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Abstract
This thesis describes two genetic maps of mouse chromosome 2 (MMU2), 

genetic maps relative to the wasted {wsf) and Ragged (Ra) mutations on distal MMU2 

and a physical map of the region likely to contain the latter two genes.

The first two maps include 18 new PCR markers which were isolated from a 

subgenomic library constructed from a mouse-hamster somatic cell hybrid line whose 

main mouse-genome component was MMU2. Fourteen of these loci define 

microsatellite sequences and four represent randomly chosen DNA sequences. The 

maps were constructed using two interspecific backcrosses established using a 

laboratory mouse strain and mice from the related species Mus spretus. The 

inheritance pattern on MMU2 reveals loci that exhibit significant segregation distortion 

(SD) in males.

The genes responsible for the wasted (wsf) and ragged (Ra) phenotypes are 

very closely linked (0.2 cM) on the extreme end of MMU2. Two interspecific 

backcrosses segregating wst and Ra were set up in order to define the genetic position 

of these loci relative to currently available molecular markers. In total, 167 wstA/vst and 

329 Ra/+ or +/+ mice were phenotyped for 5 microsatellites and two genes which, on 

the basis of the consensus map, would be expected to map near wst and Ra. The 

gene order established is;

D2Ucl1, Gnas- 1.8 cM + 1.0, D2Mit200- 1.8 cM + 1.0, D2Mit230 0.6 cM + 0.6, D2Mit74- 

0.6 cM + 0.6, Acra4- 0.6 cM + 0.6, D2Mit266, wst

D2Ucl1, Gnas- 1.2 cM + 0.6, D2Mit200- 0.6 cM + 0.4, D2Mit230- 0.6 cM + 0.4, 

D2Mit74, Acra4, D2Mit266, Ra

In an attempt to isolate flanking markers for both mutations, four overlapping 

yeast artificial chromosomes (YACs) were isolated and analysed by way of 

fluorescence in situ hybridisation (FISH), Southern blot and PCR analysis. These 

clones span a region of at least 360 kb and encompass the markers D2Mit74, Acra4 

and D2Mit266\ the contig extends at least 200 kb proximal and 160 kb distal to Acra4. 

In the context of this work, a framework physical map extending 200 kb proximal and 

310 kb distal to this gene was also established. Two YACs were found to span the 

T(2;16)28H translocation breakpoint. On the basis of these results, D2Mit74 is 

tentatively proposed to reside proximal to the breakpoint.

All the genes which map to human chromosome 20 also map to distal MMU2 

and the order appears to be conserved. The human homologues of Ra and wst would 

be expected to map on 20q13.1^ qter. The human homologue of the rat gene for 

vitamin D3 24-hydroxylase (CYP24) maps to 20q13.1^ qter. In this study, the mouse 

homologue of this gene {Cyp24) was localised to distal MMU2 9 cM proximal to Ra.
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CHAPTER 1 : INTRODUCTION

Part 1 : Aims of the Project
This project was initiated in October 1991 with two main objectives. First, to 

generate a set of molecular genetic markers for mouse chromosome 2 (MMU2). 

Second, to construct a genetic and, depending on the density of that map, a physical 

map of the region containing the genes responsible for the wasted (wst) and ragged 

(Ra) mouse mutants; greater emphasis was placed towards isolating the region 

which harbours wst.

When this work begun, the consensus genetic linkage map of MMU2 

consisted of 80 molecular markers and twenty nine genes responsible for 

developmental mutations (figl.1; table 1.1). At this marker density (on average 1 

marker every 1.4 cM), it would be very difficult to isolate any of these mutations by 

way of positional cloning or construct a high resolution genetic map of MMU2, unless 

more markers became available. This study was therefore initiated to generate 

additional molecular markers for this chromosome. Microsatellites were considered to 

be the most useful loci for genetic analysis (Weber and May, 1989), so such 

sequences were specifically targeted for isolation. The DNA source was a mouse- 

hamster somatic cell hybrid line containing the whole of mouse chromosome 2, the 

proximal domain of mouse chromosome 15 and possibly submicroscopic fragments 

of other mouse chromosomes (Peter Lalley, personal communication). The strategy 

was to construct a subgenomic library from this hybrid cell line and screen it with a 

composite probe, derived by radiolabelling total mouse DNA, in order to isolate 

mouse-DNA containing clones. It was anticipated that the majority of the clones 

isolated would originate from MMU2, as it was the major mouse-genome component 

in this cell line. Two interspecific backcrosses, established at the Jackson Laboratory, 

were used to map the markers produced in this way.

To establish genetic maps relative to wst and Ra, two interspecific 

backcrosses were set up by Dr. Jo Peters at the MRC Radiobiology Unit (Harwell) in 

which the two genes were segregating. The genetic distance between wst and Ra is 

estimated to be 0.2 cM (Peters et al., 1994). The mapping of these genes required a 

source of chromosome specific markers. It was anticipated that the large scale 

isolation of microsatellite markers carried out at the Whitehead Institute for Biomedical 

Research (Cambridge Massachusetts, USA; Dietrich et a!., 1992 and 1994) would 

have made far more markers available from this region than I could possibly achieve 

through the use of the somatic cell hybrid line.
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Figure 1.1 A consensus linkage map of mouse Chromosome 2. The loci listed in column A represent 27 

genes responsible for developmental mutations. Two genes, namely those for curly-tail lethal (Cyl) and 

fathead (fhd) do not appear on this map, as th^have only been mapped in two point crosses and their 

position on the map relative to other markers is not known. Column B lists the loci for which molecular 

probes are available. The genes whose homologues have been mapped to HSA 20 are underlined and 

the respective region is shown in column C (derived from Siracusa and Abbott, 1991; Pilz et al., 1992).
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Genes mapping to human chromosome 20 (HSA 20) appear to be confined to 

the distal domain of mouse chromosome 2 (figure 1.1). While the localisation of these 

genes to HSA 20 is based upon physical mapping studies (Grzeschik and Skolnick, 

1991), the data for MMU2 is based exclusively on genetic linkage studies. 

Nevertheless, the order of genes appears to be conserved in the two species. Given 

the observation that the consensus map placed wst and Ra in a conserved region 

with 20q13.2-qter, it seemed reasonable to establish whether genes mapping to this 

region of the human genome mapped in close proximity to these two mutant genes.

Table 1.1 List of loci w N di presented in figure 1

Gene symbol Gene name

Abl
Acra
Acra4
A c td
Ada

Akv3
Ass1
B2m
Bmp2a

Cas1
Cf2
D11S14h
D11S16h
D11S408h
D11S411h
D11S412h
D11S?h
D2Hgu1
D2Leh1
D2Leh2
D2Pas1
D2Pas2
D2Pas3
D2Rpw1

Emv15
Evx1
Fshb
Gad1
Gcg
Gvlr1
Gm3

B
a

anx
bs

bp

dm

agouti
Abelson leukemia oncogene
acetylcholine receptor alpha subunit
acetylcholine receptor alpha-4 subunit, neural
cardiac muscle alpha actin
adenosine deaminase
anorexia
blind sterile 1
AKR leukemia virus inducer-3
argininosuccinate synthetase-1
beta 2-microglobulin
bone morphogenic protein-2a
brachypodism
catalase-1
prothrombin
DNA segment, human D11S14 
DNA segment, human D11S16 
DNA segment, human D11S408 
DNA segment, human D11S411 
DNA segment, human D11S412 
DNA segment, human D11S?
DNA segment. Human Genetics Unit 1
DNA fragment, Lehrach 1
DNA fragment, Lehrach 2
DNA fragment, Pasteur 1
DNA fragment, Pasteur 2
DNA fragment, Pasteur 3
DNA fragment, Woychik 1
diminutive
endogenous ecotropic MuLV-15 
even skipped gene 1 
follicle stimulating hormone beta 
glutamic acid decarboxylase 
glucagon
gibbon ape leukemia infection 1 
granulocyte-macrophage antigen



Table 1.1 continued
Gnas Gs protein alpha, stimulatory regulator
Gsn gelsolin
Hc Hemolytic complement component 5
Hck1 hematopoietic cell kinase 1
H 0x4 homeo box-d gene cluster
Hsp842 heat shock protein 84 kDa2
111a interleukin 1 alpha
111b interleukin 2 beta
Hlm interleukin 1 receptor antagonist
Jgfi anonymous mouse cDNA

kr kreisler
Kras3 Kirsten rat sarcoma oncogene 3

Id limb deformity
Ih lethargic
Im lethal milk
Is lethal spotting
1st Strong’s luxoid

Ltk leukocyte tyrosine kinase
mdm muscular dystrophy with myositis
mg mahogany

Mpmv3 modified polytropic MuLV provirus 3
Mpmv14 modified polytropic MuLV provirus 14
Mpmv28 modified polytropic MuLV provirus 28
Mpmv43 modified polytropic MuLV provirus 43
Mtv40 mouse mammary tumour virus 30
Neb nebulin
Odc2 ornithine decarboxylase 2
Otf3b octamer transcription factor

pa pallid
Paxi paired box 1
Pax6 paired box 6
Pax8 paired box 8
Pckl phosphoenolpyruvate carboxylase 1
Pmv7 polytropic murine virus 7
Pmv33 polytropic murine virus 33
Pol23 viral polymerase
Psp parotid secretory protein
Ptpa receptor tyrosine phospatase alpha
Pygb brain glycogen phosphorylase

Ra ragged
Ras12-4 ras-like gene12-4
Rec2 ecotropic MuLV M813 receptor

rh rachiterata
ro rough

Scgi secretogranin 1 (chromogranin B)
Sd Danforth’s short tail

Sey small eye
Sfpil SFFV proviral integration 1
Sgnel neuroendocrine protein 7B2
Spna2 alpha spectrin 2, brain
Spna2 alpha spectrin 2, brain
Src Rous sarcoma oncogene
Ssb autoantigen



Table 1.1 continued
stb stubby

Surf surfeit gene cluster
Svp1 seminal vesicle protein 1
Svp2 seminal vesicle protein 2
Svp5 seminal vesicle protein 5
Tsk tight skin
Ul ulnaless
an undulated
Vim vimentin

we wellhaarig
wst wasted

Wtl Wilms tumour homolog
Xmmv58 xenotropic MCF leukemia virus 58
Xmmv71 xenotropic MCF leukemia virus 71
XmvW xenotropic murine leukemia virus 10
Xmv48 xenotropic murine leukemia virus 48

Table 1.1 List of the 80 molecular genetic markers and genes for the developmental mutations that 
have been assigned to mouse Chr 2 and which appear in figure 1.1 (Siracusa and Abbott, 1991). The 
loci for which molecular probes are available are listed in column A and the genes responsible for 
developmental mutations in column B. The gene symbols have been altered to conform with the current 
nomenclature guidelines (Davisson, 1994).



Part 2: The Mouse in Genetic Analysis

2.1 Why mice
The mouse was chosen as the principal experimental animal to help unravel 

the structure and function of the coding component of the human genome. The 
human genome project (HGP) was primarily initiated to improve public health by 
analysing the causes of inherited diseases (McKusick and Amberger, 1994) and 
develop preventative and therapeutic treatment for these conditions. The goal of the 
HGP is the provision of detailed genetic and physical maps for all chromosomes, as a 
prelude to the determination of the complete DNA sequence of the human (Cox et al.,

1994).
The haploid gene content of the mouse and human genomes is thought to be 

very similar, approximately 80,000 genes (Antequera and Bird, 1993), although more 
conservative estimates have also been proposed (Fields at a!., 1994). Experience 
has shown that the majority of human genes have homologous sequences in the 
mouse genome (Copeland at a!., 1993). It is not clear how many of our genes have 
homologous (or orthoiogous) counterparts in the mouse genome, but the number of 
human genes with no mouse homologues will probably be very small. More 
importantly, as the genetic position of homologous DNA sequences is being 
determined in both species, it becomes apparent that many genes have retained 
their physical association in conserved linkage groups (Nadeau, 1989; O’Brien at a/., 
1993; Copeland at a!., 1993). The extensive comparative maps now available 
provide an efficient way to predict the position of new genes on the human map by 
mapping them in the mouse. Conversely, the position of genes in the mouse genome 
can be predicted from mapping information in humans (e.g. Malas at a!., 1994). The 
expansion of the comparative map will primarily progress through genetic mapping, 
although some data from physical mapping will be necessary as the density of the 
map increases. In the mouse, genetic mapping is very powerful and very simple (see 
below). Hundreds or even thousands of genes can be mapped in multipoint crosses 
and the mapping information should be directly relevant to the human genome 
mapping effort (Copeland at a!., 1993). Strategies are now being initiated to 

maximise the efficiency and efficacy of the HGP by isolating and cataloguing all the 
genes in humans and mice. This represents a more efficient use of limited resources 
than the often more redundant effort to identify individual genes during existing 
research programs (Chapman at a!., 1993).

Many genes have “declared” their existence in mutated forms that affect 
many developmental processes in both mice and humans (McKusick and Amberger, 
1994; Green, 1989). Some of these conditions share many phenotypic features, and 
genetic analysis of the defects responsible revealed that they are caused by lesions 
in homologous genes (reviewed by Darling and Abbott, 1992). These findings



underscore the similarities and differences in the process of development between 
mice and humans and lend credence to efforts attempting to reproduce human 
pathological conditions by manipulating the mouse genome (reviewed by Yamamura 
and Wakasugi, 1991; Gossen and Vijg, 1993; Gatherer, 1993; Davidson et al., 
1995). The advances in transgenic technology have been used to induce human 
disorders by introducing defective human genes in mice (Stacey at a!., 1988). 
Similarly, endogenous mouse genes can be specifically disrupted in pluripotent 
embryonic stem (ES) cells, which can be selected and reintroduced back into a 
developing embryo (Capecchi, 1989; Rossant and Joyner, 1989; Davidson at a/.,
1995). The advances in gene technology will enable attempts to treat human 
diseases by somatic-gene therapy protocols. The mouse is an excellent model 
organism to advance these techniques and test their potential for intervening in order 
to correct defects in our code (Porteous and Dorin, 1993; Friedmann, 1994).

The choice of the mouse is also based on many practical considerations. 
Mice are easy to handle and cheap to maintain. They reach sexual maturity six 
weeks after birth. An average breeding female has between four to eight litters and 
the gestation period is between nineteen and twenty days. Each litter contains six to 
eight pups (Hogan, 1986). Thus, crosses can be set up at will to generate a very 
large number of progeny in a relatively short period of time. The temporal and spatial 
pattern of expression of genes can be readily studied, for the use of mice allows 
access to all tissues at every stage of development.

2.2 The establishment of inbred strains
A genetic map is the most important tool of a geneticist. The development of 

the mouse linkage map would not have progressed at the pace that it has done 
(Silver at a!., 1994), had genetically homogenous strains not been available. Mice 
have been studied since the turn of the century, mainly in the quest for cancer 
treatment. The first attempts to treat cancers in mice led to puzzling observations; the 
response to the treatment was different even between animals from the same litter. It 
was thought that genetic heterogeneity was to “blame” for these differences and 
breeding strategies were devised to “eliminate” it.

Inbreeding programs were initiated in 1909 by C.C. Little which gradually led 
to the foundation of the Jackson Laboratory in 1929 (Resting, 1979). The importance 
of “race” was first recognised through experiments on the ability of certain tumours to 
be successfully transplanted between animals. The first attempts led to some of them 
being accepted while others were rejected. Jensen in 1903 was able to propagate a 
spontaneous alveolar carcinoma for nineteen generations in a single stock of “white 
mice” which became substantially inbred through being maintained as a closed 
population for many years (Resting, 1979 ). C.C. Little proposed that the acceptance 
or rejection of tumours was due to a number of genes acting in a dominant mode of



inheritance (Resting, 1979 and references therein). The first set of inbred strains, 
established just after the end of World War II, led to the identification of these genes 
that are now known to code for the histocompatibilty antigens (Snell, 1981; Lindahl, 
1991).

2.2.1 Derivation of inbred strains
Inbred strains are derived by continuous full brother x sister (known as full- 

sib) matings, or by parent-offspring mating. Genetically, both types of matings are 
equivalent. A strain is regarded as inbred after twenty consecutive generations of 
full-sib matings (Staats, 1968 and 1976). In the case of parent-offspring matings this 
rule also applies, provided the mating in each case is to the younger of the two 
parents. In the twentieth generation the members of an inbred strain should trace 
back to a single ancestral pair. All mice of this generation will be homozygous at 
virtually all loci and all progeny subsequently produced will be genetically identical or 
isogenic, barring residual segregation or mutation. Isogenicity is the correct genetic 
description attribute of the members of an inbred strain. The term “inbred” describes 
a breeding method rather than a genetic property but its wide use has come to mean 
the latter. The colonies of inbred strains are maintained by continued brother sister 
mating so that the occurrence of new mutations can be quickly detected.

Laboratory lines are thought to originate from two subspecies of the complex 
species Mus musculus, namely Mus musculus musculus and Mus musculus 
domesticus (reviewed by Bonhomme and Guenet ,1989). However, certain allelic 
variants observed in inbred lines have not been observed in either of these two 
subspecies and it was proposed that multiple mouse species might have contributed 
to the derivation of experimental mouse lines (Blank et al., 1986). Included in the 

Mus musculus species are the subspecies Mus musculus castaneus and Mus 
musculus bactrianus. All four groups breed in the wild to produce fertile hybrids 
(Moriwaki at a/., 1986). Three additional species of the genus Mus are found in 
Europe, namely Mus spicilegus, Mus spretus and Mus 4A.. Mus spretus shows the 
greatest degree of allelic variation among these species (Bonhomme et al., 1984) 

and has been of enormous value in segregation analysis in recent years (see below).

2.2.2 The development of congenic lines
Inbreeding brought to light certain phenotypic deviants which either pre

existed in the wild or arose spontaneously during the breeding programs. When a 
new mutation is identified, it can be maintained as a separate line that is coisogenic 
to the parent line. However, some traits need to be maintained on well-characterised 
strains with good breeding performance. Furthermore, the expression of many 

phenotypes depends on the genetic background (see below). The breeding of a 
mutation into a new line leads to the development of a congenic line. A congenic line
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can be developed by either twenty generations of full-sib matings with forced 
selection for a desired locus (hereafter referred to as “control locus”) or by seven to 
twelve generations of backcrossing to an established inbred strain (Klein, 1975). For 
the backcross system the animals in each generation receive half of their entire 
genome from the inbred strain. Hence theoretically, the genes that came in with the 
control locus and are not linked to it will be replaced by those contributed by the 
inbred strain at a rate of 50% in each generation. In consecutive generations, the 
proportion of these loci will diminish by 1-1/2-1/4-1/8-1/16 and so on, or 1-(1/2)"'\ 
After seven generations, the probability of homozygosity for an allele of the inbred 
strain is 98.4% { 1-(1/2)®} which increases to only 99.9% after twelve generations of 
backcrossing. In the case of loci which are linked to the control locus, the chance of 
homozygosity is 1 - (1-c)"'  ̂ (c defines the estimated recombination frequency 
between the control locus and any locus associated with it). After twelve generations, 
the probability of homozygosity at a locus 10 cM (c=0.1) away from the control one is 
68.6%. The region that harbours the control locus, known as the passenger region, 
diminishes in length in advancing generations and bears the control locus plus a few 
other closely linked DNA segments.

This particular property of congenic lines was exploited in attempts to isolate 
developmental mutations. Two different approaches are briefly outlined. Rikke and 
his colleagues (1993) attempted to isolate markers near the pearl locus. Pearl is an 
autosomal recessive mutation causing hypopigmentation of the coat and the eyes 
(Sarvella, 1954). It arose on a C3H stock and was transferred to a C57BL76J 
background (Sarvella, 1954). A congenic hybrid line was generated which carried the 
wild type allele from Mus spretus, on a Mus musculus domesticus background by 
repeated backcrossing for twelve generations, followed by an additional twelve 
generations of full-sib matings (Rikke et a/., 1993). A genomic library was then 
constructed from this line and screened with LINE-1 oligonucleotides, (LINE-1 is a 
member of the long interspersed repeats, reviewed in Hastie, 1989), which 
specifically detected clones of Mus spretus origin (Rikke et a!., 1991; Rikke and 

Hardies, 1991). Some of the positive clones that were tested were shown to be 
linked to the pearl locus as expected (Rikke et a/., 1993).

Pallid is a mouse mutant with prolonged bleeding time due to platelet granule 
defects, kidney lysosomal enzyme defects and diluted pigmentation due to small 
melanosomes (Novak and Swank, 1984). The gene responsible for this phenotype, 
pa, was mapped to mouse chromosome 2 and is transmitted in a recessive mode of 
inheritance (Roberts and Quisenberry, 1935). The pallid mutation was discovered in 
a wild mouse and transferred to a C57BL/6J background by repeated backcrossing 
for 45 generations (White et al., 1992 and references therein). The mouse gene for 
an erythrocyte membrane protein, protein 4.2 {Epb4.2), was localised to mouse 
chromosome 2 using recombinant inbred strains (White et al., 1992). The pa gene



was thought to be closely linked to Ebfj4.2 based on the consensus linkage map 
(White et al., 1992). The restriction fragment length pattern from C57BL/6J mice and 
pallid congenic mice at the Ebp4.2 locus was different, providing evidence of the 
proximity between pa and Ehp4.2 without the need to set up a cross and map pa 
relative to Ebp42 . Ebp42 was proposed to be allelic to pa due to the presence of an 
aberrant mRNA species in affected tissues (White et al., 1992).

Notwithstanding some elegant features associated with congenic lines, their 
use in the ways just described would probably remained very limited. This is because 
their development requires many generations of breeding which can take up to years 
before any analysis can be performed. Only the lines that already exist could 
conceivably be used for such experiments. As the density of the mouse genetic map 
advances at a galloping pace, many markers are likely to co-localise with genes 
responsible for phenotypic deviants on the consensus genetic map. If well- 
characterised congenic lines are available for such loci, it should be possible to 
identify the markers closely linked to an individual control locus by determining the 
phenotype of the congenic and parent strains. The markers with a phenotype unique 
to a congenic line, assumed to originate from alleles from the donor strain, should 
theoretically be the ones to choose for multilocus segregation analysis, thus reducing 
the effort of having to map every marker likely to be linked to the control locus.

Studies using congenic lines have demonstrated the effect of the genetic 
background on the presentation of a genetically determined trait. For example, the 

recessive mutation dystrophia musculahs has two allelic variants, dy and , 
which arose on the strains 129/Re and WK/Re respectively (Green, 1989). 

Homozygotes of the type have a milder phenotype than dy/dy ones when

studied on WK/Re background but a similar clinical and histological profile when 
studied on 129/RE background (MacPike and Meier, 1976). Keeping the genetic 
background the same in different congenic lines allows a more detailed study of the 
effects that are intrinsically associated with a mutation. For example, the relationship 
between the major histocompatibility complex and life-span in mice was studied by 
Smith and Walford (1977). Several lines with various H-2 haplotypes were 
maintained on an identical inbred parent line. Very significant differences in life-span 

were noted between lines bred on the same genetic background, suggesting that the 
H-2 complex has important effect on life-span (Smith and Walford, 1977).

2.3 Interspecific backcrosses.
As mentioned earlier, the principle aim of the HGP is the isolation and 

mapping of all the genes in man and laboratory animals. The progress of this effort, 
leaving aside the logistics associated with it, will very much depend on the ability to 
determine the order of the genes by segregation analysis. The single most important 
prerequisite for genetic mapping is genetic variability which enables the exchange of
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genetic material between homologous chromosomes during meiosis to be detected. 
It is also important to be able to map as many loci as possible on a single cross and 
generate a comprehensive linkage map.

The introduction of interspecific crosses sparked off an explosion in mouse 
genetic mapping. Mus spretus is one of the most distantly related Mus species that 
interbreeds with laboratory mice to produce fertile F1 females (Avner, 1988), the FI 
males being sterile (Matsuda et al., 1991). Because of the inherent genetic diversity 
between the two progenitor species, the FI parents are likely to be heterozygous at 
practically every locus. DNA sequence differences identified in the form of restriction 
fragment length variants, RFLVs (Botstein at a/., 1980), can be easily identified using 
only a very limited number of restriction endonucleases. FI interspecific female 
hybrids can be backcrossed to either species to generate an N2 segregating 
progeny. In order to build up a genetic map, the progeny is first phenotyped for a 
series of evenly spaced markers whose order on a chromosome is not in dispute, to 
serve as anchors for placing new markers on the map. Most recombination events 
can be deduced through this preliminary set of phenotypes. As more markers are 
placed on each chromosome, all the recombination events are deduced and the 
chromosomal haplotypes of each progeny member is being determined. A new locus 
can then be assigned precisely on a chromosome by analysing its segregation in the 
progeny and placing it at a position that will minimise the number of double or 
multiple recombination events. This exercise is called ‘pedigree analysis’ and is 
illustrated in figure 1.2.

Figure 1.2 Pedigree analysis of a 147-animal, N2 progeny, generated by an interspecific backcross and 
localisation of a new molecular marker X. Each vertical array of boxes represents a different 
chromosomal haplotype. The filled squares denote the laboratory-mouse alleles and the open squares 
the Mus spretus alleles. The animals have been phenotyped for ten markers, a to j, on a single 
chromosome. All animals share an identical chromosome derived from one of the backcross parents. 
The numbers at the bottom indicate the number of animals that share a particular haplotype. These 
numbers change as new markers are added to the map, and new haplotypes are deduced. The two 
haplotypes (patterned arrows) help localise marker X between markers c and d. This is the only position 
on the map that will not generate any double recombination events (modified from Avner, 1988).
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Pedigree analysis takes into account the phenomenon of genetic interference 

which was first introduced by Morgan and his colleagues to explain the genetic data 

that were obtained from Drosophila crosses. Interference is the tendency of an 

already established chiasma to suppress the formation of other chiasmata in the 

nearby region. This phenomenon is also thought to occur in mice, the evidence being 

the apparent paucity of double/multiple crossover events detected on chromosomes 

from segregating progenies (Blank et ai, 1988; Justice and Bode, 1988). There is 

no cut-off value of recombination frequency or physical distance beyond which 

double recombinants are permitted; instead the number of double recombination 

events between markers is kept to the minimum as the genetic distance decreases. 

As more physical data become available, it should be possible to determine whether 

interference diminishes as a function of genetic or physical distance (Foss et a!.,

1993).

2.3.1 Uses of interspecific backcrosses.

Interspecific crosses have been used to generate maps for the whole of the 
mouse genome at sufficient density, so that new markers can be mapped to any 
chromosome, except the X-Y pseudoautosomal region (Copeland and Jenkins, 1991; 
Copeland et ai, 1993; Rowe et ai, 1994; Lueders and Frankel, 1994; Breen et ai,

1994). RFLVs for different hybridisation probes are very likely to be detected with 
the same restriction enzyme and filters of DMAs from the progeny can be used 
several times. The use of minute quantities of DNA for Polymerase-Chain-Reaction- 
based phenotyping will assist in the construction of a high resolution genetic map 
through the use of a single backcross. A major effort is undenA/ay in Europe to 
construct a genetic map of the mouse which will contain about 6000 markers, using 
982 animals derived from two interspecific backcrosses (Breen et ai, 1994). The 
analysis of this progeny can achieve a resolution of 0.3 cM at 95% confidence limit 
{1- (0.05) '̂®® }̂, likely to be sufficient for the markers to be linked physically on yeast 
artificial chromosomes or through pulse field gel electrophoresis analysis. The first 
high resolution genetic map includes just over 2500 loci, consisting of microsatellite 
markers and over 900 genes mapped both in man and mouse (Copeland et ai, 
1993). The framework genic map was constructed using a single cross, so the order 
is likely to be correct with a high degree of confidence; this map provides accurate 
data about the current state of the comparative map. One hundred and one 
segments of conserved linkage homology have been identified, spanning about 60% 
of the genetic length of the mouse genome. It is estimated that as much as 80% of 
the mouse genome could be accounted for in the comparative map and that about 
150 rearrangements have occurred since the divergence of the lineage leading to 
humans and mice (Copeland et ai, 1993).
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Comparative mapping through interspecific or intrasubspecific crosses offers 
an unparalleled resource for mapping loci whose order cannot be resolved in 
humans through family studies. Many genes in humans are assigned to individual 
chromosomes by fluorescence in situ hybridisation, as it is a very quick way for gene 
localisation. The mapping of these genes on the genetic map is the next priority, and 
the use of mouse crosses to construct genetic maps is a more efficient and cost 
effective approach, provided human complementary DNA (cDNA) probes are 
available and detect the mouse homologous gene sequences. Their tentative 
position on the human map could then be predicted based on the comparative map.

Several investigations have reported that in interspecific backcrosses, the 
transmission ratio of 1:1, expected in a diallelic system, is significantly distorted in 
favour of one of the parental alleles (e.g. Copeland et a!., 1993; Siracusa et al., 

1991; Rowe et al., 1994;). This phenomeno/iis called segregation distortion (SO) and 
sex-specific differences in allelic inheritance for certain chromosomal regions on 
MMU2 have been reported (Siracusa et a!., 1991; this study). The factors likely to 
drive SD remain unclear, but they are likely to be due^cfifferential embryonic survival 
through the action of different allelic combinations or the action of individual alleles. 
The mapping and cloning of these loci seems possible, if haplotypes that favour 
distortion are backcrossed to either of the progenitor species (Siracusa et al., 1991). 
SD will be further discussed in the light of the data presented in this study.

2.3.2 Limitations of interspecific backcrosses

The linkage maps derived from interspecific crosses are derived from data 
from female meiotic recombination. Therefore, linkage information for the X-Y 
pseudoautosomal region cannot be obtained. The use of Mas musculus castaneus  

or Mus musculus molossinus as the wild mouse parent can overcome this problem 
(e.g. Buckwalter et al., 1991). These are subspecies of the Mus musculus species 
that exhibit very high degree of genetic divergence from laboratory lines and both 
sexes in the FI progeny are fertile (Guenet, 1986). So far, there appear to be no 
gross differences in the organisation of the Mus spretus genome, compared to that 
of the laboratory mouse, apart from a small inversion in the proximal region of 
chromosome 17 (Hammer et al., 1989). Areas which display very significant 
suppression of the recombination rate are the candidate sites for such 
rearrangements. Although other structural differences are likely to come to light, they 
are unlikely to compromise the overall validity of interspecific genetic maps.
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Part 3: Molecular Genetic Analysis
3.1 The establishment of genetic maps

Fifteen years ago, the idea of constructing a genetic map of the mouse and 
human genomes was a distant dream. The major barrier to genetic analysis was the 
lack of suitable polymorphic® mendelian markers. Even with experimental 
mammalian species, such as the mouse where a large number of morphological 
variants had been collected (Silvers, 1979; Green, 1989) and optimum matings could 
be imposed, it was not possible to construct complete maps. The dream of a 
complete map only became possible when it was realised that variation found at the 
DNA sequence level could be exploited as genetic markers (Botstein et al., 1980). 

The long-established classical genetics found the perfect match - molecular genetics.

3.2 The discovery of DNA sequence variation
The p-globin locus was the first to have been studied systematically in normal 

individuals (Jeffreys, 1979). Sequence variants were assayed by the gain or loss of a 
restriction enzyme site and found to be present every few hundred base pairs. These 
variants could be resolved on Southern blots (Southern, 1975) and it was quickly 
realised that they could be used for map construction because they were potentially 
unlimited and polymorphic (Botstein, 1980). Restriction fragment length 
polymorphisms (RFLPs) transformed human genetics. For the first time, maps for the 
whole genome could be constructed and the mapping of genes causing diseases 
with Mendelian inheritance became an achievable goal. However, RFLPs are not 
ideal for creating maps. An ideal marker should be highly polymorphic and exist in 
many different alleles, thus maximising the chance of the parents being 
heterozygous and enabling the identification of allelic variants across generations. 
The vast majority of RFLPs are caused by the loss or gain of a restriction enzyme 
site and have only two forms. The second drawback is that the analysis of RFLPs 
requires significant amounts of DNA and the technology involved is less amenable to 
automation than other systems. For mouse genome mapping restriction fragment 
length variation (RFLV) analysis is the principal method for mapping genes isolated 
from distant species such as humans, as the polymerase chain reaction (PCR; Saiki 
et a!., 1988) is not always applicable.

3.3 Microsatellites in Genetic Mapping
Two discoveries have revolutionised current genetic mapping strategies in 

mice. The introduction of interspecific and intersubspecific backcrosses and the 
realisation that an abundant class of simple sequence repeats, known as 
microsatellites (Hamada et a!., 1982), displays high levels of allelic variation both in

®A locus is described as polymorphic if it exists as two or more alleles and the frequency of the commonest allele is less 
than 99% (e.g. Maynard-Smith, 1989).
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humans and mice (Weber and May, 1989; Tautz, 1989; Litt and Luty, 1989; Smeets 
et al., 1989; Love et al., 1990; Hearne et al., 1991; Cornall et al., 1991; McAleer et 
al., 1992). Fortunately for mouse geneticists, the arduous task to identify most of the 
microsatellites known today was undertaken by only one research group who 
isolated and mapped more than four thousand of such loci (Dietrich et al., 1992 and 
1994). By the end of 1995 this number will rise to 6000 and this will perhaps be one 
of the most remarkable achievements in mouse genetics this century.

3.3.1 Structural Features of Microsatellite Sequences
The basic structure of a microsatellite is depicted in figure 1.3. This consists 

of an array of mono-, di, tri- or tetranucleotides arranged in tandem. Microsatellites 
are also called simple sequence repeats (SSRs).

Figure 1.3 Stuctural features of a microsatellite sequence. A polymorphic SSR containing a variabie 
number of core repeats (filled boxes) flanked by the same single copy DNA sequence.

G AT CTT CG AT CCTT G G AT C G T ACT G G CT AG CT AAT G C
G ATCTTCGATCCTTG GATC^ ^ ^ 'X :V iV .:T : ' l ': 'J « j iGTACTGGCTAGCTAATGC  

G A T C T T C G A T C C T T G G A T C ^ iiæ sijM :::fc :^ --j;ÿvJ^t^san T A rT G G r:T A G rT A A T G r :
G AT CT T CG AT CCT T G G AT C GTACTGGCTAGCT AAT G C

G ATCTTCGATCCTTGGATC G T ACT G G CT AG CT AAT G C
GATCTTCGATCCTTGGATCrr^.'fT^^^^^^^

G ATCTTC G A TCC TTG G A TCm C K # . % . : ; i  i .  .; T : j : ^ n i ^ GTACTGGCTAGCTAATGC  
G AT CTT CG AT CCTT GGATC t  f  G T AGTGG C.T AG CT AAT G C.

Occasionally, the repeat array is interrupted by the insertion of other 
nucleotides (usually mono- or dinucleotides) to form an imperfect repeat. Other 
microsatellites consists of two or more different runs of repeats and are classified as 
compound. By far the most extensively studied class of microsatellites is of the (AC)n 
type and the information given below refers to this type unless stated otherwise. In 
humans, the level of variation appears to increase as the number of repeats 
increases (Weber, 1990). Sequences with roughly twelve or more repeats are more 
likely to be polymorphic than shorter sequences and have PIC^ values greater than 
0.7. Imperfect repeats show a relatively low level of allelic variation irrespective of 
their length (Weber, 1990). In the mouse, the microsatellite variation among 
laboratory strains is about 50% on average; between laboratory strains and the 
subspecies Mus musculus castaneus or the separate species Mus spretus, it is over 
90% (Dietrich et ai, 1994).

When microsatellites were first studied in a prokaryotic system, it was

W   -------------------------------------------------------------------------------------------------------------------------
Polymorphic Information content (PIC) is equal to:

n n-1 n
PIC= 1 - (Ipi ) - I  I  2pi p. . (Botstein et al., 1980)

i=1 i=1 j=i+1
where pj and pj are the population frequencies of the ith and jth allele, and n the number of alleles
observed
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observed that the mutation rate depended on the phenotype of the mismatch repair 

system (Levinson and Gutman, 1987). These investigators introduced simple 

sequence stretches with GT/CA motifs inframe with the lacZ gene, so that slippage 

mutations would disrupt the reading frame and thus the mutation rate could be 

monitored by testing through «-complementation of the lacZ gene. In cells with 

defective methyl-directed mismatch repair system, the mutation rate was 13 times 

higher than in non-mutant host cells. Similar results have been obtained for the yeast 

system, in which cells defective for one of three genes of the mismatch repair system 

showed a more than 100-fold increase in the slippage mutation rate (Strand et al.,

1993). A mutation in a gene of the same mismatch repair system in humans also 

leads to general somatic destabilisation of simple sequence repeats in certain tumour 

cell lines (Peltomaki at a/., 1993; Aaltonen et a/., 1993). These studies demonstrate 

that simple sequence repeats are inherently very unstable, but most mutations are 

normally corrected by the mismatch repair system.

3.3.2 Isolation and Analysis of Microsatellites
Initially, microsatellites were identified through searching of the sequence 

database (e g Weber and May, 1989, Love et a!., 1990). However, databases 

contain a very small number of microsatellites and, unless one is interested in finding 
a repeat for a specific locus, they offer a very limited resource for these sequences. 
The alternative is to clone them. The most widely used method is the construction of 
a small-insert genomic library in vectors suitable for DNA sequencing, which is then 
screened by hybridisation to an oligonucleotide specific to the class of microsatellites 
intenckto isolate (e.g. Dietrich et a/., 1992). This method is the most suitable strategy 
for genome-wide searches for microsatellites. It has also been applied to isolate such 
sequences from yeast artificial chromosomes (Cornells et a!., 1992) and 
bacteriophage X clones (Taylor et a!., 1992; this study). Recently, two very similar 
approaches were described which were designed to enrich genomic libraries for 
microsatellite-containing clones (Karagyasov et a!., 1993; Armour et a!., 1994). The 
first step involves the ligation of a linker to genomic DNA, digested with a restriction 
endonuclease which generates small fragments, followed by PCR amplification using 
linker-specific oligonucleotides. The product is then allowed to hybridise to a 
selection of oligonucleotides (Karagyasov et a!., 1993), or longer DNA fragments 
(Armour et a!., 1994), which are immobilised to a small nylon filter and are 

complementary to one or more microsatellite sequences. The fragments which 
specifically hybridise to the immobilised DNA are eluted, reamplified, cloned and 
sequenced. Approximately 30% of the clones recovered contained a microsatellite 
(Armour et a!., 1994). This technique can best be applied to cloned regions, rather 

than in genome-wide screenings, as the number of clones that can be recovered is
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relatively small to be of any significant use for whole-genome mapping. After 
sequencing, primers are designed to flank the repeat which are used for in vitro 

amplification of the locus using the PCR.

3.3.3 Distribution of Microsatellite Sequences
It is estimated that the human genome can accommodate 500,000 

microsatellites of all types, interspersed at an average distance of 6 kilobases of 
DNA sequence (Beckman and Weber, 1992). Seventy six percent of them are (A)n, 
(AC)n, (AAAN)n, (N=G, T, 0) or (AG)n, in decreasing order of abundance. 
Approximately 40% of all microsatellites in the rat and mouse genomes are of the 
(AC)n type which is twice the frequency of the same microsatellite in humans 
(Beckman and Weber, 1992; Love et al., 1990). Humans and mice have an 
estimated 50,000 and 100,000 (AC)n copies per haploid genome respectively 
(Hamada and Kakunaga, 1982). Estimates of the distribution of (AC)n repeats 
suggest that in humans rat and the mouse, they occur on average every 30, 21 and 
18 kb respectively (Stallings et al., 1991). The data on the physical distribution of 
(AC)n repeats in humans originates from a study on the proportion of human 
chromosome-specific DNA cosmid clones (36 kb average size) containing one or 
more (AC)n repeats, and on database searches (Stallings et al., 1991). In the study 
by Stallings and colleagues, the cosmid clones were g ridded out onto nylon filters 
and hybridised to a (TG)n oligonucleotide. Also included on these filters were 528 
genomic mouse-DNA clones. About 12% of the human clones that were assigned as 
negative upon hybridisation of cosmid grids to a (TG)n oligonucleotide did in fact 
contain a repeat when DNA was analysed by Southern blotting. The mouse clones 
were not subject to Southern blot analysis but grid hybridisation indicated that about 
80% of the cosmids were positive. If we assume that the detection error for grid 
hybridisation was in the order of 10%, then nearly 90% (475 clones) of the mouse 
clones would be expected to contain at least one (AC)n repeat. The mouse clones 
(528 in total) represented 1.9 megabases of DNA sequence, so the average physical 
distance for at least one (AC)n repeat to occur is 40 kb (1.9 Mb /1 .7  Mb x 36 kb = 40 
kb), assuming that this set of clones do not overlap . Comparison of this figure to the 
frequency of (AC)n repeats in the database (18 kb), would suggest that on average 
one mouse cosmid clone could contain at least two (AC)n repeats. This is not to say 
that no chromosome or chromosomal region would be expected to have a low 
microsatellite content, since there appears to be significant depletion of variable 
(CA)n markers on mouse chromosomes 10 and X (Dietrich et a!., 1994) and on 
human chromosomes 9 and 19 (Weissenbach, 1993). Some autosomal regions in 
the mouse microsatellite map show large genetic gaps, probably reflecting the 
presence of recombinational 'hotspots' rather than physical clustering of (AC)n 
repeats (Dietrich et ai, 1994).
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The microsatellite content of the mouse X chromosome appears to be about 
50% of what would be expected, based on its cytogenetic length (Dietrich et al., 
1994). Also, the degree of allelic variation among laboratory strains for X- 
chromosome microsatellites is 33%, compared to about 50% for autosomal ones 
(except for MMU10 with 36 % variability). The reason why microsatellites on the X 
chromosome are less variable is not clear. In humans, most new mutations at the 
Lesch-Nyhan disease locus are of paternal origin (Francke et a/., 1976) and the 
human X chromosome is less variable, as shown by lower rate of RFLP detection 
(Hofker et a!., 1986). It is thought that spermatocytes acquire more mutations than 
oocytes because of the greater number of cell divisions involved in gametic 
maturation in males than in females (Hofker et a!., 1986). As females have two X 
chromosomes and males only one, the X chromosome replicates through oogenesis 
in 2/3 of the cases and 1/3 through spermatogenesis. This could ultimately lead to 
proportionally lower polymorphism on the X than the autosomes (Francke et a!.,

1976). The lack of recombination for most part of the X in male meiosis could be a 
contributing factor for the low rate of RFLP but is a less likely explanation for the low 
variation level at microsatellites of the mouse X chromosome. The most puzzling 
observation is that human X-chromosome microsatellites are as polymorphic as 
autosomal ones (Weissenbach, 1993). The mouse X chromosome in one of the most 
well mapped chromosomes using other genetic markers and significant progress has 
been made in establishing physical maps for certain regions (Brown et a!., 1993; 
Brown, 1994). These data will help establish the true microsatellite content of the X 
chromosome and perhaps shed some light on the underlying causes of their low 
variability.

In the human genome, the subtelomeric regions appear to contain gaps on 
the microsatellite genetic map (Weissenbach et a!., 1992; Gyapay et a!., 1994). 
Subtelomeric regions frequently contain a subclass of R-bands called T-bands, that 
harbour the richest GC-fraction known as isochore H3 (Saccone, 1992; reviewed by 
Bernardi, 1993). Genomic libraries enriched for isochore H3 DNA contained the 
same proportion of microsatellite clones as total human genomic DNA libraries (cited 
in Weissenbach, 1993). The genetic distribution of (AC)n markers derived from 
isochores is reported to be quite distinct from that of the other markers (cited in 
Gyapay et a!., 1994). The genetic distances of subtelomeric regions are known to be 
amplified in man (Murray et a/., 1994); this could explain the genetic gaps observed 

in these regions. Furthermore, the amenability of GC-rich regions to amplification 
using the PCR may be limited and this might create a bias by discarding sequences 
that fail or are difficult to amplify.

The distribution of microsatellites has been considerably conserved between 
closely related species, such as the mouse and rat or humans and chimpanzees, so 
that PCR primers designed for one species could be used at varying degrees to
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amplify the homologous locus of a related species (Stallings et al., 1991; Moore et 
al., 1991; Deka et al., 1994). The use of conserved microsatellites will help advance 
the comparative maps and could provide a powerful tool for the construction of 
framework genetic maps between related species, so that comparative data could be 
more accurately collated. Comparisons of the position of microsatellites have 
revealed that even in species as diverse as mice and humans, the position of some 
repeat runs has also been conserved. Six out of 20 microsatellites found in man and 
mouse evolved in homologous positions (Stallings et ai, 1991; Stallings, 1995). Such 
observations would suggest that some microsatellites sites are of very ancient origin. 
However, this conclusion could only be based on the premise that conserved 
microsatellites pre-existed in ancestral species and did not evolve at these sites by 
chance. On the other hand, such comparisons might indicate that certain DNA 
segments could be more prone to the formation of tandem repeats than others, 
possibly through the action of cis-acting regulatory sequences.

3.3.4 Function of Microsatellites
The function of microsatellites in eukaryotic genomes is far from clear. 

Dinucleotide repeats are almost invariably located in the non-coding fraction of 
mammalian genomes (Stallings et ai, 1991). In vitro studies suggest that (AC)n 
repeats, when inserted into a plasmid containing a reporter gene, could enhance 
transcription when such constructs are transfected into mammalian cells (Hamada et 
ai, 1984). Transcriptional enhancement was independent of the orientation of the 
repeat and was more pronounced when the repeat was closer to the promoter 
sequence. In vivo studies demonstrated a down-regulatory role of an (AC)n repeat 
upstream of the rat prolactin gene (Naylor and Clark, 1990). Microsatellites have also 
been suggested to be recombinational hotspots (Pardue et ai, 1987) but so far there 

is no direct evidence to support this hypothesis.

3.3.5 Uses of Microsatellites
Microsatellites are ideal for genetic mapping for several reasons. In humans 

they are highly informative and most exhibit heterozygosities over 70% (Weber, 
1990; Gyapay et ai, 1994). As most of the mouse crosses are interspecific or 
intrasubspecific, more than 90% of microsatellites can be mapped by segregation 
analysis. The phenotypes can be determined through amplification of minute 
quantities of DNA, a process that can be scaled up through adaptation of 
multiplexing procedures and automation (e.g. Reed et ai, 1994; Weissenbach et ai, 
1992). The mutation rate, estimated to be in the order of 10'  ̂in humans (Kwiatkowski 
et ai, 1992) and about 5x10*^ for laboratory mice (Dallas, 1992; Montaguelli et a i,

1991), would be expected to be negligible in the context of genetic mapping, 
provided that it remains relatively constant across the genome. The mutation rate in
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the mouse was estimated for a few loci in recombinant inbred strains but as 
microsatellites become more widely used more accurate estimates should emerge, 
provided that sensitive electrophoretic analysis is used to detect mutant alleles.

Microsatellites have been used to generate genetic maps for a number of 
species, including domestic animals such as dogs and pigs (Ostrander et al., 1993; 
Wilke et al., 1994), plants such as Arabidopsis (Bell and Ecker, 1994) and 
mosquitoes (Zheng et al., 1993). In general, determining the phenotypes at a 
microsatellite locus involves size comparisons of the alleles. A number of 
approaches have been adopted for analysing the products from microsatellite 
amplification (e.g. Weber and May, 1989; Love et al., 1990; Reed et al., 1994; 
Dietrich et al., 1992). Each approach was adapted to maximise the efficiency of the 

project involved. During the amplification of mononucleotide and dinucletodite 
microsatellites, products are generated which are usually shorter or longer than the 
size of the amplified allele. The underlying mechanism that generates these ‘shadow 
bands’ is thought to involve slipped-strand mispairing, the same mechanism 
postulated to be responsible for the generation of new alleles in vivo (Hauge and Litt, 

1993; Levinson and Gutman, 1987).
About 10% of microsatellites isolated from Mus musculus subspecies fail to 

amplify Mus spretus DNA (Dietrich et al., 1992 and 1994). The segregation of these 
‘null’ alleles could still be followed in backcrosses where the interspecific hybrids are 
backcrossed to the Mus spretus parent. In human segregation analysis, null alleles 
were observed at a relatively high level and can potentially cause anomalies in the 
data (Weissenbach, 1993). Seven out of 23 loci surveyed in the CEPH (Centre 
d’Etude du Polymorphisme Humaine) families showed null alleles recognised by the 
apparent non-inheritance of parental alleles in some offspring and for three of these 
loci, nearly half of the families surveyed segregated a null allele (Callen et al., 1993).

3.3.5.1 Tackling Multifactorlal Diseases

The high degree of variation observed at microsatellites, the existence of 
mouse phenotypic variants that resemble complex human diseases like diabetes and 
epilepsy and the ability to set up breeding strategies to identify these regions, have 
made critical contributions in identifying loci implicated in traits caused by more than 
one gene. A complex trait is one that does not exhibit classic Mendelian inheritance 
attributable to a single gene locus (Lander and Schork, 1994).

The development of congenic strains led to the realisation that the genetic 
background affects the manifestation of a particular trait. It is now possible to dissect 
the mouse genome and identify specific regions and ultimately genes that exert 
these effects. For example, the NOD (non-obese diabetic) strain of mouse 
spontaneously develops insulin-dependent (type 1) diabetes mellitus (ldd-1) and 
shares many features with diabetes mellitus in humans (IDDM-1) (Castano and
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Eisenbarth, 1990). IDDM-1 is a metabolic disease resulting from an autoimmune 
destruction of insulin-producing p cells of the pancreas. So far, ten loci that 
contribute to the NOD phenotype have been identified (Todd et al., 1991; Cornall et 
al., 1991; Ghosh et al., 1993). This was achieved by analysing a first generation 
backcross progeny between NOD and a non-diabetic strain, the latter being the 
backcross parent. The candidate regions were those for which the mice were 
homozygous for NOD alleles which were then tested for association of the disease 
status and certain chromosomal regions. By advancing the number of backcross 
generations based on the same principle, Dietrich et al (1993) have identified a gene 
that resides on distal mouse chromosome 4 which affects the expression at the Min 
locus. The mouse mutant Min (for multiple intestinal neoplasia) shares many 
phenotypic features seen in patients with colonic polyposis syndromes, which include 
familial adenomatous polyposis (Moser et al., 1990). The effect of the min mutation 
can be modulated by the genetic background. The gene responsible for this 
phenotype, ape, is the mouse homologue of APC gene (adenomatous polyposis 
coli); the causative mutation has been characterised (Su et al., 1992).

The introduction of recombinant congenic strains (RCS), specifically designed 
for fine genetic mapping of loci involved in tumourigenesis, provide a novel genetic 
tool to dissect this multifactorial process (Groot et al., 1992; Moen et al., 1991). RCS 
are produced by inbreeding mice of the second backcross (N3 generation) for 
approximately 20 generations. The progeny theoretically carries 12.5% genes from 
the donor strain and the remaining 87.5% from the background strain. The backcross 
parent is the ‘normal’ line and the donor strain the ‘disease’ one. Inbreeding 
individual lines for 20 generations fixes this 12.5% fraction of the donor genome in 
different lines. As the set of donor-strain genes in each RC is different, the non
linked genes in the donor strain controlling a multigenic trait such as tumour 
susceptibility become distributed in each RCS where they can be analysed one by 
one. Again, microsatellites are the only loci that can be used efficiently to map out 
the composition of the each RCS in terms of donor- and background-genome 
content. A genome-wide characterisation has been completed for three sets of RCS 
and four tumour susceptibility loci, on chromosomes 2, 7, 10 and 11 , have so far 
been identified (Moen et al., 1992; Groot et al., 1992). Individual susceptibility loci 
can be propagated in congenic strains for finer genetic mapping and eventual 
identificaition of the gene responsible (Ghosh et ai, 1993).

The genes responsible for multifactorial and monogenic diseases can be 

localised by linkage disequilibrium studies. When a disease mutation arises on a 
single chromosome, the combination of alleles that are tightly linked to the mutation 
remain in association through time because of their proximity. Tracking down these 
alleles in population studies can pinpoint the position of the disease locus at a much 
higher resolution than conventional linkage studies. The most important requirement
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for linkage disequililbrium studies is the presence of polymorphic markers. 
Microsatellites again fit the bill, provided the mutation rate remains relatively low. In 
American blacks for example, a microsatellite allele at the glucokinase locus on 
human chromosome 7p is associated with susceptibility to non-insulin dependent 
diabetes mellitus (NIDDM) (Chiu, et ai, 1992). This observation was confirmed by the 

discovery that a rare autosomal dominant form of NIDDM is caused by mutations in 
the glucokinase gene (Froguel et ai, 1992; Vionnet et ai, 1992).

3.4 Pathogenic Microsatellites
The persuasive structural simplicity of microsatellites and their existence 

mostly outside the coding fraction of the genome would argue favourably for a 
harmless adaptation of these sequences. Although this is likely to be the case, one 
class of microsatellites have been implicated in the cause of nine (possibly ten) 
human genetic disorders. This group of microsatellites belongs to a single structural 
class, namely tandem repetitions of single trinucleotides.

The nine human conditions include three fragile X sites and six autosomal 
neuro-degenerative diseases. The three chromosomal fragile X sites are associated 
with mental retardation and are designated as FRAXA for fraxile X syndrome 
(Verkerk et ai, 1991), the FRAXE mental retardation syndrome (Knight et ai, 1993) 
and the FRAXF syndrome (Parrish et al., 1994). The autosomal diseases include 
spinobulbar muscular atrophy (SBMA; La Spada et ai, 1991), myotonic dystrophy 
(DM; Mahadevan et ai, 1992), Huntington’s disease (HD; MacDonald et a i, 1993), 
spinal cerebellar ataxia type 1 (SCA-1; Orr et ai, 1993), dentatorubral-pallidoluysian 
atrophy (DRPLA; Koide et ai, 1994; Nagafuchi et ai, 1994), its allelic Haw River 
syndrome (HRS) (Burke et ai, 1994) and the Machado-Joseph disease (Kawaguchi 
et ai, 1994). An additional fragile site on human chromosome 16p13.11 was found to 

be associated with a trinucleotide repeat expansion, but is not associated with any 
detectable developmental abnormality. All fragile sites result from expansion of 
(CGG)n repeats. The neurodegenerative disorders result from the expansion of a 
polyglutamine stretch (codon AGC), except in the case of DM where the repeat is 
situated in the 3’untranslated part of the DM gene (reviewed by Willems, 1994). In all 
these conditions the disease phenotype becomes more severe in successive 
generations and the severity correlates with the expansion of the triplet repeat. This 
phenomenon, known as anticipation, was the guiding principle in the search for 
genes implicated in diseases which exhibit this feature.

In the case of DM, the gene encodes a member of the protein kinase family 
(reviewed by Richards and Sutherland, 1992; Kuhl and Caskey 1993). Normal 
individuals have between 5 and 27 p(AGC) repeats. Carriers have 50 or more copies 

and define what is called the ‘premutation’ range. Affected individuals in the next 
generation could acquire an allele which is longer by several orders of magnitude
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from its premutation predecessor after passage through a single meiosis. There are 
no clearly defined boundaries between each state and some degree of overlap is 
observed (Richards and Sutherland ,1992). Furthermore, in the disease state these 
alleles show substantial mitotic instability manifesting as the presence of a range of 
repeat sizes in a single individual.

Despite the excellent progress made in identifying pathogenic trinucleotide 
repeats, very little is known about the mechanics of this phenomenon, although some 
theoretical models have been proposed (Richards and Sutherland, 1994). The exact 
way in which repeat amplification influences gene function is also unclear. In the 
case of SBMA, or Kennedy disease, the repeat resides within an exon of the 

androgen receptor gene. Any expansion of the repeat would cause an increase in 
the size and structure of the protein, which could perturb its function. The expression 
of this phenotype is more sensitive to repeat expansion than seen in fragile X and 
DM. For example, allele sizes that would be considered of ‘premutation’ length in 
FRAXA and DM cause the disease phenotype in Kennedy disease (reviewed by 
Mandel, 1993).

In the case of FRAXA, the expansion of the repeat which resides in the 5’ 
probably untranslated region of the FMR-1 gene appears to cause a dramatic 
reduction on the level of FMR-1 mRNA, presumably the cause of the disease 
phenotype (Pieretti et al., 1991). The expansion of the repeat was associated with 
méthylation of the FMR-1 gene (Bell et a!., 1991), but méthylation itself was shown to 
halt the transcription of this gene (Sutcliffe et a!., 1992). In some cases of DM the 
disease alleles appear to have been passed on to normal offspring in a retracted 
form (reviewed by Brook, 1993).

Two questions need to be addressed through population studies. First, to 
carry out screening for evidence of repeat amplification at other trinucleotide repeats 
not necessarily related to a disease, in order to identify alleles that could potentially 
be of ‘premutation’ or ‘disease’ length and follow their segregation in families. It is 
likely that newly identified expanded alleles could behave just like minisatellites in 
having a very high mutation rate. If such findings were to come to light, they would 
undoubtedly fuel the debate as to whether minisatellites are indeed the evolutionary 
progeny of microsatellites (Wright ,1994). Genome-wide screenings for potentially 
expanded trinucleotide repeats have been initiated, but no data is so far available on 
the behaviour of large trinucleotide repeats during meiosis (Schalling et a!., 1993). 
Second, about one hundred fragile sites have so far been identified on human 
chromosomes (Sutherland and Hecht, 1985) and it would be interesting to 
investigate whether trinucleotide repeat expansion is implicated at these sites too.

The involvement of trinucleotide repeats in the aetiology of human diseases 
sparked off interest in mouse geneticists as well (Abbott and Chambers, 1994). The 
(AGC)n repeats appear to be the most frequent trinucleotide repeat found in exonic
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DNA sequences both in man and mouse (Stallings, 1994). The mouse genes that 
have been mapped near mouse deleterious mutations, and which contain (ACG)n 
repeats, show no ‘abnormal’ repeat amplification (Abbott and Chambers, 1994). 
Recently, there was a suggestion that allelic variants found in the sry gene, the 
mouse sex determining gene (Koopman et a/., 1991), could be associated with sex 
reversal (Coward et al., 1994). The nature of this variation is a (ACG)n=n.i3 and the 

allele thought to cause sex reversal contains 11 repeats. These findings however do 
not enjoy universal acceptance (Eicher, 1994).

Part 4: The Isolation of Developmental Mutations in the 
Mouse

4.1 Positioning a Mutant Gene on the Genetic and Physical Map

The ability to detect variation between individuals at the DNA sequence level 
has greatly enhanced the process of identifying genes responsible for developmental 
defects in the mouse. The introduction of standard Southern blotting techniques 
(Southern, 1975) provided the principle means to scan the genome for restriction 
fragment length variants (Botstein et al, 1980) that could be linked to a 
developmental-mutation locus. Many mouse mutations were in fact localised to 
specific chromosomal segments before the advent of recombinant DNA technology, 
by way of two- and three-point crosses involving coat-colour phenotypic deviants. 
There are some 50 distinct loci in the mouse that affect the formation of the coat- 
colour (Silvers, 1979). The discovery of the Polymerase Chain Reaction (PCR) and 
microsatellite markers has made possible the detection of linkage for any locus in an 
efficient and quick way using interspecific or intersubspecific backcrosses (e.g. Jones 
et al., 1993; Kaupmann et al., 1993). An alternative approach for mapping 

phenotypic deviants has also been reported, which also exploits variation at 
microsatellites (Taylor et al., 1994). Once a disease gene is assigned to a 
chromosome, the next step is to narrow down the candidate region using additional 
genetic markers and establish a high resolution linkage map. This process, known as 
positional cloning, is outlined in figure 1.4 (Collins, 1992).

Ideally, the defining markers on this map should flank the gene of interest so 
that chromosome walking strategies can be initiated from two points. The entire 
region is cloned into an overlapping set of clones which are used as a source for 
expressed sequences and subsequent mutation analysis. The isolation of expressed 
sequences from genomic clones (reviewed by Parrish and Nelson, 1993; Monaco, 
1994) and their screening for causative mutations in affected animals is a very 
laborious and time-consuming exercise.
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Figure 1.4 A schematic outline of the steps involved in positional cloning.

e n e

p 0 s it io  n

Two avenues are usually explored even prior to the cloning of the candidate 
region. First, genes that co-segregate with the mutant locus are, by virtue of the 
biochemical role of their encoded proteins and their pattern of expression, 
considered as candidates for the gene of interest. This approach was by far the most 
successful so far in mouse genetics (Copeland et al., 1993 and references therein). 

In addition many mouse mutations have been experimentally induced, either by X 
irradiation or ethylnitrosourea exposure, which in some cases led to chromosomal 
rearrangements (especially those induced by X irradiation) that can be defined 
molecularly and help isolate the affected gene(s) (Bultman eta!., 1991).

The decision to initiate a chromosome walking strategy depends on an 
estimate of the physical distance of the candidate region. The translation from
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genetic to physical distance is complicated by the fact that recombination does not 
occur uniformly along each chromosome (e g Reeves et al., 1991). In general, one 
centimorgan (1% recombination) of genetic distance in the mouse is equivalent to 
about 2 Megabases (Mb) of DNA. Pulse-field gel eletrophoresis (PFGE) is a 
technique that allows the separation of very large DNA fragments (up to 1 Mb for 
confident measurements), and can be applied to establish the physical distance of 
the candidate region (Anand, 1986). The DNA prepared for PFGE analysis is cleaved 
with restriction enzymes with recognition sites often found in regions rich for the 
dinucleotide CpG.

The CpG dinucleotides are usually clustered at the 5’ end of genes (mostly 
house-keeping ones) and are unmethylated (Bird, 1986). These CpG islands are not 
evenly spaced across the genome and, in the human genome, can be separated by 
few tens or hundreds of kilobases of DNA sequence (Craig and Bickmore, 1994). 
Maps based on PFGE can provide landmarks in the form of sites for rare-cutting 
recognition sites which could be associated with the presence of genes. PFGE can 
also help order loci whose order could not be resolved by meiotic mapping.

4.2 The Isolation of Molecular Markers
If a positional cloning exercise is to have a realistic chance to succeed, it 

requires the existence of enough molecular markers for chromosome walks to be 
initiated. In many cases such markers are not available and strategies are devised to 
generate them. The use of somatic cell hybrids and chromosome microdissection 
have been the only two approaches successfully applied to generate molecular 
markers for mouse chromosomes. Although a plethora of mouse microsatellite 
markers is now available, there are still regions which are not well represented on the 
microsatellite map (Dietrich at a!., 1992 and 1994). Therefore, it is still necessary to 
employ these and other strategies in order to ensure a complete coverage of the 
mouse genome in terms of molecular markers.

4.2.1 Somatic Cell Hybrids
Somatic cell hybrids are generated by the fusion of cells (usually fibroblasts) 

from two species to produce hybrid cell lines which contain chromosomes from both 
species (reviewed by Abbott and Povey, 1995). These lines retain all the 
chromosomes from one of the parental lines but lose one or more chromosomes 
from the other parent. The result from a fusion experiment between a hamster and a 
mouse cell line is a panel of interspecific hybrid cell lines, each containing a different 
set of mouse chromosomes in the presence of all the hamster ones. Ideally, one is 
seeking to identify a hybrid line that will contain only the mouse chromosome of 
interest (mono-chromosomal hybrid) which can then be used as a source for 
chromosome- or region-specific markers.
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The problem often encountered in mouse-hamster hybrid cell lines is the 
considerable fragmentation of the mouse chromosomes. This means that the 
exclusion of one marker from a cell line does not imply the absence of nearby 
markers or the whole of the chromosome. Therefore, the characterisation of these 
lines requires a representative number of molecular markers for each chromosome. 
Until recently, the molecular markers were not available at sufficient density across 
the genome and certain regions were poorly represented. Normal mouse 
chromosomes are very difficult to distinguish cytogenetically because they show a 
continuous gradation in size, so this option is not available either. For these reasons 
the use of somatic cell hybrids either in gene mapping or as a resource for 
chromosome-specific markers has been rather limited.

Somatic cell hybrids generated by whole-cell fusion may not yield lines that 
contain the desired chromosome. Microcell-mediated gene transfer (MMGT) was 
developed to allow the transfer of single chromosomes into a recipient cell line 
(Fournier and Ruddle, 1977). Briefly, the donor cells are blocked in mitosis by 
treatment with colcemid. The nuclear membrane gradually reforms around single or 
small groups of chromosomes to form multiple micronuclei. After treatment with 
cytochalasin B the nuclear membrane is removed. Centrifugation produces individual 
microcells (single micronuclei encapsulated in the plasma membrane). These can be 
fused with recipient cells to produce a hybrid cell line with a single (theoretically) 
chromosome from the donor species.

The markers generated from mono-chromosomal hybrid lines could make a 
significant contribution towards a specific positional cloning exercise, provided 
sufficient resources are available to yield as many markers as possible. The 
alternative to mono-chromosomal somatic cell hybrids is the use of irradiation-fusion 
gene transfer (IFGT) hybrids which carry only a small region of a chromosome (Goss 
and Harris, 1975). Lines that contain the region of interest could then be used as a 
source of molecular markers. IFGT mouse-hamster hybrid lines are generated by 
irradiating (X or y-rays) of a monochromosomal hybrid line followed by fusion to a 
hamster parent to rescue single fragments of the mouse chromosome in different, 
newly formed, hybrid lines (Goss and Harris, 1975). The characterisation of IFGT 
hybrid lines requires the existence of sufficient region-specific markers to define the 
boundaries of the rescued fragment. Such hybrids can provide an excellent source 
for region-specific markers either through the use of IRS-PCR (Herman et al., 1991) 
or by constructing genomic libraries to isolate mouse-specific clones. IFGT hybrid 
lines have been used extensively in human genetics to obtain genetic markers 
(Burright ef a/., 1991; Ragoussis eta!., 1991; Cotter ef a/; 1990)

Mouse-hamster hybrid lines have been used to generate molecular markers 
for mouse chromosomes in two main strategies. Both approaches exploit the 
presence of three predominant families of dispersed repetitive DNA (reviewed by
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Hastie, 1989). One family includes the Limd (or L1) element, abbreviated LINES for 
long interspersed repeats. The full-size of the repeat is approximately 7 kb. Most 
repeats are truncated at the 5’ end, the most frequent form of LINES (Voliva et al., 
1983). This family covers about 5% of the mouse genome. The other two families are 
the B1 and B2 short interspersed repeats (SINES) with repeat lengths of about 130 
and 190 bp respectively. The SINES form about 2% of the mouse genome. 
Cytogenetic analysis of the mouse genome suggests that LINES are predominantly 
found in late-replicating G (Geisma) bands, whereas the SINES are mostly present in 
R {reverse G bands) bands (Boyle et a!., 1990). In spite of the very similar 
architecture between the mouse and hamster SINES and LINES, there is sufficient 
sequence divergence for them to be used as species-specific tags (reviewed by 
Herman eta!., 1992).

The first strategy involves the construction of a genomic or subgenomic library 
which is then screened with either a composite probe, derived by radiolabelling 
mouse genomic DNA (Hochgeschwender et a!., 1989), or pooled individual clones 
which contain unidentified repetitive elements of the mouse genome, excluding 
members of the satellite and B1 families (Hoglund, et a!., 1992). A more detailed 
account of the former approach is given in chapter 2.

The second strategy is less laborious and employs the PCR. It takes 
advantage of the very high sequence conservation among individual members of 
single families within a species. Primers are designed from a consensus, mouse- 
specific, region from either end of the repeat and used to amplify DNA from mouse- 
hamster somatic cell hybrids (Cox et a!., 1991; Irving and Brown, 1991; Simmler et 
a!., 1991). If two repeats evolved adjacent to each other but in opposite orientation 
then a single primer will prime the amplification of the intervening region, provided 
that this region can be amplified by the PCR. The end-result is a pool of mouse 
specific fragments which can be recovered and used as a source of markers for the 
chromosome(s) involved (Herman et a!., 1991; Cox et a!., 1991; Irving and Brown, 
1991; Simmler et a!., 1991). This approach, known as interspersed repetitive 

sequence PCR (IRS-PCR), was modified to target regions which do not contain two 
adjacent repeats but only one in order to obtain a more representative set of markers 
(M un roe et a!., 1994).

4.2.2 Chromosome Microdissection
In 1981 it was demonstrated that single DNA molecules could be recovered 

from Drosophila polytene chromosome bands using a fine-tip glass needle attached 
to a micromanipulator (Scalenghe et al., 1981; reviewed by Kao, 1993). After an 

initial treatment to remove impurities, the fragments were cloned to generate a 
region-specific library. Metaphase-chromosome microdissection was first used in the 
mouse to generate clones from the t-complex region on mouse chromosome 17
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(Rohme et al ,1984). In order to distinguish chromosome 17, a strain carrying a 
Robertsonian translocation involving chromosomes 8 and 17 was used, chromosome 
17 being the short arm of the only metacentric chromosome in chromosome spreads 
from this strain. The clones that were obtained from that effort provided the starting 
material which led to the isolation of the Brachyury gene (Herrmann at a!., 1990). 

Because only minute amounts of DNA can be recovered by chromosome 
microdissection, the cloning efficiency is very low. Protocols have been adopted 
which make use of the PCR for an initial amplification of the recovered DNA prior to 
cloning (Ludecke at a!., 1989). This has improved the cloning efficiency and the 
coverage of the target region in the resulting libraries. The clones derived by this 
approach can be used in genetic analysis or to screen YAC libraries (Vidal at a/; 
1992). The use of chromosome microdissection is rather limited because it is 
technically very demanding and not very successful.

4.3 The Story so far
As mentioned earlier, a lot of emphasis has been placed in developing 

expression maps of the human and mouse genomes which will assist the process of 
disease-gene identification (Durkin at a/; 1992; Polymeropoulos at a!., 1992 and 
1993; Okubo at a!., 1992; Murakawa at a!., 1994; Takahashi and Ko, 1993; Southern, 
1992). This is probably a reflection of the fact that both in mice and humans, the 
identification of mutations associated with developmental anomalies was greatly 
enhanced by the availability of candidate genes and comparative mapping 
information (reviewed by Copeland at a!., 1993). The molecular basis for the majority 
of mouse mutants was established through the candidate gene approach.

The integration of mouse and human genetic maps provide an important tool 
in the search for the genetic cause of developmental anomalies in both species. 
Several examples illustrate the value of comparative mapping. In 1990 the gene for 
Waardenburg Syndrome Type I (WSl) was localised to region 2q37 (Foy at a!.,

1990). This region is homologous to a part of mouse chromosome 1 which harbours 
the gene responsible for the developmental mutant splotch (Sp), WSI belongs to a 
group of four auditory-pigmentary syndromes characterised by abnormal 
pigmentation of the skin, hair and eyes, loss of hearing and mild facial dysmorphism 
(Waardenburg, 1951; Arias, 1971). The cause is thought to be the absence of 
melanocytes, of neural crest origin, from the affected tissues (Hughes at a i, 1994). 
splotch was classified as a semidominant mutation and exists in several spontaneous 
(Dickie, 1964; Silvers, 1979) and X-irradiation induced alleles (Beechey and Searle,
1986). Heterozygotes for the first allele (Sp), which arose spontaneously (Russell, 

1947), have white spotting of the belly and occasionally on the back, feet, and tail 
(Silvers, 1979). On certain genetic backgrounds, heterogygotes for the Sp^ (delayed; 

Dickie, 1964) alelle develop craniofacial abnormalities (cited by Steel and Smith,
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1992). The disruption of pigmentation of the iris and hypopigmentation of the hairs 
and the craniofacial anomalies seen in Sp^/+ heterozygotes, coupled with 
comparative mapping information, led to the suggestion that splotch and WSI could 
be caused by defects in homologous loci (Foy et al., 1990). The murine paired box- 
containing gene 3, Pax3, was mapped to mouse chromosome 1 and found to be 
associated with the splotch mutation (Epstein at al., 1991; Goulding at ai, 1993). 
This led to the discovery of mutations in the human homologue of Pax3, PAX-3, in 
WSI patients (Tassabehji at al., 1992 and 1993). Unlike the hearing impairement of 
WSI patients, some splotch heterozygotes show no impairement of the auditory 
system (Steel and Smith, 1992). Mutations in the PAX-3 gene also cause the Klein- 
Waardenburg syndrome, WS-III (Hoth at ai, 1993).

The Waardenburg syndrome type II gene (WSII) has recently been mapped 
to human chromosome 3 (Hughes at al., 1994), close to the human homologue of 
the mouse microphthalmia (mi) gene (Tachibana at ai, 1994). The WSII gene is also 
inherited in a dominant mode and, unlike Waardenburg syndrome type I, is not 
associated with facial dysmorphism (Arias, 1971). The microphthalmia mouse 
mutant was suggested as a candidate model for some forms of the Waardenburg 
syndrome (Asher and Friedman, 1990) and was found to be caused by mutations in 
a basic-helix-loop-helix-zipper (bHLH-ZIP) protein (Hodgkinson at ai, 1993). 
Sequence analysis of the human homologue of the mi gene, MITF, revealed point 
mutations in two familial cases of WSII (Tassabehji at ai, 1994). Other examples of 
homologous-gene mutations causing similar phenotypes include the human condition 
aniridia (AN) and the mouse mutation small eye (Say) and the shakar-1 {sh1)rx)ouse 
mutant and Usher type IB (Ton at ai, 1991; Hill at ai, 1991; Jordan at a i, 1992; 
reviewed by Darling and Abbott, 1992; Gibson at ai, 1995; Well at ai, 1995).

Mouse mutations which are associated with deletions or other chromosomal 
rearrangements are naturally more amenable to gene identification, since the 
chromosomal rearrangements themselves are relatively easy to characterise 
(Bultman at ai, 1991; Bultman at ai, 1992). The agouti (a) locus, for example, has 

at least 19 different alleles (Silvers, 1979; Green, 1989). This locus controls the 
production of eumelanin (black or brown), and pheomelanin (yellow) pigment 
granules by the melanocytes in the hair follicle. The eumelanin production is also 
influenced by alleles present in other loci (Silvers, 1979). The starting strain which led 
to the identification of this gene carried an inversion which disrupted both the agouti 
and the limb deformity loci on mouse 2 (Woychik at ai, 1985, Woychik at ai, 1990). 
The molecular characterisation of the breakpoints led to the identification of the 
agouti gene which was shown to be associated with several rearrangements in 

different agouf/alleles (Bultman at ai, 1992). Several other alleles of this locus have 
since been characterised (Bultman at ai, 1994; Michaud at ai, 1993; Miller at ai, 
1994).
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From a total of about 50 mouse mutations cloned, only in three cases was 
there no chromosomal rearrangements. These loci are the mouse nude (nd), obese 
(ob) and shaker-1 (sh1), which were discovered through the isolation and analysis of 
transcribed sequences in the candidate regions (Nehls et al., 1994; Zhang et a!., 
1994; Gibson et a/., 1995). Crucial to these discoveries was the technique of exon 
trapping’ (Buckler et a!., 1991; Hamaguchi et a!., 1992). Briefly, DNA fragments from 
the candidate region are subcloned into an intron present in a mammalian 
expression vector. After transfection of a suitable eukaryotic cell line, the cytoplasmic 
messenger RNA (mRNA) is screened by PCR amplification using oligonucleotide 
primers that flank the engineered intron. If this has acquired an exon-containing DNA 
fragment, the PCR product will be larger than expected. These clones are then used 
to screen complementary DNA (cDNA) libraries, derived from tissues thought to 
expressed the defective gene, for obtaining full-length transcripts. In the case of the 
nude gene, some 50 putative exons were used to screen the expression pattern of 
their parent genes and one was selected for further analysis; this eventually led to 
the identification of the gene involved and the causative mutation (Nehls et a!.,
1994).

Part 5: The Wasted and Ragged Mouse Mutants

5.1 The wasted mouse
The wasted (wst) mutation arose spontaneously in 1972 in the isogenic strain 

HRS/J maintained at the Jackson Laboratory. Homozygous wst/wst mice can be 
recognised at about 21 days of age by symptoms which are characteristic of 
neurologic abnormalities. These include tremor and uncoordinated body movements 
leading to progressive paralysis and death before 30 days of age (Shultz et a!., 
1982). This profile varies by no more than a few days between affected mice and 
does not appear to be affected by genetic background. The gene responsible for this 
phenotype was mapped to chromosome 2 (Sweet, 1984) and its transmission 
indicates a recessive mode of inheritance with full penetrance.

5.1.1 Immunological Abnormalities
The neurological symptoms are associated with a severe wasting syndrome 

marked by loss of body weight, lymphoid hypoplasia of the spleen, the thymus, the 
mesenteric lymph nodes (MLN) and the Beyer’s patches (Shultz et a!., 1982; 
Kaiserlian et a!., 1986). Although the total number of splenocytes and thymocytes is 

significantly reduced, the relative percentage of T and B cells remains unaltered 
compared to unaffected littermates {wst/+ , +/+) controls. In addition, the in vitro
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proliferative response of these cells to mitogens is not significantly reduced 
(Kaiserlian ef a/., 1986).

The percentage of CD4‘"CD8'' cells in the thymus is four times lower in 
wst/wst mice relative to controls, while the percentage of cells bearing either of the 
markers is higher in wst/wst homozygotes (Libertin et al., 1994). The percentage of 
CD4"^CD8"' in the thymus does not appear to be different in wasted mice aged 22, 25 
or 28 days, indicating that the onset of the thymic abnormalities may be prior to the 
onset of neurologic symptoms and may not be related with the deterioration of the 
health of wasted mice with age (Libertin et al., 1994). The mRNA-level of specific 
cytokines (interleukins) has also been evaluated and the data are summarised in 
table 1.2. It is unclear whether the T-cell imbalance is causally related to the onset of 
the wasted phenotype or is a consequence of the disease. It has been suggested 

that the B-cell-derived defficiencies (see below) could be associated with the T-cell 
imbalance (Libertin et ai, 1994).

Tissue IL1______ IL2 IL2R_______IL5________p-TGF y-INF IN F
Thymus NC up (12x) down (1 Ox) down (3x) NC up (3x) NC
Spleen up (5.7x) up (7.8x) NC down (2x) up (6x) up (2x) NC
a= all comparisons were made relative to v\/st/. normal littermates and (C57BL/6 x BALB/c) 
age-matched hybrids 
NC= no change
The symbols are for interleukins (IL), interleukin-2 receptor (IL2R) , p-Transforming Growth Factor (P- 
TGF), y-lnterferon (y-INF) and Tumour Necrosis Factor (TNF)

Lymphoid hypoplasia is associated with a subset of patients with severe 
combined immunodeficiency, caused by deficiency of the enzyme adenosine 
deaminase (ADA). The level of ADA activity in erythrocytes and thymocytes from 
wasted animals was evaluated by Abbott et al (1986) and found to be significantly 
lower than in heterozygotes. It was postulated that a mutation had occurred in the 
ADA gene (known at the time to map in the same region as wsf) which altered the 
kinetic properties of the enzyme. Functional studies on ADA activity failed to support 
this hypothesis (Geiger and Nagy, 1986; Willis etal., 1987). Wasted mice have been 
tested for their ability to mount an immune response by challenging them with 
lactate-dehydrogenase-elevating virus (LDV). Both wst/wst homozygotes and their 
unaffected littermates exhibited a four-fold increase of anti-LDV IgG compared to 
levels in LDV-infected age-matched controls (Campbell and Cafruny, 1988). The 
ability of wasted mice to mount an immune response is incompatible with the 
existence of severe combine immunodeficiency. A subsequent test for allelism 
between Ada and wst found that the two loci were 13 cM away from each other, 
rendering it highly unlikely that Ada and wst represent the same locus (Abbott et al.,
1991).
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An interesting aspect of the wasted phenotype is the complete absence of 
IgA plasma cells (a plasma cell is defined as a mature B lymphocyte) from the entire 
small and large intestine, despite the normal serum IgA level (Kaiserlian et al., 

1985). IgA is secreted into the lumen of the intestine via an IgA receptor, where it 
binds to ingested antigens or antigens presented by the bacterial flora of the gut. 
Depletion of IgA can be compensated by IgM or IgG plasma cells. Both wasted and 
control littermates lack IgM and IgG plasma cells in the intestinal secretory sites. The 
cause of this IgA depletion is the absence of differentiating plasma cells per se 
rather than the inability of mature plasma cells to synthesise immunoglobulin 
(Woloschak et a!., 1987). These findings suggest that the physiologic regulation of 

secretory and serum IgA may be governed by two distinct systems.
The initial investigation by Shultz et ai (1982) on the wasted phenotype 

suggested an increased level of spontaneous and induced chromosomal aberrations 
in bone marrow cells. On the basis of these findings, wasted was suggested as a 
model for the human disorder ataxia telangiectasia (AT) whose diagnostic feature is 
the increased incidence of spontaneous and induced chromosomal aberrations in 
cultured fibroblasts. Cultured fibroblasts from wasted mice do not manifest this 
feature (Nordeen et a!., 1984) nor do other cell types (Beechey and Searle, 1984; 
Thacker and Masson, 1984; Inoue et a!., 1986), with the exception of T cells which 
manifest hypersensitivity to damage by g-irradiation (Padilla et a!., 1990). None of 
these investigations suggest a defect in DNA-repair mechanisms to account for this 
phenotypic aspect and it is of interest that some hypersensitivity observed coincides 
with the deterioration in the general health of the animals (Tezuka et a!., 1986).

Immunological disturbances similar to those apparent in wasted mice were 
also observed in other neurological mutants. Lethargic {Ih ), manifests at around 15 
days after birth and is characterised by instability of gait, loss of weight, thymic 
involution, lymphocytopenia and decreased cell-mediated (T cell) immunity (Dung,
1977). The immunological defects tend to disappear at two months of age. Similarly, 
the neurological mutant tumbler {tb ) exhibits thymic involution after the onset of the 
neurological symptoms (Dung, 1975). Regression of lymphoid organs is also one of 
the characteristics of the motor neuron degeneration 2 {mnd2 ) mouse mutant, a 
mouse line generated by random inactivation of a locus on chromosome 6 (Jones et 
a!., 1993).

Malnutrition and stress-related endocrine responses could have similar effects 
on the immune system as those observed in wasted mice. Weaning mice subject to 
protein energy malnutrition (REM) exhibit splenic and thymic involution (Woods and 
Woodward., 1991; Mittal et a!., 1988). Normal littermates of wasted mice, when 
restricted to food quantities consumed by wasted mice, exhibit the same weight loss, 
but these animals were not examined for evidence of splenic and thymic involution 
(Kaiserlian et a!., 1985). Severely protein-energy malnourished mice show low
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serum levels of the thyroid hormone triiodothyronine (T3) which when supplemented 
in the diet can improve primary antibody response and partly reverse splenic 
involution (Filteau et al., 1987a). T3 was shown to affect thymulin, a thymus- 
released hormone responsible for T-cell maturation (Filteau at al., 1987b). The 
hormonal profile of wasted mice with respect to this aspect has not been 
investigated. The wasting syndrome seen in wasted mice is associated with a three
fold decrease of the level of albumin mRNA (Libertin et al., 1994a). Albumin is a 
major liver protein which functions as a carrier of metals, ions, drugs and hormones 
in the plasma. Its level is delicately balanced and it is used as a marker for disease. 
Nutrition, temperature changes (the body temperature of wasted mice drops from 

36.5°C to 34.5°C), levels of cortisone and thyroid hormones have been shown to 
affect albumin protein synthesis (Libertin et al., 1994a and references therein).

Superimposed on nutritional considerations is the endocrine response to 
stress. Adrenal cortical hypertrophy was observed in wasted mice at day 22 
(Goldowitz etal., 1985). Excess adrenal cortical hormones, known as glucocorticoids, 
have been associated with thymic cortical hypoplasia, cell death (Homo et al., 1980) 
and modulation of lymphocyte mitogenic responsiveness (Crabtree et al., 1979). 
Mice subject to high levels of ethanol exhibit weight loss and severe thymic and 
splenic hypoplasia (Han et al., 1993). The cause was directly attributed to 
significantly increased levels of corticosterone (a glucocorticoid hormone). Thymic 
atrophy is completely reversed by administration of a glucocorticoid antagonist. 
Glucocorticoid-induced thymic atrophy is predominantly caused by the induction of 

cell death, or apoptosis, in the major lymphoid cell population (CD4^CD8^ 
thymocytes or Thy+1 cells) by a process preceded by DNA fragmentation (Compton 
and Cidlowski, 1986). These findings are of particular relevance to wasted in the light 
of the observed adrenal cortical hypertrophy and the specificity of the effect of DNA- 
damaging agents to Thy+1 cells. The appearance of these features takes place 
about four days after exposure to ethanol, thus comparing well with the onset of 
thymic and splenic atrophy in wasted mice. It would be of interest to study the effect 
of glucocorticoid antagonists, possibly administered prior to the onset of the wasting 
syndrome, on the overall phenotype of wst/wst animals.

5.1.2 Neurological Abnormalities
Schultz et al (1982) detected degeneration of the Purkinje cells in the brain 

and focal demyelination in the cerebellar cortex and ventral columns of the spinal 
cord of wasted mice. A later study failed to confirm degenerative changes in the 
Purkinje-cell population and demonstrated prominent vacuolation of some of the 
anterior horn cells of the spinal cord and motor nuclei of the brainstem (Lutsep and 
Rodriguez, 1989). Posterior horn cells were entirely normal. The overall distension of 
the anterior horn cells was shown to be caused by numerous vesicles, possibly
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originating from widening of the cisternae of the endoplasmic reticulum, surrounded 
by neurofilaments (Lutsep and Rondriguez, 1989). Neurofilaments (NF) are 
cytoskeletal organelles which are found predominantly in axons. In mature neurons 
they are composed of three protein subunits, light (NF-L), medium (NF-M) and heavy 
(NF-H) (Cote et ai, 1993 and references therein). The light and medium subunits are 
expressed during early embryonic development, while the heavy subunit is 
expressed postnatally (Shaw and Webern, 1982; Julien et ai, 1986; Carden et ai,

1987). They are synthesised in the perikaryon or cell body and transported down the 
axon where they progressively become phosphorylated by various kinases. 
Phosphorylation brings about the cross-linking of the subunits to form a network of a 
supporting macromolecular structure (Carden et ai, 1985). In vacuolated motor 
neurons of wasted animals, there exists extensive phosphorylation of NF-H in the 
perikaryon and proximal axons (Lutsep and Rondriguez, 1989).

Anterior horn cells are specifically implicated in the pathology of the human 

neurological disease Amyotrophic Lateral Sclerosis (ALS), also known as motor 

neuron disease. In ALS patients, there is neuronal loss (Tsukagoshi et a i, 1979), 

unlike the degenerative changes observed in wasted motor neurons (Lutsep and 

Rondriguez., 1989). Swollen motor neurons have been documented for several other 

mouse mutants. Mice homozygous for the cribriform degeneration {cri ) mutation 

exhibit intracellular vacuoles in cell bodies, axons and myelin sheath of the spinal 

cord and brainstem (Green et ai, 1972). Similarly, in the recessive mutation vibrator 

(vb) selected neurons of the spinal cord, brainstem and cerebellum manifest 

intracellular vacuolisation due to dilated cisternae of the endoplasmic reticulum in cell 

bodies, dendrites and axons (Weimer ef a/., 1982). In the motor neuron degeneration 

2 mouse mutant (mnd2), swollen motor neurons are associated with loss of rough 

endoplasmic reticulum and abnormal folding of the nuclear membrane (Jones et ai,

1993).

Aggregation of neurofilaments is not a unique feature of wasted mice. Studies 

on the wobbler mouse (wr) revealed both neuronal vacuolisation and neurofilament 

proliferation (Andrews, 1975). Extensive perikaryal neurofilament accumulation is 

also characteristic of a rapidly progressive form of hereditary canine spinal muscular 

atrophy (Cork et ai, 1982). Inclusion bodies with concomitant distension of motor 

cell bodies have been described in the motor neuron degeneration {mnd ) mouse 

(Messer et ai, 1987). A transgenic mouse expressing modest levels of the human 

NF-H develops progressive neuropathy with features that resemble those of wasted 

animals (Cote et ai, 1993). These include swelling of the perikarya and proximal
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axons of anterior horn motor neurons and dorsal root ganglia, resulting from 

abnormal accumulation of neurofilaments and displacement of other organelles. The 

gradual building up of newly synthesised neurofilament subunits, due to higher 

mRNA levels, possibly leads to an impairment of their transport and eventual distal 

axonopathy and muscle atrophy, caused by premature cross-linking by 

phosphorylation. Slowed perikaryal and axonal transport of other organelles might 

lead to accumulation of neurofilament subunits in the vicinity of active kinases and 

subsequent cross-linking (Lutsep and Rodriguez, 1989).

5.2 The ragged mouse

The ragged (Ra) mutation arose spontaneously in a cross-bred stock in which 

a translocation had been induced by X-irradiation five generations earlier (Carter 

and Phillips, 1954). The ragged phenotype is due to a semidominant autosomal 

gene, shown to be linked to the agouti locus on mouse chromosome 2 (Carter and 

Phillips, 1954). It is unlikely to be associated with the translocation since her father, 

originating from the translocation stock, was not a carrier of the translocation itself 

(Carter and Phillips, 1954). Ra/+ mice are indistinguishable from Ra*V+ mice; Ra'̂  is a 

new allele of this locus which arose recently in a colony of C3H/HeSnJ at the 

Jackson Laboratory (The Jackson Laboratory, 1994)

Heterozygotes are characterised by sparse fur which appears to lack 

cohesion. Their coat contains guards and awls (overhairs) and very few zigzags 

(undercoat); auchenes are completely absent (Carter and Phillips, 1954). In 

heterozygotes, the late differentiating hair follicles that produce the auchenes and 

zigzags appear to show retarded growth (Slee, 1962). Heterozygotes are viable and 

fertile. Homozygotes are almost completely naked and almost all die before weaning, 

although some do survive beyond this stage and breed (Carter and Phillips, 1954).

In 1957 a second ragged allele appeared spontaneously in a C57BL/6J X 

DBA/2J hybrid which was dubbed opossum (Ra°^. This allele is also semidominant 

to the wild type allele (Green and Mann, 1961). Ra°' /̂+ heterozygotes have a very 

sparse hair coat , fewer vibrissae and smaller body size than non-opossum mice 

(Green and Mann, 1961). Most die shortly after birth but some males can survive and 

breed. The skin of dying mice is often edematous in the neck and shoulder regions 

and, overall, contains red patches which may indicate superficial hemorrhage (Green 

and Mann, 1961). Both Ra°^/Ra°^ homozygotes and Ra°^/Ra compound 

heterozygotes die in utero (Mann ,1963).
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Both Ra/+ and Ra°7+ heterozygous suckling mice develop chylous ascites 

that contain a milky fluid and are visible through the skin (Herbetson and Wallace, 

1964). It is thought that this is due to inadequate lymphatic drainage from the small 

intestine which leads to a built-up of chylous fluid in the peritoneum (Herbetson and 

Wallace, 1964). The manifestation of these ascites appears to be affected'wo mutant 

genes linked to Ra, namely fidget {fi) and wellhaarig (we), and polydactyly (py) on 

chromosome 1 (Wallace, 1979).
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CHAPTER 2 

MATERIALS AND METHODS
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Part 1: General Techniques
Sterilisation: Key: a- sterilised by autoclaving at 15 Ib/sq for 30 minutes.

f  - filter sterilised by filtration through a 0.22-micron filter.

1.1 Bacterial media, strains, antibiotics
1.1.1 Liquid and solid bacteriology media (w/v)
LB (Luria-Bertani) Medium^:
1 % Bacto-tryptone 
0.5% Bacto-yeast extract 
0.5% NaCI (Sodium Chloride)

LB Agar^i
Liquid LB medium plus 1% agar.

Top Agarose'':
1% bacto-tryptone 
0.5% NaCI 
0.6% Agarose
Supplemented with 10 mM MgS04  (Magnesium Sulfate) after sterilisation.

1.1.2 Bacterial Strains

Strain Genotvoe Use

LE392 supEAA supF58 hsdR5^A
galK2 galT22 metBI trpR55 lacY^

Used for propagating bacteriophage 
X recombinant virions.

XLI-Blue supEAA hsdR5^A recA^ endA^ 
gyrAAQ thi relA^ lac 
F’[proAB* lacf  ̂/acZAM15 
Tn10{tef)]

Recombination-deficient strain used 
for propagating recombinant 
bacterial plasmids.

1.1.3 Antibiotic stock solutions and workina concentrations

Workina concentration 
Name Stock solution oBluescriot oGEM-T vector XLI-Blue

Ampicillin 50 mg/ml in dd*H20 50|xg/ml 
Tetracycline 5 mg/ml in ethanol

1OO^g/ml
12. îg/ml

* - deionised distilled water

1.2 Growth of bacterial cultures, storage media
1.2.1 Growth in liquid media

All liquid bacterial cultures were set up in a purpose-designated area. A single

colony was grown overnight in LB medium containing the appropriate antibiotic and left

shaking at 200 rpm in a 37°C incubator. Preparative bacterial cultures used for

propagating bacteriophage X were grown in LB medium supplemented with 0.2%

maltose and 10 mM MgS0 4 .
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1.2.2 Growth on solid media

Single bacterial colonies were obtained by streaking a small amount of a stock 

culture onto hardened LB agar, the plate sealed using Nescofilm (BDH) and incubated 

overnight at 37°C. Bacteria stocks were stored in 15% glycerol at -70°C.

1.2.3 Preparation of competent cells

The method employed for the preparation of competent Escherichia Coil cells 

was described by Hanahan (1983).
Solutions used:
1M MOPS  ̂[3-(N-morpholino) propane sulphonic acid]
1M IVIES' (Morpholino ethane sulfonic acid), pH6.2 using KOH

TFBl': 10 mM MBS
100 mM RbCL (Rubidium Chloride)
10 mM CaCL (Calcium Chloride)
50 mM MnCI]. 4 H20 (Manganese Chloride Tetrahydrate)

pH adjusted to 5.8 with acetic acid.

TFB2': 10 mM MOPS
75 mM CaCL
15% (v/v) Glycerol

pH adjusted to 6.5.

Strain XLI-Blue was grown on LB/tetracycline agar plates overnight at 37°C. A 

single colony was expanded overnight in a 5ml LB/tetracycline medium. The resulting 

culture was further expanded through transfer into 200ml of pre-warmed (at 37°C) 

LB/tetracycline medium. The culture was grown until the absorbance at 550 nm 

reached 0.45 (usually 2.5 hours). For the preparation of the competent cells, all 

subsequent steps were carried out in a 4°C chamber. The cell suspension was 

collected in pre-cooled 30 ml polypropylene tubes** in 25 ml aliquots and placed on ice 

for 15 minutes. The cells were collected by centrifugation at 2500 rpm for 15 minutes at 

4°C and gently resuspended in 10 ml of TFB1. The suspensions were left on ice for 15 

minutes and spun to collect the cells at 2500 rpm for an additional 15 minutes at 4°C. 

Finally, the cells were resuspended in 1 ml of TFB2, left on ice for 15 minutes, 

aliquoted in chilled Eppendorf tubes and stored at -70°C.

1.3 Propagation of bacteriophage X s tocks
1.3.1 Preparation of plate Ivsate stocks

Approximately 10® pfu (plaque-forming units, or virions) were mixed with 1 ml of 

freshly grown bacteria (LE392) and incubated for 30 minutes at 37°C. The mixture was 

mixed thoroughly with about 50 ml of molten top agarose (maintained at 45°C) and 

poured onto dried bottom agar in 220 cm x 220 cm plates. After overnight incubation at 

37°C, the plate lysates were overlaid consecutively with 15 and 10 ml of SM buffer and
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placed on a rocking platform for about 2 hours at room temperature. The eluate was 

collected, centrifuged at 4000g and the supernatant collected into a fresh tube. This 

was used for DNA extraction.

1.3.2 Growth of bacteriophage X  clones in a microtiter-format arrangement

A microtiter format grid (8 rows x 12 columns ) was drawn onto the bottom of 

the outer side of a 220 x 220 cm plate. The spacing between individual spots was 1 

cm. Two hundred millilitres of bottom agar was poured into this plate and allowed to 

set. About 1 ml of freshly grown bacteria (LE392) were mixed with 50 ml of top agarose 

and poured onto the hardened agar which was then incubated for 1/2 hour at 37°C to 

allow the top agarose to dry. Individual bacteriophage lysates (about 10 pfu in no more 

than 0.5 pi) were spotted onto the top agarose to correspond to the pre-drawn spots. 

These were allowed to dry for about 5 minutes and the plates incubated overnight at 

37°C. The inside of the plate lid was overlaid with 2 layers of 3 MM paper to absorb the 

water that evaporates from the medium. This prevented cross-contamination of 

individual plaques as plaques that grow in humid environment tend to streak into each 

other.

1.3.3 Storage of bacteriophage X  Ivsates 
SM buffer* (w/v):
100 mM NaCI
10 mM MgS04
50 mM Tris.CI (pH 7.5)
0.2% gelatine
Bacteriophage X lysates were stored at 4°C in SM buffer containing 0.5% (v/v) chloroform.

1.4 Propagation of yeast cultures
1.4.1 Growth medium

AHC“ medium (w/v)*:
0.6% Yeast Nitrogen Base without amino acids 
1% Casein Hydrolysate
0.2 mM Adenine Hemisulphate 
2% Glucose

AHC“ Agar(w/v)*:
2% Agar in AHC liquid medium

1.4.2_Expansion of veast cultures 

Strain_______________ Genotype Use

rad52 strain 3a’* 814-7/3a:MA7a, rad52\:TRP1 
ade2.1, trp 1, ura 3, ivl, 
his 3.11, his 3.15, 
his 5.12 psi+

Recombination-deficient strain 
used for propagating yeast 
artificial chromosomes.

AB1380' Used for propagating yeast 
artificial chromosomes.
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*- both strains belong to the species Saccharomyces cerevisae.

1.4.2.1 Liquid cultures

All yeast cultures were grown in a purpose-designated area and in an incubator 

which was solely used for growing yeast cultures. A single colony was grown at 30°C 

in 3-10 ml AHC" for 48 hours, shaking at 200 rpm. The tubes’ lids were perforated with 

a 19 g needle to facilitate aeration.

1.4.2.2 Growth on solid media

Single colonies were streaked out onto 90 mm AHC" agar plates, sealed with 

Nescofilm, and incubated at 30°C for 48 hours.

1.4.3 Storage of veast cultures

For short-term storage, liquid yeast cultures were kept at 4°C for about 2 weeks. 

For long-term storage, one volume from a 48-hour culture was mixed thoroughly with 

one volume of sterile glycerol and stored at -70°C.

1.5 DNA extraction protocols
1.5.1 Extraction of total mouse/hamster genomic DNA
Solutions used:
Solution 1 (w/v): Solution 2 (w/v)
50 mM Tris. 01® (pH7.5) 2.6 M NaCI
400 mM NaCI®
100 mM EDTA® ( Ethylenediaminetetraacetic Acid)
0.5% SDS (Sodium Dodecyl Sulfate)
0.01% Proteinase K

Mouse genomic DNA was extracted from the lungs, spleen and liver of mice. 

The tissue was teased apart with sterile scalpel blades and placed in solution 1, in a 

30 ml polypropylene tube. For lungs and spleens I used 5 ml and for livers 8 ml of 

solution 1. The cap of the tubes was perforated with a 19 g needle to stop the pressure 

building up from gases released during the digestion. The digestion was carried out at 

55°C with constant shaking (100 rpm) for 24-48 hours. If the digestion was not 

complete after 24 hours, the tubes were vortexed for 5 seconds to break up partially 

digested tissue and the incubation continued for an additional 24 hours. After the 

digestion, the concentration of the NaCI was brought to 1.5 M by adding an equal 

volume of solution 2, the tube shaken for 15 minutes, followed by centrifugation at 

10000 g for 5 minutes. The supernatant was collected into a clean tube and the DNA 

precipitated by the addition of one volume of ethanol. The DNA was spooled out, 

dissolved in ddH20 and stored at 4°C.
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The hamster DNA was extracted from total hamster tissue. The animals were 

killed by cervical dislocation and their skin and digestive tract removed. The remainder 

of the tissue was placed in liquid Nitrogen for about 20 seconds (until the 

effervescence stopped) and the frozen tissue ground in a blender. One gram of 

powderised tissue was digested in 5 ml of solution 1 for 24 hours and the DNA 

precipitated as described above. Because the DNA in the tissue sample was 

extensively sheared during the blending process, the DNA was precipitated at -70°C 

for 20 minutes, collected by centrifugation at 1000 g for 15 minutes at 4°C and 

resuspended in ddH20. This DNA was used only for competing out repetitive DNA 

sequences.

1.5.2 Extraction of total Yeast DNA

Solutions used: 
Solution 1:
40 mM 
90 mM

EDTA
2-mercaptoethanol

Solution 3:
50 mM 
25 mM 
500 mM 
3 mM 
1 % (w/v)

Tris. Cl (pH7.4)
EDTA
NaCI
2-mercaptoethanol
SDS

Solution 2 (w/v):
1 M Sorbitol
60 mM EDTA
0.1 M Sodium citrate
pH adjusted to 7.0, and
2 mercaptoethanol (BDH;
14.25M) added at 1:125 dilution as 
well as 1 mg/ml of Lyticase (Sigma)

Solution 4:
Phenol:chloroform:isoamyl alcohol 
at the ratio of (1:1:0.02)

Cells from a 20 ml culture were harvested by centrifugation at 2000g for 10 

minutes, washed twice in solution 1, resuspended in 2 ml of solution 2 and incubated 

at 37°C stationary in a 10 ml polypropylene tube for 3 hours. Because yeast cells tend 

to sediment very quickly when stationary, the tube was laid on its side to spread the 

cells along its entire length, thus maximising the effectiveness of the Lyticase action. 

After the Lyticase treatment, the spheroplasts (yeast cells stripped from their cell wall) 

were centrifuged at 3000g for 10 minutes, resuspended in 0.5 ml of solution 3 and 

incubated at 65°C for 15 minutes with intermittent vortexing. This was followed by two 

extractions with solution 4, one extraction with chloroform and precipitation of the DNA 

with one volume of isopropanol at room temperature for 15 minutes. The DNA was 

collected by centrifugation in a microfuge at 13000 g for 15 minutes, washed with 1 ml 

of 70% ethanol and the pellet dried by heating the tube at 75°C for about 2 minutes. 

The DNA was then resuspended in 300 pi of TE (pH 8.0) and incubated for 4 hours at 

37°C in the presence of 2 pg of DNase-free RNase (prepared by boiling RNAase in 15 

mM NaCI and allowed to cool to room temperature; stored at -20°C). The DNA was
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again precipitated with one volume of isopropanol, washed with 70% ethanol and 

resuspended in 200 |il of TE. From a 20 ml culture about 400 pg of DNA was obtained.

1.5.3 Extraction of plasmid and bacteriophage X  DNA

Plasmid DNA was extracted using a procedure based on alkaline lysis of 

bacterial cells and the reagents used are commercially available (Promega; Magic 

Minipreps™ Purification). The protocol followed was as recomended by the supplier. 

DNA prepared in this way was used for all the applications that are described elsewhere 

in this thesis. Bacteriophage X DNA was also extracted using a commercially available 

reagent called LambdaSorb Phage Adsorbent (Promega).

1.5.4 Immobilisation of high molecular weight DNA in agarose blocks for PFGE
1.5.4.1 Mouse DNA

Solutions used:
Phosphate-buffered saline (PBS)* (w/v): Solution 1 (w/v):
30 mM NaCI 250 mM EDTA*
2 mM KOI (Potasium Chloride) 1% Sarkosyl*
10 mM N82HP04 (di-Sodium Hydrogen 0.4% Proteinase K

Phosphate)
1 mM KH2PO4 (Potasium di-hydrogen Phosphate)
pH adjusted to 7.4.
1% ‘UltraPure’ low melting point (LMP) agarose held at 42°C.
Freshly prepared 0.004% Phenylmethylsulfonylfluoride (PMSF), dissolved in isopropanol.

High molecular weight DNA was prepared from the thymus of a 21-day old 

female mouse, strain CSH/HeH. Mice were killed by cervical dislocation in a designated 

area. The thymus was removed and placed in 10 ml of PBS. To release the 

thymocytes, the thymus was squeezed between two scalpel blades. After carefully 

removing the connective tissue, the cells were collected by centrifugation at 1100 g for 

10 minutes and the pellet resuspended in 6 ml of PBS. This volume was determined 

empirically and was always used, provided a 21-day old C3H/HeH mouse was used. 

The cell suspension was subsequently mixed with 6 ml of molten agarose, mixed 

thoroughly by gentle shaking, and dispensed into 100 pi block-formers (5 mm x 2 mm 

x10 mm). After the agarose hardened, the blocks were transferred into solution 1 (20 

ml / 30 blocks) and incubated at 50°C for 48 hours with very gentle shaking (30 rpm). 

This was followed by 2 washes in ddH20 for 10 minutes at room temperature and 

three 30-minutes washes in TE (pH7.5) containing 0.04 mg/ml of PMSF. The blocks 

were stored in 0.5 M EDTA at 4°C. For PFGE, 1/2 or 1/3 of a block contained adequate 

DNA (i.e. about 10 pg) for analysis by Southern blotting.

1.5.4.2 Yeast DNA

Solutions used:
SCE*: Solution 1*:
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1 M 
0.1 M
10 mM EDTA

Sorbitol
sodium citrate, pH 5.8

10 mM 
50 mM

Tris .Cl (pH 7.5) 
EDTA (pH 7.5

Solution 2:
400 mM EDTA'
1 % Sarkosyl
0.4% Proteinase K

Solution 3:
SCE plus 10 mM Dithiothreitol (DTT̂ ; prepared in 0.1 M sodium acetate, pH 5.2)

Solution 4:
1.5% of freshly prepared LMP agarose in SCE containing 1 mg/ml of Lyticase, kept at 45°C.

The cells from a 20 ml culture were collected by centrifugation at 2000 g for 10 

minutes, resuspended in 10 ml of solution 1, collected again by centrifugation and 

resuspended in 10 ml of SCE. After centrifugation, the cells were resuspended in 1 ml 

of SCE, mixed thoroughly with 1 ml of LMP agarose (as above) and dispensed into 100 

p.1 block-formers. After the agarose hardened, the blocks (20 in total) were placed in 20 

ml of solution 3 for 2 hours at 37°C with very gentle shaking (30 rpm). Finally the blocks 

were placed in 20 ml of solution 2 and incubated at 50°C for 48 hours again with gentle 

shaking. The subsequent steps were as in section 1.5.4.1.

1.5.5 Quantification of DNA

The concentration of the DNA in solution was determined 

spectrophotometrically, by measuring the optical (OD) density at wavelengths of 260 

nm and 280 nm in a CIBA CORNING 2800 spectrascan. An OD260 of 1 corresponds to 

50 pg/ml of double-stranded DNA. For pure DNA the ratio of (OD260/ OD280) was 

between 1.8 and 2.0 (Sambrook et ai, 1989).

1.6 DNA Modification reactions
1.6.1 Restriction of DNA with bacterial endonucleases tvpe II

The endonucleases used were purchased from either GIBCO-BRL or New 

England Biolabs and used according to the suppliers protocols.

1.6.1.1 Restriction of low molecular weight DNA

Plasmid DNA or DNA produced by the PCR were restricted in 20 pi reaction 

volumes using 5-10 units of enzyme at the appropriate reaction temperature. Plasmid 

DNA was cleaved for 2 and 8 hours for pGEM-T vector and pBluescript respectively. If 

the plasmid DNA was to be cleaved with two restriction enzymes simultaneously, 

GIBCO-BRL buffer 3 was used in the presence of 10 mM of DDT. Bacteriophage X 

DNA was restricted in 100 pi reaction volume in the presence of 20-30 units of the 

appropriate enzyme and always using the One-Phor-All Buffer Plus (Pharmacia) for 5
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hours. Combinations of two restriction enzymes were also used in this buffer. For PGR- 

generated DNA, two hours of digestion were sufficient. Mouse and yeast genomic DNA 

was restricted in 40 fxl reaction volumes in the presence of 20-30 units of restriction 

enzyme. Restricted yeast DNA, destined for vectorette library construction, was 

precipitated by adding 2 volumes of 99.9% ethanol in the presence of 0.3M of NaOAc, 

after heat-inactivating the restriction enzymes (65°C or 75°C for 10 minutes). The DNA 

was pelleted by centrifugation at 13000 g for 15 minutes, washed in 70% ethanol, dried 

by heating to 75°C for 2 minutes, and resuspended in the appropriate volume of 

ddH20.

1.6.1.2 Restriction of high molecular weight DNA embedded in agarose blocks

The agarose blocks were washed four times (30 minutes each time) in excess 

of ddH20 and placed in a dry plate. Excess water from the blocks was removed by 

aspiration, using a Gilson micropipette. A single block has a 100 pi displacement 

volume. The reactions were set up in 200 pi volume, containing the appropriate buffer 

and 40-50 units of the restriction enzymes. The digestions were left overnight. For two 

sequential digestions of the same sample, the blocks were washed with excess water 

as above after the first digestion and the new restriction reaction set up. For enzymes 

with compatible buffers the blocks were also washed. The second digestions were 

again left overnight.

1.6.2 Déphosphorylation of DNA

The 5’-phosphate residues from digested DNA (insert) were removed using calf 

intestinal phosphatase (CIP; Pharmacia) to prevent the formation of chimeric DNA 

fragments. The DNA was digested in One-Phor-All Buffer Plus. The restriction enzyme 

was first inactivated by heating to either 65°C or 75°C (depending on the enzyme) for 

10 minutes. Typically up to 5 pg of DNA was treated with 0.1 units of CIP at 37°C for 1 

hour. The enzyme was inactivated by heating to 85°C for 15 minutes and the mixture 

maintained at room temperature for about one hour to allow reannealing of any 

domains that became partially denatured (especially the ends). After this stage, the 

DNA was precipitated as described in section 1.6.1.1.

1.6.3 Ligation of DNA

All the ligation reactions were carried out at 14°C overnight (except for the 

bacteriophage library construction which was performed at 4°C; for details see section

2 .1.1).
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1.6.3.1 Subcloninq of bacteriophage X DNA
1.6.3.1.1 Non -directional cloning

The enzyme used for this cloning was Sau3A I. The resulting fragments 

originate from both the arms of the vector and the cloned mouse DNA. Fully-restricted 

and CIP-treated DNA was ligated to non-CIP-treated pBluescript (cleaved with the 

restriction enzyme BamH I) in the presence of 1X ligation buffer and 2 units of T4 DNA 

ligase (Pharmacia).

1.6.3.1.2 Directional cloning

Four micrograms of bacteriophage X DNA was digested with the enzymes Sst I 

and Hind III (for bacteriophage X vector LambdaGEM™-11; Promega) or Sst I and Xho 

I (for bacteriophage X vector XFIX II; Stratagene) and precipitated after heat- 

inactivation of the enzyme. Five hundred nanograms of DNA was ligated to 50 ng of 

pBluescript, digested with the appropriate combination of two enzymes, in a 20 pi 

reaction volume as above. The two types of bacteriophage X vectors used {X FIX II and 

XGEM-11) contain a unique Sst I site at either end of the cloned DNA and do not 

contain either a Hind III or a Xho I site in their arms. So the restriction of the clones 

with Sst I and one of the latter two enzymes, gave fragments which could only 

originate from the insert. In this respect, this approach is more efficient for cloning only 

insert DNA than using Sau3A I.

1.6.3.1.3 Cloning of PCR products

All the PCR products cloned ranged in size between 400 and 700 bp. A single 

set of conditions was followed irrespective of the size of the DNA fragments. The 

vector and other reagents used are commercially available (pGEM-T Vector System I; 

Promega). Always three microlitres of non-purified PCR product (about 25 ng) was 

ligated to 50 ng of pGEM-T Vector in the presence 1X ligase buffer and 1 unit of T4 

DNA ligase in a 15 pi total reaction volume. Using these set of conditions, about 80% 

of true recombinant plasmids were usually obtained.

2.1.7 Transformation of competent E. Coli cells

For transformation, the E. Coli strain XLI-Blue was used. Both the plasmid 

vectors used (Pbluescript and pGEM-T vector) carry the ampicillin resistance gene. 

The selection between recombinant and non-recombinant plasmids is based on the a- 

complementation (Ullmann et ai, 1967) of the p-galactosidase gene, commonly known 

as blue/white selection. The ligation mix was incubated on ice with 200 pi of competent 

cells for 45 minutes, heat-shocked at 42°C for 30 seconds and placed again on ice for
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5 minutes. To this1 ml of pre-warmed (at 37°C) LB medium was added and incubated 

at 37°C for 1 hour, to allow the transformed cells time to express the ampicillin- 

resistance gene. A fraction of the culture (200-300 pi) was mixed with 20pl of 20 mg/ml 

of 5-bromo-4-chloro-3-indolyl-p-D-galactosidase (X-gal) and 4pl of 200 mg/ml 

isopropylthio-p-D-galactoside (IPTG) and spread onto LB-agar plates containing the 50 

pg/ml ampicillin. The plates were incubated at 37°C overnight. When replica plates 

were to be made from the transformants, the LB agar plates were overlaid with nylon 

membrane (Hybond N) before spreading the culture.

1.8 Immobilisation of colonies/plaques onto nylon membrane
1.8.1 Bacterial colonies

Two LB-agar plates containing 50 pg/ml ampicillin were overlaid with nylon 

membrane (Hybond N; Amersham) and pre-warmed for 30 minutes at 37°C. Using a 

pair of sterile forceps the master membrane was placed onto the first membrane for 

about 2 minutes, colonies face down. The two membranes were punctured at various 

points to define the orientation. This procedure was repeated using the second 

membrane and both replica plates were incubated for 3-4 hours at 37°C. The two 

membranes were subsequently treated as described in section 1.8.3.

1.8.2 Bacteriophage X  plagues

Bacteriophage X clones were plated at a density of about 5 plaques per cm .̂ 

The plate lysates were placed at 4°C for at least 2 hours to hardened the top agarose. 

Two pieces of nylon membrane were sequentially placed onto the top agarose for 1 

and 3 minutes respectively. Each filter and the underlying agarose/agar were 

perforated with a 19 g needle to define the orientation of the lifting. The filters were 

processed as described below.

1.8.3 Processing of membranes 

Solutions used:
Solution 1: Solution 2:
1.5 M NaCI 1.5 M NaCI
0.5 M NaOH (Sodium Hydroxide) 0.5 M Tris . Cl (pH 7.2)

10 mM EDTA
Solution 3 (20x SSPE):
3.6 M NaCI
0.2 M NaH2P04 (Sodium di-hydrogen Orthophosphate)
20 mM EDTA

The replica filters prepared for colonies and plaques were processed in exactly 

the same way. Each filter was first placed onto a pad of 3 MM paper, colony/plaque 

side up, soaked in solution 1 for 7 minutes to denature the DNA, followed by
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neutralisation by placing the filters twice onto a pad of 3 MM paper soaked in solution 2 

for 3 minutes. Finally, the membrane was shaken for about 1 minute in a tray of 2X 

SSPE and transferred onto a dry filter paper, colony/plaque side up, to air dry (about 1 

hour). The DNA was fixed onto the membrane by UV light (254 nm) exposure for 20 

seconds.

1.9 In vitro DNA replication
1.9.1 Exponential amplification using the Polymerase Chain Reaction fPCRI 

Reagents used:
1. Thermus aquaticus (Tag) thermostable DNA polymerase (Advanced Biotechnologies).
2. 10X reaction buffer, consisting of 200 mM (NH4)2S0 4  (Ammonium Phosphate), 750 mM Tris- 
HCI pH 9.0 (at 25°C), 0.1% (w/v) Tween.
3. 25 mM MgCl2 (Magnesium Chloride)
4. 100 mM solution of 2’-Deoxynucleoside 5’-Triphoshate (dNTPs; Pharmacia).
5. Synthetic oligonucleotides or primers (20-30 bases long; purchased from Perkin Elmer 
Applied Biosystems Ltd).

All PCR reactions were carried out in an automated thermocycler (Hybaid; 

Omnigene) in a room designated for the preparation and running of all the PCR 

reactions. The micropipettes, racks and microfuge tubes were only used for this 

purpose. Handling and gel electrophoresis of PCR products was carried out in a 

different room to minimise the risk of contamination by extraneous DNA.

All reactions were prepared in either 25 fxl or 50 pi reaction volume in the 

presence of IX  reaction buffer, 200 mM of each dNTP, 1-4 mM MgCb, 20 or 40 pmole 

of each primer, 10% glycerol and 25 ng of DNA (genomic or cloned). This mixture was 

overlaid with about 100 pi of paraffin and heated to 95°C for 5 minutes to denature the 

DNA. To this, 0.5-2 units of Tag polymerase was added, while the temperature was 

maintained at 80°C, followed by 30-35 cycles of 94/95°C for 20-30 seconds, 53-62°C 

for 30 seconds, and 74°C for 30 seconds - 2 minutes.

Each set of reaction conditions was determined by first carrying out a titration 

reaction to determine the optimal concentration of MgCb and the annealing 

temperature required. Most primer pairs with equal G+C/A+T content worked at 1.5-2.5 

mM MgCb. Primers with unequal G+C/A+T content tended to require higher MgCb 

concentrations (2.5-4 mM).

1.9.2 Radioactive labelling of DNA 
Preparation of polynucleotide DNA probes

The DNA used for radioactive labelling was prepared by preparative gel

electrophoresis in 0.6% (0.5XTBE) agarose gel electrophoresis. The fragment of

interest was excised from the gel and placed in a 0.5-ml microfuge tube whose bottom
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part was punctured with a 19 g needle and plugged with a very small amount of sterile 

glass wool (about 3 mm thick). This tube was placed in a 1.5-ml microfuge and spun at 

6000 g for 10 minutes. During the spinning process the gel breaks up releasing the 

buffer and the DNA which is amenable to radiolabelling without any further purification. 

DNA from PCR reactions which did not yield any artefacts was used directly without 

any purification.

The DNA was labelled radioactively using a commercially available kit 

(recf/prime; Amersham) which contains all the appropriate reagents in a crystallised 

state in a single tube (except the ^^P-dCTP). Approximately 25 ng of DNA was 

denatured by heating at 99°C for 10 minutes in a total volume of 45pl, placed briefly on 

ice and mixed with the crystallised reaction reagents. Usually 30 pCi (Curie) of alpha- 

^^P-dCTP (10 pCi/pl) per reaction was used. The reaction was incubated at 37°C for 

15-20 minutes and the unicorporated nucleotides removed by centrifugation through a 

Sephadex G50 column for 3 minutes at 1500 g. Prior to use, the DNA probes were 

denatured by boiling for 10 minutes and added to the appropriate hybridisation mixture.

End-labelling of oligonucleotide probes:
Solutions used:
10 X Bacteriophage T4 polynucleotide kinase buffer (w/v):
500 mM Tris.CI (pH 7.6)
100 mM MgCb 
10 mM Dithiothreitol
1 mM EDTA (pH 8.0)

Ten picomoles of oligonucleotide were mixed with IX  bacteriophage T4

polynucleotide kinase buffer 20 pCi of y-^^P ATP and 20 units of Polynucleotide Kinase

(GIBCO-BRL) in a 50 pi reaction volume. The reaction was incubated for 1 hour at

37°C and the unincorporated nucleotides removed by centrifugation through a

Sephadex G25 column for 10 minutes at 1500 g. The end-labelled oligonucleotide was

directly mixed with the hybridisation mixture.

1.9.3 DNA sequencing

The sequencing reaction employed is based on the dideoxy-chain termination 

method (Sanger et al., 1977). All sequencing was performed using a commercially 

available kit (Sequenase Version 2.0; United States Biochemical) on double stranded 

plasmid DNA. The names and concentrations of the reagents used are as described in 

the kit.
Reagents reguired:

1. ^̂ 8 dATP
2. 5X Denaturing solution:

1 M NaOH
10 mM EDTA
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3. Sequencing primers’ sequences:
T3 5’-ATTAACCCTCACTAAAG 3'
KS 5’-CGAGGTCGACGGTATCG 3’
T7 5’-GCCTAATACGACTCACTATA 3’
SP6 5’-GCCATTTAGGTGACACTATA 3'

Three micrograms of plasmid DNA (pBluescript or pGEM-T) was denatured in 

1X denaturing solution in 90 pi reaction volume at 37°C for 30 minutes precipitated at - 

70°C for 15 minutes in 0.3 M NaOAc and 4 volumes of 99.9% ethanol and 

resuspended in a total volume of 10 pi which contained IX  Sequenase buffer and 100 

ng of the appropriate primer. The mixture was heated to 65°C for 2 minutes and placed 

in a 150 ml water bath preheated to 65°C. The annealing reaction was allowed to cool 

down slowly at room temperature to about 28°C. For the KS primer the annealing 

temperature was 33°C. The labelling reaction mix contained (per sequencing reaction) 

1pl of DTT, 2 pi of 1:5 dilution of labelling mix, 0.5 pi of 35S dATP and 2 pi containing a 

1:8 and 1:16 dilution (in enzyme dilution buffer) of Sequenase and Pyrophosphatase 

respectively. To the annealed DNA, I added 3.5 pi of labelling mix and incubated for 5 

min at room temperature. A 3.5 pi aliquot was transferred to 2.5 pi of termination mix 

(A/G/C/T), incubated for a further 15 min, and the reaction stopped by adding 4 pi of 

stop buffer.

1.10 Electrophoretic analysis of the DNA
Buffers used:
Running Buffer (w/v):
5X Tris-borate (TBE) [445 mM Tris base; 445 mM boric acid; 10 mM EDTA].

6X Loading buffer (w/v):
0.25% bromophenol blue, 40% sucrose

1.10.1 Agarose gel electrophoresis of low molecular weight DNA

All agarose gel electrophoresis was performed using G.6%-3% agarose gels 

(0.5X TBE; 0.5 pg/ml of ethidium bromide) in a horizontal gel apparatus. For the 

analysis of PCR products, the gels used were between 1-3%. The gels were run at 

7V/cm in a BRL ‘midi-gel’ set up (30 cm x 12 cm; model H5) or a Hybaid Electro-4 gel 

tank (27cm x 11 cm; HB-E4-GT). Plasmid DNA was analysed in 0.8% midi-gels at 

4V/cm. Restricted genomic DNA was analysed in 0.8% agarose gels cast in a 25 x 20 

cm moult and electrophoresed in a BRL apparatus [35 x 20 cm (model H4)] at 0.875 

V/cm. All agarose gels were run in 0.5X TBE buffer containing 0.5 pg/ml ethidium 

bromide. The DNA samples were mixed with loading buffer before loaded onto the gel. 

The DNA was visualised by exposing the gels to ultraviolet light of 300 nm wavelength.
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1.10.2 Pulse field gel electrophoresis fPFGE) of high molecular weight DNA

Pulse field gel electrophoresis was performed using a CHEF-DR 

electrophoresis system (BIORAD). The electrophoresis was carried out in a 4°C 

chamber and the running buffer temperature was maintained constant through 

continuous circulation using a pump which was attached to the gel chamber. The gel 

was cast in 14 cm x 12.7 cm casting stand using 1% agarose in 0.5X TBE buffer at 5 

mm thickness. Before loading, the blocks were placed on ice for 10 minutes to 

increase the rigidity of the agarose and reduce the risk of damage while handling. It 

was very important to avoid trapping air-bubbles within the wells. After loading, the 

wells were filled with melted agarose (same one as that used to pour the gel) and the 

gel equilibrated at 4°C for 20 minutes in the running buffer. The elctrophoretic 

conditions were 8 v/cm using 70 seconds switch times on a Pulsewave 760 Switcher 

(BIORAD). After the run, the gel was stained in 0.5 pg/ml of ethidium bromide and 

visualised at 300 nm ultraviolet light.

1.10.3 Polyacrylamide gel electrophoresis:
1.10.3.1 Non-denaturing polvacrviamide gels (native gels)

Solutions used:
1. 40% acrylamide/Bis acrylamide solution at 19:1 ratio (Severn Biotech Ltd)
2. 25% Ammonium persulfate
3. N,N,N’,N’- tetramethylethylene-diamene (TEMED), as BDH stock solution.
4. Loading buffer 1 :
98% Formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% Xylene cyanol FF.

All native polyacrylamide gels were run using either a BRL vertical 

electrophoresis apparatus (model V I5.17) or a Sturdier apparatus (model SE410). The 

two gel types are 14 and 24 cm in length respectively. The gels were cast at 0.75 mm 

thickness and contained 8% acrylamide, 0.5X TBE, 10% glycerol, 0.25 pg/ml 

ammonium persulfate and 1 pl/ml TEMED. The gels were run at 12.5 V/cm at room 

temperature or in a 4°C chamber. When the latter temperature was chosen the gel and 

buffer were equilibrated at 4°C for about one hour before running. For SSCA the PCR 

products were mixed at 1:1 dilution with loading buffer, denatured for 5 minutes at 

95°C, placed on ice and 0.5 pi -1.0 pi loaded onto the gel using a Hamilton syringe.

Native polyacrylamide gels were employed to determine allelic variants either 

by detecting size differences or by detecting single strand conformation variants 

(SSCV). Single strand conformation analysis (SSCA) detects differences in the base 

composition of two DNA regions of equal size (Orita et al., 1989). The DNA is 

denatured in the presence of Formamide, which slows down the rate of association 

between complementary strands. The single strands form secondary structures 

(conformers) which can be resolved on native acrylamide gels. The stability of the
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conformers is determined by the conditions that are applied during electrophoresis. 

Upon denaturing, the sample contains two populations of complementary single 

strands. If more than four conformers were obtained the running conditions were 

modified to reduce the number of conformers. The most important parameter is the 

temperature. Most SSCA gels were run at room temperature. In some cases there the 

pattern of bands between runs of the same locus varied if the equipment was of 

different design, but this did not affect the scoring of the phenotypes.

The banding pattern in native gels was revealed by silver staining; The gel was 

placed in 250 ml of fixing solution containing 10% ethanol and 0.5% acetic acid for 6 

minutes. It was then immersed in 250 ml of 0.1% solution of Silver Nitrate (AgNOa) with 

constant shaking (important). The gel was washed once with excess distilled water for 

10 seconds and stained in 375 mM NaOH; 2 mM Sodium Borohydrite (NaBH4); 

0.0148% formaldehyde (or 0.4% (v/v) of 37% stock solution) for 20 minutes. Before 

staining, it was important to add a little staining solution first, discard the precipitate 

that formed and then add the remainder of the stain.

1.10.3.2 Denaturing polyacrylamide gels

The denaturing polyacrylamide gels were used to analyse the sequencing 

reactions. These were cast in a 21 x 50 cm BIORAD Sequi-gen Sequencing Cell at 0.4 

mm thickness. The gel composition was 5% acrylamide (19:1); 0.5X TBE; 46% urea, 

0.25 pg/ml ammonium persulfate and 1 pl/ml of TEMED. Prior to loading, the gel was 

pre-run at 60 Watts (W) until the gel temperature reached 50°C (monitored through a 

temperature-sensing strip attached to one of the plates). The samples were denatured 

at 85°C for 3 minutes and 3 pi loaded. The running conditions varied depending on the

room temperature. The determining parameter was the gel temperature which was not

allowed to exceed 50°C. After the run, the gel was recovered onto a sheet of 3 MM 

paper, covered with Clingfilm and dried for an hour at 80°C in a vacuum drier. The 

banding pattern was revealed by autoradiography using Hyperfilm (Amersham) and 

Kodak intensifying screens.

1.11 Southern blotting 

Solutions used fw/v):
Solution 1: Solution 2:
1.5 M NaCI 1.5 M NaCI
0.5 M NaOH 0.5 M Tris. Cl (pH 7.2)

10 mM EDTA

Solution 3: Solution 4:
0.4 M NaOH 0.25 M HCI ( 1:46.7 dilution of
0.6 M NaCI concentrated Hydrochloric Acid stock)
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Solution 5: Solution 6:
0.4 M NaOH 2 M Tris. Cl pH 7.5

1X SSC (v/v)

Solution 7 (20xSSPE): Solution 8 (20XSSC):
3.6 M NaCI 3 M NaCI
0.2 M NaH2P0 4  0.3 M Sodium citrate
20 mM EDTA
pH 7.4

1.11.1 Sait Transfer protocol

Using Hybond N nylon membrane:
This membrane was used when transferring restricted plasmid or bacteriophage

DNA. After electrophoresis, the gel was placed in solution 1 for 30 minutes with 

constant shaking, rinsed in distilled water and neutralised twice in solution 2 for 15 

minutes each time. The transfer apparatus was a standard capillary blotting set-up 

using solution 3 as the transfer buffer. After an overnight transfer, the membrane was 

washed briefly in 2X SSPE and air dried on blotting paper. The DNA was fixed by 

exposing the membrane to ultraviolet light (300nm) for 20 seconds.

Using GeneScreen Plus (Dupont) membrane:

This membrane was used for blotting restricted genomic yeast and mouse 

DNA. After electrophoresis, the gel was agitated in solution 3 for 30 minutes, rinsed 

briefly in distilled water and neutralised in solution 2 for another 30 minutes. The 

membrane was pre-wetted in distilled water and placed in 10X SCE for 15 minutes 

before use. The transfer buffer was 10X SSC. After an overnight transfer, the 

membrane was placed in solution 5 for 1 minute to denature the DNA, neutralised in 

excess of solution 6 for 5 minutes and air-dried for about 1 hour on blotting paper.

1.11.2 Alkaline DNA transfer

This protocol was used for blotting high molecular weight yeast and mouse 

genomic DNA analysed by PFGE. After electrophoresis and ethidium bromide staining, 

the gel was agitated in solution 4 for 20 minutes, rinsed in excess of distilled water and 

placed in solution 1 for 30 minutes with constant agitation. The membrane 

(GeneScreen Plus) was pre-wetted in distilled water and equilibrated in solution 1 for 

15 minutes before use. The transfer was done by capillary blotting for 48-72 hours 

using solution 1 as the transfer buffer. After the transfer, the membrane was placed in 

excess of 2X SSC for 10 minutes to neutralise it and air-dried.

1.12 Hybridisation of radiolabelled probes to immobilised DNA
Hybridisation buffer 1:
5X SSPE
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5X Denhardt’s solution [0.1% FIcoll (type 400, Pharmacia): 0.1% BSA (fraction V; Pharmacia); 
0.1% polyvinylpyrrolidone]
0.5% SDS

Hybridisation buffer 2: Hybridisation buffer 3:
10% Dextran sulphate 10% Dextran sulphate
1% SDS 1% SDS
1 M NaCI 1.2X SSPE

1.12.1 Hybridisation to plaaue/colonv DNA

Library LibEBSISAZ was screened using hybridisation buffer 1. The 

membranes containing duplicate lifts from one plate were prehybridised in this buffer in 

the presence of 100 pg/ml each of denatured salmon sperm and hamster DNA 

previously sheared to around SOObp -1 kb. The hybridisation was performed overnight 

at 68°C using the hamster DNA, in order to block the hamster DNA repetitive 

sequences. The radiolabelled probe (prepared from mouse genomic DNA) was added 

to this mixture the following day and the hybridisation continued overnight at 68°C. The 

membranes were washed twice at room temperature in 2X SSPE / 0.5% SDS for 10 

minutes and once in 2X SSPE / 0.5% SDS at 68°C for 30 minutes. Control membranes 

containing mouse-DNA and hamster-DNA bacteriophage X clones were also 

hybridised under the same conditions, serving as positive and negative controls 

respectively. Autoradiography was perfomed overnight using Hyperfilm and Kodak 

intensifying screens.

The mouse bacteriophage X library was screened using buffer 2. The 

membrane was prehybridised in the presence of 100 pg/ml of sonicated salmon DNA 

for 5 hours before adding the probe. The hybridisation was left overnight at 65°C and 

the filters washed once in 2X SSPE for 10 minutes at room temperature and once in 

2X SSPE /1%  SDS at 65°C for 30 minutes, followed by autoradiography overnight.

Oligonucleotide hybridisation was done using a (GT)is oligonucleotide in buffer

3. The following formula determines the melting temperature of the hybrids formed 

between the oligonucleotide and the target sequence (Bolton and McCarhy, 1962):

Tm = 81,5°C + 16,6(log[Na+]) + 0.41(% G+C) - (500/1) 

where i = the length of the hybrid in base pairs, 30 in the case of (GT)is.

A 20X SSPE solution contains 3.6 M NaCI and 0.2 M NaH2P0 4  or 3.8 M of Na^ ions. 

Therefore a 1.2X SSPE solution contains 0.228 M of Na"̂  (3.6/20 x 1.2) and the Tm can 

be calculated as:

Trtl(GT)i5 = 81,5°C - 16.6 (-0.642) + 0.41(50) - (500/30) = 74.6°C 

Ten picomoles of end labelled oligonucleotide was used for every 60 ml of 

hybridisation buffer. The hybridisation was done at 67°C overnight, followed by 2
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washes in excess of 1.2X SSPE / 1% SDS at 67°C for 30 minutes each. 

Autoradiography was done overnight.

1.12.2 Hybridisation to low and high molecular weight DNA

All hybridisations of restricted low and high molecular weight DNA were carried 

out in buffer 2. The prehybridisation was done in the presence of 100 pg/ml of 

denatured sheared salmon DNA for 4 hours at 65°C before adding the probe. For 

restricted low molecular weight DNA, the hybridisation was performed for about 20 

hours whereas for high molecular weight DNA (PFGE) the filters were hybridised for 

48 hours. Most of the probes used on PFGE blots were about 500 bp so the 

hybridisation time was extented to 48 hours to maximise the chance of detecting the 

target fragment. This did not lead to an increase in the hybridisation background. The 

first wash was done in 2X SSC for 10 minutes at room temperature followed by an 

additional wash at 65°C in 2X SSC / 1% SDS for 30 minutes. Autoradiography was 

done for between 1 day to 3 weeks. If a membrane was to be reused, the probe was 

removed by immersing the membrane in boiled 1% SDS / 0.1X SSC until the solution 

cooled down to room temperature.
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Part 2: The isolation of molecular markers for mouse 
chromosome 2
2.1 Construction of a subgenomic library from hybrid line EBS-18/AZ

Cell line: The mouse/hamster hybrid cell line EBS-18/AZ was derived from line 

EBS-18 (Lalley et al., 1987) as previously described (Minna at a/., 1975; Franke at a/., 

1977) by back-selecting against the X chromosome using minimal essential medium 

supplemented with azaguanine as described (Abbott and Povey, 1995). The culturing 

of this line was performed by Dr Margaret Fox. Cytogenetic analysis demonstrated the 

presence of the whole of MMU2, proximal MMU15 and other submicroscopic mouse- 

chromosome fragments (Peter Lalley; personal communication). Drs Cathy Abbott and 

Alison Pilz carried out Southern blot and PCR analysis which detected the presence of 

nine loci across the whole of MMU2. These loci were: Vim (vimentin), Abl (Abelson 

leukemia oncogene), Gsn (gelsolin), Acre (acetylcholine receptor alpha subunit), Il1b 

(interleukin 1 beta), Pena (proliferating cell nuclear antigen). Ahoy (S-adenosyl 

homocysteine hydrolase), Ada (adenosine deaminase) and Acra4 (nicotinic 

acetylcholine receptor alpha 4 subunit, neural). Although we could not exclude 

submicroscopic deletions, it seemed likely that most regions from MMU2 were present. 

The presence of MMU15-linked loci was not tested by molecular analysis. Figure 2.1 

shows the genetic and cytogenetic position of these markers as they appear on the 

consensus map (Siracusa and Abbott, 1994). Dr Alison Pilz had previously used this 

cell line to isolate mouse clones, using the same way as described in this thesis, and 

found one clone to map to the Y chromosome. As this work had already been 

completed, I did not carry out any further characterisation of this hybrid line.

The strategy used to construct and screen this library, hereafter referred to as 

LibEBS18AZ, was reported by Hochgeschwender at a! (1989). Dr Alison Pilz had 

provided me with partially digested DNA (Sau3A I) from cell line EBS-18/AZ, size- 

selected in the range of 15-17 kb. Prior to me joining the group, she had established 

the optimum conditions for the construction of a subgenomic library which I adhered to.

The cloning vector was LambdaGEM-11 (Promega). The arms of the vector 

were purchased ready for the ligation reaction. The cloning procedure is depicted in 

figure 2.2.
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Figure 2.1 A composite linkage and cytogenetic map of mouse chromosome 2 showing the 

position of the markers present in the hybrid cell line EBS-18/AZ. The markers in boxes were 

mapped by in situ hybridisation and their position is indicated by a dotted line. The gene names 

are Vim (Vimentin), Abl (Abelson leukaemia oncogene), Gsn (Gelsolin), Acra (acetylcholine 

receptor alpha subunit), Il1b (interleukin 1 beta), Pena (proliferating cell nuclear antigen), Ahcy 

(S-adenosyl homocysteine hydrolase), Ada (adenosine deaminase) and Acra4  (acetylcholine 

receptor alpha 4 subunit, neural) (from Siracusa and Abbott, 1993)
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Figure 2.2 Lambda GEM-11 Xho I  half-site arms cloning strategy

Xho I digested LambdaGEM-11 Vector Genomic DNA
------------------ GATC--------------- GATC

-C TCGAG

CTAG---------------CTAGI Sau3A I partial restriction

GATC--------------  GATC

GAGCT C    CTAG CTAG

^  Klenow + dTTP, dCTP ^ Klenow + dGTP, dATP

CTC TCGAG------------------  -------------------GA GATC--------------GA GATC"

GAGCT CTC------------------  -------------------CTAG AG--------------CTAG AG-

74 DNA ligase

_Len ^ — CTC GATC-------------- GATCGAG---- »flht arm
20 kb 9 kb

----------------GAGCTAG CTAGCTC ------------------

2.1.1 Partial fill-in. ligation and packaging reactions

Buffer used:

10X fill-in buffer:

0.5 M Tris . Cl pH 7.2
100 mM MgS04
ImM DTT
500 mg/ml acetylated BSA (Bovine Serum Albumin) 
lOmM dATP
lOmM dGTP

Ten micrograms of partially digested DNA were mixed with 10 units of DNA 

polymerase I (Klenow fragment) in 1X fill-in buffer in a total volume of 50 \i\. The 

reaction was incubated at 37°C for 1 hour, the DNA purified twice with 

Phenol:Chloroform (1:1) and once with Chloroform:isoamyl alcohol (24:1), precipitated 

with 0.3 M of NaOAc and two volumes of 99.9% ethanol on ice for 30 minutes and 

collected by centrifugation at 12000 g for 15 minutes at 4°C. The pellet was washed in 

1 ml of 70% ethanol for 15 minutes on ice, dried in a vacuum desiccator and 

resuspended in 20 pi of deionised distilled water.

The ligation reaction was set up in a 10 pi reaction volume which contained 250 

ng of hybrid DNA, 1 pg of vector DNA, IX  ligase buffer (GIBCO-BRL) and 2 units of 

bacteriophage T4 DNA ligase (GIBCO-BRL). The mixture was incubated at 4°C
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overnight. The packaging reaction was carried out at 22°C for 2 hours using the 

Packagene extract (Promega). To the packaged DNA, I added 0.5 ml of phage buffer 

(SM buffer without gelatin) and 25 |xl of chloroform. The library was stored at 4°C.

The primary screening of LibEBSISAZ was performed as described in section 

1.12.1. Two hundred and eleven clones that were assigned as positive were subject to 

another round of screening to confirm that they indeed hybridise reproducibly to mouse 

DNA.

2.2 Screening the mouse DNA-containinq clones for the presence of (AC)n dinucleotide 
repeats

All the clones that were unambiguously assigned as carrying mouse DNA were 

hybridised to a (GT)is oligonucleotide to identify those which contained a run of these 

repeats that was larger than 15 repeats. The clones were plated in a microtiter format 

as described in section 1.3.3, lifted in the standard way and hybridised to the 

oligonucleotide as described in section 1.12.1. The clones that gave a ‘strong’ signal 

were selected for further analysis.

2.3 Subcloninq. screening and sequencing of the clones with an (ACL repeat

Two cloning strategies were followed to clone the fragments which contained 

the (AC)n repeat; directional cloning using enzymes Sst I and Hind III in combination 

(section 1.6.3.1.2) and non-directional cloning using enzyme Sau3A I (section

1.6.3.1.1). Initially I employed non-directional cloning but as this work progressed, 

directional cloning proved a more efficient cloning strategy. The screening of the 

recombinant colonies was done as described in section 1.8.1. Positive colonies were 

picked, grown and plasmid DNA prepared in a small scale. Five hundred nanograms of 

plasmid DNA was digested with two restriction enzymes to release the insert DNA, run 

on 0.8% gel, blotted and hybridised to the (AC)n oligonucleotide to ensure that the 

plasmid clones picked did contain the repeat.

All plasmids were sequenced irrespective of size, using both the T3 and KS 

sequencing primers that flank the insert DNA in pBluescript. For those clones in which 

the repeat sequence was not close enough to the priming sites to be resolved clearly, 

one oligonucleotide was designed to ‘walk’ further into the sequence and transverse 

the repeat. If the ‘quality’ (clarity of banding pattern) of sequence was not satisfactory, 

no PCR primers were designed; it was observed that the ability to amplify a region was 

directly related to the quality of the sequence. It is possible that this was associated 

with specific DNA conformations which affected the polymerisation process.
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2.4 Genetic mapping of markers isolated
2.4.1 The interspecific backcrosses and mapping of the markers isolated

DNA samples from two interspecific backcrosses were obtained from the 

Jackson Laboratory. These were of the type (C57BL/6J X Mus spetus) FI X [C57BL/6J 

(BSB panel 1)] or [Mus spretus (BSS panel 2)], each consisting of 94 first generation 

backcross progeny (Rowe et al., 1994). Both backcrosses were typed for several 

anchor markers for chromosome 2 in a joint effort between Drs Alison Pilz, Lorna Pate 

and myself. I will indicate the contribution of these colleagues in chapter 3. The typings 

for the loci D2Mlt4 (Rowe eta!., 1994), D2Mit8, D2Mit9, D2Mit62, D2Mit254, D2Mit19, 

D2Mit22, D2Mit25, Iapls3~4 (Lueders and Frankel, 1994) and Pmv4/D7Mit20/D7Bir8 

(Rowe et a!., 1994) were obtained from the Public Database maintained at the Jackson 

Laboratory. The gene order was derived using the Rl Manager computer package 

(Manly and Elliott, 1991) by Lucy Rowe at the Jackson Laboratory. The recombination 

distance was calculated assuming complete interference and reflects the 

recombination fraction (r). This is equal to R/n, were R is the number of mice carrying 

a recombinant chromosome and n the total number of mice analysed (Green, 1981).

The standard error (SE) was calculated using the formula;

SE= Vr (1-r) /  Vn (Green, 1981)

The primer pairs obtained were tested to establish the optimum conditions for 

the PCR. Initially the BSB backcross was used to map the first ten markers that were 

isolated from MMU2. Subsequently, I reverted to the BSS backcross as the use of this 

backcross allowed the mapping of loci for which the Mus spretus allele failed to 

become amplified. For such loci, the heterozygotes were distinguishable from 

homozygotes by the presence or absence of a PCR product (the C57BL/6J allele).
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Part 3: Genetic and physical mapping near wsf and Ra
3.1 Genetic maps
3.1.1 The interspecific crosses

‘Wasted’ backcross:

As outlined in the introductory section, Ra is a semidominant mutation which 

affects the texture of the coat and which maps very close to wst (0.2 cM; Peters et al., 

1994). These two genes were bred in repulsion and the ragged phenotype was used as a 

quick way to identify wst/+ mice. This breeding scheme is depicted below. Only the non

recombinant haplotypes are shown.

Mus Spretus

wst

Ra/wst stock

FI phenotypes: wild type

wstft ft"
-|--|-W St w s t-l--l- +

F2 phenotypes: wasted ragged

R . +  .

wst +

wild type

r#:
ragged

Ra+/+wst females were mated with Mus spretus males. Wild type (i.e. non

ragged) F1 females from this cross, presumptive wst/+ heterozygous because 

recombination events between Ra and wst are very rare, were then backcrossed to 

Ra+/+wst males. The subset of wasted animals from the progeny which developed ataxia 

and tremors and showed loss of weight were killed at day 23 after birth and used in the 

analysis.

‘Ragged’ cross:

For the ragged cross, Ra/+ heterozygous females were crossed to Mus spretus 

males and the FI female offsprings, with ragged phenotype, were crossed to mice of 

the C3H/HeH strain. All the mouse strains used in these two crosses were maintained 

at the Medical Research Council Radiobiology Unit (Harwell, UK). The ragged and
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wasted backcrosses consisted of 329 and 167 first generation N2 progeny 

respectively.

3.1.2 The construction of the genetic maps

The phenotyping of both sets of backcross progeny was a joint effort between 

Drs Cathy Abbott, Alison Pilz and myself. Table 2.1 lists the markers that were mapped 

relative to wst and Ra. The first 166 animals from the ragged cross and the first 94 

from the wasted cross were phenotyped for all the markers, except for Gnas and 

D2Mit52 for which only the informative meioses in the interval Acra4-U1b were 

phenotyped. After this stage for both wasted and ragged crosses all the animals were 

phenotyped for markers D2Ucl1, Acra4 and D2Mit266 and only the recombinant mice 

for the markers defined by this interval (about 5 cM in length). The phenotypes at 

Acra4 for the first 94 wasted animals and the first 166 ragged mice were determined 

using an EcoR V RFLV (see table 2.1). Subsequently I established a PCR assay for 

this locus and the 94 wasted animals were phenotyped again while the ragged animals 

were not. This PCR assay {D2Ucl29\ Malas and Forero, 1995) was used for all 

subsequent typings.
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Table 2.1 Details of the markers mapped relative to Ragged and wasted
64

Locus Name Method Primer sequence / probe Restriction enzyme PCR conditions  ̂ PCR product size Contributor Reference
Annealing Temp. IMa

55°C

6 4 X

Gnas

Gnas

D2Ucl1

RFLV

RFLV

SSR

5’-GCCAAGTACTTCATTCGGGAT-3’
5-CTGCAGGGCCCTTAAGCTTAC-3'

5’-CTCATGGAGGCATATCCCCAA-3’
5’-TAGCAGGGCAGCAACAGCAC-3’

H in fl

PstI

4 mM 580 bp

2 mM

SM

AP

SM

Elizabeth Dutton; 
Unpublished

Abbott et al., 1994

D2Mit20(y SSR 5’-CCATGGCCTCATCATATGGCCT-3’
5-TGGGCCATAGATTGAAGGGCTG-3'

58°C 1.5 mM 142 bp SM Dietrich et a!., 1994

D2Mit23Cr SSR 5-TTTGCCTGCTTGCTTCTCAGCC-3'
5’-TCCGGTAAGGATGACCTCATCA-3’

58°C 1.5 mM 200 bp SM Dietrich ef a/., 1994

D2Mlt74* SSR 5’-AGCTTGCAGTTTGTTAGCATGC-3’
5’-GTTGAGGTGTTATTGAGCCCTG-3

58°C 1.5 mM 154 bp CA, AP Dietrich et al., 1994 
SM

D2Ucl29 LV 5-GACGAGAAGAACCAGATGAT-3'
(Acra4) 5’-ATGTCAGGCCTCCAGATGAG-3’

55"C 2.0 mM c. 214 bp SM Malas & Forero, 1995

Acra4 RFLV CHRNA4

D2Mlt266* SSR 5’-CACTCCTTGCTATTCTCTTCTC-3’
5’-ACTTCCTCAAGTCATCTTCTGG-3’

EcoR V

58°C 1.5 mM 199 bp

AP

SM Dietrich et al., 1994

*- the primer sequences were obtained from the published sequence (Dietrich et al., 1992 and 1994), but are not identical to the published primer sequences. SSR- simple 
sequecne repeat; RFLV, restriction fragment length variation; LV- length variation; CA- Dr. Cathy Abbott; AP- Dr Alison Pilz; SM- Stavros Malas. All the PCR reactions, 
performed by SM, were carried out as described in section 1.9.1 using 200 ng of genomic DNA. The dénaturation and elongation steps were 94°C for 20 sec and 74°C for 30 
seconds respectively. The primers for D2Ucl29 were designed by CA to correspond to the rat cDNA (bases 223 -362; cDNA 4-1, Goldman et al., 1987).



3.2 Screening of Yeast Artificial Chromosome (YAC) library
DNA pools I tor: two mouse genomic YAC libraries were obtained for the

Department of Biochemistry and Molecular Genetics St. Mary’s Hospital Medical 

School (London, UK). The libraries include one library constructed in yeast strain rad52 

strain 3a (St. Mary’s; Chartier et al., 1992) and one constructed in yeast strain AB1380 

(Imperial Cancer Research Fund; London UK; Larin et a!., 1991). I will refer to the two 

libraries as St. Mary’s and ICRF respectively. The St. Mary’s library was constructed 

from a C57BL/10J (female) mouse and the ICRF library from a female C3H/HeH 

mouse. Both libraries were constructed in the vector pYAC4 (Burke et a/., 1987) using 

EcoR I partially-restricted genomic DNA and each one is 3.5 genome equivalent 

(Chartier et a!., 1992; Larin et a!., 1991). The libraries were combined to form 8 stacks 

of microtiter plates. Each stack contains 72 microtiter plates in a 2 x 3 configuration 12 

plates deep (figure 2.3). In order to identify the clones of interest, it is necessary to 

screen single pools of DNAs from the clones of each stack and then individual pools 

from each stack’s rows/columns/floors, so that the co-ordinates of the clones could be 

determined. The libraries were screened for the Acra4 and D2Mit266 loci. All the 

reagents used for this experiment were kept in separate storage containers and only 

used for this purpose. To avoid contamination from exogenous DNA, the reactions 

were set up in a room that was never used for electrophoresis of any of the PCR 

products generated from these loci. The thermocycler used was also temporarily 

installed in this room. For every set of PCR reactions 3 or 4 negative control reactions 

(no DNA) and one positive control (mouse DNA) reaction were included.

3.2.1 Screening of the librarv stacks

Each stack is represented in three tubes which contain pooled DNAs from the 

rows/columns/floors of the stack. So, from a positive stack all three tubes should 

contain the target clone. I pooled 2 pi of DNA from each tube (the DNA concentration is 

not provided) in single 25 pl-PCR-reactions (i.e. 6 pi of DNA + 19 pi of PCR reagents) 

and performed the PCR as described in section 1.9.1. The annealing step was 

extended to 2 minutes for both Acra4 and D2Mit266.

3.2.2 Screening individual stacks to determined the co-ordinates

As shown in figure 2.3 each stack is represented by 60 tubes which contain 

pools of DNAs from individual rows/columns and floors. In order to cut down the 

number of PCR reactions performed and introduce an additional control for possible 

contamination, the screening was carried out in two rounds (figure 2.3).
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Figure 2.3 Schematic outline of the screening of the two mouse YAC libraries. This figure shows only 

one stack. Each stack is broken down to pools of: 12 floors (letters a-p), 24 columns (A-W) and 24 rows 

(1-24).

1 F l o o r s  1 1 C 0  1 u m n s I 1 R o w s 1

a. p. T, 8. t, n. 9.1, ic. X. u H.O.C. O.Ë.F, O.H.I. J.H.K, L.M.N, O.P.O. R.S.T. U.V.W, 8. 9. 10. 11. 12. 13 .14. 15. 16. 17,18. 19. 20. 21.22. 23.24

Round

‘Minipools’ a  5 t] k 

Round 2

K L

1 4  7 10 13 16 19 22Ô T 1 K  A D G J K M P R  1 4 7A A A
8 C J

Coordinates

In round 1, three samples from each category were combined to form the 

‘minipools’ (4 minipools for the rows and 8 minipools for the columns and rows), 

labelled with the first letter of the three samples. So, 60 tubes were screened in 20 

reactions. Having identified the positive minipool, the three constituent pools were 

tested individually (round 2) and the co-ordinates determined. If there was no 

consistency between rounds 1 and 2 in detecting the target region, even after duplicate 

tests, then there was a strong possibility for contamination in one of the rounds.

In some cases, especially for the Acra4 locus, reamplification reactions of the 

primary PCR products was necessary to detect the target clone. The primary PCR 

product was diluted 1:10 (working in a safety cabinet) and 1 pi used to perform a 

secondary PCR reaction using one nested primer. The negative controls used in the 

primary amplification were also diluted and reamplified.

All the potential positive clones received were plated on to AHC" agar plates 

and single colonies grown in 3 ml cultures. For Acra4, one block for PFGE was 

prepared from each colony and tested by Southern blot hybridisation. The clones from 

D2Mit266 were screened only by PCR.
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3.2.3 Construction of vectorette libraries

The vectorette libraries were constructed based on the principle described by 

Riley et al., (1990). Figure 2.4 describes the basis of this technique. For the 

construction of the vectorette libraries, 4 |ig of yeast DNA was restricted and purified 

as described in section 1.6.1.1. All the enzymes used gave blunt ends. These were 

Rsa I, Hae III, Mine II, Dra I, EcoR V and Alu I. Most end-clones were isolated using 

the first three enzymes. Equal amounts of the two vectorette strands were heated to 

95°C for 2 minutes and placed in a 200 ml water bath, preheated to 85-90°C, until the 

temperature dropped to below 30°C. The ligation reactions were performed at 14°C 

overnight. The ligation mixtures contained 1 pg of restricted DNA, 100 pmoles of 

annealed vectorette cassette, 3 units of ligase with the recommended buffer (GIBCO- 

BRL) in a 50 \i\ reaction volume. After the ligation, 1 pi of the ligation mixture was used 

to in a 50 pi PCR reaction. The conditions were 95°C - 25sec; 58°C - 30sec; 74°C- 1 

min. for 35 cycles. The PCR product was restricted with the enzyme EcoR I and 

analysed on a 2% agarose gel. Those products which contained an EcoR I site at the 

appropriate position were selected for cloning or used as hybridisation probes. The 

same vectorette libraries and PCR conditions were used to isolate hybridisation probes 

which are adjacent to markers D2Mit74 and D2Mit266 (see below).

3.2.3.1 Isolation of hybridisation probes by vectorette PCR 
D2Mit74:

5’-CCAaacüacaatttattaacatacATGCATGTNCATGTGTGTGCATGTGTGCTTGTATGT 
ATATGCGTGCATGTGTGTGCATGCATGAGTGTGTGTGTGTGTGTGTGTGCGTGTG 
CA TG TA G TO TGAA G OTA TACAGGGCTCAATAACACCTCAAC-3 ’

The library used was made with the enzyme Dra I. The sequence shown above defines 

D2Mit74 (Dietrich at a!., 1994). The lower case letters represent the forward primer. 

The two reverse primers' sequences are underlined. The PCR was done using the 3’ 

reverse primer, followed by digestion of the product (approx. 650 bp) with the enzyme 

Hind III (restriction site given in bold letters). This removed the region which contained 

the dinucleotide repeat (italics). This fragment contained a second Hind III site 

upstream of this locus. To avoid fragmenting the probe with Hind Ill-digestion, a 

second reverse primer was used to reamplify the primary PCR product. This 

reconfirmed that this product was from the D2Mit74 region and effected the recovery of 

the upstream region as a single fragment.
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Figure 2.4 Schematic outline of the vectorette PCR approach, (a) Sequence of vectorette cassette, 
sho\A/ing the position of the universal primer (underlined). This cassette v^as designed for use with 
restriction enzymes which generate blunt ends, (b) The sequence and position of the four vector-arms’ 
primers in the vector pYAC4. The primers H2772 and H2773 were used for the PCR and the primers 
M0474 and M0475 for sequencing or for reamplification of the primary PCR product where necessary. The 
primer sequences are not identical to those published (Riley et al., 1990). (c) Outline of the steps involved 
to construct a vectorette library and perform the PCR.

(a)
Vectorette cassette:
5’-44G6464GG4CGCTGTCTGTCGAAGGTAAGGAACGGACGAG4G>\AGGGAG46-3' 52bp
3’-rTCCTCTCCTGTCTTTACGATACAACTGCTTGAGCCCGGCGG rcrrC C C rC TC  -5’ 53bp

3 -TCTTTACGATACAACTGCTTGAGCCCGGCG-5' universal primer

(b)
Left a rm - H2772 M0474
-5 -C A C T C T G A A C C A T C T T T C G A A G G -N 86-C C A A G T T G G T T T A A G G C G C A A G -N 19-E c o R  I--N6-

M0475 H2773
--CTTGACATCGGGCGTTCGAC-N31--GTCTCCATTCACTTCCCAGACT-3’-R ig h t a rm

(C)
EcoR I R R

.....V^ctor^ a

Digest with restriction enzyme R

EcoR I
1
R

EcoR I
t
R

‘bubble’

Ligate vectorette cassete

Top strand 

Bottom strand

1st round, universal primer cannot anneal 

H2772 EcoR I

bubble'

Universal primer

' Top strand 

Bottom strand

t
R

PCR using primers H2772 and universal 
primer, 1st round universal primer cannot 
aneal.

J  PCR product

Universal primer 

Digest with EcoR I

EcoR I
t
R

hybridisation probe
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D2Mit266:

5’-CACTCCTTGCTATTCTCTTCTCTTTATTTTATGTGTTTTGTTAGCCATTTCATATA 
TCTATGGArCTATGCTCCATTTAATTGCACTTGTATGTGCATctctctctctctctctctgtgtgtgt 
gtgtgtgtgtgtgtgtgtgtgtgtgtgfAAACCT CAGAAGT CCAT GTT G AA ACC AG A AG AT GACTT G 
AGGAAGT-3'

The vectorette library used was constructed with the restriction enzyme Rsa I. The 

sequence shown above defines D2Mit266 (Dietrich et al., 1994). The amplification of 

the library was done using the reverse primer (both primer sequences are underlined). 

The PCR product (approx. 600 bp) was cleaved with the enzyme Sau3A I (bold letters) 

to remove the segment which contains the dinucleotide repeat (lower case).

3.4 The mapping of the vitamin D 24-hvdroxvlase in the mouse genome

The human homologue of the rat gene for vitamin D 24-hydroxylase (CYP24) 

was mapped to human chromosome 20q13.2-^q13.3 by in situ hybridisation (Hahn, at 

a!., 1993). In order to map the mouse homologue of CYP24, PCR primers were

designed from the 5’ end of the rat cDNA (Ohyama at a!., 1991). The sequences were:

5-AGCTGCCCCATTGACAAACGG-3'

5-CCAGCGTGTCGTGCTGTTTCT-3'

The PCR was performed as described in section 1.9.1. with cycling conditions 

of 94°C for 20sec, 60°C 30sec, 74°C for 30sec for 35 cycles. A PCR product of the 

expected size, 256 bp, was obtained from C3H/HeH and Mus spretus DNA. Allelic 

variants from this locus were resolved by single strand conformation analysis (SSCA). 

The N2 progeny used was that segregating Ra.
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Part 1 ; The Isolation of Markers from MMU2
1.1. The isolation of mouse clones from hybrid line EBS-18/AZ

The cell line EBS-18/AZ is a mouse-hamster somatic cell hybrid line which 

contains MMU2, part of proximal MMU15 and submicroscopic fragments from other 

chromosomes. Dr Alison Pilz had established that this cell line carries a fragment from 

the Y chromosome as well. The initial titration of the library (hereafter referred to as 

LibEBSIBAZ) indicated that approximately 30,000 plaque forming units (pfus) were 

obtained. This titer dropped by about three fold in a space of one month. Table 3.1 lists 

the number of clones obtained by screening this library.

Table 3.1 The results from the screening of library LibEBSIBAZ to isolate mouse clones

Total number of clones screened 10,800

Positives at primary screen 215

Positives on secondary screen 214

False positives 1

Some clones which hybridised weakly to radiolabelled mouse DNA were 

hybridised to radiolabelled hamster DNA, after quenching the hamster repetitive 

sequences, as described in chapter 2. None of these clones hybridised to hamster 

DNA. Figure 3.1 shows two different plates from the primary screening. Some clones 

which hybridised weakly to mouse DNA are pointed out. Compared to the hybridisation 

pattern of the control mouse library (see fig 3.1), these clones were scored as positive.

Figure 3.1 The result from the screening of two plates from library LibEBSISAZ with 

radiolabelled mouse DNA. Each plate (a and b) contained approximately 600 clones. Only a 
section of the plates is shown. The arrows facing downwards point to clones that hybridised 
strongly to mouse DNA. The arrows pointing upwards indicate clones which were also screened 
with hamster DNA; note the comparable hybridisation affinities between these clones and some 
of the mouse-specific clones (plates in c). c. Duplicate plaque lifts from mouse and hamster 
libraries included in the screening of plates a and b as positive and negative controls 
respectively. Some mouse clones did not hybridise at all to mouse DNA, about 50% of them, as 
determined by superimposing the autoradiograph with the plate lysate.
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Figure 3.1 continued
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To calculate the number of mouse DNA-containing clones that would be 

expected in the 10,800 clones screened, the mouse DNA content in hybrid EBS-18/AZ 

is assumed to be in the order of 300 Megabases (equevalent to the combined genetic 

length of MMU2 and half of MMU15, Davisson and Roderick, 1989; assuming IcM ~ 

2Mb). The hamster diploid DNA content is assumed to be 6.4 x 10® bp. So the total 

EBS-18A/Z DNA content is 6.4 xIO® bp + 3 x 10® bp; the mouse-DNA content of the 

EBS-18/AZ genome is 4.7%. In 10,800 bacteriophage plaques, 507 would be expected 

to originate from mouse DNA-containing clones (provided all plaques originated from 

recombinant bacteriophages). The proportion of clones isolated, 42% of the expected 

number (table 3.1), compares well with the proportion of mouse DNA-clones which 

hybridise to radiolabelled mouse genomic DNA (50%). Previous studies estimate that 

the efficiency of detection using this method is 100% (Hochgeschwender eta!., 1989). 

The control mouse genomic library used in the aforementioned study was constructed 

using fully EcoR I-digested mouse DNA. In such a library, the 1.3-kb EcoR I LI 

fragment (Bennet and Hastie, 1984) is likely to be over-represented, for it is 

stoichiometrically much more abundant than any other fragment.

1.2. Screening for (AC)n microsatellites

The primary objective of this effort was to isolate molecular markers for MMU2. 

Microsatellites of the (AC)n type were specifically targeted as they are the most 

abundant in the mouse genome and occur, on average, every 18 kb (Stallings et al.,

1991). The hybridisation protocol was designed to detect stretches of (GT)n>i5 (see

Materials and Methods), since long microsatellites in humans tend to be more 

polymorphic (Weber, 1990).

Table 3.2 Results from screening the mouse clones for the presence of (AC)n microsatellites

Number of bacteriophage X clones screened 202

Positives 92

Number of subclones sequenced 30

Primer pairs designed 25

Markers assigned in the mouse genome 19

As shown in table 3.2, 202 clones were screened with an end-labelled (GT)is 

oligonucleotide and 45.5% (92/202) were scored as positive (fig 3.2). Ninety percent of 

mouse DNA cosmids, average insert size 34 kb, would be expected to hybridise to a 

(GT)n oligonucleotide (Stallings et a/., 1991; see page 17). The EBS18AZ
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bacteriophage X clones carry on average 15 kb inserts, so the frequency of (AC)n 

repeats in this sample would be expected to be slightly less than 50%, consistent with 

what was observed.

F igure  3.2 A duplicated array of mouse DNA-containing bacteriophage X clones hybridised to a 

(G T)i5 oligonucleotide. All clones that gave a duplicate signal were scored as positive for the 

presence of an (AC)n repeat (29 in this case). The arrows define the orientation o f the 

membranes with respect to the plate lysates.

#
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e# #
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« •  •  •
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#  #  #  
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All the microsatellite clones isolated and sequenced had at least 15 

dinucleotide repeat units, with the exception of D2Ucl25 which has 14 dinucleotide 

repeat units and D2Ucl4 which contains an imperfect repeat run (table 3.3). D2Ucl1 

defines a tetranucleotide repeat which was present in the same subclone as an (AC)n 

repeat. No false GT-positive clones were observed. Initially, I determined the DNA 

sequences which define (AC)n microsatellites. Subsequently, I reverted to determining 

the sequences which were associated with, but did not define, microsatellites. This 

group includes the clones whose sequence immediately flanking the repeats could not 

be established.

In total, 25 pairs of primers were designed to span 17 microsatellite repeats and 

8 non-microsatellite-containing regions. Twenty one loci could be specifically amplified 

using the PCR and for 19 of them allelic variants between Mus spretus and C57BL/6J 

were detected. Fourteen of them defined microsatellite sequences and five random 

sequences. Ninety three percent of the microsatellite-defining loci exhibited length
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variation between Mus spretus and the mouse strains whose alleles were tested (table 

3.3). All the new markers reported in this study were denoted as D_Ucl (for University 

College London). The PCR primer sequences and other details are listed in table 3.3

1.3 Mapping 19 sequence tagged sites the mouse genome

The genetic mapping of these loci was carried out using two interspecific 

backcrosses each one consisting of 94-animal N2 progeny. The crosses were of the 

type (C57BL/6J X Mus spretus) FI X [C57BL/6J (BSB)] or [Mus spretus (BSS)], 

referred to as BSB and BSS respectively (Rowe et a/., 1994). Both progenies were 

phenotyped for a number of anchor loci on MMU2, in a joint effort between Drs Alison 

Pilz, Lorna Pate and myself. Dr Pilz established the phenotypes for loci D2Mit1, Dbh, 

Ak1, and Gnas and Dr Pate those for D2Mit52 and D2Uc!1 for the BSS backcross. The 

typings for the loci D2Mit4, D2Mit8, D2Mit9, D2Mit62, D2Mit254, D2Mit19, D2Mit22, 

D2Mit25, lapls3-4, Pmv4, D7Mit20 and D7Bir8 were obtained from the Public Database 

maintained at the Jackson Laboratory. From the 19 markers that were mapped, 18 

mapped to MMU2 and 1 to MMU7. The pedigree analysis is shown in Fig 3.3 (only the 

data for MMU2 is shown). The gene order was derived by minimising the number of 

double crossovers and is shown in Fig 3.4. For this order, the number of mice carrying 

recombinant chromosomes relative to the total number of mice analysed is: BSB 

(MMU2) Cen -//-D2Mit1 -9/94- D2Mit4 -6/94- D2Ucl3 -1/94- Dbh -5/94- Ak1 -2/94- 

D2Ud4 -12/94- D2Mit8-m4-Acra -2/94- D2Ucl5 -2/94- D2Ucl6 -1/94- D2Ucl7 -2/94- 

D2Ucl8, D2Ucl9 -2/94- D2Ucl10 -6/94- D2Mit62 -5/94- 111b -4/94- D2Mit19 -15/94- a - 

8/94- D2Mit25 -1/94- D2Ucl1 -2/94- D2Mit74, D2Ucl29 -//- Tel; BSS (MMU2) Cen -//- 

D2Mit1 -3/93- D2Mit4 -2/94- D2Ucl2 -3/94- D2Ucl3 -7/94- A ki -1/94- D2Ucl21 -7/94 - 

D2UCI22 -1/90- D2Mit8 -8/94- D2Ucl23, D2Mit9 -2/94- Acra -5/94- D2Ucl24/25/26/27 - 

6/94- D2Mit97 -2/94- D2Ucl28 -5/94- D2Mit254 -5/94- 111b -10/94 -D2Mit22 -7/89- 

D2Mit52 -4/94- D2Ucl1, Gnas - //- Tel; BSS (MMU7) Cen -//-lapls3-4 -2/92- D7Ucl2, 

Pmv4 -1/94- D7Mit20 -20/92- D7Bir8 -//-Tel. The chromosome 2 maps defined by the 

same loci in both backcrosses {D2Mit1 - D2Ucl1) measure 94.6 cM and 82.5 cM for the 

BSB and BSS panels respectively. Figure 3.5 shows three examples of the 

electrophoretic systems used to determine the phenotypes at the D_Ucl loci.
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Table 3.3 Details of the microsatellites and other Sequence Tagged Sites (STSs) mapped in the mouse genome.

Locus Primer sequences PCR product 
size (bp)

Repeat
Unit

Gel %* PCR conditions Size Variation* 
[IV Ig2^ ] ; Annealing 

Temperature

D2Ucl1 CTCATGGAGGCATATCCCCAA
TAGCAGGGCAGCAACAGCAC

206
(GTTTleGTTGTTT

3% 2 mM; 64°C Cast>AKR=C3H=DBA=B6>Spr

D2Ucl2^ CACTTTCAGCAAAGTAGCTGAGTA
CTGGGTTGGTGATACATTTCACAG

515
(C A )2 5

1% 1.5 mM; 57°C Spr>B6=AKR=C3H>DBA>Cast

D2Ucl3 TTGTGTGTGCATGCACATGC
GCCAAAGAAACACAGGTGAC

110
(GT)i 6

3% 1.5 mM; 54°C Spr>Cast>DBA>C3H>B6>AKR

D2Ucl4 GAAGAAGAACCCAAGTTTGAG
GACACTGAGAGTTACCACCT

215 (CA)i i TG(CA)i 2
GA(CA)i 2TG(CA)9

2% 1.5 mM; 55°C Cast>B6=DBA=AKR>C3H>Spr

D2Ucl5 ACAGTGGAAGCCACTAAACAGGT
TCACTGCATATGAGCAGTGAGGA

251
(CA)22

2% 2.5 mM; 54°C Spr>AKR>Cast=B6=DBA=C3H

D2Ucl6 GCTGCGGGCACTACACTAAA
GCTTGCCAGAATGTCCCTTG

196
(CA)21

2% 2.5 mM; 61°C Spr>Cast=B6=C3H=DBA=AKR

D2Ucl7 GACACTACATGACATACACG
GCAGAATCAGGCTGTAGATA

248 CA)ieTAC(CA)4
N4(TA)4(CA)5

3% 3.0 mM; 55°C C3H=AKR>B6=DBA>Spr>Cast

D2Ucl8 CATTATAGTCAAATGTCACTGGTGC
TCCACAAATATGGCTTAAGCTATATC

267 (C A )2 7 8% 1.5 mM; 57°C C3H>Cast>Spr>B6=DBA=AKR

D2Ucl9 CAGTAACAACACATTGGCTTC
GTGAACATTCTGAAAGAGGGT

198 (C A )2 6  (T A )7 2% 1.5 mM; 52°C B6>DBA=C3H=AKR>Cast>Spr

D2Ucl10 GTGGCTTATCTTGAGGTGGT
GGTCCACAAACACACAAATCA

300 (CA)i 8 2% 1.5 mM; 57°C AKR>B6>C3H>DBA>Cast>Spr

The loci listed in bold type represent non-microsatellite markers. The PCR product size and the repeat unit refer to the cloned allele (Balb/c). SSCA- single strand 
conformation analysis (only the C57B6/6J and Mus spretus lines were tested for specific conformers); n-indicates a null allele in Mus Spretus] s-denotes the markers for 
which the spretus allele is selected against during the PCR in heterozygotes. Both primer sequences are written in the 5’ to 3' orientation. $- gels from 1-3% were normal 
agarose and 8% gels were native polyacrylamide gels. *- The abbreviations for the mouse strains were; Spr - Mus spretus, Cast - CAST/Ei, C3H - C3H/HeH, DBA - 
DBA/2J, AKR - AKR/J, B6 - C57BL/6J. ‘ >' denotes that one allele is larger than another; denotes alleles are of equal size when resolved on a 22 cm long native 8% 
polyarylamide gel.



Table 3.3 continued

77

Locus Primer sequences PCR product 
size (bp)

Repeat
Unit

Gel PCR conditions 
[Mg2̂ ] : Annealing 
Temperature

Size Variation*

D2Ucf2r^ '̂"

D2Ucl22

D2Ucl23̂ ^̂ ^

D2Ucl24"

D2Ucl25

CCAGGTACAGTTGAGTTCCT
CCAGCCAATATCATCCAGAG

203

CTCCAATCAAGCATGCAATACC 339
CAGTGCCATAAATTTTAAATGCATCC

CTCAGTGATATTGGCCGAAC
ATGAGACACCGTGCACACAA

205

CTGGTAGGTTTATAAGAGAACTGAGA 203 
CTGACAATTCTGCAATGTTCTTGTTC

CAGCTCTTCCCATCCAAATTG
CCTATGTCTACGCATACAGC

236

( T A ) 2 i( G T ) 2 2 G A  2% 
( G T ) i iN i5 ( T A ) i6

8%

(CA)i.

2%

3%

1.5 mM; 5 7 X

1.5 mM; 55°C Spr>C3H>DBA>AKR>B6>Cast

2.0 mM; 58°C

2.0 mM; 58°C

4.0 mM; 54°C B6=DBA>AKR=C3H>Spr

D2UCI26 CCAAACAATAGGCATGGGAAGC 242
TGAGCAGACAGTAGCAGCATAG

D 2U c l2 f TTACTGGGACTGACACTCCC 373
ATGCTTGGAGCCTGCTTGCT

D2UCI28 AAGCAATATCCTTCATCAAACTTCC 241
CCAATATCTAGTAACATCCACTTAC

D7Ucl2 GTGCTCCTTTCACAATAGAGGA 193
GTGAGAAACCATGTACCATTGG

2%

( C A ) i 7

(C A )2 4

2%

8%

2%

2.0 mM; 58°C

2.0 mM; 63°C B6=DBA=C3H=AKR>Spr

1.5 mM; 55°C Cast>B6>DBA>Spr>AKR>C3H

1.5 mM; 57°C Spr>B6=C3H=DBA=AKR



Figure 3.3 (facing page) Haplotype analysis of 94 N2 progeny from the BSB (a) and BSS (b) 
backcrosses for MMU2 markers. The loci listed to the left include only markers which recombined 
with each other (see fig. 3.4 for co-segregating loci). Each column represents the chromosome 
inherited from the F1 female parent. The Mus spretus allele is represented by open boxes and the 
C57BL/6J allele by black boxes; stippled boxes represent untyped loci. The number of animals 
carrying a particular haplotype are listed below for both males and females. For some loci, a few 
animals (no more than 5) were not typed; in predicting the above haplotypes these phenotypes 
were deduced, but they were not counted in determining the recombination distances; nor were 
they included in the chi-square analysis (see later). The gene order would not be altered, should 
the phenotypes be different from those deduced.
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F ig u re  3.4 Linkage map of mouse chromosomes 2 (MMU2) and 7 (MMU7) showing the position of the 

D__Ucl markers (bold typeset). For the Chr 2 and Chr 7 maps, the position of D2Mit1 and lapIs3-4 was 

arbitrarily set to 0 cM from the centromere (black circle). The numbers to the left represent the genetic 

distance from this point; those to the right define the recombination distance between adjacent loci + 

standard error. The backcross N2 progeny used to construct each map is given in brackets.
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Figure 3.5 Examples of electrophoretic analysis used to establish the phenotypes at three D_Ucl loci. 
Ethidium bromide stained 2% agarose gels used to determine the phenotypes for loci D2Ucl4 (a; BSB 
backcross) and D2Ucl24 (b; BSS backcross). c. Silver-stained 8% polyacrylamide gel showing the single 
strand conformers (arrows) which segregate in the BSB backcross progeny at locus D2Ucl23. 
Abbreviations- ‘kb’- DNA molecular weight markers, ’B6’- C57BL/6J allele, ‘MS’- Mus spretus allele, ‘HM’- 
homozygous (i.e. absence of MS allele for BSB and absence of B6 allele for BSS), ‘HT- heterozygous (i.e 
presence of MS allele and B6 allele in BSB and BSS respectively), ‘C''® - no DNA control reaction.

kb B6 MS HM HT HT HT HT

220 bp

202 bp

kb B6 MS HM HM HT HM
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1.3.1. Test for Segregation Distortion (SO)

The loci presented in this study represent all the regions from MMU2. Previous 

work, using the same backcrosses, reported the presence of segregation distortion 

(SD) in the BSB backcross in favour of the Mus spretus-6enve6 allele (Rowe et al., 

1994). The data were analysed by way of a chi-square test for both the total 

inheritance pattern as well as for males and females separately. The results are 

tabulated in table 3.4 and the distribution of the C57BL/6J- and Mus spreft/s-derived 

alleles is shown in Fig 3.6. One (possibly two) region on MMU2 shows significant 

(0.05>P>0.001) SD in favour of the Mus spretus-àefwieô allele in the BSB backcross 

(table 3.4). These areas are defined by loci D2Mit8 to D2Mit62 and D2Mit19 to the 

non-agouti (a) locus. For both regions, the distortion appears to increase and then 

decrease along the chromosome suggesting a single locus (or tightly linked loci) is 

driving SD of linked loci. In the BSS backcross, none of the loci exhibit this 

phenomenon (table 3.4).

The chi-square analysis for the sex-specific data suggests that SD in the BSB 

backcross is solely due to a significant excess of M.spretus-ôenweà alleles in males 

(table 3.4). This phenomenon manifests at all the loci, as shown from the analysis of 

the sex-combined data, and extends to include D2Mlt25 (table 3.4). In addition, 111 b the 

only locus not showing SD when analysing the sex-combined data in this interval, does 

show SD in males. The ratio of heterozygotes to homozygotes in females is not 

distorted in favour of any phenotypic class. Unlike the results of the sex-combined 

data, there is a weakly significant (P<0.05) excess of B6 alleles in the BSS males in a 

2 cM region defined by D2Ucl23 and Acra (table 3.4; fig 3.6).

When the non-recombinant chromosomes are excluded from the analysis for 

the sex-combined data, no SD could be detected at any of the loci for both 

backcrosses (table 3.5). However, when the sex-specific data were analysed SD was 

still observed only in males of the BSB backcross, but was confined to a smaller area 

defined by D2Ucl6 and D2Mit62 (table 3.5). The chi-square values peaked at D2Ucl8 

(0.025>P>0.010) and decreased uniformly (0.05>P>0.025) at either site of this locus 

(table 3.5). This indicates that SD in males is driven by an excess of certain 

recombinant chromosomes; for both backcrosses, and most notably for the BSB 

backcross, the number of recombinant chromosomes is more than double that of the 

non-recombinant ones, which itself indicates a significant excess of recombinant 

haplotypes (see fig.3.4).
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Figure 3.6 Graphie representation of the proportion (P) of heterozygous males, females and total 

number of BSB/BSS backcross progeny. The vertical axis shows the observed P values, calculated 
by dividing the observed number of heterozygotes over the total number of animals In each 
class. The horizontal axis displays the genetic maps derived from each backcross progeny. The 
dot-dashed line represent the P=0.5.
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Tables 3.4/5 Chi-square analysis of the number of Mus spretus-6ef\ye6 (Spr) and C57BL/6J- 
derlved (B6) allele In the N2 94-anlmal progeny of the BSB (20 loci) and BSS (17 loci) 
backcrosses. The loci are listed from the centromere (top) to the telomere (bottom). In some 
cases (e.g. D2Mit1; BSS) some phenotypes were not determined and these were taken Into 

consideration. The chi-square statistic used was = Z [ |observed - expected| - 0.5]  ̂ / 
expected (Sokal and Rohlf, 1981). The expected values equal 1/2 of the sum of the two-allele 
numbers for each locus. The P  values Indicate the probability of observing the allele numbers 
for each locus tested. The and P values In bold type Indicate loci exhibiting SD ( P < 0.05 Is 
considered significant). Table 3.4 shows the chi-square analysis using the total number of 
chromosomes and table 3.5 shows the same analysis using only the animals that carry 
recombinant chromosomes, as deduced from the phenotypes observed.
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84
Table 3.4 Chi-Square analysis of the total number of Mus spretus and C57BL/6J alelles in the BSB and BSS backcrosses

TOTAL MALES FEMALES
BSB backcross BSS backcross BSB backcross BSS backcross BSB backcross BSS backcross

Locus Sor / B6 X^/P Sor/B 6 X^/P Sor / B6 XV P Sor / B6 X^/P Sor / B6 X^/P Sor / B6 X^/P

D2Mit1 47/47 0.00/1.00 38/55 2.75/0.10 27/23 1.32/0.30 22/30 0.94 / 0.50 20/24 0.20 / 0.70 16/25 1.56/0.30
D2Mit4 48/46 0.01 /0.95 40/53 1.54/0.30 27/23 1.32/0.30 23/30 0.67 / 0.50 21 /23 0.02 / 0.90 17/23 0.60 / 0.50
D2Ucl2 41/53 1.28/0.30 25/28 0.03 / 0.90 16/25 1.56/0.30
D2Ucl3 50/44 0.26 / 0.70 41/53 1.28/0.30 30/20 1.62/0.30 25/28 0.03/0.90 20/24 0.20 / 0.70 16/25 1.56/0.30
Dbh 49/45 0.09/0.80 29/21 0.98 / 0.50 20/24 0.20 / 0.70
Ak1 52/42 0.86/0.50 42/52 0.86/0.50 31 /19 2.42 / 0.20 23/30 0.67 / 0.50 21 /23 0.02 / 0.90 19/22 0.01 /0.95
D2UCI21 41 /53 1.28/0.30 22/31 0.60 / 0.50 19/22 0.01 /0.95
D2UCI4 52/42 0.86 / 0.50 31/19 2.42 / 0.20 21/23 0.02 / 0.90
D2UCI22 42/52 0.86 / 0.50 21 /32 1.89/0.20 21 /20 0.00/1.00
D2Mit8 58/36 4.69 / 0.05 40/50 0.90 / 0.50 35/15 7.22 / 0.01 20/32 2.33 / 0.20 23/21 0.02 / 0.90 20/18 0.02/0.90
D2UCI23 39/55 2.39/0.10 18/35 4.83 / 0.05 21 /20 0.00/1.00
Acra 58/35 5.20 / 0.025 41 /53 1.28/0.30 35/15 7.22 / 0.01 18/35 4.83 / 0.05 23/20 0.09 / 0.80 23/18 0.88 / 0.80
D2Ucl5 58/36 4.69 / 0.05 35/15 7.22 / 0.01 23/21 0.02 / 0.90
D2Ucl6 60/34 6.65 / 0.01 37/13 10.58/0.005 23/21 0.02 / 0.90
D2UCI24 46/48 0.01 /0.95 21/32 1.89/0.20 25/16 1.56/0.30
D2UCI7 61 /33 7.76 / 0.01 37/13 10.58/0.005 24/20 0.20 / 0.70
D2Ucl8 61 /33 7.76 / 0.01 38/12 12.50/0.001 23/21 0.02 / 0.90
D2UCI10 61 /33 7.76 / 0.01 37/13 10.58/0.005 24/20 0.20 / 0.70
D2UCI28 46/48 0.01 /0.95 23/30 0.67 / 0.50 23/18 0.88/0.80
D2Mit254 41 /50 0.07 / 0.08 20/30 1.62/0.30 21 /20 0.00/1.00
D2Mit62 59/35 5.63 / 0.025 37/13 10.58/0.005 22/22 0.00/1.00
Il1b 56/38 3.07/0.10 46/48 0.01 /0.95 34/16 5.78 / 0.025 23/30 0.67 / 0.50 22/22 0.00/1.00 23/18 0.88 / 0.80
D2Mit19 58/36 4.69 / 0.05 35/15 7.22/0.010 23/21 0.02 / 0.90
D2Mit22 43/48 0.17/0.90 24/29 0.30 / 0.70 19/19 0.00/1.00

a 59/35 5.63 / 0.025 35/15 7.22/0.010 24/20 0.02 / 0.90
D2Mit25 57/37 3.84/0.10 33/17 4.50 / 0.050 24/20 0.02 / 0.90
D2Mit52 46/46 0.01 /0.95 27/26 0.07 / 0.80 19/20 0.00/1.00
D2Ucl1 56/38 3.07/0.10 43/51 1.28/0.30 32/18 3.38/0.10 23/30 0.67 / 0.50 24/20 0.02 / 0.90 20/21 0.00/1.00
D2UCI29 54/40 1.79/0.20 30/20 1.62/0.30 24/20 0.02 / 0.90
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Locus

TOTAL
BSB backcross BSS backcross

MALES
BSB backcross BSS backcross

FEMALES 
BSB backcross BSS backcross

Sor / B6 X^/P Sor/BS X^/P Sor/BS X^/P Sor/BS X^/P Sor/BS X^/P Sor / B6 X^/P

D2Mit1 26/40 2.56 / 0.20 24/36 2.00 / 0.20 15/21 0.70 / 0.50 17/20 0.10/0.80 11/19 1.63/0.30 7 /1 6 2.78/0.10
D2Mit4 27/39 1.83/0.20 26/34 0.81 /0.50 15/21 0.70 / 0.50 18/20 0.03 / 0.90 12/18 0.83 / 0.50 8 /1 4 1.14/0.30
D2UCI2 27/34 0.59/0.50 20/18 0.03/0.90 7 /1 6 2.78/0.10
D2Ucl3 29/37 0.74 / 0.50 27/34 0.59/0.50 18/18 0.00/1.00 20/18 0.03 / 0.90 11/19 1.63/0.30 7 /1 6 2.78/0.10
Dbh 28/38 1.22/0.30 17/19 0.02 / 0.90 11/19 1.63/0.30
Ak1 31/35 0.13/0.80 28/33 0.26 / 0.70 19/17 0.02 / 0.90 18/20 0.03/0.90 12/18 0.83 / 0.50 10/13 0.17/0.70
D2UCI21 27/34 0.59/0.50 17/21 0.25 / 0.70 10/13 0.17/0.70
D2Ucl4 31/35 0.13/0.80 19/17 0.02 / 0.90 12/18 0.83/0.50
D2UCI22 28/33 0.26 / 0.70 16/22 0.66 / 0.50 12/11 0.00/1.00
D2Mit8 37/29 0.74 / 0.50 26/31 0.28 / 0.70 23/13 2.25 / 0.20 15/22 0.97/0.50 14/16 0.03 / 0.90 11 /9 0.05 / 0.90
D2Ucl23 25/36 1.64 / 0.20 13/25 3.18/0.10 12/11 0.00/1.00
Acra 37/28 0.98 / 0.50 27/34 0.59/0.50 23/13 2.25 / 0.20 13/25 3.18/0.10 14/15 0.00/1.00 14 /9 0.69 / 0.50
D2Ucl5 37/29 0.74 / 0.50 23/13 2.25 / 0.20 14/16 0.03 / 0.90
D2Ucl6 39/27 0.74 / 0.50 25/11 4.69 / 0.05 14/16 0.03 / 0.90
D2UCI24 32/29 0.06 / 0.90 16/22 0.66 / 0.50 16 /7 2.78/0.10
D2Ucl7 40/26 2.56 / 0.20 25/11 4.69 / 0.05 15/15 0.00/1.00
D2Ucl8 40/26 2.56 / 0.20 26/10 6.25 / 0.025 14/16 0.03 / 0.90
D2UCI10 40/26 2.56 / 0.20 25/11 4.69 / 0.05 15/15 0.00/1.00
D2UCI28 32/29 0.06 / 0.90 18/20 0.03/0.90 14 /9 0.69 / 0.50
D2Mit254 27/31 0.16/0.70 15/20 0.45 / 0.70 12/11 0.00/1.00
D2Mit62 38/28 1.22/0.30 25/11 4.69 / 0.05 13/17 0.30 / 0.70
tub 35/31 0.13/0.80 32/29 0.06 / 0.90 22/14 1.36/0.30 18/20 0.03 / 0.90 13/17 0.30/0.70 14 /9 0.69/0.50

D2Mit19 37/29 0.74 / 0.50 23/13 2.25 / 0.20 14/16 0.03 / 0.90
D2Mit22 29/29 0.00/1.00 19/19 0.00/1.00 10/10 0.00/1.00

a 38/28 1.22/ 0.30 23/13 2.25 / 0.20 15/15 0.00/1.00
D2Mit25 36/30 0.37 / 0.70 21/15 0.70 / 0.50 15/15 0.00/1.00
D2Mit52 32/27 0.29 / 0.70 22/16 0.66 / 0.50 10/11 0.00/1.00
D2Ucl1 35/31 0.13/0.80 29/32 0.06 / 0.90 20/16 0.25 / 0.70 18/20 0.03 / 0.90 15/15 0.00/1.00 11/12 0.00/1.00
D2UCI29 33/33 0.00/1.00 18/18 0.00/1.00 15/15 0.00/1.00



Part 2: Genetic and physical maps near ivstand Ra
2.2. Genetic maps

The wasted {ws() and ragged (Ra) genes were mapped relative to other 

molecular markers, based on the phenotypes of 329 N2 animals segregating Ra and 

167 animals segregating wst Hereafter, the respective backcrosses will be referred to 

as ‘wasted’ and ‘ragged’. Two backcrosses were set up at the MRC Radiobiology Unit 

(Harwell, UK) under the auspices of Dr Josephine Peters. The wasted and ragged 

phenotypes were scored at this Unit and I was provided with the tissues from the two 

N2 progenies. Drs Robin Ali, Loma Pate and Alison Pilz helped in the DMA extractions.

Only homozygous wst/wst animals were analysed, as wst/+ heterozygotes are 

indistinguishable from +/+ homozygotes. The phenotypes for both progenies are given 

in the appendix. Segregation distortion could not be tested as only wst/wst 

homozygotes were analysed.

The relative proportion of Ra/+ and +/+ offspring was 50.7% and 49.3% 

respectively. This suggests that the Ra mutation does not affect the viability of Ra/+ 

animals and the penetrance of the mutation is complete. Segregation distortion was 

not detected in this cross at the loci presented in this thesis.

The backcross mice were phenotyped for 5 microsatellites and two genes. The 

names of my colleagues who helped me in this task will be indicated. The 

microsatellites were D2Ucl1, D2Mit200, D2Mit230, D2Mit74 and D2Mit266 (Dietrich et 

al., 1992 and 1994; Abbott at a/., 1994). The genes were Gnas and Acra4. The first 

166 animals in the ragged cross and the first 94 animals in the wasted backcross were 

all phenotyped for D2Ucl1, D2Mit74 (Dr Cathy Abbott) and Acra4 (Dr Alison Pilz), 

D2Ucl29 and D2Mit266. This established the order of these markers relative to each 

other and to wst and Ra. All subsequent phenotypes were established by myself. For 

some closely linked markers only the relevant recombinant animals were phenotyped. 

The results obtained are shown in figure 3.7 in the form of pedigree analysis and the 

gene order is shown in figure 3.8. The number of recombinants for each pair of 

markers is:

Wasted backcross:

D2Ucl1, Gnas - 3/167 - D2Mit200 - 3/167 - D2Mit230 -1/167 - D2Mlt74 - 1/167 - Acra4, 

D2UCI29 -1 /167- D2Mit266 - 2/167 - wst.

Ragged cross:

D2Ucl1,Gnas - 4/329 - D2Mit200 - 2/329 - D2Mit230 - 1/329 - D2Mit74, Acra4, 

D2UCI29, D2Mlt266, Ra
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F igu re  3.7 Pedigree analysis of N2 offspring derived from the ragged and wasted backcrosses. The 
filled boxes indicate the Mus spretus allele, the + Ra allele in the ragged backcross, or the Mus spretus 
allele in the wasted backcross. The open boxes indicate a Ra allele or an allele derived from the Ra/wst 
stock. The stippled boxes indicate untyped loci. Each chromosomal haplotype is depicted by a single 
vertical array of boxes. In the wasted backcross, the haplotypes depicted are from mutant homozygotes. 
The loci are listed to the left, and the numbers below the boxes indicate the number of offspring carrying 
that haplotype. The chromosomes shown are inherited from the FI parent.

Ragged Backcross
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Wst □ □ □ □ □ □ □ □
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Figure 3.8 Linkage maps of distal MMU2 near wst and Ra derived from the data shown in figure 3.7. The 
genetic distances are in centiMorgans + standard error. The filled circle depicts the centromere. The two 
mutant loci are shown in bold typeset.
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As shown in fig 3.8 Ra, did not recombine with D2Mit74, Acra4 and D2MH266 in 

the 329 animals tested. Therefore, at the 95% confidence limit Ra is less than 0.9 cM 

from these loci (derived from the formula 1- (0.05)^ "̂, where n=329). Wasted {wst) 

recombined with all three of these loci which also recombined with each other. This 

renders wst the most distal locus on MMU2. The one recombination event which 

occurred between Acra4 and D2Mit266 had in fact taken place within a 5 kb region 

which is associated with the Acra4 gene, possibly an intragenic recombination event 

(see later).

The positioning of wst distal to D2Mit266 is based on the phenotypes of the two 

animals. According to the records kept at the MRC Radiobiology Unit (Harwell), these 

animals originate from the first litter of nine mice that was derived for the purpose of 

this mapping effort. Three of these mice were scored as wst/wst homozygotes. 

Subsequent to this stage no other matings were set up for at least three months. There 

is considerable doubt as to whether these two animals were indeed wst/wst 

homozygous, since wst did not recombine with D2Mit266 in a subsequent sample of 

165 animals. Given that D2Mit266 is tightly linked to wst, the probability of these two 

loci recombining in 2 out of 3 animals is very small. Therefore, the position of wst on 

the genetic map is potentially incorrect.

There appears to be more recombination in the wasted than in the ragged 

backcross. Both mutations are maintained essentially on the same genetic background 

3H1 [i.e. (C3H/HeH x 101/H)F1] and therefore any differences in recombination could 

only be attributed to either the genetic constitution of the region linked to the two 

mutations or to the mutations themselves. Although these differences are not 

statistically significant (x̂  = 0.6815; 0.3<P<0.5), it is possible that Ra is associated with 

a small chromosomal rearrangement (see discussion).

2.2.1 Mapping Cyp24 In the mouse genome

The gene for vitamin D 24-hydroxylase (CYP24) was assigned to human 

chromosome 20q13.2-13.3 by fluorescence in situ hybridisation (Hahn et a!., 1993). 

There appears to be linkage conservation between this region and distal mouse 

chromosome 2. Therefore, it seemed possible that the mouse homologue of CYP24, 

Cyp24, would map near Ra and wst For the mapping of Cyp24, oligonucleotide 

primers were designed to correspond to the 5' end of the rat gene (Ohyama et a/., 

1991). The PCR product obtained from rat, C3H/HeH and Mus spretus DMA was of 

identical size (265 bp; as expected from the rat cDNA sequence). The inheritance of 

this gene was track through the analysis of the PCR products from 166 N2 mice of the 

Ragged cross, in native polyacrylamide gels at conditions which favoured the formation
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of single-strand conformers specific to Mus spretus DNA. Figure 3.9 shows the genetic 

position of Cyp24 on distal MMU2 and figure 3.10 an example of the electrophoretic 

system used.

F igu re  3.9 Linkage map of distal MMU2 showing the position of Cyp24. The map was constructed using 
the phenotypes from 166 animals from the ragged cross. The number of recombinants for each pair of 
markers is 111 b - 39/166 - D2Mit52/Cyp24 - D2Ucl1, Gnas - 3/166 - D2Mit200 . There is one double 
crossover in the interval between 111b and D2Ucl1/Gnas which is not unlikely, given that this region 
measures 29.5 centiMorgan. The phenotypes for 111b and D2Mi52 were determined by Dr Cathy Abbott. 
Those for Gnas were determined by Dr Alison Pilz and myself. The recombination distance is expressed in 
centiMorgans + standard error.
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F igure  3.10 Silver-stained polyacrylamide gel used to establish the phenotypes at Cyp24 of the N2 
progeny in the ragged backcross. The polyacrylamide matrix consisted of 8% acrylamide (19:1), 0.5X TBE 
and 10% glycerol. Both gels were run at 16V/cm at room temperature. The species-specific single-strand 
conformers lie between the 396 and 506 bp molecular weight markers. Abbreviations- ‘kb’- DNA 
molecular weight markers, 'C3H' - C3H/HeH, ‘Spr’- Mus spretus allele, ‘HM’- homozygous (i.e absence of 
Spr allele), 'HT- heterozygous (i.e presence of Spr allele), ‘ds’ - double-stranded DNA.
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2.3. Physical Maps
Having established the genetic maps with respect to wst and Ra, it became 

apparent that D2Mit266 and Acra4 were the closest genetic markers to wst and were 

the only molecular markers available on the extreme end of distal MMU2. To obtain a 

distal flanking marker for both wst and Ra and provide a resource for obtaining 

expressed sequences, I initiated a ‘chromosome walking' strategy towards the 

telomere. Both these markers were used as probes in an attempt to isolate Yeast 

Artificial Chromosomes (YACs). It was anticipated that the three recombination events 

observed between wst, one of which was believed to be a true recombinant, would be 

instrumental in defining the direction of the walk. For clarity, the identification numbers 

of these three animals are w1, w3 and w84, the former two being the ‘dubious’ wst/wst 

homozygotes.

2.3.1 The isolation of genomic clones from the Acra4 gene region

The first objective was to obtain a specific set of hybridisation probes and 

sequence tagged sites (STSs), which define the Acra4 gene. The only hybridisation 

probe available for Acra4 was the rat cDNA which shares up to 57% overall sequence 

homology with other members of the nicotinic acetylcholine receptor subunit genes 

(Goldman et al., 1987). From a partial screening (about 150,000 clones) of a 

bacteriophage X mouse genomic library, eighteen clones (CDA1-18) were isolated. To 

distinguish which clones were specific to Acra4, PCR oligonucleotide primers were 

designed (by Dr Cathy Abbott) to correspond to the 5’ coding end of the rat cDNA. The 

expected PCR product size was 139 bp. The PCR product sizes of the C57BL/6J and 

Mus spretus parents were c. 218 and 214 bp respectively. I have followed the 

segregation of this locus in the BSB backcross and assigned it to distal MMU2 

coincident with D2M/Y74,^r . 7"' Four bacteriophage

X clones contained this locus, as shown by PCR analysis (data not shown). One of 

them, CDA4, was further subcloned in pBluescript and several clones partially 

sequenced. All the sequences obtained were checked for homology with other 

sequences in the EMBL database but none shared significant homology to any cloned 

sequences. PCR primers were designed for one of these STSs, G85/86, to amplify a 

region of 206 bp (fig.3.11; table 3.6). The alleles that segregate in the wasted stock 

and Mas spretus, at G85/86, showed length variation (fig 3.12). I tested the 

phenotypes of w1, w3 and w84 at this locus and found that w84 was homozygous, 

suggesting that a recombination event took place between the segregating RFLV, 

previously used to score the phenotype of the wasted animals for Acra4, and the locus
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defined by G85/86. Animal w84 is heterozygous at D2Ucl29 as well so this 

recombination event took place between D2Ucl29 and G85/86, both loci being on the 

same clone. Therefore, additional STSs from clone CDA4 were analysed to confirm 

this scoring. The loci G85/86 and D2Ucl29 define a 9 kb region which is presented in 

figure 3.11. The phenotypes of animals w1, w3 and w84 across this region are shown 

in figure 3.12. Partial DNA sequencing and restriction site analysis revealed that this 

region contains the recognition sites for five restriction enzymes with (G+C)-rich 

recognition sites, suggesting the presence of a possible ‘CpG island'. Probes flanking 

these sites were obtained by PCR and used for a long range physical map (see later).

Figure 3.11 Partial physical map of a 9 kilobase region derived from clone CDA4. The oligonucleotide 
primers are denoted by the letter G. The orientation of this clone with respect to the centromere is based 
on the data presented in figure 3.12 and it is depicted in the 5’ to 3’ orientation. The two sequence tagged 
sites A1/2 are defined by the oligonucleotide pairs G19/20 and G85/86. The primers Gs/a/s define 
D2Ucl29. The sequence of the oligonucleotide Ga/s corresponds to the antisense strand of the rat Acra4 
gene (transcript 4-1 Goldman ef a/., 1987). The physical distances were determined through the analysis 
of PCR products obtained from pair-wise primer combinations, on G.8%-1.5% agarose. The size of the 
‘CpG island' was estimated to be approximately 500 bp. The recognition sites for the restriction enzymes 
Sst n, BssH n  and Nar I occur twice in this region.

C8i G96G66 
TEL p = p r  

G«S
CEN

G#/iC8< G9S G23G20

0.7 kb 3.2 kb 0.8 kb 4.3 kb

X -X h o l, S - S s tl,S t - S stI,E  - EagI,N  - Not I, B - B u H II,N a- Nar I

Table 3.6 PCR primer sequences and PCR product sizes in clone CD A4
Primer Name Primer sequence PCR product size (bp)

G66 5’-TGTGGGAGTCTGGCATACCA-3‘ 210®
G67 5’-GTGACCTAGCTCTCTTGCCT-3‘

G85 5-CTCGAGCACCTTCTCCTTAG-3' 206
G86 5-AGCTAGGACCAAGGTCCATC-3'

G95 5-AAGTTTCCTTGTCGTCCTGAGG-3' 450*
G96 5’-TGACAGTTTACCGAGAAGGCAG-3’

G19 5’-TCAGTACCACCCAGGGTTCT-3’ 262
G20 5-TGAGCCAACACTTCCCCTTG-3'

G23 5-ACTGGATGCAGACCTCAGAG-3' 200
G24 5-TGCTGGTTCTAGGTTGGCAA-3'

Gs 5-GACGAGAAGAACCAGATGAT-3' 215®
Ga/s 5’-ATGTCAGGCCTCCAGATGAG-3‘

The PCR conditions for the Gs-Ga/s, which define D2Ucl29, are given in table 2.1 (page 64). These 
conditions apply to all possible pair-wise combinations using 58°C annealing temperature. ‘e‘- estimated 
PCR product size.
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F igu re  3.12 Phenotypes of critical recombinant mice across clone CDA4. a. Silver-stained 
polyacrylamide gels used to determine the phenotypes of the three recombinant animals (w1, w3 and 
w84) in the wasted backcross at sequence tagged sites A1 (G85/86) and D2Ucl29 (fig 3.11). The bands 
indicated by arrows represent the segregating homoduplexes. Note that animal w84 is heterozygous (i.e. 
carries a M.spretus allele) at D2Ucl29, but homozygous (i.e. does not carry a M.spretus allele) at STS Ai 
(this animal is also homozygous at STS A2: data not shown). Animals w1 and w3 are included as controls 
for the Mus spretus allele. Abbreviations- ‘kb’- DNA molecular weight markers; ‘C3H’- C3H/HeH; 'Spr' - 
Mus spretus] ‘HRS’ - HRS/J; ‘10T - 101/H {wst arose on HRS/J and is maintained on 3H1 background; 
‘HM‘ - homozygous, b. The chromosomal haplotype of the distal part of MMU2 of animal w84, given these 
data. The markers shown are those presented in section 3.1.2. The boxes are labeled w and s to indicate 
the alleles from the wasted stock and the Mus spretus parent.

(a)

C3H Spr HRS 101 w1 w3 w84 HM

STS:A

Kb C3H HRS 101 Spr w1 w3 w84

D2Ucl29\ “ 1

220 bp-

202 bp

(b)

TEL W I 8

I
CEN
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2.3.2 The isolation of yeast artificial chromosomes (YACs)

Having isolated several PCR and hybridisation probes from the Acra4 region, I 

have made two unsuccessful attempts to isolate VAC clones using a hybridisation- 

based approach. The probes used derive from the 9 kb region shown in fig. 3.11. 

Although approximately 50 potential positive clones were screened for the presence of 

STSs associated with these probes, all proved to be false positives. Subsequently, I 

reverted to a PCR-based screening protocol. The libraries used were constructed at 

the St. Mary’s Hospital and at the Imperial Cancer Research Fund laboratories 

(London, UK) and were combined into eight three-dimensional microtiter-plate stacks. 

Each stack contains approximately 6, 912 clones representing 7 mouse genome 

equivalents. The libraries were screened successively for Acra4 and the microsatellite 

D2Mit266. The position of the primers used for the Acra4 gene appear in figure 3.11 

and the primer sequences in table 3.6. These were :

G85 - G95: for the primary amplification, followed by reamplification of the product, 

using the primer set G85 - G86 (figure 3.11). The primer sequences for D2Mit266 were 

as shown in table 2.1 (page 64). When necessary, the primary PCR product was 

reamplified using the same primers. The reader is referred to page 66 for a reminder of 

the arrangement of the microtiter plates in a single stack. Figure 3.13 shows the results 

from the screening to isolate one VAC clone from the Acra4 gene region.

In total, four YACs were isolated, 2 using Acra4-associated PCR probes (ICRF8 

and ICRF21) and 2 from D2Mit266 (SM2 and SM29). The initials used to identify the 

clones refer to the libraries they originate from (SM - St. Mary’s; ICRF - Imperial 

Cancer Research Fund).
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Figure 3.13 The screening of the two YAC libraries for the Acra4 region. All the results shown are from 

the reamplification of the primary PCR products. The lanes which contain the expected PCR product are in 

bold type and underlined. The labeling of the lanes is as presented in figure 2.3. a. The screening of 8 

complex pools, each one representing a single stack of 72 microtiter plates. The target region was 

detected in two stacks , numbers 4 and 7. b. The screening of stack 7 to determine the coordinates of the 

target clone. Round 1 represents the results from screening the ‘minipools’ and round 2 the screening of 

their constituent pools (see diagram in figure 2.3 page 66). As shown in round 2, the final coordinates 

were 2, tiK19 and tiK21. These represent adjacent wells in the same microtiter plate. Both wells were 

tested and found to contain the same clone, very likely due to cross-contamination. Abbreviations: ‘kb’ - 

molecular weight DNA markers, ‘C'*. ' - no DNA negative control reaction, ‘C*'* - C3H/HeH mouse female 

genomic DNA.

220 bp

202 bp

220 bp

202 bp

220 bp

202 bp

(a) Stacks 1 -8

kb 1 2  3 4  5 6 7 8 C "  O '*  O '*  O '"

(b) Stack 7

kb *  5 n k A D G J M P S V C

kb 1 4 7 10 13 16 19 22 C* "

kb n 0 I K L 19 20 21
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2.3.3. Molecular characterisation of the four YACs
First, the 4 clones were analysed by pulse field gel electrophoresis and 

Southern blot analysis to determine their size and stability (figures 3.14-16). This was 

performed using probes specific to the vector arms and probes associated with Acra4.

Figure 3.14 Pulse field gel electrophoresis and Southern blot analysis of the 4 YACs to determine their 

size and stability, (a) Analysis of clones SM2, SM29 and ICRF8 to test for the presence of the two vector 

arms (left and right). The probes for the two arms derive by digesting DNA from the plasmid pBR322 with 

the restriction enzymes Sal I, Pvu n- and EcoR I. The left arm is a 2.3 kb fragment and the right arm a 1.4 

kb fragment, (b) PFGE and Southern blot analysis for clone ICRF 21. Each well contains chromosomes 

prepared from a different colony, each colony being tested by PCR and found to contain the Acra4- 

associated STSs. The probe used was the 5.1 kb fragment defined by primers G19 and Ga/s (figure 3.11). 

The agarose gel analysed by Southern blotting in figure b is shown in figure c (facing page). In three 

tracks, 1, 4 and 8, it is possible to distinguish an additional band. In lane 8 the visible extra band does not 

contain DNA which cross-hybridises with the probe used.

SM2 ICRF 8 SM 29SM2 ICRF 8 SM 29

150 Kb

75 kb
75 kb

Right armLett arm

700 kb

550 kb

500 kb

450 kb

390 kb

290 kb

220 kb
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Figure 3.15 Further Southern blot analysis of clone ICRF8. (a1) PFGE and Southern blot analysis clone 

ICRF8 using probe G66-G95 (see fig 3.11). The agarose plugs were prepared from two different colonies. 

The two lanes (C''*) contain DNA prepared from the host strain alone. (82) Analysis of DNA from three 

colonies from clone ICRF8. Clone SM2 was included as negative control. DNA from two colonies appears 

to contain an additional band when hybridised to one of the vector arms; the exposure time was longer 

than that for fig. 3.14a.

G66-G95^
ICRF 8 C "  ICRF 8 C «

L@ft 3rrn
SM 2 SM2 ICRF8 ICRF 8 ICRF 8

650 kb— ^ #
m

450 kb— ^ 1 1 290 kb — ^ # #
I  1 250 kb —

' f 150 kb — ^

( a ,  )
( a j )  I

Results:

From this analysis, it was possible to establish the size for only two of these 

clones and suggest a minimum size for the other two. The sizes were: SM2 (290 kb), 

SM29 (70 kb), ICRF8 (at least 150 kb) and ICRF21 (at least 220 kb). ICRF21 becomes 

rearranged, as evidenced from the different band sizes obtained from DNA made from 

different colonies. I have not tested for the presence of either vector arms in this clone.

As shown fig. 3.15 (a1), the Acra4 gene region is not present on a 150 kb band 

but on two bands of 450 and 650 kb respectively. Both lanes give identical banding 

pattern. It is possible that this clone also becomes, or became, rearranged, but 

appears to be more stable than ICRF21. The results shown in fig 3.15 (a2) suggest 

that clone ICRF8 contains an additional 250 kb band which contains sequences that 

cross-hybridise to the left vector arm. This suggests the presence of a second 

chromosome which must originate from the same YAC, since no evidence of 

chimerism or presence of co-transformants was obtained (see FISH results later). This 

extra chromosome, which is present in submolar quantities, could come about by intra- 

chromosomal recombination. It is not clear why the 450 and 650 kb, which carry Acra4-
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associated sequences, do not hybridise with any of the two vector arm sequences. A 

possible explanation will be given in a later section in the light of additional molecular 

analysis. Both ICRF8 and ICRF21 are propagated in a recA^ strain (AB1380) and these 

rearrangements could be recombination-mediated.

2.3.3.1. Fluorescence in situ hybridisation (FISH) analysis

The next step was to analyse the 4 YACs by way of FISH analysis to establish 

whether they were chimeric. This analysis was performed by Dr Margaret Fox using 

metaphase chromosome preparations derived from mice with no apparent karyotypic 

abnormalities. It was anticipated that these clones would hybridise to the distal end of a 

“large” mouse chromosome. To ensure that these YACs originate from MMU2, FISH 

analysis was also performed using metaphase chromosome preparations derived from 

mice homozygous and heterozygous for the two translocations T(2;16)28H and 

T(2;8)2Wa respectively. This experiment was carried out at the MRC Radiobiology Unit 

(Harwell, UK) by Mrs Elizabeth Dutton. Figure 3.16 shows the physical and, where 

known, genetic position of the breakpoints on the chromosomes involved in these 

translocations.

Figure 3.16 Cytogenetic maps of MMU2, MMU8 and MMU16 showing the position of the breakpoints 

(bold lines) associated with the translocations T(2;8)2Wa or T2Wa and T(2;16)28H or T28H. The genetic 

map of MMU2 appears to the left, showing the most likely genetic position of the two breakpoints 

(constructed from combined data from Searle and Beechey (1989) and Peters et al., 1994). The genes for 

Ra (ragged) and Ada (adenosine deaminase) have been mapped relative to the T2Wa and T28H 

translocation breakpoints respectively (Peters at al., 1994). The wsf (wasted) gene has not been mapped 

relative to either of these breakpoints (Peters at ai, 1994).
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The translocated chromosomes from the T2Wa carrier mice can be distinguished 

cytogenetically. As shown in figure 3.16, Ra is distal to the T2Wa breakpoint and almost 

certainly all three YACs, which were isolated with markers very tightly linked to Ra, 

should also map distal to this breakpoint. Therefore the T2Wa translocation would assist 

in the confirmation that these clones do indeed derive from MMU2. The T28H 

translocation would assist in their more refined localisation with respect to this 

breakpoint. Figure 3.17 shows the results of this analysis of three clones (ICRF8, 

ICRF21 and SM2; SM29 was not subject to FISH analysis).

Figure 3.17 (facing page) Fluorescence/n situ hybridisation analysis of YACs ICRF8, ICRF21 and SM2. 

The phenotype of the mice used to prepare the chromosomes is given to the left of each picture. The name 

of the YAC used is given to the right. For the T2Wa, the translocated chromosomes will be referred to as

2® (proximal MMU2; distal MMU8 - indicated by green arrowheads) and 8  ̂ (proximal MMU8; distal MMU2 -

indicated byiight green arrowheads). Likewise for the T28H, the chromosomes are denoted as 2̂ ® (proximal

MMU2; distal MMU16 - indicated by gray arrowheads) and 16^ (proximal MMU16; distal MMU2 - indicated 

by red arrowheads).
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Figure 3.17 Fluorescence in  s itu  h y b rid isa tio n  a na lys is  o f c lones ICRF8, 
ICRF21 and SM2.

ICRF21ICRF8 -W t

T2Wa/ ICRF8 T2Wa /  + ICRF21

T28H/T28H ' “ 3 '  \cr?s T28H/  T28H ic r f2i

1 0 0



Figure 3.17 continued

T2Wa. '+ ( C 3 )

SM2 T28H/T28H ( C , ) SM2

( c.)4 1 SM2/ICRF8.

Results from  the FISH ana lys is :
Clone ICRF8:
As shown in fig. 3.17 a i.  this clone hybridises to the distal end of 
two ‘large’ chromosomes, indicating that this clone is possibly not 
chimeric and is distal to the T2Wa translocation breakpoint, since it 
hybridises to the small 8^ marker chromosome (a2). Significantly, 
ICRF8 spans the T28H translocation breakpoint as it hybridises to 

both translocated chromosomes [16^ and 2^®; in the metaphase 
shown (a3), only three hybridisation signals were detectable.
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Clone ICRF21:

This clone is possibly also not chimeric (only two signals in b1), originates from MMU2 

(b2) and also spans the T28H breakpoint. (c1)

Clone SM2:

The hybridisation pattern in metaphase spread c1 indicates that this clone maps to the 

distal end of a large' chromosome and is possibly not chimeric. When the same clone 

was hybridised to T2Wa/+ chromosomes, it did not hybridise to the 8  ̂ marker 

chromosome (c3; golden arrowhead) but to the distal end of a large chromosome; the 

same result was obtained when SM2 was hybridised to T28H/T28H chromosomes (c2).

I postulated that this clone, which contains D2Mit266, is chimeric and the MMU2 

component was too small to give a detectable hybridisation signal. To test this, a dual 

hybridisation reaction was carried out on normal mouse chromosomes by combining 

the DNA from clone ICRF8 and SM2 (c4). Four hybridisation signals were detectable 

on the telomeric ends of two ‘large’ chromosomes, consistent with this clone being 

indeed chimeric. From a later analysis, it was concluded that this clone must contain 

the 75 kb SM29. Therefore, under the conditions used in the two independent FISH 

experiments, a clone of 75 kb in size would not be expected to give a detectable 

hybridisation signal.

The two apparently non-chimeric YACs hybridise to the extreme end of MMU2 

which must be band H4, the most distal band on MMU2 (Evans ,1989). Since these 

clones span the proximal boundary of the candidate region which contains wst, this 

positions wst on band H4. FISH analysis positioned Acra4 distal to the T28H 

translocation breakpoint (Jo Peters, personal communication) suggesting that wst must 

also be distal to this breakpoint._______________________ _

Clone SM29; This clone was not subject to FISH analysis.
2.3.3 2. Comparative analysis YACs using STSs and terminal probes.

The 4 YACs were analysed for the presence of various STSs and end probes in 

order to determine their relative position with each other and determine their orientation 

on the chromosome. To do this, 7 terminal probes were isolated (all except that from 

arm 2 from YAC ICRF21) and used either as hybridisation probes or sequenced and 

used in PCR analysis. The probes or STSs are designated as YAC name-arm number. 

The arms were designated as arm 1 (left arm, containing the TRP 1 gene) and arm 2 

(right arm, carrying the LIRA 3 gene). For example, ICRF8-1 refers to the left-arm- 

terminal clone from YAC ICRF8. As indicated earlier, clone SM29 (75 kb) was not 

subject to FISH analysis. Both ends of this clone were mapped against the hybrid cell 

line EBS-18/AZ which was used to isolate molecular markers for MMU2 (part 1).
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Figures 3.18-3.21 show the analysis of the four YACs to determine their content in 

terms of several sequence tagged sites and hybridisation probes.

F igu re  3.18 PCR analysis of YACs ICRF8/21 and SM2/21 for the presence of three STSs. Two are 

associated with the Acra4 gene region and D2Mit74. The STS used is underlined and appears to the right 

of each picture. ‘C*''*' - C3H/HeH DNA’; ‘C ''®’ - no DNA control; ‘EBS18Z’ - DNA from hybrid cell line EBS- 

18A/Z.

154bp

134 bp

154 bp-

134 bp-

220

icb SM2 ICRF8 ICRF21 SM 29 C * * ' C '"

D2Mlt74

kb SM2 ICRF8 ICRF21 SM29 C *"  Rat EBS182 C^

Acra 4.1

kb SM 2 ICRF8 ICRF21 SM 29 C ***  C "

Acra 4

202 bp
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Figure 3.19 PCR analysis of the 4 YACs for the presence of D2Mit266 and the two terminal STSs from clone SM29. The name 

of the STSs used is given to the right of each clone. The arrow indicates a segregating heteroduplex used to track the inheritance 

of SM29-2 in the wasted and ragged backcross progenies. The PCR products were analysed through an 8% acrylamide gel 

without prior dénaturation. ‘C'̂ ''®’ - C3H/HeH DNA': 'C''®’ - no DNA control; ‘EBS18Z or hyb’ - hybrid cell line EBS18A/Z; 'HT - 

heterozygous (i.e. presence of heteroduplex); ‘HM’ - homozygous (i.e. absence of heteroduplex); C3H - C3H/HeH; Spr - Mus 

spretus. ‘w ‘ - wasted animal identification number.

kb SM2 ICRF8 ICRF21 SM29 C*''®
D2Mit266

220 bp

202 bp

kb SM2 ICRF8 ICRF21 SM29 C*''® EBS18Z C"'®

220 b

202 bp

SM29-1

kb SM2ICRF8ICRF21 SM29 Hyb C3H w1 w3 w84 HT HT HM Spr HT

344 bp V ................................. .— — —  ..........   1SM29-2

298 bp

Primer sequences for terminal clones SM29-1 and SM29-2:
SM29-1: 5’-TTATCAAGCCTGGCTAGGAACC -3' and 5’-TCTCTTTGTATGCTGGCTTTGC-3’

SM29-2: 5’-ATGTAGGAGAACACAGGAGGGA-3’ and 5'-CACATGGCAGTCTTTCTAGACC-3’

The PCR conditions for both sets are as described in page 49 using annealing temperature of 58°C and

1.5 mM [Mg^ .̂
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This analysis suggests that:

1. Clone ICRF21, isolated using an Acra4-6enwe6 STS, also contains the more 

distal marker D2Mit266. The quantity of the D2M/f266-derived PCR product was 

consistently submolar, indicating that this locus could be deleted in some cells. It was 

shown in figure 3.14 (page 95) that this clone becomes rearranged leading to deletion 

of sequences. That ICRF21 must span the region which contains D2Mit266 is further 

substantiated by the fact that both terminal STSs from clone SM29, which contains 

D2Mit266, are also present in ICRF21. In addition, the same STSs are present in SM2 

(also contains D2M/Y266), suggesting that the region cloned in SM29 is present in its 

entirety in clone SM2. This region is at least 75 kb, the size of SM29.

2. The terminal STS SM29-2 was amenable to genetic mapping by way of 

heteroduplex analysis (Wilkin et al., 1993). The PCR amplification profile at this locus 

consisted of three bands two of which are shown in fig 3.19 (the third band is approx. 

150 bp). The 300 bp band is the only MMU2-derived band, as it is present inthethree 

YACs. I have followed the segregation of a heteroduplex shown in fig 3.19 in 50 N2 

animals from the ragged backcross and detected complete cosegregation with 

D2Mit266 (see appendix). This is consistent with the formation of a heteroduplex 

through the association of the 300 bp products from the parental mouse strains. I have 

also followed the segregation of this heteroduplex in the 167 N2 animals from the 

wasted backcross and also found co-segregation with D2Mlt266. Note in fig 3.19 that 

animal w84, which is heterozygous at the Acra4 gene, is homozygous for SM29-2 as it 

is for D2MIÎ266.

Further to this analysis, I carried out Southern blot analysis of the DNA from 

three of the YACs (ICRF8, ICRF21 and SM2) using the remaining 5 terminal 

hybridisation probes. Figures 3.20 and 3.22 show the results from this analysis.
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Figure 3.20 Southern blot analysis of clone ICRF/8/21 and SM2. Five micrograms of yeast DNA was 

digested with the restriction enzyme EcoR I (cleaves at the arm-insert junction) and analysed by agarose 

gel electrophoresis on 0.9% gels. The probe used is underlined and appears to the left of each 

autoradiograph. The band sizes are given in kilobase. Only the sections which revealed banding pattern 

are shown.

ICRF 8-1
SM 2 ICRF 8 ICRF 21 SM 2 ICRF 8 ICRF 21

SM 2-2

■4 9 Kb
■4 1 kb

<3l)

S M 2 ICRF 8 ICRF 21
ICRF 8-2

w

S M 2 ICRF 8 ICRF 21

SM 2-1

i1 4kb

■4 0 kb

As shown in autoradiograph a1, probe ICRF8-1 detects a single fragment in 

ICRF8 which is absent in the other two clones. The weakly hybridising bands above 

the 4.9 kb band are not specific (due to satellite yeast sequences). (a2) Probe ICRF8-2 

contains or consists entirely of a high copy number DNA fragment and establishes a 

‘DNA-fingerprint’ of the cloned DNA. Clones ICRF8 and ICRF21 appear to have at 

least one distinct 1.4 kb fragment in common. Its presence in ICRF21 appears to be 

submolar. (a3) Probe SM2-2 hybridises to sequences that appear to be present in the 

three clones. This indicates that this end lies on MMU2 (note SM2 is chimeric). (a4)
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Probe SM2-1 (expected to be absent from MMU2) also gives a DNA-fingerprint of the 3 

clones. It appears that all three clones share at least one 4.0 kb fragment.

Figure 3.21 (facing page) The hybridisation pattern for terminal probe ICRF21-1. Five micrograms of 

yeast DNA and 10 pg of mouse or EBS-18/AZ genomic DNA were restricted with EcoR I, electrophoresed 

through a 0.9% agarose gel and analysed by Southern blotting, (a) The hybridisation pattern obtained 

after 8 hours. The bands shown were the only ones detectable after this exposure time, (b; facing page) 

The hybridisation pattern obtained after a two-day exposure.

[a)
C3H Spr Hamster EBS18Z SM2 ICRF8 ICRF21

CRF21-1

As shown in fig 3.21 a/b, probe ICRF21 appears to contain or consists entirely 

of, a low copy number repetitive element. It hybridises very strongly to a 10 kb 

fragment which is present in all three clones and the hybrid cell line EBS-18/AZ. It is 

probable that this is a multicopy fragment with more copies present in YAC ICRF21 

than the other two YACs, as judged by the stronger hybridisation signal. In addition, 

mouse genomic DNA contains many more copies than ICRF21. After longer exposure 

(fig 3.21b), several othercross-hybridisincfragments were detected, present in varying 

numbers in the three YACs, confirming the presence of regions of overlap in the cloned 

DNA. YAC ICRF21 contains many unique fragments, mostly larger than 3 kb. Some of 

the fragments smaller than 3 kb are also present in C3H/HeH DNA. Two bands 

(arrows to the left of figure b) appear to be unique to clone ICRF21. The band intensity 

is lower than that of the other fragments and they would probably not show up in the 

pattern from mouse genomic DNA (due to the lower complexity of the yeast genome). 

Digestion of the same DNA samples with the enzyme Bgl II produces a very similar 

hybridisation pattern (data not shown). Interestingly, the cross-hybridising sequences 

present in Mus spretus appear to have diverged from those present in C3H/HeH.

The sequence of probe ICRF21-1 was not determined. It is possible that the 

instability of clones ICRF8 and ICRF21 is due to the presence of these sequences 

which are likely to promote recombination. SM2 also contains some of these 

fragments, but it appears to propagate stably, suggesting that the recA' status of the
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host strain {rad52) could be the stabilizing factor. It was indicated earlier (fig 3.15; 

page 97) that the /\cra4-associated cross-hybridising fragments in clone ICRF8 did not 

coincide in size with those fragments identified by the vector arms. Given the presence 

of this low copy-number sequence in these 3 clones and the physical assignment of 

the clones to the extreme end of MMU2, it is possible that these sequences are 

subtelomeric and could confer transient mitotic stability on a chromosome which lacks 

one or the other (or both) of the vector arms. For this to be the case, the cloned DNA 

must encompass an origin of replication as well.

All the data from the analysis of the 4 clones is tabulated in table 3.7. Figure 

3.2% shows the most likely orientation of this contig.

ICRF21-1 SM29-2 D2Mit266 ICRF8-2 SM29-1 SM2-2 AcrsA ICRF21-2 D2MI74 ICRF8-1

ICRF21 + + + + + + + nt
ICRF8 + + + + nt + +
SM2 + + nt + nt nt nt
SM29 - + + nd + + - nt - -

The top row lists all the loci/STSs analysed. The first column lists the four YACs. Loci in bold typeset 
were mapped relative to Acra4 by genetic analysis. ICRF21-1 and ICRF8-1 are predicted to define the 
telomeric and centromeric ends respectively, 'nt- not tested; 'nd' - not determined; '+' - positive for 
STS/probe; - negative for STS/probe.

Figure 3.22 A YAC contig encompassing markers D2Mit266, Acra4 and D2Mit74. The genetic map, 

derived using the wasted backcross data, appears at the top. The scale used for the physical map is 

entirely arbitrary, since clones ICRF8 and ICRF21 are rearranged. The numbers at the ends of each clone 

refer to the left (1) and right arms (2) respectively. The dashed lines represent the non MMU2-component 

of chimeric clone SM2. The size of this region is also arbitrary. The predicted position of the T28H 

translocation breakpoint is indicated by a triangle.

D2Mit266

SM29-2 Acra4 D2Mit74

TEl f r CEN

2 1
I--  -  I ICRF8

2 1
I | sM29 /T 2 8H  breakpoint

1 2
I----------------------------------- |SM2
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Why this orientation?

1. The two terminal probes from clone ICRF8 define the Acra4-D2Mit74 region 

which was ordered by recombination analysis, D2Mit74 being proximal to Acra4. Since 

ICRF8-1 is unique to this YAC and ICRF8-2 hybridises to both ICRF8 and ICRF21, 

ICRF8-1 must define the proximal boundary of the contig. Although ICRF8-2 is 

predicted to be present in clone SM2 (since SM2-2 is present in all three YACs, table 

3.7) it does not hybridise to a common fragment in all three YACs (see fig 3.20, page 

106). This could either be due to a deletion of probe ICRF8-2 in SM2 or to a RFLV (SM 

and ICRF YACs carry DNA derived from C57BL/10J and C3H/HeH respectively).

2. From the ‘DNA-fingerprint’ established using probe ICRF21-1 (fig 3.21), it is 

evident that clone ICRF21 contains many unique fragments and therefore the simplest 

explanation is that this clone spans a region not cloned in the other YACs. This is 

further substantiated by the fact that the second most distal YAC end (SM29-2) is also 

present in clone ICRF21. The contig presented in fig 3.22 could contain interstitial 

deletions. It was not possible to address this, as additional markers and clones need to 

be available.

From the data presented in table 3.9, fig.3.22 and data communicated to me by 

Dr Jo Peters, it is possible to suggest the position of D2Mit74 relative to the T28H 

translocation breakpoint (fig 3.22). As mentioned earlier, FISH analysis suggests that 

Acra4 maps distal to this breakpoint. Since both ICRF8 and ICRF21 span this 

breakpoint and the Acra4 region, the T28H breakpoint could lie distal to D2Mit74.
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2.4. The construction of a long range physical map either side of the Acra4 gene 
region

It was shown in fig 3.11 that the Acra4 gene region is associated with a ‘CpG 

island’, whose orientation relative to the telomere was also established. The next step 

was to construct a bi-directional long range physical map, using probes immediately 

adjacent to this island and position the terminal and other probes present in the YACs 

on the map. Figure 3.23 shows the results of the PFGE analysis in order to establish a 

physical map either site of Acra4.

Figure 3.23 Long range physical map near the AcraA gene region, (a) Shows the position of the 
hybridisation probes G19-Ga/s and G66-G95 in clone CDA4, defined by the priming sites in this clone. 
The 'CpG island’ is denoted by a triangle, (b) PFGE and Southern blot analysis of approximately 10 pg of 
high molecular weight (HMW) mouse genomic DNA (C3H/HeH), digested with four restriction 
endonucleases which have a recognition site within the CpG island" shown in figure a. The probes are 
written on the left of the autoradiograph and the band sizes on the right. The same filter was used in both 
hybridisations. Probe G19-Ga/s established a framework map proximal to AcraA and probe G66-G95 
distal to AcraA. (c) Shows the position of the restriction enzyme site as deduced from figure b.
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As far as it can be resolved, the PFGE analysis shown in fig 3.23b suggests 

that there is a clustering of three sites 160 kb distal to Acra4. It is possible that these 

sites coincide with the presence of a 'CpG island’. On the basis of this restriction site 

map, the next step was to position some of the STSs/probes used to construct the 

YAC contig on the physical map of fig.3.23. Five probes were used, ICRF8-1, ICRF21- 

1, G19-Ga/s, D2Mit266 and D2Mit74. The reader is reminded that D2Mit74 and 

D2Mit266 are defined by two probes, immediately adjacent to the dinucleotide repeat, 

isolated by vectorette PGR. The alternative to this approach was to establish a long- 

range ‘DNA-fingerprint’ of the YACs by way of PFGE analysis and compare that to the 

pattern obtained from genomic DNA. The latter approach could potentially be incorrect 

for the two most important YACs appear to be rearranged and possibly carry deletions.

2.4.1 PFGE analysis using probes proximal to Acra4

Figure 3.24 shows 3 PFGE gels, analysed by Southern blotting using probes G19- 

Ga/s, D2Mit74 and ICRF8-1.

Figure 3.24 (facing page) PFGE and Southern blot analysis using probes proximal to the Acra4 gene 

region. The sizes of the bands which could be clearly discerned in each autoradiograph are written below 

the corresponding lanes. The probe used is given to the top right hand side of each autoradiograph. The 

restriction enzymes are denoted as; B - BssH n, N - Not I. The filter from gel 1 was hybridised to a 450 bp 

fragment situated 5’ to D2Mit74.

Results from this analysis:

Using the D2M/Y74-associated probe, two hybridisation bands were detected 

from both single and double DNA digestions. In the Eag I digestion, two bands, one of 

180 kb and one of 270 kb, could also be detected but the latter could not be 

reproduced photographically. This banding pattern could be explained by:

1. partially digested DNA; this was excluded when the same gel was probed 

with probe G19-Ga/s which gave the expected banding pattern as that shown in fig 

3.23b.

2. The probe spans a region which contains the recognition sites of the 

enzymes used; again this was excluded by digesting the probe with these enzymes.

3. The third and most likely explanation is that the probe sequence is duplicated 

in the mouse genome. The trivial explanation of probe contamination is excluded as 

the probe derives from cloned DNA. Using gel 1, it was still possible to test whether 

Acra4 and D2Mit74 could be linked physically. The largest proximal fragment to Acra4 

is a 200 kb BssH II fragment (see fig. 3.23b). The D2M/f74-associated probe 

hybridises to two BssH II fragments of 150 kb and 180 kb, suggesting a position for
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D2Mit74 at least 200 kb proximal to Acra4. The double digestions between BssH II- 

Eag I and BssH Il-Sst II also confirm this conclusion, since the band sizes expected on 

the basis of fig 3.23c (130 kb or 70 kb and 140 kb or 60 kb respectively) were not 

observed (fig 3.24).
Probe ICRF8-1 hybridises to a 530 kb BssH II fragment, a 180 kb Sst II 

fragment, and a 160 kb Eag I fragment. Attempts to obtain a Not I fragment using this 

probe did not succeed. The results from gels 2 and 3 suggest that D2Mit74 and ICRF8- 

1 are on different BssH II, Sst II, and Eag I fragments.

2.4.2 PFGE analysis using probes distal to Acra4

For this analysis, I used probes ICRF21-1, SM2-2 and a D2M/f266-derived 

probe (fig 3.25). The genomic DNA used for this analysis was restricted with enzyme 

whose sites appear on the map of fig 3.23. Probe SM2-2 gave low signal/background 

ratio and no results are shown using this probe.

Figure 3.25 PFGE analysis of HMW DNA using probes D2Mit266 and ICRF21-1. The band 
sizes in lanes with more than one band are given below each lane. The probe used is given to 
the right of each autoradiograph. ‘N’ - Not I

560 kb.

360 kb. 

310 kb*

160 kb.

Not! N/BssHII N/Sstti BssH II Eag I
ICRF21-1

560 kb

Gel 5

Gel 4
360 560 310

310 360 160

310

Results from this analysis:

1. The D2M/Y266-associated probe hybridised to more than one band and it was 

not possible to determine which fragment resides on MMU2. The hybridising fragments 

were two Not I fragments (310 and 360 kb) and three Not I/BssH II double-digestion
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fragments (310, 360, and 560 kb), two of which must be Not I single-digestion 

fragments. On the basis of the map shown in fig 3.23c, the 310 kb fragment could be 

the same Not I fragment which extends distal to Acra4. Although D2MU266 appears to 

hybridise to a 160 kb Not I/Sst II fragment, consistent with it being on the 160 kb Sst II 

fragment distal to Acra4 (see fig 3.23c), this was not reflected in the banding pattern 

from the Not I/BssH II digest which should have given the same bands as the Not I/Sst 

n  digestion. It was not possible to get a clear banding pattern from Eag I digestion 

itself (data not shown). The probe was prepared from cloned DNA, so probe 

contamination could not account for multiple bands.

2. Probe ICRF21-1 hybridises to a 560 kb band obtained from separate BssH II 

and Eag I digestions. The only firm conclusion that can be drawn is that the cross

reacting sequences must lie distal to the Eag I, or BssH II sites 160 kb distal to Acra4 

(fig 3.20). Therefore, the YAC contig must extend at least 160 kb distal to the Acra4 

‘CpG island'.

Table 3.8 summarizes all the data obtained from the PFGE analysis using all 

the probes. For clarity, a copy of the physical map (fig 3.23c) appears below table 3.8.

ent sizes observed from the PFGE analysis
ICRF21-1 lD2Mit266) Gee-Gas Gia-Ga/s lD2Mit74) ICRF8-1

Not I nd 360, 310 310 180 250, 300 nd

B s s H n 560 nt 160 200 180, 150 530

S s t n nd nt 160 140 290, 200 180

Eag I 560 nt 160 130 270, 180 160

Not I/B ssH  n nt 560,360,310 nt nt nt nt

Not I/S s t n nt 310, 160 nt nt nt 180

Not I/E a g  I nt nt nt nt nt 160

BssH n /s s t  n nt nt nt 140 180, 150 180

BssH n /E a g  I nt nt nt 130 180, 150 160

The fragment sizes are given in kilobase. The probes which hybridise to more than one band are given in 
parentheses. ICRF21-1 and ICRF8-1 define the telomeric and centromeric end of the contig. Probes Gs6- 
G95 and G i9-Ga/s define the Acra4 gene region, ‘nd’ - not determined; 'nt'- not tested.

_  100 kb _

St(2),E,N,B(2),N«(2)

TEL

N  E E S  N B
^  150 kb ^  160 kb 130 kb 60 kb

310 kb 160 kb 0 140 kb 200 kb
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2.5 Overall conclusion from the physical mapping data

None of the probes/STSs used to construct the YAC contig could be placed 

with confidence within the confines of the map presented above. Two observations led 

me to conclude that the aforementioned contig could span a region of at least 360 kb 

length.

1. The D2Mit74-assoc\aie6 probe and ICRF8-1 fail to hybridise to any of the 

restriction fragments which reside proximal to the ‘CpG island’ associated with Acra4 

(table 3.8). Therefore, both probes must lie at least 200 kb proximal to this point, 200 

kb being the largest (BssH II) fragment proximal to Acra4.

2. Probe ICRF21-1 hybridises to a 560 kb-BssH II and a 560 kb-Eag I fragment 

(table 3.8). These fragments would be predicted to lie at least 160 kb distal to Acra4, 

since distal to this locus there is a 160 kb BssH II/EagI/Sst II common fragment. It was 

shown earlier that this probe is associated with a low copy number repeat with a 

number of truncated copies present in the mouse genome (fig 3.21b; page 108). There 

is no reason to believe that these two PFGE fragments do not derive from MMU2, 

since the strongest hybridising fragments shown in fig 3.21b are present in MMU2- 

derived reagents (YACs and hybrid cell line EBS-18A/Z). The hybridisation pattern 

obtained from the D2Mit266- and D2Mit74-assoc\aie6 probes requires further 

evaluation to establish whether is due to MMU2-linked sequences, perhaps by using 

hybrid cell line EBS-18/AZ as a control.
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Chapter 4 

Discussion
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4.1 The isolation and mapping of 19 STSs in the mouse genome
In this study, 19 PCR markers, derived from a mouse-hamster somatic cell 

hybrid line whose main mouse-genome component was MMU2, were mapped in the 

mouse genome. Eighteen of these were assigned to MMU2 and one to MMU7. The 

MMU7-marker probably originated from MMU7-derived chromosomal fragments 

present in the hybrid cell line EBS-18/AZ. The distribution of the markers on MMU2 

appears to be non-random. Seventeen markers map proximal to D2Mit254 and only 

one marker maps to the distal region of MMU2 (fig. 3.5 page 81). In addition, 12 

markers are clustered between D2Mit254 and D2Mit9 and four of these loci failed to 

recombine with each other. This area shows a modest degree of clustering in the 

SSLP map of MMU2 (Dietrich et al., 1994); twenty eight percent of all MMU2 SSLPs 

fall in this interval and 10% fail to recombine with each other (Dietrich at a/., 1994). It is 

not clear whether this region has a higher (AC)n content or exhibits lower 

recombination rate than other regions of MMU2. Interestingly, no markers were 

assigned to MMU15, the proximal part of which was present in the hybrid line EBS- 

18A/Z, while MMU7 was represented. The distal part of mouse chromosome 2 and 

proximal MMU15 appear to be depleted of LI LINES sequences, unlike chromosome 7 

which is the most highly enriched autosome in such sequences (Boyle at a/., 1990). It 

is possible that the chromosomal distribution of the D_Ucl markers reflects the 

proportion and nature of the repetitive elements present in the hybridisation probe. 

LINES-derived probes detect a much higher proportion of mouse-DNA containing 

clones on a hamster background than SINES-derived ones (Hoglund at a!., 1992). 

Such probes would also be expected to be much longer than SINES-derived ones, 

since LINES are much longer than SINES (the size of LINES ranges from 500 bp to 7 

kb; reviewed in Hastie, 1989), and therefore would be expected to give a much 

stronger hybridisation signal.

In the light of the results presented by Dietrich at a! (1994) and to some extent 

the results of this study, it appears that the central domain of MMU2 has a much better 

coverage of microsatellites than the distal region. The two studies employed different 

protocols; this study used clones which contained repetitive elements, whereas Dietrich 

at a! (1994) targeted only (AC)n-containing clones. It is possible that the clustering of 

microsatellites in the central region of MMU2 could be due to a higher (AC)n content 

than distal MMU2. In the absence of physical mapping data, such conclusions must 

remain speculative. The central domain of MMU2 harbours most of the mouse 

mutations (Siracusa and Abbott, 1994) and the higher density of markers in this | region 

should facilitate the precise positioning of these genes on the genetic map.
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Somatic cell hybrids have been an invaluable tool for physical mapping both in 

human and mice. In human, they are still being used widely for chromosomal 

localisation of DNA sequences and will still retain their use where fluorescence in situ 

hybridisation (FISH) cannot be applied. The power and simplicity of multilocus genetic 

mapping in mice, enhanced by the use of interspecific and intersubspecific 

backcrosses, have diminished the need for physical mapping of mouse DNA 

sequences using this system. The number of chromosome-specific markers is 

expanding rapidly, primarily due to the isolation and mapping of microsatellite 

sequences (Dietrich et a!., 1992 and 1994). It is still unknown, and will take years to 

establish, whether these markers will be sufficient to access all chromosomal regions. 

At present, somatic cell hybrids provide a major source for chromosome- and region- 

specific markers in the mouse.

Non-microsatellite STSs could prove as useful a source of molecular markers 

as microsatellites are. These could be isolated from libraries, like the one presented in 

this study, directly from somatic cell hybrids using interspersed repetitive PCR (IRS- 

PGR; Nelson et a/., 1989) and similar other approaches (Munroe et a/., 1994), or from 

libraries constructed from flow-sorted mouse chromosomes (Rabbitts et a/., 1995). The 

high level of sequence variability between Mus spretus or Mus castaneus and 

laboratory mouse makes it very easy to detect allelic variants. From the practical point 

of view, generating a set of random STSs could prove more productive than

targetting microsatellites. Since most investigators use inter- and intersub-specific 

backcrosses, the mapping of such STSs might achieve a better and perhaps more 

efficient, coverage of the mouse genone.

4.1.1. D_Ucl markers mapping close to mouse mutations

Several of the D2Ucl markers could map close to mouse mutations. D2Ucl2 and 

D2Ucl3 could map near the genes for Danforth’s short tail (Sd) and stubby {stb), 

whereas D2Ucl21 and D2Uc!4 might be close to lethargic (//?) and muscular dystrophy 

with myositis {mdm). Fidget (//) and rachiterata (rh) could be in the vicinity of D2Ucl22 

and ulnaless {Ul) could be close to D2Ucl23 (Siracusa and Abbott, 1994). D2Ucl1 is 

very close to Gnas and End3 (Malas et a/., 1994), and could prove useful in 

establishing the genetic position of the T(2;16)28H translocation breakpoint (see 

Peters et al., 1994).

4.1.2 Evidence of segregation distortion on MMU2

The chi-square analysis on the numbers of M.spretus-ôen^eô and C57B6/6J- 

derived alleles indicates that heterozygous males are in significant excess over
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homozygous males in the BSB backcross, whereas females are as likely to be 

homozygous as heterozygous. Previous studies using a BSB type backcross (but a 

different Mus spretus parent) also noted segregation distortion (SD) in the central and 

distal domains of MMU2 which manifested in both males and females (Siracusa at al., 

1991). These differences could be attributed to the different Mus spretus parent used. 

The data presented in this study do not indicate that heterozygous males are in excess 

of heterozygous females, therefore precluding a direct association between sex- 

chromosomes and MMU2 loci (table 3.5, page 85). Two regions are likely to be 

involved; one close to D2Ucl8 in the central domain of MMU2 and another near the 

non-agouti (a) locus. These regions lie about 15 cM apart and a SD-driving locus in 

one region is less likely to affect the inheritance of other loci 15 cM away from it. The 

excess of the M.spretus-dienwed allele is not likely to be driven by heterozygosity, since 

the same regions do not exhibit an excess of C57B6/6J-derived alleles in males of the 

BSS backcross; the level of SD seen in the BSS backcross at Acra and D2Ucl23 

hinges on the phenotype of a single male animal and is significant at P<0.05. So it 

seems possible that SD in this region of MMU2 is driven by the presence of the M. 

sprefus-derived allele and not heterozygosity. SD could be due to the interaction of 

certain allelic combinations of unlinked loci. The significant depletion of homozygous 

males for certain regions on MMU2 must be counterbalanced by the effect of other loci, 

otherwise this will lead to distortion in the sex ratio. As the volume of the genetic data 

generated using these two backcrosses increases it should be possible to test for 

allelic associations across the whole of the genome.

A consequence of SD is that it could affect the observed rate of recombination 

because an SD-driving locus would affect the segregation pattern of loci nearby. This 

effect would in theory manifest as a lower recombination rate between loci closely 

linked to the SD-driving locus and higher recombination rate as the distance from this 

locus (or loci) increases. For example, very significant segregation distortion driven by 

heterozygosity was observed at D10Bir12 in the same backcrosses used in this study 

(Rowe et a/., 1994). Interestingly, SD is thought to be a contributing factor to a high 

number of double crossovers either side of, and in close proximity, to this locus. This 

raises the question whether SD was strong enough to favour an excess of 

recombination, despite the fact that genetic interference would be expected to 

suppress double crossovers in a small genetic region. It is possible that this 

phenomenon could be a contributing factor, albeit a minor one, in the apparent 

clustering of molecular markers in the central domain of MMU2 where SD has been 

observed (Siracusa and Abbott, 1994). However, the clustering of loci in this region
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was noted before interspecific or intersubspecific crosses became available (Lyon, 

1976).

4.2 Genetic and physical maps near wasted {wst) and ragged (Ra)
4.2.1 Genetic maps

This study defined the position of Ra and wst relative to all the molecular 

markers that are known to map on the extreme end of distal MMU2. The nearest 
proximal marker to Ra is D2Mit230. For neither of these mutations was it possible to 

identify a distal flanking marker. As explained in page 88 the positioning of wst on 

the genetic map is potentially incorrect, as two animals might have been incorrectly 
classified as wst/wst at the MRC Radiobiology Unit. If these two animals are removed 
from the analysis then wst is coincident with D2Mit266 as shown below (the map 
showing the position of Ra is also shown for subsequent reference).

Wasted Backcross Ragged Backcross

D2Ucl1, Gnas

D2Mit200

D2Mlt230 
D2MIÎ74 
Acra4, D2Ucl29 
D2MI1266. wst

1.8 ♦  1.0

1.8 ± 1.0

0.6 +  0.6
0.6 +  0.6
0.6 *  0.6

D2Ud1, Gnas

D2Mit200
D2Mlt230
D2Mit74, Acra4, D2Ucl29, D2Mit266, Ra

1.2 + .0.6 
0.6 ±  0.4 
0.6 + 0.4

Telomere

Telomere

Furthermore, the single recombination event which segregates Acra4 and wst took 
place within a 5 kb region and is possibly an intragenic recombination event. So, the 
proximal boundary of the region which contains wst could lie within Acra4 itself.

Using the wasted backcross, it was possible to order all the loci which map to 
this region. However, Ra cosegregates with D2Mit74, Acra4 (and the Acra4- 
associated locus D2Ucl29) and D2Mit266. As mentioned in chapter 3, both wst and 

Ra were bred on essentially the same genetic background (3H1) and map very close 

(0.2 cM) to each other (Peters et al., 1994). Therefore, differences in recombination 

could be attributed to either the haplotype which segregates with these genes or the
mutations themselves^ jdesplte the fact that these differences are not statistically significant (see page 88).

The genetic distance between wst and Ra is calculated by intercrossing Ra+ 
/+wst animals and scoring the animals which are both ragged and wasted (i.e. Ra 
wst/+wst) or are phenotypically wild type (i.e. ++/+wsf). There appears to be a 
depletion of the former class (Peters et a!., 1994) and it is possible that Ra wst/+ wst 
animals have reduced viability (Abbott et a/., 1994). If this is the case, then the 

genetic distance between Ra and wst could be under-estimated by 50% (maximum).
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However, even if the genetic distance between these two genes is underestimated 
even by as much as 50%, this may not be the only reason behind the apparent 
recombination differences. The presence of a small inversion, deletion or insertion 
associated with, and possibly the cause of, the ragged mutation could not be 
excluded. The Acra4 RFLV of the inbred parent that segregates in the wasted and 

ragged backcrosses is identical, therefore precluding the presence of genomic 
rearrangements which encompass this locus in ragged animals (Alison Pilz; 

unpublished observations).
SSCA analysis demonstrated that in the wasted backcross, the Acra4 allele is 

of HRS/J origin (wasted arose on HRS/J) and that segregating in the ragged 
backcross was indistinguishable from either C3H/HeH or 101/H (data not shown). 
Therefore, structural differences in the region which cosegregate with the two 
mutants may have some effect on the recombinational behaviour of the F1 
chromosomes in wst/+^ '̂ and Ra/+̂ "'̂  heterozygotes.

Since Ra is closer to D2MH74 than wsf (see map above), it could be 
suggested that Ra is proximal to wsf. There is some evidence to suggest that Ra 

could lie proximal to the T28H breakpoint, although a distal position could not be 
excluded (Peters et al., 1994). Since FISH analysis showed that Acra4 maps distal to 
this breakpoint, this could support this placement. However, this order must remain 
very tentative, as the mapping of Ra relative to the T28H postulates a number of 
double recombination events for closely linked markers and could potentially be 
incorrect.

4.2.1.2 Prospects for positioning Ra and wst on the genetic map
The placement of Ra and wst in the subtelomeric region of MMU2 generates 

the need to direct efforts towards isolating single copy probes immediately proximal 
to the telomere. These can be mapped relative to Ra and wst as well as relative to 
the telomere by way of Bal31 digestion (e.g. Rouyer at a/., 1990a), since the search 
for a distal flanking marker for these genes could prove unfruitful (Abbott at a!., 
1994).

All the published markers known to date were mapped relative to Ra and wst. 

While this thesis was in preparation, workers at the Whitehead Institute for 

Biomedical Research (Cambridge Massachusetts, USA) released a new set of 
microsatellites. The marker D2Mit457 was coincident to D2Mit266 and D2Mit74. In a 
preliminary analysis, this marker was localised on YAC ICRF8 and is very likely to be 
proximal to SM29-2, the second most distal end of the YAC contig. So the current 
YAC contig carries all the known markers which map to the extreme end of distal 
MMU2. Since only three microsatellites map to the extreme distal end of MMU2 
(Dietrich at a/., 1994; January 1995 microsatellite markers release), the question is 
raised whether this region is depleted of (AC)n microsatellites. The D2Mit74- 
D2Mit266 linkage group measures 1.2 cM which in terms of physical distance would
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be expected to cover a region over 2 Mb (assuming 1 cM ~ 2Mb). It is also possible 
that the physical distance between the markers on distal MMU2 is considerably 
smaller than would be suggested by the linkage maps (Abbott et al., 1994).

In humans, subtelomeric regions do show a depletion in microsatellite 
sequences when these are isolated from a random selection of clones (Gyapay at 
a!., 1994). However, these sequences are not under-represented in libraries 

constructed from subtelomeric DNA. Subtelomeric DNA has a high (G+C) 
composition and microsatellites originating from such regions could be difficult to 

amplify by PCR (Weissenbach, 1993).

4.2.2 The physical map
A 500 kb framework physical map was constructed which encompasses the 

Acra4 gene region. The map extends 200 kb proximal and 310 kb distal to this gene. 
The four overlapping YACs extend at least 160 kb distal to Acra4 and at least 200 kb 
proximal to this gene and span the proximal boundary of the region which contains 
wst. All the region defined by this contig could harbour Ra. Two YACs, namely ICRF8 

and ICRF21, span the T28H transolcation breakpoint and it was possible to suggest 
that D2Mit74 lies proximal to this point.

It was shown in chapter 3 that three YACs analysed by Southern blotting are 
associated with a low copy number repeat with features similar to STIRs 
(subtelomeric interspersed repeats), found in subtelomeric region of human 
chromosomes (Simmler at a!., 1985). It is interesting that two STIR-containing loci 
were shown to be very closely associated to the breakpoints of two chromosomal 
rearrangements. The pseudoautosomal locus DXYS60 is the site of an abnormal X-Y 
interchange occurring in human XX male (Rouyer at a/., 1987). Similarly, locus 
D21S3 is the site of fusion forming a ring chromosome 21 (Wong at a!., 1989). In 
both cases the STIR sequences are less thani kb away from the breakpoints. It is 
possible that such sequences could promote recombination between non- 
homologous chromosomes resulting in reciprocal translocations. It would be of 
interest to perform short and long range DNA analysis of T28H/T28H chromosomes, 

using probe ICRF21-1 and test for the presence of T28H-specific restriction 
fragments.

The presence of such repeats in this region could potentially have important 
implications for both the molecular basis of the Ra and wst mutations and the future 
strategy to obtain a flanking distal marker for both loci. Firstly, arrays of repetitive 
DNA are often a fertile ground for chromosomal rearrangements by way of unequal 
crossing over. Secondly, divergence in both the sequence, and more importantly the 
distribution, of such sequences could affect the rate of recombination in this region.

The human X and Y chromosomes are rich in several types of STIRs 
(Simmler at a/., 1985; Rouyer at a!., 1986; Petit et al., 1990), one type of which, 

called the DNF28 family, shares substantial sequence homology with a related STIR
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family found in at least four autosomes including HSA20 (Rouyer et al., 1990). These 
sequences are not related to minisatellites and have core repeats of about 350 bp 
(Rouyer et a!., 1990). The steroid sulfatase (STS) gene is linked to a STIR type 
repeat (Yen et ai., 1990) and many STS-deficient patients have large deletions in this 

region which are apparently due to recombination between two arrays of such 
repeats which flank the STS gene (Schnur et a!., 1990). Cytogenetically, there is no 
evidence, at least for Ra, that this mutation is associated with any detectable 
chromosomal abnormalities (Abbott eta!., 1994).

In the light of the differences between Mus spretus and C3H/HeH in both 
sequence homology and distribution of the MMU2 STIR-type repeat (fig 3.21b; page 
108) it seems reasonable to argue that the extent of these differences may have a 
prohibitive effect on recombination in FI wst/+̂ '̂̂  or interspecific female

hybrids. At this stage, it is not possible to evaluate this as there are no other 
interspecific maps of this region. Compared to the SSLP map constructed using an 
intersubspecific intercross, there are no significant differences in recombination in the 
D2Mit74-D2Mit266 region (Dietrich et a!., 1994). Although the physical length of the 
STIR-containing region are not known, it might prove difficult to find informative 
meiotic events which will position wst or Ra relative to a distal flanking marker.

It was explained in the introductory section that all the genes that map to 
human chromosome 20 (HSA20) whose homologues were also mapped in the 
mouse genome, map to distal MMU2 and the order appears to be conserved 
(Siracusa and Abbott, 1994). The most distal marker common to both MMU2 and 

HSA20 is Acra4 (CHRNA4 in HSA20). A high resolution physical map either side of 
CHRNA4 is available and one STIR-associated locus, D20S24, maps close to and 
distal to CHRNA4. As mentioned in section 3 (page 116), most of the MMU2- 
associated STIR-type repeats must lie distal to Acra4 on MMU2. The physical map of 
HSA20 (a) and the map constructed in this study (b) are shown below (Steinlein et 
a!., 1992 and 1994). The maps are aligned relative to Acra4/CHRNA4. The scale 
refers to the HSA20 map.
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Locus D20S25 is cytogenetically coincident with D20S24 (20q13.3) but maps 
28 cM proximal to D20S24, a distance four times higher than would be expected 
from an estimate of the physical distance between them (Rouyer et al., 1990a). 
Although no comparisons can be made across species for non-genic DNA 
sequences, it is possible that the region of MMU2 that I studied contains sequences 
which are structurally related to subtelomeric DNA sequences, such as those on 

HSA20.

4.3 Candidate genes for wst and Ra
4.3.1 Wasted

The gene that causes the wasted phenotype is likely to be expressed at least 
in the CNS and the lymphoid tissues, since this phenotype is associated with 
neurological and immunological abnormalities. The reader is reminded that wasted 
mice are recognised at about 21 days of age by symptoms which are characteristic 
of neurologic abnormalities. These include tremor and uncoordinated body 
movements which lead to progressive paralysis and death before 30 days of age 
(Shultz et a!., 1982). In addition, the wasted phenotype is associated with a severe 
wasting syndrome marked by loss of body weight, lymphoid hypoplasia of the spleen, 
the thymus, the mesenteric lymph nodes (MLN) and the Peyer’s patches (Shultz et 
a!., 1982, Kaiserlian et a!., 1986). Furthermore, this gene is very likely to be
expressed postnatally.

This study demonstrated that the only known gene that is probably coincident 
with wst is the a4 subunit gene of the neural nicotinic acetylcholine receptor, Acra4. It 
is, therefore, worth considering the credentials of this gene as a candidate gene for 
wasted.

The nicotinic acetylcholine receptor (nAchR) subunits are of two types, a  and 
p. The receptor itself is thought to be a pentamer of the type azps, although some 
alpha subunits could form functional homo-pentamers in vivo (reviewed in Sargent,
1993). Eight alpha (a2-a9) and three beta (P2-p4) subunit cDNAs have been isolated 
in the rat (Elgoyhen eta!., 1994 Sargent, 1993). Nothing is known about the structure 
or expression pattern of the Acra4 gene in the mouse. Its rat homologue codes for at 
least four transcripts (Goldman et a/., 1987). Three of these have been cloned 
whereas a fourth one was postulated on the basis of SI Nuclease protection 
experiments (Goldman et a!., 1987; this report describes two of these transcripts; the 

sequence of a third cDNA was recently submitted by these authors; EMBL Accession 
Number L31620). It is thought that these transcripts result from differential splicing of 
the a4 gene primary transcript (Goldman et a/., 1987). The rat a4 subunit gene is 

expressed in various areas of the central nervous system, including the spinal cord, 
thalamus, hypothalamus and brain stem (Goldman et a/., 1987). It is likely that Acra4 
has the same pattern of expression in the mouse and could also code for multiple 
isoforms.
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Could this gene be responsible for the neurological defects apparent in 
wasted mice? The answer to this is based only on circumstantial evidence. Wasted 
mice share features with mice homozygous for the neurological mutation oscillator 
(of) the genetic basis of which was recently established (Buckwalter et al., 1994). 
Affected ot/ot homozygotes demonstrate fine motor tremor at about 2 weeks of age, 
the severity of which increases daily leading to death by day 23 (Buckwalter at a/.,

1994). The cause of this phenotype is a seven nucleotides deletion in the a l subunit 
of the glycine receptor subunit which abolishes the function and possibly assembly of 
the receptor (Buckwalter at a/., 1994). Glycine is a neurotransmitter whose receptor, 
an Œ2p3 pentamer, is a member of the ligand-gated ion channel receptor super-family, 
which includes the acetylcholine receptor and type A gamma-aminobutiric acid 
(GABAa) receptors (reviewed in Betz, 1992). As the glycine receptor appears to 
function in the same way as acetylcholine receptors, as shown by in vivo studies 
using Xanopus oocytes (Betz, 1992; Sargent, 1993), it could be argued that a defect 

in the acetylcholine receptor could produce a similar phenotype like that caused by 
defects in the glycine receptor. Would we expect the acetylcholine receptor subunit 
genes to have a temporal expression pattern which would coincide with the onset of 
the wasted phenotype (21 days)? To my knowledge, there are no studies which 
examine the temporal expression pattern of the nAchR subunits genes, and any 
suggestion is again speculative. The expression of the a l subunit of the glycine 
receptor in the rat increases after birth reaching high levels by postnatal day 15, 
whereas the expression of the a2 subunit decreases steadily after birth reaching 
undetectable levels by day 15 (Malosio at a/., 1991). A similar developmental switch 
operating for nAch receptors could not be ruled out.

Could a defect in Acra4 lead to lymphoid hypoplasia of the peripheral 
lymphocytes and regression of the lymphoid organs? To my knowledge, no 
expression studies have been carried out in mice to test for the presence of neuronal 
nAchR on the surface of lymphocytes. Initial studies, carried out in the rat, 
demonstrated that low affinity nicotinic Ach receptors are present on the cell 
membrane of rat lymphocytes and thymocytes (Maslinski at a/., 1980 and 1987; 
Morgan at a/., 1984). Recently, it was demonstrated that human thymocytes (and not 
peripheral lymphocytes) express at least three genes which code for the a3, a5 and 
p4 neuronal nAchR subunit genes (Mihovilovic and Roses, 1993). The a4 gene was 
not tested in this study but the first indications are that it is also expressed in the 
thymus (M. Mihovilovic, personal communication). Interestingly, studies in the rat 
showed that both T and B lymphocytes bear nicotinic receptors (Maslinski at a/., 

1987). Activation of either of these receptors initiates mitosis leading to maturation of 
thymocytes (Maslinski at a/., 1987; Bulloch and Radojcic, 1989). These and other 

receptors, such as p-adrenergic ones, are thought to establish the link between the 
autonomous nervous system and the lymphoid tissues (Bulloch and Radojcic, 1989). 
The wasted mouse was proposed to be a good model for IgA deficiency in the gut
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because of low levels of IgA in wstMst homozygotes (Kaiserlian et al., 1985). It is 
important that in the rat gut, the IgA baseline production can be diminished by the 
muscarinic antagonist atropine, whereas the cholinergic (i.e. binds acetylcholine 
receptors) agonist carbachol can augment IgA levels (Wilson at a/., 1982). These 
studies do at least indicate that the lymphoid tissues of the mouse could express the 
Acra4 gene. They also suggest that the neurotransmitter acetylcholine is involved in 

the maturation process of lymphocytes and it is conceivable that a defect in this 
process would lead to peripheral lymphoid hypoplasia caused by a primary defect in 
the sites of lymphocyte maturation.

The recent finding that mice homozygous for a null mutation in the p2 subunit 
gene which abolishes the nAchR function are viable, mate normally and show no 
obvious signs of neurological abnormalities (Picciotto at a/., 1995) would argue 

against an association between neurological abnormalities and defective nAchR. 
Furthermore, a nonsense mutation in the human a4 subunit gene is associated with 
Benign Familial Neonatal Convulsions (BFNC; Beck at a/., 1994). BNFC is an 
autosomal dominant epilepsy which manifests within the first 3 days of life, and 90% 
of affected adults show no symptoms of epilepsy. So, abolishing the function of at 
least one isoform of the nAchR in human is not associated with neurological or 
immunological abnormalities similar to those seen in wasted mice. In human, the p2 
subunit gene is not expressed in lymphoid tissues (Mihovilovic and Roses, 1993) 
and this could perhaps explain the absence of lymphoid hypoplasia in pZ /pT  mice.

Whether Acra4 proves to be allelic to wst remains to be seen. From the point 
of view of testing for mutations in this gene, the single recombination event which 
occurred within this gene offers an excellent practical advantage, having effectively 
excluded 90% of the coding sequence from the candidate region (always judging 
from the structure of the rat cDNAs). If this gene does prove to be allelic to wst, then 
wasted mouse will make an excellent model for studying the interaction of the CNS 
and the immune system in postnatal development.

Recently, the gene for the pre-existing (p) nuclear factor for activated T cells 

(NFATp) has been assigned to band H of mouse chromosome 2 and human 
chromosome 20q13.2^ q13.31 by FISH analysis. This gene is expressed in the 
brain, heart, thymus and spleen (Northrop at a!., 1994). NFTAp is a multisubunit 
DNA-binding transcription factor present in the cytosol of unstimulated T cells which 
enters the nucleus upon T cell activation. It binds to several genes involved in T cell 
activation such as the IL-2 gene (McCaffrey at al., 1993 and references therein). On 

the basis of its expression pattern and its physical position, NFTAp was suggested 
as a candidate gene for wasted (Li at al., 1995). NFTAp maps proximal to band H4 

(Li at al., 1995) and, therefore, is highly unlikely to be the wst gene.
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4.3.2 Ragged
Very few studies have addressed the pathology of Rah  or Ra/Ra mice. Given 

the effects that Ra has on hair growth, the product of this locus would be expected to 
be expressed in epidermal tissue. Although Acra4 is coincident with Ra, it seems 
unlikely that Acra4 would be the basis of the ragged phenotype (Abbott et al., 1994). 

The product of the Ra locus might be expressed in the kidneys and may be involved 
in ion transport for Ra/Ra homozygotes develop oedema which could be caused by 
malfunction of the kidneys or reduced renal mass (Abbott at a/., 1994). The three 
mutant alleles now identified at this locus {Ra, Ra®** and Ra'̂  ) should improve the 
chances of identifying the causative mutations, particularly in view of the differences 
in severity of the phenotype associated with the Ra°  ̂ allele compared to the other 
two alleles (Abbott at a/., 1994).

4.4 The mapping of Cyp24 to distal MMU2
The mouse homologue of the rat gene for vitamin D 24-hydroxylase was 

mapped to distal mouse chromosome 2 proximal to Ra. The human homologue, 
CYP24, was assigned to human chromosome 20q13.2->q13.3. This finding extends 
the observation that all the genes so far mapped to HSA20 and were mapped in the 
mouse, also map to distal MMU2 and the order appears to be conserved (Siracusa 
and Abbott, 1994; Huh at a!., 1995; Li at a!., 1995). This conserved linkage group is 
one of the largest between man and mouse (Silver at a!., 1994). This conservation is 

very important for predicting the position on HSA20 of human homologues of genes 
mapped on MMU2, and vice versa.

Most genes assigned to HSA20 were mapped by FISH and although the 
order appears to be conserved this may not be the case. It is important to establish a 
genetic map of HSA20 to include all the genes mapped so far. Most researchers with 
an interest on HSA20 are naturally more willing to map a gene relative to a disease 
gene, rather than to build up a high resolution multipoint genetic map using the 

CEPH resource for example. It would probably be more advantageous to at least 
evaluate whether the linkage between HSA20 and distal MMU2 is indeed conserved.
If this is so, as is likely to be, then it may not always be necessary to map a disease 
gene relative to a new gene which maps in a region of interest in HSA20, if it has 
been mapped in mice by meiotic mapping. Several human conditions, such as 
Fanconi Anaemia (FA1), Non-Insulin Dependent Diabetes Mellitus (MODY) 
(Grzeschik and Skolnick, 1991; and references therein) are caused by genes which 

reside on HSA20. These conditions are characterised by genetic heterogeneity (more 
than one gene causing the same phenotype) and the positioning of such genes 

relative to other markers would rely on a limited number of large informative families.
If the HSA/MMU2 comparative map is evaluated and linkage conservation is 
established, then the placement of such a disease genes could be achieved through 
the combination of comparative and human meiotic mapping data.
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4.5 What needs to be done
The first resource generated by this study is a set of clones, most of which 

probably originate from MMU2, which can be used as a source of molecular markers. 
With the benefit of hindsight if this work is to be continued, it might prove equally 
useful to isolate random STSs rather than microsatellites. There is a substantial 
number of microsatellites now available and any new molecular markers, suitable for 
mapping in interspecific or intersubspecific markers, need not necessarily be 
microsatellites.

The second, and perhaps more important contribution of this work, was to 

isolate genomic clones which can be used to isolate expressed sequences which can 

be tested for allelism for both wst and Ra. However, additional clones from this 

region need to be isolated since it is possible that the YAC contig established 

contains interstitial deletions. Additional mice segregating Ra and wst are now 

available and the next obvious step is to phenotype these for the markers in the 

region. As more mice are being generated it might prove fruitful to consider changing 

the Mus spretus parent to either Mus musculus castaneus or even a laboratory 

mouse strain, in deriving the F1 parents, for the following reason. It is well 

established in humans and appears to be the case in mice, at least from chiasma 

maps (Gorlov et a/., 1991; Hulten and Laurie, in Povey et a/., 1992), that there is 

more recombination in the subtelomeric regions in males than in females. Therefore, 

the use of both male and female meiosis could prove more informative in an attempt 

to identify a flanking marker for both wst and Ra than using only female meiosis 

(interspecific males are sterile).

Lastly, in conjunction with meiotic mapping, it is important to initiate studies in 

search for a causative mutation in Acra4 of wasted mice. Based on the sequence of 

the rat gene, the three apparent mRNA variants coded by this locus exhibit sufficient 

sequence divergence in certain sites to enable the isolation of their mouse 

counterparts by RT-PCR. I wish to those commissioned to carry this out the very best 

of luck!
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Ragged Backcross

Animal

ID

Phenotypes

Number Ra lllb D2mitS2 Cyp24 Gnas

D2ucl1

D2mlt

200

D2mit

230

D2mit

74

Acra4 D2mit

266

SM
29-2

R1 +/+ S s s 8 8 8 8 8 8 s

R2 Ra/+ Ra Ra Ra Ra Ra Ra Ra Ra
R3 Ra/+ S Ra Ra Ra Ra Ra Ra Ra

R4 Ra/+ S Ra Ra Ra Ra Ra Ra Ra

R5 +/+ Ra S S 8 8 8 8 8

R6 +/+ Ra S S 8 8 8 8 8

R7 Ra/+ Ra Ra Ra Ra Ra Ra Ra
R8 +/+ S S 8 8 8 8 8

R9 Ra/+ S S 8 Ra Ra Ra Ra Ra Ra

R10 +/+ S S 8 8 8 8 8

R11 Ra/+ S Ra Ra Ra Ra Ra Ra Ra Ra Ra

R12 +/+ S S 8 8 8 8 8

R13 +/+ S S 8 8 8 8 8

R14 Ra/+ Ra Ra Ra Ra Ra Ra Ra
R15 +/+ S S 8 8 8 8 8

R16 Ra/+ S S Ra Ra Ra Ra Ra Ra

R17 +/+ S S 8 8 8 8 8

R18 Ra/* S Ra Ra Ra Ra Ra Ra Ra

R19 +/+ Ra Ra 8 3 3 3 3 3
R20 Ra/+ Ra Ra Ra Ra Ra Ra Ra
R21 Ra/* Ra Ra Ra Ra Ra Ra
R22 Ra/* S Ra Ra Ra Ra Ra Ra

R23 */* S S 8 8 8 S
R24 */* S S 8 8 8 S
R24 */* S s 8 8 8 8

R26 Ra/* Ra Ra Ra Ra Ra Ra
R27 Ra/* Ra Ra Ra Ra Ra Ra
R28 Ra/* Ra Ra Ra Ra Ra Ra
R29 */* S S 8 8 8 S
R30 */* S S 8 8 8 8

R31 */* Ra 3 3 3 3 3 3
R32 */* S S 8 8 8 S
R33 */* S S 8 8 8 8

R34 Ra/* Ra Ra Ra Ra Ra Ra
R35 Ra/* Ra Ra Ra Ra Ra Ra
R36 Ra/* Ra Ra Ra Ra Ra Ra
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Animal

ID

Phenotypes

Number Ra lilb D2mit52 Cyp24 Gnas

D2ucl1

D2mit

200

D2mit

230

D2mit

74

Acra4 D2mlt

266

R37 Ra/+ Ra Ra Ra Ra Ra Ra
R38 Ra/+ Ra Ra Ra Ra Ra Ra
R39 +/+ S S S S S S
R40 +/+ Ra s S S S S S

R41 Ra/+ Ra Ra Ra Ra Ra Ra
R42 +/+ S S S S S S
R43 Ra/+ Ra Ra Ra Ra Ra Ra Ra
R44 Ra/+ Ra Ra Ra Ra Ra Ra
R45 Ra/+ S Ra Ra Ra Ra Ra

R46 Ra/+ S Ra Ra Ra Ra Ra Ra

R47 +/+ Ra S S S S S S

R48 +/+ S S S S S S S
R49 +/+ Ra s s s s s s
R50 Ra/* S s s s s s Ra Ra Ra

R51 Ra/+ Ra Ra Ra Ra Ra Ra
R52 Ra/+ S Ra Ra Ra Ra Ra Ra

R53 Ra/+ Ra Ra Ra Ra Ra Ra
R54 Ra/* Ra S Ra Ra Ra Ra

R55 Ra/* Ra Ra Ra Ra Ra Ra
R56 */* S S S S S S
R57 */* Ra S S S S S S

R58 Ra/* Ra Ra Ra Ra Ra Ra
R59 Ra/* Ra Ra Ra Ra Ra Ra
R60 Ra/* S Ra Ra Ra Ra Ra Ra

R61 */* Ra S S S S S S

R62 */* Ra S S S S S S

R63 */* S S S S S S
R64 Ra/* Ra Ra Ra Ra Ra Ra
R65 Ra/* Ra Ra Ra Ra Ra Ra
R66 Ra/* Ra Ra Ra Ra Ra Ra
R67 Ra/* S S S Ra Ra Ra Ra Ra

R68 */* Ra Ra Ra S S S S

R69 */* S S s S S S
R70 Ra/* Ra Ra Ra Ra Ra Ra
R71 Ra/* S Ra Ra Ra Ra Ra

R72 */* S S S S S S
R73 Ra/* Ra Ra Ra Ra Ra Ra
R74 Ra/* Ra Ra Ra Ra Ra Ra

SM

29-2
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Animal

ID
Phenotypes

Number Ra Il1b D2mit52 Cyp24 Gnas

D2ucl1

D2mit

200

D2mit

230

D2mlt

74

Acra4 D2mit

266

R75 +/+ S s s s s S

R76 Ra/+ s Ra Ra Ra Ra Ra Ra

R77 Ra/+ Ra Ra Ra Ra Ra Ra
R78 +/+ S S S S S S
R79 Ra/+ Ra Ra Ra Ra Ra Ra
R80 Ra/+ Ra Ra Ra Ra Ra Ra
R81 Ra/+ Ra Ra Ra Ra Ra Ra
R82 +/+ S S S S S S
R83 +/+ S S S S S S
R84 Ra/+ Ra Ra Ra Ra Ra Ra
R85 Ra/+ S Ra Ra Ra Ra Ra Ra

R86 +/+ S S S S S S
R87 Ra/+ Ra Ra Ra Ra Ra Ra
R88 Ra/+ Ra Ra Ra Ra Ra Ra
R89 Ra/+ Ra Ra Ra Ra Ra Ra
R90 +/+ S S S S S S
R91 +/+ S S S S S S
R92 Ra/+ Ra Ra Ra Ra Ra Ra
R93 +/+ S S S S S S
R94 Ra/+ Ra Ra Ra Ra Ra Ra
R95 +/+ Ra S S S S S S

R96 Ra/* Ra Ra Ra Ra Ra Ra
R97 Ra/* Ra Ra Ra Ra Ra Ra
R98 */* S S S S S S
R99 */* S S S S S S

R100 */* Ra S S S S S S

R101 */* S s s s s s
R102 */* Ra Ra Ra s s s s
R103 Ra/* S S S s Ra Ra Ra Ra Ra

R104 Ra/* S S s S S Ra Ra Ra

R105 */* S S s S S S
R106 */* Ra S S s s s s
R107 */* Ra S s s s s s
R108 Ra/* Ra Ra Ra Ra Ra Ra
R109 Ra/* Ra Ra Ra Ra Ra Ra
R110 Ra/* Ra Ra Ra Ra Ra Ra
R111 Ra/* Ra Ra Ra Ra Ra Ra
R112 */* Ra s S S S s S

R113 Ra/* S Ra Ra Ra Ra Ra Ra

SM

29-2
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Animal

ID

Phenotypes

Number Ra illb D2mit52 Cyp24 Gnas

D2ucl1

D2mit D2mit D2mit 

200 230 74

Acra4 D2mit

266

R114 +/+ S S s s s s

R115 Ra/+ Ra Ra Ra Ra Ra Ra
R116 +/+ S S S S S S
R117 Ra/+ Ra Ra Ra Ra Ra Ra
R118 +/+ S S S S S S
R119 +/+ S S S S S S
R120 +/+ Ra Ra Ra S S S S

R121 Ra/+ Ra Ra Ra Ra Ra Ra
R122 +/+ S S S S S S
R123 +/+ Ra S S S S S S

R124 R a/+ S Ra Ra Ra Ra Ra Ra

R125 Ra/+ Ra Ra Ra Ra Ra Ra
R126 Ra/+ Ra Ra Ra Ra Ra Ra
R127 +/+ S S S S S S
R128 +/+ Ra Ra Ra S S S S

R129 +/+ S S s s s s

R130 Ra/+ Ra Ra Ra Ra Ra Ra
R131 +/+ S S S S S S
R132 +/+ S S S S S S
R133 +/+ S S S S S S
R134 R a/+ Ra Ra Ra Ra Ra Ra
R135 R a/+ Ra Ra Ra Ra Ra Ra
R136 R a/+ S S S Ra Ra Ra Ra

R137 +/+ S S S S S S
R138 Ra/+ Ra Ra Ra Ra Ra Ra
R139 R a/+ S S S Ra Ra Ra Ra

R140 +/+ Ra S S S S S S
R141 +/+ S S S S S S
R142 Ra/+ Ra Ra Ra Ra Ra Ra
R143 R a/+ S Ra Ra Ra Ra Ra Ra

R144 R a/+ Ra Ra Ra Ra Ra Ra
R145 Ra/+ Ra Ra Ra Ra Ra Ra
R146 Ra/+ S Ra Ra Ra Ra Ra Ra

R147 +/+ S S S S S S
R148 +/+ S S S S S S
R149 Ra/+ Ra Ra Ra Ra Ra Ra
R150 +/+ Ra S S S S S S

R151 Ra/+ S S s Ra Ra Ra Ra

R152 Ra/+ Ra Ra Ra Ra Ra Ra

SM
29-2
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Animal

ID
Phenotypes

Number Ra lllb D2mit52 Cyp24 Gnas

D2UC/1

D2mit D2mit D2mit 

200 230 74

Acra4 D2mit

266

R153 Ra/+ Ra Ra Ra Ra Ra Ra
R154 +/+ S s S S S S S
R155 Ra/+ S Ra Ra Ra Ra Ra Ra
R156 +/+ Ra Ra Ra S S S S

R157 Ra/+ Ra Ra Ra Ra Ra Ra
R158 Ra/+ Ra Ra Ra Ra Ra Ra
R159 +/+ Ra S S S S S S

R160 +/+ Ra S S S S S S

R161 +/+ Ra s s s s s s
R162 Ra/+ Ra Ra Ra Ra Ra Ra
R163 +/+ Ra s S S S S S
R164 Ra/+ Ra Ra Ra Ra Ra Ra Ra
R165 +/+ S S S S S S S
R166 +/+ S
R167 +/+ S S
R168 +/+ S S
R169 +/+ S S
R170 Ra/+ Ra Ra
R171 Ra/+ Ra Ra
R172 Ra/+ Ra Ra
R173 Ra/+ Ra Ra
R174 Ra/+ Ra Ra
R175 Ra/+ Ra Ra
R176 Ra/+ Ra Ra
R177 Ra/+ Ra Ra
R178 +/+ S S
R179 Ra/+ Ra Ra
R180 Ra/+ Ra Ra
R181 Ra/+ Ra Ra
R182 Ra/+ Ra Ra
R183 +/+ S S
R184 Ra/+ Ra Ra
R185 +/+ S S
R186 Ra/+ Ra Ra
R187 Ra/+ Ra Ra
R188 Ra/+ Ra Ra
R189 Ra/+ Ra Ra
R190 Ra/+ Ra Ra
R191 +/+ S S

SM
29-2
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Animal

ID

Phenotypes

Number Ra 111b D2mit52 Cyp24 Gnas 

D2ucl1

D2mit

200

D2mlt

230

D2mlt

74

Acra4 D2mit

266

R192 +/+ s S

R193 +/+ s S

R194 +/+ s s
R195 +/+ s s
R196 Ra/+ Ra Ra
R197 Ra/* Ra Ra
R198 Ra/* Ra Ra
R199 Ra/* Ra Ra
R200 */* S S
R201 */* S S
R202 Ra/* Ra Ra
R203 Ra/* Ra Ra
R204 */* S S
R205 */* S S
R206 */* S S
R207 Ra/* Ra Ra
R208 Ra/* Ra Ra
R209 Ra/* Ra Ra
R210 * / * S S
R211 Ra/* Ra Ra
R212 Ra/* Ra Ra
R213 Ra/* Ra Ra
R214 */* S S
R215 */* S S
R216 Ra/* Ra Ra
R217 * / * S S
R218 */* Ra Ra s s s S

R219 Ra/* Ra Ra
R220 Ra/* Ra Ra
R221 Ra/* Ra Ra
R222 */* S S
R223 */* S S
R224 * / * S S
R225 * / * S S
R226 */* S S
R227 * / * S S
R228 * / * S S
R229 * / * S S
R230 Ra/* Ra Ra

SM

29-2
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Animal

ID

Phenotypes

Number Ra Il1b D2mitS2 Cyp24 Gnas 

D2ucl1

D2mit D2mit D2mit Acra4 D2mit 

200 230 74 266

R231 Ra/+ Ra Ra
R232 Ra/+ Ra Ra
R233 Ra/+ Ra Ra
R234 Ra/+ Ra Ra
R235 +/+ S S
R236 +/+ S S
R237 +/+ S S
R238 +/+ S S
R239 +/+ S S
R240 +/+ S S
R241 +/+ S S
R242 Ra/+ Ra Ra
R243 Ra/+ Ra Ra
R244 Ra/+ Ra Ra
R245 Ra/+ Ra Ra
R246 +/+ S S
R247 +/+ S S
R248 Ra/+ Ra Ra
R249 Ra/+ Ra Ra
R250 Ra/+ Ra Ra
R251 +/+ S S
R252 +/+ S S
R253 +/+ S S
R254 Ra/+ Ra Ra
R255 Ra/+ Ra Ra
R256 Ra/+ Ra Ra
R257 +/+ S S
R258 +/+ S S
R259 +/+ S S
R260 +/+ S S
R261 +/+ S S
R262 +/+ S S
R263 Ra/+ Ra Ra
R264 +/+ S S
R265 +/+ S S
R266 Ra/+ Ra Ra
R267 Ra/+ Ra Ra
R268 Ra/+ Ra Ra
R269 Ra/+ Ra Ra

SM

29-2
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Animal

ID

Phenotypes

Number Ra iiib D2mitS2 Cyp24 Gnas 

D2ucl1

D2mit D2mit D2mlt Acra4 D2mlt 

200 230 74 266

SM
29-2

R270 +/+ s S
R271 +/+ s S
R272 Ra/* Ra Ra
R273 Ra/* Ra Ra
R274 */* S S
R275 */* S S
R276 */* S S
R277 Ra/* Ra Ra
R278 */* S S
R279 */* S S
R280 */* S S
R281 Ra/* Ra Ra
R282 */* S S
R283 */* S S
R284 Ra/* Ra Ra
R285 Ra/* Ra Ra
R286 Ra/* Ra Ra
R287 Ra/* Ra Ra
R288 */* S S
R289 */* S S
R290 */* S S
R291 Ra/* Ra Ra
R292 */* S S
R293 */* S S
R294 Ra/* Ra Ra
R295 Ra/* Ra Ra
R296 Ra/* Ra Ra
R297 Ra/* Ra Ra
R298 Ra/* Ra Ra
R299 */* S S S
R300 */* S S S
R301 */* S S s
R302 Ra/* Ra Ra Ra
R303 Ra/* Ra Ra Ra
R304 */* S S S
R305 */* S S S
R306 */* S S S
R307 */* S S S
R308 Ra/* Ra Ra Ra
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Animal

ID

Phenotypes

Number Ra Il1b D2mltS2 Cyp24 Gnas D2mlt D2mlt D2mit Acra4 D2mit SM
D2UCI1 200 230 74 266 29-2

R309 Ra/+ Ra Ra Ra
R310 Ra/+ Ra Ra Ra
R311 +/+ S S 8

R312 +/+ S S 8

R313 +/+ Ra Ra 8 8 s 8 8

R314 +/+ S 8 8

R315 Ra/+ Ra Ra Ra
R316 +/+ S S 8

R317 +/+ S 8 8

R318 Ra/* Ra Ra Ra
R319 +/+ S 8 8

R320 Ra/+ Ra Ra Ra
R321 Ra/* Ra Ra Ra
R322 Ra/* S Ra Ra Ra Ra Ra Ra
R323 */* S 8 8

R324 */* S 8 8

R325 */* S 8 8

R326 */* S 8 8

R327 */* S 8 8

R328 */* S 8 8

R329 */* S 8 8

Ra - allele that segregates in the ragged stock; S- Spretus allele; all animals in the ragged cross 
carry a C3H/HeH allele.

Wasted Backcross

Animal
ID

Number ivsf Gnas D2Ucl1

Phenotypes

D2Mit200 D2Mit230 D2Mit74 Acra4 D2Mit266 SM

w1 wst/wst 8 S 8
_

~~~~S 5
29-2
8

w2 wst/wst W w W w W W
w3 wst/wst 8 8 8 8 8 8 8 8
w4 wst/Wst W w W w W W
w5 wst/Wst W w W w W W
w6 wst/wst w w w w w w
w7 wst/wst w w w w w w
w8 wst/wst w w w w w w
w9 wst/wst w w w w w w
w10 wst/wst w w w w w w

139



Animal
ID

Phenotypes

Number wst Gnas D2Ucl1 D2Mit200 D2Mit230 D2Mit74 Acra4 D2Mit266 s/w
29-2

w11 wst/wst w w W w w w
w12 wst/wst w w w w w w
w13 wst/wst w w w w w w
w14 wst/wst w w w w w w
w15 wst/wst w w w w w w
w16 wst/wst w w w w w w
w17 wst/wst w w w w w w
w18 wst/wst w w w w w w
w19 wst/wst w w w w w w
w20 wst/wst w w w w w w
w21 wst/wst w w w w w w
w22 wst/wst w w w w w w
w23 wst/wst w w w w w w
w24 wst/wst w w w w w w
w25 wst/wst w W w w w w
w26 wst/wst w W w w w w
w27 wst/wst w W w w w w
w28 wst/wst w W w w w w
w29 wst/wst w W w w w w
w30 wst/wst w W w w w w
w31 wst/wst w W w w w w
w32 wst/wst w W w w w w
w33 wst/wst w W w w w w
w34 wst/wst w W w w w w
w35 wst/wst w W w w w w
w36 wst/wst w W w w w w
w37 wst/wst w W w w w w
w38 wst/wst w W w w w w
w39 wst/wst w W w w w w
w40 wst/wst w W w w w w
w41 wst/wst w W w w w w
w42 wst/wst w W w w w w
w43 wst/wst w W w w w w
w44 wst/wst w W w w w w
w45 wst/wst w W w w w w
w46 wst/wst w W w w w w
w47 wst/wst w w w w w w
w48 wst/wst w w w w w w
w49 wst/wst w w w w w w
w50 wst/wst w w w w w w
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Animal
ID

Number wst Gnas D2Ucl1

Phenotypes

D2Mit200 D2Mit230 D2MÏÏ74 Acra4 D2Mit266 SM
29-2

w51 wst/wst w W w w w w
w52 wst/Wst w W w w w w
w53 wst/wst s S s s w w w w
w54 wst/wst w W w w w w
w55 wst/wst w W w w w w
w56 wst/wst w W w w w w
w57 wst/wst w W w w w w
w58 wst/wst w W w w w w
w59 wst/wst w W w w w w
w60 wst/wst w W w w w w
w61 wst/wst w W w w w w
w62 wst/wst w W w w w w
w63 wst/wst w W w w w w
w64 wst/wst w W w w w w
w65 wst/wst w W w w w w
w66 wst/wst w W w w w w
w67 wst/wst w W w w w w
w68 wst/wst w W w w w w
w69 wst/Wst w W w w w w
w70 wst/wst w W w w w w
w71 wst/wst w W w w w w
w72 wst/Wst w W w w w w
w73 wst/wst s S w w w w w w
w74 wst/wst w W w w w w
w75 wst/wst w w w w w w
w76 wst/wst w w w w w w
w77 wst/wst w w w w w w
w78 wst/wst w w w w w w
w79 wst/wst w w w w w w
w80 wst/wst w w w w w w
w81 wst/wst w w w w w w
w82 wst/wst w w w w w w
w83 wst/wst w w w w w w
w84 wst/wst s s s s s s w w
w85 wst/wst w w w w w w
w86 wst/wst w w w w w w
w87 wst/wst w w w w w w
w88 wst/wst w w w w w w
w89 wst/wst w w w w w w
w90 wst/wst w w w w w w
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Animal
ID

Phenotypes

dumber wst Gnas D2Ucl1 D2Mit200 D2Mit230 D2Mit74 Acra4 D2Mit266 s/w
29-2

w91 wst/wst s s s s s w w w
w92 wst/wst w w w w w w
w93 wst/wst w w w w w w
w94 wst/wst w w w w w w
w95 wst/wst w w w w
w96 wst/wst w w w w
w97 wst/wst w w w w
w98 wst/wst w w w w
w99 wst/wst w w w w

w100 wst/wst w w w w
w101 wst/wst w w w w
w102 wst/wst s s w w w w w
w103 wst/wst w w w w
w104 wst/wst w w w w
w105 wst/wst w w w w
w106 wst/wst w w w w
w107 wst/wst w w w w
w108 wst/wst s s w w w w w
w109 wst/wst w w w w
w110 wst/wst w w w w
w111 wst/wst w w w w
w112 wst/wst w w w w
w113 wst/wst w w w w
w114 wstAwst w w w w
w115 wst/wst w w w w
w116 wst/wst w w w w
w117 wst/wst w w w w
w118 wst/wst s W W W w w w
w119 wst/wst w w w w
w120 wst/wst s W W W w w w
w121 wst/wst w w w w
w122 wst/wst w w w w
w123 wst/\wst w w w w
w124 wst/wst w w w w
w125 wst/wst w w w w
w126 wst/wst w w w w
w127 wst/wst w w w w
w128 wst/wst w w w w
w129 wst/wst w w w w
w130 wst/wst w w w w
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Animal
ID

Number wst Gnas D2Ucl1

Phenotypes

D2Mit200 D2Mit230 D2Mit74 Acra4 D2Mit266 s/w
29-2

w131 wst/wst w W w w
w132 wst/wst w W w w
w133 wst/wst w W w w
w134 wst/wst w W w w
w135 wst/wst w W w w
w136 wstA/vst w W w w
w137 wst/Wst w W w w
w138 wst/wst w W w w
w139 wst/wst w W w w
w140 wst/wst w W w w
w141 wst/wst w w w w
w142 wst/wst w w w w
w143 wst/wst w w w w
w144 wst/wst w w w w
w145 wst/\wst w w w w
w146 wst/wst w w w w
w147 wst/wst w w w w
w148 wst/wst w w w w
w149 wst/wst s s w w w w w
w150 wst/wst w w w w
w151 wst/wst w w w w
w152 wst/wst w w w w
w153 wst/wst w w w w
w154 wst/wst w w w w
w155 wst/wst w w w w
w156 wst/wst w w w w
w157 wst/wst w w w w
w158 wst/wst w w w w
w159 wst/wst w w w w
w160 wst/wst w w w w
w161 wst/wst w w w w
w162 wst/wst w w w w
w163 wst/wst w w w w
w164 wst/wst w w w w
w165 wst/Wst w w w w
w166 wst/wst w w w w
w167 wst/wst w w w w

w - allele that segragates in the wasted stock; S - Mus spretus allele. All animals in the wasted 
backcross carry a w allele.
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DNA sequence of all clones sequenced (the primer sequences are underlined) 

Locus: D2Ucll Clone: CA26
1 50
GATCTCATGGAGGCATATCCCCAACTGAAGCTCCTTTCTCTGTGATAACT
51 100
CCAGCTGTGTCAAGCTGACACAAAACTAGCCAGTACAATGATATTTTTGT
101 150
TTGTTTGTTTGTTTGTTTGTTTGTTGTTTGTGGGGTGCAGACTCTTCGAA
151 200
TGCTCCTGCAATCCAATCTGCTGCTGTTGGGGCTGCTTCCTGTGCTGTTG
201 216
CTGCCCTGCTAAGAAG

Locus: D2Ucl2 Clone: CA 12
TAGAACTAGTGGACTAAGGAGATATATATTGGAAAGGAAGAAGCTAAAGT

GTCTTATTGCTGATGATATAATAGTGGCCCTAAAATTTTCCTTAGAAAAC

TCGTACACCTGATAAACACTTTCAGCAAAGTAGCTGAGTAAAAAAAATTA

ACTCACAAAAAATCAGAAGCCCTCCTATATACAATGACAATGGGCTGAAA

AAGAGTCAGGTAAAAAACACAAGAGCTCAATTATATAGAATATAGGTATT

T-Napprx 200-CACACACACACACACACACACACACACACACACACACACACACA

CACACACCTCTGATAGCTAAAAAAAACAAAAAAACAAAAAACAAAAAACA

AAAAAAAAACAAAACCCTGAATAACAAAAGAACTGTGAAATGTATCACCA

ACCCAGATTTCAAGTTATACCACAGAGCTATAGTAATAAAAAAAATCATG

ATATAGCANCAAAAACAGATATGTTGGTCAATAAAATAAACGTGAAGATT

CAGATATAAATTCATATATACA (22 bp)

Locus: D2Ucl3 Clone: CA153
1 50
GATCCATTTGAGTTAATTTTTGTGGAATGGATAAGGTCTCTTGTCTAAGA
51 100
TTAGTTTTGTGTGTGCATGCACATGCACGTGTGTGTGTGTGTGTGTGTGT
101 150
GTGTGTGTGTATCTGGATGTTGAAAAAGATAGCCTTTCTCACTCGAGTCA
151 200
CCTGTGTTTCTTTGGCCAAAAATGCATTGATGCCATCTGTAGAGTTTTAC
201 224
CCTACCTGTCCTGTTCTGCTGATC

Locus: D2Ucl4 Clone: CA184
1 50
GGTTGAAATATGGCCATAGAAGCTTTCATGTGCATGTAAATAAGACAGTN 
51 100
NNNAATNTGTCAAAGCCAGACATAAAGGGATGAAGAAGAACCCAAGTTTG 
101 151
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AGGATAATTGAGGTGTTATTTAAGTTTTCACACACACACTGCCACACCGC
200 250
ACACNNACACACACACAGAGACACACACATGCACACACACACACACACAC 
251 300
ACACAGACACACACACAGACACACACACACATGCACACACACACACACAC 
301 350
ACCACCACCACCATGATGTATTTTAAAGGTGGTAACTCTCAGTGTCCATT 
351 400
TAAACTAGAAAGCTAGTAAAAAGTGATTTTAAACTATATGAACACATATA 
401 450
AAAGATAAATAATAAATGAGATGGATAGGAAAATGTAATAGAATGTTTTA 
451 500
TGCCCATGTGCCTGATGCTCCAGTGTAGAGGCTATGTTGGTCTGCAATAA 
501 514
GTACTTTAAAGTTC

Locus: D2Ucl5 Clone: CA92
1 50
TTACAGTGGAAGCCACTAAACAGGTNGCTATAATTNNCTCTGGTATTTTA 
51 100
GAGGAATGAAAAAGATNNGTTTATGAAGAAAATTATACCATGATTGAAGT 
101 150
AAAATCCTTCCTTAGATTGNAGCCNATAATACATTGAACCNCCTGACTCC 
151 200
TAACACACACACACACACACACACACACACACACACACACACACACACCA
201 251 
CTATAGGTTGTTNTGTGTTGTAGTTNGTGTCCTCACTGCTCATATGCAGT

253
GA

Locus: D2Ucl6 Clone: CA181
1 50
AACCCTTAGAGAAGGCAATATTCTTGTCTCTCAGGCTGCGGGCACTACAC 
51 100
TAAACTTTATTTGTCTTATCTTTCCACNNNNGAGGTCTTATATTCACACA 
101 150
CACACACACACACACACACACACACACACACACACACTGGGACAAGAGGT 
151 200
GTCCANNNNCACAAAGAGTAGGAGACAANNNAAAATCCACTGAAACATTT 
201 236
CTGCACAAGCAAGGGACATTCTGGCAAGCTGAATGT

Locus: D2Ucl7 Clone: CA135
1 50
ATACATGACACTACATGACATACACGACACTACACTAAACTATACTACCA 
51 100
CACACACACACACACACACACACACACACATACCACACACATACATATAT 
101 150
ATACACACACACATGCATGTGTGCGTGTGGTATGTGTGTATGATCTATAT 
151 200
TACACTAGTCTTTTTCTGTCTTCTCTTTTTTTTCCTTGTTCTGACAAGAC
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201 250
AAGTATATCCTTTACTTATGAACCAATATTATTATCTACAGCCTGATTCT 
251 300
GCTTTCAAAGCTGTGTACTTATACATTGGCCATTAACTTTTATTTGTATG 
301 330
CTTTGTATTTCCTTTTTCTCTGCGCACGAA

Locus: D2Ucl8 Clone: CA187
1 50
GATCATTATAGTCAAATGTCACTGGTGCCTTGCCCCCCAGCACACACACA 
51 100
CACACACACACACACACACACACACACACACACACACACACACAAACACG 
101 150
TACATACACATATATACATGCACACACAACCAACCAACAATAATGCATCA 
151 200
AAATACCAAAAGCAATTAAATAAGAATTTAGACTATAGATAACCTTCAAC 
201 250
AACATAGCTTTTCATAGTTTTAAGCTATTTATTTTCATTGCTATGATATA 
251 300
GCTTAAGCCATATTTGTGGACATAAAGTTTTTTTTTTTCCTCTCTAACTA 
301 350
TTTTCTTGAAGTTGTAAGTGTGGTGCACACCTTACTCCTTTTATTTATTT 
351 358
ATTTAATA

Locus: D2Ucl9 Clone: CA106
1 50
GATCTTGGTACTATTCTAATTCAGTAACAACACATTGGCTTCTTCTGTGG 
51 100
GAATACACACACACACACACACACACACACACACACACACACACACACAC 
101 151
ACACACATATATATATATATATTTTTTTTAGGTAGCAATAATAAGTAGAA 
200 250
AGAGAAATGANGTGCAGGCAGCTACTTTAAGGACCTCAGTAATATATTAC 
251 283
CCTCTTTCAGAATGTTCACAGAAGTGATTCCGG

Locus: D2UcllO Clone: CA24
AAAATGGCCGTTCACTCTCCTCTGGCCCCTCTTCCTTTGGAGTTGAATCT

GCAGATACATGTGGCTTATCTTGAGGTGGTGAACAAGCCATGAAAAGCAA

GAACAAGAAATGTGTCTGAACATTTTATGTTAAGTTTTATTTAAATATAA

TACCTCACTTACCCCTTCTTTTTNTTCCTCCNNNACCTCCAAGGTCACTC

CTCAACTCTTCTTCTCTGATTTACACACACACACACACACACACACACAC

ACACACACACACTCACTCACTCACTCACACACATACACACACTCGCCACA

AGTGTGCAAACTATATCAATACATTGATAGTTCTTTTGGTGATTTGTGTG

TTTGTGGACC— N15bp-TTCTTGTTCTTGCTTTTCATGGCAAGTTCACCAC
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CTCAAGATAAGCCACATGTATCTGCAGATTCAACTCAAAGGAAGAGGGGC

CAGAGGAGAGGAGAGTGAACGGCCATTTTGACCAAAAGCTCAAGATTGGC

CTCTCATTCTGAAAAACTAATTTAGAAAGAAAACGTGATC

Locus: D2Ucl21 Clone: CA43
1 50
CCAGGTACAGTTGAGTTCCTGGCAGAATCAAAATAGAGCTATCCCCACCA 
51 100
CCACTCCACGACAAACTCCACCAGTAGTACAGTTTGATGCACTATATTGG 
101 150
AAATGATGAAACTTTTGTGCCCTGCTTAGAGTTACCTCCAGATTTGAATT 
151 200
AACATGTGGTAAATAAAAGACATTAGCAGTTGCCTCTGGATGATATTGGC  
201 227
TGGAATGGCCTGTTAGGTTACTCACTA

Locus: D2Ucl22 Clone: CAIOO
1 50
GATCACACCCCACCTCTACACATGTGACTACAGACAACTAGTCAGTGTTG 
51 100
AATGGCAAGAAATAATCTTTTTCAGGAATATTTCTCCAATCAAGCATGCA 
101 150
ATACCAAATGTTCTGCCCTGGAACCATACATACAAGTAATATTATATAGA 
151 200
TTGAGCAGCTTGCACATATATATATATATATATATATATATATATATATA 
201 250
TATATATAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT 
301 300
GTGAGTGTGTGTGTGTGTGTGTGTGTATACACATATGTATGTATATATAT 
301 350
ATATATATATATATATATATATATCTCTTGAAATAAACTATACTATTTTA 
351 400
ATATCCTGTATTAGTAATTGAATTATGGTAATGATTAAATTCTAATGGAT 
401 450
GCATTTAAAATTTATGGCACTGTGAATATTAATATTTAAAAGTTTTATCT 
451 500
CAAAGACCCCAATGGAAGAGTTAGGGGAAGAACTGAAGGNNNTGAAGGGG 
501 600
ATTGCAACCCCAGATGAGGAACAATAATTATCTATTAACCAGATGCCTTA 
601 750
GAGCTCCCAGGGATTGAATCGGCAACCAAGGGGTATACATGGGCTGGCCC 
750 789
ATGACTCCTGCTACAGGACCAAGAGCCTCATCTGGCATC

Locus: D2Ucl23 Clone: CA35
1 50
CTCAGTGATATTGGCCGAACCCAGCATAACAAGATGCAATAAGGCTAGGC 
51 100
ACAAACCCTCAAATATCAAGGCGAGAAGAGGGAACCAGTAGGAGGAAAAG 
101 150
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GGTCCAGGAGCAAGCAAAGGAGTCAGAGAATACTCCCTCTCACCTTTAGG 
151 200
ATTCGCACAAACACACCATGCTGCATAAGCATAGCTTG TG TG CACG G TG T  
201 210 
CTCATGGTGT

Locus: D2Ucl24 Clone: CA17
1 50
TTTTTCCTTTTCATTTTCTGGTAGGTTTATAAGAGAACTGAGAACATATA  
51 100
TTATTCAATAAGTCTGCAAACTTACTATTAAGAAACATAGTTTATACTTT 
101 150
ATATGGGGCACTAATTATAACTATGACTGCTCATCAAACATGTATCATAC 
151 200
CACTTCATTGGTTTCCAAGGCTCTAAAAGGGTTACTTTTTTCTAGAACAA  
201 250
GAACATTGCAGAATTGTCAGATACTAAGATAGTATTCGAGCTCATCCATA 
251 290
ATGATGTCGGCAGACTATGGAGATGATTCAGGTTCTGTTA

Locus: D2Ucl25 Clone: CA142
1 50
CAGCTCTTCCCATCCAAATTGATAAGCTTCAGGTTTAGTTGAAGACTTGC 
51 100
TCAAAGAAAAAAAAAAGGGGAGAAGAAATTGAAGAAGATAGAAAGTACNN 
101 150
NNTTTNNNNTCCATGTGCACAATTCACATATCAAAAAGCTGAAACACACATGC 
151 200
ATACACACACACACACACACACACACACACATGCATATACACACACATAC 
201 250
ANNCATACACACACATGCTGTATGCGTAGACATAGGAAATACATGTAAAA 
251 256
ATATGT

Locus: D2Ucl26 Clone: CA108
1 50
CCAAACAATAGGCATGGGAAGCCTCTGTTAAGCTGTCTAAGCGCTGTCCA 
51 100
AGAGACTCCAAAACATACAATATTTGCTCTTGTTCACACTCTGAGGTGTA 
101 150
AAGTAAGATTCCTATTGCTGAAAACACCATGCACTTCAAAAGAGCCTAAG 
151 200
AATTCCACAAATGGAAGTGACCTAAAAGAAGTTTCAATCAGTTGTTTCTG 
201 245
TGTATTGTGACTGAGAGTTTCTATGCTGCTACTGTCTGCTCAGAG

Locus: D2Ucl27 Clone: CA16
1 50
AAGCTTAATTTACTGGGACTGACACTCCCCTGTGGCCACAAAATAAAAAA 
51 100
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AAATAAATAAATAAAAAAAAACCTCATCAACTTTTTTTAACTCGGGGCTA
101 150
GAAGAAGAAAGGAAAAATTCATACTTCATACACATGCACATGAACACACA
151 200
CACACACACACACACACACACACACACACTGAGTAGATGAGCAAAGGTAG
201 250
CTTTAACTTAATCATCAAATGCATGCACCCACACCCNTGAAGCNTGGNTG
251 300
CTTNGGTGAACAATCATCAAAGAAACACACAAATATGTGCAAGACCTGCA
301 350
CACAGACAAACGATGGACAGATAGACACACATTCACTCATAGAATGGGTG
351 400
GATCAGAGTTCCAGCAAGCAGGCTCCAAGCATTTCACGTTTATACGTATG
401 424
TGCATACACATATAATACACATAT

Locus: D2Ucl28 Clone: CA93
1 50
AAGTTAAAGCAATATCCTTCATCAAACTTCCTTACATAAAAAATCAGACT 
51 100
TTTTTTTAAAGAATTATCCAAAGGCAAGCAAGCATTCACACACACACACA 
101 150
CACACACACACACACACACACACACACACACACAGGATTAAAATAAATAA 
151 200
AAAGCTATCCCAAAATTAACAAAATGCTACTTATCTGNGTGTTAATAATT 
201 247
GCAGTANGTTCCTNTTTGCAATGTAAGTGGATGTTACTAGATATTGG

Locus: D7Ucl2 Clone: CA98
1 50
ACAGACCCATGCAGCATACATTAAAAGGACACTATATCCTGTTCCTCTGG
51 100
TATATGACTCATCCTTGTTCATTGTGCTCCTTTCACAATAGAGGAAATAG
101 150
CAAAGTCTACCAATTAAAAAAAGGGTAATGAAAATTACGGTACATATAAG
151 200
CAATAGACGCAGCCACAAAGAAAAATAAAATTATAAAATTTTCTGAGAAG
201 250
TGAATGGAACTAGAAAAGATTATATTGTGTGATACTCAGATAGACCAATG
251 300
G TACATGG TTTCTCACATACTTGGTTGCTAGCTCCAACTCCTCAGATGTG
301 308
GAGTGTAC
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Loci which failed to amplify 

Clone: CA39
1 50
GATTCATTATACTGATGCCTTTTAAAGAGTCTGTCTGCATGGTATGGAGG 
51 100
TGGGGAGCCATGAGGGTTTTCTTTTCTAGAAATTTCTTCTTCAGACATTT 
101 150
GCTGTAATGACGGTATAAACATGGTTCGGCTGTAGGCTTTATCCTAGTGC 
151 200
TAGTCTGGCATAATTTTTACNTTTAGAGTCCTCAGCCTGANNNCTGGAAT 
201 250
GTGAGCTGGTTATTATTGAATAATTCCCAAG GAAAGG AAGG GGCTTGAGG 
251 255
ATGTG

Clone: CA87
1 50
GATCTCAGCCAGGGAATGGTGCCATCCACAGTGGGTGGCCCTTACCACAT 
51 100
CCATTGGCTGGTAATCAAAGGTGGATTCTCCACCAGCATGCCCAGAGGCC 
101 150
CATCTCCCAGATTATTCTACATTCTATCAAGTTGATAAATAACATTAATC 
151 200
GTCAAGCTGAGCAGGTAACTTTATAGCAAAAGAAACACAAACAGAACGAC  
201 228
TACTTACTG CTG CATTACAAATTCCATG

Clone: CA 105
1 50
TTTTCCTGCTCGTATTTTCTG TGGG GATTG TTTTGTGGATAGATATTGTT 
51 100
TGAATTTGATTTGTCTTTACATATCTTGCCTTTCTCCCATCTATGGTGAT 
101 150
TGAGAATGTGGCTGGGTATAGTAGTCTAGGTAGCATCTCTCTCTCTCTCT 
151 200
CTCTCTCTCTCTCTCTCTCTGTGTGTGTGTGTGTGTGTGTGTGATGCAAA 
201 228
TACTGTTCAGGACCTTTAGCTTTAGAGC

Clone: C A llO
1 50
GAGCTCATGCAAACTGTTATTCTGAGTCAGAGAAGGGGGACAACAATTCC 
51 100
AAACTGTAGTTACGTCCAAGAGCATGGACTTTAACAACTGGTGAATCAGT 
101 150
AAAAGACGAGACAATGTATAGAAGAGGTTGTTTCTTTTGGTTTGGTTTGG 
151 200
TTTAGCTTTGCTTATTTCAGTTACCCACAATCATTATAAGAAACACAGAG 
201 250
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AAACACAGATTAATNGCCTGTATCTTGAACTGAATGTAAANTAGGGGCÇT
251 215
TAGAACCAACATTAT

Clone: CA119
1 50
GATTTTTTTATATATTTATGAGACATTTTAGGGGGGGGCACATCATGGTT  
51 100
GCCATCTAGTGAAATAGCAGATTCTCTCTTGGNTCCCTGTTTTATTTTAT 
101 150
CTTCTCTAGACTGTTTTTCTTATTTTGTTTCTAGTCTTCCTTTGATTAGG  
151 200
CTTGNCACTACACTATAATTCATGTGAGTGTGTGTGTGTGTGTGTGTGTG 
201 250
TGTGTGTATGAGNNCTGNCTGAGAAAAGTG TGCACG CTCTCTTCATATTC 
251 257
ATCTAA

Clone: CA148
1 50
GATCGAAAAGAGAAGGACATCTAAANNAGCCTGAGCCAGAGGGAGCTGAG  
51 100
G TTG ATG TG AAGTTTCTAAATCACACAATAGTGTCACTTTCNNCNGNATC 
101 150
NNGCNNGGAACAGGAGGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT 
151 200
GTGTGTGTGTTTTTCATGAGGGTGGATTATTCTAGGGAATGAGTACAAAG 
201 235
TTAATGTGTACAGACGTGTGAGGCAGTGGCTTTTT

151
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One of the largest regions of conserved synteny between 
mouse and human autosomes is that between mouse Chro
mosome (Chr) 2 (M M U  2) and human Chr 20 (HSA 20). 
So far, every gene on HSA 20 that has been mapped in the 
mouse has been found to map to distal M M U  2, and, as far 
as it is possible to judge, gene order seems also to have 
been conserved (Siracusa and Abbott 1993; Smith et al. 
1994). In this paper, we describe the mapping of the mouse 
homologs of three genes that map to the distal long arm of 
HSA 20, the genes for vitamin D 24-hydroxylase (CYP24), 
endothelin 3 (E D N 3), and melanocortin 3 receptor 
(MC3R).

Vitamin D 24-hydroxylase (also known as P4 5 O24) is 
involved in the regulation of calcium homeostasis. It is a 
mitochondrial enzyme responsible for inactivating vita
min D metabolites through the C-24 oxidation pathway 
(Ohyama et al. 1991). Recently, a human kidney cDNA  
clone for vitamin D 24-hydroxylase was isolated and used 
to map the corresponding human gene to Chr 20ql3.2- 
ql3.3 by fluorescent in situ hybridization (Hahn et al.
1993).

Endothelin 3 is a member of a family of three distinct 
potent vasoactive peptides (Inoue et al. 1989). A  human hy
pothalamus cDNA clone was used to map the EDN3 gene 
to HSA 20 by use of somatic cell hybrids (Bloch et al. 
1989). This assignment was subsequently confirmed and 
refined when the gene was mapped to 20ql3.2-qI3.3 by in 
situ hybridization (Gopal Rao et al., 1991).

The melanocortin 3 receptor gene is one of a group of 
genes that code for receptors for molecules (the mela-

Correspondence to: C. Abbott

nocortins) with immunological and neurotrophic properties 
(Gantz et al. 1993a). The human gene for the MC3 recep
tor has been mapped to human Chr 20ql3.2-ql3.3 by flu
orescence in situ hybridization (Gantz et al. 1993b).

We set out to map the mouse homologs of these genes 
using an interspecific backcross in which the ragged {Ra) 
gene, which maps very distal on M M U  2, was segregating 
(Abbott et al. 1994). Briefly, Ra/+  heterozygous female 
mice were cross with M.spretus males. F, female offspring 
were then crossed with mice of the C3H/HeH inbred strain. 
This backcross has been typed for a number of genes and 
microsatellite markers spanning the whole of M M U  2, but 
has not been characterized with respect to other chromo
somes. For each of the genes, sequence data from mouse 
(for the melanocortin 3 receptor) or from other species (en
dothelin 3 and vitamin D 24-hydroxylase) were used to de
sign primers that would enable a fragment of the mouse ho
molog to be amplified by PCR. No differences (in terms 
of restriction enzyme sites or single-strand conformation) 
were found between PCR products from C3H/HeH and 
/?a/+ animals.

For the mouse homolog of CYP24, PCR primers were 
designed to correspond to the 3' end of the coding region 
of rat CYP24 (Ohyama et al. 1991). The primers used 
were 5' CCAGCGTGTCGTGCTGTTTCT 3' and 5'AGCT- 
GCCCCATTGACAAACGG 3'. The conditions used for 
PCR were as given for D lU c ll  (Abbott et al. 1994) but 
with cycling conditions of 94°C 20s, 60°C 30s, 74°C 30s 
for 35 cycles. A PCR product of the expected size, 265 bp, 
was obtained from both C3H/HeH and M.spretus DNA. 
Single-strand conformation polymorphism (SSCP) analy
sis of these PCR products revealed variation in the prod
uct between the strains of mice, and this was used to track 
inheritance of the Cyp24 gene through the backcross. 
Briefly, equal volumes of PCR product and 98% for-
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Fig. 1. Pedigree analysis of N2 offspring in the ragged backcross. Filled 
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es indicate the number of N2 offspring carrying that haplotype. The chro
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m a m itie /10 mM  EOTA were heateii to 95°C for 5 min and 
then run on an 8% 19:1 acryiamide gel containing 10% 
glycerol at 4°C in 0.5 X  THE. The gel was run for 10 h and 
then silver stained by standard techniques.

For the mouse .homolog o f EDN3. PCR primers were 
designed from the presumptive exon 1 o f the gene (Ohkubo 
et al. 1990) by comparing rabbit and human sequence and 
choosing well-conserved regions. The primers used were 
5' ATTCGTGCCTTGCCCCCAG 3' and 5' ATC C AG AT- 
GATGTCCAGGTG 3'. The PCR product obtained was 
300 bp, from both C3H/HeH and M.spretus DNA. PCR 
was carried out in a total volume o f 30 ul under standard 
conditions except that 20% glycerol was included. Cy
cling conditions were 94°C for 3 min. then 30 cycles of 
94°C 15s, 50°C 60s, 72°C 20s. Digestion o f this product 
with Hint! revealed an RFLV; the product from M. spre- 
tus failed to digest with this enzyme, whereas digestion o f 
the C3H/HeH product gave a band o f approximately 280 
bp. This RFLV was used to map the mouse Edn3 gene in 
the ragged interspecific backcross.

In order to map the mouse homolog of the melanocortin 
3 receptor. PCR primers were designed to correspond to the 
3' end o f the coding sequence of the mouse gene (Genbank 
accession no. X74983; Desarnaud et al. unpublished). The 
primer sequences are 5' ACCTGGTCCTCATCATCACC 
3' and 5' TGTCTCTTGGCTGGATGTGG 3'. PCR was 
carried out under standard conditions. A fte r an in itia l dé
naturation step of 95°C for 30 min, 30 cycles were carried 
out o f 94°C 60s, 55°C 60s, 72°C 60s. The resulting prod
uct o f 219 bp contained an HaeWl site in D N A  from 
C3H/HeH mice but not in M.spretus, and this difference 
was used to track inheritance o f the Mc3r  gene through the 
backcross.

The results obtained for Cyp24, Edn3, and Mc3r  are 
shown in Fig. 1. The backcross had previously been typed 
for the microsatellites in I l lb  (Love et al. 1990), D2Mit52, 

(Dietrich et al. 1992) and D2(/c// (Abbott et al.
1994) and fo r Gnas, another gene w ith a homolog on hu
man Chr 20 (as described in Abbott et al. 1994). D2Mit52  
has been typed in informative animals only, that is, those 
that had undergone a recombination event between I l lb  and 
D2UcU.  It can be seen from Fig. 2 that Cyp24 failed to re
combine with D2Mit52, and Edn3 did not recombine with

telomere

MOUSE CHROMOSOME 2

Fig. 2. Shows the linkage map derived from the haplotype analysis 
shown in Fig. I. A ll distances shown are m centimorgans z  standard er
ror. The map position o f the human homolog o f each gene on Chr 20 is 
given to the right of the figure.

either D2Ucll  or Gnas in the 165 animals typed. Mc3r was 
typed only in 50 mice showing recombination events be
tween I llb  and D2Mit73, and was found to map between 
D2Mit52 and Gnas/D2UcU/Edn3.  The gene order and dis
tances obtained are, therefore: IlIb-23.0 ±  6.%-D2Mit52/Cyp24 
-1.8 ±  l.O-Mcjr-3.6 ±  \ .5 -D 2 U cll /G n a s /E d n 3 -D .6  ±
0.6-D2Mit73. A ll three genes, therefore, map to distal 
mouse Chr 2 and form part o f the conserved syntenic group 
between mouse Chr 2 and human Chr 20. The genes map 
distally w ithin the conserved syntenic group of mouse Chr 
2 and human Chr 20, so again it is possible that gene or
der is conserved in this region (Fig. 2).

The method o f mapping genes by analysis o f variation 
in PCR products, even with sequence data from other or
ganisms, is a powerful one, which obivates the need for 
transfer o f probes between laboratories. The mapping of 
Cyp24, Edn3, and Mc3r  to this region o f M M U2 provides 
useful additional markers for the mapping o f phenotypic 
mutants such as lethal spotting {Is) and extends the known 
region o f conservation with human Chr 20.
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Mice that are heterozygous for the ragged {Ra) muta
tion, which is semidominant, have ragged coats caused 
by an absence of certain hair types. R a jR a  homozygous 
mice usually die soon after birth, are naked, and have 
edema. Mice that are homozygous for the recessive mu
tation wasted {wst) appear normal until soon after 
weaning, but then develop tremors and ataxia, undergo 
atrophy of the thymus and spleen, and die by around 28 
days of age. The R a  and wst loci map to distal mouse 
chromosome 2, but have never been positioned with re
spect to molecular markers. We have now mapped each 
of these genes in interspecific backcrosses that were 
also typed for available molecular markers. The results 
show that R a  maps very close to D 2 M it7 4  and A cra-4 , 
with no recombinants in 165 mice, whereas wst maps 3 
cM distal to the most telomeric molecular marker on 
mouse chromosome 2 , A cra-4. © 1994 Academic Press, Inc.

INTRODUCTION

In  the mouse, as in human, the first step toward clon
ing a gene for a mutant phenotype for which the bio
chemical basis is unknown is the establishment of a de
tailed linkage map. Once the mutant gene has been 
placed on a map relative to cloned D N A  markers (either 
probes for genes of known function or anonymous frag
ments), there are two possible ways to proceed. First 
genes of known function that do not recombine with the 
locus under study can be assessed as “candidate” genes 
for the mutant phenotype, based on functional correla
tions and known expression patterns. I f  no suitable can
didate loci are identified, then the linkage map gener
ated around the mutant gene can be used as a basis for 
the initiation of a positional cloning exercise.

We have embarked on the first stage in the analyses of 
two mutant loci on distal mouse chromosome 2. In  the 
absence of obvious candidate genes, linkage maps have

‘ To whom correspondence should be addressed. Telephone: 031 
332 2471. Fax: 031 343 2620.

* Present address: MRC National Institute for Medical Research, 
The Ridgeway, M ill Hill, London, NW 7 lAA, UK.

been generated in the region of the wasted [wst) and 
ragged {Ra) loci, with the ultimate aim of cloning these 
genes to investigate the basis for their phenotypes.

wst, which is a recessive mutation, arose spontane
ously in the H R S/J  strain held at The Jackson Labora
tory in 1972 (Schultz et a l, 1984). Mice that are homozy
gous for the wasted mutation display an intriguing phe
notype. The mice appear completely normal until 
around 21 days after birth, but then lose weight and de
velop tremors, ataxia, and progressive paralysis. They 
undergo atrophy of the spleen and thymus, with a con
comitant decrease in circulating lymphocytes. They 
then become comatose and die, usually by 28 days of age 
(Schultz et a l, 1984). This developmental profile varies 
by no more than a few days from one mouse to another 
and is apparently unaffected by genetic background or 
time of weaning (unpublished observations). Wasted 
mice were initially described as a model for ataxia-telan- 
giectasia (Schultz et a l, 1984), but the failure of subse
quent studies to demonstrate increased susceptibility to 
ionizing radiation in cells from wasted mice argued 
against this (Beechey and Searle, 1984; Thacker and 
Masson, 1984; Nordeen eta l, 1984). Similarly, they were 
proposed as a model for severe combined immunodefi
ciency due to adenosine deaminase deficiency (Abbott et 
a l, 1986), but it was subsequently shown that wst and 
adenosine deaminase {Ada) are not allelic (Abbott et al, 
1991), so this hypothesis was also rejected. The basis for 
the wasted phenotype thus remains unclear.

The ragged {Ra) mutation is semidominant and also 
arose spontaneously (Carter and Philips, 1956). R a/+  
heterozygotes have coats with a ragged appearance, 
caused by the absence of auchenes, and the virtual ab
sence of zigzags. Guard hairs and awls appear to be pres
ent in normal numbers. The mice are normally viable 
and fertile. Ra/Ra homozygotes, however, are almost 
completely naked, are often edematous at birth, and 
rarely survive beyond weaning (Carter and Philips, 
1956). There is a second mutant allele at this locus, 
ragged opossum {Ra°^). The Ra°^ mutation appears to be 
markedly more severe than the original Ra mutation. 
Ra°^/+ heterozygotes have low viability and reduced
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growth rates, and usually die soon after birth in a cya
notic and edematous condition (Green and Mann, 1961; 
Mann, 1963). Ra°^/Ra°^ homozygotes have never been 
seen and presumably die in utero, as do Ra/Ra°^ com
pound heterozygotes.

Extensive mapping studies have been carried out on 
Ra, which is a classical anchor locus on distal chromo
some 2 and which is closely linked to wst. In a mixed 
cross, Ra + /+  wst X 4- -1-/4- wst, where 461 mice were 
analyzed, only one recombinant between wst and Ra was 
observed, but only one class of recombinants (Ra wst/+ 
wst) could be identified (Sweet, 1984). This puts the dis
tance between the two genes at 0.93 ± 1 .3  cM. Later 
studies (Le Tissier et ai, 1993) have estimated the dis
tance between the two loci to be about 0.2 cM. This esti
mate is based on the analysis of over 2000 offspring in a 
stock of mice in which both the wst and Ra genes were 
segregating, and in which two potential classes of recom
binant could be detected, Ra wst/+ wst and 4- + /+  wst. 
No recombinants of the Ra wst/+ wst class have ever 
been detected, whereas five animals with a presumed +  
4-/+ wst genotype have been seen.

We set out to develop linkage maps around the-wst 
and Ra genes to identify the most closely linked flanking 
markers, since these could be used to initiate a positional 
cloning exercise. The Ra mutation is more amenable to 
this type of analysis, since its semidominant nature 
means that all backcross offspring can be scored with 
respect to the ragged phenotype, assuming that the gene 
is fully penetrant. Wasted, on the other hand, is a reces
sive lethal mutation, so that only mutant homozygotes 
(wst/wst) can be scored in the backcross offspring (with
out recourse to progeny testing). The consensus linkage 
map of mouse chromosome 2 (Siracusa and Abbott, 
1993) suggests that wst and Ra map close to the distal 
telomere of the chromosome, between the genes for the 
stimulatory regulator of Gs protein alpha (Gnas) and the 
neural acetylcholine receptor a 4 (Acra-4). In this study, 
backcrosses with Mus spretus were set up for both Ra 
and wst, and N2 offspring were typed for Gnas, Acra-4, 
and all available simple sequence repeat loci in the re
gion.

MATERIALS AND METHODS

Crosses. All mouse strains used in this study were maintained at 
the MRC Radiobiology Unit (Harwell). The maintenance of the 
ragged/wasted stock has been described previously (Abbott et aL, 
1986). For the ragged backcross, Ra/+  heterozygous female mice were 
crossed with M. spretus males. Fj female offspring with the ragged 
phenotype were then crossed to mice of the C3H/HeH inbred strain. 
For the wasted cross, Ra + /+  wst female mice were crossed with M. 
spretus males. Wild type Fi female offspring from this cross, presump
tive wst/+ heterozygotes, were then backcrossed to Ra + /+  wst male 
mice. Only those offspring typed as wst/wst homozygotes, based on 
the characteristic features of onset of tremors, ataxia, and loss of 
weight from 20 days onward, were selected for analysis.

DNA preparation. DNA was prepared from livers. The tissue was 
homogenized in a solution containing 1% SDS in 50 mM Tris-Cl, pH 
7.6, 100 m M NaCl, 10 m M EDTA. This mixture was then extracted 
twice each with phenol and ether and then ethanol precipitated. DNA

was spooled out of ethanol, dried, and resuspended in water to a final 
concentration of 0.5 mg/ml.

Southern blots. Southern blots were carried out as described previ
ously (Pilz et ai, 1992a). The probe used, for Acra-4, has also been 
described previously (Pilz et al, 1992b). The restriction digest used for 
Acra-4 typing in both crosses was EcoRV.

PCR. PCR primers for D2MÜ52, D2Mit73, and D2MÜ74 were 
purchased from Research Genetics (Huntsville, AL). The conditions 
used were as described in Dietrich et a l (1992), except that Taq poly
merase was purchased from Advanced Biotechnologies, London. The 
PCR primers for R-lb  were described in Love et al. (1990), and the 
conditions used were as described in Abbott et a l (1992).

The PCR primers for D2Ucll are 5-CATGGAGGCATATCC- 
CCAAC-3' and 5'-TAGCAGGGCAGCAACAGCAC-3 '. These primers 
flank a tetranucleotide repeat and give a PCR product of 216 bp in 
DNA from C3H/HeH and Ra/wst mice and a band of ca. 190 bp in 
DNA from M. spretus. The conditions used for these primers were 
94®C for 20 s, 64°C for 30 s, and 74°C for 30 s for 35 cycles, after an 
initial dénaturation step of 5 min at 95®C. The reaction was carried 
out in 20 m M  (N H  , 75 m M Tris-Cl, pH 9, 2 m M MgCl^, 0.01% 
Tween, and 10% glycerol with 200 f iM  dNTPs, 20 pmol each primer, 
and 0.5 unit Taq polymerase (Advanced Biotechnologies) in a total 
volume of 25 fil. PCR products were analyzed on 3% agarose gels.

Gnas was typed by RFLV analysis of a PCR product. The primers 
used, a kind gift from E. Dutton, span exon 12 and the 3' untranslated 
region of the mouse Gnas gene. The primer sequences are 5-GCCAAG- 
TACTTCATTCGGGAT-3 ' and S'-CTGCAGGGCCCTTAAGCT- 
TAC-3' and give a PCR product of 580 bp. The PCR conditions used 
for these primers were 94°C for 30 s, 55°C for 30 s, and 74°C for 1 min 
for 35 cycles, after an initial dénaturation step of 5 min at 95®C. The 
reaction was carried out in 20 m M (NH^IgSO^, 75 m M Tris-Cl, pH 9,4  
m M  MgClj, and 0.01% Tween with 200 nM  dNTPs, 20 pmol each 
primer, and 0.5 unit Taq polymerase (Advanced Biotechnologies) in a 
total volume of 25 Digestion of PCR products from C3H/HeH and 
Ra/wst stock mice and M. spretus with the enzyme Hinfl revealed an 
RFLV that was used to score mice for Gnas.

Both Gnas and D2Mit52 were typed only in a subset of recombinant 
mice; those mice that showed no recombination events between Acra- 
4 and R-lb  were not typed for either of these markers.

RESULTS

In  all, 94 N2 offspring were analyzed in the wasted 
backcross, and 166 in the ragged cross. In the wasted 
backcross, only homozygous mutant wst/wst animals 
were analyzed, since wst/-\- heterozygotes could not be 
distinguished from + /+  homozygotes. No evidence was 
found for reduced penetrance of the wasted allele. In  the 
ragged backcross, on the other hand, all animals were 
analyzed. Clearly, if  Ra had reduced penetrance, then 
this approach could lead to anomalous recombination 
data, since animals that were scored as wildtype might in 
fact be carrying the Ra mutation. We checked the rela
tive proportions of E a /+  and + /+  mice arising in the 
backcross. Of the backcross offspring, 52.7% were typed 
as Ra/-\-, thus suggesting that there is neither reduced 
penetrance of the Ra mutation nor reduced viability of 
E a /+  animals.

The animals were typed with probes for the two genes 
that were predicted from the consensus map to be the 
closest markers to Ra and wst, namely Acra-4 and Gnas 
(Siracusa and Abbott, 1993). They were also typed for 
three simple sequence repeats that map to distal mouse 
chromosome 2, D2Mit52, D2MU73, and D2MÜ74 (J. 
Miller, W . Dietrich, and E. Lander, pers. comm.). The
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In the wasted backcross, D2MU74 and Acra-4 have 
recombined, putting Acra-4 distal to D2MU74. In addi
tion, the wst gene has shown three recombination events 
with the nearest molecular marker, Acra-4, in 94 mice 
analyzed. It was not possible to assess segregation dis
tortion in this cross, since only homozygous wst/wst ani
mals were scored.

DISCUSSION

Wasted Backcross

11-1 b

DZMitSZ □ □■■■■■
D Z U d l, Gnas □ □□■■■■

DZMit73 □ □□□■■■
DZMit74 □ □□□□■■

Acra-4 □□□□□□■
wst □ □□□□□□ 

66 19 3 1 1 1 3

FIG . 1. Pedigree analysis o f N2 offspring in the ragged and 
wasted backcrosses. Filled boxes indicate a M. spretus allele, the +Ra 
allele in the ragged backcross, or a M. spretus allele in the wasted 
backcross. Open boxes indicate a Ra allele or an allele derived from the 
Ra/wst stock. (In the wasted backcross, all N2 offspring included in 
the analysis were mutant homozygotes). Stippled boxes indicate un
typed loci. The loci typed are listed to the left and the numbers below 
the boxes indicate the number of N2 offspring carrying that haplo
type. The chromosomes shown were inherited from the F, parent.

marker D2M it52  was typed only in those animals found 
to be recombinant between Acra-4 and II-Ih , and was 
included because it is one of the reference loci for mouse 
chromosome 2 (Siracusa and Abbott, 1993). An addi
tional simple sequence repeat {D 2U cll) that had been 
found in other crosses to map very close to Gnas (Malas 
et a i, manuscript in preparation) was also used. Finally, 
the crosses were typed for an anchor locus for mouse 
chromosome 2, II-lb .

The results obtained are shown in Fig. 1, The gene 
order deduced from this pedigree analysis, obtained by 
minimizing the number of double recombination events, 
is shown in Fig. 2. For the order given, no double recom
binants were seen in either backcross, as expected over 
this distance. The number of recombinants for each pair 
of markers is, for the wasted backcross, JM 6-19/94- 

'.D2Mit52-3 /9 4 -D 2 Ucll, G nas-l/dA -D 2M it73 -1 /9 4 -  
D2Mit74-ljd4-Acra-4-3/94:-wst, and in the ragged 
backcross, / /  - i  6 -  38 /165 -  D2M it52-10  /165 -  D2 U c ll, 
G nas-l/ie6 -D 2 M it7 3 -4 /16 6 -D 2M it7 4 , Acra-4, Ra. 
There are no discrepancies in gene order between the 
two crosses nor, with regard to the molecular markers, 
are there any obvious discrepancies with the consensus 
map of the region (Siracusa and Abbott, 1993).

Ra has not recombined with D2Mit74 or Acra-4 in the 
166 animals tested. This means that at the 95% confi
dence limit, Ra is no more than 2.19 cM from these loci. 
No segregation distortion was seen for any of the loci 
examined in this cross.

Linkage Maps

The maps generated here have enabled us to map Ra 
and wst relative to all the currently available molecular 
markers on the distal telomeric region of mouse chromo
some 2, as well as generating detailed maps of the region 
for the first time (previously, only consensus maps based 
on results from a number of different backcrosses had 
been available). The distances obtained between genes 
in the two crosses are broadly similar for all markers 
examined. In earlier work using an interspecific back- 
cross between a substrain of C3H and M. spretus, Acra-4 
had been mapped 2.4 ± 1.4 cM from Gnas (Pilz et a i, 
1992b), and this figure is in good agreement with those 
obtained in the current study, 3.2 ±  1.8 cM in the wasted 
backcross and 3.0 ±  1.3 cM in the ragged backcross.

The map distance between D2Mit73  and D2Mit74 ob
tained in this study (under 3 cM in each cross) differs 
markedly from that obtained previously (16.1 cM in an

J !-ib

23.0±3.3

,̂ D2MH52

J l- lb

20.0±4.1

6.1±1.9

^ D 2 U c l1
0 .6± 0.6 

.^D 2M it73

2.4±1.2 

^ D 2 M it7 4 , Acra-4, Ra

^ D 2 M it5 2

3.2±1.a

^ D 2 U c l1

1.U 1.1
D̂2MH74

! telomere

RAGGED BACKCROSS

 Acra-4

 wst
! telomere

3.2±1.B

WASTED BACKCROSS

F IG . 2 . Linkage maps around the Ra and wst loci derived from 
the pedigree analysis shown in Fig. 1. The mutations are shown in 
bold. All distances shown are in centimorgans ±  standard error. The 
centromere is toward the top.
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intercross between laboratory mice and M. mus castan- 
eus (J, Miller, W. Dietrich, andE. Lander, pers. comm.), 
but this could be explained by the difference in genetic 
background of the mice used. However, the distance ob
tained in this study between D2Mit52 andD2Mit73 (just 
under 7 cM in the ragged cross and over 4 cM in the 
wasted cross) is broadly similar to that found previously 
(7.1 cM in the M. m. castaneus intercross; J. Miller, W. 
Dietrich, and E. Lander, pers. comm.).

It  has not been possible in this analysis to order Ra 
relative to wst. Since Ra is considerably closer to Acra-4 
(no recombinants in 165 mice tested) than is wst (3 re
combinants in 94 mice tested), it might be argued that 
Ra is likely to be proximal to wst; however, without both 
mutant alleles being present in a single cross, this re
mains speculative. The difference in recombination dis
tance between Acra-4 and Ra, and Acra-4 and wst, is 
surprising given the previous results suggesting ex
tremely tight linkage between Ra and wst, particularly 
since both backcrosses have been carried out in essen
tially the same genetic background. The reason for this 
discrepancy is unclear. One possibility relates to the 
scoring of phenotypes in crosses in which both Ra and 
wst are segregating. As explained above, the informative 
recombinant animals in such crosses are those that are 
either visibly both wasted and ragged (i.e., Ra wst/+ wst) 
or are phenotypically wildtype (-f- + /+  wst). Only one 
animal with the Ra wst/+ wst (presumed) genotype has 
ever been observed, as opposed to 5 apparent -I- -I-/4- wst 
mice, thus leading to the conclusion that Ra and wst are 
very closely linked (Sweet, 1984). An alternative expla
nation would be that animals with a Ra wst/+ wst geno
type have reduced viability, and die before they are 
scored (i.e., before 21 days, the age at which the wasted 
phenotype first becomes apparent). I f  this is the case, 
then fewer recombinants would be observed than actu
ally occur, and the genes would appear to be more closely 
linked than they in fact are. A second possible explana
tion for the recombination difference in the two crosses 
is that there is an inversion on the chromosome carrying 
the Ra gene, in the region of the mutation, and that this 
has suppressed recombination. This seems unlikely 
since no differences in recombination are observed at 
other, slightly more proximal, loci between the two 
crosses. However, as this possibility cannot be ruled out 
totally, it is worth considering, since if an inversion has 
occurred, it is conceivable that this is the Ra mutation, 
which has disrupted the function of the wildtype gene. A 
final possibility is that there is a deletion on the Ra chro
mosome, perhaps the Ra mutation itself, that brings Ra 
into close proximity to Acra-4 and to wst. Cytogenetic 
studies provide no evidence of either a deletion or an 
inversion. However, their presence cannot be ruled out 
since the segments involved may be too small to resolve 
at the level of the light microscope (E. P. Evans, pers. 
comm.).
Prospects for Positional Cloning

At first sight, the prospects for positional cloning of 
the wst gene look dismal. There is only one mutant allele

at the wst locus, the wst gene maps 3 cM from the nearest 
marker, and no distal flanking marker can be identified. 
The identification of a unique sequence probe immedi
ately proximal to the telomere of mouse chromosome 2 
should provide a distally flanking marker for the wasted 
locus, although this needs to be tested directly, since we 
cannot rule out the possibility that wst directly abuts the 
telomere. It  is important to determine the relationship 
between recombinational and physical distance in this 
region of the mouse genome. It  is well known that appar
ent recombinational distances increase toward the telo
meres of chromosomes, so that the usual rough guide of 1 
cM = 2 Mb (in the mouse, based on a genome size of 3000 
Mb and a genetic length of 1600 cM) may not apply in 
these regions. A map has been generated of chiasmata 
formation at the telomere of mouse chromosome 2, 
which directly demonstrates the increase in crossover in 
this region, compared with the rest of the chromosome, 
in both male and female mice (Povey et al., 1992). In 
other words, the physical distance between wst and 
Acra-4 may not be as great as it appears from the linkage 
mapping data. The cloning of flanking markers for the 
wst locus would enable this hypothesis to be tested by 
physical mapping using pulsed-field gel electrophoresis.

Since all genes and DNA markers used in this study 
recombined with the wasted locus, no obvious candidate 
gene for wst could be identified.

The Ra gene maps very close to Acra-4 and D2Mit74. 
I t  is therefore worth considering the credentials of Acra- 
4, which codes for the neural acetylcholine receptor al
pha 4, as a candidate gene for Ra. No rearrangements 
could be detected on Southern blots of J7a/H- DNA using 
the Acra-4 probe, and RT-PCR analysis of brain RNA  
from Ra/Ra homozygotes failed to show any differences 
in expression level of Acra-4 between ragged and wild
type mice (data not shown). Acra-4 is expressed in the 
central nervous system in thejrat (Goldman et al, 1987); 
no expression in other tissues has been reported. The 
product of the Ra locus might be expected to be ex
pressed in skin, in view of the effects on hair growth, and 
might also be expected to be involved in ion transport, 
since a characteristic feature of Ra/Ra homozygotes is 
edema. None of this, of course, rules out Acra-4 as a 
candidate gene for Ra, but it seems unlikely to be the 
basis for the mutant phenotype.

Even if Acra-4 can be ruled out as a candidate gene for 
Ra, Acra-4 and D2Mit74 should be a useful starting 
point for molecular “walks” into the region of the Ra 
gene. The existence of two mutant alleles at this locus 
{Ra and Ra°^) should improve the chances of identifying 
the causative mutation, particularly in view of the dif
ference in severity of the phenotype associated with each 
of the alleles.
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Chromosomal localisation of the 43kDa acetylcholine 
receptor associated protein in mouse and human
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A 43kDa, nonactin peripheral membrane protein (43k) tightly associated with the cytoplasmic 
face of the postsynaptic membrane at areas of high nicotinic acetylcholine receptor (AChR) 
density was first identified in the Torpedo electric organ (1). The mouse homologue also found 
at the neuromuscular junction has been found to share 70% amino acid sequence identity with 
the Torpedo 43kDa protein (2). It appears that 43k plays a key role in the aggregation of 
muscle AChR at the postsynaptic membrane (3-5). In order to identify whether 43k underlies 
any of the many neuromuscular mutations in mouse and human for which the primary protein 
defect is unknown, we have mapped the 43k gene and shown that it maps to mouse 
chromosome 2 and human 1 Ip and may be part of an already identified conserved linkage 
group between these two chromosomes.

The chromosomal localisation of the mouse 43k locus - Rapsn (receptor associated protein at 
the synpase) - was determined by analysis of backcross progeny derived from the European 
Collaborative Interspecific Backcross - EUCIB (6). 982 progeny were produced from a 
backcross between C57BL/6 and Mus spretus and scored for at least 3 anchor markers on 
each chromosome. Analysis of C57BL/6 and M. spretus variants of backcross progeny 
derived from EUCIB allows the assignment of any gene to a specific chromosome by the 
detection of linkage to one of the anchor markers. Using a mouse 43k cDNA (2), a restriction 
fragment length variant (RFLV) was detected between C57BL/6 and M. spretus parental 
DNAs from the EUCIB backcross. The 43k cDNA detects PvuII fragments of 5.6kb, 5.2kb 
and 2.3kb in C57BL/6 DNA and PvuII fragments of 7.0kb and 5.4kb were detected in M. 
spretus DNA. 69 random backcross progeny were analysed for the 43k RFLV and the data 
entered into the MBx database supporting EUCIB (6). Ih&MBx database identifies 
significant linkages with all of the anchor markers. Significant linkage was detected with the 
the anchor marker D2MU1L 13 recombinants were detected out of 69 DNAs analysed giving a 
genetic distance of 18.8+4.7cM (lod score = 6.3) and localising the Rapsn locus to mouse 
chromosome 2 (see Fig. 1). In order to confirm the map position and locus order of Rapsn on 
mouse chromosome 2 with respect to the linked anchor markers, additional microsatellites from 
mouse chromosome 2, D2Ucl5 and D2Ucl6 (S. Malas, unpublished data and see legend Fig.
1) which mapped within the D2Mitll-DNds3 anchor interval were analysed through the 
backcross progeny. D2Ucl5 and D2Ucl6 both demonstrated SSLPs between the parental 
strains, (see legend Fig. I) and were scored through all 69 backcross progeny aniysed for the 
43k cDNA. Haplotype analysis and minimising the number of observed recombinants indicated 
a gene order of: D 2M itll - D2Ucl5 - D2Ucl6 - Rapsn - D2Nds3. Intergenic distances are as 
indicated in Fig. 1. The most closely-linked marker to Rapsn is D2Ucl6 at genetic distance 
I0.1±3.6cM.

The region between the anchor markers D2M itll and D2Nds3 on mouse chromosome 2 
appears to cover at least 6 different conserved linkage groups with five human chromosomes 
including 2q, Up, 7p, I5q and 20p (9). Chromosomal localisation of the RAPSN locus in 
human was carried out using a panel of cell hybrids segregating a number of human 
chromosomes (see Table I). Mouse, Chinese hamster and human total DNAs were digested
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Figure 1. Genetic mapping of the Rapsn gene in the mouse
Summary haplotype data from 69 backcross progeny segregating the 43k RFLV. Progeny analysed were derived from 
backcrosses to both C57BL/6 and M. spretus (6). The haplotypes indicate the chromosome inherited from the F I 
female. Filled squares, M. spretus allele; open squares, C57BU6 allele. EUCIB parental and backcross DNAs were 
digested with PvuII, electrophoresed on a 0.8% agarose gel, transferred to nylon membrane (Hybond-N) and hybridized

with a^^P-labeled 43k cDNA fragment (2) kindly provided by John Merlie. The filters were washed down with 2xSSC,

1% SDS at 65°C prior to autoradiography. RFLVs of 7.0kb and 5.4kb for M. spretus and 5.6kb, 5.2kb and 2.3kb for 
C57BL/6 were identified in EUCIB parental DNAs using the 43k cDNA probe. Microsatellites D 2M itll and D2Nds3 
were anchor markers scored through the entire backcross progeny set of the EUCIB backcross (see Ref. 6). Primers for 
microsatellites D2Ucl5 and D2Ucl6 were:
D2Ucl5\ TCACTGCATATGAGCAGTGAGGA and ACAGTGGAAGCCACTAAACAGGT 
with allele sizes; C57BL/6,225bp and M. spretus, 245bp 
D21/C/5: GCTGCGGGCACrACACTAAA and GCTTGCCAGAATGTCCdTG 
with allele sizes: C57BL/6,204bp and M, spretus, 220bp
Microsatellites were amplified in 25ul PCR reactions containing 0.2mM deoxynucleotides, 0.5mM MgCl2 optimised 
PCR buffer (Dynozyme), 125ng of each primer and 1.25units of Taq Polymerase (Amplitaq, Perkin Elmer Cetus). The 
samples were incubated in a Hybaid Omnigene thennocycler and PCR reactions proceeded for 35 cycles of dénaturation at
96®C for 30 seconds, annealing at 55-60% for 90 seconds, extension at 72%  for 90 seconds with final extension at 
72%  for 10 minutes. PCR products were scored on Visigels (Stratagene) containing ethidium bromide.

with a range of enzymes and probed with the mouse 43k cDNA to identify human and rodent 
specific fragments for 43k. Human specific bands of 5.3kb and 1. Ikb were detected in a PvuII 
digest (see legend Table 1). Analysis of the hybrid panel with the mouse 43k cDNA showed 
only one cell line, Jlcl4, which detected the human specific bands (see Table 1). Jlcl4 is a cell 
line containing a single human chromosome 11 on a Chinese hamster background.
Hybridisation of cell line Horl 1, which contains 1 Iq, with the 43k cDNA failed to detect 
human-specific bands indicating that the RAPSN locus maps to human Up.

We have mapped the 43k gene to mouse chromosome 2 and to human 1 Ip. The localisation to 
mouse chromosome 2 is in agreement with a recent report by Gautam et al. (8). On mouse 
chromosome 2 a conserved linkage group with human 1 Ip encompasses a region extending 
approximately 10-17cM distal of D 2M itll according to the latest consensus genetic map from 
the Chromosome Committee for Mouse 2 (9). Rapsn maps 18.8±4.7cM distal of D2MU1L 
Thus, Rapsn may be a new member of this conserved lii&age group between mouse 
chromosome 2 and Up. To date, no known mouse or human neuromuscular mutations map in 
the vicinity of Rapsn on mouse 2 and human 1 Ip.

We thank John Merlie for providing the 43k mouse cDNA probe; Leslie Rooke for hybrid 
DNAs; Isik Yulug for help and support and Emma Tarttelin for providing the EUCIB 
backcross service. UG is supported by a Science and Engineering Council studentship. This 
work was partly supported by grant G9309275MB from the Medical Research Council, UK.
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Table 1. Assignment of the mouse 43k gene to human chromosome l ip  using a 
somatic cell hybrid mapping panel.

Human Chr. R esu lt Cell Line Human Chr. R esu lt Cell line

1 + X GM07299 2 GM10826B
3 - GM10253 4 - HHW416 [Nalure2(X)\ 

765]
5 - GM10114 6p21-qter+Xq - MCP6BRA
7 - Clone 2 IE 8 - C4a
9 - GM10611 10+Y - 7628a [Am. J. Hum. 

Genet. 40:503]
11 + Jlcl4  [Nature 299:747] 12+X+21 - IaA9602+ve
13 [traces 8,11,12] - 289 14+16pl3.1-q22.1 - GM10479
15+llq [plus part
ofXpandprox. Xq] - Horl 1 16 - 2860H7
17 PCTBA 1.8 18 - DL18TS [Genomics 14: 

431]
19 - GM10612 4,20 and X - GM10478
21q + X - THYB 1.3.3 22 + part of Xp - PGME25nu [ Nature 300: 

765]
X - Horl9X Y - 853

Hybrid DNAs were obtained from Lesley Rooke (ICRF, Clare Hall, UK) - Further details of all hybrids are available in 
Ref. 7 aside from those indicated where the relevant reference is supplied. Chromosome 6pter-6p21 is not induded in this 
panel. 20pg of the cell hybrid DNAs and lOpg of control (total human, mouse and Chinese hamster) DNAs were digested

with PvuII, electrophoresed on 0.8% agarose gels, transferred to nylon membranes (Hybond-N) and hybridized with ̂ ^P- 
labeled mouse 43k cDNA fragment (2). The filters were washed down to O.lxSSC, 1%SDS at 650C prior to 
autoradiography. Bands of 5.3kb and 1.Ikb, were detected in the total human DNA lane, bands of 11.2kb, 3.8kb and 2.7kb 
were detected in total Chinese hamster DNA lane and bands of 5.6kb, 5.2kb and 2.3kb were detected in total mouse DNA. 
Human-specific fragments of 5.3kb and 1. Ikb were detected only in the cell hybrid Jlcl4, containing chromosome 11 
alone on a Chinese hamster background.
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NICOTINIC-ACETYLCHOLINE-RECEPTOR-SUBUNIT GENES a4, a7 AND p4,

ON MOUSE CHROMOSOMES 2, 7, AND 9.
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INTRODUCTION

Nicotinic acetylcholine receptors (nAchRs) are expressed both at the neuromuscular junction and in 
the central nervous system (reviewed in 1 & 2). The receptor from the neuromuscular junction 
consists of four homologous transmembrane subunits, designated a, p, y, (or e in the adult of some 
species) and 5, which assemble to form a pentamer of the type (al)2plyô (reviewed in 3). The 
neuronal receptor subunits share homology with the muscle ones and are of two types, a and p. It is 
also thought to be a pentamer of the type ozpg (2). Eight alpha (a2-a9) and three beta (p2-p4) 
subunit cDNAs have been isolated in the rat (2,4). Six of these genes (a2-a5, p2 and p4) have been 
assigned to mouse chromosomes 2, 3, 9 and 14 (5,6). These genes have not as yet been associated 
with any neurologicai disorders in mice although in humans, a nonsense mutation in the o4 subunit 
gene has been associated with benign neonatal familial convulsions (7). The use of these genes as 
molecular genetic markers would be enhanced if specific PCR assays became available for mapping 
in crosses segregating for neurological mutations. Here we report the mapping of the a7 subunit 
gene to mouse chromosome 7 (MMU7) and three additional PCR markers, two of which are 
associated with the o4 and p4 subunit genes on mouse chromosomes 2 (MMU2) and 9 (MMU9), 
respectively.

MATERIALS AND METHODS

Backcross analysis and PCR conditions: DNAs from two interspecific backcrosses were 
obtained from the Genetic Mapping Resource of the Jackson Laboratory (Bar Harbor, ME). These 
were of the type: (C57BL/6J x Mus spretus)F  ̂ x [C57BL/6J (BSB panel 1)] or [Mus spretus (BSS 
panel 2)] and each consisted of 94 N2 progeny. The typings for D2Mit25, D7Bir8, D7Bir15, D7Mit8, 
D9Mit2, Xmv16 and Xmv15 were obtained from the Jackson Laboratory. The primer sequences for 
the new loci are given in table 1 ; The PCR conditions are as for D2Ucl1 ( 9; see table 1 for annealing 
temp, and [Mg2*j ). The PCR conditions for D2Mit74 were as described (lO).The gene order was 
determined by minimising the number of double recombination events.

Table 1 Primer sequences and PCR conditions for loci mapped in this study
Locus Primer sequences PCR Annealing Temp; —

product [Mgz*] 
size (bp)*

D2UCI29 5'-GACGAGAAGAACCAGATGAT-3’

5’-ATGTCAGGCCTGCAGATGAG-3’
214 55^0; 2 mM B6 > Spr^

Acra7 5’-ATGAAGAGGCCCGGAGAGGA-3'
5’-AGTTGGGGCACAGTGCATGC-3’

168 57°C;1.5mM B6 = SpH*

D7ÜCI1 5’-AGGTCTGTCATCTGAGGAAC-3'
5’-TGTAAACTGCCATGTGCTGG-3'

370 59°C; 2.5 mM B6 > Spr®

D9Ucl1 5’-CCTGAGCTGCTTCTTGTCAT-3’
5’-TCTGTTCTCGCTCATTCTGG-3’

203 59“C;1.5 mM Spr > B6”

* - determined through analysis in 8% native polyacrylamide gel and refer to C57BL/6J. $ allelic variants can 
be resolved by 2% agarose gels (a) or 8% polyacrylamide gels (p). Acra7 was typed by single strand 
conformation analysis as described (11). B6 - C57BL/6J; Spr - Mus spretus. The primers for D7UcI1 were 
designed from Mus spretus sequence.



Bacteriophage "k library screening. The genomic bacteriophage X library was plated and screened 
as a primary library using bacterial strain LE392 (Promega). The transfer onto nylon membrane 
(Hybond N) was as described (12) and the membranes were processed according to the supplier’s 
protocols (Amersham). The hybridisation and washes were as described (13). The probe was a rat 
cDNA corresponding to the o4-l transcript of the rat nAchR (14), a gift from Dr. Jean-Louis Guénet.

RESULTS

PCR primers were designed to correspond to the 5’ end of the rat a4 gene in an attempt to 
develop a specific assay for the corresponding mouse gene locus, Acra4, on distal MMU2. The 
expected PCR product size was 139 bp. The PCR product sizes of the C57BL76J and Mus spretus 
parents were c. 218 and 214 bp, respectively. This locus was found to cosegregate in 94 animals with 
the Acra4 gene, previously mapped in a backcross segregating wasted {wsf), by Southern blot 
analysis (see ref 9). It is also present in a 17 kb bacteriophage X clone which cross-hybridises with 
the a4 subunit cDNA. Therefore, it is possible that this locus defines the mouse a4 subunit gene and 
the amplified region could span a small intron of about 70-80 bp. Using the BSB backcross we 
mapped this locus to distal MMU2, denoted D2Ucl29 (fig la).

A mouse bacteriophage X genomic library was partially screened using the rat cDNA of the a4 
subunit gene, as part of a wider strategy to isolate genomic clones from the region of the mouse 
Acra4 gene. (SM; unpublished data). Eighteen clones (denoted CDA1-CDA18) were isolated. We 
anticipated that some of these clones would correspond to other related members of this gene family. 
Clone CDA6 did not contain D2Ucl29. A small region from this clone was sequenced, and a 65 bp 
domain showed 97% homology to exon 3 of the rat |34-subunit gene (fig 1b; 15). We postulate that 
this region could define part of the mouse p4 subunit gene. Primers were design to amplify a 203 bp 
fragment. We followed the inheritance of this locus in the BSS backcross progeny (figure 1), and 
assigned it to MMU9, denoted as D9Ucl1 (fig la).

The human homoiogue of a?, CHRNA7, was recently mapped to human chromosome 15q14 
(16). We designed oligonucieotide primers to correspond to the 3’ of the rat gene (17). A PCR 
product of the expected size, 168 bp, was obtained from both C57BL/6J, Mus spretus and rat DNA. 
We applied single-strand conformation anaiysis to follow the inheritance of this locus in the BSB 
backcross progeny which we assigned to MMU7, denoted as Acra7. D7Ucl1 is a microsateilite locus 
which defines a trinucleotide repeat of the type (GAG)2GAA(GAG)7 (SM; unpublished).

DISCUSSION

This study provides simple PCR assays associated with the mouse Acra4 {D2Ucl29) and Acrab4 
{D9Ucl1) genes, on MMU2 and MMU9, and assigns the mouse homologue of the a? nicotinic- 
acetylcholine-receptor-subunit gene to MMU7 (Acra7). The rat genes for the a3, a5 and p4 are 
clustered within a 68 kb segment (15) and their human homologues map to chromosome 15q24 (6). 
The mouse genes were mapped to MMU9 by somatic cell genetics and linkage analysis {Acrab4 was 
mapped only in somatic cell hybrids; 5,6). D9Ucl1 maps 7.1 cM proximal to Xmv15. AcraS also maps 
proximal to Xmv15 by about 5 cM (18). Therefore, it is likely that AcraS and D9Ucl1 are closely 
linked. If Acra3, AcraS, and Acrab4 are physically linked as their rat counterparts are, D9Ucl1 could 
be a useful marker for all three genes.

Acra7 has been assigned to MMU7, mapping distal to Idh3 ( see ref 8) and close to D7H1SS12 
and D7H1SS9M, whose human homologous sequences map to chromosome 15q11-q12 (19). 
Therefore Acra7, whose human homologue maps to 15q14, and the latter two loci establish a new 
syntenic group between chromosome 15q11-q14 and MMU7. The orientation of this region on MMU7 
is yet undefined until Acra7 is mapped relative to D7H1SS12 and D7H1SS9fi1. The a? subunits are 
thought to associate and form a homo-oligomeric functional receptor (17). The expression pattern of 
a? in the adult rat brain correlates with the distribution of a-bungarotoxin-binding (a-BTX) sites (17). 
Aipha-BTX blocks oligomerisation of a? subunits and is therefore thought to be a component of rat 
brain a-BTX-binding proteins (17). The regions which express the a l  gene include the organs of the 
limbic system, such as the hypothalamus and hippocampus (17). Strains of mice with high sensitivity 
to nicotine-induced seizures exhibit high densities of a-BTX-binding sites in the hippocampus (20). So 
far, no mouse mutant genes which are associated with epilepsy, or other neurological abnormalities, 
have been mapped to the region of the Acra7 gene.



Figure 1. (a) Linkage maps for MMU2, MMU7, and MMU9 showing the positions of D2Ucl29, 
D7Ucl1, AcraJ and D9Ucl1 (bold type; maps not in scale). The backcross used is given in brackets. 
The distances are expressed in centiMorgans + standard error. The number of recombinant 
chromosomes for each pair of markers is; Chr 2: D2Mit25 -1/94 - D2Ucl1 - 2/94 - D2MH29, D2Mit74\ 
Chr 7: D7Bir8 -1/84 - Acra7 - 20/84 - D7Bir15 - 5/84 - D7Ucl1- 8/93 - D7Mit8\ Chr 9: D9Mit2 - 2/94 - 
Xmv16 - 3/94 - D9Ucl1 - 3/42 - Xmv15. This order postulates two double recombination events 
between D7Bir15 and D7MH8. (b) The sequence which defines locus D9Ucl1. The primer sequences 
are underlined. The 65 bp sequence (given in bold type and defined by |), is 97% homologous to the 
rat p4 subunit gene (15). Within this domain the sequences from the two species differ at two bases 
(positions 253 and 267 in fig 1b). The bases from the rat sequence at these two positions is given 
below the corresponding mouse bases.
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(b)
1
5 -ACT ATA AGO TAA AAC CAA TOG CTT TAT OCT GAG CTG CTT CTT GTC ATA TGT GGT CGC AGC 
ACT GCA AGA AGT AAA AAA TAG ACC GCC CAA GAG AGA TTT AGG TGA GAG CTG GTC ACC GAG 
CGC TCA GGT TCT GAG GCT TTT TGC AAT AAA GTA TAT TTC ATT TGT GGG GGG GTC CTG CTT 
CTA AAT GAA CTG ATA CGC CGC CTT |CCC TOG CCA GAA TGA GGG AGA AGA GAT GAT GAG GAG 

253 267 285 bp
GAG GAT GTG GGT AAA AGA GGT AAG TGG GT|T GGA GGT CCT AGC CAG-3’

G A
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