachischisis

(Lp, Rf). Ail of these examples ofNTDs in the mouse have previously been

described for humans (Opitz and Gilbert 1982; see previous section) and

should thus represent valid models of human NTDs.

The failure of the neural tube to close within the defined

developmental period is a predominant feature observed in the majority of

mouse NTD mutants. This failure may result from either a defect in one of

the driving forces behind neural fold closure, or a defect in an associated

system which is required, but not sufficient, for neurulation to proceed

(Copp et al., 1990). To understand the mechanism by which an NTD may

arise it is important tG understand the normal manner by which the neural

tube closes (a brief description of primaty and secondaty neurulation can be

found in the previous section). This understanding includes the forces

involved in raising the neural folds and the actual process of initiating,

continuing and completing the closure.

The origin of the forces which drive the formation of the neural

plate, shaping and bending of its lateral edges, culminating in the closure of

the neural groove, remain relatively uncertain. Efforts to comprehend

these forces are further complicated by the differences between regions

(cephalic versus spinal) in which neurulation occurs (Waterman 1976;

Geelan and Langman 1979; Bush et al., 1990). Nevertheless, several

cellular mechanisr:1.s, both intrinsic and extrinsic tG the neuroepithelial

folds, have been postulated to explain the forces behind neurulation
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(reviewed in O'Shea 1987; Schoenwolf and Smith 1990). The intrinsic

forces are thought ta act primarily through changes in neuroepithelial ccll
shape (Sadler 1982; Schoenwolf and Smith 1990). Microfilament bundles
have been identified at the apical ends of neuroepithelial cells (Morris-Kay

and Tuckett 1985). By virtue of their contractile ability these

microfilament bundles are thought ta be involved in the apical constriction

of neuroepithelial cells which presumably alters their morphology in the

neural plate from column-like (fiat) to wedge-like (bent), thus aiding in the

raising of the neural folds (Schoenwolf and Smith 1990). Differentiai cell

proliferation and increases in intercellular adhesion are also thought ta play

roles in the curvature of the neural plate (Q'Shea 1987). The postulated

extrinsic forces, include a role for the underlying mesenchyme in providing

support to the neuroepithelium as its lateral folds rise, as well as the process

of axial elongation, which is presumed to cause the neural plate ta collapse

dorsally (becoming concave) resulting in the elevation of the neural folds

(Jacobson and Gordon 1976).

Once the neural folds have risen and are closely apposed, neural tube

closure commences (Kaufman et al., 1979). The initiation of neural tube

closure involves the fusion of the neural folds along the dorsal mid-line at

four independent sites along the rostro-caudal axis, at various stages of

embryonic development (Kaufman et al., 1979; MacDonald et al., 1989).
Continuation of closure (which is comparable to the action of a zipper, Copp

et al., 1990) then proceeds either uni or bidirectionally depending on the

particular initiation site. Neural tube closure terminates at three points,

deemed neuropores, along the rostro-caudal axis. Initiation of closure is

first established in the cervical region (at the level of the third somite, Sakai

1990) and proceeds both caudally towards the posterior neuropore and

rostrally ta the posterior end of the rhombencephalon (Figure 1a). The

second point of closure occurs at the level of the posterior prosencephalon

and proceeds bidirectionally. Closure two terminates caudally at the

hindbrain neuropore and rostrally at the forebrain neuropore. Closure

three initiates at the ventral most aspect of the prosencephalon and proceeds

caudally until it meets closure two at the site of the forebrain neuropore.

The fourth and final site of closure occurs at the level of the
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Figure 1

Schematic representation of the pattern of anterior neural tube

closure in wildtype and mutant mouse embtyos. T:le numbers identify the

sites (in order) where neural tube closure is initiated. The dotted lines with

arrows indicate the direction in which closure proceeds From the initial site
of fusion. a) Closure pattern in normal embryos. b) Pattern in SELH/Be

embryos that are able ta complete:-.l()sure. c) Pattern in SELH/Bc mice that

fail ta complete closure. d) Pattern of closure in Trisomy 12 embryos. e)

Pattern of closure in Trisomy 14 embryos. P, prosencephalon; M,

mesencephalon; R, rhombencephalon; ANP, anterior neuropore (Modified

from MacDonald et al., 1989) .
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rhombencephalon and proceeds rostrally until it meets closure two at the
hindbrain neuropore. Well after the closure of both anterior neuwpores,

closure one, which had proceeded caudally, culminates in the closure of the

posterior neuropore.
Interference with any of the forces involved in neurulation may

invoke a delay and if prolonged, a failure in the closure of the neural tube.

Moreover, the localization and nature of the defect may be indicative of

which neurulation event was faulty (Copp et al., 1990). For instance,

midbrain exencephaly (SELH, Trisomy 12 and 14, xn) results from a

failure ra initiate neural fold closure at the midbrain/forebrain boundary

(closure 2, Figure la) (lviacDonald et al., 1989). Hindbrain exencephaly

(Sp), on the other hand, is probably due ta a failure in the continuation of

closure four (Figure la) in the posterior portion of the rhombencephalon
(Auerbach 1954). Spinal defects, which, in the mouse, always occur in the

lumbosacral region of the neural tube (Axd, Bn, et, Sp, vI) result from a

failure in the completion of neural tube closure at the posterior neuropore

(Copp et al., 1990). And finally, craniorachischisis, as found in the Lp and

Rf mouse mutants, occurs due to a failure in the elevation of the neural

folds in both spinal and cephalic portions of the neural tube (Wilson and

Wyatt 1992; Theiler and Stevens 1960). Specific examples of mouse

ml.!êdnts from each of these categories will now be described.

2.2. Midbrain exencephaly

Perhaps the most convincing example of a midbrain exencephaly

resulting from the failure ta initiate neural tube closure is depicted by the

SELH mouse mutant (MacDonald et al., 1989). The penetrance of

midbrain exencephaly in homozygous SELH embryos is 17%, however,

almost ail the homozygous mutant embryos display abnormalities in the

pattern by which their anterior neural tube closes. The genetic liabiliry for

this defect was determined to be under the control of two or three loci

(Juriloff et d., 1989).

As previously mentioned, neural tube closure occurs according ta a

weil defined sequence of events. This morphological pattern of neural tube

closure was compared between homozygous SELH and wildtype embryos at
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various stages of neurulation using scanning electron microscopy (SEM)

(MacDonald et al., 1989). It was shown that the primary defect in the

homozygous SELH mouse was in its inability ta initiarc neural tube closure
in the region of the posrcrior prosencephalon (closure 2, Figure 1b,c).

Rather than initiating closure of the cephalic neural folds at site two, the

SELH mutants omitted this stage and initiated cephalic neural tube closure

at the ventral most aspect of the prosencephalon (closure 3). Observations
at slighrly later stages of development revealed that the majority of the

SELH homozygous embryos were . 0le ta close the entire cephalic portion of

their neural tube by this alternative method (Figure lb), however, in sorne

instances (17% of embryos) closure by this process produced exencephaly

resulting from a prolonged delay in neural tube closure (Figure 1c).

Two important questions remain ta be answered concerning the

defects observed in the SELH mutant embryos. First, what is the cellular

mechanism underlying this defect. Second, why are only 17% of the
embryos affected when it was found that almost all the hercrozygous male

and female parentallines possessed the abiliry to transmit the phenotype to

their progeny (Juriloff et al., 1989). In answer to the former question,

histologieal studies revealed mat the mesenchymal tissue underlying the

open midbrain neural folds was collapsed, and the surface ectoderm at this

site was rippled in appearance. The distarted morphology of these cell types

was not sufficient ta offer an explanation as to why or how the midbrain

closure is prevented from occurring, however, the question is still under
investigation (J uriloff et al., 1989).

In answer ta the second question, the authors put forth the idea that

a qualitative difference exists in the mechanisms by which wildtype and

mutant SELH embryos dose their neural tube, and that this qualitative

trait is clearly heritable in SELH mutant mice (use of site 3 instead of site 2

to close the cephalic neural tube). However, the authors propose that the

reason why only 17% of the homozygous SELH embryos go on ta devclop

midbrain exencephaly, given the va~iant way that they close their neural
tube, is the result of quantitative differences. These quantitative differences

within the population of homozygous embryos may be portrayed by varying

degrees of delay in the closure of the neural tube or varying degrees ta

which the neural folds collapse. Presumably, these quantitative traits are
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under th!: control of epigenetic or stachastlc events (MacDonald et al.,

1989).
Additional support for the claim that midbrain exencephaly may be

due ta a failure in the initiation of neural tube closure stems from the

examination of mouse embryos trisomic for chromosome 12 or 14.

Exencephaly is observed in 100% of trisomy 12 embryos and 50% of trisomy

14 embryos, however, the severity of the lesion differs between these two

trisomies. SEM and transmitting electron microscopic (TEM) analyses

revealed that the entire cranial neural tube rostral ta the otic pits fails ta

close in trisomy 12embryos, whereas, in trisomy 14 embryos only the

forebrain and midbrain are affected (Figure 1 d,e)(Putz and Morris-Kay

1981; Morris-Kay and Putz 1986). These studies further revealed that

apposition of the neural folds at the forebrain/midbrain junction failed to

occur in both trisomic embryos, however, neural fold closure did proceed,

albeit late, in the hindbrain and ventral forebrain regions (Morris-Kay and

Putz 1986). These examples of midbrain exencephaly appear once again ta

result from a failure of the neural folds ta initiate closure at site two.

The cellular mechanisms underlying the defect in the trisomie

embryos are more evident than they were for the SELH embryos.

Abnormalities in tissue structure were apparent early in neurogenesis, with

the most striking feature being a general reduction in the number of cranial

mesenchymal cells, partieularly those in contact with the overlying

neuroepithelial basement membrane (Morris-Kay and Putz 1986).

Additional abnormalities in the trisomie embryos include a delay in the

normal appearance of the apieal mierofilament bundles in the pre­

exencephalic regions of the neuroepithelium, however, this finding was

considered secondary in nature (Morris-Kay and Putz 1986).

A direct consequence of the reduction in the mesodermal cell

population in the trisomie embryos was the finding of a deficiency of

glycosaminoglycans (GAGs) in both the extracellular matrix (ECM) of the

mesoderm and the neuroepithelial basement membrane (Morris-Kay and
Putz, 1986). This finding in itsclf was not surprising because it had

previously been shown that the source of neuroectodermal basement

membrane GAGs (hyaluronate, chondroitin sulphates and heparan

sulphate) is the underlying mesenchyme (Solursh and Morriss 1977). The

rclevance of the GAG defieiency is realized by reviewing earlier studies
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which showed that depleting chondroitin sulphate proteoglycan (CSPG)

levels in rat embryo cultures leads ta a failure in the initiation of closure in

t.~e cephalic, but not spinal, portion of the neural tube (Morris-Kay and

Crutch 1982). CSPG is known to decrease the adhesiveness of ceUs ta

fibronectin and collagen substrates in vitro (Knox and WeUs 1979; Perris

and Johansson 1987). What remains ta be determined in these trisomie

embryos is whether the primary defect responsible for the reduction in

cranial mesoderm is specifie ta the overexpression of particular genes on
chromosomes 12 or 14, or a general phenomenon resulting from the

aneuploid state.

2.3. Hindbrain exencephaly and lumbosacral spina bifida

The phenotype of the Sp mouse mutant can be described as pleiotropic

with developmemal perturbations in neural tube closure, neural crest ecU

(NCC) derived structures, and limb musculature (Auerbach 1954; Moase

and Trasler 1992; Franz et al., 1993). The most striking of these defects was

originaUy described by Auerbach (1954) who observed, in 56% of

homozygous Sp embryos, a failure in the closure of the neural folds in the

region of the hindbrain resulting in exencephaly. The same mice were also

seen to have posterior defects in their neural tube, ranging from a bend in

the tail, ta a complete failure in the closure of the posterior neuropore
resulting in spina bifida (Auerbach 1954). Further morphologie analysis

revealed that the entire neural tube manifested some degree of abnormality,

being wavy instead of linear in spinal regions, as weil as appearing coUapsed

at irregular intervals throughout the cranio-caudal axis (Auerbach 1954).

Yet another feature of the abnormal neural tube, in the area of the

open neural folds, was the presence of an extensive overgrowth of neural

tissue on either side of the dorsal midline (Auerbach 1954). The

proliferation of neuroepithelium in the regions of the hindbrain and

lumbosacral neuropores became more pronounced as developmem proceeded

and was offered as an explanation for why the neural tube failed to close in

these areas (Auerbach 1954). However, no differences in the mitatic

indices were detected when comparing neuroepi.lhelial ceUs from

gestational day 9 (prior ta neural tube closure) homozygous Sp and
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wildtype neural tubes (Kapron-Bras and Trasler 1988). In fact, a delay in
the cell-cycle of cephalic neuroepithelial cells was reported (Wilson 1974).
lt is apparent therefore, that the neuroepithelial overgrowth was secondary

ro the failure in closure of the Sp neural tube (Hsu and Van Dyke 1948;

Moase and Trasler 1992). Other secondary features stemming from the

neural overgrowth which were observed in the Sp mutant included

distortions in various structures of the brain (Auerbach 1954; O'Shea et

al.,1987) including the mic vesicle (DeoI1966).

In an effort to expiain the cause of the primary defect in Sp animaIs

Dempsey and Trasler (1983) examined early morphological differences
between homozygous Sp and wildtype embryos. They detected a significant

increase in the length of both anterior and posterior neuropores in the

mutant population. Based on these observations, it was proposed that the
hindbrain exencephaly and spina bifida detected in homozygous Sp mutants

resulted from a delay in the cIosure of both anterior and posterior
neuropores (Dempsey and Trasler 1983). Examining the pattern of normal

neural tube closure as depicted in Figure la, the abertations in the Sp mouse

appeat to result from a failure to either continue or complete closure

extending rostralIy from site four and caudalIy from site one.

T0 gain insight into the precise cellular mechanism which causes the

delay in neural tube closure in the Sp mutant, much attention has focussed

on the neural crest. Neural crest celIs (NCCs) originate from the transition

zone of the neuroepithelium and at specifie times during neurulation

emigrate from dorsal positions along almost the entire length of the neural

tube (Geelan and Langman 1979). Fate mapping studies have shown that

NCCs participate in the morphogenesis of a variety of structures of the

peripheral nervous system (sensory and autonomic neurons, glia, and

Schwann celIs) heart (truncus and aortico-pulmonary septa),

mesodermally derived craniofacial structures, as welI as various

paraendocrine and melanocyte celI types (Le Douarin 1982; Kitby et al.,
1983; Phillips et al., 1987; Hall 1988). The majority of these NCC derived

structures and celI types have been shown to be reduced or completely absent

in Sp and two of its alIeles, spd and SplH (Auerbach 1954; Moase and

Trasler 1989; Franz 1989, 1990). In fact, the characreristic white spots
(commonly referred to as splotches, hence the name of the mutant) usually

seen on the abdomen, tail, and feet of Sp heterozygores is the semi-dominant
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feature of this mutant which results from a deficiency in NCC derived

melanocytes populating these areas (Auerbach 1954).
Since neurulation and NCC emigration are related in a temporal and

spatial fashion and given that these two processes are disrupted in the Sp
mutant, it is conceivable that their developmental pathways are

interdependent. NCC emigration from midbrain and hindbrain regions is

known ta precede cephalic neural tube c10sure (N ichols 1981).
Furthermore, the timing of the NCC release corresponds with the

subsequent bending of the apices of the neural folds (Morriss and New

1979). It was therefore postulated that delaying or preventing NCC

emigration may actually cause the hindbrain exencephaly observed in the

Sp mutant (Copp et al., 1990). This postulation is less likely ta explain the

caudal defects observed in Sp because NCC emigration occurs after the

posterior neuropore has c10sed (Schoenwolf and Nichols 1984). Moreover,

in rare instances Sp heterozygotes display neural tube defects without

abnormalities in NCC derived structures (Franz 1992). AIso, Sp
homozygotes have occasionally been reported with NCC derived

deficiencies in the absence of neural tube defects (Moase and Trasler 1992).

Ir would seem therefore, that the primary defect of the Sp mutant is not

specific ta NCC release peT se but is probably related ta an abnormality that

is common to both neural tube c10sure and NCC emigration.

Efforts to identify the cellular process common ta both neural tube

c10sure and NCC emigration which when disrupted causes the Sp
phenotype, initially centered on determining whether the primary dcfect

was intrinsic or extrinsic ta the neural tube. Ultrastructural analysis of the

neuroepithelium by TEM revealed a significant increase in the number of

gap junctional vesic1es in early day 9 Sp homozygotes compared ta wildtype

contrais, particularly in regions of the neural tube which subsequently

failed to c10se (Wilson and Pinta 1979). Gap junctional vesic1es have been

associated with a reduction in cellular contact (Espey and Stutts 1972;
Albertini et al., 1975; Murray et al., 1978) reflecting a loss in cellular

communication which could presumably result in a failure in neural tube

c10sure (Wilson and Pinta 1979). The increase in gap junctional vesic1es

however, were restricted ta regions of the neural tube which failed ta c1ose,

whereas, NCC emigration occurs along almost the entire length of the

neural tube. It is therefore, unlikely that the restricted nature of the
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location of the gap junctional vesicles is causal of the defects but perhaps
represenrs a secondary response ta the initial defect. Furthermore, the
increase in gap junctional vesicles was not confirmed in homozygous Spd
embryos (Yang and Trasler 1991).

Other TEM and SEM analyses have shown that the neuroepithelium

from homozygous Sp and Spd embryos is highly disorganized (Morris and

O'Shea 1983; O'Shea and Liu 1987; Yang and Trasler 1991). TypicaIly,

neuroepithelial cells from hindbrain sections of wildtype day 10 neural

tubes arc wedge-like in shape, arranged radiaIly, tightly packed, and extend

cellular projections into both luminal and basal surfaces (Morris and O'Shea

1983). However, the same ecUs from homozygous Sp embryos appeared

disoriented in that they did not display the usual radial configuration, had

cell processes that were projectcd lateraIly, and were scparated by large

amounts of extraccIlular spacc (Morris and O'Shea 1983). Ir was presumed

that the ceUuiar disorganization depicted in homozygol!S Sp embryos

stemmed from a defect in the neuroepithelial basal lamina which normaUy

hel'l1s orientate cells of the neuroepithelium in addition ta providing

structural support (Morris and O'Shea 1983). A similarly disorganized

neuroepithelium was observed in the posterior neuropore region of

homozygous Spd embryos with spina bifida (O'Shea and Liu 1987; Yang

and Trasler 1991). A reduction in notochordal area, mesodermal and

neuroepithelial cell number, as weIl as an increase in neuroepithelial

intcrcellular space, in Spd compared to wildtype embryoswas also observed

(Yang and Trasler 1991). In addition, the normally smooth basal lamina

was found to be highly irregular and often wavy in ferm (O'Shea and Liu

1987). It was not concluded whether an abnormal distribution of ECM

components (fibronectin, laminin, CSPG, and HSPG) was the cause or

consequence of these findings (O'Shea and Liu 1987).

Up to this point, descriptions of the abnormal tissues of homozygous

Sp and spd embryos have been widely documented but the origin of the

defeets in neural tube closure and NeC derived structures have remained

elusive. Two important studies which shed some light on this issue have

pointed tawards the ncuroepithelium as the primary tissue affected by the

Sp mutant gene product. The first of these studies set out ta determine why

the NCCs did not contribute to the development of their predefined

structures (Kapron-Bras and Trasler 1988). Auerbach (1954), showed that



•

•

27

there were no melanocytes in the skin of Sp homozygotes and that there

was a considerable reduction in the size and number of the spinal ganglia.

\Vhat remained ta be determined was whether these NCC defects were the

result of an ECM environment nonconducive for the required migration,
differentiation, and proliferation of these ceUs, or whether the NCCs were

able ta secure their release from the neural tube given that they had been

formed at ail. In Kapron-Bras and Trasler's (1988) examination of the

neuroepithelium from Sp homozygotes, they noted that the extraccllular

space which normally forms between the neuroepithelium and the
surrounding ectaderm failed ta appear prior to the normal time of NCC

migration. This space was previously shown to be required for the NCCs to

migrate into after they are released from the neural tube (Newgreen and

Gibbons 1982). A marked reduction in the number of NCCs being rcleased

from the neural tube of Sp homozygotes compared ta wildtype controls was

detected (Kapron-Bras and Trasler 1988).

In order ta determine whether the reduction in the number of

migrating NCCs from homozygous Sp neural tubes was a property of the

ECM (extrinsic) or the neuroepithelium (intrinsic), Moase and T ras1er

(1990) tested the ability of NCCs to migrate from caudal portions of neural

tubes excised from day 9 homozygous Sp and Spd embryos when explanted

ta either gelatin coated tissue culture dishes or 3-D matrix gels consisting of

ECM components. A 24 hour delay in the release of NCCs from both Sp and

Spd neural tube explants compared to wildtype controls, as measured by the

rate of outgrowth and the number of NCCs released, was detected when

the explants were cultured on gelatin coated tissue culture dishes. The

delay, although significant for both alleles, was more pronounced in the Sp
compared ta Spd cultures. After 72 hours, this delay was no longer

apparent. Interestingly, the 24 hour delay in NCC emigration persisted

when the Sp and Spd mutant explants were cultured in 3-dimensional

basement membrane matrigels suggesting that the neuroepithclium and not

the ECM is the tissue expressing the primary defect. The authors concluded

that because the migrating NCCs from both mutant alleles appeared normal

in morphology, the defects in NCC derived structures seen in Sp, and ta a
lesser extent in Spd, result from a delay in the migration of these ceIls from

the neural tube (Moase and Trasler 1990). Presumably, this delay
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interferes with the precise developmental pathway that these cells must

follow.
In an attempt ta understand how the Sp gene product mediates its

action on the neuroepithelium, the distribution of a candidate protein, N­
CAM, was investigated (Moase and Trasler 1991). Cell adhesion molecules
in gencral, and N-CAM in particular, are involved in cellular interactions
during development including neurogenesis (Linnemann and Bock 1989).
N-CAM is expressed in the neuroepithelium and mesoderm during

neurulation and is tightly regulated at the time of NCC emigration, being
absent in migrating NCCs and reappearing in specific NCC derivatives
(Edelman 1986). To examine whether N-CAM was aberrantly modulated

during neurulation in Sp embryos immunohistochemical studies using a
polyclonal N-CAM antibody were carried out (Moase and Trasler 1991).
N-CAM was found ta be more abundant in the neuroepithelium of
homozygous day 9 Sp embryos compared ta controls, but not 50 in earIier Sp
embryos. Furthermore, in addition to the 180 kd and 140 kd N-CAM species

normally present at day 9 of gestation, a 200 kd protein was identified (this
time with a monoclonal N-CAM antibody) on a Western blot containing
prote in extracts from homozygous Sp embryos (Moase and Trasler 1991).

The authors concluded that the above findings are suggestive of

qualitative rather than quantitative differences in the N-CAM expression
profile (even though quantitation of N-CAM RNA remains ta be assessed).
lt was thought that the increase in immunofluorescence detected in the Sp
embryos was the result of using a polyclonal N-CAM antibody which
recognizes the polysialic acid epitape (Moase and Trasler 1991).
Furthermore, the authors speculare that the higher molecular weight N­
CAM protein seen in Sp embryos may result from an increase in its
sialylation, which interestingly enough, has been associated with a decrease

in N-CAM adhesiveness (Rutishauser et al., 1988; Rutishauser and Jessell
1988). This interpretation awaits proper confirmation through the
treatment of the Sp protein extracts with neuraminidase in order to

determine whether the 200 kd N-CAM protein can be reduced in size
(through the cleavage of its sialic acid residues).

A reduction in the adhesive properties ofN-CAM could explain the
disorganized nature of the neuroepithelium in Sp mutants. In turn, a

disorganized neutaepithelium could explain the prevention ofNCC
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migration from a Sp neural tube and why their neural folds fail to close. It
is conceivable then, that the Sp gene product may rcgulate, whether

transcriptionally or through sorne post-translational modification such as
the addition of sialic acid residues, the N-CAM gene product or prorcin.
The speculations on the role that N-CAM may have in disrupting
neurogenesis in the Sp mouse mutant are clearly premature, however,

identification of the Sp gene product will allow for a critical evaluation of
the putative interactions between Sp and N-CAM.

2.4. Lumbosacral spina bifida

The vI and ct mouse mutants are comparable to Sp in that the
lumbosacral spina bifida observed in homozygous forms of these murant

strains results from a delay in the closure of the posterior neuropore (Copp
1985; Wilson and Wyatt 1988a), albeit through entirely different
mechanisms (Wilson and Wyatt 1988b; Brook et al., 1991). Unlike the
homozygous ct mutant which displays a penetrance of 60% (20% open
neural folds, 40% tail flexion defects) (Copp et al., 1990), ail homozygous vI

mutants, upon close inspection, show abnormal defects of the caudal neural
tube (Wilson and Wyatt 1986). The range of defects seen in vI embryos is

also highly variable. Gross abnormalities of the caudal neural tube are

easily detected and usually include widely flared neural folds at the
posterior neuropore, whereas, more subtle defects consisting of a dorsally
expanded neural lumen with a closed but distarted roof plate can only be
detected by SEM or TEM analysis (Wilson and Wyatt 1988b).

The pathogenesis of the defects observed in the caudal neural tube of
the vI mouse mutant appear ta stem From an inability of the neural folds to

initiate or maintain fusion (Wilson and Wyatt 1988b). Typically, at the
actual site of neural fold closure, lamellopodia and filopodia from

transitional zone cells (presumptive NCCs) of the apposed neural folds
extend across the neural lumen and interdigitate ta initiate contact (Copp et
al., 1990). These lamellopodia and filopodia must be coated with a
carbohydrate component (probably GAGs) in order for convergence and

fusion of the neural folds ta occur (Lee et al., 1976; Sadler 1978). In
homozygous vI embryos the distribution of this surface coat was similar ta
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that of wildtype controls (Wilson and Wyatt 1988b). However, the
transitional zone cells from homozygous vi embryos formed an erratic knot
of disorganized cells in caudal portions of the newly fused neural tube
(Wilson and Wyatt 1988b). Furthermore, an abundance of large blebs,

possibly representing decaying transitional zone cells, were identified along
the entire length of the posterior neuropore in vi embryos which
subsequently go on to develop lumbosacral spina bifida (Wilson and Wyatt
1988a). These findings, in addition to the fact that sorne homozygous vi
mice show white abdominal spots similar to those seen in Sp heterozygotes,
have pointed to the presumptive neural crest (transitional zone) as the cell
type expressing the primary defect. Ir remains to be determined whether
the abnormalities of the putative NCCs in vi mutants act in a cell

autonomous or non-autonomous fashion.
The pathogenic mechanism underlying the caudal defects in neural

tube closure observed in the ct mouse mutant is perhaps the best understood
of ail the neurulation mutants. Through a variety of weil designed

experiments it has been shown that a reduction in the rate of proliferation
of the notochord and gut endoderm can cause ventral curvature of the

caudal portion of the embryo (Copp et al., 1988; Brook et al., 1991).
Consequently, the ventral curvature opposes the forces which bring the

neural folds together preventing their closure. It was further determined
that the greater the amount of ventral curvature, the larger the size of the
posterior neuropore, hence producing a more severe lumbosacral spina b ifida
(Brook et al., 1991). Preventing the ventral curvature experimentally, by

implanting a human eyelash into the lumen of the hindgut as a meims of
providing structural support, reduces the size of the posterior neuropore and
thus, the severity of the ensuing defect (Brook et al., 1991). The cause of

the reduced proliferation of the notochord and gut endoderm in the
homozygous ct embryo remains to be determined.

2.5. Craniorachischisis

Mice heterozygous for the Lp mutation exhibit loops or kinks in their
tail, while homozygous Lp mutants have wide open neural folds

throughout their entire cranio-caudal axis with the exception of a closed
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area rostral to me myelencephalon (Strong and Hol!ander 1949).

Abnormalities in neurulation are noticed carly in homozygous Lp embryos,

as indicated by disturbances in me growm of the gut endooerm, notochord,
somites, and neuroepimelium (Smim and Stein 1962). It has been proposed

mat axial elongation is required in the overall development of the embryo

and in particular, acts as an important force in neurulation (Copp ec al.,
1990). Jacobson and Gordon (1976), suggest mat axial elongation creates a

buckling force mat may aid in the rol!ing up of the neural folds into a tube.

The observations by Wilson and Wyatt (1992) mat me process of elevation

and convergence of me spinal neural folds in homozygous Lp embryos

compared to wildtype controls is defective in early phases of neurulation

supports these views.

2.6. Genetic mooes of action

The genetic mechanisms by which the mutant genes produce meir

phenotypes differ among me various mouse mutants. With respect to

NTDs, the mode of inheritance is usually reccssive, however, heterozygous
Axd and Sp animais develop NTDs wim a frequency of 1% (Essien ec al.,
1990) and 9% (Moase and Trasler 1992) respectively, depending on their

genetic background. Several of me mutant genes (Lp, Ph, Sp, Xc) exert

meir effects in a semi-dominant mode of action. A reduction by one half, of

me wildtype gene, in these mutants produces a less severe phenotype (curly

tail in Lp, white belly spots in Ph, Sp, and sometimes Xc, as weil as extra

digits in Xc) man when bom copies of me wildtype gene are missing. This

indicates that me Lp, Ph, Sp, and Xc mutant loci are strictly regulated in a

dose-dependent manner. Furmermore, Copp ec al (l990) suggest mat as a

result of meir fully penetrant effects in me homozygous state mese semi­

dominant mutant loci represent loss-of-function or nul! alleles. .

Interestingly, mis speculation put form by Copp et al (l990), has recently

been substantiate~wim me identification of significant deletions in

candidate genes for three out of four of the aforementioned semi-dominant

loci (see below). Omer mutant loci whose NTDs are not fully penetrant

(Bn, ct, SELH, xn) are presumably dependent on omer epigenetic factors
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(MacDonald et al., 1989) for the expression of their phenotypes, or
alternatively, have residual gene function (Copp et al., 1990).

2.7. Of Pdgfra, Gli3 and other genes

Mouse neurulation mutants have contributed much information

rawards an understanding of the cellular events which, when disrupted,
result in a failure in neural tube closure. Unfortunately, no matter how
thorough the examination of .hese mutants has been, the underlying genes

responsible for the various phenotypes have remained elusive. For this
reason, alternate strategies of identifying the molecular components
contributing to both normal and aberrant neurulation events have been
undertaken. Recently, a candidate gene approach, which relies on the co­
localization of a mutant locus and a candidate gene (based on various

criteria) ra the same chromosomal position, successfully identified the genes
coding for platelet-derived growth factor receptor lX-subunit (Pdgfra) and
Gli3, which when disrupted are responsible for the phenotypes observed in

the Ph and Xt mouse mutants, respectively (Stephenson et al., 1990; Hui and

Joyner 1993; Schimmang et al., 1992). Both of these semi-dominant
mutants have pleiotropic phenotypes which include exencephaly (Johnson
1967; Gruneberg and Truslove 1960).

Homozygous Ph mutants display a variety of morphological
abnormalities involving neural crest derived structures which include,
craniofacial and heart defects, exencephaly, as weil as the presence of fluid
filled blebs along a wavy spinal cord (Gruneberg and Truslove 1960).

Heterozygous Ph mice show a spotting pattern similar ra what has been

described for the Sp mouse. It is thus apparent that the Ph mutant involves
abnormalities in the migration or differentiation of NCCs. The NCCs
from homozygous Ph mutants are capable of securing their release from the
neuroepithelium, however, due to an abnormal extracellular matrix
environment, They are unable to migrate ra their predefined destinations
(Morrison-Graham and Wesran 1989). The recent findings that Ph and

Pdgfra map ra the same region on mouse chromosome 5, that Pdgfra is
entirely deleted in the Ph mutant, and that Pdgf is important in the

production of matrix constituents including hyaluronan have made Pdgfra
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an excellent candidate for me Ph locus (Stephenson ec al., 1990; He1din

1992).

The homozygous Xc (xJ) mouse mutant is characrcrized by the
formation of extra digits. Moreover, a wide range of abnormalit\es
affecting the development of me limb, craniofacial structures, and che
central nervous system inc1uding exencephaly, have been described

(Johnson 1967). Heterozygous Xc mice display less severe limb

abnormalities and occasional1y, white ventral spotting (Johnson 1967).

The candidacy of the Gli3 gene for the Xt locus is supported by the finding

mat mis gene is altered in a phenotypical1y similar human condition

entitled Greig cephalopolysyndactyly syndrome (GCPS) (Vortkamp ec al.,
1991) which maps to a chromosomal segment conserved between human
(7p13) and mouse (13). The comparable expression pattern ofGli3 with the

tissues disrupted in homozygous Xt embryos (Schimmang et al., 1992; Hui

and Joyner 1993), me co-Iocalization of GCPS and Xc to homologous map

positions (Winter and Huson 1988), as wel1 as the, identification of a large

intragenic deletion in me Gli3 gene of Xt mice (Hui and Joyner 1993), have

further supported me idea mat Gli3 and Xt are al1elic.

The molecular mechanism by which Gli3 causes the phenotypic

features detected in GCPS and Xt has not been unravelled. Sequence
homology and tissue expression profiles (Ruppert et al., 1988, 1990;

Schimmang et al., 1992) support the idea that Gli3 is a transcription factor

regulating sorne aspect of limb and craniofacial morphogenesis.

Furthermore, me observation mat exencephaly in Xt mice may be caused by

an overgrowth of neural tissue, thus preventing closure of the neural tube,

suggests that Gli3 may regulate the proliferative capacity of the

neuroepithelium. Formai testing of mis hypothesis has yet ta be performed.

Several of the omer mouse neurulation mutants have bcen assigned

to specific chromosomal positions. Almough candidate genes cannot be

expected to "pop up" for each of mem, me refinement of gcne cloning

strategies should facilitate their identification by alternative means.

Positional cloning strategies, although labor intensive, have bcen succcssfui

in the identification of several mouse and many human disease gencs (Reith

and Bernstein 1991; Col1ins 1992; Bultman ec al., 1992; Vidal et al., 1993).
Similar success should come about in attempts to clone me various mouse

neurulation mutants using comparable strategies.
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3. The paired gene set of Drosophila

It will become evident in forthcoming chapters of this thesis that the

paired box containing family of transcriptional regulatars, commonly

referred ta as Pax genes, play an important role in mammalian
devcIopment. T 0 provide a foundation for these studies a brief review of the

paired box containing genes of Drosophila follows.

ln Drosophila, the entire body plan is established by the blastaderm

stage of embryogenesis (Akam 1987; Ingham 1988). Through a cascade of

interactions between transcriptional regulatars, the metameric nature

characteristic of insect bodies is defined, with each body segment containing

the required information ta differentiate inta a particular structure

(Ingham 1988). Many of the genes participating in embryonic pattern

formation in Drosophila have been identified on the basis of their mut?':'lt
phenotypes (Nüsslein-Volhard and Wieschaus 1980). For instance,

maternai effect mutations have ailowed for the identification of four genes

whose products are required ta define polarity in the early embryo (St

Johnstan and Nüsslein-Volhard 1992). This maternai information is then

interpreted by a hierarchy of zygotically expressed gap, pair-rule, segment

polarity, and homeotic genes in order to sub-divide the embryo into

repeating segments with assigned identities (Ingham 1988; Ingham and

Martinez Arias 1992; McGinnis and Krumlauf 1992). Each of the classes of

segmentation genes has been categorized according to the spatial

organization of its mutant phenotype (Nüsslein-Volhard and Wieschaus

1980). The gap genes are so named because mutations disrupting their

function cause large deletions or gaps in the number of segments making up

the final body plan. The pair-rule mutants result in deletions of

homologous regions from every other segment, while the segment polarity

mutants result in deletions of homologous portions from every segment.

Finally, the homeotic genes are so named because their mutant phenotypes

display the transformation of one segment type into another (Lewis 1978;
Bender et al., 1983; Kaufman et al., 1990).

The cloning and subsequent sequencing of a variety of these

developmentally important genes has identified se~!eral functional domains

which show a high degree of conservation b;;:rween gene1< of the same and

dist,Jlltly related species, suggesting that these domains rn::Ishare similar

:~- "',
"- :...,
'-'
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modes of function in developmental processes cornmon te many organisms

(McGinnis et al., 1984; Scott and Weiner 1984; Scott and O'Farell, 1986;

Frigerio et al., 1986; Bopp et al., 1989). The prototypic gene segment

showing a high degree of conservation across a large number of spccics is
the 180 bp homeobox (reviewed by Scott et al., !989). The homeobox has

been identified in most classes of Drosophila segmentation genes, and is best

known for its presence in ail of the true homeotic selector (segment
identity) genes of the Ancennapedia (Antp) and bithorax complexes (Bender et

al., 1983; Kaufman et al., 1990). A variety of in vitro and in vivo studies have

shown that the homeodomain containing proteins act as sequence-specifie

DNA-binding proteins whieh function as activaters and/or repressors of
transcription (for a review see Gehring 1992). Structural analyses of the

Antp and engrailed (en) homeodomain DNA complexes by nuclear magnetic

resonance spr:;troscopy (Otting et al., 1990) and X-ray ctystallography

(Kissinger et al., 1990), respectively, have identified a helix-tum-helix

motif similar to that whieh mediates DNA binding by many prokaryotie

proteins (Laughon and Scott 1984). DNA binding specificity was shown to

be conferred, at least in part, by the ninth amino acid of the recognition

helix (the second of the helices in the helix-tum-helix motif) (Treisman et

al., 1989). Mutational analysis of several mammalian homeobox

containing genes has revealed that like their Drosophila counterparts, these

genes play a significant role in the specification of positional information

along the anteroposterior body axis (reviewed by McGinnis and Krumlauf

1992). Moreover, the mechanisms by which the homeobox containing

genes cO'1trol development appears to be evolutionarily conserved

(McGinnis and Krumlauf 1992).

Another group of genes whieh has emerged as being important in

Drosophila segmentation is the paireci':box contain;;lg gene family. Paired­

box containing genes have so far been iden~ified in pair-rule and segment

polarity classes of segmentation genes (Bopp et al., 1986, 1989). The

archetypal paired box containing gene, paired (prd), was originally defined

by its mutant phenotype. The prd mutant, an embryonie lethal, has

deletions of analogous portions of segments at a two segment periodicity,

characteristic of other pair-rule mutants (even-skipped and rune) and results

in the formation of only half the normal number of segments (Nüsslein­

Volhard and Wieschaus 1980).
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A positional cloning strategy was used ta identify the prd gene
(Kilchherr et al., 1986), the sequencing of which revealed several

interesting motifs (Frigerio et al., 1986). Subsequent screening of genomic

and cDNA libraries using probes overlapping several of these motifs

idcntifjed the prd gene set, a group of genes with structurally homologous
segments with related functions (Frigerio et al., 1986; Bopp et al., 1986;
Baumgartner et al., 1987; Bopp et al., 1989). The DNA sequence common ta

ail fivc members (" the prd gcne set, the paired box, encodes the 128 amino

acid paircd domain. A second DNA segment, the paired-type homeobox,
was identified in three of fjve prd gene set members (prd, gsb-BH4, gsb-BH9).
Intcrestingly, the paired-type repeat (his-pro)n, initially identifjed at the

carboxy term inus of prd, was nOl preseLt in other paired domain containing

proteins but was found in bicoid, a maternai effect protein whose
homeodomain is distantly related (38% amino acid identity) to the paired­

type homeodomain (Frigerio et al., 1986).
The presence of a paired-type homeodomain in three of the fjve

Drosophila prd gene set members, in addition to the nuclear localization of

pox mesa and pox neuro (two tissue specific members of the prd gene set),

suggested that these genes may function as transcriptional regulators

(Frigerio et al., 1986; Bopp et al., 1989). In vitro DNA binding studies

showed that the prd protein was able to recognize more than one DNA

sequence and that this DNA binding activity was not solely mediated DY the
paired-type homeodomain (Treisman et al., 1989). In fact, a DNA sequence

from the even-skipped (eve) promoter, eS, previously identifjed as a binding

site for prd (Hoey and Levine 1988) was shown l0 be composed of two

juxtaposed sites which accommodate the independent binding by both the

paired-type homeodomain and the paired domain (Treisman et al., 1991).
Notably, a second site in the eve promoter, e4, necessit:.ltes cooperativity

between the two domains in order for binding to occur, suggesting that

these domains, in addition ta their independent binding capabilities, may act

synergistically (Treisman et al., 1991).
Secondary structure predictions suggest that the paired domain

contains at least three a-helices, with helices two and three potentially

forming a helix-turn-helix motif (Burri et al., 1989). In comparing the

putative helix-turn-helix motif of the paired domain with that of the

homeodomain, several interesting features were noted. Within the paired
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domain, class specific amino acids were located in the first a-helix of the
helix-turn-helix motif, while the second a-helix of this motif was found ta

be conserved (Burri et aI., 1989). This arrangement is in contrast to that of

the homeodomain, where the first a-helix of the helix-turn-he1ix motif is

the one that is conserved, while the second serves as the DNA recognition
helix. Surprisingly, it is the first a-he1ix of the paired domain which shows
the highest degree of homology ta the first a-helix of the he1ix-turn-hclix

motif of the homeodomain, with up ta seven conserved amino acid residues

(Bopp et al., 1989).

Exactly how the paired domain mediares its DNA binding properties

and whether or not it does so in a similar fashion ta that of the

homeodomain was investigated by Treisman et aI (1991). They showed

that deleting the third a-helix (second helix of the predicred helix-turn­

helix motif) or disrupting the second a-helix (fim helix of the predicted

helix-turn-helix motif) of the paired domain was not sufficient to abrogate

its DNA binding properties. On the other hand, disrupting the first a-he1ix

was sufficient ta prevent the paired domain from binding DNA. From these

studies, it is apparent that the paired domain and homeodomain bind DNA

by completely different means. The determination of the actual structure

. of the paired domain and how it contacts DNA will necessitate further

analysis by NMR-spectroscopy or X-ray crystal1ography.
Although the functional relevance of the prd gene set has yet ta be

fully elucidated, its members have been organized inta structural classes

with the premise that structurally related proteins will share cornmon

functions. The two criteria used to categorize members of the prd gene set

were whether a partieular structural domain was present and how similar

these domains were between individual proteins (Bopp et aI., 1989). As

pteviously stated, prd, gsb-BH4, and gsb-BH9 each contain a paired-type

homeodomain in addition ta a paired domain and for this reason, make up
the prd-gsb class of the prd gene set. The homeodomains of these three genes

are very similar (85-92% amino acid identity) but differ significantly from

other classes of homeodomain containing genes (prd-antp, 37% amino acid

identitYi prd-bcd, 38% amino acid identity), particularly at residues

important in sequence specifie recognition (prd has a ser at position 9 of its

recognition helix while antp and bcd homeodomains contain glu and lys at

this position, respectively)(Treisman et aI., 1989). A high degree of amino
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acid conservation also exists for the prd-gsb class when comparing their

paired domains. In examining the first 74 amino acids of the paired
domain, which includes the first a-helix contained in a single exon, 92-97%

of the amino acids are conserved among the three genes, whereas 79-85%
amino acid identity exists over the entire paired domain (Bopp et al., 1989).

The pax-mesa and pax-neuro genes, which do not contain
homeodomain:" possess paired damains which deviate at a number of amino

acid positions (non-conservative substitutions) From each other and from

the paired domains of the prd-gsb class. Pox-meso and pox-neuro display

76% identity for the first 74 amino acids of the paired domain and only 66%
amino acid identity over the entire paired domain (Bopp et al., 1989).
Similar values were observed when comparing the pox-meso and pox-neuro

proteins with the prd-gsb class suggesting that the pox proteins each belong

ta a separate class.
The premise that the structuraUy homologous domains shared

between members of the prd gene set is indicative of a functionallink

between them (Bopp et al., 1989) is supported by examining the expression

profiles of these genes in both wildtype and mutant embryos. In the case of
prd, a pair-rule gene, its transcripts are expressed during late syncitial

blastoderm in a pattern of seven evenly spaced bands reflecting a double­

segment periodicity (Kilchherr et al., 1986). During ceUularization of the

blastoderm, prd expression is changed to a pattern of 14 regularly spaced

bands indicative of single-segment repeats (Kilchherr et al., 1986). The

mutant phenotype observed in prd- embryos, the reduction in segment

number by one-half, is consistent with the loss of the most intense prd
expressing ceUs at the syncitial blastoderm stage (Nüsslein-Volhard and

Wieschaus 1980; Kilchherr et al., 1986).
'The two gaaseberry loci, gsb-BSH9 and gsb-BSH4, as membcrs of the

segment-polarity class of segmentation genes, are expressed in subsets of

ceUs From every segment. Both gsb transcripts show peak levels of

expression shortly after that of prd. Gsb-BSH9 transcripts are located in the

posterior ventrolaterai region of each primordial segment in ceUs which

later give rise ta a variety of tissues including mesoderm, ectoderm, and

neurectaderm (Baumgartner et al., 1987). Gsb-BH4, on the other hand, is

limited in its expression to neuroectadermallineages which give rise ta

individual neurons during neuronal differentiation (Baumgartner et al.,
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1987). The gsb- mutant has posterior portions of segments dcletcd which

are replaced by mirror-image duplications of the remaining anterior

portions ofthese segments (Nüsslein-Volhard and Wieschaus 1980). The
wildtype expression pattern of gsb-BH9 appears to most c10scly match the

segments deleted in the gsb- mutant suggesting that rhey are a11clic

(Baumgartner et al., 1987).
The pox mesa and pax neuro transcripts also appear in a segmenta11y

repeated pattern during the late stage of germ band clongation (Bopp et al.,

1989). Transcripts of pax mesa are observed posterior ta the parasegmental

grooves in the posterior half of each segment and are restricted ta the
mesodermal germ layer (Bopp et al., 1989). Pax neuro transcripts appear in

neural precursors of the peripheral and central nervous systems in each

segment (Bopp et al., 1989) and are responsible for the specification of the

poly-innervated external sense organs (Baumbly-Chaudière et al., 1992;
Nottebohm et al., 1992). Unfortunately, mutant scrcens have not been

successful in identifying phenotypes cortelating ta mutations in either pax
mesa or pax neuro.

Consistent with the view that members of the prd gene set are not

only related structura11y but also functiona11y was the finding that a11 five
members are expressed in ci segmented fashion along the anteroposterior

axis. Further comparison of the expression profiles of the various prd gene

members identified a subset of ce11s in the posterior half of each segment

which express"p!:d, gsb-BSH9 and pox mesa transcripts (Bopp et al., 1989).
Based C,l these observations it was proposed that prd, gsb-BSH9 and pax mesa
act along a common p;;.thway to refine the positional information passed on

to them by the other segmentation genes (Bopp et al., 1989).
As previously stated, Drosophila segmentation is achieved through a

hierarchical system of gene regulation whereby positional information is

relayed from the maternai coordinate genes ta the gap, pair-rule and

segment polarity genes in a fashion which progressively subdivides the
embtyo into individual segments (lngham 1988). The pair-rule genes, such

as prd, are intermediaries in this cascade and are responsible for conveying

positional information received from the zygotica11y expressed gap genes to

the segment polarity genes. Within the pair-rule class of segmentation

genes a hierarchical system of gene regulation is also achieved. The

primary pair-rule genes, rune and hairy, which are themselves regulated by



•

•

40

gap genes (hunchback, Krüppel and knirps) act to regulate the expression of

rhe secondary pair-rule genes even-skipped, fushi tarazu, add-paired, and add­
skipped (Ingham 1988). Through combinatorial mechanisms of positive and

negative regulation these secondary pair-rule genes act to modulate the
expression of prd, a tertiary pair-rule gene (Baumgartner and Noll 1991).

Recent evidence suggests rhat rhe products of the gap genes rhemselves are
required to activate early prd expression (Gutjahr et al., 1993). Because prd
is at rhe battom of the regulatory hierarchy among pair-rule genes, in

addition to the fact rhat rhe prd pattern of expression changes from a two

segment repeat (typical of pair-rule genes) to a single segment repeat
(typical of segment polarity genes), it was felt that prd directly mediates the

transition of positional information from the pair-rule to the segment­

polarity genes (Baumgartner and No1l1991). Evidence supporting This

view comes from the analysis of the expression patterns of various segment­
polarity genes in prd- mutants (Bopp et al., 1989).

ln examining the expression profiles of the two gsb genes, gsb-BH4

and gsb-BH9, in prd- mutants it was found rhat rhe transcripts of each of

these genes were activated only in every orher segment as compared to rhe

single segmental repeat typically observed for rhese gene transcripts in

wildtype embryos (Bopp et al., 1989). It was rherefore surmised that prd

protein is required for rhe proper expression of rhe gsb genes in the posterior

half of alternating segments, whereas other pair-rule genes are most likely

responsible for rhe gsb genes' expression in rhe orher segments. Pax meso
gene expression was shown to be altered in prd- embryos in a similar fashion

(Bopp et al., 1989). Wherher prd regulates pax-mesa directly or through an

intermediate such as gsb-BH9 remains to be proven. ln addition to rhe

regulation of prd gene set members by prd, rhe segment-polarity gene

engrailed (en) also appears to be misexpressed in prd- mutants (Dinardo and

ü'Farrell 1987). ln fact, severai studies have shown rhat prd acts in concert

with eve to activate en expression in rhe anterior portion of odd numbered

parasegments (Dinardo and ü'Farrell 1987; Morrissey etai., 1991).
Wherher genes like en or orher as yet unidentified genes are viable

downstream targets of prd necessitates furrher studies.

As is rhe case for homeobox containing genes, paired box containing
genes are also evolutionarily conserved. Paired box containing genes have

been identified in rhe genomes of such diverse organisms as nematode,
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Drosophila, zebrafish, quail, frog, mouse, and human (Gruss and Walther

1992). The importance of this gcne family is shown not only by the

conservation of their gene sequences but also by the observation that like the

Drosophila genes, mutations in several of the mammalian Pax genes disturb

the pattern of embryonic devclopment (reviewed in Gruss and Walther

1992). The significance of mutations in members of the Pax gene family in
general, and Pax-3 in particular, will be addressed in the forthcoming

chapters of mis thesis.
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Molecular Characterization of a De1etion Encompassing

the Splotch Mutation on Mouse Chromosome 1.
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Abstract

We have used a set of markers newly assigned ta the proximal

portion of mouse chromosome 1 ta characterize the chromosomal segment
deleted in the splotch-retarded (SpT) mouse mutant. Among nine markers
tested in the hererozygore SpT/+ mouse, we have identified four genes: Vil,
Des, Inha, and Akp-3 which map within the SpT deletion. The closest distal

marker ta the deletion is the ACTg gene, with the distal deletion breakpoint

mapping within the 0.8 cM segment separating Akp-3 and Aerg. The most

proximal gene ta the SpT deletion is TpI. The proximal deletion breakpoint

maps within the 0.8 cM segment separating TpI and Vil. The minimum size

of the SpT deletion would therefore be limited ta 14 cM, the gcnetic distance

between Vil and Akp-3. The maximum size of the SpT deletion is estimated ta

be 16 cM, the genetic distance between Tpl and Aerg.

".
--,-
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Introduction

Neural tube defects are one of the most common congenital
malformations, occurring in 1-3/1000 livebirths (Bergsma, 1979). Multiple
factors, genetic and environmental, have been implicated in the etiology of

both spina bifida and anencephaly, underlying the causal heterogeneiry of
these disorders (Bergsma, 1979). At present, the genetic components
involved in the cause of neural tube defects in man remain unknown.
Evidence for the segregation of major genes associated with familial

anencephaly have been proposed (Shaffer et al., 1990; Jenson et al., 1988; and
Toriello et al., 1980) but none have yet been mapped.

One strategy to map single gene defects that cause developmental

malformations in man is ta identify similar defects in other genetically weIl
defined mammals, such as the laboratary mouse. This strategy aIlows for
comparative gene mapping to be carried out. For instance, if a single gene
mouse mutant responsible for a particular defect is mapped to a
chromosomal segment conserved between mouse and man, then molecular

analysis of the corresponding Target region can be performed ta determine if
a human equivalent ta the mouse gene exists (Winter, 1988).

A candidate mutant gene for this study is splotch (Sp), and its aIlelic
variants, splotch-delayed (Spd), and splotch-retarded (SpT). The Sp alleles

are aIl autosomal dominant/semidominant mutants which display a pattern
of increasing developmental disruption in the order of Spd, Sp, and the most
severe aIlele, SpT. The homozygous Spd mutant is characterized by spina
bifida and dysgenesis of neural crest cell derivatives including spinal ganglia

(Moase and Trasler, 1990). They can survive until day 16 of gestation

depending on their genetic background. The characteristic features of the
homozygous Sp mutant include exencephaly, meningocele, and spina bifida
(Auerbach, 1954), as well as dysgenesis of neural crest ceIl derived spinal

'ganglia and pigment cells of the skin. lt survives until approximately day 13

of gestation. Unlike the Sp and Spd mutants which arose spontaneously
(Dickie, 1964), the SpT mutant studied here was created by X-ray
mutagenesis, is characterized by a cytogeneticaIly detectable deletion of

band C4 on chromosome l, and animaIs homozygous for SpT die before
implantation. Animais heterozygous for any of the three aIleles at the Sp
locus display white spotting of the belly, tail, and feet possibly due to the
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absence of melanocyte migration ta these regions (Auerbach, 1954). ln
addition the SpT heterozygote undergoes a persistent growth rerardation

throughout its adult life.
The Sp locus has been assigned to band C4 of mouse chromosome 1

(Evans et al., 1988) within an approximated 32 cM evolutionarily conserved

linkage group corresponding to the distal region of human chromosome 2q

(Schurr et al., 1990; Searle et al., 1989). Our preliminary efforts in the

attempt to isolate the gene responsible for the Sp mutation have been
directed at the molecular characterization of the cytagenetically dercctable

deletion associated with the SpT mutant.
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Materials and Methods

Mice
The SpT heterozygore was obtained from the MRC Radiobiology

Unit, Chilton (Harwell), England. The original mouse was recovered

among the progeny of a 3H1 (C3H/HeH x 101/H) FI female given 6 Gy X­
irradiation. The hererozygore is presently being inbred onto a C3H/HeJ

background by brother-sister mating.

Probes
The Len2, Fn, Akp-3, and Acrg gene probes have previously been

described (Schurr et al., 1989). The Tpl probe used was a 004 kb EcoRl

mouse cDNA clone obtained from Dr. N. Hecht. The Vi! probe used was a

1.4 kb BamH1/BglII mouse genomic clone. The Des probe used was a 2.2 kb

BamHI mouse genomic clone. The lnha probe used was a 1.4 kb mouse

genomic clone. The genomic Vil, Des, and Inha probes contained part of the

coding segments of the gene and were ail isolated in our laboratory after

chromosome walking in a cosmid genomic library initially screened with

the human Des (Li et al., 1989), Vil (Rousseau-Merck et al., 1988), and Inha
(Barton et al., 1989) cloned probes. The Sag probe was a 0.5 kb

BamHl/BamHI genomic mouse clone (Ngo et al., 1990). The 1.2 kb EcoRl
cDNA fragment of the rat Na, K-ATPase 132 subunit which maps to

chromosome 11 (Malo et al., 1990) was used as an internai hybridization

standard. The DNA inserts of cloned probes were gel purified and labelled

to high specifie activity (5x108 cpm/Ilg DNA) with a[32Pl-dATP using the

random primer labelling technique and the Klenow fragment of E. coli
DNA polymerase 1 (Feinberg and Vogelstein, 1984).

Southern Hybridization

High molecular weight genomic DNA was isolated from spleens and

kidneys of heterozygous SpT/+ and wildrype (+/+) littermate mice

according to a standard protocol (Sambrook et al., 1989). Genomic DNA

was digested to completion with a ren-fold excess (10 Units/Ilg DNA) of

restriction endonucleases according to the conditions suggested by the

supplier (Pharmacia, Bethesda Research Laboratories). Five micrograms of
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restricted genomic ONA \Vere electrophoresed in 1% agarose gels

containing TAE (40mM Tris-acetate, 20mM sodium acetate, and 20mM

EOTA, pH 7.6) and transferred by capillary blotting onto nylon membranes

(Hybond-N, Amersham). To ensure mat each lane \Vas equally loaded,
prim ta electrophoresis, me restricted ONA \Vas quantified by fluorometric

analysis using a ONA specific fluorescent dye (Hoechst 33258). TI1e

membranes \Vere prehybridized for 16 hours and then hybridized \Vith
[32P)-radiolabelled ONA probes for 16 hours at 60°C (human probes) or

65°C (rodent probes) in 6xSSC, 0.5% SOS, 5x Oenhardt's solution, and 004
mg/ml sonicated denatured salmon sperm ONA. The membranes \Vere

\Vashed at room temperature, first in 2xSSC, 0.1 % SOS for 20 minutes,

then in 0.5xSSC, 0.1% SOS for a furrher t\Venty minutes. The final \Vash

\Vas in O.lxSSC, 0.1 % SOS at 65°C for rodent probes, and 60°C for human

probes. The membranes \Vere exposed ta XAR-film (Kodak) at -80°C \Vith

an intensifying screen for 16-72 hours.

Densitometric analysis

The gene capy number detected by individual probes for each lane

\Vas determined by quantifying the hybridization signais \Vith a laser

densitameter (LKB/Pharmacia). Corrections for the amounts of ONA

loaded on the gel and transferred ta the hybridization membranes \Vere

done for each lane by quantifying the hybridization signal of a control

single copy probe.
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Results and Discussion

The creation of 2 mouse mutant allelic ta splotch (Spr) by X-ray

mut3genesis and the subsequent identification of a cytogenetically

dercctable deletion in this mutant has localized the Sp gene ta band C4 on

mouse chromosome 1 (Evans et al., 1988). In order ta further delineate the

subchromosomal location of the Sp gene, we have established the boundaries

of the deleted chromosomal segment from the heterozygous mutant Spr/+,
using nine cloned probes that we have recently assigned ta that region of

chromosome 1 (Malo et al., 1990; SchuIT et al., 1989). These loci form part

of a linkage group which has been evolutionarily conserved between the
proximal portion of mouse chromosome 1 and the distal region of );uman

chromosome 2q (SchuIT et al., 1990) (Table 1).

T 0 determine which of the gene probes map within the Spr deletion,

Southem blots of genomic DNA from the Spr/+ and wildtype littermates

(+/+) were sequentially hybridized with the aforementioned gene probes

(Figure 1). Each DNA sample was prepared in quadruplicate.

Furthermore, each of the probes tesred was hybridized ta at least two
Southern blots containing DNA samples restricted with different enzymes.

ln this analysis, internaI hybridization standards that map ta other

chromosomes were used ta control for possible variatÎi)n in DNA

concentrations per lane. Relative intensities of I:he hybridizatiùi:-,ignals

(one copy versus two per diploid genome) were determined by densitometric

analysis. -.

ResuJt~ presented in Figure 1, demonstrate that the Vil, Des, Inha,

and Akp-3 gen.;;s are present at only one copy/genome in the Spr/+ mouse

c:ompared to two copies/genome in the +/+ littermate. The Vil, Des, Inha,
and Akp-3 genes must therefore map within the Spr deletion. These four

.,-iles can now be physically assigned ta band C4 of chromosome 1. On the

other hand, the Len2, Tpl, Fn, Aerg, and Sag genes show the conttdi gene

copy number in the Spr/+ mouse and therefore, map outside the deletion.

The proposed gene order on mouse chromosome 1, as determined by

linkage analysis, is the following: Len2-Fn-Tpl-Vil-Des-lnha-Akp3-Acrg­
Sag (SchuIT et al., 1990; Malo et al., 1990). Thus, the Len2, Tpl, and Fn

_genes map proximal to the Spr ddction (Figure 2). The proximal breakpoint

of the deletion maps within the 0.8 cM segment separating Tpl and Vil. The

1
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J.'erg and Sag genes map distal te the deletion (Figure 2). The distal

breakpoint of the delerion maps within the 0.8 cM fragment which separates

the Akp-3 and Acrg genes. The minimum size of the SpT deletion is limited te

14 cM, the genetic distance between Vil and Akp-3. The maximum size of

the SpT d~letion can be approximated at 16 cM, the genetic distance between
Tpl and Acrg.

It is of particular interest that within the syntenic group of loci,

conserved between the proximal portion of mouse chromosome 1 and the

distal region of human chromosome 2q, of which part is dcleted in the SpT/+
mouse, there are seven genes which code for structural proteins. These loci,

Cal3al, Myl, Len2, Fn, Vil, Des, and Cal6a3 contribute te the composition of

the'cyteskeleton and extracellular matrix (ECM) of cells of various tissues.
"

Th'e participation of cyteskeletal and ECM proteins in neural foid clevation

and closure has been well documented (for review see O'Shea, 1986). In

particular, Kapron-Bras and Tras1er (1988) have noticed a reduction in the

ECM filled space surrounding the neural tube of homozygous Sp mutants.

Interestingly, at least two of the genes which map within the SpT deletion,

Vi! and Des, encode for proteins that contain actin-binding core sequences

which are thought to be implicated in controlling cell shape, adherence to

extracellular substrates, and migration. The Vil and Des genes are not

ktv wn however, te be expressed during neural tube developmcnt, nor arc

they or any of the other genes tested in This report, found te be de1eted or

rearranged in the Sp or Spd heterozygotes (unpublished results).

Recently, Foy et al (1990) have demonstrated that the placental

alkaline phosphatase locus on human chromosome 2q37 segregatcs with the

Waardenburg Syndrome Type l (WS1). WSl is a dominant condition and

is characterized by dystopia canthorum, pigmentary disturbances, and

sensorineural deafness. Furthermore, Ishikiriyama et al (1989) identificd a

child with WS1 and a de nova inversion of 2q35-37. These findings, in

addition to our report confirming the assignment of the Akp-3 gene te band

C4 of mouse chromosome 1, would strongly suggest that the WS1 lo::us is

contained within the linkage group conserved between mouse chromosome

1 and human chromosome 2q. As a result of the homologous mapping of Sp
and WS l, and the àpparent similarities in the two phenotypes, it is tempting

te speculate that WSl could be a human counterpart te the mouse Sp
mutation. Further characterization of the region, in both species, by
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multipoint linkage testing and long range physical mapping will he
necessary ta confirm this hypothesis.

-
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Table 1

Chromosomal map positions of eight loci conserved between mouse

chromosome 1 and human chromosome 2q.

Gene Chromosome Location <Rcference*)

Mouse Human

LenZ 1 C2-4 (36) 2q33-36 (27)

Fn 1 C3-4 (36) 2q34-36 (16)

Vil 1 C4 (This report) 2q35.37 (25)

Des 1 C4 11 2q35 (33)

inha 1 C4 11 2q33-qter (2)

Akp.3 1 C4 11 2q34-37 (1l)

Acrg 1 proximal (12) 2q32-qter (5)

Sag 1 proximal (6) 2q24-37 (23)

* Numbered references pertain to those cited from pages 5'2 56.

.,
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Figure 1

Southem blot analysis of MspI digesred DNA from a SpT herero;ygore

and its wildtype litrermate. The chromosome l-specifie gene probes and the

internai hybridization standard (Atpb-2) are indicared next to each band.

The number benearh each pair of lanes represents rhe ratio of band

intensities (+/+:SpT) as determined by laser densitometry.

/
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Figure 2

Genetic distances (in cM + SE) of eight loci spanning the chromosomal

segment dcleted in the Spr mouse mutant.
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splotch (Sp2H), a Mutation Affecting Development of the Mouse

Neural Tube, Shows a Deletion Within the Paired Homeo Domain of

Pax-3
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Abstract

\Y/e have analyzed the molecular basis of the mouse mutation splocch (Sp) in
three alleles at this locus Sp, Sp2Hand Spr. Sp is a semidominant mutation

which maps to the proximal part of mouse chromosome 1 and is

phenotypically expressed as a pleiotropic defect during neurogenesis,
resulting in spina bifida, exencephaly and dysgenesis of neural crest ccli

derivatives. Using segregation analysis in a panel of interspccific backcross

mice, we positioned the paired box gene Pax-3 within the Inha ta Akp3
interval, near or at the Sp locus. Pax-3 was found ta be deleted in
hererozygous Spr/+ mice which harbor a large inrerstitial deletion of the

proximal part of mouse chromosome 1. Analysis of gcnomic DNA and

cDNA clones constructed from RNA isolated fromSp2H/Sp2H embryos

identified a deletion of 32 nucleotides in the Pax-3 mRNA transcript and

gene of these mice. This deletion maps within the paired homeo domain of

the PAX-3 polypeptide, and is predicted ta produce a truncated protein as a

result of a newly created termination codon at the deletion breakpoint.

Our study indicates that the severe defect in neural tube formation derccted

in the Sp2H mutant is linked to the inactivation of the paired box gene Pax­
3, and provides direct genetic evidence of a key role for Pax-3 in normal

neural development.
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Introduction

The cellular and molecular mechanisms which contribure ta the

complex process of neurulation in mammals have yet ta be fully elucidated.

Aberrations in the formation of the vertebrare neural tube result in neural
tube defects, such as spina bifida (meningomyelocoele) and anencephaly.
Spina bifida and anencephaly are the most cornmon forms of neural tube

defects in humans with a combined incidence of 1/1000 live births

(Edmonds and James, 1990). Multiple factors, both genetic and
environmental (Copp et al., 1990) have been implicated in the etiology of

spina bifida and anencephaly, underlying the causal heterogeneity of these

disorders. However, theses genetic factors have yet to be identified.

The mouse offers an excellent experimental model for the study of
devclopmental processes such as neurogenesis, because of the accessibiHry of

the developing embryo, the relative abundance of independently derived

mutants, and the ease by which one can manipulate both environmental

and genetic influences on these developmental processes. In particular, the

mouse mutant splocch (Sp) is an established model for the study of neural

tube dcfects in humans (Copp et al., 1990). Sp was initially identified as a

spontaneous mutant in a mouse colony (Russell 1947) and since then

several other mutants, either spontaneous in the case of splotch-delayed

(Spd; Dickie 1964), or induced by X irradiation in the case of splotch­
retarded (Spr), Spl H and Sp2H (Beechey and Searle, 1986), have been

shown by genetic analysis to be allelic to Sp. The Sp mutant has been

classified as a semidominant mutation and has been mapped ta the proximal

portion of mouse chromosome 1 (Snell et al., 1954; Skow et al., 1988).

While the molecular basis of the genetic defect in Sp mutants is unknown,

the Spr allele is characterized by a cytogenetically detectable deletion of

chromosome l, Giemsa band C4 (Evans et al., 1988). We have n:centiy
analyzed the dele'ted chromosome 1 segment in the Spr mutant and have

established its size as approximarely 16 centiMorgans (cM), encompassing

the struw:ral genes for villin (Vil), desmin (Des), inhibir•. a-subunit (Inha) ,
and alkaline phosphatase (Akp-3) (Epstein et al., 1991). Phenorypic

characteristics of the homozygous mice bearing the Sp, SpI H and Sp2H
allel.es are very similar and include exencephaly, meningocele, and spina

bifida (Auerbach 195d,; Beechey and Searle 1986; Franz 1989) as weil as
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dysgenesis of neural crest cell derived spinal ganglia (Auerbach 1954),
Schwann cells (Franz 1990) and structures of the heart (Franz 1989). Sp,
Spi H and Sp2H homozygotes survive until approximately day 16 of

gestation depending on their genetic background. Spd homozygotes arc

similar but only develop spina bifida, and can survive until birth (Dickie

1964), while Spr homozygotes presumably die prior to implantation. While

the respective phenotypes of the different Sp alleles may vary with respect ta

survival time ir. utero and severity of neural tube defect, ail heterozygous Sp
mutants and their allelic variants, are charactcrized by white spotting of

the abdomen, tail, and feet possibly due ta the absence of melanocyte
migration ta these regions (Auerbach 1954).

In the mouse, the Pax gene family encodes a group of cight related

proteins (Kessel and Gruss, 1990) which share in common a protein damain

homologous to that encoded by the Drosophila paired box (Bopp et al.,

1986). One member of this family, Pax-3, is expresscd just prior to neural

tube closure along the dorsal part of the neuroepithelium extending from

the prosencephalon ta the aaterior margin of the posterior ncuropore

(Goulding et al., 1991). In addition, Pax-3 is expressed in certain neural

crest cell derivatives such as the spinal ganglia, dorsal root ganglia, somitic

mesoderm and certain cranio-facial neural crest derivatives. The Pax-3
gene has been mapped ta the proximal portion of mouse chromosome 1

betweên the tumbler and leaden mutant loci (Goulding et al., 1991) near the

structural gene for villin (Oison et al., 1990) wirhin the general area of Sp.
The striking similarity between the tissue distribution of Pax-3 mRNA in

normal developing embryos, and the neural structures affected in Sp micc,

tagether with the chromosome 1 location of Pax-3 led us to examine

whether Pax-3 was mutated in Sp .

". ',--
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Results

Pax-3 has recently been mapped to mouse chromosome 1 and found

to co-segregate with Vi! in a smal1 number of informative backcross progeny
(Oison et al., 1990). Since Vi! is deleted in the SpT al1ele ot' the Sj' mutation

(Epstein et al., 1991), we determined whether Pax-3 was also deleted in

these mice. Because SpT/SpT homozygotes die prior to implantation, genomic

DNA cannot be easily obtained from them. Therefore, Southem b16ts of

genomic DNA from SpT/+ heterozygotes and parental controls (C3H/He]

and lOI/OR) were hybridized with a Pax-3 specific cDNA probe and rhe

intensity of the specifie hybriâ,zation signais compared to mat obtained

with a control probe (Atpb 2) known to map on chromosome Il (Malo et

al., 1990). The Pax-3 cDNA probe used for this analysis was a cDNA

segment overlapping the amino terminal half of PAX-3 and was obtained by

direct cDNA amplification (PCR), using specifie oligonudeotides and

cellular RNA from embryonal carcinoma P19 eel1s, known to exptess Pax-3
after induction with retinoic acid (Goulding et al., 1991). Relative

intensities of the hybridization signais (one copy versus two per diploid

genome) were quantified by densitometric analysis. This analysis (Figure

la) shows that Pax-3 is present at only one copy/genome in SpT/+
heterozygotes compared to two copies/genome in the control C3H/He]

strain, indicating that Pax-3 is indeed pan of the large chromosome 1

segment deleted in the SpT allele.

The chromosomal location of Pax-3 was further established by

linkage analysis in an interspecifie (Mus spretus x C57BL/6])F1 x C57BL/6]

backctoss mapping panel with respect to eight other loci previously assigned

to the proximal region of mouse chromosome 1 (Schurr et al., 1990; Malo et
al., 1991). For this, an 8 kb polymorphie Kpu 1 Pax-3 restrietion fragment

was first identified between Mus sprens and C57BL/6] miee (data not

shown), and its segregation was followed by Southern blotting analysis in

genomic DNA From a total of 253 backcross progeny. The distribution of

the various recombinant genotypes in these mice unambiguously positions

Pax-3 within the Inha to Akp-3 interval (Figure lb), with 13 crossovers

h:ieiltified between Pax-3 and Akp-3 and 16 between Pax-3 and Inha. The

predicted gene order and intergene distances were calculated as eentromere­
Fn-I-2.0 cM-Tp-l-0.8 cM-(Vi!, Des) 004 cM-Inha-6.3 cM-Pax-]- 5.1eM-Akp-
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3- O.8cM-Acrg-2.0 cM-Sag (Figure lA). The mapping of Pax-3 ta this

segment of mouse chromosome 1 is consistent with priOi chromosomal

assignments of the Sp mutation (Skow eL al., 1988) and suggests tight

linkage between the two loci. Taken together, the finding that Pax-3 is

delercd in the Spr mutant and maps near or at the Sp locus, prompted us to

investigate further the possibility that Pax-3 and Sp may be the same locus.
We reasoned that if such was the case, Pax-3 may also be dcleted,

rearranged or otherwise mutarcd in orher alleles at the Sp locus. The Sp and

Sp2H mutants survive long enough in urero that genomic DNA and cellular

RNA can easily be obtained from homozygous embryos. Genomic DNA

from day 14 Sp/Sp and Sp2H/Sp2H embryos, as well as adult C3H/HeJ and

lOI/OR parental strains, were restricted with Taq 1 and analyzed by

Soumern blotting for alterations in the Pax-3 gene, using a Pax-3 cDNA

probe covering the S' half of the mRNA, from position +84 to +1078 of the
reported sequence (Goulding et al., 1991). The Pax-3 probe detected

hybridizing Taq 1 fragments of size 4.4, 3.1, 2.5, 2.1, 1.5, and O.6kb in the

C3H/HeJ parental strain (Figure 2A, lane 4). The same fragments were

detected in the other panent, lOI/OR, except for the 3.lkb C3H/HeJ

fragment which is polymorphie in lOI/OR mice and repbccd by a 2.8klJ

fragment (Figure 2A, lane s). The pattern of Taq 1 hybridizing fragments

detected by Pax-3 in DNA from either homozygous day 14 Sp/Sp embryos

(Figure 2A, lane l), or heterozygous Spr/+ adults (Figure 2A, lane 3) was

identical to that detected in either the C3H/HeJ or lOI/OR parents,

suggesting that Pax-3 is not grossly rearranged in these micc. However,

our Pax-3 probe detected a novel and unique skb hybridizing fragment in
DNA from homozygous day 14 Sp2H/Sp2H mice (Figure ZA, lane 2),

whieh was absent form either parental strain. A prolonged exposure of the

Southern blot (Figure 2A, bottom pane!) shows that DNA from Sp2H/Sp2H
micc also lacked the O.6kb Pax-3 fragment derccted in both parents (Figure

2A, bottom panel, compare lane 2 with 4 and s), consistent with the

proposi tion that at least one Taq 1site is specificaily altercd in the
Sp2H/Sp2H mutant. This alteration seems to result from either a point

mutation or a small rearrangement, as restriction of gcnorùic DNA with a

number of other enzymes failed to reveal differences in hybridization

profiles between mutant mice and parental strains (data not shown). It is

unlikely that the altered profile of Pax-3 hybridizing Taq 1 fragments
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detected in Sp2H/Sp2H mice is caused by artifactual or partial digestion by

this enzyme since re-hybridizing the same blot with a Pax-3 probe

corresponding to the 3' end of the mRNA (nucleotides +1057 to +1809)

generated identical patterns of hybridizing fragments in ail mutants and

both parental strains (Figure 2B).
To dctermine if the alteration detectcd by the Pax-3 cDNA probe in

Taq 1digested genomic DNA of Sp2H/Sp2H mice caused changes within

the transcribed portion of the gene and/or coding sequence of the PAX-3
polypeptide, we isolated and characterized the corrcspol~dingPax-3 cDNA
clones from both the Sp2H/Sp2H mutant and a normal parent. Total

cellular RNA was extracted from Sp2H/Sp2H and C3H/HeJ embryos, and

cDNAs ovedapping the S' half of Pax-3 mRNA were syp.thesized using a

sequence specific oligonucleotide 9.5 a primer for reverse transcription
(Figure 3A, primer b ). The Pax-3 cDNAs were isolated after amplification

by PCR, using sequence specific primers (Figure 3A, primers a and b). The

cDNAs isolated from Sp2H/Sp2H and C3H/HeJ RNA were digested with

Taq 1 and analyzed by gel electrophoresis (Figure 3B) . Three Taq 1

fragments of size 776 bp, 150 bp, and 68 bp corresponding to sizes predicted

from the published sequence, were detected in the 9)4 bp Pax-3 cDNA

subfragment from C3H/HeJ RNA (Figure 3B, lane 2). On the other hand,

the corresponding Pax-3 cDNA subfragment of the Sp2H/Sp2H embryo

showed only two Taq 1fragments of size 776 bp and 186 bp (Figure 3B, lane

1). These findings confirm that the altered Taq 1 site detected by Southern

analyois in genomic DNA from the Sp2H/Sp2H mutant is also absent from

the cDNA, and that its absence is not linked to a simple point mutation but

appears to be caused by a deletion of a genomic segment encompassing this

Taq 1 site and approximatcly 30 nucleotides of transcribed sequence.

Further restriction mapping experiments (data not shown) indicated that
the missing Taq 1site in Sp2H/Sp2H is normally found at position +1010 of

the published Pax-3 sequence (Figure 3A). The Pax-3 cDNA fragments
amplified from C3H/HeJ and the Sp2H/Sp2H mutant were cloned and their

nucleotide sequences determined for the region neighboring the proposed

dc1etion (Figure 3A). The deletion 'n the Sp2H/Sp2H mice was found to be

precisely 32 nucleotides in length, and to encompass a segment beginning at

alanine 237 and ending at threonine 248 of the PAX-3 polypeptide. This

deletion removes part of the highly conserved paired homeo domain of the
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protein, interrupts the reading frame of the mRNA and crearcs a TAG

termination codol'. immediatc1y downstream alanine 237, resulting in a

truncated protein lacking its C-terminal half.
To confirm that the de1erion in Pax-3 detected in the Sp2H/Sp2H

murant did not ref1ect alternative splicing of the Pax-3 genc. or was causcd

by an enzymatic artifact of either reverse transcriptase or Taq polymcrase
used to consrruct and amplify the cDNAs. we amplified by PCR the

genomic DNA segment predicted to span the de1etion detected in the
cDNAs. Por this. genomic DNAs from the Sp2H/Sp2H mutant :md

parental controIs were amplified using two sequence specific primers

(primers band c. see Figure 3A) located 127 nucleotides apart in the cDNA

sequence. and mapping on either side of the de1eted segment (Figure 3C) . A

127 bp fragment could be amplified ftom DNA of both parental contrais

C3H/HeJ. lOl/OR, and the Sp/Sp mutant (Figure 3C, lanes 1,2 and 5

respective1y), while a shorter 95 bp fragment was amplified from
Sp2H/Sp2H embryonic DNA (Figure; 3C, lane 4). and both the 127bp and

95bp fragments were amplified from the DNA of the Sp2H/+ hetcrozygorc

(Figure 3C. lane 3). Direct DNA sequencing of the 95 bp Sp2H fragment

showed that the de1etion in the genomic DNA was identical to that dcrcctcd

in the Pax-3 mRNA.These findings confirm the existence of a small

chromosomal de1etion of 32 nucleotides in the Pax-3 gene of thcsc mice.
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Discussion

The murine Pax gene family encodes a group of eight structurally

related polypeptides (Pax-I-8; Kessel and Gruss, 1990) which share a

sequence homologous domain with the paired (prd) gene product of

Drosophila. This common and highly conserved 128 amino acid segment is

called the "paired domain", and is found in addition ta prd, in four other

segmentation genes expressed during early Drosophila development

gaaseberry-disull (gsb-d), gaaseberry-praximal (gsb-p) mopp et al., 1986) Pax­
mesa and Pax-neura (Bopp et al., 1989). In humans, three paired box genes

HuP l, HuP2, and P29 have so far been identified (Burri et al., 1989). The

spatial and temporal expression patterns of the prd gene in Drosophila
(Morrissey et al., 1991), and the Pax genes in the mouse (Deutsch et al.,

1988; Dressler et al., 1990; Plachov et al., 1990; Goulding et al., 1991)

suggest that they play a regulatary roll' in establishing the positional

identity of cells and tissues along an antero-posterior axis in a variery of

developmental processes during embryogenesis. For instance, the Pax-l gene

is expressed in the ventral sclerotame along the rostrocaudal axis and may

contribute ta the development of segmented structures of the vertebral

column, sternebrac. and thymus (Deutsch et al., 1988). Pax-2 and Pax-8 are

both expressed along the rostrocaudal axis of the developing neural tube, in

addition ta the developing excretory system (Nornes et al., 1990; Dressler et

al., 1990; Plachov et al., 1990) while Pax-3 and Pax-7 share similar

expression patterns in the developing neural tube (Jostes et al., 1990;

Goulding et al., 1991).

Although the exact mechanism by which members of the Pax family

exert their regulatory roll' during development remains to be elucidated,

amino acid sequence information and biochemical analyses suggest that

they may act at the DNA level by modulating the transcriptional activity of

specific target genes. Firstly, polypeptides encoded by Drosophila Pax mesa
and Pax lleUro genes show a nuclear localization (Bopp et al., 1989).

Secondly, the predicted secondary structure of the paired domain

overlapping amino acid residucs 78-105 shows a helix-turn-helix structural

motif (Burri et al., 1989), known to have DNA binding properties (Schleif

ct aL, 19-::3). Thirdly, the Drosophila genes prd, gsb-d and gsb-p, and the

mouse Pax-3, Pax-6, and Pax-7 genes encode, in addition to their paired
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domain, a paired homeo domain also known to bind DNA (Kissinger et al.,

1990). r;nal1y, the capacity of mese proteins to bind promoter clements in

vitro through meir paired domains and paired homeo domains has been
direcrly established for mree of them (Treisman et al., 1991; Goulding et
al., 1991; Chalepakis et al., 1991). These observations support the

hypomesis that Pax genes encode nuclear trans-acting transcription factors

regulating the expression of several target genes, themselves coding for key

structural or regulatory proteins implicated in normal development.

According to mis proposai, inactivating mutations in Pax genes would have

pleiotropic and possibly deleterious effects on normal embryogenesis. This

was indecd shown to be me case for Pax-J. A single glycine to serine
substitution within me highly conserved paired domain of Pax-J is deœcted

in me mouse mutant undulated (un), which is characterized by vertebral

malformations along the entire rostrocaudal axis (Bal1ing et al., 1988).

This mutation has recenrly been shown to alter me DNA binding properties

of Pax-! in vitro (Chalepakis et al., 1991).

The results presented in our study provide additional genetic evidence

supporting this mechanism of action for yet another member of the Pax
family, Pax-3. We find mat splotch (Sp2H/Sp2H l, a mutation affecting the

development of the mouse nervous system, has an internai deletion of 32

nucleotides wimin me Pax-3 gene. This deletion maps within me

boundaries of me paired homeo domain, interrupts the reading frame, and

creates a termination codon at me juncture of the deletion breakpoints

resulting in a truncated protein lacking a complete paircd homeo domain

and its entire carboxy terminal half. These results, in addition te.> the

findings mat: 1) Pax-3 and Sp share similar or identkal map locations; 2)

Pax-3 is deleted in Sprl+ micc; and 3) me temporal and physical distribution

of Pax-3 transcripts in normal developing embryos coincides with that of

tissues and r..el1 types affected by me Sp mutation, indicate that Pax-3 and

splotch are me same genetic locus, and mat me Pax-3 mutation detected in

Sp2H/Sp2H mice underlies the neural tube defects detected in these animais.

Our inability to detect gross rearrangements in the Pax-3 gene of embryos

from another Sp al1ele (SplSp ) suggests mat the molecular defect in mese

micc may involve a point mutation, compatible wim me spontancous origin

of mis Sp allele.
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Close examination of tissues and specific cell types either affected in

Sp2H/Sp2H embryos or showing Pax-3 expression during normal

development may suggest candidate genes for regulation by Pax-3 during

neurogenesis. The phenotypic expression of the Sp mutation in homozygous

Sp2H/Sp2H mice is pleiotropic and includes exencephaly (cranioschisis),
overgrowth of the neural tissue near the posterior neuropore resulting in
spina bifida, a tail flexion defecr (curly tail), and a general de1ay in

development resulting in a smalb lJ~erall size (Figure 4). In addition ta the

gross anatamical defects portrayd in the various Sp mutants, there are also

deficiencies in the neural crest cel1 derivatives (Auerbach, 1954; Moase and

Trasler, 1989). The neural crest cel1s originate from the neuroepithelium,

detach from this tissue at the time of migration and give rise ta a variety of

differentiated cell types (LeDouarin, 1980). Planar cultures of caudal
neural tube explants from day 9 SplSp and SpdlSpd embryos have revealed a

24 hour delay in the re1ease of the neural crest cel1s compared ta wild type

controls (Moase and Trasler, 1990). The neural crest cel1s that do emigrate

appear normal in morphology suggesting that the defect causing their

delayed emigration is intrinsic ta the neuroepithelium (Moase and Trasler,

1990). It is tempting to speculate that proteins essential ta the normal

migration of neural crest cel1s and possibly produced by neuroepithelial cel1s,

such as extracel1ular matrix proreins and their receptars, or cel1 adhesion

molecules implicated in adhesion to substratum and mobility, may be under

the regulatary control of Pax-3. Pax-3 is indeed express~d in cel1s from the

neuroepithelium and in sorne neural crest cel1 derivatives (Goulding et al.,

1991). One putative candidate for Pax-3 regulation is the neural cel1

adhesion molecule, N-CAM. N-CAM shows a pattern of expression similar

ta PAX-3, that is, high leve1s in the neural tube before neural crest cel1

migration, absence in the migrating neural crest cel1s, and then

reappearance in various neural crest cel1 derivatives (Ede1man, 1986;
Goulding et al., 1991). Interestingly, the N-CAM gene promott:r region

contains an ATTA motir' (Hirsch et al., 1990) known to form part of the

DNA recognition sequence of various homeo domain containing proteins,

including PAX-3 (Goulding et al., 1991). Moreover, quantitative and

qualitative differences in N-CAM expression profiles have been detected by

immunological analyses in the neuroepithelium of SplSp homozygotes

compared to +1+ littermates (Moase and Trasler, 1991).
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The chromosomal assignment of Pax-3 to the proximal portion of

mouse chromosome 1 places it within the boundaries of a large

evolutionarily conserved linkage group whos~ human homologous
counterpart is found on the long arm of chromosome 2 (2q). This syntcnic

segment spans approximately 32cM (caiculated from rccombinational

analysis in the mouse; Schurr et al., 1990) and is dclineated by two collagen

genes, COUAI (2q31-32.3) and COL6A3 (2q37). Human Waardcnburg
Syndrome type 1 (WS J, MIM 19530) is an autosomal dominant disorder

that has been mapped by linkage analysis in familial cases (Foy ct al., 1990;

Asher et al., 1991) and by the identification of a specific chromosomaJ
inversion in a sporadic c.ase (Ishikiriyama et al., 1989) to chromosome 2q,

band 2q35-37.3. WS 1 is characterized by dystopia canthorum ([ateral

displacement of the inner canthi), pigmentary disturbances (hcterochromia

irides, white forelock) and sensorineural deafness (McKusick, 1990). It is

believed that neural crest derived melanocytes responsible for normal

pigmentation and implicated in the development of the stria vascuiaris in

the mammalian ear (Steel and Barkway, 1989) may be the cell population

phenotypically expressing the WS 1 defect. As a result of the homologous

map positions for WS 1 in humans and Sp in the mouse, in addition to their

sharing of some phenotypic features (in particular the pigmentary

disturbances) WS 1has been suggested to be the human equivalent of thc

mouse Sp mlt, •.".ion (Foy et al., 1990; Asher and Friedman, 1990). The

human homolog to mouse Pax-3 has been proposed to be the HuP2 gcne,
based on amine acid sequence homology and common genomic exon/intron

organization (Goulding et al., 1991). Although HuP2 has yet to be mapped

in humans, a chromosome 2q localization wouId make it an attractive

candidate gene forWS 1.
Although the incidence of WS 1 in the general population is very low

0-2/105, Arias and Mota 1978), neural tube defects, in the form of spina

bifida and anencephaly, are some of the more common congenital

malformations (combined incidence of 1/1000 live births; Edmonds and
James, 1990) in humans. This high frequency has h~en attributed to both

environmental and genetic factors (Copp et al., i"'10), the mechanisms of

which are not weil understood. We would like to suggest that in view of

our findings in a mouse model, modulation of Pax-3 expression or activity
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by genetic or environmental factors may contribute ta the etio!ogy of spina

bifida and/or anencepha!y in humans.
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Experimental Procedures

Mice
The Sp2H and SpT mouse mutants \Vere obtained as hetero:ygotes

from the MRC Radiobiology Unit, Chilton (Harwell), England. The

ori]inal mice \Vere recovered among me progeny of a (C3H/HeH X IOI/H)
FI male, in me case of Sp2H and female in me case of SpT, af[Cr exposure to

6 Gy X-irradiation. The Sp mouse mutant \Vas kindly provided by Dr. D.

Trasler, (Department of Biology, McGill University). The C3H/HeJ inbred

mouse strain \Vas obtained from the Jackson Laboratory (Bar Harbor, ME).

The lOI/OR inbred mouse main \Vas kindly provided by Dr. E. Rinchik
(Oak Ridge National Laboratory, Oak Ridge, TE). Homo:ygous day 14

Sp/Sp and Sp2H/Sp2H embryos were generated by bromer/sister mating of

the respective hetero:ygores. Homozygosity of me embryos \Vas confirmed

by me preser,tation of a neural tube defect (exencephaly, spina bifida, or

both). A panel of intersp.ecific backcross hybrids consisting of 253 (C57BL/6J

X Mus sprettl.S ) FI X C57BL/6J animais \Vas generated by breeding

(C57BL/6J X Mus sprerus) FI females wim C57BL/6J males. Inbred Mus
sprerus (Spain) and C57BL/6J mice \Vere obtained from Dr M. Potter (NIH,

Bethesda, MD), and me Jackson Laboratory (Bar Harbor, ME),

respectively. Genetic linkage in mese backcross mice was determined by

segregation analysis. Gene order was deduced by minimizing me numbcr of

crossovers between the different loci within the linkage group <lnd the
recombination frequencies were calculated as described (Schurr et al.,

1990).

Construction and isolation of cDNAs :

For RNA isolation, day 13 C3H/HeJ and day 14 hûmozygous Sp2H/Sp2H
embryos were obtained by cesarian section, quickly frozen on carbonic icc,

homogenized with a mortar and pestle, and dissolved in a solution
containing 6M guanidinium hydrochloride. RNA was further purificd by

sequential ethanol precipitations, as previously described (Chirgwin et al.,

1981). cDNA synthesis was carried out using as templates eimer 2 Ilg of

polyadenylated RNA from embryonal carcinoma P19 cells induced to

differentiate by treatment with retinoic acid (10-7 M, 48 hours), or 51lg of

total cellular RNA from day 13 C3H/HeJ and homozygous day 14
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Sp2H/Sp2H embryos. Specific Pax-3 cDNAs were created using either one

of two sequence specific oligonucleotide primers (l00 ng each) ,

5'GCTTAAGCATGCCTCCAGTTC3' (position 1809-1789, primer d) or

5'CCTCGGTAAGCTTCGCCCTCTG3' (position 1078-1057, primer b).

The primer/RNA mixture was first incubated 5 mins at 650 C, then cooled

tu 37oC, followed by addition of enzyme and further incubation at 37°C for

90 mins. The reaction conditions for cDNA synthesis were O.IM Tris (pH
8.3), O.OlM MgCI2, O.l4M KCI, 0.02M beta-2 mercaptoethanol, 0.001 M

deoxyribonudeotides triphosphates, 90 U of placental RNAsr inhibitor

(RNA guard, Pharmacia), and 100 U .;f MMLV reverse transcriptase

(Amersham). cDNAs were purified by phenol/ether extractions, ethanol

precipitation, and dissolved in warer. Pax-3 cDNAs were then amplified by

the polymerase chain reaction (PCR). Briefly, cDNA amplification was

carried out using primer b or d (3' end) and either one of the two following

sequence specific S'end oligonucleotide primers: S'

GGTTGGGATCCTGACTCAAG 3' (position 84-103, primer a), S'

CAGAGGGCGAAGCTTACCGAGG 3' (position 1057-1078, primer el.

Paramerers for PCR amplification were 1 min at 940 C, 1 min at 60oC, and

2 mins at noc for thirty cycles, followed by a final extension for 10 mins

at noc, under experimental conditions suggested by the supplier of Taq

polymerase (BIO CAN, Montreal, Canada). The Pax-3 cDNAs were

analyzed by electrophoresis on a 2% agarose, purified, digested

simultaneously with Hin DIIl (position +1066) and Bam H 1 (position

+89), and cloned in the corresponding sites of the bacterial plasmid

pGem7Zf+. Three independent clones carrying Pax-3 cDNAs from either

wild type or Sp2H/Sp2H mutants were obtained and their nucleotide

sequence determined by the dideoxy chain termination technique of Sanger

(1977), using modified T7 polymerase (Pharmacia).

·PCR amplification of genomic DNA
High molecular weight genomic DNA was isolated from day 13

C3H/HeJ and day 14 homozygous Sp2H/Sp2H and Sp/Sp embryos according

to a standard protocol, using proteinase K treatment and seriai phenol and

chloroform extractions (Schurr et aL, 1990). Pax-3 genomic DNA

fragments overlapping nucleotides +952 to +1078 of the cDNA were

isolared from homozygous Sp/Sp and Sp2H/Sp2H mutants, as weil as
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heterozygous Sp2H/+, C3H/He], and lOI/OR control mice by PCR
amplification. Sequence specific oligonucleotide primers band c (S'
CAGCGCAGGAGCAGAACCACCTTC 3', position 9S2-97S) were used

as amplimers and the parameters for PCR were 1 min at 940 C, 1 min at

600 C , 1 min ut noc for twenty-five cycles, followed by a final extension
period of 10 min at noc. Amplified genomic Pax-3 fragments were

analyzed by electrophoresis on a 10% non-denaturing polyacrylamide gel in

TBE buffer (0.09M Tris, 0.09M boric acid, O.OOlM EDTA pH 8.0). In sorne

experiments nucleotide sequence of the amplified fragment was determined

directly by sequencing the PCR product.

Southern Hybridization

Genomic DNA was digesred to completion with a 10-fold excess (l0

Units/Ilg DNA) of restriction endonucleases, according te the conditions

suggested by the supplier (Pharmacia). Five micrograms of restricted

genomic DNA was electrophoresed in 1% agarose gels containing TAE

buffer (40mM Tris-acetate, 20mM sodium acetate, and 20mM EDTA, pH

7.6) and transferred by capillary blotting onto nylon membranes (Hybond­

N, Amersham). The membranes were prehybridized for 16h and then

hybridized with 32P-radiolabeled DNA probes (specific activity, S x 108

cpm/ mcg DNA) for 16 h at 420 C in SO% formamide, SxSSC, 1% SDS, 10%

dextran sulfate, 20mM Tris pH 7.S, lx Denhardt's solution, and 200 Ilg/ml

sonicated denatured salmon sperm DNA. The membranes were washed te

a final stringency of O.lxSSC, O.S% SDS at 6SoC for 30 minutes, and

exposed te XAR-film (Kodak) at -80 oC with an intensifying screen for 16­

71 h. The Pax-3 gene copy number detected in the SpT/+ heterozygote and in

the C3H/He] parental strain was determined by quantifying the

hybridization signais with a laser densitometer (LKB/Pharmacia).

Corrections for the amounts of DNA loaded on the gel and rransferred te

the hybridization membranes were made for each lane by quantifying the

hybridization signal of a control single copy cDNA probe encoding the beta 2

subunit of the Na, K+ ATPase (Arpb2) .
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Figure la

Chromosomal assignmem of Pax-3 in relation ta 8 other loci

spanning the proximal portion of mouse chromosome 1. Intergene distances

(CM) are indicated ta the right of the wild type chromosome 1, and the

deleted segment in the SpT/+ heterozygote is shown ta the left. Bottum panel

shows a Southem blot analysis of genomic DNA trom the SpT/+
heterozygote and the C3H/HeJ parental control digested with Taq 1 and

probed with cDNAs corresponding to Pax-3 and a control hybridization
standard, the beta 2 subunit of the Na, K-ATPase (Atpb 2). The number

beneath the lanes represents the ratio of hybridization signaIs (C3H/HeJ:

SpT/+ ), as determined by laser densitometry.
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Figure lb

. H lplotype analysis of 9 loci on mouse chro'llosome 1 in inrerspecific
'.\ \.

(Mus spretus X CS7BL/6J}F1 X C57BL/6J hybrids. Each column represents a

chromosomal haplorype for the loci tested. Inheritance of a CS7BL/6J allele

(open box) or a (M. spretus X CS7BL/6J}Fl allele (closed box) for the resred
loci is indicated. The number of backcross micdor ei;ch haplory;,e is listed at

the bottom of each column. Analysis of ail loci excepdor Pax-3 has been

p~êvjl)usly reported (Schurr et al., 1989; 1990; Malo et' al., 1991).
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Figure 2

Southern blots of Taq 1 digested genomic DNA from Sp/Sp (lane 1);

Sp2H/Sp2H (lane 2); SpT/+ (lane 3); C3H/HeJ (lane 4); and lOI/OR (lane 5)

mice hybridized with Pax-3 cDNA subfragments derived from either the 5'

segment (A, position +84 ta +1078) or the 3' segment (B, position +1057 to

+1809) of the Pax-3 mRNA (exposure time, 16hrs). A prolonged exposure

(72 hours) of the 0.6 kb Pax-3 hybridizing band is boxed. Size of hybridizing

Pax-3 fragments are given in kilobase pairs (kb) .
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Figure 3

Analysis of Pax-3 cDNAs from Sp2H/Sp2H and C3H/HeJ embryos.

(A) A partial segment of the Pax-3 cDNA is shown at the top. Solid

line represents the S' untranslated region. Striped and black boxes represent
the paired box and paired homeobox, respectively. Position of primers used

for cDNA (a and b) and genomic (b and c) PCR amplification are indicated

by lines with arrow heads. The positions of internai Taq 1 sites (T) are

shown, and the deleted Taq 1site in the Sp2H/Sp2H mutant is identified
•

(T). The nucleotide and predicted amino acid sequences surrounding the

Taq 1 restriction site at position +1010, within the paired homeobox, is

shown for C3H/HeJ and Sp2H/Sp2H mice. The dashed line within the
Sp2H/Sp2H DNA sequence corresponds to the deleted segment and the

created TAG termination codon is underlined.

(B) Agarose gel (2% in TBE buffer) electrophoresis of Taq 1 digested

Pax-3 cDNA (overlapping nucleotides +84 to +1078) amplified from
Sp2H/Sp2H (lane 1) and C3H/HeJ (lane 2) RNA. Size of DNA fragments

given in base pairs (bp).

(C) Acrylamide gel (10% in TBE buffer) electrophoresis of PCR

amplified genomic DNA from C3H/HeJ (lane 1); lOI/OR (lane 2); Sp2H/+
(lane 3); Sp2H/Sp2H (lane 4); and Sp/Sp (lane 5) mice using primers (b and

c) overlapping the Taq 1site at position +1010 of the Pax-3 gene. Size of

DNA fragments given in base pairs (bp) .
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Figure 4

Homozygous Sp2H/Sp2H (A), and wildtype littermate (B), embryos

at day 14 of gestation.
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Chap~er 4

A Mutation Within Intron 3 of the Pax-] Gene Produces Aberrantly

Spliced mRNA Transcripts in the splotch (Sp) Mouse Mutant•
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Abstract

The splotch (Sp) mouse mutant displays defects in neural tube closure ih the

form of exencephaly and spina bifida. Recently, mutations in the Pax-3 gene
have been described in the radiation-induced Spr and Sp2H alleles. This led us

ta examine the integrity of the Pax-3 gene and its cellular mRNA transcript

in the original, spontaneously arising, Sp allele. A complex mutation in the

Pax-3 gene including an A ta T transversion at the invariant 3' AG splice

acceptar of intron 3 was identified in the Sp/Sp mutant. This genomic

mutation abrogat'.s the normal splicing of intron 3, resulting in the

generation of four aberrantly spliced mRNA transcripts. Two of these Pax-3
transcripts make use of cryptic 3' splice sites within the downstream exon,

generating small deletions which disrupt the reading frame of the transcripts.

A third aberrant splicing event results in the deletion of exon 4, white a

fourth retains intron 3. These aberrantly spli.:ed mRNA transcripts are not

expected to result in functional Pax-3 protdns, and are thus responsible for

the phenorype observed in the Sp mouse rn utant.
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Introduction

Congenital malformations of the neural tube in the form of spina

bifida and anencephaly occur at a rate of approximately 1 per 1000 human

live births (1). Both environmental and genetic components have been

implicated in the cause of these disorders (2), but ta date, no single genes have

been identified. Mutant strains of mice showing similar phenotypes to these

human conditions have been used ta study the normal and aberrant cellular

events of neurulation (2). Understanding the basis of these mutations at the

molecular level should enable the identification of genes and proteins which

participate in the complex cascade of events leading to the dcvelcpment of the

mammalian neural tube. The splotch (Sp) mouse mutant has proven to be a

valuable model ta study defects in neural tube closure (3). Sp is a semi­

dominant mutation which maps to chromosome 1 and for which several

spontaneously arising and radiation-induced alleles have been identified

(4,5). This mutation is characterized in the heterozygous state by a white

spotting of the abdomen, tail and feet (6), while homozygous Sp/Sp embryos

display a pleiotropic phenotype whose predominant features include

exencephaly, meningomylocele, spina bifida (6), as well as dysgenesis of

neural crest cell derived melanocytes, spinal ganglia (6), Schwann cells (7),

and structures of the heart (8) .

The Pax-3 gene is one of eight members of the murine Pax gene family

which share a homologous region, .~he paired box, with the paired class of

Drosophila segmentation genes (9,10). The Pax gene family encode DNA

binding transcription factors whose expression is restricted ta discrete regions

of the developing mouse embryo (9). In situ hybridization experiments show

that Pax-3 is expressed along the entire dorsal portion of the neural tube, as

well as in various regions of the brain and neural crest cell derived structures

(11). Pax-3 has been proposed ta be involved in establishing positional

identity along the dorso-ventral axis of the developing neural tube (11). We

have recently determined that Pax-3 maps ta mouse chromosome 1, does not

genetically recombine with Sp in 125 intraspecific backcross progeny (12) and

is included in the large interstitial deletion of chromosome 1 found in the

radiation-induced Spr allele (13). Moreover, we have identified in another

radiation-induced Sp allele, Sp2H, a sma1l32 nucleotide deletion in the Pax-3
gene which interrupts the reading frame of the mRNA, and causes early

.;"'::.­

"
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termination of translation within the homeodomain of Pax-3 (13). Taken

together, these data show that Pax-3 and Sp arc anelic, and point at the
critical raie of Pax-3 as a transcription factor in neural development. We

have now identified and analyzed the molecular basis of the spontaneously
arising Sp mutant first described by Russell (14) .
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Materials and methods

Mice
Heterozygous Sp/+ mutants on a B6C3 (CS7BL/6J x C3H/HeJ)

background in addition to the C3H/HeJ and CS7BL/6J inbred mains were
obrained from the Jackson Laboratory (Bar Harbor, ME). Homozygous day
14 Sp/Sp embryos were generated by the mating of two Sp/+ heterozygotes
and homozygosity was confirmed at the time of dissection by the presentation
of a neural tube defect (spina bifida, exencephaly, or both).

Preparation and Isolation of cDNAs
RNA isolation from day 14 homozygous Sp/Sp embryos and first

mand cDNA synthesis were carried out as described (13). Amplification of

the 5' and 3' halves of the Pax-3 cDNA was carried out using pairs of
sequence-specifie oligonucleotide primers. The 5' half was obtained using a
combination of primer a (S'-GGTIGGGATCCTGCACTCAAG-3' position
84-103, according to the previously published Pax-3 cDNA sequence) (1l) and

primer b (S'-CCTCGGTAAGCTTCGCCCTCTG-3' position 1078-1057),
and the 3' half was obtained using a combination of primer c (5'­
CAGAGGGCGAAGCTIACCGAGG-3' position 1057-1078) and primer d
(5'-GCTIAAGCATGCCTCCAGTIC-3' position 1809-1789). Parameters

for PCR amplification were 1 min at 94°C, 2 min at 60°C, and 3 min at noc
for 30 cycles, under experimental conditions suggested by the supplier of Taq
polymerase (BIO CAN, Montreal, Canada). The Pax-3 cDNAs were

analyzed by elcctrophotesis on a 1.5% agarose gel, purified, and cloned

ditectly into a dT-tailed (15) pBluescript plasmid (Stratagene). For each
discrete Pax-3 cDNA species detected in Sp/Sp embryos, four independent
clones were isolated and their nucleotide sequences determined by the
dideoxy chain termination technique (16).

PCR amplification of genomic DNA

High molecular weight genomic DNA was isolated from day 14

homozygou~ Sp/Sp embryos and from parental C3H/HeJ and CS7BL/6J
strains as described (17). Pax-3 genomic DNA fragments overlapping part of
exon 3, intron 3, and part of exon 4 were obtained by PCR amplification
using cDNA derived oligonucleotide primers e (5'-
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CAGAGACAAATIGCTCAAGGACG-3' position 696-718) and f (5'­
GCTTCCTTCCTTICTAGATC position 827-807). Parameters for PCR
were 1 min at 94eC, 1 min at 65eC, and 2 min at neC for 30 cycles.
Amplified genomic Pax-3 fragments were analyzed by elecrrophoresis on a
1% agarose gel, purified, and cloned (15). Four independent clones carrying
Pax-3 genomic fragments from control (C3H/He] and C57BL/6] ) and
murant (SpISp) mice were isolated and the nucleotide sequence of the
inrron/exon boundaries derermined (16) .
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Results

In order ta identify the putative alteration in the J'ax-3 gene which

underlies the phenotype of the Sp mouse mutant, the integrity of Pax-3
mRNA expressed in Sp/Sp homozygous mice was analyzed. For this, RNA

from day 14 wildtype (C3H/HeJ) and Sp/Sp embtyos was used for cDNA
synthesis and PCR amplification of the coding rcgion of Pax-3. Fragments
corresponding ta the 5' half (untranslated region, paired box, octapeptide, and

part of the homeoiJO:-:: Position +89 ta +1078) and the 3' half (part of the

homeobox, and C-terminus; position +1057 to +1809) of the Pax-3 cDNA

were independently amplified from wildtype and Sp/Sp RNA using sequence

specific primers, and the reaction products were analyzed by agarose gel

e!ectrophoresis (Fig. 1). Amplification of the 3' portion of Pax-3 from

wildtype and Sp/Sp RNA yielded a single fragment of the expected size of 752
bp. While amplification of the 5' portion of Pax-3 from both wildtype and

Sp/Sp RNA yie!ded the expected 994 bp fragment, two additional and nove!

fragments with an approximated size of 2000 and 860 bp were identified from

Sp/Sp RNA. These fragments did not appear ta result from artifacts of

enzymatic reactions (reverse transcription and PCR amplification), since

they were reproducibly detected in independent syntheses involving different

Sp/Sp embryos (data not shown). These results suggested that the 5' portion

of the Pax-3 mRNA may be altered in multiple fashion in Sp/Sp mice.
The nature of these observed alterations was further investigated by

cloning and determining the nucleotide sequence of the various Pax-3 cDNA

fragments detected in Sp/Sp mice (Fig. 2). The sequence of each fragment

was determined in at least four independent clones and compared ta that of

the wildtype Pax-3 cDNA previously published (11). The sequencing of four

clones carrying the 994 bp insert revealed that this fragment was distinct

from the wildtype fragment of the same size, and was in fact composed of

two sub-populations harboring small overlapping deletions. Three of these

clones contained a small deletion of 4 bp between position +749 and +752 (Fig.

2, Pax-3~4bp) while one showed a 13 bp deletion between position +749 and

+761 (Fig. 2, Pax-3~13bp). The sequencing of six additional clones carrying

the 994 bp insert identified only Pax-3Mbp and Pax-3~13bp products, with no

clones corresponding ta the wildtype Pax-3 sequence. Interestingly, the 5'

deletion breakpoint common t()Pax-3Mbp and Pax-3~13bp corresp~nds ta the
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splice junction between intron 3 and excm 4 in the normal Pax-3 gene. The
dekions in Fax-3~4bp and Pax-3~13bp disrupr the reading frame of their
respective mRNAs and are predicted to l",ad ta early terminacion of

translation duc ta a TGA termination codon, located 17 and 8 bp

downstream of the de!etions, respective!y (Fig. 2). The resulting truncated

Pax-3 polypeptides would lack part of the paired box, the octapeptide se("'.encc,
the homeobox and the entireC-rerminal half of the protein.

Nucleotide sequence analysis of the 860 bp cDNA fragment also

showed the IJ1CSenCe of an internaI de!etion, in this case a 135 nucleotide

segment spanning position +749 to +883 (Fig. 2, Pax-3~E4). This deleted

segment corresponds precisely to the fourth exon of the Pax-3gene,

suggesting that the 860 bp fragment represents an aberrantly spliced mRNA

species. The reading frame of the mRNA is preserved in Pax-3~E4; however,
the predicted protein would lack 45 amino acid residues including the

terminal portion of the paited box and the octapeptide motif.

Nucleotide sequencing of the nove! 2000 bp Pax-3 fragment identified

in Sp/Sp cDNA revealed the presence of 1 kb of additional sequences inserted

between position +748 and +749 (Fig. 2, Pax-3+13). While partial sequencing
of the S'end of this inserted segment revealed a putative S' dinucleotide

splicing signal (GTACTG... ), the 3' end showed a TG instead of the

invariant AG dinucleotide typically found at the acceptor splice site in type l

mammalian introns (18) (Fig. 2). The inserted segment is predicted to alter

the amino acid sequence of the Pax-3 protein downstream of Ser1sO,

resulting in early termination of translation due ta an in-frame TAG stop

codon 143 nucleotides downstream of the insertion site.

The cDNA fragment amplified from the 3' haIf of the Pax-3 transcript

was also sequenced. with no observed deviations from the published wildtype

Pax-3 sequence. Tahn tagether, the sequencing of Pax-3 cDNA fragments

from Sp/Sp mice failed to detect any intact full length wildtype mRNA

transcripts, but identified instead four nove! mRNA species harboring three

de!etions and an insertion at position +748. Since this corresponds to the

natural site of intron 3 in the Pax-3 gene (lI), these findings were suggestive

of sequence alterations in the gene leading to aberrant splicing of this intmn.
To:8irectly analyze putative sequence alterations in intron 3 of the'

Pax-3 gen~ in Sp/Sp mice, oligonucleotide primers mapping within exon 3

and exon 4 (Fig. 3) were used to amplify by PCR the genomic fragment
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overlapping intron 3 from parental (C57BL/6J and C3H/HeJ) and Sp/Sp
genomic DNAs. ln ail cases, 1.2 kb fragments containing 130 bp of coding

sequences (derived from exons 3 and 4) flanking a 1.1 kb intronic segment
were generated (data not shown), cloned and sequenced (Fig. 3). Analysis of
rhe 5' extremity of intron 3 revealed no nucleotide differences at the

consensus splice site between parental and Sp/Sp mutant DNA, and showed

the same sequence (GTACTG... ) found inserted in the Pax-3+13 mRNA

species detected by cDNA cloning (Fig. 2). On the other hand, analysis of the

3' extremity of intron 3 showed considerable alteration in the Sp/Sp mutant

as compared to the wildtype sequence. Specifically, the wildtype sequence of

CTTTTCTCCAG (position 749 -11 to -1) was found ta be modified ta a
nove! CTTTCGTGTG sequence, which included an A ta T transversion at

the normally invariant 3' AG splice signal. This mutated sequence was also

found at the 3' extremity of the inserted fragment present in Pax-3+ 13

mRNA species identified by cDNA cloning. These results establish that the 3'

consensus splice site of intron 3 in the Pax-3 gene of Sp/Sp mice is mutated,

and strongly suggest that this mutation abrogates normal splicing of this

intron, thus leading to the aberrantly spliced mRNA products detected by

cDNA cloning, and eventually ta the generation of nonfunctional Pax-3
polypeptides.
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Discussion

The recent identification of genes and gene families which play crucial

roles in determining the body plan of the devcloping mouse embryo ha~

reinstared various mouse mutants as valuable taols for determining the

mechanism of action of these genes. Once a phenotype is associated with the

alreration of a particular gene, then the gene may be used as an entry point ra

search for other upsrream regulatary or downsrream target genes

participating in the formation of a particular embryonic structure. ln
addition, characterizing mutant variants of these genes may provide

important clues for the structure/function analysis of the corresponding

protein. The identification of similar mutations in the human homologues of

these mouse genes by synteny mapping and DNA cloning has also permitted

the elucidation of the molecular basis of certain inherited disorders.

One such gene family is the group of sequence rclated Pax genes.

Composed of eight members in mice, these genes code for transcription factors

expressed almost exclusively in the developing mouse embryo (9,19). All Pax
genes encode at least one DNA binding domain, the paired domaln. which
shows homology to the prd gene of Drosophila (10).Thc paired domain

contains three predicted a helices, the first being necessary and sufficient for

DNA binding (20). Sorne Pax genes (Pax-3, 4, 6, 7) code for an additional

DNA binding domain, the homeodomain (19). The paired domain of Pax-1

and the paired and homeo domains of Pax-3 bind in vitro to distinct but

overlapping sequences within a target promoter (ll,21). In addition, Pax-l,
2,3,7, and 8 contain a conserved octapeptide motif of unknown function

(19). Finally, the C-terminal half of Pax proteins is rich in Ser/Pro/Thr

residues, a characteristic shared with trans-activating domains of other

transcription factors (22).

Mutations in the Pax-l (23) and Pax-6 (24) genes have been shown to

be responsible for the'ciefects in eye and vertebral column devclopment caused

by the Sey and un mouse mutants, respectively. Recently, we have

demonstrated that a small 32 nucleotide deletion within the homeodomain of

the Pax-3 gene underlies the defects in neural tube closure characreristic of
the radiation-induced Sp2H allele of the Sp mutant (13). Interestingly,

mutations in the human counterparts of Pax-3 and Pax-6 were subsequently

detected in Waardenburg syndrome type 1 (25,26,27) and aniridia (28), two
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human conditions sharing phenotypic similarities wim the Sp and Sey
mutants, respecdve!y. These results clearly point ta me importance of Pax
genes in mammalian deve!opment. In order to gain further insight inta me
important structural and functional determinants of Pax proteins in general,
and Pax-3 in particular, we have identified the molecular basis of me

spontaneously arising Sp alle!e (14).

Complementary and genomic DNA cloning of Pax-3 from Sp/Sp
mutants identified a sequence variation in intron 3 involving at least five

nucleotides, including a one nucleotide deletion and an A ta T transversion at

the invariant 3' consensus splice site (Figs. 2 and 3). Nucleotide sequencing of

the wildtype Pax-3 allele from a Sp/+ heterozygote identified me same
sequence mat was seen in the DNA from me parental strains (C3H/HeJ and

C57BL/6J), indicating mat mis sequence variation was not a strain specifie

polymorphism but ramer a spontaneously arising mutation (data not

shown). Proper splicing of intron 3 is completely impaired in Sp/Sp embryos

resulting in four aberrantly spliced Pax-3 mRNAs (Fig. 4). Two of these

mRNA transcripts make use of cryptic 3' splice sites locatec! 4 (Pax-3t14bp)

and 13 (Pax-3M3bp) nucleotides into me downstream exon, while another

uses the natural 3' splice site wimin intron 4, deleting intron 3 and ail of exon
4 (Pax-3t1E4). Finally, Pax-3+I3 is an incompletely spliced mRNA retaining

all of intron 3 (Fig. 4). The aberrant splicing in three of me four mRNAs

(Pax-3Mbp, Pax-3t113bp, Pax-3+I3) introduces frameshift mutations leading

ta premature termination of translation due to me use of in-frame

termination codons (Fig. 2). These proteins are predicted to lack an intact

paired domain, octapeptide motif, homeodomain, as well as me entire

carboxy terminal half of the protein, and are not expected to he functional.

On me omer hand, Pax-3t1E4, the only in-frame Pax-3 rnRNA produced in

Sp/Sp mutants, can encode an otherwise fulliengm Pax-3 protein, lacking

only me 45 amino acids corresponding to exon 4. It would appear men that

the deletion of exon 4 is sufficient ta ahrogate normal Pax-3 function. The

first 12 amino acids of exon 4 encode me C-terminal portion of the DNA

binding paired domain which contains several residu<:s precisely conserved in

omer Pax genes (29). Anomer highly conserved segment encoded by exon 4 is

the octapeptide motif HSI(A/D)GIL(G/S) (amino acids 186 ta 193) which is

preserved in several members of me Pax and prd families (19,30). Almough

the function of these subdomains has net yet been established, me
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preservation of their primary sequence during evolution may underlie

preservation of important functional or structural dererminants which are
disrupted in the Sp mutant. Interestingly, deleting the rerminal third region

of the paired domain (including the third a helix) from the Drosophila prd

prorein did not abrogate DNA binding by the paired domain in virro (20).

Although our findings establish that the genetic alreration in Pax-3 is

sufficient ta cause the neural tube defect observed in Sp mice, the mechanism

by which the muta:1t phenotype is expressed, being either through a 1055 of

function or through gain of a novel but delererious function, remains

unresolved. The observation that both the spontaneously arising Sp allele and
the radiation-induced Sp2H allele harbor different mutations in Pax-3 yet

present inJistinguishable phenorypes, suggests that both mutations result in a

comparable 1055 of Pax-3 function. A similar rationale has been previously

proposed to account for the similar phenorypic expression of distinct Pax-6
mutations underlying independent Sey alleles (24), as well as different PAX-3

mutations affecting various families with Waardenburg syndrome type 1

(27).

The mechanism responsible for multiple nucleotide substitutions and

deletion in the Pax-3 mutation described is unknown but couId involve an

error in excision repair or base slippage during DNA replication (31).

Mutations at the 3' splicing signal of introns from b-globin and CFTR genes

have also been described in individuals with b-thalassemia (32) and cystic

fibrosis (33). However, the unique Pax-3 splicing mutation described here

may provide interesting clues into the process of splice site selection. It has

been proposed that normal splice site selection is determined by the local

sequence context, based perhaps on the proximity of the AG dinucleotide ta

the branch site or polypyrimidine tract (34). A second proposai suggests that

a simple scanning mechanism recognizes the first AG dinucleotide

downstream of the branch point and polypyrimidine tract, irrespective of

distance or local sequence context (35). While previous in virro and in vivo

studies were consistent with the scanning model (36,37,38), our analysis of

Pax-3 mRNAs from Sp/Sp mutants supports the former mode!. First,

although the relative abundance of the various Pax-3 mRNAs detected in

Sp/Sp embryos is unknown, it is clear that the first AG dinucleotide

downstream from the altered splice site is not the only alternative choice of

the splicing machinery. Second, it appears that not all downstream AG
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dinucleotides can serve as splice acceptar sites, since several are found in exon

4 but only me first two appear ta be selected. It is interesting ta note mat a G

nucleotide precedes the first cryptic AG splice site (position +753) since most
wildrype acceptar splice sites are preceded by a C or T nucleotide (l8). Given

that the GAG splice site has been shown ta be less efficient as a 3' acceptar

(35), this may explain me alternate selection of omer downsrream 3' splice

sites in Sp mice. Overall, our findings suggest mat disrupting me 3' splice site
of intron 3 of Pax-3 in me Sp mutant leads ta a competition between a limited
number of less efficient downstream splice signais.
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Figure 1

Analysis of Pax-3 cDNA from wildtype and Sp/Sp embryos.

A) Schematic representation of Pax-3 cDNA showing: untranslated

sequences (solid lines), paired box (striped box), octapeptide motif (stippled

box), horrieobox (Wied box), and oligonucleotide primers used for peR
amplification of the S' (primers a and b) and 3' (primers c and d) halvcs of the

cDNA.

B) Agarose gel electrophoresis of cDNA fragments corresponding to

the S' (Janes 1 and 2) and 3' (Janes 3 and 4) halves of Pax-3 RNA from

wildtype (Janes 1 and 3) and homozygous Sp/Sp embryos (Janes 2 and 4).

Fragment sizes (Jefr) are in base pairs.
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Figure 2

Sequence analysis of wildtype and aberrant Pax-3 cDNAs from SpfSp
embryos.

A) The nucleotide and predicted amine acid sequence of the 3'
extremity of exon 3 (E3), the 5' and 3' extremities of intron 3 (13) and exon 4
(E4) and the 5' extremity of exon 5 (ES) are shown. The dashed line within

the Pax-3.Mbp, Pax-3~13bp and Pax-3~E4 show deleted sequences. In-frame
termination codons are identified (*). Functional domains in the cDNA arc

as described in Figure 1.
B) Autoradiograms of DNA sequences of Pax-3 cDNAs from wildtype

and SpfSp. The 3' end of exon 3 is indicated with an arrow.
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Figure 3

Sequence analysis of intron 3 of the Pax-3 gene from wild type and Sp/Sp
genomic DNA.

A) Partial nuc1eotide sequence of exons 3 and 4 (E3 and E4) and intron

3 (13) of Pax-3 from wildtype (C3H/HeJ) and homozygous Sp/Sp genomic

DNA. Underlined sequence in Sp/Sp DNA identifies the altered 3' splice site.

B) Autotadiograms of DNA sequences showing the 3' splice site of

intron 3 from wildrype and Sp/Sp DNA. The region of sequence divergence

between wildrype and Sp/Sp is indicated with arrows.
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Figure 4

Schematic representation of normal and aberrant splicing of the Pax-3
gene in wildtype and Sp/Sp micc. The five previously defined exons of Pax-3
2re boxed and numbered 1 ta 5. lntrons are represented by a solid line and

splicing events involving exons 3, 4 and 5 are depicted for wildtype and Sp/Sp
mRNAs. The unspliced intron 3 in the Pax-3+I3 splice fotm is represented as

a dotted box. Nucleotide positions in the cDNA are according ta Goulding et

al (11). Functional domains within the Pax-3 gene are as described in Figure

1.
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Chapter 5

Characterization of a region specific library of microclones in the

vicinity of the Bcg and splotch loci on mouse chromosome 1.
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Abstract

The proximal portion of mouse chromosome 1 harbors a variety of

murant loci which have yet to be characrerized at the molecular level. We

have construcred a library of genomic DNA fragments from the proximal

portion of mouse chromosome 1 by microdissection and microcloning
techniques, with the aim of generating genetic markers in close proximity

to sorne of these mutant loci. In order to facilitate the genetic mapping of
27 microclones from this library, we divided a 56 cM segment of

chromosome 1 between the Col3al and Ren 1,2 genes into eight intervals

defined by anchor loci. Restriction fragment length polymorphisms were

determined for each of the microclones and their segregation with the

anchor loci was followed in informative animaIs from a panel of 252

interspecific backcross mice (C57BL/6J x Mus spretus) x C57BL/6J. We were
able to assign 26 of 27 (96%) randomly selected microclones to each of the

defined chromosome 1 intervals. A total of eight microclones mapped

within the large interstitial deletion found in the SpT mouse mutant. Two

of these clones were found to be tightly linked to the host resistance locus
Bcg and at least one to the neural tube defect mutant splotch. Other clones

mapped to intervals containing several other mouse mutants. These novel

DNA markers should aid in positional cloning strategies presently employed

to identify these mutant loci. These clones should also be useful in the

creation of both physical and YAC contiguous maps of the proximal portion

of mouse chromosome 1.
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Introduction

The cloning of a gene causing a hereditary disease based on its
chromosomallocalization (positional cloning) requires a priori that the

disease be assigned to a particular chromosome by either genetic means

(linkage analysis) or by the fortuitaus finding of a chromosomal aberration
(dcletion, inversion, etc.) at or near the site of the disease locus. Once this

is accomplished an array of molecular markers flanking the disease locus is

required ta help define the minimal genetic and physical Iimits of the region

surrounding the gene. Only after the delineation of a candidate region can
strategies involving yeast artificial chromosome (YAC) cloning and

identification of transcription units be effectivcly applied tawards the

ultimate aim of isolating the disease gene of interest.

We have undertaken a positional c10ning approach tawards the

identification of two mouse mutant genes mapping to the proximal portion

of chromosome 1, namcly the host resistance locus (Bcg) and splotch (Sp).
Two alleles at the Bcg locus confer either resistance or susceptibility to

infection with a variety of inti-acellular pathogens (Gros et al., 1981). The

Sp mouse is a neural tube c10sure mutant with additional defects in neural

crest cell derivatives (Moase and Tras1er, 1992). In order ta dcfine the

proximal and distallimits of the Bcg and Sp candidate regions clle proximal

segment of mouse chromosome 1 had ta be saturated with molecular

markers. A highly efficient and rapid method for the generation of such

markers invo1ves the creation of genomic libraries from specific

chromosomal regions using microdissection and microcloning techniques.

These strategies have been successfully employed to generatc band specific

libraries from: Drosophila polytene chromosomes (Scalenghe et al., 1981;
Garza et al., 1989; Johnson, 1990); mouse metaphase chromosomes in

proximity ta the t complex (Rohme et al., 1984), proximal region of the X

chromosome (Fisher et al., 1985), germ line HSR (Weith et al., 1987),

albino locus (Tonjes et al., 1991); as weil as human chromosomes in the

vicinity of various disease loci such as, Langer-Giedion syndrome (Lüdecke

et al., 1989), neuroblastoma (Martinsson et al., 1989), Prader-Willi

syndrome (Buiting et al., 1990), Wilrns tumor (Davis et al., 1990), fragile

X region (MacKinnon et al., 1990), Neurofibromatosis-2 region (Ficdler ct

al., 1991), DiGeorge syndrome (Carey et al., 1992), and malignant
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melanoma (Guan et al., 1992). Independent clones from these region

specifie libraries have been used for a multitude of purposes including,
linkage analysis, physical mapping, identification of transcription units, as
well as the identification of chromosomal rearrangements.

The evident advantages of creating a band specifie genomic library
using the microdissection and cloning techniques prompœd us to generaœ

such a library from the proximal portion of mouse chromosome 1 spanning

cytogenetic bands C2-CS. This specifie region was targeted because linkage

analysis (Schurr et al., 1989a) and deletion studies (Epstein et al., 1991a)

had previously assigned the Bcg and Sp loci to this region. In this report, we
present the description and preliminary characterization of this library

including the interval mapping data for 26 microclones to the proximal

portion of mouse chromosome 1.
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Materials and Methods

Mice

CS7BL/6J mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). Mus sprerus (Spain) mice were a generous gift of M. Potter
(NIH, Bethesda, MD). Rb(1.18) 10Rma mice were kindly provided by H.

Winking (Luebeck, FRO). The interspecific backcross progeny (CS7BL/6J x
Mus spretus) FI x CS7BL/6J were generated by mating FI femalcs with

CS7BL/6J males.

Microdissection and microcloning

Chromosome fragments of metaphase chromosomes werc isolatcd

and processed in an oil-chamber under microscopic inspection as dcscribcd

earlier (Weith et al., 1987; Martinsson et al., 1989). Eighty chromatin

fragments corresponding ro the 1C2-CS chromosome region were

microdissected from non-stained Rb( 1.18)l ORma marker chromosomes

using phase contrast optics and a deFonbrune micromanipularor.

Subsequent molecular cloning of the DNA contained in the chromatin

fragments was performed as described by Martinsson et al. (1989).
Essentially, the DNA was extracted in 0.6 nI of DNA extraction buffer
(10mM Tris-HCI, pH 7.6, 1mM EDTA, pH 8,1% N-laurylsarcosine, 500

J.l.g/J.l.l Proteinase K). After phenolization, the DNA was digested with Eco
RI at a final concentration of 380 U/J.l.l in a 1.0 nI drop. The resulting

restriction fragments were ligated into the Eco RI cloning site of the lambda

vector NM 1149 (Murray 1983). The ligated material was then used for in

vitro packaging and infection of C600hfl host bacteria (Murray 1983).

Recombinant phages were recovered as single plaques after ovemight

incubation and srored individually in phage storage buffer (Sambrook et al.,
1989).

Isolation of microclone inserts

High titer plate lysates (1-5 x 1010 PFU/ml) were generated for each

of the 296 plaque purified recombinant phages by infecting hast strain

Escherichia coli LE392. Two microliters of phage srock was used directly for

amplification of DNA inserts from 172 of these clones by the polymerase

chain reaction (PCR), using oligonucleotide primers of sequence (5')-
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GCCTGGTTAAGTCCAAGC-(3') and (5')-

GAGTATTTCTTCCAGGG-(3'), corresponding to vector sequences

flanking the EcoRI cloning site (Kuziel and T ucker, 1987). The parameters

for PCR were 1 min at 94°C, 1 min at SO°C, and 5 min at noc for 20

cycles, followed by a final extension period of la min at n°c. High titer

plate lysates from an additional 46 clones were used for the purification of
vector ONA by the miniprep method (Sambrook et al., 1989). Inserts were

released by digestion with EcoRI. Microclone inserts were separated by

clectrophoresis onto 1% agarose gels containing TBE buffer (0.09 M Tris­

borate, 0.002 M EOTA, pH 8) Southem blotted, and screened for the

presence of highly repetitive sequences by hybridization with [a-32PldATP

labcled total genomic mouse ONA. Microclone inserts free of highly

repetitive sequences were purified by electrophoresis on 1% low-melting

agarose gels and used as hybridization probes by labeling to high specifie
activity (6 x 108 cpm!llg) with [a-32PldATP, using the random primer

labeling technique and the Klenow fragment of Escherichia coli DNA

polymerase 1 (Feinberg and Vogelstein, 1983). Microclone probes

containing mildly repetitive sequences were precompeted before

hybridization by adding 100 Ilg of sonicated genomic mouse ONA to the

labeled probe, boiling for la min, followed by an incubation at 65°C for 1 h.

Southern Hybridization

High molecular weight genomic ONA was isolated from spleens and

livers according to a standard protocol (Sambrook et al., 1989). Genomic

ONA was digested ta completion with a 10-fold excess (la Units!llg ONA)

of restriction endonucleases according to the conditions suggested by the

supplier (Pharmacia, Bethesda Research Laboratories). Five micrograms of

restricted genomic ONA was electrophoresed in 1% agarose gels containing

TAE (40 mM Tris-acetate, 20 mM sodium acetate, and 20mM EOTA, pH

7.6) and transferred by capillary blotting onto nylon membranes (Hybond­
N, Amersham). The membranes were prehybridized for 16 h at 6SoC in 6x

SSC, 0.5% SOS, sx Oenhardt's solution, and 0.2 mg/ml sonicated denatured

herring sperm ONA. The membranes were first washed at room

temperature in 2x SSC, 0.1 % SOS for 20 min, followed by a second wash in

O.sx SSC, 0.1 % SOS for 20 min at 65°C, and if necessary, a third wash in
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O.lx sse, 0.1 % SDS for 20 min at 65°C. The membranes were exposcd to

XAR-film (Kodak) at -80oe with an intensifying screen for 16-n h.

Statistical analysis
Genetic linkage was determined by segregation analysis. Gene arder

was deduced by minimizing the number of crossovers between the diffcrcnt
loci with in the linkage group (Green, 1981) .
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Results

Description of Iibrary

T0 facilitate the identification and dissection of the chromosomal

region surrouGding cytogenetic bands lC2-C5, we used the Robertsonian
chromosome Rb(1.18) 10 Rma containing a homogeneously staining region

(HSR) located between bands lC5 and 0 (Traut et al., 1984). This HSR on

mouse chromosome 1 which had previously been microdissected (Weith et

al., 1989) acted as an excellent marker, lying immediately distal to our
target region of interest. The 1C2-C5 region was excised from 80 unstained

metaphase chromosomes. The chromosomal DNA was pooled, digested

with the restriction enzyme EcoRI, and Iigated inta the dephosphorylated

EcoRI site of the NM 1149 bacteriophage cloning vector (Murray 1983). A

library of 296 clones was generated cf which 77% contained detectable

inserrs. The microclone inserts were recovered by either PCR amplification

or digesting the insert from the vectar as described in the materials and

methods. Table 1 summarizes various properties of this library. The ins'~rt

size ranged from 0.1 kb ta 7.2 kb with an average size of 1.9 kb. The inserts

from 129 clones were run on 1% agarose gels, Southern blotted, and tested

for the presence of repetitive sequences by their ability ta hybridize ta [a­
32pJ dATP-Iabeled total genomic mouse DNA. Of the 129 inserts, 46 (36%)

displayed a positive signal suggestive of the presence of repetitive sequences.

From the pool of single copy or mildly repetitive inserts we randomly

selected 27, in order to determine their map position. Six of these clones

have previously been described (Vidal et al., 1992).

Interval mapping of microclones

We have previously used linkage analysis to map 14 known genes ta

the proximal half of mouse chromosome 1 in a panel of 253 interspecific

(C57BL/6] x Mus spretus) x C57BL/6] backcross animais (Schurr et al.,
1989a; SchuIT et al., 1989b; Schurr et al., 1990., Malo et al., 1991; Epstein et

al., 1991b). These DNA markers are dispersed over a genetic distance of

approximately 56 cM. ln order ta facilitate the mapping of 27 recently

isolated microclones we have divided the entire linkage group inta eight

intervals. The boundaries of the intervals were defined by seven of the

previously mapped chromosome 1 loci (Table 2). In order ta assign a
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microclone insert ta a particular interval, restriction fragment length

polymorphisms (RFLPs) were identified for each of them. The insens were

radioactively labeled and used ta probe Southern blots containing genomic
DNA from both C57BL/6J and Mus SpretlLS mouse mains which had been

digested with a variety of restriction enzymes. Table 3 lists the informative

restriction endonucleases and corresponding polymorphie genomic DNA
fragments detected for each microclone probe.

The segregation of individual microclone inserts was followed in

various subsets of the mapping panel shown in Figure 1. Several

informative backcross animais with known single or double

recombinational events between markers within each of the defined

intervals were selecred and typed for the strain specifie alle1e of each inserr.

Each individual backcross animal exhibited either a homozygous C57BL/6J

pattern or a heterozygous (Mus spretus x C57BL/6J) FI pattern upon

Southern blot hybridization with a particular insert. The segregation of the

strain-specific polymorphism for each microclone insert in each backcross

animal was compared with the segregation of the seven anchor loci used ta

define the particular intervals. By minimizing the number of crossovcrs

between a particular insert and the proximal and distal boundary loci of a

particular interval we were able ta unambiguously assign 26 of the

microclone inserts ta their respective chromosome 1 intervals (Figure 2).

Due to the fact that only subsets of our mapping panel were used for the

typing of the various inserts, genetic distances between the markers were

not determined. However, in some instances we were able to determine the

gene order of these inserts upon the detection of a crossover between two

markers within a given interval. To be certain that each insert was indeed

segregating on mouse chromosome 1, at least 20 nonrecombinant animais

were also typed. Only one inscrr was found not to segregate with any of

the chromosome 1 markers (data not shown) .
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Discussion

We have undertaken a positional cloning approach towards the

identification of two mouse mutant genes, Bcg and Sp , known to map to
the proximal portion of chromosome 1 (Skamene et al., 1982; Snell, 1954).

ln order to satisfy the initial requirements of a positional cloning strategy,

the saturation of the disease gene region with molecular markers, we

generated a genomic library from the proximal portion of mouse

chromosome 1 by the microdissection and microcloning techniques.

We mapped 26 microclones to eight chromosome 1 intervals by

segregation analyses and found them to be spread out over a genetic distance

of greater than 56 cM with no apparent bias in their distribution (Fig. 2a).

The majority of the microclones (22/26) mapped between the Col3a1 and

Ren 1,2 loci with an average spacing of 2.5 cM. The intervals between the

Cryg and Akp-3 loci (intervals 3, 4, and 5) were the primary targets for

microdissection. These intervals correspond to cytogenetic bands C2-CS.

Determination of the upper and lower limits for microdissection were based

on previous studies which assigned the Sp locus to cytogenetic band C4-the

chromosomal segment deleted in the Spr mouse mutant (Evans et al., 1988)­
and the finding that Bcg is tightly linked to Vil (Schurr et al., 1989a). At

the time of P.1icrodissection we did not know to which cytogenetic band Vil
was assigned, therefore, the upper limit for microdissection was taken te be

band C2-te which the Cryg locus had been assigned (Zneimer et al., 1988)
and which was known to map proximal te Vil (Schurr et al., 1989a). The

CS band was designated the lower limit because the marker chromosome

used for the microdissection procedure contained an HSR which was

localized immediately distal to this band (Traut et al., 1984). Slightly more

than one third (9/26) of the microclones were found te map within

intervals 3-5 (Fig. 2a), indicating that the chromosomal region of interest

(bands C2-CS) was weil represented in the microdissected library. Judging

from the mapping of microclones te intervals proximal te Cryg and distal te
Akp-3, it is apparent that chromosomal material was excised beyond the

targeted region as weil, during the microdissection process.

As previously stated, the closest known gene marker te Bcg is Vil
(Schurr et al., 1989a). We identified two microclones, DIMcG165and

Dl McG 136, which did not recombine with Vil in our panel of 252 backcross
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animais (Fig2a). Additional genetic analyses have now shown that

DI McG 165 does not recombine with Bcg in a total of 1424 meioses tested

and that DIMcG136 is located 0.2 cM distal to Bcg (Malo ec al., 1993a). In

addition ta their tight genetic linkage Dl McG 165 and DI McG 136 have
aided in the generation of a physical map surrounding the Bcg locus (Malo
ec al.,1993b). The DIMcGI65 microclone was positioned 190 kb proximal

ta Vil, while DI McG 136 was found ta map at a maximal distance of 800 kb

distal to Vil. The DI McG 136 microclone has thus defined bath the genetic

and physical limits immediate1y distal ta the location of the Bcg gene.

These microclones should assist in the eventual cloning of the Bcg gene.

The Sp locus has been assigned to the chromosomal segment dc1eted

in the Spr mouse mutant (Evans et al., 1988). The Vil, Des, Inha, and Akp-3
loci are also included in this deletion (Epstein et al., 1991a). Our efforts

therefore focused on saturating intervals 4 and S (Vil ta Akp-3 )with

molecular markers in order ta further define the genetic and physical

region encompassing the Sp locus. During the course of this work a
candidate gene, Pax-3, was described (Goulding ec al., 1991) and

subsequently determined ta be mutated in several alleles of Sp (Epstein ct al.,

1991b, 1993; Vogan et al., 1993). Nonetheless, the description of

microclones in the vicinity of Sp/Pax-3 remains of interest as a strategical

approach for positional cloning in general. Six microclones mapped on

either side of the Pax-3 gene, two ta interval 4 and four to interval S (Fig.

2). One of these microclones, DIMcG156 was found to map 1.2 cM

proximal ta Pax-3 (Vidal ec al., 1992).
In addition ta Sp and Bcg, the proximal portion of mouse

chromosome 1 harbors a variety of mutant loci some of which have yet to

be characterized at the molecular level (Fig. 2b). These mutations affect

such diverse fearures as limb development (doublefoot, dbf; dominant

hemimelia, dh), lens development (eye lens obsolescence, elo), gait
(tumbler, cb), as well as pigmentation and texture of the coat (dilure

suppressor, dsu; leaden, ln; fuzzy, fz) (Lyon and Searle, 1989). These mouse

mutants have been mapped ta positions on mouse chromosome 1 which

correspond ta the same intervals which we have used ta assign the various

microclones (Seldin et al., 1991) (Fig. 2b). Once again, the microclones

isolated From the 1C2-CS microdissected library should help define the
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minimal genetic and physical limits of the regions surrounding the vario'Js

mutant loci.
As a result of their wide distribution on the proximal portion of

mouse chromosome 1, the microclones should also prove useful in the

creation of long range physical maps spanning the dissected region. An

average spacing between microclones of 2.5 cM (for the 56 cM region
separating the Col3aI and RenI ,2 loci) was obtained with the mapping of

only a portion of the available single copy inserts found in the

microdissected library. We estimate that an additional 118 single copy

inserts are readily available for mapping purposes. The remaining clones

comain repetitive sequences and make up 36% of the library (Table 1).

Microclones comaining repetitive sequences may also be used for mapping

purposes by either digesting out the repetitive sequence or competing it out

with total genomic mouse DNA. When considering the 118 unique
sequence inserts, in addition to the 22 we have already mapped (between

Col3aI and RenI ,2) an average spacing of DA cM between microclones

should be obtained. Although our panels of backcross animais may not

comain enough informative crossovers to order each of the microclones, the

interval mapping strategy will allow for the positioning of microclones to

distinct segments of chromosome 1. Once the interval mapping of the

microclones is a!:complished it will be feasible to initiate the ordering of the

microclones within their respective intervals by pulse field gel

electrophoresis. The evemual goal will be to generate a long range physical

map of the entire proximal portion of mouse chromosome 1.
Concomitantly, the micr0clones may easily be converted to sequence tagged

sites (STSs) so that they may be employed in screening strategies of YAC

libraries (Green and OIson, 1990; Bentley et al., 1992) with the eventual

goal of obtaining contiguous YAC clones cverlapping the proximal portion

of mcuse chromosome 1.
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Table 1

Properties of the 1C2-CS library.

•

Dissected region

Number of chromosomes
dissected

Number of independent clones

Proportion of clones with inserts

Average size of clones

Proportion of repetitive clones

Clones used for mapping

Proportion of clones mapping
to the proximal segment of
mouse chromosome 1

IC2-C5

80

296

196/253 (77%)

1.9 kb (0.1 kb - 7.2 kb)

46/129 (36%)

27

26/27 (96%)
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Table 2

List of markers used to define eight chromosome 1 intervals. (r)

number of recombinants; (n) number of interspecific backcross animais

typed for the boundary loci defining the interval. Size of interval is given

in centimorgans (cM) with the standard error.
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Table 3

List of DNA restriction fragment length polymnrphisms identified by
each of the chromosome 1 specific microclones.

Fragment size Fragment size
in C57BL/6J in M. spretus

Locus Insert size Ckb) Enzyme DNA Ckb) DNA (kb)

D1McG26 2.2 BamH 1 9.4 6.0
D1McG85 1.3 Taq 1 4.3 5.0
D1McG96 2.1 Msp 1 3.8 0.8
D1McG98 0.6 Taq 1 4.3 3.8
D1McG103 2.8 Msp 1 8.0 2.8
D1McG105 3.0 Msp 1 11.0 12.0
D1McG107 0.4 Msp 1 0.8 2.2
D1McGl11 0.7 Msp 1 1.7 2.0
D1McG136 1.1 Taq 1 12.0 2.5
D1McG154 2.5 Pvu II 3.9 3.7
D1McG178 0.6 Msp 1 8.6 8.4
D1McG182 0.6 Hilld III 7.8 2.1
D1McG198 0.7 Taq 1 6.2 5.0
D1McG199 1.6 Taq 1 12.5 4.3, 6.3
D1McG203 2.1 Taq 1 1.5 1.6
D1McG206 2.1 Pvu II 7.3 7.2
D1McG207 2.2 Msp 1 2.3 1.7
D1McG208 2.0 Msp 1 13.5 11.0
D1McG214 0.4 Hilld III 7.1 8.6
D1McG217 2.0,- Taq 1 1.7 2.0
D1McG240 3;3 Msp 1 4.2 6.2
D1McG242 1.4 Msp 1 8.4 8.6

_._--
,',
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Figure 1

Haplotype analysis of 252 (C57BL/6] x Mus sprerus ) FI X C57BL/6]

backcross progeny for 7 loci on chromosome 1. Each locus tested is listed at

the left. Each column represents a chromosomal haplotype identified in the

backcross progeny (C57BL/6] x Mus spretus ) FI X C57BL/6]. Closed boxes:
Mus spretus alleles; open boxes: C57BL/6] alleles. The number of backcross

mice for each haplotype is listed at the bottom of ea,h column. Haplotypes

listed at the far right correspond to proposed double crossovers.
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Figure 2

A) Interval mapping of 26 microclones on mouse chromosome 1.

Eight intervals are defined by the seven marker loci at the right. Each of the
microclones listed at the left were positioned by linkage analysis. The *
indicares that the microclone could only be mapped between the Akp-3 and

Akp-4 loci. Genetic distances are in cM.

B) Interval map location of various mouse mutants mapping ta the
proximal portion of chromosome 1.
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We initiated a positional cloning strategy in order ta identify the

molecular basis underlying the defects observed in the Sp mouse mutant.

Armed with a large interstitial deletion on mouse chromosome 1
encompassing several genetic loci including Sp (Evans et al., 1988; Epstein et
al., 1991 a), a region specific library of microdissected clones spanning this

chromosomal segment, and a pancl of intraspecific backcross animais

segregating the Sp phenorype (in collaboration with F. Mancino and D.G.

Trasler, Department of Biology, McGill University) we set out to define a

minimal candidate interval within which the Sp gene would be contained

(Epstein et al., 1993b). Once a reasonably small genetic and physical

interval flanking the Sp locus had been delineated, often considered ta be 1
cM or the physical equivalent of about 1 million base pairs (Collins 1992),

wc were prepared to search this candidate region for transcribed sequences.

The likclihood of these transcripts being equivalent ta the Sp gene product

would then have been assessed by comparing their individual expression

patterns with that of the tissues affected in homozygous Sp embryos, in

addition ta examining the integrity of the candidate transcripts in the

various Sp allcles.

During the course of this work a candidate gene, Pax-3, was

described (Goulding et al., 1991) and subsequently determined ta be mutated

in seveml alleles of Sp (Epstein et al., 1991b, 1993a; Vogan et al., 1993). The

spectrum of mutations in the Pax-3 gene that have been identified in (i,e

various Sp alIc1es confitms that Pax-3 and Sp are al1elic but more

significantly it implicates Pax-3 as an important regulatar of the cascad~ of

events required during the formation of the mouse neural tube. In ord,~r to

assess the significance of ~~ ." mutations present in the various Sp al1eles with

respect to important structural and functional determinants of the Pax-3

protein, we attempted ta e'Jrrclate the genetic lesion with the severity of the

Sp phenotype in a variery of Sp alIc1es.

The severity of the phenotypes of the homozygous Sp al1eles

corrclates wel1 with the genetic lesions identified in each of them. The

homozygous Spr mutant being a preimplantation lethal displays the most

severe phenotyp~ of the Sp alleles (Beachey and Searle 1986). This

phenotype is consistent with the fact that an approximated 30 megabase

(the eq'uivalent of 15 cM) seg;TI,ent of mouse chromosome 1 spanning the

Tp-J ta Acrg loci (which includes Pax-3) is deleted in the Spr allele (Epstein
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et al., 1991a,b). It is somewhat surprising that such a large delcJion is

compatible with survival in the heterozygous state given the carly

embryonk lethality of monosomic mouse embryos; however, ather mouse
mutants with large deletions have been reported ta be viable as
heterozygotes (Cattanach et al., 1993).

Phenotypically, the range of defects seen in homozygous Sp and Sp2H
alleles are virtually identical even though their molecular lesions in Pax-3
are completely different. Bath alleles display exenccphaly and spina bifida

ta varying degrees, show agenic or dysgenic neural crest ccll (NCC) derived

structures (absence of Schwann cells, persistent truncus arrcriosus, and

limb musculature èefects have yet ta be confirmed in the Sp allele), and die

at approximately Say 13 of gestation (Auerbach 1954; Franz 1989, 1990,

1993). At the mO:'.ecular level the Sp allele is characterized by an A ta T

transversion al' position -2 in the third intron of Pax-3 which abrogarcs the

normal splicing of this intron due ta the 105S of its natural3' splice acceptaI'

(Epstein et a\., 1993a). Consequently, four aberrantly spliced Pax-3 mRNA

transcripts are generated, three of which result in drastically truncated

proteins while the fourth produces an intact protein which lacksthe 45

amino ac:ids corresponding to exon 4 (coding for the carboxy terminus of

thè:R;:;lr.~d domain and the octapeptide motif). Because the levcls of the four

;l],~~ntly splic..d Pax-3 mRNA transcripts in the Sp allcle have yet ta be

quantified it remains to be determined whether the Pax-3 protein that lacks

the carboxy terminus of the paired domain apd octapeptide motif retains

any function.

The Pax-3 gene of the Sp2H allele has a 32. !lucleotide deletion within

the paired-cype homeobox. This deletion causes a shift in the reading frame

of the Pax-3 mRNA transcript which results in a premature termination of"

translation and hence, the production of a Pax-3 prorein missing the

majority of i'.5 homeodomain and putative transcriptional activation

domain (Epstein et al., 1991b). Surprisingly, the Pax-3 gene framthe SpI H

allele contains the same 32 nucleotide deletion as that from the Sp2H alle1e

suggesting that the SplH and Sp2H mouse mutants are in fact, one and the

same (Epstein et al., unpublished rewlts). This finding is comprehendible

given that these two alleles arose in successive litters ~ired by the same male
progenitar after being subjected ta X-irradiation (Beachey and Searle 1986).

Presumably, the mutation occured in a primordial germ cell from which an
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abundance of gametes arase and subsequently went on to fertilize eggs upon

successive matings.
The fact that me different Pax-3 mutations detected in homozygous

Sp and Sp2H embryos praduce indistinguishable phenotypes suggests mat

both mutations result in a comparable loss of Pax-3 function. However,

b~cause neither of the Pax-3 mutations in me Sp or Sp2H alleles disturb me
first a-helix of me paired domain, which is known to exhibit DNA binding

.properties (Treisman et al., 1991)(see section 3 of me Literature review), it

cannot be ruled out mat the homozygous phenotype displayed by mese

mutants is due, in part, to dominant negative effects exhibited by me
truncated Pax-3 proteins. The white belly spot, the semi-dominant feature

portrayed in all heterozygous Sp alleles, is most likely the result, 'Jf a gene

dosage effect rather than a domin~nt negative effect because the

heterozygous phenotype is the same whether the altered allele is completely
deleted (as in me Spr/+ heterozygote) or present in mutant form (as in me

S/)/+, Sp2H/+ and Spd;+heterozygotes).
Splotch-delayed (Sj;d) is the least severe of me Sp alleles exhibiting

only posterior neural tube defects (almough on sorne genetic backgrounds
cxencephaly is occassionaly observed, Moase and Trasler 1992), reduced

rathcr than completely absent Nee derived structures, and compared to

other Sp alleles a delayed death, usually araund me time of birm (Dickie

1964; Moasc and Trasler 1989). We have recently characterized the

molecular defect in Pax-3 which is responsible for me spd phenotype

(Vogan et al., 1993). A guanine ~o cytosine transversion was identified at

nuclcoride position 421 in Pax-3"mRNA transcripts (according to me

publishcd seC'I"~r:.ce of Goulding et al., 1991) isolated from homozygous Spd
',,:mbryos, rcsulti!lg in a nonconservative, G!y to Arg, amine acid

substitution at position 42 \:;tarting from me initiator Met} which fa lis

wimin the paired domain. The significance of mis amine acid substitution

is better understood in context of its location within me Pax-3 protein. Of
me 14 amino acids between positions 39 and 52 of me paired domain (N­

tcrminal ta the first a-helix), Il are precisely conserved, including the

glycine at position 42, in all paired domain containing proteins of mouse,

Drosophila and human (Walmer et al.; 1991). Treisman et aL (1991) have

proposed that this conserved region might be important for proper folding of

the paired domain, while the less conserved a-helical region is required for
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DNA binding. Point mutations resulting in amino acid substitutions in this
highly conserved region have also been identified in other Pax genes, most

notably Pax-I (Gly to Ser at position 48) and PAX3 (Pro to Leu at position

50; Asn to His at position 47) and are responsible for the phenotypes

observed in undulated (Balling et al., 1988) Waardenburg syndrome type 1

(WSI) (Baldwin et al., 1992) and Waardenburg syndrome type III (WSllI)
(Hoth et al., 1993), respectivcly. With me aid of secondary structure

prediction algorithms it was found that three of the four amino acid

substitutions identificd in the aforementioned mutants (Spd/Pax-3, un/Pax­
1, WSl/PAX3) would disrupt me formation of predicted ~-turns, thus

altering the proteins' structures and corresponding functions (Treisman et

al., 1991; Hom et al., 1993; Vogan et al., 1993).
DNAse 1 protection experiments have shown mat a mutant

Drosüphila paired protein containing the same amino acid substitution as

was described for un is incapable of footprinting me eS clement of the eve
promoter (Treisman et al., 1991). Furthermore, the un/Pax-l mutant

protein was shown to have reduced affinity for me eS sequence compared to

wildtype protein in gel shift assays and actually exhibited an altered DNA

binding specificity in being able to bind to modified eS sequencf;S that were

cOlly weakly bound by wildtype Pax-l (Chalepakis et al., 1991). Given the

similarities in me Pax-l and Pax-3 mutations in un and spd, respectivcly

and their common disruptions of protein structure, it is likely that the

Spd/Pax-3 mutant protein would also exhibit alterations in its DNA binding

p-,·perties. The possibility mat me Spd/pax-3 protein would rerain sorne of

its normal DNA binding properties may explain the less severe phenotype
mat has been described for this mouse mutant. .'

Having met me primary objectives set forth at me start of this

project, me identification of me Sp gene product, attempts were initiated to

satisfy the second objective, identification of Pax-3 mutations in a human

disease comparable to that of Sp. The proximal portion of mouse

chromosome 1 spanning two collagen genes, Cal3al and Ca16a3, represcnts

an approximated 32 cM linkage group syntenic to me distal portkm of

human chromosome 2q (Schurr et al., 1990), The mapping of Sp/Pax3 to

mis region on mouse chromosome 1 suggested that if PAX3 mutations werc

causal of a human disease, its phenotype should be segregating with human

chromosome 2q markers.
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Waardenburg Syndrome type 1 (WSI) is a dominant disorder

characterized by varying degrees of cochIear deafness, p:~mentary

disturbances of the skin, hair, iris, and the ocular fundus, as weil as a laœral

displacement of the inner camhi (dy.<topia canthorum), the presence of
which distinguishes WSI from WSII (McKusick 1990). Prompted by the

finding of a de nova paracentric inversion (2) (q35q37.3) in a child with

WSI (Ishikiriyama et al., 1989), several studies showed that some but not

ail WSI loci were linked to Fn and ALPP, two genes which mal' to the distal
portion of human chromosome 2q (Foy et al., 1990; Asher et al., 1991;
Farter et al., 1992). The similarities in sorne of the phenotypic features

between Sp and WSI (primarily the pigmentary disturbances because Sp/+
mice are not deaf (Steel and Smith 1992)), their homologous chroinl)som~l

assignments, and our prior knowledge that Pax-3 was disrupted in ail Sp
mutants, made WSI an excellent candidate for the human homologue of Sp
and prompted us to investigate whether PAX3 was alter.:.d in these

iÇldividuals. DNA samph:s were collected from affected and unaffecœd
members of 25 different families known to be segregating WSI and

assessment of the integriry of the PAX3 gene by single strand

conformational polymol'phLn (SSCP) analysis was carried C~lt.

Unfortunately;";Ve were unsuccessful in identifying PAX3 ,.1utations in

individuais'with WSI before several such reports appeared in the literature

(Tassabehji et al., 1992, 1993; Baldwin et al., 1992; Mordl et al., 1992;
Tsukomoto et al., 1992; Hoth et al., 1993).

Explanations for our lack of success are as follows. First, recent

studies have shown WSI to be a heterogeneous disorder, with only 50% of

cases mapping to chromosome 2q (Farrer et al., 1992). It is possible that the

WSI families that w(: sCl'eened did not map to chromosome 2q and therefore

would not be expected to show mutations in PAX3. Second, SSCP analysis

is optim<Jl for small (approximately 300 bp) fragments of DNA;

accomodating for the size of a typical exon. To amplify the exons of a gene

for SSCP analy~is, primers are designed to intron sequences flanking .he

individual exons. At the time when SSCP analysis was being conàucted the

genomic structu.re of PAX3 had not been entirely worked out, making it

possible to screen only a portion of the gene (the paired box and a portion of

the homeobox) for mutations. It is therefore possible, that mutations may

be residing in the unscreened portions of the PAX3 gene. The third



•

•

137

explanatior. for our lack of success in identifying PAX3 mutations may

have been due ta limitat:0ns in the technique itse1f, although this possibility

is less likely given the high sensitivity of SSCP (Michaud et al., 1992).
At present, five papers have reported PAX3 mutations in six different

pedigrees in which WSl is segregating (Tassabehji et al., 1992, 1993;

Baldwin et al., 1992; MorcH et al., 1992; Hoth et al., 1993). Each of the

affected individuals is heterozygous for the PAX3 mutation, however, no

correlation has been made between the severity of the defect (presence or

absence of deafness) and the type of mutation. Of the six different PAX3

mutations that have been described in WSl individuals, five have been found

in the paired box (Figure 1). T'NO of these mutations are frameshifts

resulting from smaIl deletion~ (Figure 1)(MoreIl et al., 1992; Tassabehji et
al., 1993). Two of the other mutations, :'111 in-frame 18 bp deletion within

the first a-helix of the paired domain and an Arg to Leu amino acid

substitution at codon 56 of the paired domain ([.avariant among aIl Pax
genes), are presumed ta interfere directly w;~hfhe paired domain's DNA

binding properties (Tassabehji et !Il., 1992; Hoth er."l, 1993). The

remaining pai~ed domain mutation causes an amino acid substitution in a

highly conserved region N-terminal to the first a-helix, where the spd
mutation is situated (Figure 1)(Baldwin er al., 1992; Vogan er al., 1993).

The last of the defined PAX3 mutations in individuaL'with WSl alsu results

in a frameshift due ta a 2 bp deletion within the conserved octapeptide

sequence (Tassabehji et al., 1993).
Of notable interest was the report that some individuals with WSII

and WSIII also harbor PAX3 mutations (Figure 1) (Tassabehj i et al., 1993;

Hoth et.!., 1993). Both WSII and WSIII share phenotypic features with

WSl, the differences being that dystopia canthorum is absent fr(lm WSH

and musculoskeletal abnormalities are present in WSIII. Although

clinicaIly these syndromes have been defined as distinct, their molecl'Iar

basis, at least in some cases, appears ta be the same. These findings arc not

inconsistent with the diverse expression profile of Pax-3 in the mOll~;;. In

addition ta the dorsal aspect of the neuro(;pithelium, craniofacial and other

NÇC derived structures, Pax-3 is also expressed in dermomyotame ceHs of

the somites as weH as the limb bud mesenchyme, two known sources of

myogenic ptecursors (Goulding et al., 1991). lt is thus likely that the

muscle defects in individuals with WSIII also stem from disturbances in the
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Figure 1

Compilation of PAX3 mutations in individuals with WSI, Il, and III

and the mouse mutant spd. Numbered arrows point to discrete regions of

rite PAX3 cDNA which correhte ta the described mutation. Codon

numbering follows that of the published full length mouse cDNA

(Chalepakis et al., 1991) and starts at the initiator ATG. PB, paired box;

OP, octapeptide; HB, homeobox. Black boxes within the PB and HB

represent predicted a-helices. Ali mutations have' been descdbed elsewhere:

1 (Baldwin et al., 1992); 2 and 8 (Hoth et al., 1993); 3 (Tassabehji et al.,
1992); 4 (Morrel! et al., 1992); 5, 6, and 7 (Tassabehji et al., 1993); 9 (Vogan

et al., 1993).
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function of Pax-3 during myogenesis. Furmermore, sorne Sp aUeies have
also been shown'co exhibit liffib musculature defects (Franz et al., 1993).
\Vhy PAX3 mutations cause defects to mese structures in sorne but not aU
individuals may eventuaUy be explained by me type of mutation present,
but perhap~ more likely by me genetic background of me individual, which
may act to modify me expression of me phcn()type in a tissue specifie
manner. The role of PAX3 in myogenesis has taken on an additional twist

given mat chromosomal translocations interrupting me PAX3 gene and an
uncharacterized locus on chromosome 13 have been identified in mree cases
of alveolar rhabdomyosarcoma, a solid tumour of striated muscle (Barr et

al., 1993).
As previously stated, one of me purposes in identifying me Sp gene

was to determine whemer mutations in its human homologue would result
in a comparable phenotype. Having established mat WSI is the human

homologue of the mouse Sp locus and mat bom WSI and Sp heterozygotes
display similar disturbances in NCC derived strùctures, it remains to be

determined whether homozygous WSI individuals are afflicted with defects
in neural tube closure as are their mouse counterparts. Given me low
frequency of WSI in me general population 0/42000), its low mutation
rate (1/270000) (Waardenburg 1951) and me likelihood of its early

embryonic I~::hality, it is not surprising mat homozygous cases of WSI have
not been reported in me literature. Nevertheless, we have encountered a
severely malformed abortus with anencephaly conceived from a brother­
sister mating in which both parents are affected wim WSI (unpublished .

observations). The cV1!ple had previously conceived two omer children also

affected "ivith WSI. Screening for PAX3 mutations in members of mis
family, including me abortus, is presently being conducted in order to
determine whether this case of anencephaly is a fortuitous finding, or is
pamogeneticaUy related to a homozygous PAX3 mutation.

It is particularly inreresting mat at least six individuals from
separate families heterozygous for WSI have been reported wim spina bifida

(Pantke and Cohen 1971; de Saxe et al., 1984; Carezani-Gavin et al., 1992;
Begleiter and Harris 1992; c:~atkupt et al., 1993). The frequency ofNTDs
in individuals with WSlhasyet to be compared wim mat of me general
population so it remain~"unknown whemer these reported cases are simply
reprcsentative of fortuitous findings (due to ascertainment bias). However,
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since 9% of Sp heterozygotes exhibit NTDs, in addition to the fact that

certain environmental agents cause NTDs more often in Sp heterozygotes
than wildtype controIs (Moase and Trasier 1992), it is compeIling to
speculate that at Ieast sorne of the cases of NTDs seen in WSl individuals me

related to their mutant genotypes.

The importance of Pax-3 in mammalian devclopment has clearly

been demonstrated through the study of its phenorypic cffects when in

mutant form as displayed by the Sp mouse and individuals with WS1, II,

and III. What remains to be understood however, is the actual biochemical

function that Pax-3 has in the process of neurogenesis and Iimb muscle

devclopment. Severallines of evidence have suggested that members of the

Pax gene family serve to regulate the transcriptional activity of target gcncs

during the development of various embryonic structures. First, aIl Pax

proteins possess the DNA binding paired domain, while certain others (Pax­

3, 4, 6, and 7) contain a second DNA binding clement, the paired-type

homeodomain (reviewed in Gruss and Walther 1992). Second, Pax-2, in

addition to two Drosophila orthologues of the Pax gene family, Pox mesa

and Pox neuro, have been localized tG the nucleus (Dressler and Douglass

1992; &pp et aL 1989). Third, Pax-! and Pax-3 proteins have bcen shown

to bind the e5sequence of the Drosophila even-skipped promoter in vitro
(Chalepakis et aL, 1991; Goulding et al., 1991) while Pax-5 and Pax-8 have

each demonstrated the ability to activate transcription from biologically

relevant target promoters (Kozmik et al., 1992; Zannini et al., 1992).
Presently,no downstream targets of Pax:j have been identified.

Close examination of expression profiles of genes either disrupted in Sp
embryos or overiapping wildtype Pax-3 expression during normal

development may suggest candidate genes for regulation by Pax-3 during

neurogenesis. Before predicting candidate genes which may be modulated

by Pax-3 a brief review of its own expression pattern is warranted.

Pax-3 expression initiates at day 8.5 p.c. and is restricted to dorsal

aspects of the neural tube including the roof plate (Goulding et al., 1991).

Within this domain, Pax-3 is expressed specifically in the mitotically active

cells of the ventricular zone (Fit'tlre 2). The sulcus Iimitans demarcates the

ventral boundary of Pax-3 expr~~sion and coincides with the ',' ,neation

between the alar and basal plates. This dorsal restriction in Pax:3
expression appears to be regulated by signais secreted from the notochord

}
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and flocr plate which are also responsible for regulating Pax-6 (Goulding et
al., 1993). Pax-3 expression extends almost continuously from the

prosencephalon to the anterior margin of the posterior neuropore (Goulding

et al., 1991). Temporal variations in Pax-3 expression exist between rostral

and caudal portions of the neural tube wi th expression in the caudal neural

tube occurring later than rostral expression; thus coinciding with the

rostro/caudal pattern in which the neural tube develops. Pax-3 expression is

also observed in dermomyotom~ ceUs of the somites and also foUows the

rostro/caudal gradient of development. By day 14 p.c., Pax-3 expression has
subsided in aU but the caudal portion of the neural tube. In addition to the

neural tube, Pax-3 expression was also found in a variety of NCC derived

structures but it remains unclear whether it is expressed in the NCCs

themselves (Goulding et al., 1991). FinaUy, Pax-3 was also detected in the

undifferentiated mesenchyme of both the forelimo and hindlimb.

The functional significance of the Pax-3 expression profile has yet to

be elucidated. It is particularly interesting however, that like members of

the Drosophila prd gene set, Pax-3 is cxpressed, in part, within a segmented
structure, the dermomyotome ceUs of the somites (Goulding et al., 1991).
In fact, several members of the mutine Pax gene family are expressed in

segmented structures. Pax-Lob expressed in the sclerotome and Pax-7 in u\e
/

myotome of the somites which gives rise to the intervertebral disks and

skcletal muscles of the trunk, respectively (Deutsch et al., 1988; Jostes et al.,
1991). Pax-2 and Pax-8 are expressed in the segmentaUy arranged

mesonephric tubules (Dressler et al., 1990; Plachov et al., 1990). It should

not be considered a mere coincidence then, that a group of highly conserved
structuraUy and functionaUy related proteins should have similar roles in

establishing pattern formation within segm<:ntaUy arranged structures in

both Drosophila and mice.

The members of the Drosophila prd ge~e s~t have a dual role. In

addition ta being txpressed in the segmented embryo, they are also expressed

during neurogenesis where they serve to regulate neuronal identity of

differentiating neuroblasts (Bopp et al., 1989; Nottebohm et al., 1992;
Dambly-Chaudière et al., 1992). The expression of Pax-3 within the neural

tube suggests that it too may have a role in the patterning of the nervous

system. In fact, many members of the Pax gene family are expressed in

defined regions along the length of the ante:ro/posterior axis of the
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developing neural tube, suggesting that these genes serve to

compartmentalize the spinal cord along its longitudinal axis (Gruss and

Walther 1992). The significance of regionalizing the spinal cord is

understood when examining the development of the various neuronal

structures. At the time of neural tube closure and up until approximatcly

day Il p.c., the neural tube is comptised of a single celllayer, the

ventricular zone (Altman and Bayer 1984). The ventricular zone consists

of mitotically active cells which act as the source of stem cell populations

for the entire central nervous system. Commencing on day Il p.c.,

ventricular zone ceIls in the ventral portion of the neural tube stop dividing

and migrate radially to form two new zones, the intermediate and

marginal zones (Altman and Bayer 1984). The progression of this neural

differentiation occurs ventral to dorsal and by day 14 p.c. the ventticular

zone cells have stopped mitosi~ (coinciding with the down regulation of Pax­
3 and Pax-6 expression in this tissue (Goulding et al., 1991; Walther and

Gruss 1991)) and form the ependyma which lines the central lumen

(Altman and Bayer 1984). The intermediate and marginal zones have

expanded considerably during neural development and go on to form the

grey and white matter of the central nervous system, respectively. At this

point the neural tube can be divided into five epithelial plates, they are, from

dorsal to ventral, the roof, alar, intermediate, basal, and floor plates (Figure

2)(Altman and Bayer 1984). The roof and floor plates give tise to

neuroglial rather th,m neuronal cell types, while the alar, intermediate and

basal plates give tise to sensory, relay and motor neurons, respectively

(Altman and Bayer 1984). The expression of Pax-3 in the alar and roof

plates; Pax-7 in the alar plate (overlapping Pax-3 expression); Pax-6 in the

basal plate; and Pax-2, 5, and 8 in subsets of the alar and basal plates suggests

that the Pax gene family may serve to pattern the neural tube in a

dorsal/ventral fashion in order to specify neuronal cell types (Figure

2)(Gruss and Walther 1992). So far, however, a strict correlation of Pax
gene expression and differentiation of specifie neuronal cell types has yet to

be established. Thus, Iike members of the Drosophila prd gene set, the Pax
gene family appears to serve a dual purpose in that they establish or

maintain antero/posterior polarity within segmented structures, as weil as

participate in the dorso/ventral patterning of the neural tube for the possible

purpose of specifying neuronal cell types.
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Figure 2

~ "

l
Diagrammatic representation of Pax gene expression in a transverse

section of a day Il embryonic mouse neural tu~e. Shaded areas are limited

ta the ventricular zone with the exceptiC'il of Pax-2, 5 and 8 expression

which exrends into the intermediate zone. RP,roof plate; FP, floor plate;

AP, alar plate; BP, basal plate; and SL, sulcus limitans (Modified from

Gruss and Walther 1992).
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Mutation

WSI

1. C to T transition (BU-26)

2. G to T transversion (BU-35)

3. 18 bp deletion (WS.05)

4. 14 bp deletion (Mich-1)

5. One bp deletion (WS.06)

6. Two bp deletion (WS.ll)

WSII

7. G to C transversion (WS.15)

wsm
8. A to C transversion (BU47)

Spd

9. G to C transversion

Altered Codon

codon 50

codon 56

codon 62-67

codon 89-93

codon 96

codon 186-187

codon 81

codon 47

codon 42

ElIee! on Pro!ejn

Pro to Leu substitution

Arg to Leu substi tution

Six amino acid deletion

Frameshift causing
premature termination of
translation downstream of
proll~

Frameshift causing
premature termination of
translation downstream of
VallO~

Frameshift causing
premature termination of
translation presumably
within the homeodomain.

Gly to Ala substitution

Asn ta His substitution

Gly to Arg substitution
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It is particularly interesting that expression of Pax-2 in the

devcloping kidney is restricted to undifferentiated renal structures and that

its expression is repressed during the terminal differentiation of the renal

tubule epithelium (Dressler and Douglass )992). The failure of Pax-2 to he

down-regulated in Wilms tumour and the detection of severe kidney

abnormalities in transgenic mice continuously express il:;! Pax-2 suggests

that Pax-2 shut-off is required for the proper terminal differentiation of

kidney epithelial structures (Dressler and Douglass 1992; Dressler et al.,
1993). A similar role may be envisioned for Pax-3 during neural

development. Down-regulation of Pax-3 may be required for the

diffe,,,ntiation of particular neuronal structures which form in the dorsal

portia: 1 of the neural tube. The creation of transgenic mice persisrently

expressing Pax-3 should help to address this hypothesis.

The candidacy of target genes for regulation by Pax-3 can be

cvaluated on the basis of their overlapping temporal and spatial expression

domains, as welI as by the disruption of their normal expression in

homozygous Sp embryos. Although many developmentalIy regulated genes

inc1uding homeobox genes, oncogenes, growth factors and their receptors,

extracelIular matrix proteins and their receptors and others, may share

sorne overlap with Pax-3 expression, only a few of these show

developmental regulation of a type th;:.: suggests a raIe in the formation of

the neural tube.

The expression patterns, as determined by in situ hybridization, were

assessed 'or several members of the wnt gene family of putative celI

signalIing rnolecules in wildtype and homozygous Sp mouse embryos at day

9.5 of gestation (A. McMahon, personal communication). Targeted

disruption of the Wnt-l gene in the mouse has shown that its primary role is

in rcgulating central nervous system development (McMahon and Bradley

1990; Thomas and Capecchi 1990). Wnt-l and wnt-3a are each expressed in

overlapping temporal and spatial domains with Pax-3; primarily in the roof

plate of the neural tube (reviewed in Nusse and Varmus 1992). Neither of

these genes were found to be abnormalIy expressed in the homozygous Sp
embryos suggesting that their expression is not directly regulated by Pax-3
at this rime. Recently however, a control element responsible for wingless
(wg-the Drasophila orthologue of ume-l )-dependent maintenance of gsb­
BSH9 (a Drosophila orthologue of Pax genes) expression was identified (Li
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et al., 1993). Although it is unlike1y that Pax-3 is misexprcsscd in cmbryos

homozygous for the umt·J null allele given that the spinal cord appcars ta be
unaffected in these animais (McMahon and Bradley 1990; Thomas and

Capecchi 1990), it will be worthwhile ta investigate whether other Pax
genes are under the influence of the Wnr·J signalling pathway.

lnterestingly, Pax-5 shows a sharp rostrai boundary that ovcrlaps bath

Wnr·J and engrailed.J genes at the midbrain{hindbrain boundary (Asano

and Gruss 1992). Furthermore, the injection of antibodics against whar
may be the Pax-5 equivalent in zebrafish, Zf pax[b], lcads to malformations

at the midbrain/hindbrain boundary (similar to those seen in the targetcd

disruption of Wnr·J in the mouse) and alterations of wnr·J and engrailed.2
expression in this area (Krauss et al., 1992). Taken tagether, these findings

suggest that Pax-5 may be regulating or regulated by wnr·J and/or engrailed
loci.

Another gene which has been implicated in neural deve1opmenr,
shows sorne overlap in its expression with Pax-3 in a temporal and spatial

fashion and appears to be abnormally expressed in the Sp mouse is the neural

cell·adhesion·molecule, N·CAM (see Section 2.3. of the Literature review).

N·CAM expression in the neuroepithelium shows regional specificity along

the cranio/caudal and dorsal/ventral axes, being expressed throughout the

spinal cord between day 8 and 8.75 p.c. and eventually becoming restricted

ta lateral and ventral aspects at day 11.5-12.5 p.c. in primarily caudal

portions of the neural tube, coinciding with the peak of Pax-3 expression
(Bally.Cuif et al., 1993; Goulding et al., 1991). Although highly speculative

at this point, it is conceivable that Pax-3 serves ta repress N·CAM expression

in the dorsal aspects of the neuroepithelium and regions of the brain. The

functional relevance of this restriction may possibly be for the emigration of

NCCs From the dorsal portion of the neuroepithelium. A tightly hound

neuroepithelium would not be conducive for NCC emigration and couId

possibly be responsible for the de1ay in neural tube closure in Sp animaIs uy

preventing the neural folds from coming together due to the increase in

intercellular adhesion (Thiery et al., 1985). Initial experiments ta test

whether this hypothesized interaction is direct could be performed by

determining whether Pax-3 can bind ta the N·CAM promoter and inhibit

its transcripti0n in cotransfection assays. These types of experiments were

previously performed with two members of the Xenopus Hox 2 cluster and
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showed that Hox 2.5 can activate and Hox 2.4 inhibit the activation of a
reporter gene driven by the N-CAM promoter (Jones et al., 1992).

Though any number of genes may be tested to see if they are

misexpressed in Sp mice, these studies ate limited in that they can only be
performed with known genes. Our laboratory is presently taking a less

biased approach in our search for genes acting downstream of Pax-3.
Utilizing techniques such as differential cDNA screening and peR based

differential display (Liang and Pardee 1992), we hope to identify transcripts

which are diffèrentially expressed in wildtype versus Sp mutant embryos.
These approaches should he1p to identify downstream targets of Pax-3 with

the eventual aim of dissecting the cascade of events required in the

formation of the mammalian neural tube.
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Claims to originality

This thesis contains me following original results.

1. The determination mat splorch and Pax-3 are allelic.

2. The identification of a deletion in me paired-type homeodomain of Pax-3
in homozygous Sp2H mouse embryos.

3. The identification of a mutation in me third intron of the Pax-3 genc
from Sp mice which abrogares its proper splicing.

4. The determination mat Pax-3 is entirely deleted in me Spr mousc
mutant.

5. The delineation of me chromosomal segment delered in me Spr mouse
mutant.

6. The generation and mapping of a large number of anonymous probes
spanning me proximal portion of mouse chromosome 1.




