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A bstract.

The construction of molecular genetic linkage maps is a crucial first stage in the 
structural and functional characterisation of mammalian and non-mammalian genomes. In 
the past the mouse has been the mammal chosen for genetic analysis because of its short 
gestation period and large litter sizes, the availability of inbred strains, and the ability to 
perform controlled matings. Linkage mapping in the mouse, with its greater capacity for 
resolution of closely linked genes, can be a useful tool for predicting map positions of 
homologous genes in human and give insights into genome evolution. I have set out to 
produce a comprehensive comparative map for human chromosome 9 and homologous 
mouse chromosomes. In areas where gene order is conserved between human and mouse 
then the mouse map can be used to predict gene order in man. In addition, comparative 
mapping information for certain markers may suggest them as candidate genes for disease 
loci mapping to HSA9, or human mapping information may suggest particular genes as 
candidates for mouse mutations.

In this study the construction of the mouse genetic linkage maps was achieved by 
interspecific backcross linkage analysis using a backcross between a laboratory inbred 
strain and Mus spretus. In addition, as very little recombination was seen in the 
MMU2/HSA9q region of conserved synteny, the Jackson BSB and BSS interspecific 
backcrosses involving C57BL/6J and Mus spretus (Rowe et al., 1994), and the European 
Interspecific backcrosses (EUCIB; European Backcross Collaborative Group, 1994) were 
used to give higher resolution in order markers in this particular region further. The 
comparative maps were constructed using 55 markers spanning the entire length of HS A9, 
from the genes for the high-affinity glutamate receptor and very low density lipoprotein 
receptor (SLCl A1 and VLDLR) on 9p24 (Smith et a l, 1994; Oka et a l, 1994; Sakai et a l, 
1994) to N-methyl-D-aspartate receptor (GRINl) on 9q34.3 (Karp et a l, 1993; Brett et a l, 
1994). In areas where there are differences in gene order between the human and mouse 
maps I have attempted to resolve the discrepancies between the maps to determine whether 
the differences in gene order are due to artefacts or real rearrangements. In addition linkage 
maps of different strains and species of mice were compared in order to identify any 
variation in recombination rate due to the genetic background of the Fi animals of the 
backcross. In regions of the mouse genome where genes have been shown to be closely 
linked genetically pulsed field gel electrophoresis (PFGE) was used in order to determine 
whether those genes are also closely linked physically.
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Abbreviations used in this thesis.

Abbreviations commonly used in this thesis are listed below. Additional 
abbreviations are explained where appropriate in the text.
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1. INTRODUCTION,

1.1 Genetic Mapping in the Mouse.

It is 80 years since the first genetic linkage in the mouse was established (Haldane 
et a l, 1915), analysing the genetic linkage relationship between two pigmentation markers, 
pink-eye dilution {p) and the albino locus (c). These two loci, well-known to mouse 
fanciers of the time, (and those of many generations previously), were named Linkage 
Group I which was ultimately assigned to chromosome 7.

Over the next 60 to 70 years, more and more genetic loci have been assigned to the 
19 autosomes and 2 sex chromosomes comprising the mouse genetic complement. 
Initially, for many of these loci, the segregation was analysed simply by visually scoring 
the alleles because the loci were largely those exhibiting pigmentation, morphological or 
behavioural phenotypes. At one conference held at the Jackson Laboratory in 1959 the 
gene map was represented by huge chromosome figures with cages of the actual mutant 
mice suspended at the positions of the mapped loci. With the expansion in the fields of 
biochemistry and molecular biology, many more markers have become available to mouse 
geneticists. These include protein and enzyme polymorphisms, immunological responses, 
antigenic determinants, endogenous retroviruses and DNA sequences (genic and 
otherwise). It is this last group that is largely responsible for the major expansion in the 
number of loci available for genetic analysis. In molecular biology, techniques of cDNA 
cloning, isolation of mini- and microsatellite markers, and anonymous DNA sequences 
derived from genomic and chromosome specific libraries now provide a substantial pool of 
markers. Section 1.5 discusses methods available to the investigator to produce markers 
for use in genetic analysis.

1.2 Development of a molecular genetic linkage map of the mouse genome.

The development of genetic linkage maps is an essential first stage in the structural 
and functional characterisation of every genome. The advantages of the availability of large 
numbers of progeny and the existence of homozygous inbred strains have been of major 
importance in genetic mapping of the mouse genome. The laboratory mouse is relatively 
cheap to maintain and easy to handle. Following a gestation time of 19-20 days, sexual 
maturity is reached approximately 6 weeks after birth. The average breeding female gives 
birth to 6-8 pups in each litter, and has 4-8 litters during her lifetime of approximately 2 
years (Hogan et a l,  1986). This means that it is possible to generate backcrosses 
involving hundreds of animals on a uniform genetic background. The establishment of
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recombinant inbred strains and interspecific backcrosses have greatly increased the ease and 
resolution of genetic mapping in the mouse.

1.2.1 Recombinant Inbred (RI) strains.

Recombinant inbred (RI) strains are established by the systematic inbreeding of the 
progeny of a cross of two progenitor founder strains (Bailey, 1971; Taylor, 1978). For 
example, C57BL/6J and DBA/2J are the progenitor founder strains for the BXD RI strains. 
The progenitor strains are crossed, and the Fi generation are randomly mated to produce 
the F2 generation. The F% animals are randomly crossed, but thereafter progeny mice are 
intercrossed by sib/sib mating on each line of descent. After over 20 generations of 
brother-sister matings genetically homogeneous lines are produced. Each line can then be 
typed with a variety of biochemical and molecular markers to produce haplotype 
information for each line. A list of recombinant inbred strains available is listed in Table
1.1 below.

Inbred strains Abbreviation No. of lines

C57BL/6J X DBA/2J BXD 26
C57BL/6J X C3H/HeJ BXH 12
C57BL/6J X SJL/J BXJ 2
BALB/cBy x C57L/6By CXB 7
BALB/cKe x SJL/J CXJ 8
BALB/cHeA x STS/A CXS 14

C57L/J X C57BL/6J LXB 3

C57L/J X PL/J LXPL 5

NZB/BINJ X SM/J NXSM 17

NZB/Icr X C58/J NX8 9
NZB/BINJ X 129/J NX129 6

0 2 0 /A X AKR/FuRdA OXA 14
SWR/J X C57L/J SWXL 7
AKR/J X C57L/J AKXL 18
AKR/J X DBA/2J AKXD 25
C57BL/6J X A/J BXA 22
A/J X C57BL/6J AXB 24

Table 1.1. Recombinant inbred (RI) strains showing their designation and 

number of lines available.

26



If a DNA sequence polymorphism can be found between the 2 progenitor founder 
strains, the RI lines can then be analysed as either one type or the other. By comparing 
haplotype information for a new marker with existing haplotype information (or strain 
distribution patterns; SDPs), the marker in question can be placed on the genetic map. As 
more lines are typed for a particular marker, the more accurate the genetic distance found at 
a particular confidence limit (Silver, 1975).

RI strains provide an unlimited DNA resource, and all haplotype information is 
additive, as typings from individual laboratories can be combined to produce more and 
more detailed genetic linkage maps. However limited sequence divergence between the 
parental laboratory strains that are used to produce the RI lines is a problem and 
identification of strain specific alleles at any locus can be very difficult.

1.2.2 Interspecific backcrosses.

(Bonhomme and Guénet, 1989)
The genus Mus is very complex A with over 60 forms of the basic

Mus species Mus musculus. Laboratory mice are hybrids between two sub-species of the
Mus genus. Mus musculus musculus and Mus musculus domesticus (Bonhomme and
Guénet, 1989). A consensus phylogenetic tree of the Mus genus has been constructed by
analysis of biochemical variants for individual species (Bonhomme et a l, 1984) and is
shown in Fig. 1.1. The ten Mus species are thought to have arisen from a common
progenitor (Bonhomme et a l, 1984; Siracusa et a l, 1989). There are thought to have been
three divergent events that have resulted in the species being grouped into five main groups
(see Fig. 1.1).
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Mus musculus domesticus

M. m. musculus

M. m. ca.sta.neus 
M. spetoîdes

M. spicilegus

M. spretus 

M. caroli
M. cervîcolor cervîcolor 

M. c. popoeus

M. cookî

Fig. 1.1
The phylogenetic tree of the Mus genus (adapted from Bonhomme et al., 1984). This 
consensus tree was constructed by analysis of biochemical variants in each individual 
species. Alternative branching points are possible in some cases, and these are 
indicated by circles at the branching points.
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Interspecific backcrosses are a powerful tool for simultaneous multilocus mapping 
of the mouse genome (Robert et al, 1985; reviewed in Avner et al., 1988). The crosses 
involve 2 mouse species whose evolutionary distance has allowed accumulation of 
differences at the DNA sequence level and yet will interbreed under laboratory conditions. 
An example of a breeding scheme used to generate an interspecific backcross between the 
laboratory inbred strain C57BL/6J and Mus spretus is shown in figure 1.2.

C57BU6J Ç Mus spretus (J

C57BL75J C

Fig.  1.2

Breeding scheme used to generate the interspecific mouse backcross mapping 

panel (taken from Copeland and Jenkins, 1991) NB. Only one pair of chromosomes 

is shown for each parent. Only recombination events occurring in the F i parent can 

be scored in N2 backcross mice.
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Mus spretus represents one of the most distantly related M us species that 
interbreeds with common laboratory mice and produces fertile female animals. Because the 
Fi male animals are sterile only female genetic maps can be produced. Recently the 
introduction of backcrosses involving subspecies of Mus musculus, Mus musculus 
castaneus and Mus musculus molossinus have overcome this problem. Crosses involving 
Mus musculus castaneus or molossinus produce Fi male and female animals that are both 
fertile, and hence male and female genetic maps can be produced. As increasing numbers 
of markers are typed in a backcross, gene order can be easily determined by comparing 
new segregation patterns and minimising the number of double or multiple cross-over 
events. This has been referred to as "pedigree analysis".

Recombination rates have been shown to vary according to the genetic background 
and sex of the F% parent used in a particular backcross (Roderick and Hillyard, 1989; for 
example see Reeves et a l, 1990), In order to combine data from different crosses, 
mapping panels are typed for a set of anchor loci common to all of the crosses, so that a 
consensus genetic linkage map may be generated. Chromosome committees have been 
formed for the purpose of constructing a consensus linkage map of each mouse 
chromosome, and currently their reports are published annually (Mammalian Genome 
Special Issue, 1994).

1.3. Applications for interspecific molecular genetic linkage maps.

A molecular genetic linkage map of the mouse serves a variety of functions
1. To identify regions of homology between the mouse and human, or other 

genomes (comparative mapping),
2. To study genome organisation and evolution,
3. To identify mouse models of human diseases,
4. To identify molecular loci at or near existing mutations,
5. To determine whether a newly identified gene is identical to an existing gene or 

mutation,
6. To map new uncloned mouse mutations,
7. To correlate cytogenetic changes with changes at the molecular level.

1.3.1 Comparative mapping.

One of the most important applications of mouse interspecific linkage maps is for 
comparative mapping. Fig. 1.3 shows a schematic diagram of positions of human 
homologues on mouse chromosomes.
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Fig. 1.3 Comparative map of mouse chromosomes showing homologous human chromosomes. 

Taken from Copeland eta!., 1993



The Oxford Grid (Edwards, 1991; Searle, Edwards, and Hall, 1994; Edwards, 
1994; Fig. 1.4), is designed to show the distribution of homologous loci and conserved 
segments among human and mouse autosomal chromosome arms. In the grid there is a 
general tendency for conserved regions to be found in chromosomes of similar relative size 
in the two species (Searle, Edwards, and Hall, 1994; Edwards, 1994).
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Comparative mapping plays an important role in the human genome mapping 
project. The introduction of biochemical and molecular methods for characterising and 
mapping genes has dramatically increased the number of homologous genes that have been 
mapped in more than one species. The number of genes mapped in mouse and human has 
been rising exponentially since the early 1980s (Nadeau, 1989; reviewed in Davisson et al, 
1991; reviewed in O'Brien et al,  1993; Brown, 1994). The chromosomal distribution of 
homologous genes between different species can be characterised in three ways, depending 
on the number and order of genes in each segment. Homology segments are the basic unit 
of comparative gene mapping - segments can be marked by a single gene. Conserved 
syntenies are homology segments composed of one or more pairs of homologous genes 
located on the same chromosome, regardless of gene order. Conserved linkages have 
preservation of both synteny and gene order. In general, genes that are closely linked in 
one species tend to remain linked during evolution. Once detailed linkage maps are 
obtained for any 2 species, it is possible to deduce linkages that are conserved among the 2 
species during evolution.

One important application of comparative maps between human and mouse is to 
enable the prediction of order of closely linked human genes. In human it can be difficult 
to order closely linked genes as opposed to hypervariable markers since each gene is 
polymorphic in only a subset of individuals. However in a mouse interspecific backcross 
each probe tested displays variation. Data produced by mouse mapping in large 
backcrosses can therefore be used to predict a gene order in humans. Physical mapping 
methods can then be used to confirm these predictions. My project was to produce a 
comprehensive comparative map for human chromosome 9 (HSA9) and homologous 
mouse chromosomes. In areas where gene order is conserved between human and mouse 
then the mouse map can be used to predict gene order in man. In addition, comparative 
mapping information for certain markers may suggest them as candidate genes for disease 
loci mapping to HSA9. In particular, work is in progress in this laboratory to identify the 
gene responsible for Tuberous Sclerosis 1 (TSCl), an autosomal dominant disorder with a 
prevalence of 1 in 10,000 births. My comparative mapping work therefore has been 
particularly concerned with this region of conserved synteny between human chromosome 
9q and mouse chromosome 2. The status of the comparative map between HSA9 and the 
mouse prior to this project, and comparative mapping between HSA9 and other species, is 
discussed later in the introduction in the section on HSA9 (section 1.7). Comparative maps 
can also be used to identify new mouse models of human disease.

1.3.2 Mouse models of human genetic disease.

Mouse models of human genetic disorders provide a valuable resource for 
investigating the basis of inherited disease and testing potential gene therapies (reviewed in
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Darling and Abbott, 1992; Smithies, 1993; Clarke, 1994). Many aspects of genetic disease 
that are difficult or impossible to study in human, can be investigated far more easily in the 
mouse. The high degree of resolution of linkage mapping in the mouse and the ability to 
manipulate the genome make the mouse a good model for the study of human genetic 
disease. Identification of potential mouse models of human disease can be achieved by 
mapping the mouse homologue of a human genetic disorder. If no mouse model is 
available, exogenous DNA can be introduced into the mouse genome , ,

to produce a transgenic mouse, or in embryonic stem (ES) cell^to produce 
knockout mice, and hence create targeted germline gain of function or loss of function 
mutations and therefore to design a specific mouse model for a particular disease. An 
example of this approach was demonstrated by Patejunas et al, (1994) who generated a 
mouse model for citrullinemia by targeted disruption of the Argininosuccinate Synthetase 
(ASS) gene. ASS is a urea cycle enzyme that forms argininosuccinate from citrulline and 
aspartate. Mutations at the ASS locus on chromosome 9 in man cause the inherited disease 
citrullinemia, an autosomal recessive trait characterised by elevated levels of blood citrulline 
and ammonia that often results in early neonatal death if untreated (McKusick and 
Amberger, 1993). Patejunas et ciL, used homologous recombination in ES cells to generate 
a line of mice having a targeted disruption of the Assl gene (the mouse homologue of the 
human ASS gene). Homozygous mutant animals develop high levels of blood citrulline 
and ammonia, and die within 1 or 2 days of birth. Because the phenotype of the mutant 
mice closely resembles that of humans who lack the ASS enzyme these mice serve as a 
useful model for exploring new treatments for citrullinemia.

In general mouse mutations are similar in their effects to the corresponding human 
ones, but an exception is the Hprt/HFRT mutation that causes little or no harm in mice. 
The HPRT deficient mouse does not exhibit the classical symptoms of Lesch-Nyhan 
syndrome, such as compulsive self-mutilation and spastic cerebral palsy (Finger et al, 
1988). However a more useful model of the syndrome has now been produced (Wu and 
Melton, 1993) by taking account of the fact that differences exist between human and 
mouse in the relative importance of the two purine salvage pathways. By inhibiting the 
APRT dependent pathway rather than the HPRT dependent pathway in the HPRT -deficient 
mice, it is possible to produce at least some aspects of the Lesch-Nyhan disease (Wu and 
Melton, 1993).

The genetic backgrounds to homologous genes are not the same for human and 
mouse chromosomes and this may lead to different phenotypic effects in the two species. 
It is known that in the mouse modifying genes can have an effect on gene expression, so 
crossing the mouse mutant onto a different genetic background may be useful. Phenotypic 
differences between man and mouse may arise because of evolutionary changes in 
metabolic pathways, which may cause for example accumulation of toxic products in one 
species but not in the other. In addition as humans and mice have very different life spans,
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homologues of some late onset human hereditary diseases may not show up well in mouse, 
even if they are kept until old.

Mouse models can be predicted based on phenotypic similarities between the human 
disorder and the mouse mutation, and comparative mapping between the two species. For 
example a number of mouse mutants including piebald (5), patch (Ph), microphthalmia (mi) 
and splotch (Sp) were proposed as models for Waardenburg Syndrome (WSl), based on 
phenotypic criteria. Waardenburg Syndrome is characterised by deafness and pigmentary 
disturbances, and has been mapped to human chromosome 2q37 by linkage analysis (Foy 
et a l ,  1990). The splotch mutation (Sp) is semidominant and results in patches of 
hypopigmentation in homozygotes. Sp maps to mouse chromosome 1 (MMUl) in a region 
of homology with human chromosome 2q (Larson, 1965). This suggested that Sp, rather 
than any of the other mutants was the mouse homologue of the W Sl gene. It is now 
known that Sp is caused by a mutation in the Pax-3 gene (Epstein et a l,  1991; Steel and 
Smith, 1992; reviewed in Duyk et a l,  1992), and some families with WSl have mutations 
in the PAX3 gene (Tassabehji et al,  1992; Baldwin et a l ,  1992; Tassabehji et a l,  1993). 
Mutations in the mouse microphthalmia (mi) gene affect the development of a number of 
cell types including melanocytes, osteoclasts and mast cells. Recently mutations in the 
human microphthalmia gene were found in patients with Waardenburg Syndrome type 2 on 
human chromosome 3pl2.3-pl4.1 (WS2; Tassabehji et a l,  1994). On the basis of the 
phenotypic and developmental features of certain mi mutations, these mice may serve as 
models for WS2 (Steingrimsson et al,  1994; Tassabehji et a l,  1994).

Hereditary hyperekplexia or startle disease (STHE), an autosomal dominant 
neurologic disorder, characterised by an exaggerated startle reflex and neonatal hypertonia, 
is caused by mutations in the gene encoding the subunit of the inhibitory glycine 

receptor (GLRAl). STHE shows similarity with two neurological mouse mutants that 
have virtually identical phenotypes: spastic (spa) and spasmodic (spd). spd was mapped 
by interspecific backcross linkage analysis to a small region of mouse chromosome 11 
(M M Ull) which has homology to the STHE region of human chromosome 5q (HSA5q; 
Buckwalter et al,  1993; Ryan et al,  1994), whereas spa has been assigned to a region of 
mouse chromosome 3 that has no known synteny with HSA5q. Recently it has been found 
that a single base change mutation in the Glral gene, resulting in the replacement of the 
weakly hydrophobic amino acid alanine (GCT) by a polar amino acid serine (TCT), is 
responsible for the phenotype of the spd mouse (Ryan et a l ,  1994). The spd mouse 
should therefore prove to be a useful animal model for efficient screening of drugs aimed at 
controlling the symptoms of STHE.

The P subunit of the glycine receptor (Glrb) was recently shown to map to the same 

region of MMU3 as spa (Kingsmore et a l,  1994). Glrb mRNA is markedly reduced 
throughout the brains of spa mice as a result of a 7.1kb LINE-1 element insertion within
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intron 6 of Glrb. Kingsmore et al. therefore demonstrated Glrb defects cause the spastic 
phenotype, presumably by impairing expression of normal glycine receptor complexes 
(Kingsmore et ah, 1994).

1.3.3 Mapping and cloning genes corresponding to known mutations.

Many hundreds of interesting mutations have been already been identified in the 
mouse (reviewed in Green: Genetic Strains of the Laboratory Mouse, 1989). The 
development of high resolution mouse linkage maps will increase the speed at which these 
mutations are cloned, either by identifying candidate genes or by providing closely linked 
markers for chromosome walking or jumping experiments. A large number of genes have 
been identified and cloned in other model organisms. Many of the genes encoding these 
mutations are evolutionarily well conserved and can be used to identify and clone related 
genes in the mouse. By mapping their chromosomal location in mouse it should be 
possible to identify mouse mutations that are encoded by some of these genes. An example 
of this approach was demonstrated when the mouse undulated  mutation, which is 
characterised by malformations of the vertebral column and maps to mouse chromosome 2, 
was shown to be encoded by the mouse homologue of the Drosophila paired box gene. 
Pax 1 (Balling gr a/., 1988).

1.3.4 Mapping new uncloned mouse mutations.

In the past, when a new uncloned mouse mutation has been identified, the procedure 
has been to cross linkage testing stocks carrying a range of visible marker genes with mice 
carrying the mutant gene, in order to test for linkage. The chromosomal location of 
uncloned mouse mutations can then be determined by crossing mutant laboratory strains 
with Mus spretus or Mus musculus castaneus and typing the backcross progeny with an 
optimally determined set of genetic markers. Usually now the procedure begins at the 
backcross stage. Additional markers in the region are used to refine the position of the 
mutant gene further, until closely linked flanking markers are identified. If these map close 
enough to the mutation a positional cloning approach can be taken to clone the gene of 
interest (reviewed in Collins, 1992).

1.3.4.1 Positional cloning of mouse mutations.

Positional cloning in the mouse is initiated by mapping the gene to a specific 
chromosomal interval in a large backcross. A scheme showing an outline of positional
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cloning in the mouse is shown in Fig. 1.5. A more detailed description of the physical 
mapping techniques of pulsed field gel electrophoresis (PFGE) and Yeast Artificial 
Chromosome (YAC) technology are given in section 1.5.
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Fig. 1.5. A schematic outline of a positional cloning strategy in the mouse.

Larger interspecific backcrosses provide greater resolution. A 1,000 animal 
backcross provides a genetic resolution of about 0.1 centiMorgan (cM). The mouse 
haploid genome is estimated to contain some 3 x 10  ̂base pairs of DNA whilst the total 
genetic length has been estimated to be 1600cM (Lyon and Searle, 1989; Copeland et ai,
1993). A simple calculation reveals that 0.1 cM will be equivalent to approximately 0.19Mb 
(or 190kb), but as genetic and physical distances are not linearly related, this figure serves 
as a rough guide only. Information such as the pattern of tissue expression of the various 
candidate genes can be useful in the search, but this is only circumstantial, and the 
ultimately the gene responsible can only be unequivocally identified by sequence analysis 
and the demonstration of mutations. For example in Huntington's disease (HD) cell death 
is limited to specific neurons, but the HD gene is widely expressed (The Huntington's 
Disease Collaborative Research Group, 1993). The availability of gross rearrangements in 
the gene, detectable cytogenetically or by Southern blot analysis, will greatly aid the search 
for a gene responsible for a particular mutation.

Positional cloning in mice has largely been overshadowed by more traditional 
cloning methods, as the density of the mouse genetic map has facilitated candidate gene 
approaches. However several loci have been identified recently. A positional cloning type
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approach was taken in the isolation of the gene for the mouse short ear mutation (Kingsley 
et a l,  1992). The short ear gene is required for normal growth and patterning of skeletal 
structures. Various deletions in the dilute - short ear region of mouse chromosome 9 
showed that a brain cDNA maps to a small 0.15cM interval between the dilute and short ear 
loci (Kingsley et a i, 1990). Given the average relationship between genetic and physical 
distance in the mouse, this cDNA was thought to lie no more than 200-300kb from the 
short ear locus. A chromosome walk was initiated in the chromosomal region surrounding 
the locus, and at each stage probes were isolated from the phage clones and used to analyse 
DNA samples from wild-type mice and from mice carrying various short ear mutations. 
The gene for a bone morphogenic protein, Bmp5, was shown to be deleted or rearranged in 
several independent mutations of short ear (Kingsley et a l, 1992). Mutations at the short 
ear locus provide a tool for defining the normal functions of bone morphogenic proteins in 
mammals.

Natural resistance to infection with intracellular parasites is controlled by a 
dominant gene on mouse chromosome 1 (MMUl) called Beg (Green: Genetic Strains and 
Variants of the Laboratory Mouse, 1989; Schurr et a l,  1989). A true positional cloning 
approach was used to identify the gene responsible for this mutation. Beg affects the 
ability of macrophages to destroy ingested intracellular parasites early during infection. 
Vidal et a l, (1993) assembled a 400kb phage and cosmid contig around Beg, and identified 
6 novel genes within this contig by exon amplification or trapping (Buckler et a l, 1991). 
RNA expression studies showed that one of these, Nramp, was expressed exclusively in 
macrophage populations. Nramp encodes a membrane protein that has structural homology 
with known prokaryotic and eukaryotic transport systems, suggesting a macrophage- 
specific membrane transport function. Susceptibility to infection (Beg) is associated with a 
glycine to aspartic acid amino acid substitution within the transmembrane domain of 
Nramp.

Mutations at the nude locus of mice and rats disrupt normal hair growth and thymus 
development causing nude mice and rats to be immune-deficient (Green: Genetic Strains 
and Variants of the Laboratory Mouse, 1989). The mouse nude locus was localised on 
chromosome 11 (M M Ull) within a region of less than 1Mb (Nehis et a l,  1994a). In this 
particular positional cloning project (Nehis et a l, 1994b), PI clones from the region were 
pooled, and subjected to exon trapping, using a phage-based exon trapping vector (Nehis et 
a l,  1994c). To identify exons from the nude gene, the expression pattern of physically 
ordered exons was analysed to identify a gene preferentially expressed in the thymus and 
the skin, the sites of the phenotypic abnormalities of nude mice. Only one exon showed 
this expression pattern. cDNA clones were isolated using this exon from a mouse skin 
cDNA library, and as the gene showed homology with the winged-helix domain family of 
transcription factors was termed whn (winged-helix nude). Sequence comparison between 
nude mice and C57BL/6J revealed a single base pair (G) deletion in the whn gene. This



mutation causes a frameshift, and results in premature termination of the protein before 
transcription of the DNA binding domain, indicating that a mutation in the whn gene gives 
rise to the nude phenotype. To test this the nude mutation was analysed in rats, as they 
have an identical phenotype to nude mice, and the locus maps to rat chromosome 10 in a 
region homologous to MMU11. The whn gene was found to have aberrant transcripts in 
nude rats, and no functional protein can be made from these transcripts indicating the whn 
gene is responsible for the nude phenotype in rats also.

Mutations of the mouse obese (ob) gene on proximal mouse chromosome 6 result 
in profound obesity and type II diabetes as part of a syndrome that resembles morbid 
obesity in humans. A positional cloning approach was used to identify this gene (Zhang et 
a l,  1994). Genetic mapping positioned the ob gene between 2 molecular markers, Pax4 
and D6Rckl3 (a marker derived from chromosome microdissection). These markers were 
used to create a YAC contig of the region. Exon trapping of YACs and PI clones which 
mapped to the region revealed an exon that was only expressed in white adipose tissue. 
This exon was used to screen a mouse adipose tissue cDNA library, to isolate clones that 
represent the complete cDNA sequence. Reverse transcriptase PCR (RT-PCR) products 
from the entire open reading frame were prepared from C57BL/6J ob/ob mice and 
sequenced. A nonsense mutation was found in C57BL/6J ob/ob mice that results in a 
change of an arginine at position 105 to a stop codon, and this strain expresses a 
twentyfold increase in ob RNA. A second ob mutant, the SM/Ckc-+^^^o^2J/0^2J strain 
does not synthesise ob RNA. The data suggest that the ob gene product may function as 
part of a signalling pathway from adipose tissue that acts to regulate the size of the body fat 
depot (Zhang et a l, 1994).

A model for non-syndromic deafness shaker-1 {shl), has been mapped to a 
minimum critical region of 500kb on mouse chromosome 7 (Brown et ah, 1992). Gibson 
et a l, (1995) have identified a type-VII myosin gene in this region by exon trapping, and 
subsequent screening of inner ear cDNA libraries. A mutation was found in this myosin 
gene in the shl spontaneous mutant resulting in an arginine to proline amino acid change. 
The myosin type VII gene was confirmed to be responsible for the sh l phenotype by 
analysis of the shl -̂  ̂(spontaneous) and shl^^^^  ̂ (ENU induced) mutations. Mutations 
were found in both of these, indicating that the changes in the myosin type VII gene are 
responsible for the shl phenotype. The gene is thought to have a function related to the 
process of adaptation of the stereocilia (tiny hair cells) of the inner ear by adjustment of the 
tip-links between them (Gibson et a l, 1995). The shl gene maps to a conserved region of 
homology with human chromosome llq , which contains the locus for the Usher lb 
(USHIB) syndrome. Usher syndrome type 1 is an autosomal recessive disorder 
characterised by hearing impairment and retinitis pigmentosa (Smith et a l,  1994; Larget- 
Piet et a l,  1994). Five mutations have been detected in the human homologue of the 
myosin gene responsible for the sh-1 mutation in five different USHIB families (Weil
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et a l,  1995), indicating that the myosin VII gene which underlies shl is also responsible for 
USHIB.

1.4 Development of a physical map of the mouse genome.

As linkage mapping is an indirect measurement of distance, the application of a 
physical mapping strategy across a candidate region is important to complement the genetic 
linkage studies. The translation of genetic distance into physical size is required to 
determine whether the length of the region is appropriate for contig assembly to begin.

1.4.1 Pulsed field gel electrophoresis.

Pulsed field gel electrophoresis (PFGE) is a physical mapping technique that 
bridges the resolution gap between the upper limits of conventional electrophoresis and the 
lower limits of genetic mapping and cytogenetic analysis. First developed by Schwartz and 
Cantor (1984) PFGE relies on the principle that large DNA molecules electrophoresed 
through an agarose gel matrix reorientate themselves more slowly in an alternating electric 
field than do smaller DNA molecules. This consequently allows resolution of DNA 
fragments from 50kb up to about 5,000kb.

PFGE requires the preparation of high molecular weight DNA, not subjected to the 
shearing forces that accompany conventional DNA preparation (see materials and methods 
section). In addition the production of large DNA fragments suitable for PFGE analysis 
requires digestion with restriction enzymes that cut infrequently in the genome, the so 
called rare cutter enzymes. The great majority of the vertebrate genome exists in a highly 
methylated state with only about 1% of DNA being stably non-methylated. Non- 
methylated DNA differs from methylated DNA in that it consists of relatively high C + G 
content by comparison. It is this feature of DNA that is utilised by rare cutter enzymes - the 
recognition sequences of these enzymes contain CpG dinucleotides. Characteristically 
unmethylated regions exist as discrete islands, termed CpG islands, of which there are an 
estimated 30,000 in the haploid genome (Bird et al., 1985; Bird, 1986). As a consequence 
of the CpG clustering many of the rare cutting restriction enzyme sites are also found in 
clusters corresponding to islands and this provides a useful tool for long range mapping by 
PFGE. Through the construction of long range restriction maps around regions of interest, 
PFGE can be used to physically link two flanking markers (previously determined by 
genetic mapping), thus delineating a region in which to search for the mutation of interest.

1.4.2 Yeast Artificial Chromosome libraries.

Libraries with large inserts of mammalian DNA are obviously of great use to the
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geneticist. The upper limit of insert size of cosmid and phage systems is in the order of 40- 
60kb. These systems have been replaced in long range experiments by Yeast Artificial 
Chromosome (YAC) technology (Burke et a l,  1987; Burke, 1990). Vectors have been 
constructed that allow very large fragments (on average 250-1000kb) of cloned DNA to be 
maintained and propagated as artificial chromosomes in yeast cells. The construction of 
genomic libraries in YAC vectors allows the establishment of physical maps over megabase 
regions of the mouse genome via a set of contiguous, overlapping YAC clones (contigs). 
Sequences of interest can then be isolated. One drawback is that chimerism and deletion 
are common problems encountered in the use of YAC systems.

1.5 DNA Markers.

Several methods are available to the mouse geneticist to produce markers for use in 
creating high resolution genetic and physical maps. Since the beginning of this project the 
discovery of simple sequence length polymorphisms (SSLPs) or microsatellite markers has 
greatly accelerated genetic map construction (Love et a l ,  1990; Dietrich et a l ,  1992; 
Dietrich et a l,  1994). Efforts to produce not only more markers but also new types of 
markers have moved on swiftly. Methods of creating markers available to the mapping 
community as a whole are discussed here.

1.5.1 Cloned markers.

These markers are the products of the analysis of cloned sequences. They can 
either be associated with genes (either cDNA or genomic sequences), or anonymous in 
origin. The genic variety are used to locate the map positions of cloned genes of interest 
and may also be used to assess the linkage relationships of candidates for the defective 
genes responsible for mouse mutations. cDNA markers, because their sequences are more 
likely to be conserved between species, are useful for producing comparative maps with 
other species. The anonymous markers can be used as random loci as part of genome 
coverage experiments. Such markers may be the products of regional cloning or 
chromosomal walking experiments. A huge project is underway in the USA to isolate 
expressed sequence tags (ESTs) from a human infant brain cDNA library (Adams et a l,  
1993a; Adams et al,  1993b), and if these sequences become available (Ownership and the 
human genome; Nature editorial, 1994) these will provide a large resource of sequence 
associated cDNA markers.

1.5.2 Derivation of probes and markers by reverse transcriptase polymerase 
chain reaction (RT-PCR) and PCR.
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If no probe is available for a particular gene of interest, and the sequence has been 
published or is available through a database, primers can be designed to derive a probe for 
the gene. If the sequence available is from cDNA then the probe is derived by reverse 
transcriptase PCR from RNA. This is the method I have used to derive many of the probes 
I have used in the comparative mapping study of human chromosome 9 and the mouse, and 
more details are given in the materials and methods section. If mouse genomic sequence is 
available primers can be designed to amplify DNA by direct PCR. To map these genomic 
sequences in a backcross either a length difference, RFLV, or single strand conformation 
variation (SSCV) must be found between the PCR products amplified from DNA of the 
two parental strains of the cross. If this is not possible and genomic sequence is available, 
a probe can be derived by direct PCR, and this may be found to cross-hybridise between 
species if the product contains exonic sequences.

1.5.3 Microcloning and Microdissection

If it is necessary to isolate markers that map to defined intervals, one approach is to 
physically dissect out the region of interest from metaphase chromosome spreads 
(Scalenghe et al., 1981; Rohme et ah, 1984; reviewed in Kao, 1993). The area of 
dissection in mouse can be identified by the use of appropriate Robertsonian fusion 
chromosomes, as these are much easier to identify than normal mouse chromosomes 
because of their larger size. The chromosomal regions are physically scraped from the 
chromosome spreads, amplified by PCR, and cloned in the conventional manner. Several 
hundred potential markers can be isolated in this way, and a large proportion can be 
expected to map back to the dissected area. The procedure however is technically difficult 
sometimes producing no useful markers.

1.5.4 Mouse repeat families.

The previous sections have discussed single-copy DNA segments as markers. 
However the large number of repeated sequences in the mouse genome can be used as a 
very abundant source of polymorphic markers. It has been estimated that 20% of the 
mouse genome is made up of repetitive sequences (Hastie, 1989). These repetitive 
sequences consist of highly repeated centromeric sequences and families of moderately 
repeated sequences (Bl, B2, LI and mini- and microsatellites). The bulk of the moderately 
repeated sequences are interspersed with single-copy sequences (Cech et a l,  1973). Table
1.2 shows the major mouse repeat families, their size, copy number, and genomic 
distribution (adapted from Hastie, 1989). A number of repeat families provide access to 
novel DNA markers (e.g. by inter-repeat sequence PCR or 1RS-PCR - see next section).
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Repeat Family Size of 
repeat unit 

(bp)

Approximate 
copy number

% of 
genome

Genomic distribution

SATELLITES
Major 234 1 700,000 1 5.5 Tandemly arrayed at all 

centromeres except the Y 
3, 4

Minor 1203 50-100,0003 0.2-0.4 Tandemly arrayed most 
centromeres except the Y
3, 4

DISPERSED
LI up to 6800 3 5,000-100,000 5 4 Giemsa +ve bands ^

Bl 130 5 130-180,000 5 0.6-0.8 Giemsa -ve bands ^

B2 190 5 80-120,000 5 0.5-0.8 Giemsa -ve bands 3

MinisateUites several kb ND ND Evenly distributed ^

Microsatellites 12-156 7 50,000 1 Evenly distributed over 
most chromosomes except 
on the X where there are 
less than expected ^

Table 1.2.

The major mouse repeat sequence families, showing their size, copy number, 

percent of genome, and genomic distribution. Taken from Hastie, 1979. ND = not 

determined.

Key: 1. Waring and Britten, 1966, 2. Jones, 1970, 3. Pardue and Gall, 1970, 4. 

Pietras et al., 1983, 5. Bennet et a!., 1984, 6. duller eta!., 1990, 7. Love et a!., 
1990, and 8. Dietrich eta!., 1994.

1.5.4.Î Inter-repeat sequence PCR (IRS-PCR).

The majority of moderately repeated sequences in the mouse are interspersed with 
single copy DNA (Cech et al, 1973). The application of PCR to such repeat sequences 
allows the amplification of single copy sequences between the repeat elements (Nelson et 
al,  1989). Oligonucleotide PCR primers that bind to selected repeat elements enable the 
generation of PCR products containing the intervening inter-repeat sequences. The number 
of products generated depends on the frequency of the repeat elements and their proximity 
and orientation. Individual inter-repeat PCR products can be isolated and used as genetic
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markers. Somatic cell hybrids containing a chromosome (or chromosomal region) of 
interest are a useful starting point for IRS-PCR providing new markers derived from a 
particular region of the genome under study, provided that the primers are species specific, 
and do not amplify sequences from the somatic cell hybrid background chromosomes. 
Because the majority of mouse chromosomes in somatic cell hybrids are present on a 
background of Chinese hamster, the choice of mouse specific repeat element primers is 
more problematic due to the close relationship of the 2 species. This problem can be 
overcome by running control PCR reactions of mouse and hamster genomic DNA to 
deduce which PCR products are produced by amplification of mouse DNA only. However 
primers have been devised that are mouse specific and these may be used to amplify mouse 
sequences on heterologous backgrounds. PCR primers that bind part of the LI repeats and 
B2 specific primers have been used to generate mouse markers from mouse / Chinese 
hamster hybrids (Irving et a l, 1991; Simmler et a l, 1991). Herman et a l, (1991) used 
primers derived from rodent specific B l sequences to recover mouse specific PCR 
products from a somatic cell hybrid containing the mouse X chromosome on a human 
background.

1.5.4.Ü M inisatellites.

Minisatellites are highly polymorphic tandemly repeated regions detected via a 
shared 10-15 base pair 'core' sequence, which are very abundant in the mammalian 
genome (Jeffreys et a l,  1985; Jeffreys et a l, 1988; Armour and Jeffreys, 1992). The 
mutation rate has been estimated to be 5% per gamete for some minisatellite loci (Jeffreys et 
a l,  1988). Human minisatellite markers have been used to identify genetic variation in 
inbred strains of rodents (Julier et a l, 1990). Minisatellite markers are widely distributed 
in the mouse genome and are not clustered at telomeres as is thought to be the case in 
humans (Julier et a l, 1990).

M icrosatellites.

Microsatellites, or simple sequence repeats (SSRs), are highly repeated, short 
segments of tandemly organised sequences. The dinucleotide repeats, which are present in 
about 50,000 copies in the mouse genome, are the most common (Hamada et a l, 1982; 
Love et al., 1990). Dinucleotide repeats are not only abundant but are also highly variable, 
and as they rarely are longer than a few hundred base pairs they are easily amplified by 
PCR (Love et a l, 1990; Cornall et a l, 1991; Hearne et a l, 1991; Dietrich et a l, 1992). 
Love et a l,  (1990) analysed 50 SSRs and found 92% showed variation between Mus 
spretus and inbred strains, and 78% between inbred strains of mice. Eric Lander and his 
group at the MIT Centre for Genome Research have constructed a genetic map of the
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mouse genome consisting of 6000 SSLPs, so that approximately 90% of the genome lies 
within 1.1 cM of a marker, making a huge contribution to genetic mapping in the mouse 
(Dietrich e ta l,  1992; Dietrich e ta l,  1994).

1.6 Human chromosome 9.

1.6.1 Disease loci mapping to human chromosome 9.

Interest in mapping of human chromosome 9 (HSA9) has been stimulated by the 
mapping of many disease genes to this chromosome although few have so far been 
identified at the molecular level (reviewed in McKusick and Amberger, 1993; Povey et a i, 
1994). The interest in 9p has centred mainly on the search for a tumour suppressor gene 
involved in lymphoma, leukaemia, glioma, and melanoma, and two groups have reported 
deletions of a gene on 9p21 (CDKN2) coding for p i6, and also known as MTSl, in a 
variety of tumour cell lines (Nobori et a i, 1994: Kamb et a i, 1994). Recently the gene for 
dominantly inherited venous malformations (FVM), which cause pain, anatomic distortion 
and can threaten life, has also been mapped to the same region of HSA9p (Boon et a l, 
1994). 9p- syndrome, characterised by craniofacial anomalies, squared fingertips, and 
mental retardation, has been refined to a small region of 9p23 by analysis of DNA from a 
patient carrying a translocation associated deletion of part of 9p23 (Wagstaff and Hemann, 
1994). Closer to the centromere on HSA9p, the gene for cartilage-hair hypoplasia (CHH) 
has been localised to 9pl3-p21.1 (Sulisalo et a l, 1993). Friedreich Ataxia (FRDA) maps 
to 9ql2-q21, the pericentromeric region of the chromosome (Chamberlain et a l,  1988). 
Gorlin's Syndrome (NBCCS) and multiple self-healing squamous epithelioma (ESSl) map 
to 9q22-q31 (Farndon et a l, 1992; Goudie et a l,  1993), Fukuyama type muscular 
dystrophy (FCMD) maps to 9q31-33 (Toda et a l,  1993), and hereditary haemorrhagic 
telangiectasia (HHT), (also called Osier Rendu Weber syndrome; ORW), maps to 9q33-34 
(McDonald et a l, 1993; Shovin et a l, 1993). Recently endoglin, a TGF-(3 binding protein 

of endothelial cells, has been shown to be the gene for hereditary haemorrhagic 
telangiectasia (McAllister et a l, 1994). The genes for nail patella syndrome (NPSl), 
idiopathic torsion dystonia (DYTl) and tuberous sclerosis (TSCl; discussed further in 
Section 1.7.l.i) all map to 9q34 (Renwick and Lawler, 1955; Ozelius et a l,  1989; Fryer et 
a l,  1987). Loss of heterozygosity studies have defined 2 regions of deletion of HSA9 in 
bladder tumours: 9p21-p22 and a large region of 9q (9ql3-q34.1; Keen and Knowles, 
1994). Similar studies of 9q in ovarian tumours have defined a common region of 
deletion, 9q31-q33 (Osborne et a l, 1994). Fig. 1.6 shows the location of disease genes 
mapping to human chromosome 9.
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Fig. 1.6 Location of disease genes mapping to human 

chromosome 9. Disease gene symbols only are given; for full disease 

names see text. LOH BC = Loss of heterozygosity in bladder cancer; 

LOH OVC = Loss of heterozygosity in ovarian cancer.
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1.6.l .i  Tuberous sclerosis.

Tuberous sclerosis, TSC, is an autosomal dominant disorder characterised by a 
variety of clinical features including mental retardation, epilepsy, facial angiofibroma, 
shagreen patches of the skin, rhabdomyomas of the myocardium and renal cysts with a 
prevalence of approximately 1 in 10,000 live births (Gomez, 1988; Hunt and Linderbaum, 
1984). Genetic heterogeneity of the disorder has been established, with 2 distinct genetic 
loci mapping to 9q34 (TSCl; Fryer et a l,  1987) and 16pl3.3 (TSC2; Kandt et a l ,  1992). 
The locus on 16pl3 is thought to account for about 60% of cases of TSC. This locus was 
recently cloned (European Chromosome 16 Tuberous Sclerosis Consortium, 1993).

Linkage studies had mapped the TSC2 gene to a candidate region of about 1.5Mb 
between D16S309 and D16S291 on 16pl3.3 (Kwiatkowski et a l ,  1993). Since this 
region represented the candidate region for polycystic kidney disease (PKDl), extensive 
mapping data was available for this segment of the chromosome. It was thought that 
TSC genes probably act as tumour suppressors, and so deletions might be associated with 
the TSC phenotype. 5 TSC associated deletions were found using pulsed field gel 
electrophoresis (PFGE) covering a region of 120kb, and fluorescence in situ hybridisation 
confirmed these findings. This region was cloned, and several genes isolated. One of 
these, as well as being disrupted by each of the pulsed field deletions, was found to have 
intragenic deletions in TSC patients, and was thus identified as the TSC2 gene.

The 5.5kb TSC2 transcript was found to cover a genomic region of approximately 
45kb, was widely expressed, and was found to have a region of homology to the GTPase- 
activating protein rapl GAP (GAP3). This finding suggests that tuberin, the protein 
product of TSC2, may have GAP activity, consistent with its proposed function as a 
tumour suppressor. Tuberous sclerosis 2 appears, therefore, in 60% of cases, to result 
from a loss of function of a single allele at the TSC2 locus.

The Eker rat is considered to be a good model of hereditary renal carcinoma (Yeung 
et a l,  1993). The Eker mutation has been shown to map to a region of conserved linkage 
between rat chromosome 10ql2 and human chromosome 16pl3.3 (Yeung et a l ,  1993; 
Hino et a l,  1993). The mutation has been shown to be tightly linked to the rat homologue 
of the human tuberous sclerosis 2 gene (termed Tsc2 in the rat; Hino et a l ,  1994). 2 
groups have recently described a germline mutation in the gene encoding Tsc2 caused by an 
insertion of approximately 5kb in the Eker rat, resulting in aberrant RNA expression from 
the mutant allele (Yeung et a l,  1994; Kobayashi et a l,  1995). The mutation deletes the 3' 
end of the transcript, the region of homology with the catalytic domain of the GTPase- 
activating protein rapl GAP (GAP3). The phenotype of tuberous sclerosis in the Eker rat 
differs from that of humans, except for the development of renal tumours. The effects of
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the Eker mutation provide evidence that the rat Tsc2 gene behaves as a tumour suppressor. 
The Eker rat may therefore be a good model for studying TSC2 gene function and its role 
in tumour i genesis.

The gene for TSCl has yet to be identified, but is thought to lie between the 
markers D9S149 and D9S114 on HSA9q34 (reviewed in Sampson and Harris, 1994; 
Povey et al,  1994). TSCl hamartomas have been reported to show allele loss for markers 
on HSA9q34 (Green et a l,  1994; Carbonara et al,  1994), suggesting that the TSCl gene 
may also act as a growth suppressor. Comparative mapping information for certain 
markers used in my project may suggest them as candidate genes for TSCl on HSA9q34.

1.6.2 Mouse mutations whose human homologues would be predicted to lie 
on HSA9.

Prior to this project it was known that genes mapping to human chromosome 9 had 
homologues which map to 3 different mouse chromosomes, namely mouse chromosomes 
2, 4, and 19. Since then a new homology group between HSA9 and mouse chromosome 
13 has been defined. These homology groups will be discussed in more detail later in this 
thesis.

Comparative mapping data predict the occurrence of human homologues of several 
mouse mutations. The phenotypes of the mouse mutations whose human homologues 
would be predicted to lie on HSA9 are listed in table 1.3 (data taken from mouse 
chromosome committee reports in Mammalian Genome Special Issue, 1994).
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Mouse

ch r.

Gene

sym bol

Mutation Phenotype Reference Predicted

HSA9

location

MMU2 stb stubby Achondroplasia Lane and Dickie, 1968 9q33-q34

MMU2 stu stumbler Cerebellar Frankel e t  a i ,  1994 9q33-q34

MMU2 Ih lethargic Neurological/immunological Dung, 1977 9q33-q34

MMU2 us urogenital syndrome Skeletal/urogenital abnormalities Lane and Birkenmeier, 1993 9 q 3 4 .1 -q 3 4

MMU4 an Hertwig's anaemia Haematological Abbott e t  a i ,  1993 9p/9q

MMU4 VC vacillans Neurological Sirlin, 1956 9p/9q

MMU4 cy crinkly tail Tail Ferguson and Wallace, 1975 9p

MMU4 dep depilated Hair Mayer e t  a i ,  1976 9p

MMU4 Pt Pintail Tail Hollander and Strong, 1951 9p

MMU4 w i whirler Deafhess/inner ear Fleming et  a i ,  1994 9q32-q34

MMU 13 sdy sandy Coat/platelet storage disorder Swank e t  a i ,  1991 9q21-q22

MMU 13 mu muted Coat/platelet storage disorder/ear Lyon and Meredith, 1969 9q21-q22

MMU13 id juvenile dépilation Hair Sweet et  a i ,  1991 9q21-q22

MMU 13 dpy dumpy Skeletal Hollander, 1981 9q21-q22

MMU 13 f flexed-tail Tail Hunt et  a i ,  1933 9q21-q22

MMU 19 bm brachymorphic Achondroplasia Lane and Dickie, 1968 9ql2-q21

Table 1.3

List of mouse mutations whose human homologues would be predicted to lie on HSA9. Data 

taken from mouse chromosome committee reports in Mammalian Genome Special Issue, 1994.

1.6.3 Comparative mapping of human chromosome 9 with other species.

Recent advances in gene mapping technologies have led to increased emphasis in 
developing genetic maps for several species. The rapid development of genetic maps in 
many biological species will greatly aid in the investigation of cellular, developmental and 
evolutionary processes. One aim of the human genome project is the completion of a high 
resolution linkage map in order to give insights into genome evolution. Great progress has 
recently been made in genetic linkage mapping within many plant and animal species, 
including rice (Kurata et al., 1994), chicken (Bumstead and Palyga, 1992; Levin et a l,  
1994), rat (Levan et a l,  1991; Levan et al,  1994; Jacob et a l,  1995), cattle (Bishop et al.
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1994; Barendse et al, 1994), swine (Rohrer et a l, 1994; Archibald et al, 1994; Ellegren et 
al, 1994a; Archibald et a l,  1995), sheep (Crawford et al, 1994), horse (Marklund et al,
1994), and dog (Ostrander et a l, 1993; Ostrander et a l,  1995). These studies have built 
on the large amount of synteny and comparative mapping data previously produced in the 
human and mouse genomes (reviewed in O'Brien e ta l ,  1993 and Copeland et a l, 1993). 
So far, significant maps of about 28 mammalian species have been developed (O'Brien and 
Graves, 1991) and this data is now available on the World Wide Web computer network 
allowing the data to be continuously updated. Recently interest has been stimulated by 
analysis of the compact genome of the Japanese pufferfish (Fugu rubripes). The Fugu fish 
has an estimated genome size of 390Mb, about 7.5 times smaller than human. The Fugu 
genome lacks interspersed highly repetitive elements, resulting in a compact genome with 
no "junk" DNA. It is possible to clone a region the equivalent size of a human YAC into a 
Fugu cosmid. Comparison of the Huntington's disease gene in human and Fugu (Sarah 
Baxendale, personal communication) has shown that the human HD gene spans ISOkb and 
the Fugu gene 23kb. There is homology to all 67 exons of the human HD gene in Fugu, 
with conservation of intron/exon boundaries (Sarah Baxendale, personal communication). 
The karyotype of Fugu is not known, but it will be interesting to discover how far short 
and long range linkage is conserved between Fugu and mammals.

Recent advances in mapping strategies and technologies have enhanced the physical 
maps for rat, cattle, sheep, swine and chicken (Levan et a l,  1994; Fries et a l,  1993; 
Andersson, et a l, 1993; Ellegren et a l,  1994b; Yerle et a l,  1995) and provide the 
opportunity to simultaneously construct genetic and physical linkage maps for the major 
livestock species. O'Brien et a l  (1993) proposed a list of 321 reference anchor loci 
suitable for comparative mapping in animal species in order to provide a unified approach 
to comparative analysis of different mammalian genomes. They selected cloned mouse and 
human functional genes spaced at 5-lOcM throughout their respective genomes, which are 
evolutionarily conserved and represented in comparative gene maps in other mammalian 
species.

Comparative chromosome painting, termed ZOO-FISH, using DNA libraries from 
flow sorted chromosomes reveals the presence of syntenic groups in distantly related 
mammalian species ranging from primates, rodents and whales. ZOO-FISH can be used to 
generate comparative chromosome maps of a large number of mammalian species 
(Scherthan et a l, 1994) using chromosome paints for certain chromosomes, but for other 
chromosomes the technique has so far proved unsuccessful (Margaret Fox, personal 
communication).

Figure 1.5 shows comparisons of gene locations of loci which map to human 
chromosome 9 (HSA9) in other mammals.
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1.7 Aims o f  this investigation.

This thesis covers comparative mapping of human chromosome 9 and homologous 
mouse chromosomes. Chapter 3 describes creation of the basic comparative map of human 
chromosome 9 and mouse. This was achieved by interspecific backcross linkage analysis 
of a cross between a laboratory inbred strain (AN) and Mus spretus, producing genetic 
linkage maps of mouse chromosomes 2,4, 13 and 19. The mouse homologues of 55 loci 
which were known to map to HSA9 were mapped; 12 loci from the short arm of HSA9 and 
43 from HSA9q. 30 new assignments have been made in this study, the human 
homologues of which all map to HSA9. 26 genes were mapped in the region of conserved 
synteny between MMU2 and HSA9q33-34 (a part of the chromosome known to be very 
gene rich; Povey et a i,  1994). As very little recombination was seen in this region, the 
Jackson BSB and BSS interspecific backcrosses involving C57BL/6J and Mus spretus 
(Rowe et al., 1994), and the European Interspecific backcrosses (EUCIB; European 
Backcross Collaborative Group, 1994) were used to give higher resolution to order 
markers in this particular region further. These results are discussed in Chapter 4. In 
addition I have compared linkage maps of different strains and species of mice in order to 
identify any variation in recombination rate due to the genetic background of the Fi animals 
of the backcross. Chapter 5 describes physical mapping of the markers on MMU2 by 
pulsed field gel electrophoresis (PFGE). Where I have shown genes to be closely linked 
genetically on mouse chromosome 2 ,1 have used PFGE to determine whether those genes 
are closely linked physically also. In areas where there are differences in gene order 
between the human and mouse maps I have attempted to resolve the discrepancies between 
the maps to determine whether the differences in gene order are due to artefacts or real 
rearrangements. This has involved isolation of cosmids and screening for dinucleotide 
repeats in order to map the human genes genetically, as well as mapping them by physical 
means, such as fluorescence in situ hybridisation, cosmid contig assembly and analysis of 
human/rodent somatic cell hybrids. These results are discussed in Chapter 6. Chapter 7 
discusses the assignment of the paired-box genes PAX5 and PAX8 to human 
chromosomes using human/rodent somatic cell hybrids. Mapping of the mouse homologue 
of the human TSC2 gene to mouse chromosome 17 and analysis of the gene with respect to 
the t̂ ^̂  and t̂ ^̂  deletions is discussed in Chapter 8. Finally in the conclusions chapter the 
results will be summarised and directions of future work will be discussed.
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CHAPTER 2

MATERIALS AND METHODS.

53



2. M A T E R IA L S  A N D  M E TH O D S.

2.1 Materials

2.1.1 Chemicals and reagents.

All chemicals for general use were supplied by Merck (U.K.) Ltd., of 
Loughborough, Leicestershire (formally BDH Ltd), unless otherwise stated, and were of 
"AnalaR" quality. In addition Merck also supplied the specific reagents silver nitrate, 
formaldehyde, phenol, NNN'N' tetramethylenediamide (TEMED), ammonium 
persulphate, paraffin, sodium dodecyl sulphate (sodium salt; SDS), ether, absolute ethanol, 
propan-2-ol, glucose, bromophenol blue and xylene cyanol FF.

Sigma Chemical Company Ltd. supplied phenylmethylsulphonylfluoride (PMSF), 
sarkosyl (N-lauroylsarcosine; sodium salt), bovine serum albumin (BSA), ethidium 
bromide, salmon sperm DNA and spermidine .

lOOmM stabilised aqueous solutions of dATP, dCTP, dGTP, and dTTP, dextran 
sulphate, Ficoll and Sephadex G-25 and G-50 were supplied by Pharmacia U. K. Ltd.

Bacterial media were supplied by Difco U.K. Ltd.

2.1.2 Radiochemicals.

[a^^P] dCTP at a specific activity of 3000Ci/mMol was supplied by Amersham 
International pic. or ICN Biomedicals Inc., California, USA. [a^^S] dATP was obtained 
from NEN DuPont at a specific activity of 1415Ci/mMol. [y^^P] ATP at a specific activity 

of 5000Ci/mMol was supplied by Amersham International pic. or ICN Biomedicals Inc., 
California, USA.

2.1.3 Enzymes.

Restriction enzymes, polynucleotide kinase and T4 DNA ligase were supplied either 
by Gibco BRL Life Technologies or New England BioLabs. Klenow DNA polymerase 
was provided with the Rediprime DNA labelling kit (Amersham International pic.). 
Desiccated Proteinase K and RNase A were supplied by Sigma Chemical Company Ltd. 
Taq DNA polymerase (from Thermus aquaticus) was supplied at a concentration of

54



5units/|Lil by Advanced Biotechnologies. Sequenase™ version 2.0 T7 DNA polymerase 
was purchased in the Sequenase™ kit from United States Biochemical (USB, now part of 
Amersham International).

2.1.4 Nucleic acids, vectors and markers.

Salmon sperm DNA was supplied by Sigma Chemical Company Ltd. 
pBluescript™ DNA and lOObp ladder DNA markers were purchased from Pharmacia U.K. 
Ltd. XL 1-BLUE MRF' cells were purchased from Stratagene, U.K. Ltd. Ikb ladder 
DNA markers were obtained from Gibco BRL Life Technologies, and Yeast and X 

chromosomal pulsed field gel electrophoresis markers were supplied by New England 
BioLabs, U.K.

2.1.5 Electrophoretic and DNA transfer materials.

Standard grade agarose was supplied by Sigma, and 3% NuSieve agarose 1% 
Agarose powder was supplied by EMC Bioproducts. Acrylamide / bis acrylamide in 
proportions 19:1 were supplied as a 40% solution by Severn Biotech Ltd.

Genescreen plus hybridisation membrane was supplied by NEN DuPont, and 
Hybond N by Amersham International U. K. Hyperfilm MP X-ray film was supplied by 
Amersham International U. K.

2.1.6 Solutions and buffers.

Unless otherwise stated solutions and buffers were prepared using distilled and 
deionised water and were stored at room temperature (i.e. between 15 and 25°C). 
Sterilisation was by autoclaving at 151bs psi 121°C for 30 minutes. The components of 
general solutions and buffers are presented in appendix 2A.I.

2.1.7 Fluorescence in situ hybridisation (FISH) materials and solutions.

All solutions for fluorescence in situ hybridisation (FISH) were prepared using 
distilled and deionised water and stored at room temperature (unless otherwise stated). 
Fluorescence biotin labelling kits and human Cot-1-DNA were supplied by Gibco BRL. 
Fluorochrome conjugated avidin (Av), biotinylated goat anti-avidin and Vectorshield 
medium were all supplied by Vector Laboratories. This work was done by Karen
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Woodward and Rosemary Ekong.

2.1.8 Cell lines used for Fluorescence in situ hybrid isation .

Lymphoblastoid cell lines with a balanced reciprocal translocations were used to 
map cosmids to either side of breakpoints on human chromosome 9 by Fluorescence in situ 
hybridisation (FISH; see section 2.2.9). This work was done by Karen Woodward and 
Rosemary Ekong. The SD-1 cell line (Dhut et al,  1991) has the characteristic Philadelphia 
translocation with karyotype 46XX t(9;22)(q34.1;qll). The 9T12 cell line (Zhou et al,  
1992) has the karyotype 46XYt(9;20)(q34.3;qll.2).

2.1.9 Mice and DNA samples.

2.1.9J. AN backcross.
DNA from this cross was a gift of Dr. Jo Peters. A Mus spretus male was crossed 

to a laboratory stock called AN, which is deficient for the enzyme steroid sulphatase (STS), 
and maintained on a C3H background. Seven Fi females were backcrossed to AN males 
to produce 126 backcross progeny (as described in Pilz et al,  1992).

2.1.9.Ü. Jackson C57BL/6J (BSB) backcross.
DNA samples from this cross were obtained from the Jackson Laboratory. 

C57BL/6J females were crossed with Mus spretus males. Fi females were backcrossed to 
C57BL/6J males to produce 94 backcross progeny (as described in Rowe et al,  1994).

2.1.9.Hi. Jackson Mus spretus (BSS) backcross.
DNA samples from this cross were obtained from the Jackson Laboratory. 

C57BL/6J females were crossed with Mus spretus males. Fi females were backcrossed to 
Mus spretus males to produce 94 backcross progeny (as described in Rowe et al,  1994).

2.1.9.iv. European Interspecific backcross (EUCIB).
This backcross was described in a publication by The European Backcross 

Collaborative Group (1994). Inbred C57BL/6 females were mated to Mus spretus males to 
produce fertile Fi females that were subsequently backcrossed to either C57BL/6 or Mus 
spretus males. Backcross progeny were derived at 2 locations; the MRC Clinical Research 
Centre, U.K. and the Institut Pasteur, France. Mus spretus animals (SPR) used in London 
were from a closed colony that has not been systematically inbred. Mus spretus animals 
used in Paris were from the SEG/Pas colony that are inbred following 20
generations of unrelaxed brother-sister matings. The London backcross to C57BL/6 
produced 261 progeny, and to Mus spretus produced 415 progeny. The Paris backcross to
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C57BL/6 produced 181 progeny, and to Mus spretus produced only 52 progeny, and so 
the backcross to Mus spretus was not used further in this analysis.

2.1.9.V. Recombinant inbred (RI) strains
DNA samples from the BXH RI strains 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 14 and 19 

and the BXD RI strains 1, 2, 5, 6, 8, 11, 12, 15, 16, 18, 19, 22, 24, 25, 27, 28, 29, 31 
and 32 were obtained from the Jackson Laboratory.

2.1.9.vi. Centre d'Etude du Polymorphisme Humain (CEPH) DNAs.
DNA samples from the CEPH family reference panel (as described in Dausset et 

al,  1990) were obtained from CEPH, Paris, France. The DNA samples had been prepared 
from cultured lymphoblastoid cell lines derived from each family member of the panel.

2.1.9.vii. DNA from human /  rodent somatic cell hybrids.
Human / rodent somatic cell hybrids were grown and DNA isolated in the 

laboratory of Prof. Sue Povey. The human chromosome complement of each hybrid had 
been characterised by a mixture of isozyme and DNA analysis (Southern blotting and 
PCR), and in most cases by karyotyping.

2.2 M ethods,

This section details the generalised methods for the molecular biological techniques
that are part of the work presented in this thesis. More specialised methodologies are
described in the chapters of this thesis where they have been used to generate the data
described in those sections.

Where g (acceleration due to gravity) is described this should read xg.

2.2.1 Standard DNA protocols,

2.2.1.1 Preparation of genomic DNA from mouse liver or kidney.

Livers and kidneys were removed from mice and frozen in liquid nitrogen as 
quickly as possible. A slice of frozen liver or kidney was removed with a scalpel, and 
placed into 350|il TNE solution (see Appendix 2A.1). The tissue was homogenised using 

a sterile Treff homogeniser (Scotlab) until completely broken down. The cells were lysed 
by addition of 50|li1 of 10% SDS. An equal volume of saturated phenol was added and the 

tube shaken vigorously for 1 minute. The phases were separated by centrifugation at
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13,400g for 5 minutes, the bottom layer discarded, and the extraction repeated. An equal 
volume of ether was added and the extraction repeated except that the top layer was 
discarded. The DNA was precipitated hy addition of 0.1 x volume of 3M sodium acetate 
pH5.3, followed by 3 volumes of absolute ethanol. After inverting the tube several times, 
the DNA was removed immediately using a sterile plastic inoculation loop. The DNA was 
resuspended in an appropriate volume of 1 x TE (lOmM Tris HCl / ImM EDTA, pH8.0) 
and stored at 4°C.

2.2.1.::. Large scale preparation (maxiprep) of plasmid and cosmid DNA.

Solution I 50mM glucose
25mM Tris HCl (pH8.0) 
lOmM Na%EDTA (pH8.0)

Solution II 0.2M sodium hydroxide 
1%SDS

Solution III 5M potassium acetate 
glacial acetic acid 
H2O 
TOTAL

60ml
11.5ml
28.5ml
100ml

The resulting solution is 5M with respect to acetate and 3M with 
respect to potassium.

5ml of LB-broth (see appendix 2A-2), containing the appropriate antibiotics 
(appendix 2A-3), was inoculated with a single colony or 20|il of glycerol stock. This 

culture was incubated for 4-7 hours at 37°C with vigorous shaking. The 5ml culture was 
then used to inoculate two 250ml volumes of LB-broth in 1 litre flasks. These were 
incubated overnight at 37°C with vigorous shaking. After incubation the cells were 
pelleted by centrifugation at 9,000g for lOminutes. Each pellet from 250ml of culture was 
resuspended in 5ml of solution I, (i.e. 10ml in total) until a completely homogenous 
suspension was obtained. 20ml of freshly made solution II was added and the mixture was 
mixed by gentle swirling and cooled on ice for 10 minutes. 15ml of solution HI was added 
and the mixture shaken vigorously. The lysate was then spun at 10,000g for 20minutes at 
4°C in 30ml Sarstedt polycarbonate tubes, and the supernatant removed (the debris sticks 
to the bottom of this particular type of tube). 0.6 x volumes of propan-2-ol was added to 
the supernatant, and the DNA recovered by centrifugation at 10,000g for 20minutes at 
room temperature. The DNA pellet was washed with 70% ethanol and dissolved in 11ml
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10 X TE. After the DNA was dissolved, the following were added: 0.44ml 0.2M 
potassium phosphate pH8.0, 11.44g caesium chloride, and 1.14ml ethidium bromide 
solution (lOmg/ml). The DNA solution was then spun overnight at 45,000g at 20°C in a 
Sorvall Ultracentrifuge Vertical rotor. The following day the band of supercoiled double 
stranded DNA was located using UV illumination and removed from the tube by means of 
a syringe and needle. The resulting solution was extracted with an equal volume of 
propan-2-ol saturated with caesium chloride to remove the ethidium bromide. This 
procedure was repeated until the DNA solution was colourless, and then the solution 
dialysed against 1 x TE three times for Ihour to remove the caesium chloride. The DNA 
was precipitated by the addition of 0.1 x volume 3M sodium acetate pH5.3 and 3 volumes 
of absolute ethanol, and centrifugation at 10,000g for 10 minutes. The DNA was 
resuspended in an appropriate volume of 1 x TE (lOmM Tris HCl / ImM EDTA, pH8.0) 
and stored at -20°C. Recently the ultracentrifuge and following steps have been replaced 
by the use of the Wizard Magic Maxiprep purification system that utilises a purification 
resin which binds DNA. The procedure is much quicker and simpler but has not been used 
in the course of this project.

Small scale preparation (miniprep) of plasmid and cosmid DNA.

10ml of LB-broth, containing the appropriate antibiotics, was inoculated with a 
single colony or 20pl of glycerol stock. This culture was incubated overnight at 37°C with 
vigorous shaking. After incubation the cells were pelleted by centrifugation at 13,400g for 
5minutes. Each pellet was resuspended in lOOpl of solution I, until a completely 
homogenous suspension was obtained. 200pl of freshly made solution II was added and 
the mixture was mixed by flicking the tube. 150pl of solution III was added and the 

mixture shaken vigorously. The lysate was then spun at 13,400g for lOminutes, and the 
supernatant removed. An equal volume of saturated phenol was added and the tube shaken 
vigorously for 1 minute. The phases were separated by centrifugation at 13,400g for 5 
minutes, and the bottom layer discarded. The DNA was recovered by addition of 3 
volumes of absolute ethanol and centrifugation at 13,400g for 20mins at room temperature. 
The supernatant was discarded and the DNA pellet washed with 70% ethanol. The pellet 
was dissolved in 50p,l TE and stored at -20°C. When this DNA was subjected to 
restriction enzyme digestion 2\x\ of DNase free RNase (Appendix 2A.1) was added to the 

reaction.

2.2.1.iv. Restriction enzyme digestion of DNA.

Restriction endonuclease digestions were performed under the appropriate 
conditions as recommended by the manufacturers, and with the buffers supplied with the
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enzymes or with core buffer (Appendix 2A.1). In general 5|ig of genomic DNA was 
mixed with 4|il 10 x restriction enzyme buffer and 30 units of enzyme, in a total volume of 
40)11 (made up with sterile water) and incubated at the optimal temperature for the enzyme 

for 5-16 hours. Restriction enzyme digestion of plasmid and cosmid DNA was generally 
carried out using 2-5p.g of DNA in a volume of 20|l i 1.

2.2.l.v . Agarose gel electrophoresis.

Digested DNA was size fractionated by agarose gel electrophoresis with gels 
prepared to concentrations of between 0.8 and 1.2% ^ /v  agarose. Agarose was dissolved 
by boiling in the appropriate volume of 1 x TAB (Appendix 2A.1). After addition of 
0.5|Xg/ml ethidium bromide, molten agarose was poured into gel moulds with well formers 

(Gibco BRL Life Technologies) and left to set at room temperature. Prior to 
electrophoresis digested DNA reaction mixes were combined with one-tenth volume 
loading buffer (40% sucrose, 0.25% bromophenol blue, 0.25% xylene cyanol FF) and 
loaded into well-slots submerged under running buffer (1 x TAB with 0.5|Xg/ml ethidium 
bromide). Blectrophoresis was performed at 40V for 16 hours. Bstimation of the size of 
fractionated DNA was achieved by similarly electrophoresing l|xl of Ikb ladder (Gibco 
BRL Life Technologies) alongside the digested DNA. DNA was visualised by viewing 
under ultra violet (UV) transillumination and photographed using a Polaroid camera or a 
Mitsubishi Video Copy Processor.

2.2.1.VÎ. Southern blotting.

Transfer of DNA from agarose gel to nylon membrane was performed according to 
the method originally described by Southern (1975). Gels were treated in dénaturation 
buffer (0.4N NaOH, 0.6M NaCl) for 30 minutes prior to transfer. The DNA was 
transferred from the gel to membrane on an apparatus that consisted of a reservoir of 
dénaturation buffer, Whatmann 3MM paper wicks and a blotting platform. Gels were 
placed on the blotting platform and the area around the gel occluded with clingfilm to 
prevent the buffer flow through the gel being short-circuited. A Genescreen plus 
membrane was precut to the exact size of the gel, presoaked in dénaturation transfer buffer, 
placed onto the gel and all air bubbles excluded. A piece of 3MM paper soaked in 
dénaturation buffer was placed onto the membrane, followed by 4 pieces of dry 3MM 
paper. A 10cm layer of absorbent paper towels was placed on top, followed by a glass 
plate and a 200g weight. The DNA is allowed to transfer for at least 16 hours. After 
transfer the membrane was rinsed 4 times with 2 x SSC for 5 minutes. The membrane was 
allowed to dry completely (either at room temperature for at least 16 hours or at 65°C for 2 
hours) prior to hybridisation.
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2.2.1.VÜ. Recovery of DNA fragments from agarose gels.

DNA fragments were isolated from agarose gels by centrifugation through glass 
wool. The DNA fragment of interest was excised from the gel and placed into a 0.5ml 
microcentrifuge tube, which previously had a hole pierced in the bottom and a plug of 
siliconised glass wool placed in the bottom to prevent the passage of agarose. The 0.5ml 
tube was placed into a 1.5ml microcentrifuge tube with its lid removed. The tubes were 
spun at 6000g for 15 minutes. The agarose is caught in the glass wool and only DNA and 
gel buffer spun through. The DNA needed no further purification to be used as a 
hybridisation probe, but for use in ligations the DNA was precipitated to purify it. The 
concentrations of the DNA probes were estimated by comparing the intensity of the 
ethidium bromide stained DNA resolved in an agarose gel under UV transillumination, with 
similarly stained and resolved bands of undigested bacteriophage X DNA for which the 
concentration was 10 and 50ng/|il.

2.2.1.viii. Radiolabelling DNA probes.

Probes were labelled by the random hexanucleotide priming method (Feinberg and 
Vogelstein, 1983) using the Rediprime DNA labelling system (Amersham) and with [a^^P] 
dCTP (3000Ci/mMol) as the radioisotope. 25ng of DNA probe was made up to 45|il 
volume using distilled deionised water, and denatured by boiling for 5 minutes. Klenow 
enzyme, random 9mer primers and a buffered solution of dATP, dGTP, and dTTP were all 
supplied in a single tube in a dried stabilised form (1 per reaction) in the labelling kit. 
Following centrifugation at 13,400g for 30 seconds the DNA was added to the tube of 
labelling mix. Following the addition of 20 pCi [a^^P] dCTP (2|il) the reaction was 
incubated at 37°C for lOminutes. On completion the reaction was centrifuged through a 
Sephadex G-50 column at 1500g for 1 minute to remove unincorporated nucleotides.

2.2.1.ÎX. Hybridisation of DNA probes to Genescreen plus membranes.

Hybridisations were performed at 65°C in sealed plastic bags in a volume of 15ml 
hybridisation buffer per 20x20cm filter. Genescreen plus nylon membranes were 
prehybridised in Hybridisation Buffer I (appendix 2A.1) for at least 30 minutes at 65°C as 
recommended in the manufacturers instructions (NEN DuPont). Radiolabelled probes 
were first denatured along with sonicated salmon sperm DNA (250pl lOmg/ml solution per 
10ml of hybridisation buffer) by boiling for 5 minutes. Probe and salmon sperm DNA 
mixtures were added directly to the bag containing the membrane and prehybridisation 
buffer, mixed thoroughly after sealing the bag, and hybridised for 16-24 hours at 65°C.
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2.2.1.x. Post-hybridisation washing and radioactive signal detection.

Following hybridisation residual and non-specifically bound probe was removed by 
washing twice in 2 x SSC for 10 minutes at room temperature, followed by 2 x 15 minute 
washes in 2 x SSC / 1% SDS at 65°C. When greater stringencies were required 
membranes were washed with 0.1 x SSC / 1% at 65°C for varying lengths of time. For 
radioactive signal detection membranes were exposed to autoradiographic X-ray film 
(Hyperfilm; Amersham) in light proof cassettes at -70°C with intensifying screens for 
between 16 hours and 14 days.

2.2.1.xi. Removal of radiolabelled probe.

To remove radiolabelled probes for subsequent hybridisation experiments, 
membranes were submerged in boiling 0.1 x SSC /1  % SDS in a plastic sandwich box, and 
left to cool to room temperature. Membranes were exposed to autoradiographic film as 
previously described (2.2.1. x) to ensure complete removal of probe.

2.2.2 P u lsed  f ie ld  g e l electrophoresis (PFGE),

2.2.2.1 Preparation of DNA for pulsed field gel electrophoresis.

DNA for use in PFGE was embedded in ultra pure low melting point agarose 
blocks in order to minimise manipulation of DNA by pipetting and centrifugation and 
shearing of large DNA fragments. A freshly dissected thymus from a 21 day - old mouse 
was teased apart in 10ml of ice cold sterile 1 x phosphate buffered saline (PBS; Appendix 
2A.1) in a petri dish, using sterile scalpel blades, to release the cells. The cells were 
centrifuged at llOOg for 7 minutes and the pellet resuspended in 1ml sterile PBS. This 
suspension was stored on ice while a cell count was carried out.

The haemocytometer used for the purposes of counting the cells comprised of 25 
large squares (5 x 5), each comprising 16 smaller squares (4 x 4). The walls of the 
counting chamber were made slightly wet to hold the coverslip, which was placed over the 
counting chamber. Ipl of cell suspension was introduced under the coverslip and the cells 

counted, and the coverslip pressed down firmly until Newton's rings were seen at the 
edges, to ensure the correct count. Three separate large squares were counted and the 
average cell count per square was multiplied by 25 to give the total cell count in the 
chamber. This figure was multiplied by 1 x 10  ̂ to give the cell count per ml of cell
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suspension.

The volume of cell suspension was adjusted to give 1 million cells per 40|il. The 

cells were warmed to 37°C and mixed with an equal volume of 1% "Ultrapure" low 
melting point agarose (Gibco BRL Life Technologies) held at 42°C. The mixture was 
dispensed into moulds (80pl per well) and left at 4°C for 30 minutes for the blocks to 

solidify. The blocks were transferred to 20ml of sarkosyl solution (Appendix 2A.1) and 
incubated at 50°C for 48 hours. After rinsing twice in sterile TE, the blocks were washed 
three times for 30 minutes at 50°C in 50ml of TE containing 0.04mg/ml PMSF 
(phenylmethylsulfonylfluoride) and stored at 4°C in TE. (PMSF is necessary to inactivate 
proteinase K and was freshly prepared by dissolving 40mg/ml in 1ml isopropanol. A 50°C 
temperature is necessary to remove the Sarkosyl). For long term storage the TE is replaced 
with 0.5M EDTA pH8.0 and the blocks stored at 4°C. Prior to use the blocks were rinsed 
4 x 1 0  minutes in 20ml of sterile distilled deionised water.

2.2.2.Ü Restriction enzyme digestion of DNA in agarose blocks.

Following rinsing of the blocks in deionised water, quarter agarose blocks (20|xl) 
were incubated in 15|il buffer, llO jL il sterile distilled water and 20 units of rare cutting 
enzyme (in a final volume of 150pl), at the appropriate temperature for the enzyme for 2 
hours. After addition of a further 20 units of enzyme the incubation was continued for a 
further 2 hours. When digesting with two enzymes, DNA in the agarose block was 
incubated with the first enzyme as above, the block removed and washed 4 x 10 minutes in 
20ml of sterile distilled deionised water, and then digested with the second enzyme.

2.2.2.11: Pulsed field agarose gel electrophoresis.

Genomic DNA digested with rare cutting restriction enzymes was size fractionated 
by pulsed field gel electrophoresis using the hexagonal electrode array of the LKB - 
Pharmacia Pulsaphor apparatus. 110ml agarose gels of between 0.8 - 1.2% ^/w agarose in 
0.5 X TEE were cast with 16 well combs. Blocks were stained with loading buffer to 
facilitate loading, and loaded into individual wells. Gels were electrophoresed in 0.5 x 
TBE running buffer constantly circulating at 10°C using a pulse time of 70 seconds, for 27 
hours at 200V. For size estimation yeast Saccharomyces cerevisiae chromosomal markers 
(NEB) with a range between 225 and 1900kb, and bacteriophage Lambda concatomers 
(NEB) with a range between 48.5 and 1018.5kb were electrophoresed alongside the 
digested genomic DNA.
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2.2.2.ÎV Southern blotting of pulsed field agarose gels.

Following electrophoresis pulsed field gels were stained in 0.5 x TBE containing 
Ipg/ml ethidium bromide for 15 minutes, before visualisation under ultra violet light, and 

photography using a Polaroid camera. Gels were then treated with denaturing solution for 
30 minutes, before Southern blotting using denaturing solution as the transfer buffer as 
described in Section 2.2.1.vi. The only difference was that the DNA was allowed to 
transfer for 72 hours.

2.2.2.V Hybridisation and post-bybridisation washing of Southern blots of 
pulsed field agarose gels.

Hybridisation, post-hybridisation washing and radioactive signal detection was as 
described for standard Southern blots in Sections 2.2.1.viii - 2.2.1.x,

2.2 .3  The polym erase chain reaction (PCR).

2.2.3.1 Oligonucleotides.

Oligonucleotide primers were designed from available sequence from unconserved 
regions (3' or 5' untranslated sequence, intron sequence) of genes to allow species 
specificity. Primers were designed by selecting a sequence of about 20 nucleotides, with 
approximately equal [G+C] to [A-f-T] content, taking care to ensure that the 3' ends of the 
primers were not complementary. The primers were checked using the "PRIMER" 
computer programme (Lincoln et al,  1991>through the HGMP Resource Centre) to
ensure they were not chosen from sequences which are likely to be repetitive, and that they 
have approximately equal melting temperatures. Oligonucleotide primers were purchased 
from Oswel DNA services (Edinburgh, UK) and were supplied as purified working 
solutions with a concentration of 50pmoles/|il. Primers were initially assayed between 52° 

and 62°C to assess their optimal annealing temperature. The oligonucleotide sequences 
used and their respective annealing temperatures are described in their respective chapters.

2.2.3.Ü Polymerase cbain reaction (PCR).

The PCR reactions were carried out in a Hybaid Omnigene Thermal Cycler. The 
Gilson pipetters, tips, and 0.5ml centrifuge tubes were kept separate from those used in 
other experiments. Reactions were set up in a separate room to the one used for gel
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electrophoresis of PCR products. These precautions minimised the possibility of 
extraneous DNA contamination. PCR was carried out in IxPCR buffer (Advanced 
Biotechnologies), with 200p.M deoxynucleotide triphosphates (dNTPs), 200pmol primers, 

40ng DNA, and a concentration of Mg^+ particular to each set of primers (usually l-3mM) 
in a volume of 50|il. After a dénaturation step of 95°C for 5 minutes and the addition of 1 

unit Taq polymerase (Advanced Biotechnologies), the PCR conditions were 94°C for 20 
seconds, the appropriate annealing temperature for 30 seconds, and 72°C for 30 seconds 
for 35 cycles. Reaction mixes were overlayed with 50-75jil of paraffin oil (Merck). The 

annealing temperatures used are described along with oligonucleotide sequences the 
respective chapters of this thesis.

2.2.3.iii Derivation of probes by reverse transcriptase polymerase chain 
reaction (RT-PCR) and direct PCR.

Based on published sequence, primers were designed to derive cDNA probes by 
reverse-transcriptase-PCR (RT-PCR) for certain DNA sequences The primer sequences 
are listed in their respective chapters. The reverse transcriptase step was carried out in 1 x 
PCR buffer (200mM (NH4)2S0 4 , 750mM Tris HCl pH9.0, 0.1% Tween, 1.5mM 
MgCl2; Advanced Biotechnologies), with 200pM deoxynucleotide triphosphates (dNTPs), 
200pmol anti sense primer, Ipg RNA (as described for each set of primers), and 400 units 
M-MMLV reverse transcriptase (Gibco BRL Life Technologies), in a volume of 50pl at 

37°C for 60 mins. After a dénaturation step of 95°C for 5 minutes and the addition of 
200pmol sense primer and 1 unit Taq polymerase (Advanced Biotechnologies), the PCR 
conditions were 94°C for 20 seconds, 55°C for 30 seconds, and 72°C for 30 seconds for 
35cycles.

In certain cases primers were designed to derive probes for certain genes by direct 
PCR of mouse or human DNA. PCR was carried out in IxPCR buffer (1.5mM Mg^+; 
Advanced Biotechnologies), with 200pM deoxynucleotide triphosphates (dNTPs), 
200pmol primers, 40ng DNA, in a volume of 50p.l. After a dénaturation step of 95°C for 5 

minutes and the addition of 1 unit Taq polymerase (Advanced Biotechnologies), the PCR 
conditions were 94°C for 20 seconds, 55°C for 30 seconds, and 72°C for 30 seconds for 
30 cycles. The identities of all RT-PCR and PCR products were confirmed by restriction 
enzyme digestion. All RT-PCR and PCR products to be used as probes were run on 
agarose gels to purify them in order to remove any genomic DNA contamination.

2.2.3.ÎV Agarose gel electrophoresis of PCR and RT-PCR products.

On completion of the PCR reaction, 5pi of loading buffer was added to each tube.
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\2\x\ aliquots of each reaction mix were removed from beneath the paraffin oil and 
electrophoresed through a 2% ^ /v  agarose (0.5 x TBE / 0.5|ig/ml ethidium bromide) gel in 

a Hybaid Electrophor apparatus at 200V for 30 minutes. The gels were viewed under UV 
transillumination and their size estimated by similarly electrophoresing Ipl of Ikb ladder 

alongside the PCR products. If the RT-PCR and PCR products were to be used as probes 
all fragments were purified by agarose gel electrophoresis, excised from gels and prepared 
as described in Section 2.2.1.vii. When detecting a PCR product size difference between 
strains or species, if no size difference could be found using 2% gels, the samples were 
electrophoresed through a 3% NuSieve agarose 1% Agarose gels or 4.5% NuSieve agarose 
1.5% Agarose gels (EMC Bioproducts) at 200V for 5 hours, or alternatively through 
polyacrylamide gels.

2.2.3.V Polyacrylamide gel electrophoresis (PAGE) of PCR products.

Electrophoresis was performed using the Sturdier™ SE410 24cm vertical slab gel 
electrophoresis apparatus (Hoeffer) according to the manufacturers instructions. 
Acrylamide gel mix was prepared as a 500ml stock stored at 4°C for up to eight weeks and 
consisted of the following components: 10% acrylamide / bis acrylamide (19:1), 10% 
glycerol, 0.5 x TBE. Prior to gel preparation the glass plates were thoroughly cleaned with 
95% ethanol and assembled to form the PAGE apparatus using 0.7mm spacers. 50|il 
TEMED (NNN'N' tetramethylenediamide) and 50pl freshly prepared 25% ^ /v  ammonium 
persulphate were added to 50ml gel mix, poured into the gel apparatus, a 0.75mm thick 20 
well comb added, and the gel allowed to polymerise for 2 hours at room temperature. 
Samples were diluted 1:1 with loading buffer and 3pi loaded into each well using a 
Hamilton syringe with 0.5pl of Ikb ladder run alongside the PCR products for size 

comparison. Electrophoresis was carried out at 300V for 14 hours.

2.2.3.vi Staining of polyacrylamide gels.

Following electrophoresis PAGE gels were stained either with ethidium bromide 
(Ipg/ml) or by silver staining if a more sensitive detection method was required.

2 .2 .3 .v i.a  S ilv er  sta in in g  o f  p o ly a cr y la m id e  gels.

The solutions used for fixing, staining and developing the gels are described in 
Appendix 2A.4. After fixing in the ethanol / acetic acid solution for 2 x 3 minutes, the gel 
was stained in the silver nitrate solution for 10 minutes. The gel was rinsed twice with 
distilled water and then stained for 5-20 minutes in the NaOH / NaBH^/ formaldehyde
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solution.

2 .2 .4  C osm id library screening.

2.2.4.Ï Plating of the cosmid library.

The cosmid library used had been prepared from human genomic DNA in the vector 
LoristB by Dr Begona Cachon-Gonzalez in the laboratory of Dr Jonathan Wolfe. l |il of 

the library (to give a confluent plate with a plaque size of around 1mm) was spread onto a 
20 X 20cm Hybond N hybridisation membrane which had been laid onto suitable selection 
media (LB-agar plus kanamycin; Appendix 2A.1, Appendix 2A.2) and grown overnight at 
3TC.

2.2.4.Ü Replication of cosmid colony lifts.

The master membrane was then removed and placed face up onto 3 x 3MM filter 
papers (dry). A fresh membrane was wetted in 2 x SSC, blotted to remove excess 
moisture, and laid onto the first master membrane. 3 x 3MM (dry) filter papers were then 
laid on top of the second membrane. This sandwich was compressed to transfer the 
colonies. The filter papers were peeled away and registration holes were made through 
both membranes using a sterile needle. The above process was repeated to give a duplicate 
hybridisation filter. The master and 2 replicas were laid on LB-agar plus kanamycin plates 
to regrow overnight at 37°C.

2.2.4.iii Processing of filters of cosmid colony lifts.

The replica membranes were placed colony side up on pads of 3MM paper in dishes 
soaked with the following solutions (as described in Appendix 2A.1): 1 x 7  minutes 
denaturing solution, 2 x 5  minutes neutralising solution, 2 x 5  minutes 2 x SSC. Any 
remaining colonies were removed by wiping with tissue paper soaked in 2 x SSC. 
Hybridisation filters were blotted dry and baked for 2 hours at 80°C. The filters were 
wrapped in SaranWrap™ (Dow Chemical Co.) and placed DNA side down on a UV 
transilluminator for 20 seconds to UV crosslink the DNA to the membrane.

2.2.4.iv Hybridisation of filters of colony lifts to probes. Post
hybridisation washing and radioactive signal detection
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Hybridisations were performed at 65°C in sealed plastic bags in a volume of 15ml 
hybridisation buffer per 20x20cm filter. Hybond N nylon membranes were prehybridised 
in Hybridisation Buffer II (appendix 2A.1) for at least 1 hour at 65°C as recommended in 
the manufacturers instructions (Amersham). Probes were radiolabelled as described in 
section 2.2.1.viii and denatured along with sonicated salmon sperm DNA (250p.l lOmg/ml 
solution per 10ml of hybridisation buffer) by boiling for 5 minutes. Probe and salmon 
sperm DNA mixtures were added directly to the bag containing the membrane and 
prehybridisation buffer, mixed thoroughly, and hybridised for 16-24 hours at 65°C.

Following hybridisation residual and non-specifically bound probe was removed by 
washing twice in 2 x SSPE / 0.1% SDS for 10 minutes at room temperature, followed by 2 
X 15 minute washes in 1 x SSPE / 0.1% SDS at 65°C. When greater stringencies were 
required membranes were washed with 0.1 x SSPE / 0.1% at 65°C for varying lengths of 
time. For radioactive signal detection membranes were exposed to autoradiographic X-ray 
film (Hyperfilm; Amersham) in light proof cassettes at -70°C with intensifying screens for 
between 16 hours and 4 days.

To remove radiolabelled probes from Hybond N membranes for subsequent 
hybridisation experiments, membranes were submerged in boiling 0.1% ^ /v  SDS in a 
plastic sandwich box, and left to cool to room temperature. Membranes were exposed to 
autoradiographic film as previously described (2.2.1.x) to ensure complete removal of 
probe.

2.2.5 Subcloning.

2.2.5.I Restriction digestion and dephosphorylation of DNA.

Restriction enzyme digestion of plasmid and cosmid DNA was carried out 
essentially as described in Section 2.2.1.iv using 2-5|ig of DNA in a reaction volume of 
20)l i 1. The terminal phosphate of linearised vector DNA was removed using calf intestinal 

phosphatase (CIP) to prevent self-ligation of the ends in subsequent cloning experiments. 
2-5|Xg of pBluescript™ vector DNA (Pharmacia) was digested with the restriction enzyme 

of choice in the appropriate buffer for the enzyme. 0.2 units of CIP were added and 
incubated at 37°C for 1 hour after which the CIP was inactivated by heating at 85°C for 15 
minutes. The CIP was removed by phenol extraction followed by chloroform extraction 
and the DNA was recovered by ethanol precipitation. The pellet was washed in 70% 
ethanol, dried and resuspended in a suitable volume of 1 x TE.

68



2.2.5.ii Ligation of DNA.

Insert DNA was digested with the appropriate restriction enzyme and ligated to the 
appropriate cut and phosphatased vector in a volume of 20|il. Usually a 3-fold molar 

excess of insert DNA : vector DNA was used for most cloning experiments. Reactions 
were performed in 1 x T4 DNA ligase buffer (5 x concentrate supplied with the enzyme see 
Appendix 2A.1; Gibco BRL Life Technologies) with 1 unit of T4 DNA ligase at 14°C 
overnight.

2.2.5.iii Preparation of competent E. coli.

Competent cells were prepared using the calcium chloride procedure as described 
by Sambrook et a l,  1989. The host cells used in the cloning process for pBluescript™ 
were XL 1-BLUE MRF'. These cells are a restriction deficient strain of Escherichia coli, 
which are endonuclease deficient and recombination deficient, ensuring stability of any 
inserts cloned with this system. This bacterial strain contains the F' episome, which 
contains a tetracycline resistance gene, and also fragments of the bacterial lacZ gene. Thus, 
in the presence of vector plasmids containing no insert, on a medium containing the lactose 
analogue X-galactosidase (X-gal), and the lactase inducer isopropylthiol-p-D-galactoside 
(IPTG), produces colonies which are blue. A 2 ml culture of XL 1-BLUE MRF' cells was 
grown to lag phase in LB-broth in the presence of tetracycline (Appendix 2A.3). This 
culture was used to inoculate 60ml sterile LB-broth, supplemented with tetracycline, which 
was then incubated at 37°C until the optical density was 0.4-0.6 at a wavelength of 550nm, 
as measured by spectrometer. The culture was chilled on ice for 10 minutes and pelleted by 
centrifugation at 4°C for 10 minutes at lOOOg. The cell pellet was resuspended in 30ml ice- 
cold, sterile 50mM calcium chloride solution and kept on ice for 15 minutes . The cells 
were pelleted as before and resuspended in 6ml of ice-cold sterile 50mM calcium chloride. 
The resulting suspension of competent cells were stored at 4°C for 24 hours, and if not 
used after this time, were divided into 200|il aliquots, and stored at -70°C.

2.2.5.ÎV Transformation of competent E. coli.

For transformation generally up to 10|il ligation reaction (50-100ng) was added to a 
200|il aliquot of competent cells, cooled on ice for 40 minutes, heat shocked at 42°C for 90 
seconds and cooled on ice for a further 2 minutes. 500|xl LB-broth without antibiotic was 

added to the transformation reaction and the mixture incubated at 37°C for 1 hour, to allow 
for pre-expression of the antibiotic resistance. The transformation mix was then plated 
onto Hybond N membranes on top of LB-agar plates with the appropriate antibiotic and 
incubated at 37°C overnight. When using blue/white selection screening, 50|xl of X-Gal
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and 20|l i 1 of lOOmM IPTG was added to the membrane and allowed to soak in prior to 

plating. The transformation efficiency was tested by transforming with lOng of undigested 
vector DNA. The efficiency of the CIP reaction was examined by transforming with 
dephosphorylated vector.

2 .2 .6  Screening f o r  clones containing CA repeats.

2.2.6.Î Replication and processing of colony lifts.

This procedure was carried out as described for replication and processing of 
cosmid colony lifts in sections 2.2.4.i and 2.2.4.Ü.

2.2.6 .ii. End-labelling oligonucleotide probes.

Probes were end-labelled using the polynucleotide kinase (Gibco BRL Life 
Technologies) and with [y^^P] ATP (5000Ci/mMol) as the radioisotope. lOpmol of 
oligonucleotide was labelled with Ipl [y^^P] ATP, Ip l polynucleotide kinase buffer 
(Appendix 2A.1), and 10 units polynucleotide kinase in a volume of lOjil at 37°C for 1 
hour. On completion the reaction was centrifuged through a Sephadex G-25 column at 
1500g for 3 minutes to remove unincorporated nucleotides.

2 .2 .6 .iii H ybrid isation  of filters  of colony lifts  to (G T )i 5 
oligonucleotides. Post-hybridisation washing and radioactive signal 
detection

Hybridisations were performed at 61°C in sealed plastic bags in a volume of 10ml 
hybridisation buffer per 82mm diameter filter. Hybond N nylon membranes were 
prehybridised in Hybridisation Buffer III (appendix 2A.1) for at least 1 hour at 61°C as 
recommended in the manufacturers instructions (Amersham). Probes were end-labelled as 
described in section 2.2.6.Ü. Probe was mixtures were added directly to the bag containing 
the membrane and prehybridisation buffer, mixed thoroughly, and hybridised for 16-24 
hours at 61°C.

Following hybridisation residual and non-specifically bound probe was removed by 
washing twice in 2 x SSC / 0.1% SDS for 10 minutes at room temperature, followed by 2 
X 15 minute washes in 2 x SSC / 0.1% SDS at 61°C. For radioactive signal detection
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membranes were exposed to autoradiographic X-ray film (Hyperfilm; Amersham) in light 
proof cassettes at -70°C with intensifying screens for between 16 hours and 4 days.

2.2 .7  Sequencing.

2.2.7.Î Preparation of DNA template for sequencing.

Following screening and isolation of clones containing CA repeats, the plaques 
were picked and DNA prepared by the small scale plasmid miniprep method described in 
section 2.2.1.iii. The DNA was purified further by passing it through a column consisting 
of Magic Miniprep™ DNA purification resin (Promega), as the quality of template DNA is 
very important for efficient sequencing.

2.2.7.Ü DNA sequencing reactions.

Sequencing reactions were performed using the Sequenase Version 2.0 sequencing 
system (USB). Sequenase buffer, dithiothreitol, labelling mix, termination mixes (ddA, 
ddC, ddG and ddT), Sequenase version 2.0 enzyme, enzyme dilution buffer and stop 
solution were all provided with the Sequenase kit and are described in Appendix 2A.5. 3- 
5|Lig of double stranded template was first denatured in 0.2M NaOH 0.2mM EDTA for 30 

minutes at 37°C. The mixture was neutralised by adding 0.1 x volume 3M sodium acetate 
pH5.3 and the DNA precipitated with 3 volumes of absolute ethanol at -70°C for 15 
minutes. The DNA was pelleted by centrifugation at 13,400g for 15 minutes and washed 
with 70% ethanol. The DNA was dissolved in 7|xl of distilled water and 2|li1 of Sequenase 
reaction buffer and Ipl (200pmol) of sequencing primer were added. The mixture was 

heated to 65°C for 2 minutes in a small beaker of water, and the temperature of the tube 
cooled slowly to room temperature (by placing the beaker of water on the bench) over a 
period of about 30 minutes to allow annealing of the primer to the template. When 
annealing was complete the tube was placed on ice.

The labelling mix supplied with the kit was diluted 5-fold with distilled water, and 
the Sequenase enzyme diluted 8-fold with ice cold enzyme dilution buffer. The annealed 
template-primer was radioactively labelled by mixing with l)Lil DTT, 2|xl diluted labelling 
mix, 0.5|il [a^^S] dATP (at a specific activity of 1415Ci/mMol) and 2|li1 diluted Sequenase 

enzyme and incubated at room temperature for 2-5 minutes.

2.5|xl of each relevant termination mix were placed into each of 4 tubes, labelled A, 

C, G, and T. These tubes were pre-warmed at 37°C for at least 1 minute (usually while the 
labelling reaction was proceeding). When the labelling reaction was complete, 3.5|il was
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removed and added to each of the termination mix tubes, mixed and incubated at 37°C for 
10 minutes. 4|Li1 of stop solution was added to each of the termination reactions, mixed and 

the reactions stored at -20°C (for up to 1 week) until they were loaded onto sequencing 
gels.

2.2.7.iii Electrophoresis of sequencing reactions using polyacrylamide
gels (PAGE).

Polyacrylamide gels for electrophoresis of sequencing reactions were prepared 
using a 21 x 50 cm sequencing apparatus supplied by Bio-Rad. Acrylamide gel mix was 
prepared as a 1 litre stock, stored at 4°C for up to 8 weeks and consisted of the following 
components: 7M urea, 6% acrylamide / bis acrylamide (19:1), and 1 x TBE. 60pl TEMED 
(NNN'N' tetramethylenediamide) and 60|i,l of freshly prepared 25% ^ /v  ammonium 

persulphate were added to 50ml of gel mix. Gels were prepared to a thickness of 0.4mm 
and allowed to polymerise for 1 hour at room temperature.

Prior to loading of sequencing reactions, gels were pre-run for between 30 and 60 
minutes in 1 x TBE running buffer at 45 watts to allow the gel to reach an optimal running 
temperature of 50°C. Samples were first denatured by heating to 80°C for 2 minutes and 
then loaded into wells formed by a 24-well sharkstooth comb. Samples were run for the 
desired length of time determined by the relative positions of the bromophenol blue and 
xylene cyanol dyes (usually for about 3 hours until the bromophenol blue had reached the 
bottom of the gel).

2.2.7.iv Fixing and drying of polyacrylamide gels and radioactive signal 
detection.

Once electrophoresis was complete, the apparatus was dissembled, and the gel 
transferred to 3MM filter paper (Whatman) prior to drying at 80°C under vacuum for 1-2 
hours in a Bio-Rad gel dryer. Autoradiography was performed at room temperature with 
Hyperfilm-MP for 12 hours - 7 days.

2.2 .8  C osm id DNA fingerprin ting.

A project is underway in this laboratory to clone the human chromosome 9q34 
region into long contiguous stretches of cosmid DNA (contigs) prior to gene isolation 
studies in order to clone the TSCl gene (Nahmias et a l,  in press). An efficient computer

72



assisted cosmid fingerprinting method has been used to assemble cosmids into contigs. 
The cosmids obtained by the screening of the human cosmid library during my project were 
used in this fingerprinting study. The fingerprinting experiments described in this thesis 
were conducted by Nick Homigold in the laboratory of Dr Jonathan Wolfe.

2.2.8.Î Restriction enzyme digestion and labelling of cosmid DNA for 
fingerprinting.

Cosmid DNA for fingerprinting was prepared in microtitre dishes (as a lOOpl 

culture) by the alkaline lysis method described in section 2.2.1.iii (small scale preparation 
cosmid DNA). Approximately 10|ig of DNA was digested with Hinfl in a volume of lOpl 
using 5 units of enzyme for 3 hours at 37°C. The fragments were labelled using the 
following pre-prepared mixture: 2|xl TE, 1.5|il dATP (200mM), 0.3|il Klenow DNA 
polymerase (0.15 units), and Ipl [a^^P] dCTP (0.2Ci/|il in TE). The reaction was 

allowed to proceed for 15 minutes at room temperature, and was terminated by the addition 
of 2pl of gel loading buffer. The ///«//-digested lambda standard was prepared by 
digesting lOpg of lambda DNA (NEB) in a volume of 40pl using 20 units of enzyme at 
37°C for 3 hours. The fragments were labelled by diluting the digestion reaction with 30pl 
TE and adding 4pl of [a^^S] dATP (lOOOmCi/mMol; Amersham) and 20 units of Klenow 
DNA polymerase. After incubation at room temperature for 15 minutes, the reaction was 
further diluted with 3 x volume of TE and terminated with 28pl of gel loading buffer.

2.2.8.Ü Electrophoresis of fingerprinting reactions using polyacrylamide 
gels (PAGE).

Non-denaturing polyacrylamide gels were run in a 21 x 40cm apparatus (Bio-Rad). 
The gel mix used was 4% acrylamide in 1 x TBE. The gel was polymerised using 
ammonium persulphate and TEMED as described in Section 2.2.7.iii. Gels were run in 1 x 
TBE and pre-heated to 45°C before loading of 4.8pl of sample. 3pi of lambda standard 

was loaded every six lanes. The gel was run for 70 minutes at 50Watts with the 
temperature maintained at 50°C. After running the gel was dried onto the front plate for 60 
minutes at 80°C and exposed to Amersham Hyperfilm P max overnight at room 

temperature.

2.2.8.iii Data analysis.

The data analysis of the fingerprinting experiments was also conducted by Nick 
Homigold. The analysis of the fingerprinting data was semi-automatic but actually requires
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a large amount of manual interaction. The autoradiograph was scanned by an Amersham 
gel reader which digitised the image. The information was then transferred to a VAX II / 
GPX workstation where an image processing package detects the bands, arranges them 
into lanes, and aligns the standards with marker bands. The complete autoradiograph can 
then be visualised on the workstation screen, showing the standard bands positioned over 
those of the current autoradiograph.

In order to enter data, the computer progam identified each band in a clone. Since 
marks on the film may be interpreted as bands, it is possible to edit out these, and the 
vector fragments at this stage. A file was created for each clone, which recorded the 
position of fragments in relation to the standard bands. This information was then 
compared with the data for all other clones in the database. For each clone pair the number 
of bands which agree within a pre-set tolerance (0.7mm) were recorded, and the probability 
of this event occurring by chance was calculated from the number of bands in each clone 
and the tolerance. All matches were ranked in terms of probability and those with the 
lowest probability values are printed out. These results were used by other computer 
programs to construct diagrams of the contigs in terms of overlapping lines which 
correspond to the number of bands in each clone and the extent of the overlap.

2.2 .9  F luorescence in situ hybridisation (FISH).

Fluorescence in situ hybridisation (FISH) is one of the most direct and rapid 
methods of mapping DNA sequences on human chromosomes. It has been used 
extensively to map genomic clones to produce high resolution physical maps. Map 
positions are determined by cytogenetic banding, and clones can be mapped with respect to 
well defined translocation breakpoints. The Fluorescence in situ hybridisation (FISH) 
experiments described in this thesis were conducted by Karen Woodward and Rosemary 
Ekong.

2.2.9.: Preparation of metaphase chromosome spreads.

Colcemid was added to the SDl lymphoblastoid cells to a final concentration of 
0.05p.g/ml. The cells were incubated at 37°C for 1 hour, collected by centrifugation at 

lOOOg for 5 minutes, resuspended in 10ml of 0.075M potassium chloride hypotonic 
solution and incubated at 37°C for 10 minutes. The cells were collected as before and 
resuspended in a fixative of glacial acetic acid and methanol (1:3 ratio) by adding them 
dropwise in approximately lOOpl volumes over a period of 10 minutes with constant 

agitation. This procedure of collecting the cells and resuspending them in fixative was
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repeated 3-4 times until the pellet appeared clean after centrifugation. The final suspension 
was stored at -20°C until required.

Slides were pre-soaked in methanol with 0.5% ^/v coneentrated hydrochloric acid, 
and dried with a lint free cloth before dropping lOOpi of suspension centrally on the slide. 
200pl of fresh fixative was similarly dropped on the slide and agitated until dry. The slide 

was briefly flooded with 70% glacial acetic acid and again agitated until dry.

2.2.9.Ü Fluorescence labelling of DNA probes.

Ipg of eosmid DNA was labelled with biotin-14-dATP by nick translation using a 

BioNick™ kit from Gibco BRL. Unincorporated nucleotides were removed by passing the 
labelling mix through a Nick™ column (Pharmacia) equilibrated with 1 x TNE (Appendix 
2A.1) in a volume of 400pl. Labelled probes were stored at -20°C.

2.2.9.111 Pre-hybrldlsatlon treatment of metaphase chromosome spreads.

Slides were handled and treated in 50ml or 100ml Coplin jars with solutions of a 
similar volume. Slides were initially washed with 1 x PBS, followed by 3 successive 5 
minute dehydration washes in 70% ethanol, 90% ethanol and 100% ethanol respeetively. 
Slides were allowed to air dry prior to treating with RNase A (lOOpg/ml RNase A in 2 x 

SSC) under a coverslip and then were plaeed in a humidity chamber at 37°C for 1 hour. 
This was followed by 2 successive 5 minute washes in 2 x SSC at room temperature and 
incubation with 20mM Tris HCl pH7.5 / 2mM CaCl2 (proteinase K buffer) at 37°C for 5 
minutes. Slides were then incubated at 37°C in the same buffer plus proteinase K to a final 
concentration of 50ng/ml for 7 minutes. After briefly washing in 1 x PBS / 1% ^ /v  
MgCl2, and fixing in 1% formaldehyde / 1 x PBS /1%  ^ /v  MgCl2, the slides were washed 
in 1 X PBS for 5 minutes, alcohol dehydrated as before and allowed to air dry.

2.2.9.iv Hybridisation with competition.

Prior to hybridisation, 200ng of labelled DNA probe (in an approximate volume of 
200|il) was mixed with 50 x concentration of human Cot-1-DNA (lOjXg), lOpg salmon 
sperm DNA, 10p.g yeast tRNA and 0.1 x volume of 3M sodium acetate. Three volumes of 

absolute ethanol were then added and the DNA precipitated by freezing at -70°C for 1 hour, 
and centrifugation at 13,400g for 15 minutes at 4°C. The pellet was freeze dried and 
resuspended in lOpl hybridisation mix (50% ^/v deionised formamide, 10% ^ /v  dextran 

sulphate, 2 x SSC) and ineubated at 37°C for 5 minutes to ensure the DNA was properly

75



dissolved. Probes with competitor DNA were incubated at 70°C for 5 minutes to denature 
and allowed to pre-anneal at 37°C for approximately 90 minutes prior to hybridisation.

Before hybridisation metaphase chromosomes were treated by baking at 80°C for 3 
minutes with lOOjil of 70% ^/v deionised formamide in 2 x SSC under a coverslip, to 

denature the chromosomal DNA, and were then quenched in 70% ice cold ethanol. The 
slides were dehydrated with 5 minute washes in 90% and 100% ethanol, and allowed to air 
dry. lOpf of pre-annealed probe was applied to each slide under a coverslip and sealed 

with rubber gum solution. Hybridisation was performed by incubating the slides in a 
humidity chamber at 37°C for 12-24 hours.

2.2.9.V Post-hybridisation washing and signal detection.

Following hybridisation the rubber solution and coverslips were removed and the 
slides washed for 3 x 5 minutes in 50% formamide / 2 x SSC at 45°C and 3 x 5  minute 
washes at 65°C in 0.1 x SSC. In preparation for signal detection, slides were washed for 
5 minutes at room temperature with SSCT (4 x SSC / 0.05% Tween 20) followed by a 20 
minute incubation in SSCM (4 x SSC / 5% Marvel non-fat dried milk). In all of the 
following procedures the slides were protected from the light. The slides were then 
incubated at room temperature with lOOpl 5pg/ml avidin-fluorescein isothiocyanate (avidin- 
FITC) in SSCM, followed by 3 x 5 minute washes in SSCT at room temperature. The 
slides were incubated at room temperature with lOOpl biotinylated goat anti-avidin in 
SSCM (1:100), followed by 3 x 5 minute washes in SSCT at room temperature. The 
slides were then incubated at room temperature with lOOpl avidin-FITC in SSCM as 
before, followed by a 5 minute wash in SSCT at room temperature, and 2 washes in 1 x 
PBS at room temperature for 5 minutes. Finally the chromosomes were drained and 
counterstained by the addition of 20pl Vectorshield medium (Vector Laboratories) 
containing lOpg/ml 4,6-diamidino phenylindole (DAPI) and 2pg/ml propidium iodide to 

give an R-banding pattern (Takahashi et al, 1992).

2.2.9.VÎ Viewing and recording FISH images.

The slides were analysed by confocal microscopy. Images were stored and 
analysed using a Bio-Rad MRC 600 confocal laser microscope attachment with MRC 
500/600 software. Photographs of the images were produced using a Mitsubishi colour 
video copy processor.
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2 .3  M a te r ia ls  a n d  M e th o d s  A p p e n d ic e s

Appendix 2A.1. General solutions and buffers.

1 X TNE 

10 X TBE 

10 X TAE

1 X TE 

20 X SSC 

10% SDS 

PBS

20mM NaCl, ImM Tris HCl pH8.0, O.lmM EDTA

IM Boric acid, IM Tris, 20mM EDTA

0.4M Tris HCl pH8.0, 0.2M sodium acetate, lOmM EDTA, 
9ml/l glacial acetic acid

lOmM Tris HCl / ImM EDTA, pH8.0

3M NaCl, 0.3M Trisodium citrate

10% w/v Sodium dodecyl sulphate (Na salt)

150mM NaCl, 150mM sodium phosphate, pH7.2

Dénaturation solution 0.4N NaOH, 0.6M NaCl 
(Genescreen)

Dénaturation solution 0.5N NaOH, 1.5M NaCl 
(Hybond N)

Neutralisation solution 0.5M Tris pH 7.5, 1.5M NaCl 
(Genescreen and Hybond N)

Hybridisation buffer I IM NaCl, 10%^/v dextran sulphate, 2% ^ /v  SDS 
(Genescreen)

Hybridisation buffer II 5 x SSPE, 5 x Denhardt's solution, 0.5% ^/v SDS 
(Hybond N - probes)

Hybridisation buffer III 1.2 x SSPE, 10% ^/v  dextran sulphate, 2% ^/y  SDS 
(Hybond N - oligonucleotides)
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20 X SSPE 3.6M NaCl, 0.2M sodium phosphate, 0.02M EDTA pH7.7

lOOxDenhardt's solution 2% ^ /v  BSA, 2% ^ /v  Ficoll, 2% ^ /v  polyvinylpyrrolidone

Sarkosyl solution 2% w/v sarkosyl, 2mg/ml proteinase K, 0.5M EDTA

RNase lOmg/ml RNase in lOmM Tris HCl (pH7.5), ISmMNaCl. 
The solution was boiled for 15 minutes to destroy DNase 
activity, allowed to cool slowly to room temperature, and 
stored at -20°C.

Core buffer 0.5M Tris HCl (pH8), O.IM MgC^, 0.5M NaCl, lOmg/ml 
spermidine, Img/ml BSA.

Polynucleotide kinase buffer 0.7M Tris HCl (pH8), O.IM MgCli, 50mM DTT

5xT4 DNA ligase buffer 250mM Tris-HCl pH 7.6, 50mM MgCl2, 5mM ATP, 5mM
DTT, 25% (^/v) polyethylene glycol 8000.

Maxi- and miniprep solutions
Solution I 50mM glucose, 25mM Tris HCl (pH8.0), lOmM Na2EDTA

(pH8.0)

Solution II 0.2M sodium hydroxide, 1% SDS

Solution III 3.6M potassium acetate, 11.5ml/l glacial acetic acid

A ppendix 2A.2. Growth m edia for bacterial and eosm id  
cu ltures.

LB-broth lOg/1 Bacto-tryptone, 5g/l Bacto-yeast extract, 5g/l NaCl, 
lg/1 glucose

LB-agar lOg/1 Bacto-tryptone, 5g/l Bacto- yeast extract, 5g/l NaCl, 
15g/l Bacto-agar
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Appendix 2A.3. Antibiotics.

Am picillin 50mg/ml in H2O stock solution, 20|ig/ml working 

concentration

Tetracycline 5mg/ml in ethanol stock solution, lOjig/ml working 
concentration

Kanamycin lOmg/ml in H2O stock solution, 10)Lig/ml working 

concentration

Antibiotics dissolved in H2O were sterilised by filtration through a 0.22 micron filter.

Appendix 2A.4. Solutions used for silver staining.

Fixing solution 10% ^/v absolute ethanol, 0.5% ^/v glacial acetic acid

Staining solution 6mM silver nitrate (0.4% ^/v)

Developing solution 375mM NaOH (1.5% ^/v), 2.6mM NaBH^ (0.01% ^/v),
0.15% ^/v formaldehyde

All solutions were prepared fresh using distilled deionised water.

Appendix 2A.5. Materials included in Sequenase™ kit (USB).

Sequenase™ buffer (5x) 200mM Tris HCl pH7.5, lOOmM MgCl2, 250mM NaCl

Dithiothreitol O.IM dithiothreitol

Labelling mix 7.5pM dGTP, 7.5pM dCTP, 7.5|iM dTTP,

Termination mixes 
ddA 80|lM dGTP, 80|LiM dATP, 80pM dCTP, 80|iM dTTP, 

8|LiM ddATP, 50mM NaCl
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ddC  80|xM dGTP, 80nM dATP, 80|iM dCTP, 80|iM dTTP,
8|lM ddCTP, 50mM NaCl

ddG  80tiM dGTP, 80nM dATP, 80pM dCTP, 80|xM dTTP,
8nM ddGTP, 50mM NaCl

ddT  80nM dGTP, 80|iM dATP, 80|xM dCTP, 80nM dTTP,
8|lM ddTTP, 50mM NaCl

Enzyme dilution buffer lOmM Tris HCl pH7,5,5mM DTT, 0,5mg/ml BSA

Stop solution 95% formamide, 20mM EDTA, 0.05% bromophenol blue,
0.05% xylene cyanol FF
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CHAPTER 3

COMPARATIVE MAPPING OF 55 HUMAN CHROMOSOME 9 
LOCI IN THE LABORATORY MOUSE.
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3.1 In troduction .

The mapping of several disease genes to human chromosome 9 (HSA9) has 
stimulated interest in this chromosome (reviewed in McKusick and Amberger, 1993; Povey 
et al., 1994; see section 1.7.1). As few of these genes have so far been identified at the 
molecular level this chromosome is the subject of a number of positional cloning efforts. 
Since a high resolution genetic linkage map of the mouse facilitates the establishment of 
gene order on human chromosomes giving insights into genome evolution, I have set out to 
produce a comprehensive comparative map for human chromosome 9 and homologous 
mouse chromosomes. In areas where gene order is conserved between human and mouse 
then the mouse map can be used to predict gene order in man. In addition, comparative 
mapping information for certain markers may suggest them as candidate genes for disease 
loci mapping to HSA9.

This chapter describes/creation of a comparative map of human chromosome 9 and 
mouse. This was achieved by interspecific backcross linkage analysis of a cross between a 
laboratory inbred strain (AN) and Mus spretus, producing genetic linkage maps of mouse 
chromosomes 2, 4, 13 and 19 (MMU2, MMU4, MMU13 AND MMU19). The mouse 
homologues of 55 loci which were known to map to HSA9 were mapped; 12 loci from the 
short arm of HSA9 and 43 from HSA9q.

30 new assignments have been made during the course of this study, the human 
homologues of which all map to HSA9. New chromosomal assignments include the genes 
for adenylate kinase 3 (Ak3), aldolase B fructose-biphosphate {Aldol), a - 1-microglobulin 

/bikunin precursor (Ambp), carboxyl ester lipase {Cel), cathepsin L (Ctsl), ciliary 
neurotrophic factor receptor {Cntfr), procollagen typeV alpha 1 (Col5al), complement 
component 8 gamma polypeptide (C8g), cyclin-dependent kinase inhibitor 2 (Cdkn2), the 
mouse homologue of D9S3 (D4H9S3E), the mouse homologue of D9S10E (D2H9S10E), 
the mouse homologue of D9S114E {D2H9S114E), the mouse homologue of D9S46E 
{D2H9S46E), the mouse homologue of D9S743E {D19H9S743E), dopamine p- 

hydroxylase {Dbh), endoglin {Eng), erythrocyte membrane protein band 7.2 {Epb7.2), 
p 1,6-glucosaminyl (N-acetyl) transferase 1 {Gcntl), gelsolin {Gsn), 78kDa glucose 

regulated protein {Grp78), tenascin-C {Tnc; the mouse homologue of HXB), iron 
responsive element binding protein {Irebp), pre B-cell leukaemia transcription factor 3 
{Pbx3), pregnancy associated plasma protein A {Pappa), prostaglandin D2 synthase 
{Ptgds), solute carrier family member 1 glutamate receptor {S lc la l ) ,  sucrose 
nonfermenting yeast homologue like gene-2 {Snf2l2), T-cell acute lymphocytic leukaemia 2 
{Tal2), tropomodulin {Tmod), and the vav 2 oncogene {Vav2). Each of these genes map to 
HSA9 and has not previously been mapped in the mouse.
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Improved linkage information has been obtained for adenylate kinase 1 (Akl), 
aldehyde dehydrogenase-1 (Aldhl), ATP binding cassette transporter-1 {Abel), ATP 
binding cassette transporter-2 {Abel), folyl polyglutamate synthetase (Fpgs) and 
xeroderma pigmentosum (Xpa', the mouse homologue of XPAC) which have not 
previously been mapped by interspecific backcross analysis. A kl  and Fpgs had been 
assigned previously to proximal MMU2 using microcell hybrids (Fournier and Moran, 
1983). Abel, Abc2 and Xpa had been assigned to MMU4A5-4B3, MMU2A2-2B and 
MMU4C2 respectively by in situ hybridisation (Luciani et a l,  1994; Tanaka et a l,  1990). 
Aldhl  had been assigned to MMU19 by electrophoretic variation of the cytoplasmic 
isozyme of aldehyde dehydrogenase between inbred strains and linkage testing stocks of 
Mus museulus (Timms and Holmes, 1980).

Of the genes used to construct the comparative map, 19 have been mapped to 
mouse chromosomes previously by linkage analysis using either backcrosses or 
recombinant inbred strains. These genes are the Abelson murine leukaemia viral oncogene 
homologue {Abl, Siracusa e ta l ,  1990), annexin 1 (lipocortin 1; Lpel \ Rowe et a l,  1994), 
argininosuccinate synthetase {Assl\ Siracusa et a l,  1990), haemolytic complement 
component 5 {He\ Siracusa et a l,  1990), Ô-aminolevulinate dehydratase (Lv; Hutton and 

Coleman, 1969; Nadeau et al,  1986), Fanconi anaemia, complementation group C {Faee\ 
Wevrick et a l,  1993), galactose-1-phosphate uridyltransferase {Galt, Nadeau and Richer, 
1982), 78kDa glucose regulated protein {Grp78\ Gaskins et a l,  1992; Hunt et a l ,  1993), 
interferon a  {lfa\ Nadeau et a l ,  1986; Bahary et a l ,  1991), N-methyl-D-aspartate 
glutamate receptor {GrinF, Gregor et a l ,  1993), translocation-associated Notch 
{Drosophila) homologue 1 {Notehl; Franco del Amo et al,  1993), orosomucoid 1 {Orml\ 
Nadeau et a l,  1986; Bahary et al,  1991), paired box gene 5 {Pax5; Walther et a l,  1991), 
retinoid X receptor a  subunit {Rxra\ Hoopes et a l,  1992), non-erythrocytic a-spectrin 
{Spna2\ Birkenmeier et a l,  1988; Siracusa et a l,  1990), surfeit 1 {Surfl; Williams et al,  
1988), tyrosinase-related protein 1 {Tyrp; Bahary et a l ,  1991), very low density 
lipoprotein receptor {Vldlr, Naggert and Mu, 1994) and a zinc finger gene {Zfp37\ Fleming 
e ta l ,  1993).

Table 3.1 shows the DNA markers used in this study, their location on HSA9 
(taken from Povey and Haines, 1993; Povey et a l,  1994; GDB Database, Baltimore, 
Maryland, USA; for individual references see key on page 86), the method used to map 
them in human, and the source of each probe for mapping in the mouse (see tables 3.2 and 
3.3).
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Table 3.1 Markers used to construct the comparative map showing their human map 
location, (continues over 3 pages, key on pages 85 and 86).

Name Human

symbol

Map

location

Mapping 

method used

Reference Source of 

probe

Abelson murine leukemia viral oncogene homologue ABL 9q34.1 A,L,R,S 1 ; 2 ; 3 CP

acetylcholine receptor a  subunit CHRNA 2 S 4 CP

adenylate kinase 1 AKl 9q34.1 A,D,S 5; 6 RT-PCR (H)

adenylate kinase 3 AK3 9p24-pl3 S 7; 8 RT-PCR (H)

aldehyde dehydrogenase 1, soluble ALDHl 9q21 A,R,S 9; 10 RT-PCR (H)

aldolase B, fructose-biphosphate ALDOB 9q22.3-q32 A,CH,L,R,S 11; 12 PCR (H)

a-l-m icroglobulin/bikunin precursor AMBP 9q32-q33 A,R,S 13; 14 RT-PCR (H)

annexin 1 (lipocortin 1) ANXl 9ql2-q21.2 CH,R,S 15; 16 PCR (M)

argininosuccinate synthetase ASS 9q34.1 A,L,R,S 17; 18 CP

ATP binding cassette 1 ABCl 9q22-q31 A 19 CP

ATP binding cassette 2 ABC2 9q34 A 19 CP

carboxyl ester lipase ŒL 9q34.3 A,R,S 20; 21 RT-PCR (H)

cathepsin L crsL 9 q 2 2 .1 -q 2 2 .2 A,CH 22; 16 PCR (M)

ciliary neurotrophic factor receptor CNTFR 9pl3 S 23; 24 RT-PCR (H)

procollagen typeV alpha 1 C0L5A1 9 q 3 4 .2 -q 3 4 .3 A,S 25; 26 RT-PCR (H)

haemolytic complement component 5 C5 9q33 A,R,S 27; 28 A.T.C.C.

complement component 8 gamma polypeptide C8G 9q22.3-q32 R,S,W 29; 16 RT-PCR (H)

cyclin-dependent kinase inhibitor 2 (p i6) CDKN2 9p21 D,N 30; 31 CP

D9S3, mouse homologue D9S3 9p21 A,L,S 32; 33 CP

D9S10E, mouse homologue D9S10E 9q34.3 A,L,R,S 34; 35 ET

D9S114E, mouse homologue D9S114E 9q34 L,S 26 ET

D9S46E, m ouse homologue D9S46E 9q34 N 36 RT-PCR (H)

D9S743E, mouse homologue D9S743E 9ql3-q21 N 37 RT-PCR (H)

ô-aminolevulinate dehydratase ALAD 9q32-q34 A,L,S 38 CP

dopamine (3-hydroxylase DBH 9q34.3 A,L 39; 35 CP

endoglin ENG 9q34.1 F,L,S 40; 26 RT-PCR (H)

erythrocyte membrane protein band 7.2 EPB72 9q34.1 F 41 CP

Fanconi anaemia, complementation group C FACC 9q22.3 A,L,N 42; 43 RT-PCR (M)

folylpolyglutamate synthase FPGS 9q S 44; 45 CP

galactose-1-phosphate uridyltransferase GALT 9pl3 D,S 46; 47 CP

(31,6-glucosaminyl (N-acetyl) transferase 1 GCNTl 9q21 A,F 48 RT-PCR (H)

glycoprotein, a-galactosyltransferase 1 GGTAl 9q33-q34 A,R,S 49; 50 RT-PCR (H)

gelsolin GSN 9q33 A,CH,L,S 51; 52 CP
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Name Human

symbol

Map

location

Mapping 

method used

Reference Source of 

probe

78kDa glucose regulated protein GRP78 9q33-q34.1 R,S,W 53; 16 RT-PCR (H)

tenascin-C (hexabrachion) HXB 9q32-q34 A,L,R,S,W 54; 55 CP

interferon a IFNA 9p22 D,L,R,S 56; 32 PCR (M)

iron responsive element binding protein 1 IREBl 9 S 57 RT-PCR (H)

N-methyl-D-aspartate glutamate receptor GRINl 9q34.1 F,L,S 58; 59 CP

translocation-associated Notch {Drosophila ) homologue 1 NOTCH 1 9q34.3 CH 60 CP.

orosomucoid 1 ORMl 9q32 A,CH,D,L,R 61; 6 PCR (M)

paired box gene 5 PAX5 9pl3 S,A 62; 63 CP

pre B-cell leukaemia transcription factor 3 PBX3 9q33-q34 A 64; 65 CP

pregnancy associated plasma protein A PAPPA 9q33.1 A 66 RT-PCR (H)

prostaglandin T>2 synthase PTGDS 9q34.2-q34.3 A 67 RT-PCR (H)

retinoid X  receptor a  subunit RXRA 9q34 F,S,W 68; 69 RT-PCR (M)

solute carrier family member 1, glutamate receptor SLC lA l 9p24 F 70 RT-PCR (H)

sucrose nonfermenting yeast homologue, like 2 SNF2L2 9p23-p24 A 71 RT-PCR (H)

non-erythrocytic a-spectrin SPTANl 9q34.1 A,R,S 72; 73 CP

surfeit 1 SURFl 9q33-q34 N 74 CP

T-cell acute lymphocytic leukaemia 2 TAL2 9q31-q32 A,CH,S 75 RT-PCR (H)

tropomodulin TMOD 9q22 A 76 RT-PCR (H)

tyrosinase-related protein TYRP 9p23 A,S 77; 78 CP

vav 2 oncogene VAV2 9q34 N 79; 80 ET

very low density lipoprotein receptor VLDLR 9p24 F,S 81; 82 RT-PCR (H)

Xeroderma pigmentosum complementation group A XPAC 9q22 A,S 83; 84 PCR (H)

Zinc finger gene ZFP37 9q S 85 CP

K e y
M ap p in g  m ethod s u sed  in  hum an

A Annealing o f homologous DNA-DNA or DNA-RNA sequences

CH Cytogenetic rearrangement contributing directly to phenotype

D Dosage, including loss o f cellular heterozygosity

F Fluorescence in situ hybridisation

L Linkage /  family studies

N  Neighbour analysis (part o f large fragment studies)

R Analysis based on DNA digested with one or more restriction endonucleases

S Somatic cell hybrids

W Flow sorted chromosomes
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Source of each probe for mapping in the mouse
C P Cloned probe

ET Probe derived by exon trapping (see section 3.2)

RT-PCR (H) Probe derived by reverse transcriptase PCR (RT-PCR) from human RNA

PCR (H) Probe derived by PCR from human genomic DNA.

PCR (M) Probe derived by PCR from mouse genomic DNA.

RT-PCR (M) Probe derived by RT-PCR from mouse RNA.

86



3.2 Materials and Methods.
3.2.1 AN backcross mice.

This backcross was as described in Pilz et al,  1992a and section 2.1.7.i.

3.2.2 Probes typed by Southern blot analysis.
3.2.2.1 Derivation o f  probes by RT-PCR and PCR.

Where no cloned probe was available for a particular gene, primers were designed 
to derive cDNA probes by reverse-transcriptase-PCR (RT-PCR), based on published 
sequence, for Akl, Ak3, Aldhl, Ambp, Cel, Cntfr, Col5al, C8g, D2H9S46E, 
D19H9S743E, Eng, Face, Gcntl, Grp78, Irebp, Pappa, Ptgds, Rxra, Slclal, Snf2l2, 
Tmod, and Vldlr, and by direct PCR for Aldol, G gtal, Tall and Xpa. The primer 
sequences are listed in Table 3.2, except for the Aldol primers which have been published 
previously as human chromosome-specific PCR primers for characterisation of somatic cell 
hybrids (Abbott and Povey, 1991). The reverse transcriptase PCR and direct PCR 
reactions used to derive the probes listed in Table 3.2 were carried out as described in 
Section 2.2.3.iii. The identities of all RT-PCR and PCR products were confirmed by 
restriction enzyme digestion using enzymes which were predicted to cut the product based 
on the published sequence.

3.2.2.U Cloned probes.
During the construction of a combined genetic and physical map of the interferon 

region of HSA9p (Fountain et a l,  1992), the location of a eosmid containing the DNA 
marker D9S3 (isolated initially from a HSA9 flow sorted library) was refined to HSA9p21 
by FISH analysis. Exon amplification (or trapping; Buckler et a l,  1991) was used by Dr 
Jane Fountain to isolate an expressed sequence from the eosmid. I have mapped the mouse 
homologue D4H9S3E in the recombinant inbred strains initially and subsequently in the 
AN backcross. Exon trapping was used by Karen Woodward in the laboratory of Prof. 
Sue Povey, to isolate three expressed sequences from cosmids which map to eosmid 
contigs on HSA9q34 (Woodward et a l,  in press). One of the trapped exons was shown to 
have sequence identity with VAV2, a newly reported gene on HSA9q34 (Smith et a l,  
1994; Henske et al, 1995). The other 2 exons were isolated from eosmid contigs carrying 
the D9S10 and D9S114 microsatellite markers, and hence have been named D1H9S10E 
and D1H9S114E. The exons were cloned and are described in Table 3.3. Cloned probes 
for Abel, Abel, Abl, Assl, Dbh, Epb7.1, Fpgs, Galt, Grinl, Gsn, He, Tnc, Lv, Notehl, 
Pax5, Pbx3, Spnal, Surf Tyrp and Zfp37 are also described in Table 3.3 {He is the 
mouse homologue of C5; Lv is the mouse homologue of ALAD; Zfp37, Grinl, and Tnc 
were previously called Tzn, Nmdarl, and Hxb respectively; Fleming et a l ,  1993; Gregor 
et a l,  1993; Pilz et a l,  1992b). The Acra probe, which maps to HSA2, was used as an 
anchor locus on MMU2. The cloned probes were gifts from other laboratories or were 
obtained from the American Type Culture Collection (A.T.C.C.; see Table 3.3).
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Table 3.2 Probes derived by PCR or RT-PCR used to construct the comparative map

Sym bol
H u m an  M o u s e  S ou rce PC R  p rim ers Band S e q u e n c e

s i z e  re feren ce

AKl A k l RT-PCR^

(H)kidney

5'CACCCAGTGTGAGAAGATCG3'(S)

5TACTITAGGGCGTCCAGGTG3’(AS)

515bp

*

Matsura et al., 

1989

AK3 Ak3 RT-PCR

(H)kidney

5TGTCCGAGTTGGAGAACAG3'(S)

5'GGCCrCITCATGAACrcnT3'(AS)

622bp 

*  *

Xu et a l ,  1992

ALDHl Aldhl RT-PCR

(H)kidney

5TGCACACCATGGGGTATr3'(S)

5TCATGGAAACCGTACTCTCC3'(AS)

585bp Hsu et a l ,  1989

AMBP Ambp RT-PCR

(H)liver

5’AAAGGTGTCTGTGAGGAGAC3'(S)

5GTAGAGdTGGCAGTAATGG3'(AS)

192bp Diarra-Mehrpor 

et a/., 1990

CEL Cel RT-PCR

(H)liver

5'CTGGAAAATCCTCAGCCACA3’(S)

5GACACGGTAGTTGAAGGTGA3'(AS)

310bp Lidberg et a l ,  

1992

CNTFR Cntfr RT-PCR

(H)muscle

5'CACCTACATTCCCAACACCTT3'(S)

5'CCAATCTCATTGTCCTTGG3'(AS)

462bp Davis et a l ,  

1991

COL5A1 ColSal RT-PCR

(H)lddney

5'CTCAGCGTCCACAAGAAAAAT3'(S)

5'CCTAGGTCTTCGGGGTCTTCG3'(AS)

353bp 

* * *

Caridi et a l . , 

1992

C8G C&g RT-PCR

(H)liver

5GACrGCGACCCTCTTGACTC3'(S)

5TrATITGAGCnTGGTTCrG3'(AS)

913bp Haefliger et a i ,  

1988

D9S46E D2H9S46E RT-PCR

(H)kidney

5'CGTGCATGATGTCCAGTG3’(S)

5TCGGTAGTAGAGCCATCACC3’(AS)

507bp Von Lindern et 

a l ,  1992

D9S743E DJ9H9S743E RT-PCR

(H)liver

5'CCTGATGAAAAGCAGAGCG3'(S)

5ATCATTGCCACCAGCCAA3'(AS)

664bp Duclos et a l . , 

1994

ENG Eng RT-PCR

(H)kidney

5'CCAACCACAACATGCAGATC3'(S)

5TGGAAAGAGAGGCTGTCCAT(AS)

559bp G ougos and 

Letarte, 1990

FACC Face RT-PCR*^

(M)kidney

5'CCCAGAAGGACACTTGTCIT3'(S)

5'ACAGCnCGAAGAACrCAGG3'(AS)

583bp Wevrick et a l ,  

1993

GCNTl Gcntl RT-PCR

(H)kidney

5'AAGCTGACmrCCCTTGGC3’(S)

5'CGTGGGTCATGCAGAACA3'(AS)

571bp Bierhuizen e t  

a l ,  1993

GGTAl Ggtal PCR^ (H) 5'CAAGCCAGAGAAGAGGTGGCAAGAC(S)

5'§AAGTTTAGGTGGCTTTCATCATG3'(AS)

390bp Larsen, et a l ,  

1990

GRP78 Grp78 RT-PCR

(H)liver

5TGACTGGAATTCCTCCTGCT3'(S)

5TCTGCTGTATCCTCTrCACC3'CAS)

499bp Tring and Lee, 

1988

IREBl Irebp RT-PCR

(M)liver

5'AAGTTAGCATCGCGTACCTG3'(S)

5'GCAGCAAGGCACAACTGT3’(AS)

I70bp Philpott et a l ,  

1991

PAPPA Pappa RT-PCR

(H)kidney

5'ATATCrCACGTGACCGAGGA3'(S)

5AGACTCGTGTCCAGCAGAAA3'(AS)

529bp Oxvig et a l ,  

1993

CTD....
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Table 3.2 Probes derived by PCR or RT-PCR continued

Sym bol
H u m an  M o u s e  S ou rce PC R  p rim ers Band S e q u e n c e

s i z e  re feren ce

PTGDS Ptgds RT-PCR

(H)brain

5ACrCATCACACGCrGTGGAT3'(S)

5GATACCATTGTCTTCCTGCC3'(AS)

537bp

****

White et al., 

1992

RXRA Rxra RT-PCR

(M)liver

5TGAGTTAGTCGCAGACATGG3'(S)

5'C1TGGTGAAGGAGGCCATAT3'(AS).

427bp Mangeldorf et 

al., 1992

SLClAl S lc la l RT-PCR

(H)liver

5TGCTAGGCATTACCACAGGA3'(S)

5'CATGGrrGCATCACTCAAAGC3'(AS)

659bp Kanai et al., 

1994

SNF2L2 Snf2l2 RT-PCR

(H)kidney

5TCAATrTCCAGCGTCAGC3'(S)

5TTGACAGGGAGGTCACrCAT(AS)

631bp Muchardt and 

Yaniv, 1993

TAL2 Tal2 PC R ^(M ) 5ACCTGGACATGACCAGAAAG3'(S)

5'GGAAGGAACrCGGTAGTCAT3'(AS)

309bp Xia et a i ,  1991

TMOD Tmod RT-PCR

(H)liver

5'GGAAAATGAGCTGGATGAGC3'(S)

5TCTGCATATGCCTTGAGGGT3'(AS)

564bp Sung et al., 

1992

VLDLR Vldlr RT-PCR

(H)kidney

5ATGTGAACCCTCCCAATrCC3'(S)

5TrTCGCTGGCTGGACACTT3'(AS)

635bp Oka et al., 1994

XPAC Xpa PCR (H) 5'GAAACTAGAGTTCATnTCC3'(S)

5'GTTTTGCCCrAAACCrACAC3’(AS)

200bp Satokata et al., 

1992

RT-PCR (H) Probe derived by reverse transcriptase PCR (RT-PCR) from 
human RNA.
RT-PCR (M) Probe derived by RT-PCR from mouse RNA.
PCR (H) Probe derived by PCR from human genomic DNA.
PCR (M) Probe derived by PCR from mouse genomic DNA.

(S) = sense primer (AS) = antisense primer.
§ Primers used for Ggtal had a GC clamp of 40bases.

For markers marked with * the complete PCR product contained repetitive sequences, and 
therefore the following fragments were used as probes:
* For Akl 390bp Pvull fragment.
** ¥oi Ak3 388bp fragment.
*** For C<9/5fl7 232bp 5am///fragment.
* * * * For Ptgds 316bp Hinfl fragment.
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Table 3.3 Cloned probes used to construct the comparative map

Sym bol V e c to r  In ser t  s ize  S o u r c e  

H u m an  M o u s e

A BC l A b el pBIuescript 3kb EcoRI Dr Giovanna Chimini

ABC2 Abc2 pBluescript 3kb EcoRI Dr Giovanna Chimini

ABL A bl PBR322 1.95kb Hindlll/Sstl Dr Natalie Tyke

ALAD Lv pUC19 1.1 kb Pstl Dr R. Desnick

ASS A ssl pBR322 1.5kb Pstl A.T .C .C .

C5 He pCD 2.1 kb BamHl A.T .C .C .

CHRNA Aem pUC8 1.7kb EeoRl Dr David Beeson

D9S3 D4H9S3E pBR322 2.4kb Xbal/Pstl Dr Jane Fountain

D 9S10 D2H9S10E pAMPI 270bp EeoRl Karen Woodward

D 9S114 D2H9S114E pAMPI 280bp£co/?/ Karen Woodward

DBH Dbh pUC8 0.8kb BamHl/EeoRl Dr Jacques Mallet

EPB72 Epb7.2 pGEM3Z 0.9kb EeoRl Dr Rainer Prohaska

FPGS Fpgs pTZ18U 2.2kb EeoRl Dr Barry Shane

GALT Galt pCD 1.4kb BamHl A.T.C .C .

GRINl Grinl pCDNAlneo 3.4kb BamHl Dr Paul Whiting

GSN Gsn pUC13 lA k b P s tl Dr David Kwiatkowski

HXB Tne pGEM 0.9kb EeoRl Dr L. Zardi

NOTCHl Notehl pBluescript 1.5kb EeoRl/Pstl A.T .C .C .

PAX5 Pax5 pBluescript 200bp EeoRV Prof. Peter Gruss

PBX3 Pbx3 pSP65 1.55kb BamHl/Hinell Dr Kathy Monica

SPT A Nl Spna2 pUC13 1.4kb EeoRl/Sall Dr Connie Birkenmeier

S U R F l Surfl pAT153 Ikb EeoRI Dr Mike Fried

TYRP Tyrp pGEM7 1.7kb Sael Dr Ian Jackson

VAV2 Vav2 pCRII 205bp EeoRl Karen Woodward

ZFP37 pBluescript 1.4kb EeoRl Dr Keith Dudley
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3.2.3 Markers typed by direct PCR of mouse DNA.

Based on published sequences (Troen et al., 1991; Horlick et a l, 1991), primers 
were designed to type cathepsin L {Ctsl ) by amplification of intron sequence and annexin 1 
(lipocortin \\L p c l)  by amplification of genomic sequence containing a (CTT)26 

trinucleotide repeat. The Ctsl primers used were 5'GAACCATAGCATCTGCAACC3' 
(Sense) and 5 G AG A ATCCC ACGG AAGCT3 ' (Antisense). The Lpcl primers used were 
5'GCTAGGGCTGAAATCAAACC3'(Sense) and 5TGGAGAACTTACTGGGACTCC3' 
(Antisense). After a dénaturation step of 95°C for 5 minutes and the addition of 1 unit Taq 
polymerase (Advanced Biotechnologies), the PCR conditions for Ctsl were 94°C for 20 
seconds, 58°C for 30 seconds, and 72°C for 30 seconds for 30 cycles and for Lpcl were 
94°C for 20 seconds, 55°C for 30 seconds, and 72°C for 30 seconds for 30 cycles.

The Ctsl products were digested with BamHl to reveal a restriction fragment length 
variation (RFLV) between DNA from AN and Mus spretus when analysed in a 1 % agarose 
gel, stained with ethidium bromide, and viewed under UV light (see results section 3.3).

Lpcl PCR products were analysed by electrophoresis in a 10% polyacrylamide gel, 
stained and viewed in the same way, to reveal a 3bp size difference between the PCR 
products from AN and Mus spretus DNA (see results section 3.3). As the size difference 
between the Lpcl PCR products amplified from AN and Mus spretus DNA was so small, 
another antisense primer (5'GGGGACTGAAGAGAGACTCT3') was designed to give a 
longer PCR product, which when digested with BstNl revealed a RFLV between AN and 
Mus spretus (see results section 3.3).

D4Nds4, Orml and Ifa were typed by PCR with primers flanking microsatellite 
sequences (Love et a l,  1990; R. Wiseman personal communication in MMU4 
chromosome committee report Abbott et a l, 1992). The PCR conditions used were as for 
Lpcl. The PCR products were analysed in a 3% NuSieve agarose 1% Agarose gel (FMC 
Bioproducts), stained with ethidium bromide, and viewed under UV light.

PCR primers for D lM itl, D13M itl3, D13MU17, D13MU28, D13Mit32, 
D13Mit34, D13Mit36, D13MU38, D19Mitl, D19Mit4, D19Mitl2, D19Mitl6, D19Mit28, 
and D19MU29 (Dietrich et a l, 1992; Dietrich et a l, 1994) were purchased from Research 
Genetics. The PCR conditions used were as for Lpcl. The PCR products were analysed 
in a 3% NuSieve agarose 1% Agarose gel (FMC Bioproducts), and stained as before.
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3.2.4 Calculation of recombination frequency and standard error.

To calculate the recombination frequency for data generated in an interspecific 
backcross the following formula was used (Green, 1981):

Recombination frequency = r

where r = the number of recombinants and n = the total number of animals analysed.

To calculate the standard error for data generated in an interspecific backcross the 
following formula was used (Green, 1981):

Standard error = V r (1 -  r)

3.3 Results.

3.3.1 Probes typed by Southern blot analysis.

RFLVs between the AN strain and Mus spretus were found with each of the 
cloned, RT-PCR derived and PCR derived probes. RFLVs between AN and Mus spretus 
for each of the cloned, RT-PCR and PCR derived probes are listed in Table 3.4. The 
RFLVs revealed by the RT-PCR and PCR derived probes are shown in Figure 3.1 to show 
that the typings are unambiguous. Fragment sizes given are in kb.
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OJ

Akl

A S H

Ak3

A S H

Bgin

A ldh l

A S H

Aldol

A S H

Am bp

A S H

11-

-7 2 
-7
-5 86 -

5 5-5 6- 

4 5- 
4 -

-5 -5

W  - 3 . 7

-2  8 

-2-3
2 6 -

- 2 718-

BglU Pstl PstlBglll 

Fig 3.1.1
RFLVs between AN and Mus spretus revealed by the RT-PCR and PCR derived probes used for analysis of the AN backcross.
Ak1, Ak3, Aldhl, Aldo2, and Ambp probes. Fragment sizes given are in kb.

A = restriction fragment pattern seen in AN mice; S = pattern seen in Mus spretus] H = pattern seen in (AN x Mus spretus) heterozygote



C el

A S H

Taq!

C n tfr

A S H

ColSal

A S H

C 8 g

A S H

D 2 H 9 S 4 6 E

A S H

13- —
-1 1

6 -
-7

5- -44 3-

-3 6
- 2  812-

Taq! TaqI BglU BamHl

Fig. 3.1.2
RFLVs between AN and Mus spretus revealed by the RT-PCR and PCR derived probes used for analysis of the AN backcross.
Cel, Cntfr, Col5a1, C8g and D2H9S46E probes Fragment sizes given are in kb.
A = restriction fragment pattern seen in AN mice; S = pattern seen in Mus spretus] H = pattern seen in (AN x Mus spretus) heterozygote



D2H9S743E Eng Face Gcntl Ggtal

VOLn

A S H

5 -

2-6 -
-2 7

BamHl
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1 0 -  
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2 8 -
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-6 5 j; - 8  2 

-6 5

1 2 -

5-

- 6  2

-3 2
2 8 -

BamHI Bglll Pstl TaqI

Fig. 3.1.3
RFLVs between AN and Mus spretus revealed by the RT-PCR and PCR derived probes used for analysis of the AN backcross. 
D2H9S743E, Eng, Face, Gcntl and Ggtal probes. Fragment sizes given are in kb.

A = restriction fragment pattern seen in AN mice; S = pattern seen in Mus spretus] H = pattern seen in (AN x Mus spretus) heterozygote
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G rp 7 8

A S H

Ireb p

A S H

P appa

A S H

P tg d s

A S H

R xra

A S H

S lc la l

A S H

8 -

7-
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3 7- r
34-

2-7-

« » . -37

12-  ^  1 8 - •» V  -16
2 -

- 2  1

Taql BglU BglU Pstl BglU

Fig. 3.1.4
RFLVs between AN and Mus spretus revealed by the RT-PCR and PGR derived probes used for analysis of the AN backcross.
Grp78, Irebp, Pappa, Ptgds, Rxra and Slc1a1 probes. Fragment sizes given are in kb.

A = restriction fragment pattern seen in AN mice; S = pattern seen in Mus spretus] H = pattern seen in (AN x Mus spretus) heterozygote
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Taql Taql Pstl BglllBglll 

Fig. 3.1.5
RFLVs between AN and Mus spretus revealed by the RT-PCR and PCR derived probes used for analysis of the AN backcross,
Snf2l2, Tal2, Tmod, Vldlr and Xpa probes. Fragment sizes given are in kb.

A = restriction fragment pattern seen in AN mice; S = pattern seen in Mus spretus; H = pattern seen in (AN x Mus spretus) heterozygote



Table 3.4 RFLVs used for mapping each probe in the backcross.

Name
Mouse

symbol

Restriction 

endonuclease 

used to detect 

RFLy

Fragment sizes (kb)§ 

AN Mus spretus

Abelson murine leukemia viral oncogene homologue A bl Bglll 12 16

acetylcholine receptor a  subunit Acra P stl 12, 8.5 12 ,6

adenylate kinase 1 A k l Bglll 11 ,6 7.2, 7 , 1 8

adenylate kinase 3 Ak3 Bglll 6.2, 6, 1.8 5

aldehyde dehydrogenase 1, soluble Aldhl Bglll 12, 11, 5 .6, 4 .5, 4 , 2.6 1 2 ,1 1 & 2 J

aldolase B, fructose-biphosphate Aldo2 P stl 5.5 1 2

a-l-microglobulin/bikunin precursor Ambp P stl 4.5 2 2

argininosuccinate synthetase 1 A ssl Bglll 11, 10, 7 ,6 , 2 .5, 1.6 9 , 7 , 6 ,2 .5 , 1.6

ATP binding cassette 1 A bel Bglll 9 .5 ,6 ,4 , 3,1 .6 9 .5 ,1 2 ,4 , 3,1 .6

ATP binding cassette 2 Abc2 Taql 1.3, 1.2 1 4 , 1 2

carboxyl ester lipase Cel Taql 4.3, 1.2 7

ciliary neurotrophic factor receptor Cntfr Taql 5 M

procollagen typeV alphal ColSal Taql 13 11

haemolytic complement component 5 He Bglll 11 9

complement component 8 gamma polypeptide % Bglll 5.4 6

cyclin-dependent kinase inhibitor 2 (p i6) Cdkn2 P stl 5, 3, 1.5 5 ,1 3 ,  1.5

D9S3, mouse homologue D4H9S3 Bglll 4 6

D9S10E, mouse homologue D2H9S10E BamHl 8 ,9 9 .5 ,2 2

D9S114E, mouse homologue D2H9S114E Bglll 2.8 4

D9S46E, mouse homologue D2H9S46E BamHl 6 4 , 2 8

D9S743E, mouse homologue D19H9S743E BamHl 5, 2.6 5 , 2 2

5-aminolevulinate dehydratase Lv Bglll 6 8

dopamine 3-hydroxylase Dbh Bglll 3.5 4

endoglin Eng BamHl 4.5, 3.6, 2.8 4 .5 ,1 4 ,  2.8

erythrocyte membrane protein band 7.2 Epb7.2 Bglll 9 ,5 8 , 1 5

Fanconi anaemia, complementation group C Face Bglll 5 .5 ,5 ,4 .3 ,3 ,2 M , 5,4.3, 3 ,2

folylpolyglutamate synthase Fpgs Bglll 5 1 5 ,1 5

galactose-1 -phosphate uridyltransferase Galt Bglll 8, 16 4

31,6-glucosaminyl (N-acetyl) transferase 1 Gentl P stl 10, 8 ,6 , 2.8 9, M , 6 ^ ,1 2

glycoprotein, a-galactosyltransferase 1 Ggtal Taql 12 ,5 1 2

gelsolin Gsn EeoRV 6 ,5 1 5 , 6
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Name
Mouse

symbol

Restriction 

endonuclease 

used to detect 

RFLy

Fragment sizes (kb)§

AN Mus spretus

78kDa glucose regulated protein Grp78 Taql 1.2 L 5

tenascin-C (hexabrachion) Tnc BamHl 6 &8

iron responsive element binding protein 1 Irebp Taql 4.1, 1.8 4 ^ ,L 6

N-methyl-D-aspartate glutamate receptor Grinl Taql 6, 5.2, 2.8 6, 4 ,3

translocation-associated Notch {Drosophila ) homologue 1 Notch! Pstl 3.5, 2.2 3.5, 2 ^

paired box gene 5 Pax5 Haelll 2 1 7

pre B-cell leukaemia transcription factor 3 Pbx3 Bglll 16, 7, 6.9, 3 12, M

pregnancy associated plasma protein A Pappa Bglll 7 5

prostaglandin D2 synthase Ptgds Bglll 4.4 6

retinoid X receptor a  subunit Rxra Pstl 3.7, 2 4 , 1 1

solute carrier family member 1, glutamate receptor S lcla l Bglll 8, 3.4, 2.7 8, 4 ,1 7

sucrose nonfermenting yeast homologue, like 2 Snf2l2 Bglll 7 1 5

non-erythrocytic a-spectrin Spna2 BamHl 6.5, 3.6 6 .5 ,4

surfeit 1 Surfl BamHl 3, 1.3 1 5 , 1.3

T-cell acute lymphocytic leukaemia 2 Tal2 Taql 3.6 L 7

tropomodulin Tmod Taql 5, 1.7, 1.5, 1.3 1 9 , 1  1.5

tyrosinase-related protein Tyrp Pstl 2.1 M

vav 2 oncogene Vav2 Taql 8.5 3

very low density lipoprotein receptor Vldlr Pstl 5, 2, 1.8 5 ,1 6

Xeroderma pigmentosum complementation group A Xpa Bglll 2.4 1 6

Zinc finger gene ^ ^ 7 Taql 10, 3 1 2 ,3

§ Restriction fragments followed in the backcross are underlined.
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3.3.2 Results for markers typed by direct PCR of mouse DNA.

3.3.2.1 Cathepsin L (Ctsl),
The Ctsl products (981 bp) were digested with BamHI to reveal a restriction 

fragment length variation (RFLV) between AN (886 and 95bp) and Mus spretus (981bp) 
when analysed in a 1% agarose gel. As the Mus spretus PCR products are not digested 
with BamHI, in order to prevent any mistyping due to partial digestion, all Ctsl PCR 
product restriction digests were incubated overnight with an 20units of restriction enzyme 
per reaction. The RFLV is shown in Figure 3.2.

Ikb A S AS AS A S

2036bp ► 

1636bp ►

lOlSbp ► ^  981bp 
^  886bp

Figure 3.2. Ctsl products (981 bp) digested with BamHI to reveai a RFLV 

between AN (886 and 95bp) and Mus spretus (981 bp) when anaiysed in a 1% 

agarose gel. The 95bp band produced by digestion of the AN PCR product is 

not shown.

A = AN, S = Mus spretus, AS = AWMus spretus heterozygote.

1 0 0



3.3.2.Ü Annexin 1 (Lipocortin 1; Lpcl ) .

LpcI PCR products showed a 3bp size difference between AN (172bp) and Mus 
spretus (169bp) when analysed by electrophoresis in a 10% polyacrylamide gel, stained 
with ethidium bromide and viewed under UV light (shown in Figure 3.3.i).

Ikb A S AS Ikb

517bp
506bp

396bp ^  

344bp

298bp —

220bp
201bp

172bp
169bp

Figure 3.3.1. Lpc1 PCR products run in a 10% polyacrylamide gel showing a 

3bp size difference between AN (172bp) and Mus spretus (169bp).

A = AN, S = Mus spretus, AS = AWMus spretus heterozygote.

1 0 1



As the size difference between the Lpcl PCR products amplified from AN and Mus 
spretus DNA was so small, a second primer was designed to give a longer PCR product 
(492bp), which when digested with revealed a RFLV between AN (343 and 149bp) 
and Mus spretus (224, 149 and 119bp). This RFLV is shown in Figure 3.3.Ü. Certain (Wl) 
random typings were checked using this second PCR primer pair and all were found to be 
consistent with the original typings.

Ikb lOObp S AS AS AS AS AS AS AS A A AS AS loobp

343bp
224bp

Figure 3.3.ii. Longer Lpc1 PCR product (492bp) digested with BstNI showing the RFLV 

between AN (343 and 149bp) and Mus spretus (224, 149 and 119bp). PCR product digests are 

shown of parental samples and a series of backcross progeny.

A = AN, S = Mus spretus, AS = AWMus spretus heterozygote.

1 0 2



More AN nonrecombinant chromsomes were seen than Mus spretus nonrecombinant chromsomes. 
The test (see page 112) was applied, and this result found to be statistically significant, 

indicating selection in favour of the AN allele. ___________________



3.3.3 Analysis of each mouse chromosome.
3.3.3.1 Markers mapping to mouse chromosome 2.

Of the 55 markers used to create the comparative map, 26 were found to map to 
mouse chromosome 2 (MMU2). The number of mice carrying recombinant chromosomes 
from a total of 126 mice analysed for each pair of loci, based on minimising the number of 
double recombinants, is D2Mitl - 18 - (Grinl, C8g, Abc2, Ptgds) - 5 - (Notchl, Vav2, 
Dbh, Surfl, D2H9S10E) - 1 - {D2H9S114E, Col5al, Rxra, Cel, Spna2, Assl, Abl, 
D2H9S46E, Akl, Fpgs, Eng) - 1 - {PbxS, Grp78) - 1 - {He, Epb7.2, Gsn, Ggtal) - 24-  
Acra. The pedigree analysis showing the recombinants in the AN cross is shown in Fig. 
3.4. No significant segregation distortion was seen at any of the loci examined (see section 
3.3.3.4.i). Since analysis of the AN backcross revealed very little recombination between 
the 26 markers clustered in the MMU2/HSA9q region of homology, and it was not 
possible to deduce a gene order for several of the genes, the Jackson interspecific 
backcrosses (Rowe et ai, 1994), and the European Interspecific backcrosses (EUCIB; 
European Backcross Collaborative Group, 1994) were used to give higher resolution and 
order markers in this particular region further. These results are discussed in Chapter 4.

D lM itl □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □
Grinl, Ptgds, C8g, Abc2 □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ □

Notchl, Vav2, Dbh, Surfl, D2H9S10E □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ □
Spna2, Abl, Assl, D2H9S46E, Akl, Fpgs, 
ColSal, Rxra, Cel, Eng, D2H9S114E □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ □

Pbx3, Grp78 □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■

Epb7.2, He, Gsn, Ggtal □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■

Acra □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
48 29 8 10 4 1 0 1 0 0 1 0 14 9 1

Fig. 3.4 Pedigree analysis for markers mapping to MMU2 showing the recombinants 

found using the AN backcross. Q  = AN |  = Mus spretus

The recombination distances between each pair of loci ± the standard error (in cM) 
are D2Mitl - 14.3±3.1 - {Grinl, C8g, Abc2, Ptgds) - 4.0±1.7 - {Notchl, Vav2, Dbh, 
Surfl, D2H9S10E) - O.SiO.S - {D2H9S114E, ColSal, Rxra, Cel, Spna2, Assl, Abl, 
D2H9S46E, Akl, Fpgs, Eng) - O.SiO.S - {Pbx3, Grp78) - O.SiO.S - {He, Epb7.2, Gsn, 
Ggtal) - 19.0i3.5 - Aera.
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The linkage map of MMU2 with recombination frequencies produced by analysis of 
the AN backcross is shown in Figure 3.5.

Centromere
DISTANCE.

(cM)

( 1)

14.3+3.5

4.0+1.7

0.8±0.8

0 .8+0.8

0.8±0.8

19.0±3.5

D2MÜ1

Grinl, Ptgds, C8g, Abc2

Notchl, Vav2, Dbh, Surfl, D2H9S10E
D2H9S114E, Rxra, ColSal, Cel, Spna2, Abl, A ssl, D2H9S46E, A kl, Fpgs, Eng

Pbx3, Grp78

Epb7.2, He, Gsn, Ggtal

Acra (HSA2)

I
I
I

Telomere

Figure 3.5 The linkage map of MMU2 with recombination frequencies produced by analysis of 

the AN backcross. The recombination frequencies are expressed in cM. The figure in brackets 

represents the approximate distance of the most proximal marker {D2Mit1) from the centromere 

(taken from the consensus map of the region, Siracusa and Abbott, 1994).
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3.3.3.2 Markers mapping to mouse chromosome 4.

3.3.3.2.Î Analysis of D4H9S3E  in the BXD and BXH recombinant inbred 
(RI) strains

A RFLV defined by BamHI was found with the D4H9S3E probe between the 
C57BL/6J, and the C3H/HeJ and DBA/2J RI strains. A 9kb band was seen in the 
C57BL/6J strain, whereas a 12kb band was seen in the C3H/HeJ and DBA/2J strains 
(Figure 3.6). The strain distribution patterns (SDPs) of the D4H9S3E marker in the BXH 
and BXD RI lines are shown in Table 3.5. No differences were found in the 31 BXH and 
BXD RI strains tested between the SDPs for D4H9S3E and the viral insertion gene Pmv- 
30, which is known to map to MMU4 (Frankel et al., 1989; Table 3.5). The 95% 
confidence limits for this number of recombinants are 0.00-3.14cM (Silver, 1985).

H B
B X H

6 9
1 2 k b -
9 k b -

D
i 2 k b -  i p  

9 k b -

<

t 2 5 6&8 11 12
B X D  

15 16 19 22 24  25 27  2 8  29

Fig. 3.6 RFLVs used for typing D4H9S3E in the C57BL/6J (B), CSH/HeJ (H) and DBA/2J RI (D) 

strains. RI lines are indicated by their strain number.

BXH line 2 3 4 6 7 8 9 10 11 12 14 19
Pmv-30 B H B H H H B B H H B B
D4H9S3E B H B H H H B B H H B B

BXD line 1 2 5 6 8 11 12 15 16 18 19 22 24 25 27 28 29 31 32
Pmv-30 D B B B B B B B B B D D D. D B B B B B
D4H9S3E D B B B B B B B B B D D D D B B B B B

Table 3.5 SDPs of D4H9S3E in the BXH and BXD RI lines, together with the SDPs of Pmv-30, 
the nearest apparent marker. B=C57BL/6J, H=C3H/HeJ, D=DBA/2J.
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3.3.3.2.Ü Interspecific backcross analysis for markers mapping to MMU4.

20 markers from human chromosome 9 were found to map to mouse chromosome 
4 (MMU4). Mouse homologues of genes lying between 9pl3 and 9p23 were found to 
occur in two conserved syntenic groups, separated physically from each other by a portion 
of conserved synteny with human chromosome 9q (Figure 3.8; see discussion section 
3.4.2).

The number of mice carrying recombinant chromosomes from a total of 126 mice 
analysed for each pair of loci, based on minimising the number of double recombinants, is 
D4Nds4 - 2 - D4H9S3E - 2 - Irebp - 3 - (Galt, Cnifr) - 1 - Pax5 - 1- {Tmod, Xpa) - 5 - 
Aldo2 - 1 - Abel - 2 - Tall - 5 - (Lv, Orml, Ambp, Zfp37) - 2 - {Tnc, Pappa) - 5 - Tyrp - 
6 - {Ifa, CdJcnl) - 6 - Ak3. The pedigree analysis showing the recombinants for MMU4 in 
the AN cross is shown in Fig. 3.7.

The recombination distances between each pair of loci ± the standard error (in cM) 
are D4Nds4 - 1.6±1.1 - D4H9S3E - 1.6+1.1 - Irebp - 2.4+1.4 - {Galt, Cntfr) - 0.8±0.S - 
Pax5 - 0.8±0.8- {Tmod, Xpa) - 4.0+1.7 - Aldol - 0.8+0.8 - Abel  - 1.6±1.1 - Tall - 
4.0+1.7 - (Lv, Orml, Ambp, Zfp37) - 1.6+1.1 - {Tne, Pappa) - 4.0+1.7 - Tyrp - 4.8+1.9 
- {Ifa, Cdknl) - 4.8+1.9 - Ak3. No significant segregation distortion was seen at any of 
the loci examined (see section 3.3.3.4.i).

The linkage map of MMU4 with recombination frequencies produced by analysis of 
the AN backcross is shown in Figure 3.8.
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D4Nds4 □ ■  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □ ■ □ ■  □
D4H9S3E □ ■ □ ■  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □ ■ □ ■  □
Irebp □ ■ □ ■ □ ■  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □ ■ □ ■  □
Galt, Cnifr □ ■ □ ■ □ ■ □ ■  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □ ■ □ ■  □
Pax5 □ ■ □ ■ □ ■ □ ■ □ ■  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □ ■ □ ■  □
Tmod, Xpa □ ■ □ ■ □ ■ □ ■ □ ■ □ ■  ■ □  ■ □  ■ □  ■ □  ■ □  ■ □ ■ □ ■  □
Aldol □ ■ □ ■ □ ■ □ ■ □ ■ □ ■  □ ■  ■ □  ■ □  ■ □  ■ □  ■ □ ■ □ ■  □
Abel □ ■ □ ■ □ ■ □ ■ □ ■ □ ■  □ ■  □ ■  ■ □  ■ □  ■ □  ■ □ ■ □ ■  □
Tall □ ■ □ ■ □ ■ □ ■ □ ■ □ ■  □ ■  □ ■  □ ■  ■ □  ■ □  ■ □ ■ □ ■  □
Lv, Orml, Ambp, Zfp37 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■  □ ■  □ ■  □ ■  □ ■  ■ □  ■ □ ■ □ ■  □
Tnc, Pappa □ ■ □ ■ □ ■ □ ■ □ ■ □ ■  □ ■  □ ■  □ ■  □ ■  □ ■  ■ □ ■ □ ■  □
Tyrp □ ■ □ ■ □ ■ □ ■ □ ■ □ ■  □ ■  □ ■  □ ■  □ ■  □ ■  □ ■  ■ □ ■  □
Ifa, Cdknl □ ■ □ ■ □ ■ □ ■ □ ■ □ ■  □ ■  □ ■  □ ■  □ ■  □ ■  □ ■  □ ■  ■  □
Ak3 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■  □ ■  □ ■  □ ■  □ ■  □ ■  □ ■  □ ■  □  ■

45 40 1 1 1 2 1 1 0 1 1 0 2 3 0 1 0 2 1 4 1 1 4 1 0 6 3 3

Fig. 3.7 Pedigree analysis for markers mapping to MMU4 showing the recombinants found using the AN backcross

12] = AN g  = Mus spretus
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0 .8±0.8 
1.6± 1.1

4 .0± 1.7
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4 .0± 1.7
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D4H9S3E
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Galt Cntfr 
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Tmod, Xpa

Aldo2
A bcl
Tal2

9p21

9

9pl3
9pl3
9q22

9q22.3-q32
9q22-q31

9q31-q32

Lv, Orml, Ambp, Zfp37 9q32-q34, 9q32, 9q32-q33 
Tnc, Pappa 9q32-q33, 9q33.1

Tyrp 

I f  a, Cdkn2 

Ak3

9p23

9p21

9p24-pl3

Figure 3.8 The linkage map of MMU4 with recombination frequencies produced by analysis of 

the AN backcross. The recombination frequencies are expressed in cM. The figure in brackets 

represents the approximate distance of the most proximal marker {D4Nds4) from the centromere 

(taken from Abbott et ai, 1993).
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3.3.3.3 Markers mapping to mouse chromosome 13.

3 markers from HSA9q, Gcntl, Ctsl, and Face, were found to map to mouse 
chromosome 13 (MMU13) in 2 separate conserved syntenic groups separated physically by 
a portion of conserved synteny with human chromosome 5 (HSA5). Gcntl maps to the 
more proximal region whereas Ctsl and Face map to the more distal region. The 
assignment of Gcntl to MMU13 has defined a new region of homology between the long 
arm of human chromosome 9 and MMU13.

The number of mice carrying recombinant chromosomes from a total of 126 mice 
analysed for each pair of loci, based on minimising the number of double recombinants, is: 
D13Mitl7- 9 - D13MitS8 -1  - Gcntl - 2 - D13Mit34 - 9 - D13Mitl3 - 8 -Ctsl - 5 - Face - 
13 - D13Mit28 - 7 - D13Mit36 - 15 - D13MU32. The pedigree analysis showing the 
recombinants in the AN cross is shown in Fig. 3.9.

The recombination distances between each pair of loci ± the standard error (in cM) 
are D13Mitl7 - 7.1±2.3 - D13Mit38 - 5.6±2.0 - Gcntl - 1.6+1.1 - D13Mit34 - 7.1+2.3 - 
D13MU13 - 6.3±2.2 -Ctsl - 4.0+1.7 - Face - 10.3+2.7 - D13Mit28 - 5.6±2.0 - D13Mit36 - 
\\.9±2.9-D13Mit32.

The linkage map of MMU13 with recombination frequencies produced by analysis 
of the AN backcross is shown in Figure 3.10.
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D13MU17 □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □ □ □ ■ ■ ■
D13MÜ38 □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □ □ ■ ■
Gcntl □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ □ □ □
D13Mit34 □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ □ □ □
D13Mitl3 □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ □ □ □

Ctsl □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ ■ ■ □ □ □
Face □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ ■ ■ □ □ ■
D13Mit28 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ ■ ■ □ □ ■
D13Mit36 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ □ ■ ■ □ □ ■
D13Mit32 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □ □ ■ ■ ■

24 33 3 4 1 3 1 1 4 5 3 4 1 3 8 5 5 1 6 5 1 1 1 1 1 1

Fig. 3.9 Pedigree analysis for markers mapping to MMU13 showing the recombinants found using the AN backcross.

[21 = AN 00 = Mus spretus
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Figure 3.10 The linkage map of MMU13 with recombination frequencies produced by analysis 

of the AN backcross. The recombination frequencies are expressed in cM. The figure in brackets 

represents the approximate distance of the most proximal marker from the centromere (taken from 

Justice and Stephenson, 1994).
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3.3.3.3.Î. Segregation d istortion for m arkers m apping to mouse 
chromosome 13.

Segregation distortion is defined as a statistically significant difference in the 
transmission of two alleles at any locus from the normal Mendelian segregation ratio of 1:1. 
Segregation distortion was first observed in an interspecific backcross in N2 progeny of a 
cross of (C3H/HeHa x Mus spretus) F\ x M. spretus mice - a deficiency of N2 males 
carrying the intact C3H/HeHa X chromosome was found (Biddle, 1987). Distortion has 
been observed for portions of MMU2 (Siracusa gr aZ., 1989; Siracusa gr a/., 1991; 
Neumann, 1992; Rowe et al., 1994), MMU3 (Rowe et al., 1994), MMU4 (Ceci et al., 
1989), MMUlO (Justice et al, 1990; Rowe et a l,  1994), MMU12 (Seldin et a l,  1989), 
MMU13 (Rowe et al, 1994), and the X chromosome (Rowe et a l,  1994).

In this study of mouse chromosome 13, a visual inspection of the data for the 126 
progeny of the AN backcross revealed a difference in inheritance in favour of the Mus 
spretus allele in the region of the chromosome around the Face locus. The statistical 
significance of these observations was formally tested by chi-square (%%) analysis, to 
determine whether the segregation of alleles differed from the 1:1 ratio expected for normal 
Mendelian segregation.

The chi-square statistic (Schefler, 1969) used was:

= Z  [ I observed - expected I - 0.50p 

expected

where the 0.5 correction factor (Williamson's correction) was used because the number o f N 2 backcross 

progeny used in the analysis is less than 200, and the figure between I and I is taken as the absolute value 

o f observed - expected (i.e. if  the figure is negative the - sign is ignored).

Table 3.6 provides a tabulation of the data for MMU13 presented in the haplotype 
figure 3.9. The number of progeny carrying either the AN or Mus spretus allele and the 
results of the chi-square analysis are listed. To determine whether the differences in allelic 
inheritance were still observed if the nonrecombinant chromosomes were deleted from the 
analysis, the chi-square tests were performed on each of the values shown in Table 3.6 
minus the nonrecombinant chromosomes.
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Table 3.6 Chi-square analysis of the number of Ng progeny that inherited the AN or Mus spretus 

allele for the 10 loci mapping to mouse chromosome 13.

Locus ANH M u s

sp re tu s^

P

D13MU17 58 68 (164 0.50

57 69 0.96 0.50

Gcntl 56 70 1.34 (130
D13Mit34 56 70 1.34 (130
D13MU13 55 71 1.79 0.20

53 73 2.87 0.10

Face 50 76 4 ^ 6 0.050

53 73 2.87 0.10
D13Mit36 58 68 0.64 0.50

59 67 Œ39 0.70

Key

§

p

N u m b ers o f  m ic e  that inherited  the A N  a lle le

N u m b ers o f  m ic e  that inherited  the Mus spretus  a lle le

T h e va lu e  ob ta in ed  from  the ch i-sq u are an a ly sis  at 1 d eg ree  o f  freed om .

P rob ab ility  v a lu e  (P < 0 .0 5 0  is co n sid er ed  s ig n ific a n t) . S ig n ific a n t  v a lu e  is sh ad ed . (T ak en  from  

F ish er  and Y a tes , 1963).

When nonrecombinant chromosomes were included the data indicate that Face is 
the only locus that has a statistically significant value (p<0.05). When nonrecombinant 

chromosomes were not included the data indicate that there were no statistically significant 
values at any locus. These results suggest that certain types of recombinant 

chromosomes were inherited differently than nonrecombinant chromosomes. The 
distortion appears to increase to Face and then decrease along the chromosome length, 
suggesting a single locus in this region is driving the transmission of linked loci. A similar 
pattern of segregation distortion on MMU13 was seen by Rowe et a i, 1994.

Certain potential biological sources of distortions in allelic inheritance in 
interspecific backcrosses have been suggested (Siracusa et a i, 1991). These will be 
discussed in more detail in section 3.3.3.4.i.
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3.3.3.4 Markers mapping to mouse chromosome 19.

6 markers from human chromosome 9 were found to map to mouse chromosome 
19 (MMU19) in 2 separate syntenic groups. Mouse homologues of genes lying between 
9ql3 and 9q21 were found to occur in the more distal known region of homology. The 
mapping of three markers from 9p23-p24, {Slclal, Snf2l2, and Vldlr), to MMU19 has 
defined a new region of homology between the tip of the short arm of human chromosome 
9 and MMU19. The frequency of recombination between markers mapping to MMU19 
was found to be very high. 18 chromosomes with double recombination events and 8 
chromosomes with triple recombination events were found. Statistically significant 
segregation distortion was seen for the markers mapping to mouse chromosome 19, and 
this is described in section 3.3.3.4.i.

The number of mice carrying recombinant chromosomes from a total of 126 mice 
analysed for each pair of loci, based on minimising the number of double recombinants, is 
D19Mit29 - 1 1 -  D19Mit28 - 26 -Slclal - 1 - Vldlr - 6 - Snf2l2 - 4 - D19H9S743E - 10 - 
Aldhl - 20 - D19Mitl6 - 7 - Lpcl - 8 - D19Mitl2 - 3 - D19Mit4 - 19 - D19MUL The 
pedigree analysis showing the recombinants for MMU19 in the AN cross is shown in Fig. 
3.11.

The recombination distances between each pair of loci ± the standard error (in cM) 
are D19Mit29 - 8.7±2.5 - D19Mit28 - 20.6±3.6 -S lclal - 0.8±0.8 - Vldlr - 4.8+1.9 - 
Snf2l2 - 3.2+1.6 - D19H9S743E - 7.9±2.4 - Aldhl - 15.9±3.3 - D19Mitl6 - 5.6+2.0 - 
Lpcl - 6.3±2.2 - D19Mitl2 - 2.4±1.4 - D19Mit4 - 15.1+3.2 - D19Mitl.

The linkage map of MMU19 with recombination frequencies produced by analysis 
of the AN backcross is shown in Figure 3.12.
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D19MÜ29 □ ■  ■ □ ■ □
D19MU28 □ ■ □ ■  ■ □ ■ □
Slclal □ ■ □ ■ □ ■  ■ □ ■ □
Vldlr □ ■ □ ■ □ ■  ■ □  ■ □ ■ □
Snf2l2 □ ■ □ ■ □ ■ □ ■  ■ □  ■ □ ■ □
D 1 9 H 9 S 7 4 3 E ^ ■ □ ■ □ ■ □ ■  ■ □ ■ □
Aldhl □ ■ □ ■ □ ■ □ ■  ■ □ ■ □
D19MU16 □ ■ □ ■ □ ■ □ ■  ■ □ ■ □
Lpcl □ ■ □ ■ □ ■ □ ■  ■ □ ■ □
D19Mitl2 □ ■ □ ■ □ ■ □ ■  ■ □
D19MU4 □ ■ □ ■ □ ■ □ ■  ■ □
D19Mitl □ ■ □ ■ □ ■ □ ■

31 12 3 1 6 1 0 0 0 0 0 0 1 0 18 0 5 0 1 3 3 0 14 1

□□□□□□□□□□□ 
□□□□□□□ 

□□□□□□

□□□□□□

Fig. 3.11 Pedigree analysis for markers mapping to MMU19 showing the recombinants found using the AN backcross. 

12] =AN H  = Mus spretus
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Figure 3.12 The linkage map of MMU19 with recombination frequencies produced by analysis 

of the AN backcross. The recombination frequencies are expressed in cM. The figure in brackets 

represents the approximate distance of the most proximal marker from the centromere (taken from 

Guénet and Poirier, 1993).
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3.3.3.4.Î. Segregation D istortion for m arkers m apping to mouse 
chromosome 19.

In the study of the AN backcross, a visual inspection of the data for mouse 
chromosome 19 for the 126 progeny of the backcross revealed a difference in inheritance in 
favour of the Mus spretus allele in the proximal region of the chromosome, and in favour 
of the AN allele in the more distal region of the chromosome. Figure 3.13 shows a graph 
of the observed proportions of AN alleles that were inherited by the backcross progeny for 
the 12 loci on MMU19, showing how they deviate from the expected proportion of AN 
alleles assuming no segregation distortion.
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Figure 3.13 Graph of the observed proportions of AN alleles that were

inherited by the backcross progeny for the 12 loci on MMU19. The horizontal line

represents the expected proportion of AN alleles assuming no segregation 
distortion. A = N 2  females ■ =  N 2  males •  = total
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The statistical significance of these observations was formally tested by chi-square 
(%2) analysis (section 3.3.3.3.i; P<0.050 is considered significant). Table 3.7 provides a 

tabulation of the data for MMU19 presented in the haplotype figure 3.11. The number of 
progeny carrying either the AN or Mus spretus allele and the results of the chi-square 
analysis are listed. To determine whether the differences in allelic inheritance were still 
observed if the nonrecombinant chromosomes were deleted from the analysis, chi-square 
significance tests were performed and these results are also shown in Table 3.7.

Table 3.7 Chi-square analysis of the number of N2 progeny that inherited the AN or Mus spretus 

allele for the 12 loci mapping to mouse chromosome 19.

Locus A N I M us

spretus^

P X^(rec) P(rec)

D19Mit29 57 69 0.96 0.50 10.84 0.001
D19Mit28 54 72 2.29 0.20 15.61 0.001

S lc la l 50 76 4.96 0 0 5 0 23.33 0.001

51 75 4.20 0  C#0 2 21.25 0.001
5"M/2/2 49 77 5 ^ 9 # 0.<)%) 1 25.49 0.001

51 75 4.20 : 0 .050 ; 21.25 0.001

A ld h l 60 66 0.20 0.70 6.94 0.010

D 19M itl6 81 45 9 J 2 0.01 3.08 0.10

L pcl 88 38 19.06 0.001 10.84 0 001

D19M itl2 86 40 16.07 0.001 8.14 0.01

D19Mit4 89 37 2Œ64 0.001 12.34 0.001

D19M itl 106 20 57.34 0.001 52.48 0.001

Key
N u m b e rs o f  N% p ro g en y  that in h erited  the A N  a lle le  

§ N u m b e rs o f  N 2  p ro g en y  that in h erited  the Mus spretus  a lle le

T h e  va lu e  o b ta in ed  from  the ch i-sq u are a n a ly sis  at 1 d eg ree  o f  freed om .

X^(rec) T h e  v a lu e  ob ta in ed  from  the ch i-sq u a re  a n a ly sis  w ith  the n on -reco m b in a n t c h r o m o so m e s  d e le ted

from  the a n a ly sis  at 1 d eg ree  o f  freed om .

P  P rob ab ility  v a lu e  (P < 0 .0 5 0  is co n sid e r e d  s ig n if ica n t;  T ak en  from  F ish er  and Y a tes , 1 9 6 3 ).

P (rec) P rob ab ility  v a lu e  w ith  the n o n -reco m b in a n t c h r o m o so m e s  d e le te d  from  the a n a ly s is (P < 0 .0 5 0  is

con sid ered  sign ifican t)

S ig n ific a n t  p rob ab ility  v a lu es  are shaded .
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To determine whether the differences from normal Mendelian segregation were 
reflected to equivalent extents in N2 females and males, the chi-square analysis was 
performed on data for each sex separately. These data are presented in Table 3.8 together 
with the chi-square and P values for each data set.

Table 3.8 Chi-square analysis of the inheritance of AN and Mus spretus alleles for N2 females 

and males separately.

Locus
Females

A N ^  M u s  

s p re tu s  

§

P
Males

AN*JI M u s  

s p r e tu s  

§

X̂ P

34 33 0 (199 23 36 2.44 0.20
D19Mit26 33 34 0 0.99 21 38 4.34 0.050
Slclal 31 36 0.24 0.70 19 40 (178 0.010
Vldlr 31 36 0.24 0.70 20 39 5.49 0020

29 38 0.96 0.50 20 39 5.49 0.020

D/9//9:S743E 31 36 0.24 0.70 20 39 5.49 0.020
Aldhl 35 32 0.06 0.90 25 34 1.08 0.30

D19Mitl6 48 19 11.70 0.001 33 26 0.61 0.50

Lpcl 52 15 19.34 0.001 36 23 2.44 0.20

D19MÜ12 50 17 15.28 0.001 36 23 2.44 0.20

D19Mit4 51 16 17.25 0.001 37 21 3.32 0 10

D19Mitl 57 10 31.58 0.001 49 10 24.47 0.001

Key

§

p

N u m b ers o f  N 2  p r o g e n y  that in h erited  the A N  a lle le  

N u m b ers o f  N 2 p r o g e n y  that in h erited  the Mus spretus  a lle le  

T h e va lu e  ob ta in ed  from  the ch i-sq u are a n a ly sis  at 1 d eg ree  o f  freed om . 

P rob ability  va lu e  (P < 0 .0 5 0  is co n sid e r e d  s ig n if ic a n t)

S ig n ifica n t p rob ab ility  v a lu es are sh ad ed .
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Since the consensus linkage map of mouse chromosome 19 (MMU 19; Guénet and 
Poirier, 1993) shows the most proximal marker used in my study {D19MU29) maps 
approximately 4cM from the centromere and the most distal marker (D19Mitl) maps 
approximately 2cM from the distal telomere, this study of the AN backcross gives a picture 
of the transmission of alleles along the whole length of MMU 19.

When nonrecombinant chromosomes were included the data indicate that the loci 
from S lc la l  to D19H9S743E and D19M itl6  to D19Mitl show y }  values that are 

statistically significant at the p<0.05 level. Distortion involving the loci from Slclal  to 
D19H9S743E favours the Mus spretus allele, whereas distortion from D19M itl6  to 
D19MU1 favours the AN allele. The segregation distortion at the distal end of the 
chromosome at the D19Mitl locus is particularly pronounced. There are a vast excess of 
AN alleles inherited(106) as opposed to Mus spretus alleles (20).

When nonrecombinant chromosomes were not included the data indicate that the 
loci from D19MU29 to Aldhl and Lpcl to D19Mitl show differences that are statistically 
significant at the p<0.05 level. Again segregation distortion at the distal telomeric end of 
the chromosome at the D19MU1 locus is particularly pronounced. More loci show 
significant distortion when nonrecombinant chromosomes are deleted from the analysis. 
These results suggest that certain types of recombinant chromosomes were inherited 
differently than nonrecombinant chromosomes.

When the inheritance patterns for N% females and males were considered separately, 
a difference in allelic inheritance was seen between the sexes. N2 females show no 
segregation distortion in the D19Mit29 to Aldhl region, but show distortion in the more 
distal region only. Highly significant segregation distortion is seen from D19Mitl6 to 
D19MU1, which is particularly pronounced at the telomeric end of the chromosome. N2 

males show significant segregation distortion in the proximal region between
D19MU28 and D19H9S743E, and show distortion in the more distal region at the D19Mitl 
locus only.

Certain potential biological sources of distortions in allelic inheritance in 
interspecific backcrosses have been suggested (Siracusa et a l ,  1991). Segregation 
distortion in backcrosses must be due to effects occurring between meiosis in heterozygous 
Fi female parents and the death of their N2 progeny. Differences in allelic inheritance 
could be due to differential production or survival of oocytes, differential fertilisation 
efficiencies, or differential survival of N2 embryos.

The finding of differences in male and female segregation distortion in the more 
proximal region of the chromosome (from D19Mit28 and D19H9S743E ) suggests that 
distortion in this region occurs during or after fertilisation. The distortion seen could be
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due to effects in the reproductive tract of the Fi female parent, which may be jfavourable |to 
certain embryos carrying the Mus spretus allele, or may provide a selective disadvantage to 
homozygous AN embryos. Alternatively, the genotype of the embryo may affect its own 
survival during development.

It seems likely that distortion in the most distal region of the mouse chromosome 
19, around the D19Mitl locus, is due to differential production or survival of Fi oocytes as 
no differences in allelic inheritance were seen in males and females. In females, the loci 
D19Mitl6  to D19Mitl all have significant chi-square values suggesting that the effect 
causing distortion in this region occurs during or after fertilisation. It seems likely that the 
distortion effect in the more distal region of the chromosome is due to allelic interactions 
(favouring the AN allele), at a single locus at or near the telomere of the chromosome. The 
chi-square values are highly significant at the D19Mitl locus, which is located very close 
the telomere (Guénet and Poirier, 1993). The distal telomeric region of MMU 19 is 
homologous to the pseudoautosomal region of the human sex chromosomes. As the AN 
mice used in this study are deficient for the enzyme steroid sulphatase {Sts), which maps to 
the pseudoautosomal region of the X chromosome (Keitiges and Gartler, 1986; Nagamine 
et al., 1987) maybe there is some sort of mechanism whereby selection occurs causing 
differential production or survival of oocytes hemizygous for the AN allele.

Rochelle et al., (1992) produced a linkage map of mouse chromosome 19 by 
analysis of an (CBH/HeJ-g/i/ xMus spretus)F\ x C3H/HeJ-g/<i interspecific backcross. 
They used markers from the conserved syntenic regions between MMU 19 and human 
chromosomes 10 and 11. Their map spans 44.7cM of MMU 19 from Gst3 at the 
centromere, to Adrbl which maps approximately 6cM from the telomere (Guénet and 
Poirier, 1993). No segregation distortion was observed using their cross, and no multiple 
crossover events. Our cross involves the laboratory stock AN, which is maintained on a 
C3H background, essentially the same background as the C3H/HeJ-g/J mice used by 
Rochelle et al. The Mus spretus mice used were of a different origin from those used in the 
AN backcross.
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3.4 Discussion.

3.4.1 Comparison with linkage maps produced for human chromosome 9 
syntenic regions by other laboratories.

By comparison with other backcrosses mapping markers in the MMU2/HSA9q 
syntenic region (Birkenmeier et al., 1988; Siracusa et a l,  1990; reviewed in Siracusa and 
Abbott, 1994), there is a considerably lower rate of recombination between Spnal and He 
in the AN backcross than found previously. Whereas no recombinants were seen between 
Spna2 and Abl in the 126 mice of the AN backcross, Siracusa et a l  mapped Spna2 4.8cM 
proximal to Abl, and Birkenmeier et a l  mapped Spna2 1 IcM proximal to He. The reason 
for the low recombination rate in the AN backcross is not known. In each of the other 
studies the crosses used were (C57BL/6J x Mus spretus) Fi backcrossed to C57BL/6J, 
whereas in my study AN mice were used and Mus spretus of an origin different from those 
used by Siracusa et al. and Birkenmeier et al. Recombination rate has been shown to vary 
enormously depending on the genetic background of the Fi parent used in a particular 
backcross (Roderick and Hillyard, 1989; for example see Reeves et a l,  1990) and this may 
be an explanation for the discrepancy. The results of mapping the same markers in the 
Jackson interspecific backcrosses will be discussed in the next chapter. These backcrosses 
use C57BL/6J and Mus spretus mice of the same origin as those used by Siracusa et al. and 
Birkenmeier et al. Alternatively there may have been a deletion of some intervening 
sequence in this part of the chromosome of the Mus spretus animals used in the AN cross. 
Another possible explanation is that there is a small inversion in this region of the Mus 
spretus chromosome that is mapped in this study. It has been established that inversions 
suppress recombination, for example in the t haplotype region on mouse chromosome 17 
(Shin et a l,  1983; Hammer et al, 1989). However no other inversions in the Mus spretus 
genome have been reported (Copeland and Jenkins, 1991; Copeland et a l ,  1993). The 
more detailed mapping studies described in Chapter 4, involving the Jackson BSB and 
BSS interspecific backcrosses (Rowe et a l,  1994), and the London European Interspecific 
backcrosses (EUCIB; European Backcross Collaborative Group, 1994) discuss whether 
there is an inversion in this region of the Mus spretus chromosome.

Chan et a l ,  (1994) have also mapped markers in the MMU2/HSA9q syntenic 
region, namely C8g, Ptgds and Grp78. They found considerably different rates of 
recombination from those found in the AN backcross study. Whereas no recombinants 
were seen between C8g and Ptgds in the 126 mice of the AN backcross and a distance of 
5.6cM between (C8g, Ptgds) and Grp78 was obtained, Chan et a l  mapped C8g 18.75cM 
proximal to Ptgds, and Ptgds 3.57cM proximal to Grp78. The Ptgds - Grp78 distances 
are quite similar in the 2 crosses, but the C8g-Ptgds distance differs massively. The reason 
for the higher recombination rate in the study of Chan and co-workers is not known. They 
used(C57BL/6Pas x Mus spretus SEG/Pas) Fi backcrossed to C57BL/6Pas. Again use of
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a Mus spretus strain of different origin may be an explanation for the discrepancy. Mus 
spretus SEG/Pas is the strain used in the Paris European Interspecific backcrosses 
(EUCIB; European Backcross Collaborative Group, 1994) and so if the difference in 
recombination rate is due to use of this strain this will be discussed in the next chapter 
when the results of mapping the same markers in the Paris European Interspecific 
backcross will be described. In Chan and co-workers' paper the figure of the RFLVs used 
shows that their C8g probe obviously contains repetitive elements, and so it is possible that 
some typing errors may have occurred. They have mapped D2MU2, D2MU3 and Vim to 
exclude the possibility of mistyping, but as they have not included the data it is not possible 
to tell if this is the case.

Fleming et a l,  1993 in a study of the whirler deafness gene on mouse chromosome 
4 have mapped 3 of the same markers (Lv, Tyrp and Tnc) as I have used in the AN 
backcross comparative mapping study. Tnc was previously called Hxb (Pilz et al., 
1992b). Their backcross involved wi mice on a noninbred genetic background and Mus 
musculus castaneus. They mapped Tnc l.VcM distal to Lv, and Tyrp 5.1cM distal to Tnc. 
These figures are in good agreement with the distances of 1.6cM and 4.0cM found in the 
AN backcross study.

Conflicting data have been reported for the localisation of Orml on MMU4. 
Nadeau et a l,  1986 found Orml to be 8.7cM distal to Mup, Baumann and Berger (1985) 
estimated Orml to be 1 IcM distal to Mup and Bahary et al, 1991 mapped Orml only IcM 
distal to Mup. Although Mup has not been mapped in my comparative mapping study, the 
data support positioning Orml about IcM distal to Mup, since Orml was found to be 
5.6cM proximal to the reference locus Tyrpl, whereas the data of Nadeau et a l  also 
suggest Orml to be distal to Tyrpl. The reason for the discrepancy is not clear, but in the 
studies of Nadeau et a l  and Baumann and Berger, the Orm phenotype of the backcross 
progeny was determined by protein analysis, whereas in the other studies Orml was 
mapped by variation at the DNA level. It would be of interest to map Orml at the level of 
both protein and DNA in the same cross, as this would establish whether the same locus is 
being analysed in each case. However this will not be possible for most backcrosses, since 
in most cases (including the AN backcross) blood was not taken at the time the mice were 
sacrificed and DNA was prepared.

The frequency of recombination for markers mapping to MMU 19 in the AN 
backcross was found to be very high. The genetic distance obtained between D19Mit29 
and D19Mitl, 91.3cM, is significantly different from that shown on the consensus map of 
the chromosome, 44cM (Guénet and Poirier, 1993). 18 chromosomes with double 
recombination events and 8 chromosomes with triple recombination events were found. 
Yacou and co-workers (1991) found 2 chromosomes with double recombination events 
when they mapped 3 loci using 57 N2 progeny from a (C57BL/6 x Mus spretus)¥\ x
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C57BL/6 interspecific backcross, covering 37cM of MMU19. No segregation distortion 
was observed using this small cross. When typing the anchor loci for chromosome 19 in 
the 982 progeny of the European backcross, (European Backcross Collaborative Group, 
1994), 11 double recombinants were found between D19Mitl and Fth which maps near to 
centromere of MMU 19. No triple recombinants were found. Rochelle et a l ,  (1992) 
produced a linkage map of mouse chromosome 19 by analysis of 20 markers in an 
interspecific backcross of (C3H/HeJ-gW x Mus spretus)¥\ x C3H/HeJ-gM . Their map 
spans 44.7cM of MMU 19 from Gst3 at the centromere, to A drb l  which maps 
approximately 6cM from the telomere (Guénet and Poirier, 1993). No segregation 
distortion was observed using their cross, and no multiple crossover events. Our cross 
involves the laboratory stock AN, which is maintained on a C3H background, essentially 
the same background as the C3H/HeJ-gM mice used by Rochelle et ah Mus spretus mice 
used in the AN backcross were of a different origin from those used in all of the other 
backcrosses. Obviously the background of the mice used in the AN backcross affects the 
rate of recombination and causes the segregation distortion seen. These results indicate that 
interspecific backcrosses can only give an indication of distance, true distances between 
markers should be determined using physical mapping methods. It is known that smaller 
chromosomes have higher rates of meiotic reciprocal recombination than larger 
chromosomes (Morton, 1991; Kaback et a l ,  1992) and the small homologous 
pseudoautosomal region of the human X and Y chromosomes recombine with each other at 
extremely high rates (Cooke et a l ,  1985). This may explain why we see a higher rate of 
recombination than expected, especially in the more distal region of the chromosome, but it 
does not explain why our results are so different from those of Rochelle et al

3.4.2 C o lS a l  as a candidate gene for the s tu bby  (stb) mutation on mouse 
chromosome 2.

The Col5al gene has been mapped on MMU2 in the region of the stubby {stb) 
mutation, a recessive mutation that results in achondroplasia - homozygotes have a domed 
head and thick short tail, and adults have shorter heads, bodies, and legs than normal mice 
(Lane and Dickie, 1968). The collagens are a large family of extracellular matrix 
components responsible for maintaining the structure and integrity of connective tissue. 
Type V collagen is a fibrillar (or fibre forming) collagen and is expressed in man in many 
connective tissues (reviewed in Fessier and Fessier, 1987). Although pattern of expression 
of Col5al in the mouse has not been reported, the map position of the Col5al gene on 
MMU2 would suggest it as a possible candidate gene for the stb mutation. The stubby 
stock is not available in the U.K., and so B6C3/stb DNA was obtained from the Jackson 
Laboratory, U.S.A. In order to detect any changes in the Col5al gene in stb mice at the 
Southern blot level, 16 different restriction digests of stb and parental DNA were analysed 
using the Col5al probe described in Table 3.2. No differences were seen between stb and 
normal DNA (data not shown). As the probe used covers only 353bp of the 5516bp

124



Col5al coding sequence, differences in other regions of the gene will have been missed, 
although it seems likely that there are no major deletions or rearrangements of the ColSal 
gene in stb mice. Also it was not possible to study ColSal gene expression in B6C3/stb 
mice as RNA was not available. Therefore ColSal cannot be ruled out as a candidate gene 
for the stb mutation from my very limited Southern blot experiments. Although the 
genomic structure of ColSal is not known, the collagen genes are known to have very 
many exons (for example CoMal has 52 exons; Soininen et ai, 1989), and so sequencing 
of the ColSal gene in stb mice would be very difficult.

3.4.3. Regions where an evolutionary breakpoint has occurred on the 
ancestral chromosome before divergence of mouse and man.

The density of this genetic map has enabled this comparative mapping study to 
pinpoint a number of regions where an evolutionary breakpoint has occurred on the 
ancestral chromosome before divergence of mouse and man (see Fig. 3.14). For example, 
the human SNF2L2 gene maps to HSA9p23-p24 and TYRP maps to HSA9p23 (see Fig. 
3.14). Since Snf2l2 maps to MMU 19 and Tyrp maps to MMU4, this suggests that the 
ancestral chromosome split between Snf2l2 and Tyrp.

The genes for ALDHl and GCNTl both map to HSA9q21 (see Fig. 3.14). Since 
Aldhl maps to MMU 19 whilst Gcntl maps to MMU 13, a break has occurred in the region 
corresponding to HSA9q21.

Genes mapping to the proximal part of distal HSA9q (9q32-q33) map to MMU4 
whilst genes mapping to the distal portion of HSA9q (from 9q33-q34) map to MMU2. 
PAPPA and GSN both map to HSA9q33. As Pappa maps to MMU4 and Gsn maps to 
MMU2, this indicates a split has occurred in the region corresponding to HSA9q33.

There are 3 separate regions of homology between HSA9 and MMU4. Two 
regions of homology with the short arm of HSA9 are separated by a region of conserved 
synteny with HSA9q (Pilz et al., 1992b; see Figs. 3.8 and 3.14). D4H9S3E (the mouse 
homologue of D9S3) maps to the more proximal region of homology, whereas Ifa (the 
mouse homologue of IFNA) maps to the more distal region. Both of these genes map to 
HS A9p21 indicating an evolutionary breakpoint has occurred in this region. The simplest 
explanation by which the 3 segments of homology with HSA9 on MMU4 are related is that 
there has been an insertion / deletion event (2 regions of homology with HSA9p are 
interrupted by a region homologous with HSA9q), and an inversion with respect to the 
ancestral chromosome involving the more distal segment containing Tyrp and Ifa (see 
Fig.3.14). As TMOD, XPAC (the human homologue of Xpa) and FACC map to 
HSA9q22, and Tmod and Xpa map to MMU4 whilst Face maps to MMU 13, a split has 
occurred in the part of the ancestral chromosome corresponding to 9q22.
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Fig. 3 .1 4  Human chromosome 9 (see Table 3.1) aligned with syntenic regions of mouse chromosomes 2, 

4, 13 and 19. Disease genes mapping to HSA9 are shown on the left. Homologous mouse chromosomes are 

shown on the right. Centromeres of mouse chromosomes are shown by filled circles. Chromosomes 4 and 

19 are shown twice to make comparison easier. Regions where an evolutionary breakpoint has occurred on 

the ancestral chromosome before divergence of mouse and man are shown in red. Ifa, Lpc1, Lv, Aldo2, 

Tnc, He, and Spna2are the mouse homologues of IFNA, ANXl, ALAD, ALDOB, HXB, C5, and SPTAN1.
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3.4.4. A new region of conserved synteny is defined between human 
chromosome 9 and mouse chromosome 13.

3 markers from HSA9q Gcntl, Ctsl, and Face were found to map to mouse 
chromosome 13 (MMU 13) in 2 separate conserved syntenic groups separated physically by 
a portion of conserved synteny with human chromosome 5 (HSA5). Gcntl maps to the 
more proximal region of homology, whereas Ctsl and Face map to the more distal region. 
As Face maps to the known region of synteny between HSA9q and MMU 13 (Wevrick et 
al,  1993; reviewed in Justice and Stephenson, 1994), the assignment of Gcntl to MMU 13 
has defined a new region of homology between the long arm of human chromosome 9 and 
MMU13.

3.4.5. A new region of conserved synteny is defined between human 
chromosome 9 and mouse chromosome 19.

In this study 6 markers from human chromosome 9 were found to map to mouse 
chromosome 19 (MMU 19) in 2 separate syntenic groups. Mouse homologues of genes 
lying between 9ql3 and 9q21 were found to occur in the more distal known region of 
homology. The mapping of three markers from 9p23-p24, (Slclal, Snf2l2, and Vldlr) has 
defined a new region of homology between the tip of the short arm of human chromosome 
9 and MMU 19. Naggert and Mu, 1994 reported the assignment of gene for very low 
density lipoprotein receptor {Vldlr) to mouse chromosome 19, using the AXB and BXA 
recombinant inbred strains and a panel of 38 (A x B)Fi x A and 41 (A x B)Fi x B 
backcross mice. However as the gene was mapped with respect to anonymous 
microsatellite markers as opposed to genes with known human assignments, they assumed 
that Vldlr was part of the known conserved linkage segment between the long arm of 
human chromosome 9 and mouse chromosome 19. This is not the case, as my 
comparative mapping data shows that the 2 regions of homology between human 
chromosome 9 and mouse chromosome 19 are separated by a homology segment with 
mouse chromosome 4 (see Fig. 3.14).

3.4.6. Gene order on mouse chromosomes.

There are 3 separate regions of homology between HSA9 and MMU4. Two 
regions of homology with the short arm of HSA9 are separated by a region of conserved 
synteny with HSA9q. Gene order within the more proximal segment of homology 
between the short arm of HSA9 and MMU4 has been conserved. Gene order within the 
more distal segment of homology seems to have been conserved, although as AK3 has 
been assigned to a broad region of HSA9p (9p24-pl3) this cannot be assumed. Gene
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order within the segment of homology between the long arm of HSA9 and MMU4 has 
been conserved.

For MMU 19 it was thought that the order of loci relative to the centromere is 
inverted in one species with respect to the other. Although D9S743E (the human 
homologue of D19H9S743E ) has been mapped by neighbour analysis (i.e. comparison to 
other markers in the region) to HSA9ql3-q21, it has also been mapped by pulsed field gel 
electrophoresis lOOkb centromeric to D9S5 (Duclos et a l,  1994). As D9S5 maps to 9ql3, 
D19H9S743E must map to HSA9ql3 or above. The order of loci relative to the 
centromere therefore is not inverted in mouse with respect to man.

Relative to the centromere, the order of genes which map to the conserved segment 
between MMU2 and HSA9q is inverted in one species compared to the other (Fig. 3.14). 
There seems to be a discrepancy in gene order within a region of conserved synteny 
between HSA9 and the mouse genome involving a possible inversion of the Rxra and Dbh 
genes. This will be discussed in more detail following the analysis of the 26 markers 
mapping to this region of synteny in Jackson and European interspecific backcrosses in 
Chapter 4.

3.4.7. Extension of known regions of conserved synteny between human 
chromosome 9 and mouse chromosomes.

The assignment of D4H9S3E to MMU4, 4.0±1.7cM proximal to Galt has 
extended the known region of conserved synteny between the short arm of HSA9 and 
MMU4 towards the centromere of MMU4 and the telomere of HS A9p. The localisation of 
the Tmod and Xpa genes on MMU4, 10.3±2.7cM proximal to Lv, has extended the known 
region of conserved synteny between the long arm of HSA9 and MMU4 towards the 
centromere of both chromosomes. Additionally the assignment of the Ak3 4.8±1.9cM 
distal to Ifa, has extended the known region of conserved synteny between the short arm of 
HS A9 and MMU4 towards the telomere of MMU4.

The assignment of D19H9S743E gene on MMU 19, 7.9±2.4cM proximal to Aldhl 
has extended the known region of conserved synteny between the long arm of HSA9 and 
MMU 19 towards the centromere of both chromosomes.

3.4.8. Predictions regarding gene order on human chromosome 9 from  
mapping in the mouse.

In man certain predictions regarding gene order can be made from mapping in the
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mouse assuming gene order to be conserved (see Fig. 3.14). For example AK3 has been 
mapped to 9p24-pl3 (Povey et a l,  1976; Mohandas et a l,  1979). Since the mouse 
homologue of this gene {Ak3) maps telomeric to Ifa (the mouse homologue of IFNA) and 
Cdkn2 on MMU4, AK3 would be expected to map centromeric to IFNA and CDKN2, 
which map to 9p21 in man (see Fig. 3.14).

IREB1 has been assigned to HSA9 by analysis of somatic cell hybrids (Hentze et 
al,  1989), but has not been regionally assigned. The mouse homologue of IREB 1 {Irebp) 
maps between Galt / Cntfr and D4H9S3E. Since GALT and CNTFR map to 9pl3 and 
D9S3 maps to 9p21, IREBl would be expected to map between 9pl3 and 9p21.

Lv, Orml, Ambp, and Zfp37 have not been genetically separated in this study. As 
ORMl maps to 9q32, the human homologues of all of these markers would be expected to 
map very close to ORMl in the 9q32 region.

HXB has been mapped to 9q32-q34 (Gulcher et a l,  1990; Rocchi et a l,  1991) and 
PAPPA has been mapped to 9q33.1 (Silahtaroglu et a l,  1993). As Tnc (the mouse 
homologue of HXB) and Pappa have not been genetically separated in the mouse, HXB 
would be expected to map close to PAPPA on 9q33.

FPGS has been assigned to HSA9q (Jones and Kao, 1984; Walter et a l ,  1992), 
but has not been regionally assigned. Fpgs maps in a cluster of genes including Akl and 
Abl on mouse chromosome 2. The human homologues of all of the genes mapping in this 
cluster of genes have all been assigned to 9q34. It seems likely therefore that FPGS would 
be expected to map to 9q34 also. Recently Woodward et a l ,  (in press) have used 
fluorescence in situ hybridisation to show that a cosmid picked with a FPGS probe maps to 
9q34.1.

The human C8G gene has been mapped by PCR using flow-sorted translocation 
chromosomes to 9q22.3-q32 (Yuille et a l,  1992b). C8g would be expected to map to 
MMU4 using this human mapping information. The assignment of C8g to MMU2 
alongside GrinI is in conflict with this map position. Recently however Woodward et a l,  
(in press) have localised C8G and GRINI genomic clones distal to the 9T12 breakpoint on 
9q34.3 by fluorescence in situ hybridisation. This information supports the localisation of 
the mouse homologue of C8G {C8g) to the same position as GrinI.

There seems to be only a single discrepancy in gene order within a region of 
conserved synteny between HS A9 and the mouse genome involving a possible inversion of 
the Rxra and Dbh genes. This will be discussed in more detail following the analysis of the 
26 markers mapping to this region of synteny in Jackson and European interspecific 
backcrosses in Chapter 4. However, for the remainder of HSA9 gene order appears to
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have been conserved, enabling predictions to be made of the regional localisation of genes 
based on their easier and more accurate linkage mapping in the mouse. This will aid the 
search for the genes for cartilage-hair hypoplasia (CHH), Friedreich Ataxia (FRDA), 
Gorlin's Syndrome (NBCCS), multiple self-healing squamous epithelioma (ESSl), 
Fukuyama type muscular dystrophy (FCMD), and bladder and ovarian carcinoma genes on 
human chromosome 9.
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CHAPTER 4

DETAILED GENETIC LINKAGE ANALYSIS OF MOUSE 
CHROMOSOME 2 IN THE REGION OF HOMOLOGY WITH

HUMAN CHROMOSOME 9
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4,1 Introduction.

The distal long arm of human chromosome 9 (HS A9) is the subject of a number of 
intensive positional cloning efforts. The genes for tuberous sclerosis 1 (TSCl), torsion 
dystonia (DYTl), multiple self-healing squamous epithelioma (ESSl), Fukuyama type 
muscular dystrophy (FCMD), nevoid basal cell carcinoma syndrome (Gorlin syndrome, 
NBCCS) and a tumour suppressor gene involved in ovarian cancer all map to the 9q22- 
9q34 region (reviewed in Povey et al., 1994; see Chapter 1 Section 1.6.1). Mapping of 
this region of the human genome has been carried out by linkage analysis, and by the 
physical mapping using pulsed-field gel electrophoresis, fluorescence in situ hybridisation 
and PCR analysis of flow-sorted chromosomes with reciprocal translocations involving 
chromosome 9 (reviewed in Povey et a i ,  1994; see discussion section 4.4). As a 
complementary approach, and in order to investigate genome evolution, I have carried out a 
comparative mapping study involving this area of the human genome and the mouse 
genome. The results for analysis of this region in an interspecific backcross of 126 
progeny involving AN and Mus spretus were presented in Chapter 3. Two areas of 
homology have been identified: the proximal part of distal HSA9q shows conservation of 
synteny with mouse chromosome 4, and the distal portion of HSA9q (from 9q33-9q34) is 
syntenic with proximal mouse chromosome 2 (MMU2).

In the previous chapter, 26 markers from human chromosome 9 were mapped to 
the region of conserved synteny with mouse chromosome 2. Since very little 
recombination was observed using the AN backcross, it was not possible to deduce gene 
order for many of the markers. Therefore, the Jackson BSB and BSS interspecific 
backcrosses (Rowe et al., 1994), and the European Interspecific backcrosses (EUCIB; 
European Backcross Collaborative Group, 1994) were used to give higher resolution to 
order markers in this particular region further. These results are presented in this chapter. 
The aim of the present study is to develop detailed linkage maps of mouse chromosome 2 
that can be used to establish whether there has been conservation of gene order between 
HSA9q and MMU2. If this is found to be so, then the mouse gene map can have a 
predictive value for the human gene map, and vice-versa.

The mouse homologues of 26 genes mapping to distal HSA9q and proximal mouse 
chromosome 2 previously described in Chapter 3 were used. The markers used were the 
Abelson murine leukaemia viral oncogene homologue {Abl), adenylate kinase 1 {Akl), 
argininosuccinate synthetase 1 {Assl), ATP binding cassette 2 {Abc2), carboxyl ester 
lipase {Cel), procollagen typeV alphal {ColSal), haemolytic complement component 5 {He; 
the mouse homologue of C5), complement component 8 gamma polypeptide {C8g), the 
mouse homologue of D9S10E {D2H9S10E), the mouse homologue of D9S114E 
{D2H9S114E), the mouse homologue of D9S46E {D2H9S46E), dopamine p-hydroxylase
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{Dbh), endoglin {Eng), erythrocyte membrane protein band 7.2 {Epb7.2),
folylpolyglutamate synthase {Fpgs), gelsolin {Gsn), 78kDa glucose regulated protein 
{Grp78), N-methyl-D-aspartate glutamate receptor {GrinI), translocation-associated Notch 
{Drosophila) homologue 1 {Notchl), pre B-cell leukaemia transcription factor 3 {Pbx3), 
prostaglandin D2 synthase {Ptgds), retinoid X receptor a  subunit {Rxra), non-erythrocytic 
a-spectrin {Spna2; the mouse homologue of SPTANl), surfeit 1 {Surfl), and the vav 2 

oncogene {Vav2).

4.2 M aterials and  Methods.

4.2.1 Mice.
4.2.1.1 Jackson C57BL/6J (BSB) backcross.

DNA samples from this cross were obtained from the Jackson Laboratory. 
C57BL/6J females were crossed with Mus spretus males. Fi females were backcrossed to 
C57BL/6J males to produce 94 backcross progeny (as described in Rowe et at., 1994; Pilz 
et al, 1994).

4.2.1.2. Jackson Mus spretus (BSS) backcross.
DNA samples from this cross were also obtained from the Jackson Laboratory. 

C57BL/6J females were crossed with Mus spretus males. Fi females were backcrossed to 
Mus spretus males to produce 94 backcross progeny (as described in Rowe et al., 1994).

4.2.1.3. European Interspecific backcross (EUCIB).
This backcross was described in a publication by The European Backcross 

Collaborative Group (1994). Inbred C57BL/6 females were mated to Mus spretus males to 
produce fertile Fi females that were subsequently backcrossed to either C57BL/6 or Mus 
spretus males. Backcross progeny were derived at 2 locations; the MRC Clinical Research 
Centre, U.K. (called the "London" backcross in this chapter) and the Institut Pasteur, 
France (called the "Paris" backcross in this chapter). Mus spretus animals (SPR) used in 
London were from a closed colony that has not been systematically inbred. Mus spretus 
animals used in Paris were from the SEG/Pas colony that are moderately inbred following 
20 generations of brother-sister matings. The London backcross to C57BL/6 (the LB 
cross) produced 261 progeny, and to Mus spretus (the LS cross) produced 415 progeny. 
The Paris backcross to C57BL/6 (the PB cross) produced 181 progeny, and to Mus spretus 
(the PS cross) produced only 52 progeny, and so the PS backcross was not used further in 
this analysis.

The anchor loci for mouse chromosome 2, D2MU1, D2MU11, Illb and Acra4, were 
typed by myself and Dr Cathy Abbott. It is a condition of use of the EUCIB that once a
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® In addition DNA from all Mus spretus"  ̂ mice gave the same restriction fragment pattern as 
described in Chapter 3.

* see page 213a



marker of interest has been mapped to a particular region of a chromosome either by 
analysis in another backcross or by the typing of 50 random animals supplied by the 
HGMP Resource Centre, Hinxton Hall, only recombinants for that chromosomal region 
should be used in analysis of the EUCIB. As described in the previous chapter, all of the 
markers from the MMU2/HSA9q syntenic region mapped between DlMitl and D2Mitll. 
It was known from analysis of the AN backcross that another microsatellite marker, 
D2MU6, maps distal to D2Mitl but proximal to the MMU2/HSA9q syntenic region. The 
panel of D2Mitl - D2Mitll recombinants was typed for D2MU6, in order to reduce the 
number of recombinants to be typed in the EUCIB.

4.2.2 Probes typed by Southern blot analysis.
The cloned, RT-PCR derived and PCR derived probes used were as described in 

Tables 3.2. and 3.3 in the previous chapter. In addition Pax8 was mapped in each of these 
crosses. At the time of this study the human map location of PAX8 was not known. From 
the consensus map of MMU2 at the time of this study (Siracusa and Abbott, 1992) Pax8 
was expected to map to the MMU2/HSA9q region of homology, although at the time there 
was much debate about the position of the Pax8 gene in mouse, and so it was included in 
this analysis. Pax8 was found not to map to the MMU2/HSA9q syntenic region as the 
human homologue, PAX8 maps to HSA2 (see Chapter 7). The Pax8 probe was a l,976bp 
EcoRV insert in pBluescript, the gift of Prof. Peter Gruss.

4.2.3 Markers typed by direct PCR of mouse DNA.
PCR primers for D2Mit6 (Dietrich et a l ,  1992; Dietrich et a l ,  1994) were 

purchased from Research Genetics. After a dénaturation step of 95“C for 5 minutes and the 
addition of 1 unit of Taq polymerase (Advanced Biotechnologies), the PCR conditions 
were 94°C for 20 seconds, 55°C for 30 seconds, and 72°C for 30 seconds for 30 cycles. 
The PCR products were analysed in a 3% NuSieve agarose 1% Agarose gel (EMC 
Bioproducts), stained with ethidium bromide, and viewed under UV light.

4.3 Results.

4.3.1 Probes typed by Southern blot analysis.
RFLVs between the Jackson C57BL/6J and Mus spretus, and the European

Backcross C57BL/6 and Mus spretus animals were found with each of the 26 probes.
When used in Southern blot analysis, all probes gave the same restriction pattern using
DNA from C57BL/6J, C57BL/6 and AN mice with the enzymes listed in Table 3.4 in 

©
Chapter 3. The only exception was the C8g probe which showed no RFLV between DNA
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from the C57BL/6 and Paris Mus spretus {SEG/Pas) mice with all restriction enzymes 
tested, but did show a RFLV when used in the London backcross. The Pax8 probe 
revealed a PstI RFLV between the laboratory inbred strain and Mus spretus, producing 
bands of 3.6, 2.2 and l.Vkb in the laboratory strain and 4, 3.6 and 2.3kb in Mus spretus.

4.3.2 Analysis of each interspecific backcross.
4.3.2,1 Jackson C57BL/6J (BSB) backcross.

94 mice were analysed in this cross. The number of mice carrying recombinant 
chromosomes, based on minimising the number of double recombinants, are:- D2MU1 - 
16 - {Pax8, GrinI, Ptgds, C8g, Abc2, Notchl, Vav2, Dbh, Surfl, D2H9S10E) - 1 - 
{D2H9S114E, ColSal, Rxra, Cel) - 1 - Spna2 - 2 - {Abl, D2H9S46E, Assl) - 1 - {Akl, 
Fpgs, Eng, Grp78, Pbx3, Epb7.2, He, Gsn, Ggtal) - 20 - Acra. The pedigree analysis 
showing the recombinants in this cross is shown in Fig. 4.1.

The recombination distances ± standard error obtained (in cM) are:
D2M itl - 17.0+3.9 - {Pax8, GrinI, Ptgds, C8g, Abc2, Notchl, Vav2, Dbh, Surfl, 
D2H9S10E) - 1.1±1.1 - {D2H9S114E, ColSal, Rxra, Cel) - 1.1±1.1 - Spna2 - 2.1+1.5 - 
{Abl, D2H9S46E, Assl) - 1.1±1.1 - {Akl, Fpgs, Eng, Grp78, PbxS, Epb7.2, He, Gsn, 
Ggtal) - 21.3±4.2 - Acra.

The linkage map of proximal mouse chromosome 2 with recombination frequencies 
produced by analysis of the Jackson C57BL/6J backcross is shown in Figure 4.2.

4.3.2.2 Jackson Mus spretus (BSS) backcross.
94 mice were analysed in this cross. The number of mice carrying recombinant 

chromosomes, based on minimising the number of double recombinants, are:- 
D2Mitl - 13 - {Pax8, GrinI, Ptgds, C8g, Abc2) - 2 - (Notchl, Vav2, Dbh, Surfl, 
D2H9S10E, D2H9S114E, ColSal, Rxra, Cel, Spna2 ) - 1 - {Abl, D2H9S46E, Assl, Akl, 
Fpgs, Eng, Grp78, Pbx3, Epb7.2, He, Gsn, Ggtal) - 18 - Acra. The pedigree analysis 
showing the recombinants in this cross is shown in Fig. 4.3.

The recombination distances ± standard error obtained (in cM) are: D2MU1 - 
13.8+3.6 - {Pax8, GrinI, Ptgds, C8g, Abc2) - 2.1+1.5 - {Notchl, Vav2, Dbh, Surfl, 
D2H9S10E,D2H9S114E, ColSal, Rxra, Cel, Spna2) - 1.1±1.1 - {Abl, D2H9S46E, 
Assl, Akl, Fpgs, Eng, Grp78, PbxS, Epb7.2, He, Gsn, Ggtal) - 19.1+4.1 - Acra.

The linkage map of proximal mouse chromosome 2 with recombination frequencies 
produced by analysis of the Jackson Mus spretus backcross is shown in Figure 4.4.
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DlMitl □

Pax8, GrinI, Ptgds, C8g, Abc2, Notchl, Vav2, Dbh, Surfl, D2H9S10E
U) D2H9S114E, ColSal, Rxra, Cel 

Spna2 

Abl, D2H9S46E, Assl

Akl, Fpgs, Eng, Grp78, Pbx3, Epb7.2, He, Gsn, Ggtal
Acra

□□□□□

■□■□■□■□■□■□□□a
□ B B D B D B D B D B D B D n
□ B D B B D B D B n B D B D D
□ B D B D B B D B D B D B D D
□ B n B n B D B B D B D B B D
□ B D B D B D B D B B D B B D
□ B D B D B n B n B D B n n B

22 35 6 7 1  0 0 1  0 1  0 1  5 12 1 1 1

Fig. 4.1 Pedigree analysis for markers mapping to MMU2 showing the recombinants found using the Jackson C57BL/6J backcross
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Centromere

D IST A N C E . 
(cM ) I

17.0+3.9

1.1±1.1

1.1±1.1

2.1+1.5

1.1±1.1

21.3+4.2

-  DlMitl

•Pax8, GrinI, Ptgds, C8g, Abel, Notchl, Vavl, Dbh, Surfl, D2H9S10E
■D2H9S114E, Col5al, Rxra, Cel
Spnal

■Abl, D2H9S46E, Assl
-Akl, Fpgs, Eng, Grp78, Pbx3, Epb7.2, He, Gsn, Ggtal

-  Acra

I
I
I

Telomere

Figure 4.2 The linkage map of MMU2 with recombination frequencies produced by analysis of 

the Jackson C57BL76J (BSB) backcross. The recombination frequencies are expressed in cM.
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00

DlMitl □ ■ □ ■
Pox8, GrinI, Ptgds, C8g, Abel ■ ■ □ ■

Notchl, Vavl, Dbh, Surfl, D1H9S10E, D1H9S114E, ColSal, Rxra, Cel, Spnal ■ □ ■ ■
Abl, D1H9S46E, Assl, Akl, Fpgs, Eng, Grp78, Pbx3, Epb7.1, He, Gsn, Ggtal ■ □ ■ □

Acra ■ □ ■ □

37 23 8 5 1 1 0 10 8

Fig. 4.3 Pedigree analysis for markers mapping to MMU2 showing the recombinants found In the Jackson Mus spretus backcross
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Centromere
D IST A N C E  

(cM ) A

— DlMitl

13.8±3.6

2.1±1.5

19.1+4.1

—Pax8, GrinI, Ptgds, C8g, Abel
—N otchl, Vavl, Dbh, Surfl, D2H9S10E, D2H9S114E, ColSal, Rxra, Cel, S pn al 

~  Abl, D2H9S46E, A ssl, A kl, Fpgs, Eng, Grp78, Pbx3, EpbV.l, He, Gsn, G gta l

— Acra

I
I
I

Telomere

Figure 4.4 The linkage map of MMU2 with recombination frequencies produced by analysis of 

the Jackson Mus spretus (BSS) backcross. The recombination frequencies are expressed in cM.
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4.3.2.3 European Interspecific London C57BL/6J backcross (EUCIB LB
c ro s s ) ,

59 D2Mit6 - D2Mitll recombinants were analysed for this cross. The number of 
mice carrying recombinant chromosomes, based on minimising the number of double 
recombinants, are:- D2Mit6 - 4 - Pax8 - 1 - (GrinI, C8g) - 1 - (Abc2, Ptgds) - 3 - 
(Notchl, Vav2, Dbh, Surfl, D2H9S10E) - 1 - (D2H9S114E) - 1 - (Rxra, Col5al) - 1 - 
Cel - 1 - Spna2 - 1 - Assl - 1 - (Abl, D2H9S46E, Fpgs, Eng, Akl) - 1 - Pbx3 - 1 - Grp78 
- 1 - (He, Epb7.2) - 2 - Gsn - 1 - Ggtal - 40 - D2Mitll. The pedigree analysis showing 
the recombinants found in this region of MMU2 using this cross is shown in Fig. 4.5.

The recombination distances ± standard error obtained (in cM) are: D2Mit6 - 
1.53+0.76 - Pax8 - 0.38+0.38 - (GrinI, C8g) - 0 .38+0.38 - (Abc2, Ptgds) - 1.15±0.66 - 

(Notchl, Vav2, Dbh, Surfl, D2H9S10E) - 0 .38+0.38 - D2H9S114E - 0 .38+0.38 - (Rxra, 
ColSal) - 0 .38+0.38 - Cel - 0 .38±0.38 - Spna2 - 0 .38+0.38 - Assl - 0 .38+0.38 - (Abl, 
D2H9S46E, Fpgs, Eng, Akl) - 0 .38±0.38 - Pbx3 - 0 .38+0.38 - Grp78 - 0 .38±0.38  - 

(He, Epb7.2) - 0.77+0.54 - Gsn - 0.38+0.38 - Ggtal - 15.32±2.23 - D2MitlL

The linkage map of proximal mouse chromosome 2 with recombination frequencies 
produced by analysis of the EUCIB LB backcross is shown in Figure 4.6.

4.3.2.4 European Interspecific London Mus spretus backcross (EUCIB LS 
c ro s s ) .

94 D2MU6 - D2Mitll recombinants were analysed for this cross. The number of 
mice carrying recombinant chromosomes, based on minimising the number of double 
recombinants, are:- D2Mit6 - 2 - Pax8 - 2 - GrinI - 1 - (C8g, Abc2) - 1 - Ptgds - 9 - 
(Notchl, Vav2) - 1 - (Dbh, Surfl, D2H9S10E) - 1 - (D2H9S114E, Rxra, ColSal, Cel )- 3
- (Spna2, Assl, Abl, D2H9S46E) - 1 - (Fpgs, Eng) - 1 -(Akl, Pbx3, Grp78 ) - 2 - H c - \ -  
Epb7.2 - 1 - Gsn - 2 - Ggtal - 68 - D 2 M itll .  The pedigree analysis showing the 
recombinants found in this region of MMU2 using this cross is shown in Fig. 4.7.

The recombination distances + standard error obtained (in cM) are:
D2Mit6 - 0.48+0.34 - Pax8 - 0.48+0.34 - GrinI - 0.24+0.24 - (C8g, Abc2) - 0.24±0.24 - 
Ptgds - 2.17+0.71 - (Notchl, Vav2) - 0.24+0.24 - (Dbh, Surfl, D2H9S10E) - 0.24+0.24
- (D2H9S114E,Rxra, ColSal, Cel )- 0.72±0.42 - (Spna2, A s s l , Abl, D2H9S46E) - 
0.24±0.24 - (Fpgs, Eng) - 0.24+0.24 -(Akl, Pbx3, Grp78 )- 0.48±0.34 - He - 0.24±0.24
- Epb7.2 - 0.24+0.24 - Gsn - 0.48±0.34 - Ggtal - 16.39±1.82 - D2Mitll.

The linkage map of proximal mouse chromosome 2 with recombination frequencies 
produced by analysis of the EUCIB LS backcross is shown in Figure 4.8.
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D2MU6 m □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □
Pax8 □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □

GrinI, C8g □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■□ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■
Abc2, Ptgds □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■□ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □

Notchl, Vav2, Dbh, Surfl, D2H9S10E □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □
D2H9S114E □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □

Rxra, ColSal □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □
Cel □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □

Spna2 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □
Assl □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □

D2H9S46E, Abl, Fpgs, Eng, A k l □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■

Pbx3 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■

Grp78 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■
He, Epb7.2 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■

Gsn □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■
Ggtal □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■

D2Mitll □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■

1 3 0 0 0 0 2 1 1 0 0 1 0 1 1 0 1 0 0 0 1 0 1 0 0 1 1 1 1 0 21 19 1

Fig. 4.5 Pedigree analysis for markers mapping to MMU2 showing recombinants found using the EUCIB LB cross
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î
1.53+0.76

0.38+0.38

0.38+0.38

1.15+0.66

0.38+0.38

0.38+0.38
0.38+0.38
0.38+0.38
0.38+0.38

0.38+0.38

0.38+0.38
0.38+0.38
0.38+0.38

0.77+0.54

0.38+0.38

15.32+2.23

-D2Mit6

Pax8
GrinI, C8g 
Abc2, Ptgds

■Notchl, Vav2, Dbh, Surfl, D2H9S10E 
■D2H9S114E 
Rxra, ColSal 

■Cel 
■ Spna2 
‘Assl
■D2H9S46E, Abl, Fpgs, Eng, Akl
■Pbx3
■Grp78
■Hc, Epb7.2

■ Gsn 
• Ggtal

-D 2M îtll

I 
I

Figure 4.6 The linkage map of MMU2 with recombination frequencies produced by analysis of

the EUCIB LB backcross. The recombination frequencies are expressed in cM.
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D2MU6 ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■
Pax8 □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■
GrinI □ ■ □ ■ ■ □ ■ □ ■ n ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■

C8g, Abc2 □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ n ■
Ptgds □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■

Notchl, Vav2 □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □
Dbh, Surfl, D2H9S10E □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □

D2H9S114E, Rxra, Col5al, Cel □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □
D2H9S46E, Abl, Spna2, Assl □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □

Fpgs, Eng □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □
Akl, Pbx3, Grp78 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■

Hc □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■
Epb7.2 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■
Gsn □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ □

Ggtal □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ □
D2Mitll □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □

2 0 2 0 0 1 0 1 3 5 1 0 0 1 3 0 1 0 0 0 2 0 1 0 0 0 1 1 38 30 1

Fig. 4.7 Pedigree analysis for markers mapping to MMU2 showing recombinants found using the EUCIB LS backcross
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-  D2Mit6

0.48+0.34

- Pax8
0.48+0.34

0.24+0.24

0.24±0.24

-  GrinI
- C8g, Abc2
-  Ptgds

2.17+0.71

0.24+0.24
0.24+0.24

- Notchl, Vav2
-Dbh, Surfl, D2H9S10E
-D2H9S114E, Rxra, ColSal, Cel

0.72+0.42

0 94+0 94 -  Spna2, D2H9S46E, Abl, Assl
0.24+0.24 -  Fpgs, Eng 

-A kl, Pbx3, Grp78
0.4810.34

0.24+0.24
0.24+0.24

-He
-Epb7.2
-Gsn

0.48+0.34
-Ggtal

16.3911.82

11
-D2M itll

1
Figure 4.8 The linkage map of MMU2 with recombination frequencies produced by analysis of

the EUCIB LS backcross. The recombination frequencies are expressed in cM.
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4.3.2.5 European Interspecific Paris C57BL/6J backcross (EUCIB PB
cross),

42 D2Mit6 - D2Mitll recombinants were analysed for this cross. The number of 
mice carrying recombinant chromosomes, based on minimising the number of double 
recombinants, are:-
D2Mit6  - 2 - Pax8 - 1 - {GrinI, Abc2, Ptgds) - 2 - Notchl - 1 - {Vav2, Dbh, Surfl, 
D2H9S10E) - 1 - {D2H9S114E, Rxra, Col5al, Cel ) - 1 - Spna2 - 2 - (Assl, Abl, 
D2H9S46E, Fpgs) - 1 - {Eng, Akl) - 1 - {Pbx3, Grp78, Hc, Epb7.2, Gsn) - 1 - Ggtal - 
29 - D2MitlL  The pedigree analysis showing the recombinants found in this region of 
MMU2 using this cross is shown in Fig. 4.9.

The recombination distances ± standard error obtained (in cM) are:
D2Mit6 - 1.10±0.78 - Pax8 - 0.55±0.55 - {GrinI, Abc2, Ptgds) - 1.10+0.78 - Notchl - 
0.55+0.55 - {Vav2, Dbh, Surfl, D2H9S10E) - 0.55±0.55 - {D2H9S114E, Rxra, ColSal, 
Cel ) - 0.55+0.55 - Spna2 - 1.10±0.78 - {Assl, Abl, D2H9S46E, Fpgs) - 0.55+0.55 - 
{Eng, Akl) - 0.55±0.55 - {Pbx3, Grp78, Hc, Epb7.2, Gsn) - 0.55±0.55 - G gtal - 
16.02±3.1S-D2MitlL

The linkage map of proximal mouse chromosome 2 with recombination frequencies 
produced by analysis of the EUCIB PB backcross is shown in Figure 4.10.
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cn

D2Mit6 ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
Pax8 □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □

GrinI, Ptgds, Abc2 □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
Notchl □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □

Vav2, Dbh, Surfl, D2H9S10E □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
D2H9S114E, Rxra, Col5al, Cel □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □

Spna2 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □
Assl, D2H9S46E, Abl, Fpgs □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □

Eng, Akl □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □
Pbx3, Grp78, Hc, Epb7.2, Gsn □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □

Ggtal □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □
D2Mitll □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■
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Fig. 4.9 Pedigree analysis for markers mapping) to 1VIMU2 showing recombinants found ijsing the EUCIB PB backcross
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Figure 4.10 The linkage map of MMU2 with recombination frequencies produced by analysis of

the EUCIB PB backcross. The recombination frequencies are expressed in cM.
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4.2.4 Probes whose mapping on MMU2 is in conflict with their human 
map location.

The map position of certain probes used in this study {Spna2, Assl, Col5al, Rxra 
and D2H9S114E) was not consistent with their human map location (see discussion section
4.4). To show that the RFLVs used to map the Spna2, Assl and D2H9S114E probes 
were unambiguous, they are shown here in Fig. 4.11 (the RFLVs for Col5al and Rxra are 
shown in Fig. 3.1 in the previous chapter).

Assl Spnal D2H9S114E

L S LS L S LS L S LS

i o-

2.5-

1.6 -

2 .8 - - -  r -*  »

Bglll BamHI Bglll

Fig. 4.11 RFLVs between the laboratory strain (in this case C57BL/6J) and Mus spretus 
revealed by the Ass1, Spna2 and D2H9S114E probes used for analysis of the AN, Jackson and 

EUCIB backcrosses.

L = restriction fragment pattern seen in laboratory mice; S = pattern seen in Mus spretus;
LS = pattern seen in (laboratory strain x Mus spretus) Fi heterozygote. Fragment sizes given are 

in kb.
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4A Discussion.

4.4.1 Comparison with linkage maps produced for MMU2/HSA9q syntenic 
regions by other laboratories.

As discussed in Chapter 3, a lower rate of recombination was found between Spnal 
and He using the Harwell AN backcross than found by other laboratories previously 
(Birkenmeier et aL, 1988; Siracusa et al, 1990; reviewed in Siracusa and Abbott, 1994). 
Whereas a distance of 1.6cM was found between Spna2 and He in the analysis the 126 
mice of the AN backcross, Siracusa et al mapped Spnal 9.5cM proximal to He, and 
Birkenmeier et al mapped Spnal 11 cM proximal to He. All 3 of these crosses involve 
(laboratory strain x Mus spretus) Fi animals backcrossed to the laboratory strain. Genetic 
distances found between Spnal and He in the Jackson BSB, EUCIB LB and EUCIB PB 
backcrosses were 3.2cM, 1.9cM and 2.2cM respectively. These distances are all similar to 
the distance found in the AN cross, and are less than found by Birkenmeier et a l  and 
Siracusa et al As the background of the mice used in the Jackson backcross is exactly the 
same as those used by Birkenmeier et al. and Siracusa et a l,  the differences in 
recombination distances found between the crosses cannot be explained by differences in 
genetic background. Additionally as gene order was consistent in all crosses, there is no 
suppression of recombination due to an inversion in the Mus spretus chromosome in this 
region. These results show that genetic mapping using interspecific backcross can only 
give an indication of distance between markers, true distances between markers should be 
determined by physical mapping techniques. However the gene order determined by 
linkage mapping in large interspecific backcrosses can be considered to be accurate.

4.4.2 Gene order on mouse chromosome 2.
Several genes showed no recombination in the AN backcross and were clustered in 

groups, and so it was not possible to deduce gene order for these genes. Analysis of 
recombination found in the Jackson and EUCIB backcrosses in this study has enabled the 
gene order to be determined for several of these genes. A consensus gene order was 
deduced by combining the data for the Jackson and EUCIB backcrosses together with the 
Harwell AN backcross (Chapter 3), and this is shown in a consensus linkage map in Fig. 
4.12. The consensus gene order produced was D1MU6 - Pax8 - Grinl - C8g - Abel - 
Ptgds - Notehl - Vavl - {Dbh, Surfl, D1H9S10E) - D1H9SÎ14E - (Rxra, ColSal)- Cel - 
Spnal - Assl - {D1H9S46E, Abl) - Fpgs - Eng - AkI - Pbx3 - Grp78 -He - EpbJ.l - Gsn 
- Ggtal - DlMitll. A gene order was deduced for 19 genes. The only genes which were 
not genetically separated were {Dbh, Surf, D1H9S10E), {Rxra, ColSal), and {D1H9S46E, 
Abl).
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Fig. 4.12 The consensus linkage map of the MMU2/HSA9q syntenic region derived by 

combining the data from the Harwell AN, the Jackson BSB and BBS, and the EUCIB LB, LS and 

PB backcrosses.

150



4.4.3 Comparison of gene distances found for the MMU2/HSA9q syntenic 
region with each interspecific backcross.

The consensus linkage map of the MMU2/HS A9q syntenic region produced in this 
study (Fig. 4.12) shows that the most proximal marker mapped to the syntenic region is 
Grinl and the most distal marker is Ggtal. The genetic distances between these 2 markers 
were compared for each individual backcross. These results are shown in Table 4.1.

The genetic distances found between Grinl and Ggtal in each individual cross are 
in good agreement, between 5.3 and 6.3cM. An exception is the Jackson BSS cross where 
the distance found was less, but not significantly so.

Backcross

G rin l  - G g ta l  
genetic distance  
(cM)

AN 6.3±2.2

Jackson BSB 5.3+2.3

Jackson BSS 3.2+1.8

EUCIB LB 6.1+1.5

EUCIB LS 5.8+1.1

EUCIB PB 5.5+1.7

Table 4.1 Comparison of Grinl - Ggtal genetic distances for each 

individual backcross. Distances are expressed in cM ± the standard error.

4.4.4 Comparison of gene order on mouse chromosome 2 and human 
chromosome 9q.

The consensus gene order for MMU2 is shown in comparison with the consensus 
gene order for human (taken from Povey et a l,  1994; Woodward et a l,  in press; Nahmias 
et a l ,  in press) in Figure 4.13. The conserved segment between MMU2 and HSA9q is 
inverted in one species compared to the other. Within the segment the gene order is the 
same except for 2 small groups of loci, {ColSal, Rxra, and D2H9S114E\ the mouse 
homologues of COL5A1, RXRA and D9S114E), and {Spnal andA s'jJ; the mouse 
homologues of SPTANl and ASS).
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Fig. 4.13 The consensus linkage map derived by combining the data from the Jackson 

BSB and BSS, and the EUCIB LB, LS and PB backcrosses (left) compared to the 

consensus map of human chromosome 9q33-9qter (taken from Povey et at, 1994; 

Woodward at a/., in press; Nahmias at at, in press). The orientation of the human 

chromosome has been inverted to make comparison with MMU2 easier.
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The consensus linkage map of human chromosome 9 (Povey et a l ,  1994) shows 
that SPTANl and AKI are closely linked, as physical mapping studies using pulsed field 
gel electrophoresis have located the SPTANl and AKI genes on the same 1.4Mb Clal 
fragment (Harris et a l,  1993). In addition the human SPTANl gene was mapped in 
relation to the AKI, ABL and DBH genes by hybridisation to dot blots of flow sorted 
chromosomes derived from a panel of cell lines with chromosome 9 translocations (Zhou et 
al,  1992), and has also been mapped proximal to the Philadelphia breakpoint in 9q34 by 
fluorescence in situ hybridisation, suggesting that SPTANl is centromeric of ABL 
(Upender et a l ,  1994). ASSl has also been mapped proximal to the Philadelphia 
breakpoint by fluorescence in situ hybridisation (FISH), localising it centromeric to ABL 
(Woodward et a l,  in press). Woodward et al,  also used FISH to show that RXRA and 
COL5A1 map distal to NOTCH 1 on HSA9q34.3. Zhou et a l  mapped RXRA distal to 
DBH in the dot blot study mentioned above.

The data reported in this chapter show that in mouse Spnal and Assl map proximal 
to AM, and Rxra, ColSal and D2H9S114E map distal to Dbh. These differences between 
the mouse and human gene maps probably indicate real evolutionary differences, although 
the possibility of errors in mapping cannot be excluded. For the mouse, there is a 
considerable degree of confidence in the proposed gene order of Spnal in relation to Abl 
and He as it has been derived from five independent crosses in which all three loci have 
been mapped. No recombinants were seen between Assl and Abl by Siracusa et al 
(1990). In addition the order of genes found using the AN, Jackson and EUCIB 
backcrosses are all consistent, indicating that the gene order for mouse is likely to be 
accurate. If both maps are an accurate reflection of gene order in the two species, then the 
simplest explanation of the evolutionary change would be that there have been two 
inversions (in mouse with respect to human or vice versa) within the syntenic group. One 
inversion involves the segment of DNA containing the RXRA, COL5A1 and D9S114E 
genes and the segment containing the DBH, VAV2 and D9S10E genes, and the other 
inversion involves the segment of DNA containing the SPTANl and ASS genes and the 
segment containing the ABL and D9S46E genes (see Fig. 4.13).

It would be of interest to establish the precise organisation of this region in man and 
mouse by detailed physical mapping. At least 3 projects are underway to clone 9q34, the 
entire target area for TSCl, into cosmid contigs prior to gene isolation studies (Murrell et 
a l,  1995; Zhou et a l,  1995; Nahmias et a l,  in press). The next chapter describes the 
physical mapping using pulsed field gel electrophoresis (PFGE) of the 26 markers mapped 
to the MMU2/HSA9q syntenic region, in order to determine whether the genes which have 
been shown to be closely linked genetically are also linked physically.

In areas where there are differences in gene order between the human and mouse

153



maps I have attempted to resolve the discrepancies between the maps to determine whether 
the differences in gene order are due to artefacts or real rearrangements (most of the human 
mapping data mentioned above has only recently become available). This has involved 
isolation of cosmids and screening for dinucleotide repeats in order to map the human 
SPTANl genetically, as well as mapping the SPTANl cosmids by physical means, such as 
fluorescence in situ hybridisation, cosmid contig assembly and analysis of human/rodent 
somatic cell hybrids. These results are discussed in Chapter 6. As nail patella syndrome, 
idiopathic torsion dystonia, and tuberous sclerosis (NPSl, DYTl and TSCl) all map to the 
region of HS A9 where differences in gene order appear to occur, it is not possible to use 
information from the mouse to predict gene order in man in the region of HS A9 containing 
these genes with any certainty.
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C H A PTER  5

PH Y SIC A L A N A LY SIS OF 26 G ENES FR O M  TH E M O U SE  
CH R O M O SO M E 2 /  H UM AN C H R O M O SO M E 9q SY N TEN IC  

R E G IO N  U SIN G  PU LSED  FIELD  G EL E L E C T R O PH O R E SIS.
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5.1 Introduction.

This chapter describes physical mapping of the 26 markers mapped to the 
MMU2/HSA9q syntenic region in chapters 3 and 4 using pulsed field gel electrophoresis 
(PFGE). PFGE has been used widely in the physical mapping of regions containing 
phenotypic mutations, bridging the gap between genetic mapping by linkage analysis and 
conventional gel electrophoresis. The use of Southern blot analysis following cleavage of 
DNA with rare cutting enzymes and electrophoresis under conditions suitable for resolution 
of fragments between 40kb and 2000kb, enables the construction of long range physical 
maps and the precise localisation, ordering and linking of DNA markers.

Where genes were shown to be closely linked genetically on mouse chromosome 2 
(in chapters 3 and 4), PFGE was used to determine whether those genes are closely linked 
physically. The genetic map of the MMU2/HSA9q syntenic region spans approximately 
6cM. This genetic distance would be expected to correspond to approximately 11.4Mb of 
DNA. The rare cutter enzymes used in this analysis were chosen as the ones most likely to 
give larger digestion products.

The mouse homologues of 26 genes mapping to distal HSA9q and proximal mouse 
chromosome 2 previously described in Chapters 3 and 4 were used. The markers used 
were the Abelson murine leukaemia viral oncogene homologue {Abl), adenylate kinase 1 
{Akl), argininosuccinate synthetase 1 {Assl), ATP binding cassette 2 {Abc2), carboxyl 
ester lipase {Cel), procollagen typeV alpha 1 {ColSal), haemolytic complement component 
5 {He; the mouse homologue of C5), complement component 8 gamma polypeptide {C8g), 
the mouse homologue of D9S10E {D2H9S10E), the mouse homologue of D9S114E 
{D2H9S114E), the mouse homologue of D9S46E {D2H9S46E), dopamine |3-hydroxylase 

{Dbh),  endoglin {Eng),  erythrocyte membrane protein band 7.2 {Epb7.2) ,
folylpolyglutamate synthase {Fpgs), gelsolin {Gsn), 78kDa glucose regulated protein 
{Grp78), N-methy 1-D-aspartate glutamate receptor {Grinl), translocation-associated Notch 
{Drosophila) homologue 1 {Notehl), pre B-cell leukaemia transcription factor 3 {Pbx3), 
prostaglandin D2 synthase {Ptgds), retinoid X receptor a  subunit {Rxra), non-erythrocytic 
a-spectrin {Spna2; the mouse homologue of SPTANl), surfeit 1 {Surfl), and the vav 2 

oncogene {Vav2).
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5.2 Materials and Methods.

5.2.1 Preparation of high molecular weight DNA for PFGE.

A 21 day - old AN mouse was obtained from the MRC Radiobiology Unit, 
Harwell. High molecular weight DNA was prepared from the freshly dissected thymus of 
the mouse as described in Chapter 2 section 2.2.2.

5.2.2 Restriction enzyme digests of high molecular weight DNA.

Restriction enzyme digests were performed as described in Chapter 2 section 
2.2.2Ü, using 40 units of the restriction enzymes Notl, Pvul, Nrul, M lul and a 
combination of these enzymes as double digests.

5.2.3 PFGE and Southern blot analysis of pulsed field gels.

PFGE and Southern blot analysis were performed as described in Chapter 2 
sections 2.2.2.iii-v.

5.3 Results.

Table 5.1 shows a summary of the fragment sizes obtained after digestion of AN 
DNA with the Notl, Pvul, Nrul, and Mlul restriction enzymes, and subsequent 
hybridisation with the 26 probes from the MMU2/HSA9q syntenic region. Where linkage 
was suggested by the cohybridisation of probes to a single pulsed field DNA fragment, 
double restriction digests were used to cleave the hybridising fragments in order to show 
physical linkage of markers. Where 2 or more markers appeared to cohybridise to a single 
DNA fragment the same blot was hybridised with each probe to ensure direct comparison 
of band sizes produced.

Autoradiographs of pulsed field gels where markers appeared to cohybridise to a 
single DNA fragment are shown in Figures 5.1-5.4 on the pages following Table 5.1, 
along with the restriction maps produced.
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Digest

Probe

Notl Pvul Nrul Mlul TVof//

Pvul
TVof//

Nrul
TVof//

Mlul
Pvul/
Nrul

Pvul/
Mlul

Nrul/
Mlul

Grinl 97 Limit 375 45 97 45 45 375 45 45

Œ g 150 Limit (60 210 97 150 150 160 160 210

Abc2 150 Limit Î60 210 97 150 ND 160 160 ND

Ptgds 150 Limit i6 o 210 97 150 ND 160 160 ND

Notehl 270 Limit 660 Limit 270 270 97 280 85 360

Vav2 270 Limit 460 Limit 270 270 270+91 370 270+91 355

Dbh 270 Limit 450 Limit 270 270 270 370 270 350

Surfl 270 270 Limit Limit 270 50 270 50 270 Lim it

D2H9S10E 250 Limit 400 Limit 250 30 250 400 Limit 400

D2H9S114E 500 Limit Limit 280 500 500 ND Limit 190 280

Rxra 375 Limit 450 Limit 375 375 375 425 450 450

295 275 145 120 ND ND ND ND ND ND

Cg/ 300+

375

375 450 375 295

+45

300

+375

295

+45

375 375 375

Spna2 70 450 900 215 70 70 70 215 215 215

Assl 620 ND Limit ND 450 620 450 ND ND ND

AZ,/ 620 295 Limit 620+70 170 620 100+70 295 225+70 225+70

D2/y9^46E 225 225 225 650 97 97 225 225 225 225

100 425 450 445 100 100 100 100 425 120

Eng 100 425 450 445 100 100 100 100 425 120

AA:y 100 425 450 445 100 100 1 100 100 425 120

375 Limit Limit Limit 375 375 375 Limit Limit Lim it

460 Limit 97 480 460 47 47 97 145 97

He 500 740 760 370 400 460 460 710 310 370

730 700 Limit 700 295 730 7 3 0  

+ 610

700 7 0 0  

+ 440

700

Gsn 730 700 Limit 700 295 730 7 3 0  

+ 610

700 7 0 0  

+ 440

700

Ggtal Limit Limit Limit Limit Limit 450 Lim it 275 275 Lim it

Table 5.1 Fragment sizes obtained after restriction digestion of AN DNA with rare cutter restriction enzymes. Where 2 or more 

markers cohybridise to a single fragment the size is shown in bold and is boxed by a double border. Partial digestion products 

are shown in italics Probes not separated genetically are shown in a single box. Limit = fragment ran in the zone of limiting 

mobility (about 1.5Mb); ND = not determined. The A sst probe used was a probe fro the Ass pseudogene, which also 

recognises the structural gene. It can be assumed that Asst and Abl lie on the same 620kb Notl fragment as the fragment is 

digested with Pvul and Mlul, but is not cut with Nrul (see Fig. 5.2).
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Fig. 5.1a Southern blot of a PFGE gel showing AN DNA digested with restriction enzymes as detailed at the top of the figure and probed with C8g, Abc2anû Ptgds.
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N otl

A L
= 50kb
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C8g, Abc2 and Ptgds probes (97kb).

Fig. 5.1b Restriction map of the region containing the C8g, Abc2  and Ptgds genes compiled from the data in Table 5.1.
It is not possible to determine the physical order of markers as all 3 hybridise to the same pulsed field fragments.
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Fig. 5 .2 a  Southern blots of PFGE gels showing AN DNA probed with the Abl and Ass1 probes.
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F ig. 5 .2 b  Restriction map of the region containing the Ass1 and Abl genes compiled from the data in Table 5.1.

= N otl fragment in common between
A ssl and Abl probes. (620kb).
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Fig. 5.3a Southern blots of PFGE gels showing AN DNA probed with the Fpgs, Eng and Ak1 probes.
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Fig. 5.3b Restriction map of the region containing the Fpgs, Eng and Ak1 genes compiled from the data in Table 5.1.
It is not possible to determine the physical order of markers as all 3 hybridise to the same pulsed field fragments.
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Fig. 5 .4a  Southern blot of PFGE gel showing AN DNA probed with Epb7.2 and Gsn probes.
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Fig. 5.4b Restriction map of the region containing the Epb7.2 and Gsn genes compiled from the data in Table 5.1.
It is not possible to determine the physical order of markers as all 3 hybridise to the same pulsed field fragments.

= smallest fragment in common between
the Epb7.2 and Gsn probes. (295kb).



5,4 Discussion.

As the mouse haploid genome is estimated to contain some 3x10* base pairs of 
DNA whilst the total genetic length has been estimated to be 1600cM (Lyon and Searle, 
1989; Copeland et aL, 1993), a simple calculation reveals that 0. IcM will be equivalent to 
approximately 0.19Mb (or 190kb), but as genetic and physical distances are not linearly 
related, this figure serves as a rough guide only. It could be expected therefore that certain 
markers from the MMU2/HSA9q syntenic region could be shown to lie on the same pulsed 
field fragment. The rare cutter enzymes used in this analysis were chosen as the ones most 
likely to give larger digestion products.

The C8g, Abc2 and Ptgds genes were shown to lie within 97kb of each other, as all 
three genes map to a common 97kb Notl / Pvul fragment. It was not possible to order the 
genes or determine an orientation of the physical map as all three genes map to identical 
pulsed field fragments. By combining the data for all three EUCIB crosses (LB, LS and 
PB) the approximate genetic distance between the markers is C8g - 0.1±0.1cM - Abc2 - 
0. liO.lcM - Ptgds. On the basis of this the estimated physical distance between C8g and 
Ptgds is 380kb, and so the physical distance found between these 3 markers is less than 
expected. The genetic distance found between the markers in the crosses to C57BL/6J (LB 
and PB) are C8g - 0.2±0.2cM - {Abc2, Ptgds) and in the LS cross to Mus spretus are 
{C8g, Abc2 ) - 0.2±0.2cM - Ptgds. These results are very similar, (the expected physical 
distance between C8g and Ptgds is the same in both cases) showing that the physical 
distance found between C8g and Ptgds is not different from expectation due to genetic 
differences between Mus spretus and Mus musculus.

It was thought that the Notehl, Vav2, Dbh and Surfl probes may lie on a common 
270kb Notl fragment, but further single and double restriction digest analysis proved that 
this was not the case. As no recombination was seen between the Dbh, Surfl and 
D2H9S10E probes in any of the backcrosses described in Chapters 3 and 4, it was 
expected that they would lie on a common pulsed field fragment, however this was found 
not to be the case. There was a low rate of recombination seen in the region around Dbh, 
indicating a cold spot of recombination. The large physical distance between these markers 
might be explained by a deletion or inversion in the Mus spretus chromosome compared 
with the AN (the Mus musculus species used in this pulsed field analysis). As gene order 
was consistent in all crosses, there is no suppression of recombination due to an inversion 
in the Mus spretus chromosome in this region.

The Assl and Abl genes were found to lie on the same 620kb Notl fragment. The 
Assl probe used also recognised the Assl pseudogene, making analysis difficult.

163



However when the 620kb Notl fragment was digested with Pvul and Mlul, the sum of the 
sizes of the digestion products produced came to 620kb. In addition the Notl fragment was 
not cut with Nrul in either case. By combining the data for all three EUCIB crosses the 
approximate genetic distance between Assl and AZ?/ is 0.1±0.1cM. Based on this the 
estimated physical distance between Assl and A6Z is 190kb, and so the finding that they 
are within 620kb of each other not unexpected. However as D2H9S46E and Abl have not 
been genetically separated in any of the backcrosses used, it is surprising that they do not 
lie on any common pulsed field fragment.

The Fpgs, Eng and Akl genes were shown to lie within lOOkb of each other, as all 
three genes map to a common lOOkb Notl fragment. It was not possible to order the genes 
or determine an orientation of the physical map as all three genes map to identical pulsed 
field fragments. By combining the data for all three EUCIB crosses the approximate 
genetic distance between the markers is Fpgs - 0.1±0.1cM - Eng - O.l+O.lcM - Akl. 
Based on this the estimated physical distance between Fpgs and Akl is 380kb, and so the 
physical distance found between the probes is less than expected. The genetic distances 
found in the crosses to C57BL/6J (LB and PB) are (Fpgs - 0.2±0.2cM - Eng, Akl) and in 
the LS cross to Mus spretus (Fpgs, Eng) - 0.2±0.2cM - Akl. These results are very 
similar, (the expected physical distance between Fpgs and Akl is the same in both cases) 
showing that the physical distance found between Fpgs and Akl is not different from 
expectation due to genetic differences between Mus spretus and Mus musculus.

The Fpb7.2 and Gsn genes were shown to lie within 295kb of each other, as both 
genes map to a common 295kb Notl / Pvul fragment. By combining the data for all three 
EUCIB crosses the approximate genetic distance between Fpb7.2 and Gsn is 0.4±0.2cM. 
Based on this the estimated physical distance between Fpb7.2 and Gsn is 760kb, and so 
the physical distance between the probes found is less than expected. The genetic distance 
found between Fpb7.2 and Gsn is 0.5±0.3cM in the crosses to C57BL/6J (LB and PB) 
and 0.2±0.2cM in the LS cross to Mus spretus. The expected physical distances between 
Fpb7.2 and Gsn are therefore 950kb and 380kb respectively. As both values are higher 
than that actually found in Mus musculus this indicates that the physical distance between 
Fpb7.2 and Gsn is not different from expectation due to genetic differences between Mus 
spretus and Mus musculus.

In order to link other genes that were shown not to be physically linked in this 
initial analysis, I attempted to perform partial digest analysis using the restriction enzyme 
Notl. This was done in 2 ways, by reducing the time the digestion reaction was allowed to 
proceed, and by reducing the amount of enzyme added. In both cases the experiment was 
not successful, (although repeated several times), as either the reaction proceeded to 
completion, or the DNA remained undigested (data not shown).
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In order to make a complete physical map of the region in the future and to 
determine the physical distance between each of the 26 markers used in this study, it will be 
necessary to create a complete physical contig of this region, by isolation of yeast artificial 
chromosomes (YACs), bacterial artificial chromosomes (BACs) and/or PI clones. The 
minimum size of the region that has been covered in this study is approximately 6.5Mb 
based on non-overlapping Notl fragments. The genetic map of the MMU2/HSA9q 
syntenic region spans approximately 6cM. This genetic distance would be expected to 
correspond to approximately 11.4Mb of DNA. However where I have shown markers in 
this region to be linked physically the distance between them is generally smaller than 
expected, and certain markers that do not recombine in any backcross (e.g. Abl,  
D2H9S46E and Rxra, ColSal) have not been linked physically in this analysis, suggesting 
that the relationship between genetic and physical distance is not linear in this region of the 
mouse genome. There seems to be no pattern of relationship between genetic and physical 
distance.
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CHAPTER 6

PHYSICAL ANALYSIS OF THE HUMAN SPTANl LOCUS.
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6.1 Introduction.

Analysis of recombination found between the 26 markers mapping to the 
MMU2/HSA9q syntenic region in the AN, Jackson and EUCIB backcrosses described in 
Chapters 3 and 4 has enabled a consensus gene order to be deduced. The consensus gene 
order produced was D2Mit6 - Pax8 - Grinl - C8g - Abc2 - Ptgds - Notehl - Vav2 - (Dbh, 
Surfl, D2H9S10E) - D2H9S114E - (Rxra, Col5al)- Cel - Spna2 - Assl - (D2H9S46E, 
Abl) - Fpgs - Eng - Akl - Pbx3 - Grp78 - He - Epb7.2 - Gsn - Ggtal - D2Mitll.

The consensus gene order for MMU2 is shown in Figure 4.13 in Chapter 4 in 
comparison with the consensus gene order for human (taken from Povey et a l ,  1994; 
Woodward et a l,  in press; Nahmias et a l,  in press). As described in Chapter 4, analysis 
of the 26 markers mapping to the MMU2/HSA9q syntenic region revealed two small areas 
within the conserved segment where there is some discrepancy between gene order 
determined in man and mouse. This chapter describes an attempt to improve the mapping 
of SPTANl on human chromosome 9, in the hope of resolving the discrepancy in gene 
order involving this particular gene. An attempt was made to map SPTANl both 
genetically and physically. This involved isolation of cosmids and screening for 
dinucleotide repeats in order to map the human SPTANl genetically, as well as mapping 
the SPTANl cosmids by physical means, such as fluorescence in situ hybridisation, 
cosmid contig assembly and analysis of human/rodent somatic cell hybrids.

6.2 Materials and Methods.

6.2.1 Cosmid library screening.
Plating of the cosmid library, replication of cosmid colony lifts, processing and 

hybridisation of filters of colony lifts using the SPTANl probe described in Chapter 3, 
post-hybridisation washing and radioactive signal detection were carried out as described in 
Sections 2.2.4.i-iv in Chapter 2.

6.2.2 Subcloning.
Restriction digestion, dephosphorylation and ligation of DNA, and preparation and 

transformation of competent E. coli were carried out as described in Sections 2.2.5.i-iv.

6.2.3 Screening for clones containing CA repeats.
Replication and processing of colony lifts, end-labelling oligonucleotide probes,
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hybridisation of filters of colony lifts to (GT)i5 oligonucleotides and post-hybridisation 
washing and radioactive signal detection were carried out as described in Sections 2.2.6.i- 
iii.

6.2.4 Sequencing.
Preparation of DNA template for sequencing, DNA sequencing reactions, 

electrophoresis of sequencing reactions using polyacrylamide gels (PAGE), fixing and 
drying of polyacrylamide gels and radioactive signal detection were carried out as described 
in Sections 2.2.7.i-iv.

6.2.5 PCR primers and conditions for am plification of the region  
containing dinucleotide repeats in the SPTANl gene.

Following sequencing of the SPTANl cosmid, oligonucleotide primers were 
designed from the regions 5' and 3' to the repeat region. The primers were checked using 
the "PRIMER" computer programme (Whitehead USA, available through the HGMP 
Resource Centre) to ensure they were not chosen from sequences that are likely to be 
repetitive, and that they have approximately equal melting temperatures. Oligonucleotide 
primers were purchased from Oswel DNA services (Edinburgh, UK) and were supplied as 
purified working solutions with a concentration of 50pmoles/|il. Primers were initially 

assayed between 52° and 62°C to assess their optimal annealing temperature. The 
oligonucleotide sequences used were 5'GCATCCATTAGAATTTAATCATTACC3' 
(sense) and 5 CATACAAGTAATATTATATAGATTGAGCAGC3' (antisense).

PCR was carried out in 1 x PCR buffer (Advanced Biotechnologies), with 200pM 

deoxynucleotide triphosphates (dNTPs), 200pmol primers, 40ng DNA, 1.5mM MgCl2, in 
a volume of 50)li1. After a dénaturation step of 95°C for 5 minutes and the addition of 1 

unit Taq polymerase (Advanced Biotechnologies), the PCR conditions were 94°C for 20 
seconds, 53°C for 30 seconds, and 72°C for 30 seconds for 35 cycles. Reaction mixes 
were overlaid with 50-75|xl of paraffin oil (Merck). Polyacrylamide gel electrophoresis 

(PAGE) of PCR products was carried out as described in Section 2.2.3.v in Chapter 2 
using 10% polyacrylamide gels in the Sturdier™ SE410 24cm vertical slab gel 
electrophoresis apparatus according to the manufacturer's instructions. Silver staining of 
polyacrylamide gels was carried out as described in Section 2.2.3.vi.a in Chapter 2.

6.2.6 Fluorescence in situ hybridisation (FISH).
The Fluorescence in situ hybridisation (FISH) experiments described in this thesis 

were conducted by Karen Woodward and Rosemary Ekong. Preparation of metaphase 
chromosome spreads, fluorescence labelling of DNA probes, pre-hybridisation treatment of
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metaphase chromosome spreads, hybridisation with competition, post-hybridisation 
washing and signal detection, and viewing and recording FISH images were carried out as 
described in Sections 2.2.9.i-vi.

6.2.7 Cosmid DNA fingerprinting.
A project is underway in the laboratories of Prof. Sue Povey and Dr. Jonathan 

Wolfe in this department to clone the human chromosome 9q34 region into long contiguous 
stretches of cosmid DNA (contigs) prior to gene isolation studies in order to clone the 
TSCl gene (Nahmias et aL, in press). An efficient computer assisted cosmid 
fingerprinting method has been used to assemble cosmids into contigs. The cosmids 
obtained by the screening of the human cosmid library with SPTANl during my project 
were used in this fingerprinting study. The fingerprinting experiments described in this 
thesis were conducted by Nick Hornigold in the laboratory of Dr. Jonathan Wolfe. 
Restriction enzyme digestion and labelling of cosmid DNA for fingerprinting, 
electrophoresis of fingerprinting reactions using polyacrylamide gels (PAGE), and data 
analysis were carried out as described in Sections 2.2.8.i-iii.

6.2.8 Analysis of human/rodent somatic cell hybrids.
DNA from the GM10611, 640-63al2 (also known as CJ9q) and DORA24-4 

hybrids (Povey et a l,  1992) were obtained from the laboratory of Prof. Sue Povey. The 
human chromosome complement of each hybrid had been characterised by a mixture of 
isozyme and DNA analysis (Southern blotting and PCR), and in most cases by 
karyotyping. The GM10611 hybrid contains chromosome 9 as its only human material, 
640-63al2 contains human chromosome 9q22-q34 only, and the DORA24-4 hybrid carries 
human chromosomal material from 9q34, from the ABL gene and below, along with 
human chromosome 17q22-q25 and 22qll. As both the 640-63al2 and DORA24-4 
hybrids were regrown before this analysis, their human chromosome complement was 
recharacterised by PCR by Steve Jeremiah in the laboratory of Prof. Sue Povey. 
Additionally Rosemary Ekong in the same laboratory prepared Alu PCR products from 
both hybrids and painted them onto metaphase spreads of chromosomes carrying the SD-1 
translocation. She showed that 640-63al2 contains human chromosome 9q22-q34 only, 
and the DORA24-4 hybrid carries human chromosomal material from 9q34, from the ABL 
gene and below, and no chromosomal material above the ABL breakpoint, as well as the 
fragments of human chromosomes 17 and 22 mentioned above.

Restriction enzyme digestion of DNA, agarose gel electrophoresis, Southern 
blotting, radiolabelling DNA probes, hybridisation of DNA probes to nylon membranes, 
post-hybridisation washing and radioactive signal detection were carried out as described in 
Section 2.2.1.iv-x in Chapter 2.
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6.3 Results.

6.3.1 Cosmid library screening.
The cosmid library used had been prepared from human genomic DNA in the vector 

LoristB by Dr Begona Cachon-Gonzalez in the laboratory of Dr Jonathan Wolfe. l |il of 

the library (to give a confluent plate with a plaque size of around 1mm, or around 200,000 
colonies per plate) was spread onto two 20 x 20cm Hybond N hybridisation membranes 
that had been laid onto LB-agar plus kanamycin plates, and the library grown overnight at 
37°C.

Following replication of the cosmid colony lifts, processing and hybridisation of 
the Hybond N filters, post-hybridisation washing and radioactive signal detection, 5 
duplicate positive signals were found with the SPTANl probe. One of the autoradiographs 
showing the primary screening of the cosmid library using the SPTANl probe is shown in 
Fig. 6.1.

A 0.5cm region around each of the 5 positive clones was picked using a sterile 
loop, and added to 1ml LB-broth. These cell suspensions were grown for 1 hour at 37°C. 
lp,l of 1:10, 1:100 and 1:1000 dilutions of each of the suspensions was spread onto a 9cm 

circular Hybond N hybridisation membrane which had been laid onto LB-agar plus 
kanamycin plate. The plates were then grown overnight at 37°C. Following replication of 
the cosmid colony lifts, processing and hybridisation of the Hybond N filters, post
hybridisation washing and radioactive signal detection, single colonies were picked using a 
sterile loop for each of the positive clones.

DNA from the positive clones was prepared as described in section 2.2.1.iii, and 
analysed by restriction enzyme digestion using Hindlll / EcoRI double digests and 
electrophoresis in a 1% agarose gel, as described in Section 2.2.1.iv-v to ensure that the 
clones were not identical. The gel was blotted as described in Section 2.2.1.vi and 
hybridised initially to the SPTANl probe to ensure that all clones represented true 
positives, and then with the (GT)ig oligonucleotide as described in Section 2.2.6 to 
determine how many of the positive clones contained (CA) dinucleotide repeats.

It was found that all 5 positive clones hybridised to the (GT)is oligonucleotide. 
One of these clones was digested with the restriction enzyme SauSAI and subcloned into 
pBluescript as described in Section 2.2.5 in Chapter 2. The ligation reaction was plated 
onto 9cm circular Hybond N hybridisation membranes which had been laid onto LB-agar 
plus kanamycin plates. The plates were then grown overnight at 37°C.
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Fig. 6.1 Primary screening of one plate of the human cosmid library using the SPTANl probe. 

Colony areas giving duplicate positive signals (circled) were picked. The dots represent 

registration marks to enable the identification of the areas containing positive clones.
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Replication and processing of colony lifts, end-labelling of oligonucleotide probes, 
hybridisation of filters of colony lifts to the (GT)i5 oligonucleotide and post-hybridisation 
washing and radioactive signal detection, were carried out as described in Sections 2.2.6.i- 
iii. Primary positive colonies were picked and replated on 9cm plates as previously 
described. Following replication and processing of colony lifts, end-labelling 
oligonucleotide probes, hybridisation of filters of colony lifts to the (GT)i5 oligonucleotide 
and post-hybridisation washing and radioactive signal detection, a single positive colony 
was picked and DNA prepared as described in section 2.2.1.iii. The autoradiographs 
showing the secondary screening of the subclones using the (GT)i5 oligonucleotide are 
shown in Fig. 6.2.

6.3.2 Sequencing.

DNA from the SPTANl cosmid was sequenced as described in Sections 2.2.7.i-iv 
in Chapter 2. 300bp of sequence containing an extensive repeat region was produced (see 
Appendix 6A1 and figure 6.3 in the results section). Following a (TA)n repeat, there is a 
15bp non repeat region, followed by an interrupted (AC)33 repeat and an (AT)25 repeat (see 
results section Fig. 6.3). The autoradiograph of the sequencing gel is shown in Figure 6.3 
and the sequence produced is shown in Appendix 6A.1.

6.3.3 Amplification of the region containing dinucleotide repeats in the 
SPTANl gene.

The SPTANl primers were used to amplify DNA from 2 parents of each of 20 
families from the Centre d'Etude du Polymorphisme Humain (CEPH; Dausset et al., 1990) 
The SPTANl PCR products showed no size difference when analysed by electrophoresis 
in a 6% polyacrylamide gel, and silver stained.

As no size difference was seen between the PCR products from the CEPH parent 
DNAs, the products were digested with AccI, which cuts the PCR products in the 15bp 
non repeat region between 2 repeat regions. Again no size difference was seen between the 
digestion products. Since it was obviously not possible to map SPTANl by genetic means 
as the repeat region did not appear to be polymorphic, it was decided to map the SPTANl 
cosmid by physical means.
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Fig. 6.2 Autoradiographs showing the screening of duplicate filters of the subclones of the 

SPTAN1 cosmid using the (GT)i5  oligonucleotide.
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ACGT

(A T )25

(AC) 33

(TA)i7

Fig. 6.3 Autoradiograph of sequencing gel of the subclone of the SPTAN1 cosmid. The repeat 

regions are indicated.
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6.3.4 Fluorescence in situ hybridisation (FISH).

The SPTANl cosmid was mapped using the SD-1 lymphoblastoid cell line by 
fluorescence in situ hybridisation (FISH) to chromosome 9 by Rosemary Ekong. The SD- 
1 cell line has a balanced reciprocal translocation and the karyotype 
46XXt(9;22)(q34.1;ql 1). The breakpoint on 9q34 occurs in the ABL gene. The cosmid 
was shown to map proximal to the SD-1 breakpoint in the ABL gene on 9q34 (see figure
6.4) as signals were seen on the non-translocated chromosome 9 and the large derivative 
chromosome. (If the cosmid had mapped to the small derivative chromosome, this would 
mean that SPTANl maps distal to ABL on 9q34).

Figure 6.4. Fluorescence //i s/Yu hybridisation of biotinylated human SPTAN1 

cosmid DNA onto metaphase chromosome spreads from the SD-1 cell line which 

has the karyotype 46XXt(9;22)(q34.1;q11). The positive signals are indicated by 

arrows, and the normal and derivative chromosomes are shown magnified on the 

left.
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6.3.5 Cosmid DNA fingerprinting.

The fingerprinting experiments described here were conducted by Nick Hornigold 
in the laboratory of Dr Jonathan Wolfe. Following restriction enzyme digestion and 
labelling of cosmid DNA for fingerprinting, electrophoresis of fingerprinting reactions and 
data analysis, the cosmids were assembled into contigs. The 5 SPTANl cosmids all 
mapped to the same contig on 9q34. A map of this contig is shown in Figure 6.5. No 
other genes have been mapped to this contig. Karen Woodward used fluorescence in situ 
hybridisation to show that cosmids from both ends of the contig mapped proximal to the 
SD-1 breakpoint in the ABL gene on 9q34 (see figure 6.6).

92813
94909 93451

92854
93859 94707

94906
93212 93317

92681
94349 93482

94907
94092 9 29 3 5

94100
92679

94326
94908 94130

94090 94910
9277Ï" 92686

94711 93227 *

FISH prox
SPTAN

SDl alu. 19B+20A alu. 19B+20A
alu. 17B alu.17B+20A 

alu. 19B+20A FISH prox B00041
alu. 17B FISH prox SDl
alu. 17B+19B+20A

Figure 6.5. Computer print-out showing the position of the SPTAN1 cosmids in a cosmid 

contig. The SPTANl cosmids have 949 as their first 3 digits. All 5 SPTANl cosmids map to the 

same contig. The other cosmids in the contig were picked by screening a human chromosome 9 

cosmid library with Alu PGR products from radiation breakpoint hybrids (17B, 19B and 20A; 

Nahmias et al., in press). The cosmids 94090 and 94130 have been mapped by fluorescence in 
situ hybridisation (FISH) proximal to the SD-1 breakpoint (see Figure 6.6), supporting the FISH 

localisation of the SPTANl cosmid in Section 6.3.4 above. The 94130 cosmid also maps proximal 

to the B00041 breakpoint which maps distally to the SD-1 breakpoint on 9q34.
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Figure 6.6. Fluorescence in situ hybridisation of biotinylated human 94090 cosmid 

DNA (left) and biotinylated human 94130 cosmid DNA (right) onto metaphase 

chromosome spreads from the SD-1 cell line which has the karyotype 

46XXt(9;22)(qS4.1;q11). The positive signals are indicated by arrows. Both cosmids 

were shown to map proximal to the SD-1 breakpoint in the ABL gene on 9q34 as signals 

were seen on the non-translocated chromosome 9 and the large derivative chromosome.
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6.3.6 Analysis of human/rodent somatic cell hybrids.

DNA samples from the human and hamster controls and from GM10611, 640- 
63a 12 (also known as CJ9q) and DORA24-4 hybrids (Povey et ai, 1992) were digested 
with EcoRI. (The GM10611, 640-63al2, and DORA24-4 hybrids had been constructed 
from fusion of human and hamster parent cells). Fig. 6.7 shows the autoradiograph 
produced when the Southern blot was probed with the Spnal (SPTANl) cDNA probe 
described in Chapter 3.

Restriction fragment variation was detected with the Spna2 probe between DNA 
from human and hamster control cell lines (see Figure 6.7). Fragments of 4kb and 3.3kb 
were detected in human DNA and a fragment of 5kb in hamster DNA. The Southern blot 
of the DNA from the somatic cell hybrids was scored for the presence or absence of 
human-specific bands. The 4kb and 3.3kb human specific bands as well as the hamster 
specific band were present in GM10611 and 640-63al2 DNA, indicating these human 
bands map to 9q22-q34. No human bands were present in DNA from the DORA24-4 
hybrid (see Figure 6.7).

4kb
3.3kb

Fig. 6.7 Autoradiograph of Southern blot of human, rodent, and somatic cell hybrid 

DNA probed with the Spna2 probe. Only band sizes for human DNA are shown.
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6.4 Discussion.

In the region of the SVYANHSpnal gene a difference in gene order between the 
human and mouse maps was found (see Chapter 4). I attempted to resolve the 
inconsistency between the maps in this region, to determine whether the differences in gene 
order were due to artefacts or real rearrangements. Cosmids were picked using the same 
probe as was used to map Spna2 in the interspecific backcrosses described in Chapters 3 
and 4. Cosmids picked with the chicken Spnal cDNA probe were mapped by fluorescence 
in situ hybridisation, cosmid contig assembly and analysis of human/rodent somatic cell 
hybrids. All of the results were consistent and show that the human SPTANl gene maps 
proximal to the ABL gene on 9q34. (If gene order in mouse had been used to predict the 
position of the SPTANl gene in human, SPTANl would have been predicted to lie distal 
to ABL on 9q34).

The SPTANl mapping results described in this chapter confirm previous work, 
which is summarised here. Physical mapping studies using pulsed field gel electrophoresis 
have located the SPTAN 1 and AKl genes on the same 1.4Mb Clal fragment (Harris et a l, 
1993). In addition the human SPTANl gene was mapped in relation to the AKl, ABL and 
DBH genes by hybridisation to dot blots of flow sorted chromosomes derived from a panel 
of cell lines with chromosome 9 translocations (Zhou et a l,  1992), and has also been 
mapped proximal to the Philadelphia breakpoint in 9q34 by fluorescence in situ 
hybridisation, suggesting that SPTANl is centromeric of ABL (Upender et a l, 1994). 
ASS 1 has also been mapped proximal to the Philadelphia breakpoint by fluorescence in situ 
hybridisation (FISH), localising it centromeric to ABL (Woodward et a l, in press).

With regard to the other inversion within the segment of synteny. Woodward et a l 
(in press) also used FISH to show that RXRA, D9S114, and C0L5A1 map distal to DBH 
on HSA9q34.3. Zhou et a l mapped RXRA distal to DBH in the dot blot study mentioned 
above. It seems likely therefore that the order for those human genes involved in both 
inversions (shown in Fig. 4.13 in Chapter 4) is correct.

The data reported in chapter 4 show that in mouse Spnal and Assl map proximal to 
AM, and Rxra, Col5al and D1H9S114E map distal to Dbh. For the mouse, there is 
substantial evidence for the proposed gene order of Spnal in relation to Abl and He as the 
order has been derived from five independent crosses in which all three loci have been 
mapped. In addition gene orders found using the AN, Jackson and EUCIB backcrosses 
were consistent, indicating that the gene order for mouse is likely to be accurate.

It seems therefore that the two inversions (in mouse with respect to human or vice 
versa) within the syntenic group are real rearrangements.
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It would be of interest to establish the precise organisation of this region in man and 
mouse by detailed physical mapping, in order to define the exact position of the 
evolutionary breakpoints on the ancestral chromosome before divergence of mouse and 
man.

As nail patella syndrome, idiopathic torsion dystonia, and tuberous sclerosis 
(NPSl, DYTl and TSCl) all map to the region of HSA9 where differences in gene order 
appear to occur, it is not possible to use information from the mouse to predict gene order 
in man in the region of HSA9 containing these genes with any certainty. However for the 
remainder of human chromosome 9 gene order appears to be conserved between man and 
mouse.
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Appendix 6.1.

Sequence obtained from the SPTANl cosmid.

1 tgcatccatt agaatttaat cattaccata attcaattac taatacagtg
51 atatttaaaa attagtatag ttttaatttt tcaaaagagt atatatatat
101 atatatatat atatatatat atacatacat atgtgtatac acacacacac
151 acacacacac tcacacacac acacacacac acacacacac acacacacac
201 acacacatat atatatatat atatatatat atatatatat atatatatat
251 atatatgtgc aagctgctca atctatataa tattacttgt atgtatatgg
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CHAPTER 7

ASSIGNMENT OF THE HUMAN HOMOLOGUES OF THE 
MURINE PAIRED-BOX-CONTAINING GENES PAX5 AND 

PAX8 TO HUMAN CHROMOSOMES.
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7.1 Introduction.

At the time of this study eight Pax genes (Paxl-Fax8) had been isolated and 
mapped in the mouse in a small interspecific backcross, and had been shown not to be 
clustered in the mouse genome. The consensus map of MMU4 at that time (Abbott et a l,
1992) showed that the Pax5 gene was expected to map to the MMU4/HSA9p region of 
homology, and the consensus map of MMU2 (Siracusa and Abbott, 1992) showed the 
Pax8 gene at the proximal end of the MMU2/HSA9q region of homology. I set out to 
assign the human homologues of the Pax5 gene, PAX5, and the Pax8 gene, PAX8, in 
man using analysis of human/rodent somatic cell hybrids.

Genes containing paired-box motifs, which encode DNA binding domains have 
been found to be associated with a number of human and mouse developmental mutations 
(reviewed in Hastie 1991; Gruss and Walther, 1992; Strachan and Read, 1994). The 
undulated (un) mutation on mouse chromosome 2, which causes vertebral column defects, 
has been shown to be caused by a point mutation in the paired box domain of Paxl (Balling 
e ta l ,  1988).

The splotch (Sp) mutation, which maps to mouse chromosome 1 and causes 
pigmentation changes, neural tube defects and deafness, has been shown to be caused by a 
mutation in the Pax3 gene (Epstein et a l,  1991; Steel and Smith, 1992; reviewed in Duyk 
et a l,  1992). In humans, Waardenburg Syndrome is characterised by deafness and 
pigmentary disturbances, and the gene for Waardenburg Syndrome 1 has been mapped to 
human chromosome 2q37 by linkage analysis (Foy et a l, 1990). Some families with WSl 
have mutations in the PAX3 gene (Tassabehji et a l, 1992; Baldwin et a l, 1992; Tassabehji 
et a l, 1993), suggesting Sp as a mouse model for Waardenburg Syndrome.

The murine Pax6 gene, which maps to mouse chromosome 2, has been shown to 
be mutated in mice carrying the small eye (5"gy) gene (Hill et a l, 1991), causing complete 
lack of eyes and nasal primordia. Mutations in the human homologue of the Pax6 gene, 
PAX6, have been shown to be responsible for the human aniridia syndrome, which is 
characterised by iris hypoplasia, (Glaser et a l, 1992; Jordan et a l,  1992; Hanson et a l,
1993), suggesting that Sey as a mouse model for human aniridia. The association of the 
Pax genes with these mutations has therefore provided molecular access to mammalian 
developmental mechanisms.
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7.2 Materials and Methods.

7.2.1 Probes.
The Pax5 probe was a 200bp fragment containing exon II of the paired box cloned 

in the EcoRV site of pBluescript (Chapter 3 Table 3.3). The Pax8 probe was a 1976bp 
fragment of mouse cDNA cloned in the EcoRV site of pBluescript Chapter 4 Section 
4.2.2). Both probes were the gift of Prof. Peter Gruss.

7.2.2 Analysis of human / rodent somatic cell hybrids.
DNA samples from the somatic cell hybrids were obtained from the laboratory of 

Prof. Sue Povey. The human chromosome complement of each hybrid had been 
characterised by a mixture of isozyme and DNA analysis (Southern blotting and PCR), and 
in most cases by karyotyping. Restriction enzyme digestion of DNA, agarose gel 
electrophoresis, Southern blotting, radiolabelling DNA probes, hybridisation of DNA 
probes to nylon membranes, post-hybridisation washing and radioactive signal detection 
were carried out as described in Section 2.2.1 .iv-x in Chapter 2.

7.3 Results.
The mouse cDNA probes mentioned above were used to map the PAX5 and PAX8 

genes in human/rodent somatic cell hybrids. Southern blot analysis of parental cell lines 
(human and rodent) was used to establish restriction fragment length variation between 
DNA from human and rodent. The DNA was digested with EcoRI for PAX5 and with 
Hindlll for PAX8. Southern blots of DNA from the somatic cell hybrids were then scored 
for the presence or absence of human-specific bands. Autoradiographs of Southern blots 
of human, rodent and somatic cell hybrid DNA probed with PAX5 and PAX8 are shown in 
Figures 7.1 and 7.2 respectively. The results obtained for all of the somatic cell hybrids 
tested are shown in Table 7.1 for PAX5 and Table 7.2 for PAX8.

PAX5 was completely concordant with human chromosome 9 (HSA9) in the 
standard hybrid panel, but was not present in hybrids 640-63al2, FST9/5 or FST9/10 
(Povey et a l, 1992; Kielty et a l, 1982), which contain only the long arm of HSA9. PAX5 
was shown therefore to map to HSA9p. PAX8 showed 8 discordances with HSA9, but no 
discordances with human chromosome 2 (HSA2), indicating that PAX8 maps to human 
chromosome 2.
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7 k b ^

5kb I

Fig. 7.1 Autoradiograph of Southern blot of human, rodent, and somatic cell hybrid DNA 

probed with PAX5. Only band sizes for human DNA are shown. The letter in brackets indicates 

the rodent parent of each particular hybrid. (H) = hamster; (M) = mouse; (R) = rat.

+ = human specific band present; - = human specific band absent.
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Fig. 7.2 Autoradiograph of Southern blot of human, rodent, and somatic cell hybrid DNA 

probed with PAX8. Only band sizes for human DNA are shown. The letter in brackets indicates 

the rodent parent of each particular hybrid. (H) = hamster; (M) = mouse; (R) = rat.

+ = human specific band present; - = human specific band absent.
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Chromosome

Hybrid PAX5 ref 1 2 3 4 5 6 7 8 9 10 11 12

TATIO + 1 - + + + _ _

TAT20.1 + 1 - + + + - -

TWIN19F9 + 2 + + + + - + - + + - - +
CRAB6 + 3 - + - - + + + + + - +
MOG2E5 + 2 + - + + + + + + + + - +
MOG2C2 + 2 + - + + + - + + + + + -

GM10611 + 4 +

CTP34B4 - 2 + + + - + + - + - - - +

DUR4.3 - 5 - - + - + - - - - + + +
FST9/2 - 6 - - + - - + + - + - +

FST9/5 - 6 - - + + - + + q + - +

FST9/10 - 6 - - + + - + - + q + - +

MOG34A4 - 5 + - + + + + - - + - +

HORP9.5 - 2 + + +

FGIO - 2 - + - - + - + - + - -

T W I N 1 9 D 1 2 - 2 + - + + - + - + - - - +

TWIN19F6 - 2 - + + + - + - + - - - +
FIR5 - 2 - - - - - - - - - -

640-63A12 - 4
q

SIF4A31 - 2 - - - + - + - - - - -

SIF4A24E1 - 2 - - - + - - - - - - - -

Concordant
hybrids

+ /+ 3 4 3 3 3 3 3 3

9p

7 5 1 3

- /- 1 1 1 1 8 7 9 5 1 1 7 14 7 12 5

Discordant
hybrids

+ /+ 4 3 4 4 4 4 4 3 0 2 6 4

- /- 3 3 6 7 4 8 0 7 0 7 2 9

10 11 12 13 14 15 16 17 18 19 20 21 22

+
+

+
+
+
+

+ + 
+ + 
- + 
- + 
+ + 
+ + 
-  +

-  +  

+

- - + + - +
+ + + + +

+ + + + - -

+ + + + + +

- + + + - -

- + + - +
+ - - + - +
+ - - + - +
+ - - + - +

- + - + + -

+ - - + - -

- + + + - +
- - + + - +
- - - + - -

+ 
+ 
+

-  +

+

2

10

1

10

1

1 0

2 

1 3

+
+
+

+
+

+

+

+
+
+
+
+
+

+
+

+
+
+

+

+
+
+
+
+
+

+
+

Table 7.1 Segregation of PAX5 in human/rodent somatic celi hybrids. Concordances and 

discordances between the presence or absence of human specific PAX5 products and human 

chromosomes are shown. + = chromosome present; - = chromosome absent; . = not tested or 

part of chromosome present. References: 1 Unpubiished hybrids of hamster and human cells; 

2 Wong etal., 1987; 3 Pilz eta!., 1992c; 4 Povey eta!., 1992; 5 Solomon et a!., 1979; 6 Kielty et 
a!., 1982.
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Chromosome

Hybrid PAX8 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

TATIO - +  - . . . -  , -
TAT20. 1 +   ̂ - - . . . - . -
TWIN19F6 +   ̂ - + +  + -  + -  + -  - - +  - - + +  - +  +  4 * -
CRAB6 +   ̂ - +  - - +  +  + .  +  + -  +  +  + , + +  +  +  + ,  . +
FG10EBEP2 +  4 _  +  _ _ +  _ +  -  -  -  -  -  +  +
FG10E8EP2.9 +  4 _  +  _ _  +  _ _ + _  _ _ _ _  _ +  +

TWIN19F9 +  ^ +  +  + +  - +  - +  + ~ “ + .  4 " - - + + ~ 4 "  +  + “
CTP34B4 +  ^ +  +  4 ' - + + - + “ - - +  +  + “ +  +  + “ - -  - +
SIFP5P10 4"  ̂ “ 4 " “ - ~ 4 " 4 " ~  ~ 4 " ~  - - 4 " 4 " ~  - - - 4" -  - 4"
FGIO 4 " ^ ~ 4 " ~ “ 4 " .  “ 4 " ~ 4 " ~ “ ~ ~ 4 ‘ ~ “ 4 " ~ “ 4 " ~ 4 "
MOG2E5 - ^ 4 " - 4 " 4 " 4 ‘ 4 - 4 - 4 ' 4 " 4 " - 4 " 4 " 4 " 4 " 4 “ 4 - 4 - -  - 4 - 4 - 4 -
MOG2C2 - ^ 4 -  - 4 - 4 - 4 -  - 4 - 4 - - P 4 - 4 -  - 4 - 4 - 4 -  4 - - P - P 4 - - F  4 - 4 -
TW IN19D12 _ 2 "F -  4 - 4 -  -  4- -  4- -  -  4- -  4- -  4 - 4 - - F  -  4 - 4 - - P

F S T 9 / 2  -   ̂ -  -  4- -  -  4 - . 4 - - 4 - - 4 -  -  4 - 4 -  -  -  4- -  4- -  4- 4-

F ST 9 / 5  -   ̂ -  -  - F 4 -  -  4- . 4 - Q 4 -  -  4- 4 - 4 -  -  -  4- -  4- -  4- 4-

F S T 9 / 1 0  -   ̂ -  -  4 - - F  -  4- -  4 - Q 4 -  -  4 - 4 - 4 - - F  -  4- -  4- -  4- 4-

M O G 3 4 A 4  -  ^ - f * - - f * - F 4 - 4 -  -  -  -  4 - - 4 - 4 - 4 - - 4 - - 4 - - F - 4 - 4 - 4 -
H OR P9 . 5  -  +  +  +

FI R 5 — — — — —  ̂ — _ _ _ _ _ _   ̂ — — — 4" — — — — •

6 4 0 - 6 3 A I 2  q

S I F 4 A 3 1

SI F 4 A2 4 E1  — — — — — — — — ^  — — —

G M 1 0 6 1 1  +

C R A B  1 - ^ - -  +  - .

C R A B 7  -   ̂ . -  + -  + .  . + + . + + .  -  +  - +  . . . +
J 1 C L 4  _ 8 _ _ ... ............................................. ...................................................................................................... -  -  -  -

FHA 7  - ^  -  - +  +  +  +  +  + .  , +  +  +  + ,  +  - +  +

Concordant
hybrids

+ / +  2 10 3 2 5 5 2 6 4 5 0 4 2 5 4 2 4 7 1 4 7 4 6

_/ _ 13 17 7 8 10 9 10 8 9 7 12 7 12 4 9 12 11 8 13 9 10 6 4

Discordant
hybrids

+/ _  8 0 7 8 5 3 8 3 5 5  10 6 6 3  3 6 6  1 9 4 2 5 4

_ / +  4 0 9 9 5 8 4 7 3  9 5 9 4 1 1 6 5 6  9 3 6 5 9  12

Table 7.2 Segregation of PAX8 in human/rodent somatic cell hybrids. Concordances and 

discordances between the presence or absence of human specific PAX8 products and human 

chromosomes are shown. = chromosome present; - = chromosome absent; . = not tested or 

part of chromosome present. References: 1 Unpublished hybrids of hamster and human cells; 

2 Wong eta l., 1987; 3 Pilz etal., 1992c; 4 G riff o etal., 1993; 5 Kielty eta l., 1982; 6 Solomon etal.,  

1979; 7 Povey eta l.,  1992; 8 Gillett eta l.,  1993.
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7.4 Discussion.

At the time of this study the Pax5 and Pax8 genes had been isolated and mapped in 
the mouse in a small interspecific backcross. The consensus map of MMU4 at that time 
(Abbott et a l, 1992) showed that Pax5 was expected to map to the MMU4/HSA9p region 
of homology. Analysis of human/rodent somatic cell hybrids in this study has shown that 
PAX5 maps to the short arm of human chromosome 9. There are two regions of 
conserved synteny with HSA9p on mouse chromosome 4 (MMU4), separated by a region 
of conserved synteny with HSA9q (Davisson et a l, 1991; Pilz et a l, 1993b; see Chapter 
3). The location of PAX5 on HSA9p is consistent with its location close to the Galt gene 
on MMU4, as the human homologue of this gene, GALT, maps to HSA9pl3. After the 
current study was completed Stapleton et a l, 1993 published the mapping of PAX5 to 
HSA9pl3 by fluorescence in situ hybridisation, supporting my results.

The consensus map of MMU2 at the time of this study (Siracusa and Abbott, 1992) 
showed Pax8 to map to the proximal border of MMU2/HSA9q region of homology. In 
this chapter I have shown that PAX8 maps to human chromosome 2. The data presented in 
Chapter 4 mapping Pax8 in the European backcross place Pax8 0.5cM proximal to Grinl 
(the human homologue of Grinl, GRINl, maps to HSA9q34.3). These results suggest 
therefore that Pax8 represents a new conserved segment of homology between human 
chromosome 2 and mouse chromosome 2, lying proximal to the MMU2/HSA9q homology 
region. Stapleton et a l, 1993 published the mapping of PAX8 to HSA2ql2-ql4 by 
fluorescence in situ hybridisation, again supporting my results.

It will be interesting to determine whether the PAX5 and PAX8 genes will be found 
to be mutated in human disorders. PAX5 lies in the region of the cartilage hair hypoplasia 
gene (CHH), an autosomal recessive skeletal dysplasia disease, which is characterised by 
short limbed short stature, hypoplastic hair, and defective immunity (Sulisalo et a l,  1993; 
reviewed in Povey et a l, 1994). The mouse Pax5 gene codes for a transcription factor, 
BSAP, which is expressed in B-lymphocytes, the developing central nervous system, and 
adult testis (Adams et a l, 1992). The Pax5 gene has been mutated in the mouse germline 
by targeted disruption of its paired box in embryonic stem cells (Urbanek et a l 1994). The 
knockout mice produced showed that Pax5 is not essential for embryonic development and 
spermatogenesis, but it is necessary for B cell differentiation and midbrain development. 
The homozygous mutant mice were indistinguishable from their littermates at birth, but by 
the second week after birth became severely growth retarded, and usually died in the third 
week. No skeletal or hair abnormalities were noted. On the basis of the expression pattern 
of Pax5, and the gene knockout experiments, it seems unlikely therefore that mutations in 
the PAX5 gene are responsible for cartilage hair hypoplasia.
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PAX8 lies in the region of the familial juvenile nephronophthisis (NPHl) gene, 
which is an autosomal recessive kidney disease that leads to renal failure in adolescence 
(Hildebrandt et a l, 1993; reviewed in Spurr et a l, 1994). The mouse Pax8 gene has been 
found to be expressed in the developing excretory system and the thyroid gland, and is 
thought the be involved in the induction of kidney epithelium (Plachov et a l,  1990). In 
view of this expression pattern, it may be worth considering PAX8 as a candidate gene for 
NPHl, although the age of onset of the disease would seem to be inconsistent with 
mutations in PAX8 causing NPHl. Mutations of Paxl, Pax3 and Pax6 all give rise to 
semi-dominant phenotypes (reviewed in Hastie, 1991), and complete deletion of each of 
these genes gives rise to a phenotype similar to that found in mice that are heterozygous for 
deletions or mutations within the gene (Hastie, 1991). Although it does not seem likely 
that PAX5 and PAX8 are responsible for the known diseases in the region, it would be of 
interest to examine deletion syndromes in humans in the regions where the PAX5 and 
PAX8 genes are known to map, in order to assess whether the PAX genes might be 
responsible for the phenotypes seen.

Danforth's short tail (Sd) is a semidominant mouse mutation which affects the 
skeleton and the urogenital system. In view of the Sd phenotype, the expression pattern of 
Pax8, and its position in the proximal part of mouse chromosome 2, it was thought that 
Pax8 could be a possible candidate gene for the mutation. However genetic mapping of the 
mutation has now excluded Pax8 as a candidate for Sd (Koseki et a l, 1993; Alfred et a l,
1994).
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CHAPTER 8

ASSIGNMENT OF THE MOUSE HOMOLOGUE OF THE 
HUMAN TUBEROUS SCLEROSIS 2 GENE (TSC2) TO MOUSE 

CHROMOSOME 17, AND ANALYSIS IN MICE 
HETEROZYGOUS FOR THE and th20 DELETIONS.
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8.1 Introduction.

Tuberous sclerosis, TSC, is an autosomal dominant disorder characterised by a 
variety of clinical features including mental retardation, epilepsy, facial angiofibroma, 
ungual fibroma, rhabdomyomas of the heart, and renal cysts with a prevalence of 
approximately 1 in 10,000 live births (Gomez, 1988; Hunt and Linderbaum, 1984). 
Genetic heterogeneity of the disorder has been shown with 2 distinct genetic loci mapping 
to 9q34 (TSCl; Fryer et a l, 1987) and 16pl3.3 (TSC2; Kandt et a l, 1992). The locus on 
16pl3 is thought to account for about 60% of cases of TSC. This locus was recently 
cloned (European Chromosome 16 Tuberous Sclerosis Consortium, 1993; see Introduction 
Section 1.6. l.i).

Linkage studies had mapped the TSC2 gene to a candidate region of about 1.5Mb 
on 16pl3.3 (Kwiatkowski et a l, 1993). Since this region represented the candidate region 
for polycystic kidney disease (PKDl), extensive mapping data was available for this 
segment of the chromosome. It was thought that as TSC genes probably act as tumour 
suppressors, and so deletions might be associated with the TSC phenotype. 5 TSC 
associated deletions were found using pulsed field gel electrophoresis (PFGE) covering a 
region of 120kb, and fluorescence in situ hybridisation confirmed these findings. This 
region was cloned, and several genes isolated. One of these, as well as being disrupted by 
each of the pulsed field deletions, was found to have intragenic deletions in TSC patients, 
and was thus identified as the TSC2 gene.

I set out to assign the mouse homologue of TSC2, Tsc2, to a mouse chromosome 
using interspecific backcross linkage analysis using the Jackson BSS interspecific 
backcross. In order to generate a probe for Tsc2, primers were designed from the 
published sequence of human TSC2 (European Chromosome 16 Tuberous Sclerosis 
Consortium, 1993) to amplify the 5' region of the gene by reverse transcriptase PCR (RT- 
PCR; see section 8.2).

Tuberous sclerosis appears in 60% of cases to result from a loss of function of a 
single allele at the TSC2 locus. This suggests that it might be possible to generate a mouse 
model of TSC by knocking out a single allele at the homologous mouse locus. Since there 
are defined deletions corresponding to many regions of the mouse genome (either 
spontaneous or induced by radiation or chemical mutagenesis), I used two of these 
deletions (see Section 8.2) to map the mouse homologue of TSC2, to determine if deletions 
of the Tsc2 gene might already exist. Comparison of the map generated using the Jackson 
BSS backcross, with the consensus map of the region, revealed that Tsc2 maps to the same 
region as two previously described deletions associated with the t complex, and t̂ '̂  ̂
(Lyon and Bechtol, 1977; see Fig. 6.3). Each deletion is lethal when homozygous, but 
mice heterozygous for either deletion are fully viable. The aim of this study was to
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establish whether Tsc2 falls within either deletion by looking for loss of heterozygosity at 
the Tsc2 locus.

8.2 M aterials an d  M ethods.

8.2.1. Mice.
8.2.1.1 Jackson Mus spretus (BSS) backcross.

DNA samples from this cross were obtained from the Jackson Laboratory. 
C57BL/6J females were crossed with Mus spretus males. Fi females were backcrossed to 
Mus spretus males to produce 94 backcross progeny (as described in Rowe et aL, 1994; 
Chapter 4 Section 4.2.1.2).

8.2.1.2 Generation o f  mice heterozygous fo r  the either the t^^^ or the t^^  ̂

deletion with Mus spretus.
This work was carried out by Peter Glenister in the laboratory of Dr Mary Lyon at 

the MRC Radiobiology Unit, Harwell. Mice heterozygous for either the t^̂  ̂ or 
deletion and carrying a Mus spretus allele on the homologous chromosome, were generated 
by in vitro fertilisation (IVF) of eggs from females heterozygous for each deletion 
chromosome (t^^ /̂T and t̂ ^ /̂T), with sperm from Mus spretus males and transfer of the 
embryos to foster mothers. Each cross yielded 3 offspring, and all offspring had full- 
length tails, and so were presumed to be carrying the deleted chromosome (if the mice had 
inherited the T allele they would be predicted to have short tails). Tissues were dissected 
from the mice and shipped from Harwell on dry ice. DNA was then made from a kidney 
from each of the offspring with full-length tails using the method described in Chapter 2 
Section 2.2.l.i.

8.2.2 Southern blot analysis.
Restriction enzyme digestion of DNA, agarose gel electrophoresis. Southern 

blotting, radiolabelling DNA probes, hybridisation of DNA probes to nylon membranes, 
post-hybridisation washing and radioactive signal detection were carried out as described in 
Section 2.2.1.iv-x in Chapter 2 except that for Zfal2 the Southern blots were washed 
additionally in O.lxSSC 1%SDS at 65°C for 30 minutes.

8.2.3 Probes.
8.2.3.1 Derivation o f  a probe fo r  Tsc2 by RT-PCR.

As the cloned probe was not yet available for the TSC2 gene, primers were 
designed to derive a human partial cDNA probe from the 5' end of the gene, by reverse- 
transcriptase-PCR (RT-PCR), based on published sequence, which could be used to type
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Tsc2 in the mouse. The primer sequences were 5'GATTCTGTTGGGACTGGGAA3' 
(sense) and 5 ' ACGC AC AGC AG AC AG ATC AT3 ' (antisense). The reverse transcriptase 
step was carried out in 1 x PCR buffer (20mM(NH4)2SO4, 75mMTris HCl pH9.0, 0.01% 
Tween 20, 1.5mM MgCl2) with 200|xM deoxynucleotide triphosphates (dNTPs), 200pmol 
antisense primer, l|ig  human kidney RNA and 400u MMLV reverse transcriptase in a total 
volume of 50|li1 incubated at 37°C for 1 hour. After a dénaturation step of 95°C for 5 

minutes, and the addition of 200pmol sense primer and 1 unit Taq polymerase, the PCR 
conditions were 94°C for 20 seconds, 55°C for 30 seconds, and 72°C for 35 cycles. The 
resulting PCR product was of the expected size, 578bp, and restriction enzyme digestion 
was carried out to verify that the PCR product was digested at restriction sites predicted 
from the published sequence (European Chromosome 16 Tuberous Sclerosis Consortium,
1993).

8.2.3.2 Derivation o f  probes fo r  H ba-ps4 and Z fa l2  by direct PCR.
Molecular markers known to fall within the deleted region were used in Southern 

blot analysis, in order to ensure that the mice carried the deleted chromosome and that the 
mice did not have long tails due to reduced penetrance of T on a Mus spretus background. 
An alpha globin pseudogene(7f6a-pW ) maps to the deletion (Fox et aL, 1984) and a 
zinc finger protein gene {Zfal2) falls within the deletion (Crossley and Little, 1991).

Schimenti and Hammer, 1990, published primers that could be used to amplify the 
Hba-ps4 gene. These were used to amplify DNA from the t̂ ^ /̂T, t̂ ^ /̂T and M. spretus 
mice in order to detect a difference in band size between t^^ /̂T and M. spretus, and t̂ ^̂ /T 
and M. spretus. No difference in band size was seen in either case, and so the PCR 
product was used as a probe in Southern blot analysis in order to detect a restriction length 
variation (RFLV) between t^^ /̂T and M. spretus and t^^ /̂T and M. spretus. The PCR 
primers used were 5'GAGTGACCTGCATGCCCACAAGCTGTG3'(sense) and 
5'GAGCTGTGGAGACAGGAAGGGTCAGTG'(antisense). Following a dénaturation 
step of 95°C for 5 minutes, the PCR conditions used were 94°C for 20 seconds, 66°C for 
30 seconds and 72°C for 30 seconds for 30 cycles. The resulting PCR product was of the 
expected size of 198bp. The PCR product to be used as a probe was isolated from the 
agarose gel as described in Chapter 2 Section 2.2.1.vii.

Based on the published sequence (Crossley and Little, 1991), primers were 
designed to amplify the Zfal2 gene by PCR using DNA from the t^^ /̂T, t^^ /̂T and M. 
spretus mice. Again no difference in band size was seen between t^^ /̂T and M. spretus, 
and t^^ /̂T and M. spretus, and so the PCR product was used as a probe in Southern blot 
analysis in order to detect a RFLV between t^^ /̂T, t̂ ^ /̂T and M. spretus. The primers 
used were 5 ' G G A G A G A A A C C T T A C A A A T G T A T G 3 ' ( s e n s e )  and  
5'GTTCATTAAAGTATTTCCCATGTT3'(antisense). Following a dénaturation step of 
95°C for 5 minutes, the PCR conditions used were 94°C for 20 seconds, 55°C for 30
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seconds and 72°C for 30 seconds for 30 cycles. The resulting PCR product was of the 
expected size of 188bp.

8.2.4 Markers typed by direct PCR of mouse DNA.

PCR primers for D17MU55 (Dietrich et aL, 1992; Dietrich et aL, 1994) were 
purchased from Research Genetics. After a dénaturation step of 95°C for 5 minutes the 
PCR conditions were 94°C for 20 seconds, 55°C for 30 seconds, and 72°C for 30 seconds 
for 35 cycles. The PCR products were analysed in a 2% Agarose gel (Sigma), and 
stained with ethidium bromide and viewed under UV light. The markers D17Bir3, 
D17MU24 and D17Mit9 were all typed at the Jackson Laboratory.

8,3 Results,

8.3.1 Assignment of Tsc2  to mouse chromosome 17 using the Jackson 
BSS interspecific backcross.

When used as a probe on Southern blots of mouse genomic DNA digested with 
TaqI, Tsc2 detected fragments of 4kb and 1.5kb in C57BL/6J DNA and 3kb and 1.5kb in 
DNA from Mus spretus (see Fig. 8.1). This RFLV was used to map the mouse 
homologue of TSC2 in the Jackson BSS interspecific backcross. The D17MU55 primers 
do not amplify Mus spretus DNA, and so D17MU55 was typed as a presence or absence 
variation in the Jackson BSS backcross.

Tsc2 maps to proximal mouse chromosome 17 (MMU17). The number of mice 
carrying recombinant chromosomes from a total of 94 mice analysed for each pair of loci, 
based on minimising the number of double recombinants, is D17 Bir3 - 1 - {Tsc2, 
D17MU55) - 11 - D17MU24 - 12 - D17Mit9. The pedigree analysis showing the 
recombinants in the Jackson BSS cross is shown in Fig. 8.2. This mapping is consistent 
with previous results from other laboratories that have shown there is a region of conserved 
synteny between human chromosome 16pl3 and proximal mouse chromosome 17 
(Himmelbauer et aL, 1993; see Fig. 8.3).
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C s  H

4kb

3kb

l.Skb

Taql

Fig. 8.1 RFLVs between C57BL/6J and Mus spretus revealed by the RT-PCR derived 

probe for Tsc2 used for analysis of the Jackson BSS backcross.

C = restriction fragment pattern seen in C57BL/6J mice; S = pattern seen in Mus spretus; 
H = pattern seen in (C57BL/6J x Mus spretus heterozygote).

D17Bir3

Tsc2, D17Mit55

D17Mit24

D17Mit9

43 27 I 0 7 4 5 7

Fig. 8.2 Pedigree analysis for markers mapping to MMU17 showing the recombinants 

found using the Jackson BSS backcross. ^ =c 57b l /6j  I  - Mus  spretus
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The recombination distances between each pair of loci ± the standard error (in cM) 
are D17 Bir3 - 1.1+1.1 - (Tsc2, D17MU55) - 11.7+3.3 - D17MU24 - 12.8+3.4 - 
D17MU9. The linkage map of MMU17 with recombination frequencies produced by 
analysis of the Jackson BSS backcross is shown in Figure 8.3 compared to the consensus 
map of the region (Himmelbauer et aL, 1993).

T t Human
homologue

1.1±1.1cM

n.7±3.3cM

—  D17Bir3
— Tsc2, D17Mit55 w18 a

.4cM 

.h20

-  Zfa12  .

-  D17Mit55  *

—  D17Lon1, sazD  I6pi3.3

—  Hba-ps4

—  D17Mit24

12.8±3.4cM

—  D17Mit9

Fig. 8.3 The linkage map of IVIMU17 with recombination frequencies produced by 

analysis of the Jackson BSS backcross (left) compared to the consensus map of the 

region (Himmelbauer et al., 1993; right). The locations of the f’̂ ^^and deletions are 

shown on the consensus map. * Note D17Mit55 was found to map to in our study.
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8.3.2 Analysis of T sc2  in mice heterozygous fo r the and
dele tions

Comparison of the linkage map produced by analysis of Tsc2 in the Jackson BSS 
backcross with the consensus map of mouse chromosome 17 (MMU17) revealed that Tsc2 
maps to the same region as two known deletions associated with the t complex, and 
fhio (Lyon and Bechtol, 1977). Each cross between and and Mus spretus 
produced three heterozygous offspring, each with full length tails.

Restriction fragment length variation was found between Tlf/t^^  ̂and and
Mus spretus with TaqI for Zfal2, and Bglll for Hba-ps4 and Tsc2 (this RFLV was easier 
to score than the one with TaqI used to map Tsc2 in the backcross). When the offspring 
were tested with molecular markers known to fall within each deletion by Southern blot 
analysis, {Zfal2 for and Hba-ps4 for it was found that 2 out of 3 offspring of 
each cross carried the deleted chromosome. These results show that there is a reduced 
penetrance of T on a Mus spretus background. Autoradiographs of Southern blots of DNA 
from a mouse heterozygous for either the t̂ ^̂  and t̂ ^̂  deletion and carrying the Mus 
spretus allele on the homologous chromosome hybridised to Hba-ps4 and Zfal2 are shown 
in Figure 8.4, along with the autoradiograph of the Southern blot hybridised with Tsc2. 
Both Mus musculus and Mus spretus alleles were detected by the Tsc2 probe (Fig. 8.4) 
indicating that Tsc2 does not fall within either the or t̂ ^̂  deletion. However 
D17Mit55, which does not recombine with Tsc2 in the 94 progeny of the Jackson BSS 
backcross, does fall within the deletion (see Fig. 8.5).

8.4 D iscussion.

In this study the mouse homologue of the human TSC2 gene, Tsc2, was shown to 
map to mouse chromosome 17 using the Jackson BSS cross, mapping to a known region 
of conserved synteny between human chromosome 16 and mouse chromosome 17 
(Himmelbauer et a l, 1993; see Fig. 8.3). Since this study was completed Olsson et al. 
(1995) have published a paper supporting this mapping data. They found no recombinants 
between Tsc2 and Hba-ps4 in the BXD recombinant strains tested, giving a genetic 
distance of 0.0-8.4cM between Hba-ps4 and Tsc2 for 99% confidence (Silver, 1985).

In addition by Southern blot analysis of mice heterozygous for the t̂ ^̂  and 
deletions I have shown that Tsc2 does not fall within either deletion. However D17Mit55, 
which does not recombine with Tsc2 in the 94 progeny of the Jackson BSS backcross does 
fall within the deletion, suggesting that Tsc2 must lie within the vicinity of the deletion 
breakpoint. The probe used in this study covers only 578bp of the 5,474bp of the TSC2
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4.5

3.6  -

Z/a/2 Tsc2Hba-ps4

BglllTaqIBglll

Figure 8.4 Autoradiographs of Southern blots of DNA from a mouse heterozygous for either 

the t^^^and deletion and carrying the Mus spretus allele on the homologous chromosome 

(fwl8/spr and ) hybridised to Hba-ps4, Zfa12 and Tsc2. Both Mus musculus and Mus
spretus alleles were detected by the Tsc2 probe indicating that Tsc2 does not fall within either 

the t^'^^ or t^^^ deletion. spr= Mus spretus.
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160bpl

Figure 8.5 Agarose gel of D17Mit55 PCR products amplified from DNA from mice produced in 

the I VF experiment. The and t^'^^/spr2 mice carry the deletion and the t^^^/spr2
and t^^^/spr3 mice carry the deletion. spr= Mus spretus. D17Mit55 primers do not amplify 

Mus spretus DNA. It can be seen that D17Mit55 lies within the t^^^ deletion as there is no PCR 

amplification of the t^^^/spr2 and t^^^/spr3 DNA samples. (The samples had been amplified 

previously with primers for other microsatellites in the region to check that the DNA would amplify).

2 0 0



coding sequence, raising the possibility that the 3' end of the gene could lie in one of the 
deletions. However the gene for autosomal dominant polycystic kidney disease (ADPKD 
or PKDl) was recently cloned, and it was found that this gene lies immediately at the 3' 
end of the TSC2 gene on HSA16pl3.3 (The European Polycystic Kidney Disease 
Consortium, 1994). A RT-PCR derived probe was designed for this gene from the 
published sequence, and used to determine whether the mouse homologue of PKDl lies 
within either deletion. The mouse homologue of PKDl does not map to either the and 
fh20 deletion, indicating that the entire Tsc2 gene does not fall within either deletion.

It has been reported that there is an inversion in Mus spretus in the region of the t 
complex on MMU17 (Shin et a l, 1983), which is known to suppress recombination in the 
region. The cross used in my study involved (C57BL/6J x Mus spretus) Fi animals 
backcrossed to Mus spretus. Recombination in this region may have been suppressed, and 
Tsc2 does not map as close to D17Mit55 and hence close to the t̂ ^̂  deletion breakpoint as 
it may seem from the genetic mapping data.

Analysis of the effects of deleting the Tsc2 gene on the phenotype of mice must 
therefore await the knocking out of the gene by homologous recombination. Depending on 
the phenotype of the mice produced, they may or may not prove to be good models for the 
human TSC2 disease. The Eker rat is considered to be a good model of hereditary renal 
carcinoma. Two groups have recently described a germline mutation in the gene encoding 
Tsc2 caused by an insertion of approximately 5kb in the Eker rat, resulting in aberrant 
RNA expression from the mutant allele (Yeung et a l, 1994; Kobayashi et a l, 1995). The 
mutation deletes the 3' end of the transcript, the region of homology with the catalytic 
domain of the GTPase-activating protein rapl GAP (GAP3). The phenotype of tuberous 
sclerosis in the Eker rat differs from that of humans, except for the development of renal 
tumours (see Table 8.1 taken from Kobayashi et a l ,  1995). The effects of the Eker 
mutation in the Eker rat may not therefore be a good model for studying TSC2 gene 
function and its role in tumourigenesis. It will be interesting to discover whether the 
phenotype of the mice produced by knocking out the Tsc2 gene resembles that of the Eker 
rat, or whether the knockout mice produced prove to be better models for TSC2.
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Eker rat Human Tuberous Sclerosis
Inheritance Autosomal dominant Autosomal dominant

Defective gene Tsc2 TSCl and TSC2

Clinical details
Renal lesion 100% renal cell carcinoma Rare, renal cell carcinoma 

Often, angiomyolipoma

Skin lesion No Frequent, angiofibroma 

ungual fibroma

Neurological abnormalities No Convulsion, 

mental retardation

Heart lesion No Rhabdomyoma

Pituitary adenoma Often No

Spleen tumour Often No

Uterus tumour Often No

Table 8.1 Comparison of principal features of the Eker rat and human Tuberous Sclerosis, 

taken from Kobayashi et ai, 1995).
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CHAPTER 9

GENERAL DISCUSSION.
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9.1 Aims achieved in this study.

As few of the genes underlying the disease loci in human chromosome 9 have so 
far been identified at the molecular level, this chromosome is the subject of a number of 
positional cloning efforts. As a complementary approach, since a high resolution genetic 
linkage map of the mouse facilitates the establishment of gene order in human, I have 
produced a comprehensive comparative map for human chromosome 9 and homologous 
mouse chromosomes. In this study the construction of the mouse genetic linkage maps for 
mouse chromosomes 2,4,  13 and 19 was achieved by interspecific backcross linkage 
analysis using a backcross between a laboratory inbred strain (AN) and Mus spretus.

The comparative maps were constructed using genes spanning the entire length of 
HSA9, from the genes for the high-affinity glutamate receptor and very low density 
lipoprotein receptor (SLClAl and VLDLR) on 9p24 (Smith et a l, 1994; Oka et a l, 1994; 
Sakai et a l, 1994) to N-methyl-D-aspartate receptor (GRIN 1) on 9q34.3 (Karp et a l, 
1993; Brett et a l, 1994). The mouse homologues of 55 loci that were known to be located 
on HSA9 were mapped; 12 loci from the short arm of HSA9 and 43 from HSA9q. 30 new 
assignments have been made in this study, the human homologues of which all map to 
HSA9 (see Chapter 3).

Where no cloned probe was available for a particular gene, primers were designed 
to derive cDNA probes by reverse-transcriptase-PCR (RT-PCR), based on published 
sequence, for Akl, Ak3, Aldhl, Ambp, Cel, Cntfr, Col5al, C8g, D2H9S46E, 
D19H9S743E, Eng, Face, Gcntl, Grp78, Irebp, Pappa, Ptgds, Rxra, S lcla l, Snf2l2, 
Tmod, and Vldlr, and by direct PCR for Aldo2, Ggtal, Tal2 and Xpa.

Of the 55 markers used to create the comparative map, 26 were found to map to 
MMU2, 20 were found to map to MMU4, 3 to MMU13 and 6 to MMU19.

Three markers from HSA9q, Gcntl, Ctsl, and Face, were found to map to mouse 
chromosome 13 (MMU13) in 2 separate conserved syntenic groups separated physically by 
a portion of conserved synteny with human chromosome 5 (HSA5). Gcntl mapped to the 
more proximal region whereas Ctsl and Face mapped to the more distal region. The 
assignment of Gcntl to MMU13 defined a new region of homology between the long arm 
of human chromosome 9 and MMU13.

Six markers from human chromosome 9 were found to map to mouse chromosome 
19 (MMU19) in 2 separate syntenic groups. Mouse homologues of genes lying between 
9ql3 and 9q21 lay in the more distal known segment of homology. The mapping of three 
markers from 9p23-p24, {Slclal, Snf2l2, and Vldlr), to proximal MMU19 defined a new 
region of homology between the tip of the short arm of human chromosome 9 and
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MMU19.

The density of this genetic map has enabled this comparative mapping study to 
pinpoint a number of regions where an evolutionary breakpoint has occurred on the 
ancestral chromosome before divergence of mouse and man (see Chapter 3 Fig. 3.14). 
The corresponding regions on human chromosome 9 are 9p23, 9p21, 9q21, 9q22 and 
9q33 (see Fig. 3.14).

The assignment of D4H9S3E to MMU4, 4.0±1.7cM proximal to Galt has 
extended the known region of conserved synteny between the short arm of HSA9 and 
MMU4 towards the centromere of MMU4 and the telomere of HSA9p. The localisation of 
the Tmod and Xpa genes on MMU4, 10.3±2.7cM proximal to Lv, has extended the known 
region of conserved synteny between the long arm of HSA9 and MMU4 towards the 
centromere of both chromosomes. Additionally the assignment of the Ak3 4.8±1.9cM 
distal to Ifa, has extended the known region of conserved synteny between the short arm of 
HSA9 and MMU4 towards the telomere of MMU4. The assignment of D19H9S743E gene 
on MMU19, 7.9±2.4cM proximal to Aldhl has extended the known region of conserved 
synteny between the long arm of HSA9 and MMU19 towards the centromere of both 
chromosomes.

Several genes showed no recombination in the MMU2/HSA9q region of conserved 
synteny in the AN backcross and were clustered in groups, and so it was not possible to 
deduce gene order for these genes. The Jackson BSB and BSS interspecific backcrosses 
involving C57BL/6J and Mus spretus (Rowe et al., 1994), and the European Interspecific 
backcrosses (EUCIB; European Backcross Collaborative Group, 1994) were used 
therefore to give higher resolution in order markers in this particular region further. These 
results were presented in Chapter 4.

Analysis of recombination found in the Jackson and EUCIB backcrosses in this 
study has enabled the gene order to be determined for several of these genes. A consensus 
gene order was deduced by combining the data for the Jackson and EUCIB backcrosses 
and is shown in a consensus linkage map in Chapter 4 Fig. 4.11. The consensus gene 
order produced was D2Mit6 - Pax8 - Grinl - C8g - Abc2 - Ptgds - Notchl - Vav2 - {Dbh, 
SurfI, D2H9S10E) - D2H9S114E - (Rxra, ColSal)- Cel - Spna2 - A ssl - {D2H9S46E, 
Abl) - Fpgs - Eng - Akl - Pbx3 - Grp78 - He - Epb7.2 - Gsn - Ggtal - D2M itlL  A gene 
order was deduced therefore for 19 genes. The only genes that were not genetically 
separated were {Dbh, Surf, D2H9S10E), {Rxra, Col5al), and {D2H9S46E, Abl).

When the consensus gene order for MMU2 was compared with the consensus gene 
order for human, the conserved segment between MMU2 and HSA9q was shown to be 
inverted in one species compared to the other. Within the segment the gene order was the
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same except for 2 small groups of loci, {Col5al, Rxra, and D2H9S114E\ the mouse 
homologues of C0L5A1, RXRA and D9S114E), and {Spna2 andA^^f;  the mouse 
homologues of SPTANl and ASS). The simplest explanation of the evolutionary change 
is that there have been two inversions (in mouse with respect to human or vice versa) 
within the syntenic group (see Chapter 4 Fig. 4.12).

The data reported in Chapters 3 and 4 showed that in mouse Spna2 and Assl map 
proximal to Abl, and Rxra, Col5al and D2H9S114E map distal to Dbh. The order of 
genes found using the AN, Jackson and EUCIB backcrosses were all consistent, indicating 
that the gene order for mouse is likely to be accurate. Cosmids picked with the chicken 
Spna2 cDNA probe were mapped by fluorescence in situ hybridisation, cosmid contig 
assembly and analysis of human/rodent somatic cell hybrids. The results discussed in 
Chapter 6 showed that SPTANl mapped proximal to the SD-1 breakpoint in the ABL gene 
on 9q34, showing that this particular inversion in mouse with respect to human (or vice 
versa) involving Spna2/SVT AN I is a real rearrangement.

Chapter 5 of this thesis described physical mapping of the markers in the 
MMU2/HSA9q region of conserved synteny by pulsed field gel electrophoresis (PFGE). I 
have used PFGE to show that certain genes that were shown to be closely linked 
genetically on mouse chromosome 2 in Chapters 3 and 4, are also closely linked 
physically.

Chapter 7 discussed the assignment of the paired-box genes PAX5 to the short arm 
of human chromosome 9, and PAX8 to human chromosome 2, using Southern blot 
analysis of human/rodent somatic cell hybrids. There are two regions of conserved 
synteny with HSA9p on mouse chromosome 4 (MMU4), separated by a region of 
conserved synteny with HSA9q (Davisson et a l, 1991; see Chapter 3). The location of 
PAX5 on HSA9p is consistent with its location close to the Galt gene on MMU4, as the 
human homologue of this gene, GALT, maps to HSA9pl3. The European backcross 
mapping data presented in Chapter 4 located Pax8 0.5cM proximal to Grinl, (the human 
homologue of Grinl, GRINl, maps to HSA9q34.3). The assignment of the PAX8 gene 
to human chromosome 2 revealed that the segment of DNA containing the mouse Pax8 
gene defined a new region of homology between human chromosome 2 and mouse 
chromosome 2, which lies immediately proximal to the MMU2/HSA9q homology region.

One of the disease loci mapping to HSA9, tuberous sclerosis, has been shown to be 
a genetically heterogeneous condition. As well as the locus on 9q34 (TSCl; Fryer et a l, 
1987) another has been found to be located on 16pl3.3 (TSC2; Kandt et a l,  1992). This 
locus was recently cloned (European Chromosome 16 Tuberous Sclerosis Consortium, 
1993; see Introduction Section 1.6.l.i). The assignment of the mouse homologue of 
TSC2, Tsc2, to mouse chromosome 17 using interspecific backcross linkage analysis in
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the Jackson BSS interspecific backcross was described in Chapter 8. Comparison of the 
linkage map produced with the consensus map of the region, revealed that Tsc2 mapped to 
the same region as two previously described deletions associated with the t complex, 
and (Lyon and Bechtol, 1977; see Fig. 6.3). To establish whether Tsc2 fell within 
either deletion loss of heterozygosity was investigated at the Tsc2 locus. Southern blot 
analysis of the heterozygous mice (t^^^/spr and t^^ /̂spr) showed that Tsc2 does not fall 
within either deletion. However D17MU55, which did not recombine with Tsc2 in the 94 
progeny of the Jackson BSS backcross falls within the deletion, suggesting that Tsc2 
must lie within the vicinity of the deletion breakpoint.

9.2 F uture work.

The construction of molecular genetic linkage maps is essential for the 
characterisation of mammalian and non-mammalian genomes. Linkage mapping in the 
mouse, with its greater capacity for resolution of closely linked genes, can be a useful tool 
for predicting map positions of homologous genes in human and can give insights into 
genome evolution. A comprehensive comparative map for human chromosome 9 and 
homologous mouse chromosomes has been produced in this study. The backcrosses used 
to construct the genetic maps have all involved a laboratory inbred strain and Mus spretus. 
As Fi male animals of backcrosses involving Mus spretus are sterile, only female genetic 
maps were produced. In future it would be useful to use a cross involving Mus musculus 
castaneus, in order to produce both male and female genetic maps, to determine if there is 
any difference in genetic distance due to the sex of the F% parent of the backcross. Human 
chromosome 9 has increased crossing over in the subtelomeric regions in males (Attwood 
et at., 1994). As the genes on mouse chromosome 2 in the region of homology with 
human chromosome 9q34 do not map to a telomeric region of the mouse chromosome, one 
might not expect to see the same phenomenon. However, if a large excess of 
recombination was seen in males using a cross involving Mus musculus castaneus, then 
this would suggest that a real recombination hot spot exists, due to the presence of a 
particular sequence in that region of the chromosome.

In the past the mouse has been the mammal chosen for genetic analysis because of 
its short gestation period and large litter sizes, the availability of inbred strains, the 
availability of many coat colour and behavioural mutants, and the ability to perform 
controlled matings. The rapid development of genetic maps in other biological species will 
aid in the investigation of cellular, developmental and evolutionary processes. Great 
progress has recently been made in genetic linkage mapping within many plant and animal 
species. Physiologists in the past favoured the rat as an experimental animal because of its 
larger size, making it easier to manipulate. The wide array of rat strains provide a tool for
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studying the genetic basis of disease - projects are underway to study hypertension, 
diabetes, renal failure, and autoimmunity. In the region of homology between mouse 
chromosome 2 and human chromosome 9q there are two regions where gene order is 
different in man and mouse (see Chapters 4 and 6). Backcrosses and intercrosses 
involving the rat are currently being produced (Yamada et a l, 1994; Jacob et a l,  1995; 
Goran Levan, personal communication), and it will be interesting to map the same genes in 
these crosses, in order to determine whether the gene order of these markers in the rat 
resembles that of mouse or man, and to determine where evolutionary rearrangements have 
occurred. As nail patella syndrome, idiopathic torsion dystonia, and tuberous sclerosis 
(NPSl, DYTl and TSCl) all map to the region of HSA9 where differences in gene order 
between man and mouse appear to occur, it is not possible to use information from the 
mouse to predict gene order in man in the region of HS A9 containing these genes with any 
certainty. However if the gene order for rat is the same as that for human, comparative 
mapping in the rat could suggest candidate genes for these genetic diseases. In addition if 
crosses involving other animals such as pig, cow, sheep, horse or dog become available it 
will be interesting to determine gene order in these species also, and to determine where 
evolutionary rearrangements have occurred. In areas where gene order is conserved 
between other species and human then the genetic linkage maps produced can be used to 
predict gene order in man. As the cat homologues of the human ABL and AKl genes map 
to different chromosomes (D4 and U5; Graves and Wakefield unpublished data in Povey et 
a l, 1994), the cat may not be a useful species in which to study this region of homology.

It would be of interest to establish the precise organisation of this region in man and 
mouse by detailed physical mapping. At least 3 projects are underway to clone 9q34, the 
entire target area for the tuberous sclerosis 1 gene, TSCl, into cosmid contigs prior to gene 
isolation studies (Murrell et a l, 1995; Zhou et a l, 1995; Nahmias et a l,  in press). It 
would be interesting to make a complete physical contig of this region in the mouse also, 
by isolation of yeast artificial chromosomes (YACs), bacterial artificial chromosomes 
(BACs), PI clones, and cosmid clones, in order to determine the physical distance between 
each of the 26 markers used in this comparative mapping study. In addition these YAC, 
BAC, PI and cosmid resources could then be used in exon trapping experiments or cDNA 
library screening in order to isolate new genes in the region. Any genes isolated could then 
be tested as candidates for TSCl (or NPSl or DYTl if patient material becomes available).

The TSC2 locus on HSA16pl3 was recently cloned (European Chromosome 16 
Tuberous Sclerosis Consortium, 1993). The 5.5kb TSC2 transcript was found to be 
widely expressed, and it was proposed that the protein product functions as a tumour 
suppressor. It seems that there is no sequence homology between the TSCl and TSC2, as 
screening of HSA9 specific cosmid libraries with the TSC2 cDNA has not isolated the 
TSCl gene (Joseph Nahmias and Bart Janssen, personal communications). However, it 
could be expected that TSCl too will be widely expressed. In addition two groups have
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reported that hamartomas in TSCl patients show allele loss for markers on HSA9q34 
(Green et a l, 1994; Carbonara et a l, 1994), suggesting that the TSCl gene may also act as 
a tumour suppressor gene. Comparative mapping information may suggest certain markers 
as candidates for the TSCl gene, tissue expression may be also be useful, but ultimately 
the gene responsible can only be unequivocally identified by sequence analysis and the 
demonstration of mutations. On the basis of their gene function and expression patterns, 
certain markers from the MMU2/HSA9q region of homology, such as GRINl, NOTCH 1, 
DBH, SURF, VAV2, and RXRA have been considered as candidates for TSCl. However 
all of the markers mapping to the MMU2/HS A9q region of homology have been eliminated 
as candidate genes for the TSCl mutation, either by genetic or physical mapping. Southern 
or Northern blot analysis, or by sequence comparison of DNA from TSCl patients and 
normal individuals (reviewed in Povey e ta l, 1994; Henske e ta l,  1995).

Recently two groups working on the Eker rat have described a germline mutation in 
the gene encoding Tsc2 caused by an insertion of approximately 5kb of DNA, resulting in 
aberrant RNA expression from the mutant allele (Yeung et a l, 1994; Kobayashi et a l, 
1995; see Chapter 8). The phenotype of tuberous sclerosis in the Eker rat differs from that 
of humans, except for the development of renal tumours (see Table 8.1 taken from 
Kobayashi et a l, 1995). The effects of the Eker mutation in the Eker rat may not therefore 
be a good model for studying TSC2 gene function and its role in tumourigenesis. Several 
groups are currently involved in projects to knock out the mouse homologue (Tsc2) of the 
human TSC2 gene. It will be interesting to discover whether the phenotype of the mice 
produced by knocking out the Tsc2 gene resembles that of the Eker rat, or whether the 
knockout mice produced prove to be better models for TSC2. When the TSCl gene is 
finally identified, it will be interesting to determine whether TSCl knockout mice will 
prove to be good models for the tuberous sclerosis condition.

In future as more and more genes are added to the comparative map of human 
chromosome 9, mapping information for certain markers may suggest them as candidate 
genes for disease loci mapping to this chromosome. Except for the MMU2/HSA9q region 
of homology, gene order for the remainder of human chromosome 9 appears to have been 
conserved, enabling predictions to be made of the regional localisation of genes based on 
their easier and more accurate linkage mapping in the mouse. This will aid the search for 
the genes for cartilage-hair hypoplasia (CHH), Friedreich Ataxia (FRDA), Gorlin's 
Syndrome (NBCCS), multiple self-healing squamous epithelioma (ESSl), Fukuyama type 
muscular dystrophy (FCMD), and bladder and ovarian carcinoma genes on human 
chromosome 9.

PAX5 lies in the region of the cartilage hair hypoplasia gene (CHH), an autosomal 
recessive skeletal dysplasia disease, which is characterised by short limbed short stature, 
hypoplastic hair, and defective immunity (Sulisalo et a l, 1993; reviewed in Povey et a l,
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1994). The mouse Pax5 gene has been shown to code for a transcription factor, BSAP, 
which is expressed in B-lymphocytes, the developing central nervous system, and adult 
testis (Adams et a l, 1992). Recently Urbanek et a l (1994) mutated the Pax5 gene in the 
mouse germline by targeted disruption of its paired box in embryonic stem cells. The 
knockout mice showed that Pax5 is not essential for embryonic development and 
spermatogenesis, but it is necessary for B cell differentiation and midbrain development. 
The homozygous mutant mice were indistinguishable from their littermates at birth, but by 
the second week after birth became severely growth retarded, and usually died in the third 
week. No skeletal or hair abnormalities were noted. On the basis of the expression pattern 
of Pax5, and the gene knockout experiments, it seems unlikely therefore that mutations in 
the PAX5 gene are responsible for cartilage hair hypoplasia.

Friedreich Ataxia (FRDA) is a severe neurodegenerative autosomal recessive 
disorder. Neurodegeneration is prominent in thick myelinated fibres of peripheral nerves, 
dorsal roots, the spinal cord and the cerebellar cortex. The segment of human chromosome 
9 where FRDA is thought to lie has been narrowed to a critical region of about 300kb 
(Duclos et a l, 1994; reviewed in Povey et a l, 1994). Genetic mapping data in a FRDA 
family has placed D9S743E just distal to FRDA, excluding it as a candidate for the 
Friedreich gene. Currently there are no other markers on the comparative map that can be 
considered as candidates for FRDA, but given the close proximity of D9S743E to FRDA 
obviously if any gene is found to map close to D19H9S743E on mouse chromosome 19, it 
would be worth considering this as a candidate for Friedreich Ataxia.

Gorlin's Syndrome or nevoid basal cell carcinoma syndrome (NBCCS) is a cancer 
predisposition syndrome characterised by multiple basal cell carcinomas and diverse 
developmental defects (reviewed in McKusick and Amberger, 1993; Povey e ta l ,  1994). 
The gene responsible for NBCCS is likely to be a tumour suppressor gene, and has been 
genetically mapped to a 2cM region between microsatellite markers D9S12 and D9S180 on 
9q22.3-q31 (reviewed in Povey et a l, 1994). Physical mapping in the region has 
predicted that the NBCCS candidate region is less than 1.65Mb (Morris and Reis, 1994). 
On the basis of their gene function, several markers from the comparative map may be 
considered to be candidates for NBCCS. These include tropomodulin (TMOD; a protein 
that modulates the association of tropomyosin with the spectrin-actin complex in the 
membrane skeleton of erythrocytes), Fanconi anaemia complementation group C (FACC), 
xeroderma pigmentosum (XPAC) and cathepsin L (CTSL; a lysosomal cysteine protease 
whose expression and secretion is induced by malignant transformation, growth factors, 
and tumour promoters). Genetic mapping has excluded TMOD as a candidate for NBCCS 
(Povey et a l, 1994) and deletion mapping in sporadic and familial tumours has excluded 
FACC as a candidate (Shanley et a l, 1995). Genetic and physical mapping place XPAC in 
the correct region for NBCCS, and the expression of XPAC in the skin supports its 
investigation as a candidate gene. The gene order in human is cen-CTSL-FACC-XPAC-
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TMOD-ALDOB-tel. As FACC has been excluded, it would seem therefore that CTSL 
cannot be a candidate gene either. Ctsl and Face map to mouse chromosome 13 and Xpa 
(the mouse homologue of XPAC), Tmod and Aldo2 (the mouse homologue of ALDOB) 
map to mouse chromosome 4 (see Fig. 3.14 Chapter 3). No other markers from the 
comparative map are being considered as candidate genes for NBCCS. Assuming that 
gene order is conserved between man and mouse, the mouse homologue of the gene would 
be expected to map distal to Face on mouse chromosome 13 or proximal to Tmod on 
mouse chromosome 4. If any new gene is assigned to either of these regions, it might be 
worth considering this as a candidate for NBCCS.

Multiple self-healing squamous epitheliomata (ESSl) is an autosomal dominant trait 
in which affected individuals intermittently develop invasive skin tumours. Genetic 
mapping also places XPAC in the correct region for ESS 1 on human chromosome 9q22- 
q31 (reviewed in Povey et a l, 1994), and the expression of XPAC in the skin supports its 
investigation as a candidate gene for this disorder also.

Loss of heterozygosity studies of ovarian tumours have defined a common region 
of deletion between D9S160 and D9S115 on 9q31-q34.1. Hexabrachion or tenascin c 
(HXB) is a large glycoprotein of the extracellular matrix that is prominent in 
embryogenesis, wound healing, and tumourigenesis (Lightner and Erickson, 1990). In 
view of the map position on 9q32-q34 and its involvement in tumourigenesis, HXB could 
be considered as a possible candidate for the ovarian cancer tumour suppressor gene.

Comparative mapping data predict the occurrence of human homologues of several 
mouse mutations. Sixteen mouse mutations have human homologues that would be 
predicted to lie on human chromosome 9. Human mapping information may suggest 
particular genes as candidates for mouse mutations. Genetic mapping of the markers used 
to create the human chromosome 9 comparative map in crosses involving the mutant 
laboratory strains, may determine whether any of the markers are suitable for investigation 
as candidate genes for the mouse mutations. Urogenital syndrome {us) is a recessive 
mutation in mice characterised by abnormalities of the axial skeleton and urogenital organs 
(Lane and Birkenmeier, 1993). The position of us 0.7cM±0.7cM proximal to Spna2 in the 
MMU2/HSA9q homology region was established by analysis of 142 progeny of an 
interspecific backcross between us and Mus spretus (Lane and Birkenmeier, 1993). It was 
suggested that us mice could be models for the human nail patella syndrome (NPSl) 
because of phenotypic similarities between the two syndromes. However this would seem 
not to be the case as NFS 1 has been localised proximal to ASS in human chromosome 9 
(Campeau et a l,  1995) and us has been found not to recombine with Rxra on mouse 
chromosome 2 (Graw et a l, 1994). The procollagen type V alpha 1 gene {Col5al) was 
considered a candidate for the us mutation as Col5al is expressed in many connective 
tissues (reviewed in Fessier and Fessier, 1987), but recombinants have been found in the
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interspecific backcross between Col5al and us. As no recombinants were found between 
Rxra and us, Graw et al. were sequencing the Rxra gene in us mice. Sucov et at., (1994) 
however have established a loss-of-function mutation in the Rxra gene in the mouse germ 
line that results in embryonic lethality of homozygous offspring due to defective 
development of the ventricular chambers of the heart. It seems unlikely therefore that a 
defect in the Rxra gene causes the us mutation, as the phenotype of the knockout mice is 
completely different to that of us mice.

The cerebellar mouse mutation stumbler (stu) has been mapped to proximal mouse 
chromosome 2 using a stu!castaneus Fi intercross (Frankel et a l,  1994). The stu locus 
resides between the anonymous microsatellite markers D2MÜ5 and D2Mit7, and so could 
lie within the MMU2/HSA9q region of homology. Mapping of genes from the 
MMU2/HS A9q comparative map would confirm this, and may suggest possible candidates 
for the stu mutation. The Ptgds, Dbh, and Spna2 genes could all be considered as possible 
candidates as they are all expressed in brain (Nagata et a l,  1991; Craig et a l,  1988; 
Birkenmeier et a l, 1988). Notchl is expressed in the mouse CNS (Reaume et a l,  1992), 
but evidence from mating a stu!+ male with females heterozygous for a Notchl knockout 
mutation suggests that the two genes are not allelic (Frankel et a l, 1994).

The Col5al gene has been mapped on MMU2 in the region of the stubby {stb) 
mutation, a recessive mutation that results in achondroplasia - homozygotes have a domed 
head and thick short tail, and adults have shorter heads, bodies, and legs than normal mice 
(Lane and Dickie, 1968). The collagens are a large family of extracellular matrix 
components responsible for maintaining the structure and integrity of connective tissue. 
Type V collagen is a fibrillar (or fibre forming) collagen and is expressed in man in many 
connective tissues (reviewed in Fessier and Fessier, 1987). Although pattern of expression 
of ColSal in the mouse has not been reported, the map position of the Col5al gene on 
MMU2 would suggest it as a possible candidate gene for the stb mutation. In order to 
detect any changes in the ColSal gene in stb mice at the Southern blot level, different 
restriction digests of stb and parental DNA were analysed using a ColSal probe (see 
Chapter 3 section 3.4,2). No differences were seen between stb and normal DNA 
indicating that there are no major deletions or rearrangements of the ColSal gene in stb 
mice. It was not possible to study ColSal gene expression in B6C3ArZ? mice as RNA was 
not available. Therefore ColSal cannot be ruled out as a candidate gene for the stb 
mutation from my very limited Southern blot experiments. Although the genomic structure 
of ColSal is not known, the collagen genes are known to be very large genes with very 
many exons (for example the Col4al gene has a 6147bp coding sequence consisting of 52 
exons; Soininen et a l, 1989). The ColSal coding sequence consists of 5516bp of DNA, 
and so sequencing of the ColSal gene in stb mice would be very difficult. Genetic 
mapping of the ColSal gene in a cross involving the stb mutant would determine whether it 
is worth investigating ColSal further as a candidate gene for the stb mutation.
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Wevrick et al. (1993) have used interspecific backcross analysis to localise the 
mouse homologue of the human Fanconi anaemia complementation group C (FACC) gene 
to mouse chromosome 13 in close proximity to the recessive flexed-tail (/)mutation. The 
backcrosses used were the Jackson BSB and BSS crosses, and not a backcross involving 
the/m utant, which would have been more useful, as it would have allowed Face to be 
mapped in direct relation to /  Homozygous flexed tail mice suffer from transitory anaemia 
and are small at birth. Most have a flexed tail and a belly spot. The anaemia begins on the 
12th day of embryonic life when the liver starts to produce blood cells and is still severe at 
birth, but by 2 weeks of age the anaemia has disappeared (Green: Genetic Variants and 
Strains of the Laboratory Mouse). The phenotype is similar to that of human FACC, 
although the flexed tail anaemia is not as persistent and does not affect as many 
haemopoietic lineages as that of FACC. Face was tested as a candidate fo r/by  analysis of 
DNA and RNA from /m ice, /h a d  been bred onto the WB/Re strain for 25 generations. 
The Face probe detected differences between DNA from W B /R e//and WB/Re+/+ mice, 
demonstrating the close proximity of Face to /, although there was no evidence for a DNA 
rearrangement (Wevrick et al., 1993). The Face probe did not detect any difference in 
message size or abundance in mRNA from the/mouse, indicating that there are no major 
alterations in the gene. Sequence analysis of the Face gene from /  mice is required to 
determine whether flexed tail is due to a point mutation or another small disruption of the 
Face gene. If/m ouse is found to have a defect in the Face gene product, it could be used 
as a model for FACC (with a milder phenotype) to test for potential gene therapies.

In future as more and more markers are mapped genetically in the mouse, and the 
precise organisation of the homologous regions in man and mouse is determined by 
detailed physical mapping, it will be possible to define the exact evolutionary breakpoints 
between man and mouse, and this will aid in the search for disease genes on human 
chromosome 9, and in identification of possible mouse models of human genetic disease.
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1. Markers mapping to the distal end of mouse chromosome 19 showed segregation
distortion in favour of the AN allele (described in Chapter 3, page 117). Another 
explanation of this distortion could be that there was heterogeneity in the Mus spretus 
population used to create the backcross, and one of the original Mus spretus animals used 
carried alleles that resemble AN rather than Mus spretus. The segregation distortion seen 
does seem very extreme and it would be interesting to repeat the backcross in order to see if 
the same effect was seen, and to determine at what stage the effect occurs - for example in 
the gametes or early post fertilisation.

2. To test whether the differences in recombination frequency seen between crosses
are significant, the y} test for comparing two proportions could be used.

Where:
2 _ N(ad-bc)^

= (a+b)(a+c)(b+d)(c+d)

For example 13 recombinants out of 857 progeny were found using the EUCIB 
backcross between Spnal and He, whereas Birkenmeier et al., (1988) found 14 
recombinants out of 120 progeny.

Rees Nonrecs Total
a b a+b

13 844 857
0 ^ d c+d

14 106 120
a+c b+d N

27 950 977

EUCIB data

Data of Birkenmeier et ai ,  1988

The y} value produced by comparing these 2 crosses is 40.35, giving a probability 

(P) value of 0.001, which is highly significant. Siracusa et al. found 14 recombinants out 
of 146 progeny between Spna2 and He. When this data was compared to data from the 
EUCIB, again a significant result was produced. Data from the AN, Jackson and EUCIB 
backcrosses showed no statistically significant differences in recombination frequency 
between any of the 26 markers in the MMU2/HSA9q syntenic region.

3. The Mus spretus mice used in each backcross described in this thesis originated
from different sources. The M. spretus mice used to create the AN backcross were from 
the laboratory of Dr. Graham Bulfield, and were kept at Harwell as a non inbred laboratory 
stock. The mice used to create the Jackson backcrosses were from the SPRET/Ei strain 
held by Dr. Eva Eicher at the Jackson Laboratory. For the EUCIB, the London M. spretus 
animals (SPR) were from a closed colony held by Dr. Sohaila Rastan that had not been 
systematically inbred and Paris M. spretus mice were from the SEG/Pas colony held by Dr. 
Jean-Louis Guenet that are inbred following 20 generations of brother-sister matings.
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The mapping of human chromosome 9 (HSA9) and mouse 
chromosome 2 (MMU2) has revealed a conserved syntenic re
gion between the distal end of the long arm of chromosome 9 
and proximal mouse chromosome 2. Two genes that map to 
human chromosome 9q34, gelsolin (GSN) and dopamine 0-hy- 
droxylase (DBH), have not previously been located in the 
mouse. We have used an interspecific backcross to map each of 
these genes, by Southern blot analysis, to mouse chromosome 
2. Gelsolin (Gsn) is tightly linked to the gene for complement 
component C5 (He), and dopamine jg-hydroxylase (Dbh) is just 
proximal to the Abelson leukemia virus oncogene (Abl) and 
a-spectrin 2 {Spna-2). The loci for gelsolin and dopamine/8-hy
droxylase therefore form part of the conserved synteny be
tween HSA9q and MMU2. © 1992 Academic Press, Inc.

INTRODUCTION

Comparative mapping of the mouse and human ge
nomes can be valuable in a number of ways. Over 550 
homologous genes have been mapped in human and 
mouse, and 62 conserved syntenic groups are known 
(Nadeau et ai,  1991). In particular, linkage mapping in 
the mouse, with its greater capacity for resolution of 
closely linked genes, can be a useful aid in predicting 
map positions of homologous genes in human.

The distal portion of the long arm of human chromo
some 9 (HSA9) shows homology to mouse chromosomes 
2 and 4, with loci in the distal region of 9q34 (e.g., ABL 
and argininosuccinate synthetase (ASS)) having homo
logues on proximal MMU2, and genes mapping more 
proximally on 9q (e.g., orosomucoid (ORM) and amino- 
levulinate dehydratase (ALAD)) having homologues on 
MMU4. A number of disease genes have been shown to 
map to HSA 9q34; these include torsion dystonia 
(D Y T l) and tuberous sclerosis (T SC l) (Povey and Gau- 
die, 1990). These findings have stimulated considerable 
interest in mapping the region, although the precise 
order of genes mapping to 9q34 remains to be elucidated. 
Several human genes have been mapped to the region of 
9q34 by in  situ  hybridization rather than by detailed link

age analysis (e.g., complement component C5); it would 
therefore be useful to map homologous genes in the 
mouse to predict their assignment to a particular region 
of HSA 9q34.

In this study, we have used an interspecific backcross 
between laboratory mice and M us spretus to map the 
mouse genes for gelsolin (Gsn) and dopamine /8-hydroxy
lase {Dbh). The human gelsolin gene (GSN) was mapped 
to HSA 9q34 by in situ hybridization and pulsed-field gel 
electrophoresis, which showed it to be proximal to the 
ABL gene (Kwiatkowski et ai,  1988). There has also 
been multipoint linkage mapping in a number of large 
Jewish families, which puts GSN approximately 10 cM 
proximal to ABL and 15 cM proximal to ASS (Ozelius et 
ai,  1989). The human dopamine /8-hydroxylase (DBH) 
gene has also been mapped to 9q34 by in situ hybridiza
tion (Craig et ai, 1988). Some linkage data have been 
generated in the CEPH families, and these revealed no 
recombinants between DBH, ABL, and the ABO blood 
group locus (Perry et ai, 1991).

MATERIALS AND METHODS

Mice. A M. spretus male was crossed to a female of a laboratory 
stock called AN, deficient for STS, and maintained on a C3H back
ground. Seven F, females were backcrossed to C3H/AN males, and 
126 backcross progeny were obtained.

Probes. The Abl probe was a 1.9-kb H ind lll/S stl fragment of the 
Abelson leukemia oncogene cloned in pBR322; the Acra probe was a 
1.7-kb EcoRI human cDNA clone in pUCS, the kind gift of Dr. David 
Beeson; the He probe was a 2.1-kb BamHI fragment of a mouse cDNA  
probe cloned in pCD and obtained from the American Type Culture 
Collection (ATCC); the Dbh probe was a 0.8-kb BamHI/BcoRI frag
ment of human DBH cDNA, derived from a probe that was the kind 
gift of Dr. Jacques Mallet; the Gsn probe was a 2.1-kb human cDNA  
fragment cloned into the PstI site of pUCl3, the kind gift of Dr. David 
Kwiatkowski; the Spna-2 probe was a 1.4-kb BcoRI-Sa/I fragment of 
chicken Spna-2 cDNA cloned in pUCl3, the kind gift of Dr. Connie 
Birkenmeier; and the Vim probe was a 3.3-kb PuuII-BcoRI fragment 
of a mouse cDNA clone (in pBR322), also obtained from the ATCC.

Southern blot analysis. DNA was prepared from lung and/or 
spleen by standard methods. A total of 10 ixg DNA was digested with 
the appropriate restriction enzyme (see Fig. 1), run on a 1% agarose 
gel, and blotted onto GeneScreen Plus (NEN) according to the manu-
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FIG. 1. RFLVs revealed by the probes used for the analysis of chromosome 2 in the backcross. C, restriction fragment pattern seen in 
C3H/AN mice; H, (C3H/AN X M. spretus) F, heterozygote; S, M. spretus.

facturer’s instructions. Probes were labeled with a random nonamer 
labeling kit, Prime-lt (Stratagene), and blots were hybridized over
night at 65°C in a dextran sulfate-based hybridization mix. Blots were 
washed at 65°C in 2X SSC/1% SDS; precise timings varied from probe 
to probe. Filters were then exposed to X-ray film (Hyperfilm; Amer- 
sham) at -70°C  overnight.

RESULTS

DNA was prepared from 126 backcross animals [AN X  

M. spretus)] X AN. If Gsn and Dbh fell within existing 
conserved syntenic groups, it was predicted that they 
would map to chromosome 2 or 4. Therefore, the back- 
cross mice were first typed for RFLVs in the Abl, Spna-2, 
and He (complement component C5) genes (all of which 
map to MMU2 and HSA9q; Siracusa et ai,  1990; Bir
kenmeier et a l,  1988; Smith and Simpson, 1989) and for 
RFLVs in the levulinate dehydratase {Lu {Alad)) and 
tyrosinase-related protein {Tyrp-1 (brown)) genes (both 
of which map to MMU4 and HSA9; Nadeau et ai,  1986; 
Abbott et ai, 1991; data not shown) to provide reference 
loci for the cross. RFLVs were found between AN and M. 
spretus for markers on chromosome 2 and are shown in 
Table 1, along with those detected by the Gsn and Dbh 
probes. The segregation of RFLVS from M. spretus was 
followed in the backcross progeny.

The results obtained by analysis of the backcross are 
shown in Figs. 2 and 3. It can be seen that both the Gsn 
and Dbh  genes map to chromosome 2. No recombinants 
were detected in 126 mice between He and Gsn, and only 
one recombinant in 126 mice was detected between Dbh  
and A b l  No  recombinants between Abl and Spna-2  were 
found, in contrast with previous findings in other back- 
crosses (see Discussion). Thus, from our data, both He 
and Gsn and Abl and Spna-2  were found to be between 0 
and 2.8 cM of each other at the 95% confidence level. To 
establish if the unexpectedly low recombination rate ob
served in the backcross used in our study extended fur
ther along chromosome 2, the backcross was subse
quently typed for RFLVs detected by probes for vimen- 
tin (Vim), which maps proximally to Spna-2, and the 
acetylcholine receptor a gene (Acra), which maps dis- 
tally to He. These genes were chosen because, along with 
Abl, they represent reference loci for the chromosome 
(Siracusa and Abbott, 1991). The results obtained are 
shown in Fig. 2. The order of genes was taken to be that 
which would minimize the number of double recombi
nants. The recombination distances ±standard error ob
tained are therefore: V/m-13.6 ±  3.0 cM -D bh-0 .8  ±  0.8 
cM -{Spna-2, Abl)-1.6 ±  1.1 cM-{He, Gsn)-l6 .S  ±  3.7 
cM-Acra. This gene order is consistent with those of 
other studies, except for Spna-2  and Abl, for which we

TABLE 1

Loci N am es and RFLVs Used for M apping

Locus Name Restriction endonuclease

Fragment size(s) (kb)“ 

C3H/AN M. spretus

Vim Vimentin BamHI 15 12
Dbh Dopamine d-hydroxylase BglU 3.5 4
Spna-2 Brain a-spectrin BamHI 6.5, 3.6 6 .5 ,4
Abl Abelson proto-oncogene Taql 6, 2.8 5, 3.8
Gsn Gelsolin EcoRV 6 ,5 1 5 ,6
He Complement component 05 BcoRV 16 14
Acra Muscle nicotinic acetylcholine receptor 

a-cbain
P stl 12, 8.5 12,6

' The restriction fragments followed in the backcross are underlined.
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YiiD □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ □
Dbh □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ □

□ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ □
Rc, Qsn □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■
Acxa NT NT. □ ■ NT NT □ ■ □ ■ □ ■ □ ■ □
No. o f  a n im a ls 12 q 42 27 2 1 8 6 0 1 1 0 10 6 1

I  I  C3H/AN 

H  Mus spretus 

NT not tested

FIG. 2. Pedigree analysis of the 126 animals of the backcross. Each of the columns is a diagrammatic representation of the informative 
chromosome.

were unable to establish a gene order because of the lack 
of recombination between the loci. Only one double re
combinant was detected, but this is not unexpected.

Previous work has demonstrated transmission ratio 
distortion on proximal chromosome 2 in an interspecific 
backcross with M. spretus (Siracusa et a/., 1989). A signif
icant excess of M. spretus alleles over the expected Men- 
delian 1:1 segregation pattern was seen at all loci proxi
mal to Pck-1. The cross used by Siracusa et al. was a 
(C57BL/6J X M. spretus) Fj X C57BL/6J backcross. 
With this in mind, we examined our data for evidence of 
transmission ratio distortion. At all loci investigated, an 
excess of the AN allele was seen. On average, 56% AN 
alleles:44% M. spretus alleles were found, and this effect 
extended across the whole 33-cM region examined. How
ever, this excess is not statistically significant.

DISC USSIO N

The linkage map obtained in this study is shown in 
Fig. 3, next to the consensus map of the region (Siracusa 
and Abbott, 1991). The distance obtained between Vim  
and Acra, 32.4 ± 4.6 cM, is in relatively good agreement 
with that shown in the consensus linkage map of chro
mosome 2,37 cM (Siracusa and Abbott, 1991). However, 
it can clearly be seen that there is a considerably lower 
rate of recombination in the region spanning Spna-2  to 
He in this study than has been found previously. 
Whereas we saw no recombinants between Spna-2  and 
Abl in 126 mice, Siracusa et al,  (1990) mapped Spna-2  
4.8 cM proximal to Abl, and Birkenmeier et al. (1988) 
mapped Spna-2  11 cM proximal to He. The recombina
tion frequency that we detected between Spna-2  and He 
is statistically significantly different from that seen by 
Siracusa et al. (1990) (p = 0.0078, using a two-tailed 
Fisher exact test). Likewise, the recombination fre
quency seen between Spna-2  and Abl is significantly dif
ferent in the two studies (p = 0.016). The reason for this 
low recombination rate is not known. In each of the pre
vious studies mentioned above, the crosses used were

(C57BL/6J X M. Spretus) Fj backcrossed to C57BL/6J, 
whereas we used AN mice and M. spretus of an origin 
different from those used by Siracusa et al. (1990) and 
Birkenmeier et al. (1988). Recombination rate has been 
shown to vary enormously depending on the genetic 
background of the mice used (Reeves et a i,  1990), and 
this may be the explanation for the discrepancy. An
other possible explanation that we cannot formally ex
clude at this stage would be the presence of a small in 
version in the region being mapped in the M. spretus line 
used in this study. It has long been established that in
versions will suppress recombination; this has been par
ticularly well established for the t-haplotype region on 
mouse chromosome 17 (Shin et ai,  1983). Additional 
small inversions have been found on this chromosome in 
M. spretus (Hammer et ai,  1989). However, no other 
inversions in the M. spretus genome have been reported 
(Copeland and Jenkins, 1991). Further mapping studies 
will be needed to resolve this matter.

The mapping of the Dbh  and Gsn genes to proximal 
mouse chromosome 2 extends the region of conserved 
synteny with the long arm of human chromosome 9. 
Other genes within this conserved synteny are Spna-2  
(SPTA N  1), the surfeit {Surf  (SURF)) cluster of genes, 
Abl (ABL), Ass-1 (ASS), He (05), adenylate kinase-1, 
Ak-1  (A K l), and folyl polyglutamate synthase {Fpgs 
(FPGS)). The precise order of these genes in human has 
not yet been determined, and indeed and Fpgs have 
not been mapped in the mouse by linkage analysis. How
ever, the order of genes, including Dbh and Gsn, in the 
mouse is not inconsistent with that suggested in human 
(Smith and Simpson, 1989; Perry et ai,  1991), indicating 
that this region may represent a conserved linkage group 
between mouse and human (i.e., where gene order has 
been conserved also) and not merely conserved synteny. 
It is also of interest that the mouse gene for o l  3-ga- 
lactosyl transferase has recently been mapped to the 
centromeric region of chromosome 2 (Joziasse et ai,
1991). The deduced protein sequence from this gene 
shows significant homology to the protein sequences of
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FIG. 3. (a) The map, with recombination frequencies, derived in 
this study, (b) The appropriate region of the consensus linkage map of 
mouse chromosome 2, including relevant markers only.

the human histo-blood group A and B transferases (Ya
mamoto and Hakomori, 1990). Since the human ABO 
gene is known to map to chromosome 9q34, it is possible 
that these genes also form part of the conserved synteny. 
It seems likely that He and Gsn are on the border of this 
region (the distal border in mouse and the proximal 
border in human) since genes mapping proximally on 
the 9q32-q34 region in human, ALAD and ORM-1, are 
on chromosome 4 in the mouse.

Further definition of the region of conserved synteny 
between proximal MMU2 and HSA9q34 will be 
achieved with the mapping of Ak-1  and Fpgs by linkage 
analysis in the mouse and by the mapping of the human 
homologue of the anonymous mouse cDNA clone Jgf-1, 
since this gene maps between Abl and He in the mouse 
(Siracusa et ai,  1990). Such comparative mapping can be 
of great benefit, particularly in its potential for predict
ing regional localization of genes in the human based on

their (easier and more accurate) linkage mapping in the 
mouse. In the case of genes that have been mapped to 
HSA9q, it is now possible to make a reasonable predic
tion as to whether they lie distally or proximally in the 
region, based on whether their mouse homologues map 
to chromosome 2 or 4.
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Abstract. The genes for orosomucoid (ORM-1 and 
ORM-2), delta-aminolcvulinate dehydratase (ALAD), 
and hexabrachion or tenascin (HXB) all map to the 
q31-qter region of human Chromosome (Chr) 9. The 
mouse homolog of each of these genes has been 
mapped to Chr 4, but hexabrachion has not previously 
been mapped by linkage analysis. We have now or
dered Orm-I, Lv (the mouse homolog of ALAD), and 
Hxb in an interspecific backcross panel, by use of ty
rosinase related protein-1, Tyrp-\, whose human ho
molog maps to 9pl3-pter (Abbott et al.. Genomics
1991) as a reference locus. No recombinants were 
identified in 124 animals between Lv and Orm-I. Hxb 
was found to be 1.6 cM distal to Lv and Orm-I, and 4.8 
cM proximal to Tyrp-I, or b. These data therefore con
tribute to our knowledge of the conserved synteny be
tween HSA 9q and MMU 4.

Introduction

Comparative mapping of the long arm of human Chr 9 
and the mouse genome has revealed two areas of con
served synteny: the proximal region of mouse Chr 2 
and the central region of mouse Chr 4 (Siracusa and 
Abbott 1991; Blank et al. 1991; Pilz et al. 1992). Three 
genes that have been mapped to human Chr 9q31-qter 
have also been mapped to mouse Chr 4. ORM-1 and 
ORM-2 have been localized to 9q31-qter by linkage 
analysis by both protein typing and restriction frag
ment length polymorphism (RFLPs) and in situ hybrid
ization with an ORM-1 cDNA probe (Smith and Simp
son 1989; Povey et al. 1991). ALAD has been mapped 
to 9q34 by in situ hybridization and has also been

Offprint requests to: C. Abbott

found, with pulsed-field gel electrophoresis, to reside 
on the same 1.6 Mb Notl fragment as ORM. Analysis 
of dot-blotted translocation chrom osom es showed 
ALAD to be proximal to ORM (Harris et al. 1991). The 
gene for hexabrachion (HXB), also called tenascin 
(TN), which codes for a large extracellular glycopro
tein, has been mapped by in situ hybridization to 9q32- 
q34 (Gulcher et al. 1990; Rocchi et al. 1991). The lo
calization of a number of genes for human genetic dis
orders to this region (for example, tuberous sclerosis 
1, nail-patella syndrome, torsion dystonia 1, and mul
tiple self-healing squamous epithelioma) has stimu
lated considerable interest in mapping this region. 
Comparative mapping of genes in the mouse can pro
vide additional useful data on likely gene order in man. 
Although Orm-I and Lv (the mouse hom olog of  
ALAD) have been mapped in the mouse to Chr 4 by 
linkage analysis, there has been considerable confu
sion as to their positions relative to each other and to 
the reference locus brown {b, also known as Tyrp-I; 
reviewed in Blank et al. 1991). The mouse gene for 
hexabrachion {Hxb) has also been mapped to Chr 4 
with somatic cell hybrids (Hsieh et al. 1991); however, 
the position of the gene on Chr 4 has not been estab
lished.

We have now mapped Orm-I, Lv, Hxb, and Tyrp-I 
in an interspecific backcross between laboratory mice 
and Mus spretus.

Materials and methods

Probes

The Tyrp-I probe was a 1.7-kb 5acl fragment of mouse TRP-1 
cDNA cloned in pGEM-7, the kind gift of Ian Jackson. The Lv probe 
was a 1.1-kb Pstl fragment of human ALAD cDNA cloned in 
pUC19, the kind gift of R. Desnick. The Hxb probe was a 0.9-kb 
EcoRI fragment of human hexabrachion cDNA, cloned in pGEM, 
the kind gift of L. Zardi.
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Fig . 1. RFLVs used for Lv, Hxb, and Tyrp-I, together with a typical Orm-I PCR.
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Orm-I was typed by PCR with primers flanking a microsatellite 
sequence (Love et al. 1990).

Southern blotting

Southern blotting was carried out exactly as described in Pilz et al. 
(submitted). The RFLVS used are shown in Fig. 1.

PCR

PCR was carried out in 1 x PCR buffer (Promega), 200 |iM deoxy- 
nucleotide triphosphate (dNTPs), 25 pmol each primer, 500 ng 
DNA, and 0.5 unit Taq polymerase (Promega) in a total volume of 50 
fil. Each cycle comprised 94°C, 15 s; 55°C, 30 s, 72°C, 30 s for 30 
cycles. PCR products were analyzed by electrophoresis in a 3% 
NuSieve agarose, 1% agarose gel, stained with ethidium bromide 
and viewed under UV light.

Mice

The backcross used has been described previously (Pilz et al. 1992). 
Briefly, the mice used were Mus spretus and a laboratory stock, 
called AN, which was derived from an inbred line of C3H carrying 
a variant of STS. (AN x M. spretus) F, females were backcrossed 
to AN males.

Results

RFLVs were found with the Lv, Hxb,  and Tyrp-I 
probes; these are shown in Fig. 1 together with the 
Orm-I microsatellite polymorphism. 124 mice were 
typed for the Lv  polymorphism and 125 for Orm-I, 
Hxb, and Tyrp-I. The results obtained are shown in 
Fig. 2. No recombinants were detected between Lv  
and Orm-I,  and two recombinants were found be
tween these loci and Hxb.  The distances and most 
likely gene order are (Lv, Orm-I)— 1.6 ±  1.1 cM— 
Hxb— 4.8 ± 1.9 cM — Tyrp-I, because with this order 
no double recombinants are found. Our results are in 
reasonable agreement with earlier data which showed 
that Lv  was 5 ±  2 cM (Hutton and Coleman 1989) and 
3.7 ± 1.4 cM (Fletcher et al. 1991) proximal to b (that 
is, Tyrp-I). The lack of recombinants between Lv  and 
Orm-I puts the loci within 2.87 cM of each other at the 
95% confidence limit. No distortion of transmission 
ratio was seen at any of the loci.

Discussion

Lv  and Orm-I  have not previously been mapped in the 
same cross, and, furthermore, conflicting data have 
been reported for the precise localization of Orm-I  and 
Orm-2. Nadeau and co-workers (1986) found Orm-I to 
be 8.7 cM distal to Mup, and Baumann and Berger 
(1985) estimated Orm-I  to be 11 ± 4  cM distal to Mup.  
However, data from two other groups (reviewed in 
Blank et al. 1991) put Orm-I only 1 cM distal to Mup.  
The reason for this discrepancy is not clear, but in the 
first two studies the Orm phenotype of the backcross 
progeny was determined by protein analysis, whereas 
the latter two used variation detected at the DNA  
level. In addition, different strains of mice were used 
in the different analyses. It would be of interest to map 
Orm at the level of both protein and DNA in the same 
cross, since this would at least establish whether or 
not the same locus was being analyzed in each case. 
However, this will not be possible retrospectively for 
most backcrosses, since in most cases (including ours) 
blood will not have been taken at the time the mice 
were sacrificed and DNA was prepared. It is of inter
est to note that a similar potential conflict between 
results obtained by protein and DNA analysis of ORM 
has been suggested in humans (Povey et al. 1991).

CHROMOSOME 4

L v □ ■ □ ■ □ ■

Orm-l □ ■ □ ■ □ ■

Hxb □ ■ □ ■ ■ □

Tyrp-1 □ ■ ■ □ ■ □

6 0 5 6 1 5 1 1

□  AN allele 

■  Mus spretus allele

Fig. 2. Analysis of backcross progeny for Lv, Orm-I, Hxb, and 
Tyrp-I.
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 1 y rp -1  (Dp I .i p ie r )

MMU 4W i t h i n  2 5 0  kb _ Ü S N . C5

API

Dbh
W i t h i n  8 0 0  kb _ A B L ,  AS5,

_ _  DBH.

MMU 2

HSA 9q

Fig. 3. Diagrammatic representation of distal human Chr 9q show
ing the position of mouse homologs of the human genes.

Although we have not mapped Mup  in the present 
study, our data would support positioning Orm-I  
about 1 cM distal to Mup, since we have found Orm-I 
to be 6.4 cM proximal to the reference locus h (or 
Tyrp-I), whereas the data of Nadeau et al. (1986) also 
suggested Orm-I to be distal to b (Fig. 2).

An unequivocal order for ALAD, ORM, and HXB 
in man has not been established, but the most likely 
order seem s to be centrom ere— A LAD — ORM— 
HXB—GSN (gelsolin). Gsn maps to mouse Chr 2 (Pilz 
et al., 1992), suggesting that HXB-GSN represents the 
boundary of two separate conserved syntenic groups 
with mouse Chrs 2 and 4 (Fig. 3). ALAD and ORM 
have been found to occur on the same 1.6 Mb Notl 
fragment by pulsed-field gel electrophoresis in the hu
man. It is, therefore, quite consistent that they should 
be found to be closely linked in the mouse. If the gene 
order has been retained from mouse to human, then Lv 
would be proximal to Orm on mouse Chr 4. Further 
analysis will be necessary to establish the precise gene

order and to determine whether this truly represents a 
conserved linkage group between human and mouse.
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The genes coding for phosphoenolpyruvate carboxykinase-1 (PCKl) and 
neuronal nicotinic acetylcholine receptor «4 subunit (CHRNA4) map to 
human chrom osom e 20, extending the known region of hom ology with

m ouse chrom osom e 2

A..). PILZ' *, E. VVILLER', S. POVEY' a n d  (A M. ABBOTT'
 ̂I  )e pari merit o f  Genetics and  B iometry and  ^M R C  H u m a n  Biochemical Genetics Unit, 

t^niversity Golleye London, Wolfson House, 4 Stephenson Way, London  AM / 2H E, England

SUMMARY

The m ouse genes for cytosolic; phosphoenol})yruvate carhoxykinase-1 {Pck-I)  and neuronal 

nicotin ic acetylcholine receptor a4  subunit {Acra-4) both m ap to distal chrom osom e 2 (Siracusa 

et a i  1989; Bessis et al. 1990). W e have utilized Southern hlot analysis on hum an/rodent 

som atic cell hybrids to map the hum an hom ologues o f both o f  these genes, POK 1 and 0H R N A 4, 

to hum an chrom osom e 20.

INTRODUCTION

Phosphoenolpyruvate carboxykinase (PE P ('K  ; EC 4 .1 .1 .3 2 )  is a key regulatory enzym e in 

gluconeogenesis. The rat gene for cytosolic IT-K l is unique and probably jiresent as a single 

copy (Voo-W arren et al. 1983). The m ouse hom ologue {Pck-1) o f the P C K 1 gene m aps to distal 

c;hromosome 2, ap |)roxim ately 9 cM from the telom ere, in a region o f hom ology with human 

chrom osom e 20 (H SA20) (Siracusa et al. 1989, reviewed in Siracusa & A bbott, 1992).

The nicotin ic acetylcholine receptor from the vertebrate neurom uscular junction is a protein  

com posed o f  4 hom ologous transm em brane subunits (a, /C y  and rî). Each subunit is encoded  

by a single copy gene and assem bled in an x.JlyS  oligom er (reviewed in Changeux et al. 1984). 

The m uscle subunit coding genes form a m ultigene fam ily, and are expressed in the nervous 

system . Eour subunit genes d isplay a sequence m otif hom ologous to the fish Torpedo 

californica ol subunit, and are termed cCl, a3, a4  and olâ (Noda el al. 1983). The otA subunit gene 

{Acra-4) has been shown to map to m ouse chrom osom e 2 (M M I'2; Bessis et al. 1990) and at 

present is the most telom eric marker mapjied to the chrom osom e (Bessis et al. 1990; reviewed  

in Siracusa & A bliott, 1992).

MATERIALS AND METHODS

Probes

T he PC K l pro lie used was a 15  kb /V I  fragm ent o f a rat cD N A  jirobe (pPCK 10), cloned in 

P B R 322  (Yoo-W arren el al. 1983), the gift o f  Dr Richard H anson. The C H R X A 4 probe was a 

2 2 kb H in d lW  m ouse cD N A  fragm ent, cloned in pSPOo, a gift o f Dr Jean-L ouis (tuenet. The 

AD A  probe was a hum an ADA cD N A  clone containing a 11 kb insert, obtained from the 

Am erican T ype Culture Collection. The C N A S l probe was a full-length rat cD N A , containing  

I T kb o f  coding sequence in pB R 327, the gift o f Drs Y oskito Kaziro and Tohru Kozasa.

* T o w hom  correspondence shou ld  be addressed .
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17kb-
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2 7kb-

I;,
.1

Fig. 1. S outhei n blot o f  h um an , rod en t, and som atic  cell hybrid  D N A . proljcd for
P O K l and ( ’H R X A 4 .

Southern hlot hybridization

Southern l)lot analysis was carried out w ith DXA from human and rodent parent cell lines 

and hum an/rodent som atic cell hybrids. The DNA was digested with //D u ll II, run on a 1 % 

agarose gel and blotted  onto (tenescreen })lus (N E N ) according to the m anufacturer’s protocol. 

Probes were labelled with a random nonam er labelling kit (Stratagene), and the blots 

hybridized overnight at bo ° ( ’ using a dextran sulphate-based hybridization solution. Pbe filters 

were washed at bÔ°C in 2 x SSC 1% SD S for 30 min and exposed to X -ray film (Hypertilm , 

Amersham) for 72 h at —70 ° ( \

RESULTS

For both probes the human l)and on the autoradiograph was clearly d istinguishable from 

that associated with each rodent parent (Fig. 1). P he human chrom osom e content o f the 

hybrids had previously been assessed by isozym e, Southern l)lot and PCP analysis, and 

confirmed for m ost hybrids by karyoty})ing. P he results clearly dem onstrate that the human 

genes for PC K l and C H P X A 4 map to  chrom osom e 20 (Pable I). Phe closest m arkeis to Pck- 

1 on MMC2 whose hum an hom ologue has been m apped are Ar/u (a])proxim ately 7 lAI p ioxim al) 

and (htas (approxim ately ô cAI d ista l; reviewed in Davisson et al. 1991; Siracusa & A bbott,

1992). Both o f these ma}) to H SA20 (reviewed in Crzeschik & Skolnick, 1991). Phe Southern  

blots o f the hybrid }>anel were hybridized to  probes for the hum an (tX A S l and A DA genes to  

reconfirm the hum an chrom osom e 20 content o f the hybi ids.

DISCUSSION

Phe ma})|)ing o f C H H X A 4 to HSA 20 has extended the known region o f hom ology with  

m ouse approxim ately  4 cM tow ards the telom ere o f MMC2. If seem s likely that any marker



I a l) lp  1. Secfregdfion of P ( ' K 1  a n d  C U R N A 4  in h u m a n / rodent  h yb r id s

C h r o jn o so in e

H y b r id P( K l C H R N A 4 R ef. 1 •) 3 4 Ô b 7 8 9 10 1 1 12 13 14 15 10 17 18 19 2 0 21 22 X

F S T 9 /7 + + (1) — — + + — + — + 4 — 4- 4- + + — — + — + — 4- +
F S T 9 /1 0 + (1) — — + + — + — + 4- — + + + + — — + — 4- — 4- 4-
F S T 9 /Ô + (1) — — + + — + + + — + — + + — — + — 4- — 4- 4-
S l F l 5 1 \ o + (2) — + — — — + + — — + — — — 4- + — — — — + — — +
T W L N 1 9 F b + + (2) — + + + — + — + — — 4- + — — + 4- — 4- 4- 4- —
C R A B l + + * — — + — — — — + + 4- — 4- — — — — 4-
C R A B 7 + + * — — — + — + + 4- 4- + — + — 4- 4-
F S T 9 /2 + + (1) — — + — — + + — + — + — + + — — 4- — 4- — 4- 4-
( 'R A B 6 + + * — + — — + + + + — 4- 4- + 4- + 4- 4- 4- 4-
T W 1 N 1 9 F 9 + + (2) + + + + — + — + + — — 4- — — + 4- — 4- 4- 4- —
F H A 7 + (1) — — + + + + + + — + 4- 4- + + 4- — + +
T W I N  191) 12 + + (-') — + + — + — + — — — + — 4- — + + 4- — 4- + 4- —
M D C  3 4  A 4 — (3) + — + + + + — — — 4- — + + 4- — + — 4- 4- — 4- 4- 4-
H O R P 9 .5 — — (2) 4- 4- 4- — + 4- 4-
S I F 4 A 3 1 — — (2) — — — + + — — — — — — — + — — — — — — — — 4-
F C IO — — (2) — + — — + — + — 4- — — — — 4- — — 4- — — 4- — 4-
C T P 3 4 B 4 — (2) + 4- + — + + + + — — — + + + — + + 4- — — — — 4-
S I F 4 A 2 4 E 1 — (2) — — — + — — — — — — — — — — — — + — — — 4- — 4-
M O C 2 E 5 — — (2) + — + + + + + + + — 4- 4- + + 4- 4- — — 4- + 4-
F I R 5 — (2) — — — - — — — — — — — — — — — 4- — — — —
M O C 2C 2 - - (2) + - + 4- + — + + + + + — — + + + + 4- + — 4- 4- 4-

PCKl
C 'on eord an t 
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+  / -  
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or j)art o f  c h r o m o so m e  p r e se n t. R e fe r e n c e s :  (I )  K ie l ty  el a l. 1 9 8 2 ; (2) W o n g  et a l. 1 9 8 7 ;  (3) S o lo m o n  et a l.  1979 .
u n p u b lis h e d  h y b r id s  o f  R A C  m o u s e  a n d  lu n u a n  c e lls ;  c h r o m o so m e  c o n te n t  a s s e s s e d  b y  i s o z y m e  a n d  S o u th e r n  b lo t  a n a ly s is  a lo n e .

toto
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-  Gnas 2 0 q l 2 - q l 3  2
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Fig. 2. ( ’o iisen su s m ap o f  th e  d ista l region o f  m ouse ehrom osom e 2 sh ow in g  th ose  gen es with  
hom ologu es on hum an eh rom osom e 20 (ada|)ted  from Siraeusa & A b b o tt, 1992).

found in the distal })ortion o f MM 1 2  in the large (37 eM) region I)etween prion ]U‘otein [Pru-p) 

and Acra-4  will map to HSA 20.

Only 45 genes have so far heen majiped to  hum an ehrom osom e 20 (Orzesehik & Skolniek,

1991), and it is interesting to note that 12 o f these are disease genes. H owever, efforts are now 

underway to develop m ierosatellite markers for the ehrom osom e (Hazan et al. 1992). At present 

all m arkers from H SA 20 whieh have been m apped in the m ouse have heen loeated on M M r2  

(Fig. 2). A dditionally , there seem to  be no differenees in gene order. It m ay therefore he possible 

to })rediet the aetual position o f genes on HSA20 based on their })osition on the map of \ lM r 2  

(and vice versa). Furtherm ore PCK 1 and C H R N A 4 could be })articularly useful genetic markers 

in the stu d y  o f  the diseases which map to the distal end o f HSA20, such as m aturity onset 

diabetes o f the you ng (M ODV), Fanconi anaem ia ( FAl )  and benign neonatal e})ilepsy ( FBN) .
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A bstract. M u tation s in p aired -b ox-con ta in in g  {Pax)  
gen es have recently  b een  found to be the primary le
s io n s underlying hum an g en etic  d isord ers su ch  as 
W aardenburg’s Synd rom e type 1 and m ouse d evelop 
m ental m utants su ch  as undulated {un), sp lotch  {Sp), 
and sm all ey e  (S'gy). In addition, PA X -6 is a strong 
candidate gene for aniridia in man. Eight independent 
P a x  gen es have b een  iso la ted  in the m ou se . A ll eight 
m ap to d istinct regions o f  the m ouse gen om e; they do 
not appear to be clustered  in the sam e w ay as som e  
groups o f  h om eob ox-con ta in in g  gen es. W e have now  
m apped the hum an h om o lo g s o f  all eight o f  these  
gen es; PA X  g en es are found  on hum an C hrom osom es  
(Chr) 1, 2, 7, 9, 10, 11, and 20.

Introduction

In the last few  years, g en es containing paired-box m o
tifs (encod ing D N A -b in d in g  dom ains) have been  found  
to be assoc ia ted  w ith  a num ber o f  m ou se , and more 
recently  hum an, d evelop m en ta l m utations (review ed  
in H astie  1991; G russ and W alther 1992). T he undu
lated  {un)  m utation on m ou se  Chr 2, w hich  g ives rise 
to vertebral colum n d e fec ts , has been  sh ow n  to be 
cau sed  by a point m utation in a con served  part o f  the 
paired dom ain o f  P a x - l  (B alling et al. 1988). This mu
tation  d ecreases the D N A -bind in g  affinity and alters 
th e D N A -bind in g  sp ec ific ity  o f  the un  Pax-1 protein. 
T h e m urine Pax-3  g en e, w hich  m aps to m ouse Chr 1 
and is exp ressed  in brain and neural tube, has been  
sh ow n  to be m utated in m ice carrying the sp lotch  {Sp) 
g en e (E p stein  et al. 1991). S p lotch  m ice have pigm en-

O ffprin t requ ests to :  C .M . A bbott

tation d isturbances, neural tube d efects , and, in the 
case  o f som e Sp  a lle les, d eafn ess. T his had led  to 
splotch being proposed  as a m ouse m odel for W aar
denburg syndrom e type 1 (W S l)  in hum an (F oy  et al. 
1990), w hich  is characterized  by pigm entation d efects  
and d eafness. D eletion s and m utations o f  the P A X 3  
gene have now  been  found in a num ber o f  W S l fam i
lies (Tassabehji et al. 1992; B aldw in  et al. 1992). M ore 
recently , the small ey e  (5ey) m utations on  m ouse Chr 
2 have b een  show n to result from  point m utations in 
the Pax-6  gene (Hill et al. 1991). The hum an hom olog  
o f  P ax-6  w as in d ep en d en tly  iso la ted  by p osition a l 
cloning in the search for the gen e causing aniridia, a 
syndrom e for w hich S e y  has b een  proposed  as a m odel 
(Ton et al. 1991). P A X 6  represents a strong candidate  
for the aniridia gen e, b ased  not on ly on its ch rom o
som al localization  but a lso  on  its exp ression  pattern (in 
the eye and brain) and pred icted  function . T he a sso 
ciation o f  P a x  gen es with th ese  m utations has thus 
provided m olecular a cc ess  to m echanism s underlying  
m am m alian developm en t, as w ell as providing confir
m atory ev id en ce for true h om ology  b etw een  a num ber 
o f  m ouse mutants and hum an single-gene d isorders.

In addition to P a x - l ,  Pax-3 ,  and Pax-6,  fiv e  other  
paired box-contain ing g en es have b een  isolated  in the 
m ouse: Pax-2,  w hich is exp ressed  in the hindbrain, 
neural tube, and kidney (D ressier et al. 1990; N orn es  
et al. 1990); Pax-7,  w hich  is exp ressed  during nervous  
system  and m uscle d evelop m en t (Jostes e t al. 1990); 
Pax-8,  w hich  is exp ressed  in the neural tube, k id n eys, 
and thyroid gland (P lachov et al. 1990); and Pax-4  and 
Pax-5,  w h o se  exp ression  patterns have not b een  re
ported (W alther et al. 1991). A ll eight o f  th ese  gen es  
have b een  m apped in the m ou se by use o f  an in tersp e
cific back cross and have b een  sh ow n  not to  be c lu s
tered (W alther et al. 1991). W e report here the m ap
ping o f  the human h om ologs o f  all eight P a x  gen es  
using hum an/rodent som atic ce ll hybrids.
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Materials and m ethods

S o m a t ic  cell hybrids

The human chrom osom e com plem ent o f  each hybrid was charac
terized by a mixture o f isozym e and D N A  analysis (Southern blot
ting and PCR), and in m ost cases by karyotyping.

P robes

The probe used for Pajc-2 was a 500-bp fragment o f  m ouse cD N A  
cloned in Bluescript (D ressier et al. 1990). The Pax-4 and Pax-5 
probes were each 200-bp fragments containing exon  II o f the paired 
box cloned in the EcoRW site o f  Bluescript (clone 4Sg4 for Pax-4, 
5Sg8 for Pax-5). Pax-6 was a 1600-bp fragment o f  m ouse cD N A  
cloned in the E coR l site o f Bluescript. The two probes used for 
Pax-8 were clone C2A2, a 1976-bp fragment o f m ouse cD N A  cloned  
into the £coR V  site o f Bluescript and a 1756-bp fragment o f m ouse 
cD N A  from nucleotide position 150-1906 (Plachov et al. 1990) also  
cloned in Bluescript.

Prim ers

Primers for PCR w ere designed from human sequence data (Burri et 
al. 1989). For PAX7 (H u P l)  the prim ers w ere 5' TTC C TA T- 
AGTCGGGGGCTC 3' and 5' G AG G TG G G AG AG TAG G AG T 3', 
which amplify a 527 bp region. For PAX3 (HuP2) the primers were 
5' CCGCCTGTTCTCTTAAAGCA 3' and 5' GAGGTTAATGGGC- 
CTAGTAC 3', amplifying a 168 bp region. For Pax-l (HuP48) the 
primers w ere 5' ACGCCATCCGCTTGCGCATT 3' and 5' AGGGG- 
TACTGGTAGATGTGG 3', which am plify a 396-bp region.

P o ly m e ra se  chain  re a c t io n  {PC R)

PCR w as carried out with 1 p.g D N A , 50 pm oles each primer and 200 
fjLM each dN TP in 1 x  Taq polym erase buffer (Prom ega), in a total 
volum e o f  100 p.1. The reactions were heated to 95°C for 5 min, and 
then 1 unit Taq polym erase (Promega) was added. For PAX! and 
PAX3, 30 cy cles were then carried out; each cycle  com prised 94°C 
15s, 55°C 30s, and 72°C 30s. For PAX7, 32 cycles w ere carried out; 
each cycle  w as 94°C 30s, 50°C 60s, and 72°C 90s.

S o u th e rn  b lo tt ing

Southern blot analysis was carried out as described previously (Pilz 
et al. 1992) with 10 |xg D N A  from parental cell lines and som atic cell 
hybrids. The en zym es used to distinguish  human- and rodent- 
specific bands were Hindlll {Pax-2, 4, 6, and 8) and EcoR\ {Pax-5).

Results

The hum an h om ologs o f  P a x - l ,  Pax-3 ,  and P a x-7  w ere  
m apped by PCR an alysis in som atic cell hybrids. Prim
ers w ere designed on the b asis o f  the published se 
q u en ce o f  H uP48 (the hum an hom olog  o f  P a x - l ) ,  H uP2  
{P a x-3 ) ,  and H u P l {Pax-7',  Burri et al. 1989). In 
H u P 48 , w h ich  h as no in tro n s , on e prim er co r r e 
sp ond ed  to exon  seq u en ce and the other to 3' untrans
lated seq u en ce . In H uP2 and H u P l, prim ers w ere d e
signed to correspond to intron seq u en ce (flanking exon  
2 in H uP2, b etw een  ex o n s 1 and 2 in H u P l). In all
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three ca ses , the prim ers w ere sh ow n  to am plify human  
D N A , but not m ou se , ham ster, or rat D N A . T his en 
abled the gen es to be m apped by correlation  o f  the 
p resen ce or ab sen ce o f  a h um an-sp ecific PCR product 
with the p resen ce  or a b sen ce  o f  p articu lar human  
ch rom osom es in a panel o f  som atic ce ll hybrids (as 
described  previously; A bbott et al. 1989). T he results 
o f  the analysis are sh ow n  in T able 1. N o  d iscordan ces  
w ere found b etw een  P A X !  and hum an Chr 20, but at 
least one d iscordan ce w as found for ev ery  o ther chro
m osom e. S im ilarly, P A X 3  w as found to be on  Chr 2 (as 
predicted from  the finding o f  m utations in P A X 3  in 
W S l patients; T assabehji et al. 1992; B aldw in  et al.
1992). P A X 7  sh ow s com p lete con cord an ce  w ith Chr 1 
in the hybrids.

M ouse cD N A  probes for Pax-2 ,  P ax-4 ,  P ax-5 ,  P ax-  
6, and P ax-8  w ere used  to map the hum an h om ologs o f  
each  o f  th ese  gen es in som atic ce ll hybrids. Southern  
blot analysis o f  parental cell lin es w as u sed  to estab lish  
restriction fragm ent length variation, w hich  w ould  al
low  hum an-specific bands to be d istingu ish ed  from  ro
d ent-derived  bands in the hybrids. Southern  b lots o f  
D N A  from  som atic ce ll hybrids w ere then  scored  for  
the p resen ce or ab sen ce o f  h um an-sp ecific  bands. The 
results obtained  are sh ow n  in T able 1. P A X 2  sh ow ed  
com p lete con cordan ce w ith  hum an Chr 10. Further 
analysis with hybrids m ade from  a hum an ce ll line w ith  
a reciprocal translocation  (M athew  et al. 1990) b e
tw een  Chr 10 and X  sh ow ed  P A X 2  to  m ap in the region  
lO q l l .2 —>qter. P A X 4  w as sh ow n  to map to Chr 7 and, 
again  w ith  hybrids carrying  tra n slo ca te d  ch ro m o 
so m es, w as found to be b etw een  7q22 and 7qter. P A X 5  
w as com p letely  concordant w ith  Chr 9 in the standard  
hybrid panel, but w as not p resent in hybrid 640-63a l2  
(Jones and K ao 1984), w hich  con ta in s on ly  the long  
arm o f  Chr 9. P A X 5  m ust, therefore, m ap to 9p. P A X 6  
w as confirm ed to  be on Chr 11, as ex p ec ted  from  the  
a sso c ia tio n  foun d  b etw e en  th is g en e  and anirid ia, 
w hich  is on Chr U p  (Ton et al. 1991).

T he m ou se P ax-8  gen e has b een  m apped to  proxi
m al m ouse Chr 2 (W alther et al. 1991), to a region that 
sh ow s ex ten siv e  con served  linkage to  hum an Chr 9q 
(rev iew ed  in D av isson  et al. 1991; P ilz  et al. 1992). It 
w as, therefore, exp ected  that the hum an h om olog  o f  
P ax-8  w ould  a lso  map to hum an Chr 9q. H o w ev er , as 
sh ow n  in T able 1, P A X 8  sh ow ed  se v e n  d iscord an ces  
w ith  Chr 9 in the so m a tic  c e ll h yb rid s u sed , but 
sh ow ed  no d iscordan ces w ith  hum an Chr 2. T h is result 
w as confirm ed with tw o in depend en tly  d erived  m ouse  
c D N A  clon es o f  d ifferent lengths (see  M aterials and  
M ethods) and a lso  w ith PCR prim ers taken from  the 3' 
untranslated seq u en ce o f  a hum an P A X 8  cD N A  clon e  
(data not sh ow n ). P a x-8  has p rev iou sly  b een  sh ow n  
not to recom bine with the gen e c lu ster  S ur f .  From  the 
con sen su s map o f  m ouse Chr 2 (S iracu sa  and A bbott
1992) P ax-8  appears to lie c lo se  to the proxim al bound
ary o f  the hum an Chr 9q 34/m ou se Chr 2 h om ology  
group, and our ow n unp ub lish ed  data (A . P ilz , C . 
A bbott, and J. Peters) puts P a x -8  4 cM  proxim al to  
D b h  (Fig. 1). W e therefore su ggest that P a x -8  repre
sents a n ew  con served  segm ent b etw e en  hum an Chr
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absence o f human-Table 1. Mapping o f human P A X  genes in human-rodent som atic cell hybrids. C oncordances and discordances between the presence or 
specific PAX products and human chrom osom es are shown.

Total 
N o. of

Chr 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 X hybrids

P A X l
Concurdant

hybrids + /+ 3 2 6 6 1 7 1 6 2 2 0 6 1 5 3 2 5 6 1 7 4 6 3 14
3 5 3 3 2 3 5 3 4 2 5 3 4 2 3 3 3 2 5 7 2 3 0

Discordant
hybrids + / - 4 5 0 1 6 0 5 1 3 4 7 3 1 3 5 2 1 5 0 3 1 4

- /  + 4 2 4 4 5 3 2 4 1 5 2 4 3 5 3 3 4 5 2 0 5 4 7

PAX2
Concordant

hybrids + / + 1 5 4 3 4 1 5 1 7 2 5 6 2 1 6 2 3 3 6 7 15
2 3 2 1 5 1 5 2 4 6 6 3 1 4 4 1 2 6 3 2 3 3

Discordant
hybnds + / - 5 6 2 3 4 2 4 2 4 0 5 5 1 5 5 6 1 5 4 4 1 0

- /  + 4 3 4 5 1 5 1 4 1 0 0 4 1 5 2 2 5 4 0 3 4 3 3

PAX3
Concordant

hybrids -r/ + 4 0 0 3 1 0 3 1 0 0 3 0 3 0 4 0 3 9
5 2 2 2 3 2 2 3 1 2 1 1 2 3 1 3 5 1 0 0

Discordant
hybrids + / - 4 0 4 4 1 2 4 1 2 4 4 3 4 0 3 4 0 4 3 0 3 1

- /  + 3 0 3 3 3 2 2 3 1 3 3 4 3 2 2 4 2 3 4 5

PAX4
Concordant

hybrids + /+ 3 3 4 3 4 5 8 4 2 4 1 4 4 5 4 5 5 5 2 3 2 3 6 21
9 6 5 8 5 11 6 8 7 10 5 3 9 10 8 5 11 7 5 4 4

Discordant
hybrids + / - 5 5 4 5 3 3 0 3 4 3 7 4 3 2 3 3 3 3 5 5 5 4 2

3 3 6 7 2 6 0 5 1 5 2 7 2 8 2 2 4 7 1 4 6 6 7

PAX5
Concordant

hybrids + /  + 3 5 4 4 2 4 3 4 5 4 1 4 5 2 3 5 5 2 3 6 4 3 20
10 11 6 7 8 5 9 7 10 11 5 3 8 10 9 4 12 8 6 2

Discordant
hybrids + / - 4 2 3 3 4 3 4 2 0 3 6 3 2 0 2 2 0 5 0 0 4

- /  + 3 2 7 6 4 7 1 6 0 7 2 4 9 4 3 4 9 1 5 5 7 9

PAX6
Concordant

hybrids + / + 1 0 3 1 1 0 1 1 1 3 5 0 3 2 1 2 2 1 2 2 4 15
6 3 8 1 1 7 2 5 10 3 6 2 6 8 5 2 10 4 5 4 3

Discordant
hybnds + / - 4 5 2 4 3 5 4 3 4 1 0 3 5 2 2 4 3 3 4 3 2 1 1

- /  + 3 4 7 7 2 8 1 8 1 4 0 7 2 8 4 2 5 8 0 5 6 7

PA X 7
Concordant

hybrids + /+ 6 2 6 5 4 5 2 5 2 3 1 5 3 6 2 4 5 6 2 5 5 4 16
— / — 10 8 5 5 8 5 6 5 6 3 8 4 7 2 5 7 6 4 7 4 7 4 2

Discordant
hybrids + / - 0 4 0 1 2 1 4 1 3 3 5 1 0 3 1 1 0 4 4 1 1 2

- /  + 0 2 4 5 2 4 3 5 1 2 5 1 7 5 3 4 6 0 5 3 6 8

PAX8
Concordant

hybrids + /  + 2 10 3 2 4 5 2 6 4 5 0 4 2 5 4 2 4 7 1 4 7 2 6 25
11 15 7 6 9 7 9 8 7 7 12 7 11 4 9 9 10 6 12 10 10 6 3

Discordant
hybrids + / - 8 0 7 8 5 3 8 3 4 5 10 6 6 3 3 6 6 1 9 5 2 4 4

- /  + 4 0 8 9 4 8 3 7 3 7 3 8 3 9 6 6 5 9 2 5 5 9 10

2 and m ouse Chr 2, lying proximal to that between  
human Chr 9 and m ouse Chr 2 (Fig. I).

These results are summarized in Table 2, which 
also  show s the map location  o f the corresponding  
m ouse gene. In each case , apart from P A X 8 ,  the hu
man hom olog maps to a region o f the human genom e 
already know n to represent a con served  syntenic  
group with a region o f  the chrom osom e to which the 
m ouse hom olog maps.

Discussion

The localization  o f the hum an hom ologs o f  eight 
m ouse P ax  genes on different human chrom osom es  
has confirm ed the observation made in m ouse that P a x  
genes, unlike H ox  genes, are not organized in clusters. 
This mapping has also confirm ed and extended our 
knowledge o f conserved syntenic segm ents betw een  
the m ouse and human genom es (reviewed in D avisson
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Fig. 1. A portion o f the consensus map o f  proximal m ouse Chr 2 
showing relevant genes and their human hom ologs (adapted from  
Siracusa and Abbott 1992).

et al. 1991). For exam p le, P a x - l  m aps to m ouse Chr 2, 
in a large region o f  con servation  w ith hum an Chr 20. 
P A X !  in hum ans, as predicted by this ob servation , 
does indeed map to hum an Chr 20. If there is con ser
vation o f  gene order in this region , as seem s p o ssib le , 
then P A X l  w ould be predicted to be fairly centrom eric  
on human Chr 20. P ax-2  m aps to m ouse Chr 19. Three  
con served  regions have b een  noted on  this chrom o
som e, corresponding to human Chrs 9, 10, and 11. T he  
m apping o f P A X 2  to hum an Chr lOq su ggests, along  
with the data o f  W alther and co lleagu es (1991), that 
P ax-2  in the m ouse m aps to the sam e region as the 
gen es for Tdt and Got-1,  w hich  have hom ologs on hu
man Chr lOq. P ax-4  m aps to a region o f  m ou se Chr 6 
show ing ex ten sive  hom ology  to hum an Chr 7, and this 
is con sistent with the m apping o f  P A X -4  to hum an Chr 
7q22-qter reported here. P ax-5 ,  w hich  is on  m ouse Chr 
4, m aps to hum an Chr 9p. There are tw o regions o f  
con served  synteny w ith  hum an Chr 9p on  M M U 4, bro
ken up by a region o f  syn teny  w ith hum an Chr 9q 
(D avisson  et al. 1991; A bb ott et al. 1991). P ax-5  is, 
therefore, likely to be c lo se ly  linked either to G alt  and 
G gtb  or to I fn  and b. P a x -7  a lso  m aps to m ouse Chr 4, 
but in a w ell-defined  syn ten ic region w ith hum an Chr

Table 2. Sum m ary o f  know n m apping Information on human and m ouse  
paired-box-containing gen es.

G ene
M ouse map 
p osition

Human map 
position

A ssociated
phenotypes

P ax-I, P A X l (HuP48) 2 (distal) 20
Pax-2, P A X 2 19 10q ll.2 -q ter
P ax-3, P A X 3  (HuP2) 1 2 S p , W51
Pax-4 , P A X 4 6 7q22-qter
P ax-5, P A X 5 4 9p
P ax-6 , P A X 6 2 (central) 11 S ey , A N
P ax-7 , P A X ?  (H u P l) 4 1
P ax-8 , P A X 8 2 (proxim al) 2

1. A s ex p ected , P A X ?  m aps to hum an Chr 1. T he hu
man h om olog .o f the m ouse gen e P ax-8  (w hich  is prox
imal on m ouse Chr 2 and is a p ossib le candidate gene  
for D an forth ’s short tail, S d ;  P lach ov  et al. 1990; 
W alther et al. 1991) has now  b een  sh ow n  to map to  
hum an Chr 2 and so  d efines a new  con served  segm ent 
b etw een  m ouse Chr 2 and hum an Chr 2. P A X 3  (a sso 
ciated  w ith W aardenburg syndrom e 1 and Sp)  and 
P A X 6  (a ssocia ted  with aniridia and sm all eye) have 
already been  sh ow n  to map to h om ologou s regions o f  
the m ouse and hum an gen om es.

It w ill be interesting to see  w hether other P A X  
gen es in hum an are found to be m utated in know n  
hum an d isorders. M utations o f  P a x - l  (in the case  o f  
one out o f  three un  a lle les), P ax-3 ,  and Pax-6  all g ive  
rise to sem i-dom inant p h en otyp es (rev iew ed  in H astie  
1991; G russ and W alther, in p ress), and com p lete d e
letion  o f  each  o f  th ese  gen es g ives rise to  a phenotype  
sim ilar to that found in m ice that are h eterozygou s for  
deletions or m utations w ithin  the gene (H astie  1991). It 
w ould , therefore, be o f  in terest to exam ine deletion  
syndrom es in hum ans in the regions to w hich  the other  
P A X  gen es are know n to m ap ( i .e .,  Chrs 1, 2 , 7q, 9p, 
lOq, and 20) in an attem pt to a sse ss  w hether P A X  
gen es m ight be responsib le for any a sp ect o f  the p he
n otyp es seen . This w ill be m ore feasib le  w hen  exp res
sion  patterns for Pax-4  and Pax-5  have b een  estab 
lished . In any case , the m apping o f  th ese  gen es has 
provided usefu l additional gen etic  m arkers for a num 
ber o f  ch rom osom es.
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The genes for aldolase-B  (ALDOB), the «i-m ieroglo- 
bu lin /b ikunin  p recu rso r (AMBP), the paired  box gene 
PAX5, and the anonym ous DNA m a rk e r D9S3 map to 
hum an chrom osom e 9 (HSA9), We have set out to map 
the mouse hom ologues of each of these genes. The 
mouse genes for P a x - 5  and A m b p  previously  have been 
show n to map to MMU4. We have used an interspecific 
backcross to confirm  these localizations and to map the 
mouse homologues of ALDOB {Aldo-2)  and D9S3 
(D 4H 9S 3 E )  to the sam e chromosome. These genes w ere 
m apped w ith  respect to the four anchor loci for MMU4. 
In addition , the panel of backcross DNAs had p rev i
ously been typed for 6-amino levulinate dehydra tase  
{Lv),  orosom ucoid-1 {O rm - l ) ,  and hexabrach ion  {Hxb),  
the hum an homologues of w hich map to HSA9q. The 
recom bination  d istances ± the s tan d ard  e r ro r  betw een 
each p a ir  of loci a re  D 4 N d s 4 - l . Q ± \  . \ - D 4 H 9 S 3 E -  
4 . 0 ± 1 . 7 - G a l t - 0 . 8 ± 0 . 8 - P a x - 5 - 4 . 8 ± l . Q - A l d o - 2 -  
6 .3 ± 2 .2 -(L u , Or m- I ,  A m b p )-1 .6+1 .1 -H jc6 -4 .0 ±  1 .7 -  
T y r p - I - 4 . 8 ± \ . 9 - I f a .  The da ta  from  th is study have 
ex tended  the know n region of conserved synteny  be
tw een hum an chromosome 9 and mouse chromosome 4.
(t 1993  A cadem ic I'ro ss, Inc.

Much interest has been generated in the short arm of 
human chromosome 9 (HSA9), as recent studies have 
reported frequent 9p rearrangements in a variety of hu
man cancers, including leukemia, glioma, non-small-cell 
lung cancer, and melanoma (reviewed in 13). In all cases 
the 9p l3-p 22 region surrounding the interfron-o 
(IFNA) and interferon-jd (IFN B l) loci is preferentially 
lost, leading to the conclusion that one or more tumor 
suppressor genes map within this segment. Mouse homo
logues of genes lying between 9p l3  and 9p22 occur in two 
conserved syntenic groups on mouse chromosome 4 
(MM U4) (reviewed in 3; Fig. 2a), separated physically 
from each other by a portion of conserved synteny with 
human chromosome 9q. The interferon cluster {Ifa) and

' To whom correspondence should be addressed.

tyrosinase-related protein-1 {Tyrp-1), whose human ho
mologue TYRP maps to HSA9p (1), are located in the 
distal region of conserved synteny, whereas galactose- 
1-phosphate uridyl transferase {Galt), and (3 1,4 galacto
syl transferase {Ggtb), whose human homologues GALT 
and GGTB2 are located on 9pl3, lie in the proximal re
gion of conserved synteny (see Fig. 2a). To define further 
the regions of homology between MMU4 and HSA9, we 
have mapped additional murine homologues of markers 
on HSA9 to MMU4. Two new assignments have been 
made, D 4H 9S3E  and Aldo-2, and improved linkage in
formation has been obtained for two other genes, Pax-5 
and Ambp.

During the construction of a combined genetic and 
physical maj) of the interferon region of HSA9p (7), the 
location of the anonymous DNA marker D9S3 was re
fined to HSA9p21 using FISH analysis. Linkage analy
sis showed D9S3 to be 6.0 cM proximal to IFN Bl. Exon 
amplification (4) was used to isolate an expressed se
quence from a cosmid containing D9S3. We have used 
linkage analysis to map the mouse homologue D4H9S3E  
in recombinant inbred (RI) strains initially and subse
quently in an interspecific backcross. The aldolase-B 
gene (ALDOB) has been shown to map to human chro
mosome 9q22.3-q32 (reviewed in 13). We have now used 
a human probe to map the equivalent locus {Aldo-2) in 
the mouse. The genes for Pax-5 and A m bp  have also 
been mapped using the same cross. The human paired 
box PAX5 gene has recently been mapped by somatic 
cell hybrid analysis to chromosome 9p (12). The mouse 
homologue Pax-5  has been mapped to MMU4 by linkage 
to the Mo,S' oncogene and the enhancer trap gene Etl-2 in 
a small backcross of 28 mice (18). The inter-cv-inhibitor 
(Ini) and pre-n-inhibitor (Pal) family is composed of 
three plasma protease inhibitors, la l. P al, and bikunin, 
whose protein chains are encoded by three evolutionar- 
ily related heavy chain genes and a fourth gene, the light, 
or oi-microglobulin/bikunin precursor (AMBP), gene. 
In human, the AMBP gene has been mapped to 9q32- 
q34 (5). The mouse Ambp gene has been found to map to 
MMU4 C1-C4 by in situ analysis, and linkage analysis 
in RI strains has shown Am bp  to map to the interval
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between major urinary protein (Mup-1) and brown (b) 
(14, 15).

The interspecific backcross used here, between a labo
ratory strain and M us spretus ( 10), had been used to map 
the genes Lv, Orm, and Hxb, the human homologues of 
which map to distal HSAOq (11). We have therefore 
mapped the mouse genes D4H9S3K, Pax-5, Galt, Tyrp-l,  
and Ifa (all of which have homologues on HSA 9p), rela
tive to Lv, Orm, Hxb, Ambp,  and Aldo-2 (all of which 
have homologues on HSA 9q), and I)4Nds4, an anchor 
locus for MMU4 (8).

The Tyrp-l, Lv, and Hxb  probes were as described 
(11). The Aldo-2 probe was a 848-bp PCR product that 
spans exon 8 of the gene, amplified from human genomic 
DNA using primers as described (2). The Galt probe was 
a 1.4-kb B am U l  fragment cloned in pcD from the ATCC. 
The Pax-5  probe was as described (12), the gift of Pro
fessor Peter Gruss. The cosmid cDR6-2 (D9S8) was ob
tained from a library containing HSA9 as the only hu
man genetic material. Exon trapping was used to isolate 
an expressed sequence from cDR6-2. The D4H9S3E  
probe was a 2.4-kb X b a l/P s t I  fragment of cDR6-2 
cloned in pBR822. Based on the sequence of the human 
AM BP gene (6), primers were designed to span exons 8 
and 4, and to amplify human liver RNA by RT-PCR to 
give a cDNA probe. The sequences were 5 -AAAGGT- 
GTCTGTGAGGAGAC-8' (sense) and 5-GTAGAG- 
CTTGGCAGTAATGG-8;pr (antisense). The reverse 
transcriptase step was carried out in IX PCR buffer (1.5 
mM Mg^ ;̂ Advanced Biotechnologies), with 200 nM  
deoxynucleotide triphosphates (dNTPs), 200 pmol anti
sense primer, 1 ^g human adult liver RNA, and 400 U 
MMLV reverse transcriptase, in a volume of 100 jul at 
87°C for 45 min. After a dénaturation step of 95°C for 5 
min and the addition of 200 pmol sense primer and 1 U 
Taq polymerase (Advanced Biotechnologies), the PCR 
conditions used were 94°C for 10 s, 55°C for 20 s, and 
72°C for 20 s for 80 cycles. The identity of the PCR 
product was confirmed by restriction enzyme digestion

(data not shown). Southern blotting was carried out as 
described in (10).

Orm-l was typed previously (11) using primers de
scribed in (9). I)4Nds4  and Ifa were microsatellites typed 
by PCR (8, 9). PCR was carried out in IX PCR buffer 
(Advanced Biotechnologies), with 1.5 mM Mĝ "", 200 ^M 
dNTPs, 25 pmol each primer, 100 ng DNA, and 0.5 unit 
Taq polymerase (Advanced Biotechnologies), in a total 
volume of 50 1̂. The conditions used for D4Nds4  were 
95°C for 5 min as an initial dénaturation step, followed 
by 94°C for 15 s, 55°C for 20 s, and 72°C for 20 s for 35 
cycles. For Ifa, the conditions used were 95°C for 5 min 
followed by 94°C for 20 s, 58°C for 80 s, and 72°C for 80 s 
for 40 cycles. PCR products were analyzed by electropho
resis in a 6% NuSieve agarose gel (FMC Bioproducts), 
stained with ethidium bromide, and viewed under UV 
light.

A RFLV defined by Bam H l  was found with the 
D4H 9S3E  probe between the C57BL/6J and the C8H/ 
HeJ andD BA /2J RI strains. A 9-kb band was seen in the 
C57BL/68 strain, whereas a 12-kb band was seen in the 
C8H/He4 and DBA/2J strains. No differences were 
found in the 81 BXH and BXD RI strains tested be
tween the SDPs for D 4H 9S3E  and the viral insertion 
gene Pmv-30  on MMU4 (8). The 95% confidence limits 
for the distance surrounding the Pmv-30  locus are 
0.00-8.14 cM (17). RFLVs between C8H/AN and M. 
spretus were found with the D4H9S3E, Pax-5, Aldo-2, 
Galt, and Am bp  probes (Fig. 1). After typing the entire 
backcross for I)4Nds4, D4H9S3E, Galt, Lv, Orm, Hxb, 
Tyrp-l, and Ifa, and defining a panel of recombinant 
animals across this region, Aldo-2, Pax-5, and Am bp  
were typed in a relevant subset of animals. The number 
of mice carrying recombinant chromosomes for each 
pair of loci, based on minimizing the number of double 
recombinants, is I )4N ds4 -2 -I )4H 9S3E -5 -G a lt- l -P ax-  
5-6-Aldo-2-S-{Lv, Orm-l, A m b p )-2 -H x b -5 -T y rp - l -6 -  
Ifa. Since 126 mice were analyzed, the recombination 
distances ± the standard error obtained between each
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C S H
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C S H

1 6 k k •

% ss*46kb

>4kb

Pax-5

C S H

Aldo-2

c # I "

5-5kb- I p

Ambp

c s j

-27kb |-3 7kb^‘’-'̂

2kb-
2 6kb- <*V'

w . 2 7kb

B g l II B g l l l Haelll PstI Pat I

FIG. 1. RFI.Vs revealed by the probes used in the backcross. C, restriction fragment pattern seen in C3H/AN mice; S, Mus spretus: H, 
(C3H/AN X M. spretus) F, heterozygote.
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pair of loci are I)4N ds4 -l .6  ± 1.1-1)4H9S3E-4À) ±  1.7- 
W f -0 .8  ±  0 .8 -ra x -,5-4 .8  ±  1.9-AW o-2-6.3 ±  2.2-(Lu, 
Orm-1, Ambp)-1 .6  ±  1.1-77x6-4.0 ±  1 .7 -7 V p -/-4 .8  ±  
1.9-//a. No significant transmission ratio distortion was 
seen at any of the loci examined. The linkage map ob
tained from this study is shown in Fig. 2a and compared 
to the consensus map of human chromosome 9 (13; 
Fig. 2b).

The D 4H 9S3E  locus does not map near the interferon 
cluster of genes in the mouse, as might be expected from 
the human mapping data. Instead, its localization 
4.8±1.9 cM proximal to Galt has extended the more 
proximal known region of homology with HSA9p toward 
the centromere of MMU4. An evolutionary breakpoint 
must have occurred between D4H 9S3E  and the inter
feron cluster of genes. It is predicted that loci between 
HSA9p21 and 9pl3 will lie in the proximal region of 
homology on MMU4, with those between 9pter and 9p21 
in the distal region of homology. A locus newly described 
in human, D9S126 (Fountain et ai,  1992), maps to

HSA9p21 between IFNBI and D9S3. If this marker has 
a homologue in the mouse, it should be possible to define 
the evolutionary breakpoint on 9p21 more precisely. If 
homologues of the tumor suppressor genes predicted to 
map to HSA9p21 exist in the mouse, these could map to 
either or both of the regions of homology with HSA9p on 
MMU4. Prior to this study, the order o i Galt in relation 
to Pax-5  was unknown, as previous mapping of Pax-5 
was carried out in a small backcross in which Galt was 
not included ( 18). In our work, a single recombinant was 
found between Galt and Pax-5, indicating that these loci 
are closely linked (0.8±0.8 cM apart), and that Pax-5 is 
distal to Galt, reversing the order shown on the consen
sus linkage map. The human AMBP gene maps to 9q32- 
q34 (5), but gene order relative to other markers in this 
region has not been established. In the mouse, we have 
found no recombinants among Ambp, Lv, and Orm-l, 
indicating the genes to be closely linked. This suggests 
that the AM BP gene will map to 9q32 in human, close to 
the ALAD and ORM genes. The localization of Aldo-2
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human chromosome 9. MMU4 is shown twice to make comparison easier. The mouse centromere is represented by a filled circle. Note: Lv is the 
mouse homologue of ALAD.
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6.3±2.2 cM proximal to Lu has extended the known re
gion of homology with HSAOq toward the centromere of 
chromosome 9. From the consensus map of MMU4 (3), 
Aco-1 would be predicted to map proximal to Aldo-2, but 
we were unable to type Aco-I  in our cross because no 
probe was available. It seems likely that ACOl maps 
distal to 9p l3 in man. It would be of interest to map 
ACOl precisely to establish whether this represents part 
of a syntenic group between man and mouse and gene 
order has been conserved.

The simplest explanation by which the three seg
ments of homology with HSA9 on MMU4 are related is 
that there has been an insertion/deletion event (two re
gions of homology with HSA9p are interrupted by a re
gion homologous with HSA9q) and an inversion with 
respect to the ancestral chromosome involving the more 
distal segment containing Tyrp-1 and Ifa (see Fig. 2b). It 
will clearly be of interest to map other genes from HSA9 
in the mouse to define further the regions of conserved 
synteny between HSA9 and MMU2, MMU4, and 
MMU19 and to determine (as seems likely) whether 
there has been conservation of gene order within a given 
syntenic group. Such comparative mapping enables the 
prediction of the regional localization of genes in human 
based on their easier and more accurate linkage mapping 
in the mouse and should aid in the search for tumor 
suppressor gene(s) on human chromosome 9.
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The genes for adenylate kinase-1 (AKl), folyl poly- 
glutamate synthetase (FPGS), the collagen proal(V) 
chain (C0L5A1), erythrocyte protein band 7.2b 
(EPB72), and a proto-oncogene homeobox (PBX3) all 
map to the distal portion of human chromosome 9q 
(HSA9q) but have not previously been mapped by link
age analysis in the mouse. In this study, we have used 
two interspecific backcrosses to map the mouse homo
logues of each of these genes to mouse chromosome 2 
(MMU2). The AAl, Col5al, Epb7.2, Fpgs, and Pbx3 genes 
were mapped with respect to the genes for Grp78, 
Rxra, Notchi (the mouse homologue of TANl), Spna2, 
Abl, and He (the mouse homologue of C5), all of which 
have previously been mapped by linkage analysis on 
MMU2 and have human homologues that map to 
HSA9q. Two of the reference loci for MMU2, D2MU1 
and Acra, were also mapped in the same cross to facili
tate comparisons with existing maps. The consensus 
gene order deduced by combining data from both 
crosses is D2Mitl-{Dbh,Notchl)-iCol5al,Rxra)-Spna2- 
Abl -  (Akl,Fpgs) -  (Grp78,Pbx3) -  {Epb7.2,Hc,Gsn)-Acra. 
These loci therefore form part of the conserved syn
teny between HSA9q and MMU2. © 1994 Academic Press, Inc.

IN T R O D U C T IO N

The distal long arm of hum an chromosome 9 (HSA9) 
is the subject of a number of intensive positional clon
ing efforts. The genes for tuberous sclerosis 1 (TSCl), 
torsion dystonia (DYTl), m ultiple self-healing squa
mous epitheliom a (E SSl), and nevoid basal cell carci
noma syndrome (Gorlin syndrome; NBCCS) all map to 
the 9q 22-9q 34  region. Mapping of this region of the 
hum an genome has been carried out by linkage analy
sis and by physical mapping using pulsed-field gel elec
trophoresis, fluorescence in situ  hybridization, and 
PCR analysis of flow-sorted chromosomes with recipro-

' To whom correspondence should be addressed.

cal translocations involving chromosome 9 (reviewed  
in Kwiatkowski et a i ,  1993). As a complementary ap
proach, and to investigate genome evolution, we have 
carried out a comparative mapping study involving this  
area of the human genome and the m ouse genome. Two 
areas of homology have been identified: the proximal 
part of distal HSA9q shows conservation of synteny  
with mouse chromosome 4, and the distal portion of 
HSA9q (from 9q32-9q34) is syntenic with proximal 
m ouse chromosome 2 (MMU2).

The aim of the present study is to develop detailed  
linkage maps of mouse chromosome 2 that can be used  
to establish whether there has been conservation of 
gene order between HSA9q and MMU2. If this is found 
to be so, then the mouse gene map can have a predictive 
value for the human gene map and vice versa.

In this study, the mouse homologues of 13 genes 
mapping to distal HSA9q have been mapped on proxi
mal mouse chromosome 2. Of these, 8 have previously 
been mapped to MMU2 by linkage analysis using ei
ther backcrosses or recombinant inbred strains. These 
genes are dopamine /^-hydroxylase {Dbh; Pilz et al,, 
1992), the Abelson proto-oncogene {Abl; Siracusa et a i ,  
1990; Pilz et a i ,  1992), brain «-spectrin {Spna2;  Birk- 
enm eier et a l ,  1988; Siracusa et a l ,  1990; Pilz et a l ,  
1992), complement component C5 {He; Siracusa et a l ,  
1990; Pilz et a l ,  1992), gelsolin {Gsn; Pilz et a l ,  1992), 
retinoid receptor « subunit {Rxra; Hoopes et a l ,  1992), 
the 78-kDa glucose-regulated protein {Grp?8; Gaskins 
et a l ,  1992; Hunt et a l ,  1993), and the mouse homo
logue of the Drosophila notch  gene {Notchi;  Franco del 
Amo et a l ,  1993). Two other genes, adenylate kinase 1 
{A kl)  and folyl polyglutam ate synthetase {Fpgs), had  
been assigned to proximal MMU2 using microcell hy
brids (Fournier and Moran, 1983) but had not pre
viously been placed on the linkage map. The three re
m aining genes, for collagen pro«l(V) chain {CoWal), 
erythrocyte protein band 7.2b {Epb7.2), and the proto
oncogene homeobox 3 {PbxS), had all been mapped to 
distal HSA9q (Greenspan et a l ,  1992; Caridi et a l .
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1992; W estberg et a i ,  1993; Monica et a i ,  1991) but 
had not previously been mapped in the mouse and so 
represent new assignm ents to MMU2. We have now 
used two interspecific backcrosses to order all 13 of 
these genes relative to one another.

MATERIALS AND M ETHODS

Mice

AN backcross. This backcross was as described in Pilz et al. (1992). 
Briefly, a Mus spretus male was crossed to a female of a laboratory 
stock called AN, deficient for STS, and maintained on a C3H back
ground. Seven F, females were backcrossed to AN males, and 126 
backcross progeny were obtained.

Jackson C57B LI6J cross. DNA from the 94 backcross progeny 
from this cross was a kind gift from the Jackson Laboratory (Rowe 
et a i ,  1994). C57BL'6J females were crossed to SPR E T lE i males. Fi 
females were backcrossed to C57BL/6J males to produce 94 backcross 
progeny.

Probes

Cloned probes. The Abl, Acra, Dbh, Epb7.2, Fpgs, Gsn, He, Pbx3, 
Spna2, and N otchi probes were as described in Table 1.

Derivation of probes by PCR. To derive a probe for A kl, PCR 
primers from the human genomic sequence of the AKl gene (Matsu- 
ura et a i ,  1989) were designed to span exons 4 - 7  of the gene and 
were used to amplify human kidney RNA by reverse transcriptase 
(RT)-PCR to obtain a human cDNA probe. The primers used were 
5'CACCCAGTGTGAGAAGATCG3' (sense) and 5'TACTTTAGC- 
GCGTCCAGGTG3' (antisense). The reverse transcriptase step was 
carried out in I x  PCR buffer (1.5 mM Mg^"; Advanced Biotechnolo
gies) with 200 pM deoxynucleotide triphosphate (dNTPs), 200 pmol 
antisense primer, 1 pg human adult kidney RNA, and 400 U MMLV 
reverse transcriptase, in a total volume of 100 pi, at 37°C for 45 min. 
After a dénaturation step of 95°C for 5 min and the addition of 200 
pmol sense primer and 1 U Taq polymerase (Advanced Biotechnolo
gies), PCR was carried out at 94°C for 20 s, 55°C for 30 s, and 72°C 
for 30 s for 30 cycles. The identity of the PCR product was confirmed 
by restriction enzyme digestion (data not shown). A 390-bp Pi;uII 
fragment of the PCR product was used as a probe because the com
plete PCR product was found to contain repetitive elements when 
used in Southern blot analysis.

A 353-bp region encoding the NH2 terminus of the noncollagenic 
part of the C0L5A1 gene was amplified using primers described by 
Caridi et al. (1992). These were used to amplify human kidney RNA 
by RT-PCR. The reaction conditions used for C0L5A1 were the same 
as those for AKl. As the complete 353-bp PCR product contained 
repetitive sequences, a 232-bp Bam H l fragment of the product was 
used as a probe.

The genomic sequence of the human GRP78 gene has been pub
lished (Tring and Lee, 1988). Primers were designed to amplify hu
man adult liver RNA by RT-PCR to generate a human cDNA probe. 
The primer sequences were 5'TGACTGGAATTCCTCCTGCT3 ' 
(sense) and 5'TCTGCTGTATCCTCTTCACC3 ' (antisense). The re
verse transcriptase step was carried out in Ix  PCR buffer (1.5 mM 
Mg^" ; Advanced Biotechnologies) with 200 gM  dNTPs, 200 pmol anti
sense primer, 1 pg human adult liver RNA, and 400 U MMLV reverse 
transcriptase in a total volume of 50 pi at 37°C for 45 min. After a 
dénaturation step of 95°C for 5 min and the addition of 200 pmol 
sense primer and 1 U Taq polymerase (Advanced Biotechnologies), 
PCR was carried out for 30 cycles of 94°C for 30 s, 55°C for 45 s, and 
72=C for 60 s.

Primers from the published cDNA sequence of the mouse Rxra 
gene (Mangeldorf et al., 1988) were designed to amplify mouse adult 
liver RNA by RT-PCR. The sequences were 5'TGAGTTAGTCGC- 
AGACATGG3' (sense) and 5'CTTGGTGAAGGAGGCCATAT3 ' 
(antisense). The reverse transcriptase step was carried out in Ix

PCR buffer (1.5 mM M g^\ Advanced Biotechnologies) with 200 pM 
dNTPs, 200 pmol antisense primer, 1 pg adult mouse liver RNA, and 
400 U MMLV reverse transcriptase, in a total volume of 50 pi, at 
37°C for 45 min. After a dénaturation step of 95°C for 5 min and the 
addition of 200 pmol sense primer and 1 U Taq polymerase (Ad
vanced Biotechnologies), PCR was carried out for 30 cycles of 94°C 
for 30 s, 55°C for 45 s, and 72°C for 45 s.

Southern  B lot Analysis

Southern blot analysis was carried out as described in Pilz et al.
(1992).

PCR Primers a nd  Conditions

PCR primers for D2MU1 were purchased from Research Genetics. 
The conditions used were as described in Dietrich et al. (1992), except 
that the Taq polymerase used was purchased from Advanced Bio
technologies and the reactions were done in a total volume of 50 pi.

RESULTS

RFLVs between the laboratory inbred strain and M. 
spretus  were found with each of the probes (listed in 
Table 1). When used in Southern blot analysis, all 
probes gave the sam e restriction pattern for DNA from 
C57BL/6J and AN mice with the enzym es listed  in Ta
ble 1.

A N  Cross

The number of mice carrying recombinant chromo
som es from a total of 126 mice analyzed for each pair 
of loci, based on m inimizing the number of double re
combinants, is D 2 M i t l - 2 S - { D b h ,N o tc h l ) - l - { R x r a ,  
Col5al,  Spna2, Abl, A k l ,  F p g s ) - l - { P b x 3 ,  G r p 7 8 ) - 1 -  
{Epb7.2, He, G s n ) - 2 i - A c r a .  The pedigree analysis 
showing the recombinants in this cross is shown in 
Fig. la .

The recombination distances between each pair of 
loci ± standard error (in cM) are D 2 M i t l - 1 8 .3  ±  3 .4 -  
(Dbh, N o tc h l ) - 0 .8  ± 0 .8 - iR xra ,  Col5al,  Spna2, Abl, 
A k l ,  Fpgs)—0.8 ± 0.8—{Pbx3, Grp78)—0.8 ± 0 .8— 
{Epb7.2, He, G sn )-19.0 ± 3 .8 - Acra.

Jackson  C 5 7 B L I6 J  Cross

Ninety-four mice were analyzed in this cross. The 
number of mice carrying recombinant chromosomes, 
based on m inimizing the number of double recombi
nants, is D 2 M i t l - 1 6 - { D b h ,  N o t c h l ) - l - { C o l 5 a l ,  
R xra )—l —S p n a 2 —2 —A b l—l —{Akl, Fpgs, Grp78, Pbx3, 
Epb7.2, He, G sn ) -2 0 -A c ra .  The pedigree analysis 
showing the recombinants in this cross is shown in 
Fig. lb . The recombination distances ±  standard error 
obtained (in cM) are D 2 M i t l - 1 1 .0  ± 3.9-{Dbh,  
N o t c h l ) - l . l  ±  l . l - (C o /5 a i ,  i? jc m )-l.l  ±  I . l - S p n a 2 -  
2.1 ±  1 .5 -A 6 /-1 .1  ±  1.1-(AA1, Fpgs, Grp78, Pbx3, 
Epb7.2, He, G sn)-21 .3  ±  4 .2-Acra.

D ISC U SSIO N

et
By comparison with previous backcrosses (Siracusa 
a i ,  1990; Birkenmeier et al., 1988; reviewed in Sira-
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TABLE 1

Loci Names of Markers Used in This Study Showing Their Location on HSA9 and RFLVs Used for M apping MMU2

Name

Symbol
Human map 

location Reference Vector Insert size Source

Restriction 
endonuclease 

used to 
detect RFLV

Fragment sizes (kbF

C3H/AN
C57BL/6J

M.
spretusMouse Human

Abelson proto A bl ABL 9q34 Groffen pBR322 1.95-kb Dr. Natalie Tyke B g lll 12 16
oncogene et al., 1984 HmdlII/Ss^I

Acetylcholine Acra CHRNA pUC8 1.7-kb Eco RI Dr. David Beeson P stl 12, 8.5 8.5, 6
receptor or
subunit

Adenylate A k l AKl 9q34.1 F erguson-Smitb RT-PCR'’ B g lll 6 5.8
kinase-1 et al., 1976

Brain or-spectrin S pn a2 SPTANl 9q34.1 Leto pUC13 1.4-kb Dr. Connie Birkenmeier BamH.1 6.5, 3.6 6.5, 4
et al., 1988 E c o m iS a ll

Collagen pro C ol5al COL5A1 9q34.2-9q34.3 Greenspan RT-PCR T aql 13 11
al(V ) chain et al., 1992

Complement He C5 9q22-34 Jeremiah pCD 2.1-kb BairiHl A.T.C.C.' B g lll 11 9
component C5 et al., 1987

Dopamine /3- Dbh DBH 9q34.2-34.3 Craig pUC8 0.8-kb Dr. Jacques Mallet B g lll 3.5 4
hydroxylase et al., 1988 BamHI/EcoRI

Erythrocyte band E pb7.2 EPB72 9q34.1 Westberg pGEM-3Z 0.9-kb EcoRI B g lll 9, 5 8, 4.5
7.2 integral et al., 1993
membrane
protein gene

Folyl Fpgs FPGS 9q Walter pTZ18U 2.2-kb Eco RI Dr. Barry Shane B g lll 5 15, 6.5
polyglutamate et al., 1992
synthetase

Gelsolin Gsn GSN 9q33 Kwiatkowski pUCl3 2.1-kb P stl Dr. David Kwiatkowski B am H l 10, 6.5, 5.4 15, 6
et al., 1988

78-kDa glucose- Grp 78 GRP78 9q33-q34.1 Yuille RT-PCR T aql 1.2 1.5
regulated et al., 1992
protein

Proto-oncogene Pbx3 PBX3 9q33-34 Monica pSP65 1.55-kb Dr. Kathy Monica B g lll 16, 7, 6.9, 3 12, 6.5
bomeobox-3 et al., 1991 BamYLUHincll

Retinoid X Rxra RXRA 9q34 Jones RT-PCR P stl 4 5
receptor a et al., 1993
subunit

Homologue of N o tch i TANl 9q34.3 Ellisen pBluescript 1.5-kb A.T.C.C. P stl 3.5, 2.2 3.5, ^
D rosophila et al., 1991 EcoBlIPstl
notch gene

“ The restriction fragments followed in the backcrosses are underlined. 
* Probe derived by RT-PCR.

Probe obtained from American type Culture Collection (A.T.C.C.).
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D 2M H I □

D bh, Notch I Q

C cl5al,H xra  S p n a 2 .A h l.A k l .Fpgs [ ]  

P bx3. G rp78  

E pb7.2. He. G sn

□
■ □ ■ 
■ □ ■

□ ■ □ ■ 
□ ■ □ ■ 
□ ■ □ ■
4 8  2 9  12  11

□ □ 
□ □ 
□ □ 
□ ■ 
□ ■ 
■  □  

9  1

HSA9q

D D 2M H I 

D h k  N o tc h i  

Rxra, C o lS a l 

Spna2  

A bl

■ □ ■ 
□ ■ ■
□ ■ □ 
□ ■ □ 
□ ■ □ 
□ ■ □ 
□ ■ □

□ ■ ■
□ ■ □

Akl.Fpgs.Pbx3.Grp78.Epb7.2. He. G sn O  

A cra
2 2  35  6 7 1  0 0 1 0 1 0 1  5 1 2 1  1 1

Dbh, N o tc h i

C olSa l, Rxra

A k l ,  Fpgs

-B p b 7 .2 , He, Gsn

FIG. 1. (a) Pedigree analysis of the 126 animals in the AN back- 
cross. Each column is a diagrammatic representation of a particular 
chromosome. □ , AN; ■ , Mus spretus. (b) Pedigree analysis of the 94 
animals in the Jackson C57BL/6J backcross. □ , C57BL/6J; I ,  Mus 
spretus.

cusa and Abbott, 1993), there is a considerably lower 
rate of recombination between S pna2  and He, particu
larly in the AN backcross, than found previously. Sira
cusa et al. (1990) found a recombination distance of 9.6 
cM between Spna-2  and He, and Birkenmeier et al. 
(1988) found a distance of 11.7 cM. The reason for the 
difference in recombination distances between the 
markers in this study and those found previously is not 
known. Recombination rate has been shown to vary 
enormously depending on the genetic background of 
the mice used. The crosses used in previous studies 
were (C57BL/6J x  M. spretus)F i backcrossed to C57BL/ 
6J. The use of AN and M. spretus  with origins different 
from those used by Siracusa et al. (1990) and Birk
enmeier et al. (1988) may explain the greater discrep
ancy in the case of the AN cross but does not explain the 
different recombination rate obtained in the Jackson  
backcross, which is on essentially  the sam e genetic 
background as that used by Siracusa et al. (1990) and 
Birkenmeier et al. (1988).

The Col5al  gene has been mapped on MMU2 in the 
region of the stubby istb) m utation, a recessive m uta
tion that results in achondroplasia— homozygotes have 
a domed head and thick short tail, and adults have 
shorter heads, bodies, and legs than normal mice (Lane 
and Dickie, 1968). The collagens are a large family of 
extracellular m atrix components responsible for m ain
taining the structure and integrity of connective tissue. 
Type V collagen is a fibrillar (or fiber forming) collagen 
and is expressed in man in m any connective tissues  
(reviewed in Fessier and Fessier, 1987). Although pat
tern of expression of CoW al  in the mouse has not been  
reported, the map position of the ColSal gene on 
MMU2 would suggest it as a possible candidate gene 
for the stb  m utation.

U sing the data from both backcrosses the following 
“consensus” gene order can be deduced: D 2 M itl  -{Dbh,  
N o te h l) - {C o lS a l ,  R x r a ) - S p n a 2 - A b l - { A k l ,  F p g s ) -  
{Grp78, Pbx3)-{Epb7.2 , He, G sn)-Aera .  This is shown

T A N l
9q 3 4 .3

D 8 H 9 q34 .2 -34 .3

-ABL

-SPTANl 9q34 .1  

-AK1 9q34 .1  

GSN 9 q33  C5

COLSAl

9 q 3 4 .2 -

9 q 3 4 .3

GRP78
9 q 3 3-q34 .1

PBX3

9 q33
-q34

EPB72
9q34 .1

FPG S
9q

FIG. 2. The consensus linkage map derived by combining the 
data from both crosses (left) compared to the consensus map of hu
man chromosome 9q32-9qter (taken from Kwiatkowski et al., 1993). 
The orientation of the chromosome has been inverted to make com
parison with MMU2 easier. (Diagram not to scale).

in comparison to the consensus gene order for human  
in Fig. 2 (taken from Kwiatkowski et al., 1993). Overall, 
the conserved segm ent appears to be inverted in one 
species compared to the other. W ithin the segment, 
gene order is the sam e except for two loci, Rxra  (RXRA) 
and Sp n a 2  (SPTANl). The consensus linkage map of 
hum an chromosome 9 (Kwiatkowski et a l ,  1993) shows 
that SPT A N l and A K l are closely linked; physical 
mapping studies using pulsed-field gel electrophoresis 
have located the SPTAN1 and A K l genes on the sam e
1.4-Mb C lal  fragment (Harris et al., 1993). In addition, 
the hum an SPTA Nl gene was mapped in relation to 
the A K l, ABL, and DBH genes by hybridization to dot- 
blots of flow-sorted chromosomes derived from a panel 
of cell lines with chromosome 9 translocations (Zhou et 
a l ,  1992) and has also been mapped proximal to the 
Philadelphia breakpoint in 9q34, suggesting that 
SPT A Nl is centromeric of ABL (Upender et a i ,  1994). 
Zhou et al. (1992) also mapped RXRA distal to DBH in 
the sam e dot-blot study. In mouse, S p n a 2  maps proxi
m al to Abl, and Rxra  maps distal to Dbh. These differ
ences between the mouse and hum an gene maps proba
bly indicate real evolutionary differences, although the 
possibility of errors in mapping cannot be excluded. For 
the mouse, there is a considerable degree of confidence 
in the proposed gene order of S p n a 2  in relation to Abl  
and He as it has been derived from four independent 
crosses in which all three loci have been mapped. In 
man, certain predictions regarding gene order can be 
m ade from mapping in the mouse (see Fig. 2). N oteh l  
has not been genetically separated from D bh  in the 
m ouse and so TA N l (the hum an homologue of N o teh l)  
would be predicted to map close to DBH in human. 
C0L5A1 would be expected to be telomeric to ABL and 
centromeric to DBH in man. Pbx3  and Grp78  have not
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been separated genetically in the mouse, and so PBX3 
and GRP78 m ight be expected to be tightly linked in 
human, mapping telomeric to GSN and centromeric to 
A K l. Epb7.2  has not been separated genetically in the 
mouse from either Gsn  or He  (the mouse homologue of 
C5). EPB72 would therefore be predicted to be closely 
linked to GSN and C5 in man. Fpgs  has not been genet
ically separated from A k l  in the mouse, and therefore 
FPGS should map close to A K l on 9q34.1 in man.

If both maps are an accurate reflection of gene order 
in the two species, then the sim plest explanation of the 
evolutionary change would be that there have been two 
small inversions (in mouse with respect to human or 
vice versa) within this syntenic group, one involving  
RXRA and DBH and the other involving SPTAN 1 and 
ABL. Further studies are required to determine 
whether the apparent difference in gene order between  
mouse and hum an represents a true evolutionary di
vergence or whether this region of MMU2 in fact repre
sents a region of conserved linkage and gene order has 
been conserved. If the latter is the case, then compara
tive mapping studies will enable the regional localiza
tion of genes on the long arm of hum an chromosome 9, 
based on their easier and more accurate linkage map
ping in the mouse, and will aid in the search for the 
genes for torsion dystonia, m ultiple self-healing squa
mous epitheliom a, nevoid basal cell carcinoma syn
drome, and tuberous sclerosis on human chromosome 
9q34.
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We have set out to produce a comprehensive compar
ative map between human chromosome 9 (HSA9) and 
the laboratory mouse. The mouse homologues of 50 loci 
that were known to map to HSA9 were mapped by in
terspecific backcross linkage analysis. Ten loci from 
the short arm of HSA9 were mapped, and 40 from 
HSAOq, with 24 markers coming from the HSA9q33- 
q34 region—a part of the chromosome known to be 
very gene rich. Fifteen new assignments have been 
made—A/?3, Ctsl,  Cntfr,  CSg, D2H9S46E, Eng,  Gcn t l ,  
Irebp,  P ap pa ,  Ptgds ,  Snf2l2,  Tal2,  Tmod,  Vav2,  and 
Vldlr,  the human homologues of which all map to 
HSA9. In addition, the assignment of Snf2l2  and Vldl r  
to MMU19 has defined a new region of synteny be
tween the proximal portion of the short arm of HSA9 
and the mouse. © 1995 A cadem ic Press, Inc.

IN T R O D U C T IO N

Interest in mapping of human chromosome 9 (HSA9) 
has been stim ulated by the mapping of many disease 
genes to th is chromosome, although few have so far 
been identified (reviewed in McKusick and Amberger, 
1993; Povey et a l ,  1994). The interest in 9p has cen
tered m ainly on the search for a tumor suppressor gene 
involved in lymphoma, leukem ia, glioma, and m ela
noma, and recently two groups have reported deletions 
of a gene on 9p21 (CDK4) coding for p l6 , and also 
known as M T Sl, in a variety of tumor cell lines (Nobori 
et a i ,  1994: Kamb et a i ,  1994). 9p- syndrome, charac
terized by craniofacial anom alies, squared fingertips, 
and m ental retardation, has been refined to a small 
region of 9p23 by analysis of DNA from a patient car
rying a translocation-associated deletion of part of 9p23 
(W agstaff and Hemann, 1994). Closer to the centro
mere on HSA9p, the gene for cartilage-hair hypoplasia

Data discussed in this paper have been submitted to GBASE under 
Accession Nos. MGD-CREX-176, -177, -178, -179, and -180.

' To whom correspondence should be addressed. Telephone: 44-71- 
380-7421 Fax: 44-71-383-2048.

(CHH) has been localized to 9 p l3 -p 2 1 .1  (Sulisalo et 
a i ,  1993). Friedreich ataxia (FRDA) maps to 9 q l2 -  
q21, the pericentromeric region of the chromosome 
(Chamberlain et al., 1988). Gorlin’s syndrome (NBCCS) 
and m ultip le se lf-h ea lin g  squam ous ep itheliom a  
(E S S l) map to 9q 22-q31 (Farndone^ a l ,  1992; Goudie 
et a i ,  1993), Fukuyama-type muscular dystrophy 
(FCMD) maps to 9q 31-q 33 (Toda et at., 1993), and 
hereditary hemorrhagic telangiectasia (also called 
Osier Rendu Weber syndrome; ORW) maps to 9q 3 3 -  
q34 (McDonald et a i ,  1993; Shovin et a i ,  1993). The 
genes for nail patella syndrome (N P S l), idiopathic tor
sion dystonia (DYTl), and tuberous sclerosis (TSCl) 
all map to 9q34 (Renwick and Lawler, 1955; Ozelius et 
a i ,  1989; Fryer et a l ,  1987). Loss of heterozygosity 
studies have defined 2 regions of deletion of HSA9 in 
bladder tumors: 9p 21-p 22  and a large region of 9q 
(9q l3 -q 34 .1 ; Keen and Knowles, 1994). Sim ilar stud
ies of 9q in ovarian tumors have defined a common 
region of deletion, 9q 31-q 33  (Osborne et at., 1994). Fig
ure 5 shows the location of disease genes mapping to 
hum an chromosome 9.

Since a high-resolution genetic linkage map of the 
mouse facilitates the establishm ent of gene order on 
hum an chromosomes, giving insight into genome evolu
tion, we have set out to produce a comprehensive com
parative map for human chromosome 9 and homolo
gous mouse chromosomes. In areas where gene order 
is conserved between human and mouse, the mouse 
map can be used to predict gene order in human. In 
addition, comparative mapping information for certain 
markers may suggest them as candidate genes for dis
ease loci mapping to HSA9. The construction of mouse 
genetic linkage maps was achieved by interspecific 
backcross linkage analysis using a backcross between 
a laboratory inbred strain (AN) and M us spretus. In 
addition, as very little recombination was seen in the 
MMU2/HSA9q region of conserved synteny, another 
backcross (the Jackson BSE interspecific backcross in
volving C57BL/6J and M us spretus;  Rowe et a l ,  1994) 
was used to order markers in this particular region
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TABLE 1

Loci Nanties of Markers Used in This Study Showing Their Location on HSA9 and RFLVs Used for M apping

N am e

Symbol H uman
(a) Probes derived by PCR or RT-PCR

Band size
Source PCR prim ers (bp) Sequence ref.

E nzym e to 
detect RFLV

Fragm en t size  (kbT

M ouse H um an location AN M us spretus

A d en ylate k in ase 3 A k3 AK3 9 q 2 4 - p l3 RT-PCR 5TGTCCGAGTTGGAGAACAG3 '(S) 622 Xu et at. (19921 B g lll 6, 6.2 6.4, 5
(H)k" 5GGCCTCTTCATGAACTCTTT3 '(AS) — '

A ldehyde dehydrogenase 1, A ld h l A L D H l 9q21 RT-PCR 5TGCACACCATGGGGTATT3 '(S) 585 H su  et al. B g lll 11, 5 .6 , 4, 3.6. 12, 5, 3.4,
soluble (H)k 5'TCATGGAAACCGTACTCTCC3 '(AS) (1989) 3, 2.2 2.6, 2

a  1,3-G alactosyl- G g ta l G GTAl 9 q 3 3 -q 3 4 PCR 5 'CAAGCCAGAGAAGAGGTGGCAAGAC( S ) 390 Larsen et al. T aq l 12, 5 6.2
tran sferase (Hi'' 5AAGTTTAGGTGGCTTTCATCATG3 '(ASI' (1990)

/31,6-N-Acetyl- G cn tl G C N T l 9q21 RT-PCR 5'AAGCTGACTTTCCCTTGGC3 '(S) 571 B ierhuizen  et P s tl 5.5, 2.8 6, 3
glucosam inyl tran sferase (H)k 5 'CGTGGGTCATGCAGAACA3 '(AS) al. (1993)

Carboxyl ester  lipase Cel CEL 9q34.3 RT-PCR 5 ' CTGG AAAATCCTCAGCC AC A3 '(Si 310 Lidberg et al., T aq l 4.3 , 2 .7, 1.2 7, 1.2
(H)l 5 G AC ACGGTAGTTG AAGGTG A3 '(AS) (1992)

Ciliary neurotrophic factor Cn tfr CNTFR 9 p l3 RT-PCR 5'CACCTACATTCCCAACACCTT3'(S) 462 D avis et al. T aq l 5, 2 3.6, 2
receptor (H im 5CCAATCTCATTGTCCTTGG3 '(AS) (1991)

C om plem ent com ponent 8 gam m a C% CSG 9q RT-PCR 5GACTGCGACCCTCTTGACTC3 '(S) 913 H aefliger et al. B g lll 5.4, 1.8 6, L7
peptide (H)l 5"rTATTTGAGCTTTGGTTCTG3'(AS) (1988)

D 9S 46E  (Cain) D 2H 9S46E D 9S46E  (CAN) 9q34 RT-PCR 5 ' CGTGCATG ATGTCC AGTG3 '(S) 507 Von Lindern et B am H l 5, 2.8 6 ,3
(H ik 5'TCGGTAGTAGAGCCATCACC3'(ASI al. (1992)

Endoglin Eng ENG 9 q 3 4 -q ter RT-PCR 5'CCAACCACAACATGCAGATC3 '(Si 559 G ougos and B am H l 4.5, 3 .6, 2.8 4.5, 3 ^ ,  2.8
(Hik 5 'TGGAAAG AG AGGCTGTCC AT( AS 1 Le tarte  (19901

Fanconi anem ia. Face FACC 9q22.3 RT-PCR 5'CCCAGAAGGACACTTGTCTT3 '(S) 583 W everick et al.. B g lll 5.5, 5, 4 .3 , 3, 6̂ ,  4.3
com p lem en tation  group C (M)k'" 5ACAGCTTCGAAGAACTCAGG3 '(AS) (1993) 2

brm  (D rosoph ila)  hom ologue S n f2l2 SN F2L2 9 p 2 3 -p 2 4 RT-PCR 5'TCAATTTCCAGCGTCAGC3 '(Si 631 M uchardt and B g lll 7 8.5
(H)k 5'TTGACAGGGAGGTCACTCAT(AS) Y aniv (1993)

Iron-responsive e lem en t binding Irebp IR E B l 9 RT-PCR 5 ' AAGTTAGC ATCGCGTACCTG3 '(S) 170 Philpott et al. T a q l 4.1, 1.8 ± 2 ,  L6
protein 1 (M)l 5GCAGCAAGGCACAACTGT3 '(AS) (1991)

P regnancy-associated plasm a P appa PAPPA 9q33.1 RT-PCR 5ATATCTCACGTGACCGAGGA3 '(S) 529 O xvig et al. B g lll 7 5
protein a (H) 5AGACTCGTGTCCAGCAGAAA3 '(AS) (1993)

Prostaglandin syn th ase P tgds PTGDS 9 q 3 4 .2 - RT-PCR 5'ACTCATCACACGCTGTGGAT3'(S) 537 W hite et al. B g lll 4.4 6
q34.3 (H)br 5GATACCATTGTCTTCCTGCC3 '(AS) (1992)

T-cell acute lym phocytic leukem ia Tal2 TAL2 9 q 3 1 -q 3 2 PCR 5'ACCTGGACATGACCAGAAAG3 '(S) 309 Xia et al. (1991) Taql 3.6 1.72 (M)* 5GGAAGGA.ACTCGGTAGTCAT3 '(AS)
Tropom odulin Tm od TMOD 9q22 RT-PCR 5 GGAAAATGAGCTGGATGAGC3 '(S) 564 S un g et al. T aq l 5, 1.7 4.9, 3

(Hll 5TCTGCATATGCCTTGAGGGT3 '(AS) (1992)
Very low d en sity  lipoprotein V ld lr VLDLR 9p24 RT-PCR 5'ATGTGAACCCTCCCAATTCC3 '(S) 635 Oka et al. P.stl 2, 1.8 1.6

receptor (Hik 5"ITTCGCTGGCTGGACACTT3 '(AS) (1994)
Xeroderm a pigm entosum Xpa XPAC 9q22 PCR 5'GAAACTAGAGTTCATTTTCC3'(S) 200 S atok ata  et al. B g lll 2.4 2.6

(H) 5'GTTTTGCCCTAAACCTACAC3 '(AS) (1992)

(bl Cloned probes
Symbol Fragm ent s izes  (kb)

H um an map Enzym e to
N am e M ouse H um an location Vector Insert size  Source detect RFLV AN M us .spretus

Arginosuccinate sy n th e ta se -1 A s s l ASS 9q34.1 pBR322 1.5-kb P s tl  Am erican Type C ulture Collection B g lll 11. 10 , 6, 1 9, 6 .2 , 1.5
ATP binding ca ssette A b e l A B C l 9 q 2 2 -q 3 1 pB luescript 3 kb Dr. G iovanna Chim ini B g lll 9.5, 6, 4, 3, 1.6 9.5. 5 ^ , 4, 3, 1.6

transporter 1
ATP binding ca ssette Abc2 ABC2 9q34 pB luescript 3 kb Dr. G iovanna Chim ini T aql 1.2, 1.3 1.4, 1.1

transporter 2
VAV-like gene Vav2 VAV2 9q34 pCRlI (InvitrogenI 205-bp EcoRl Taql 8.5 3
N -m eth y l-n -asp arta te  receptor G rin l G R IN l 9q34.1 pC D N A ln eo 3.4-kh B am H l Dr. Paul W hiting Taql 6, 5.2, 2.8 6, 4 ,3
Surfeit 1 S u r f S U R F l 9 q 3 3 -q 3 4 pAT153 1-kb EcoR l Dr. M ike Fried B am H l 3, 1.3 8.5, 1.3
Zinc finger gene Z fp37 TZN 9q pB luescript 1.4-kb EcoR l Dr. Keith Dudley Taql 10, 3 12 ,3
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further. The comparative maps were constructed from 
markers spanning the entire length of HSA9, from the 
gene for very low density lipoprotein receptor (VLDLR) 
on 9p24 (Oka et a i ,  1994; Sakai et a i ,  1994) to N -  
methyl-D-aspartate receptor (GRIND on 9q34.3 (Karp 
et a i ,  1993; Brett et a i ,  1994).

Table 1 shows the DNA markers used in this study, 
together with their location on HSA9 (taken from Povey 
et a l ,  1994). The backcrosses were typed for m icrosatel
lite anchor loci (Dietrich et al., 1992) and Acra (an an
chor locus on MMU2) to orientate markers on mouse 
chromosomes.

N ew  chrom osom al assignm ents include the genes 
for adenylate k inase 3 {Ak3), /? l,6-N -acetylglucosam - 
inyltransferase {Gcntl),  cathepsin  L (Ctsl,)  ciliary  
neuroptrophic factor receptor (Cntfr), com plem ent 
com ponent 8 gam m a peptide (C8g), D 9S46 (also 
known as Cain; D 2H 9S46E),  endoglin (Eng), the 
m ouse homologue of the Drosophila brm  gene 
(Snf2l2) ,  iron-responsive elem ent binding protein  
(Irebp),  pregnancy-associated plasm a protein a 
(Pappa), prostaglandin D 2 synthase (Ptgds), T-cell 
acute lym phocytic leukem ia 2 (Tal2), tropomodulin  
(Tmod),  an exon-trapped product with homology to 
the VAV oncogene (Vau2), and very low density  lipo
protein receptor (Vldlr). Each of these genes m aps to 
HSA9 and has not previously been mapped in the 
m ouse. Improved linkage inform ation has been ob
tained  for ATP binding cassette transporter-1 (Abe l  ), 
ATP binding cassette transporter-2 (Abc2), xero
derma pigm entosum  (Xpa; the m ouse hom ologue of 
XPAC), and aldehyde dehydrogenase-1 (A ld h l) ,  
which have not previously been mapped by in ter
specific backcross analysis. A b e l ,  Abc2, and Xpa  
have been assigned  previously to M M U4A5-4B3, 
M M U2A2-2B, and MMU4C2, respectively, by in s itu  
hybridization (Luciani et a l ,  1994; Tanaka et a l ,  
1990). A l d h l  has been assigned  to MMU19 by electro
phoretic variation of the cytoplasm ic isozym e of alde
hyde dehydrogenase between inbred strain s and 
linkage testin g  stocks of M us m u scu lu s  (Tim ms and 
H olm es, 1980).

MATERIALS AND M ETHODS

Mice

A N  backcross. This backcross was as described in Pilz et al. 
(1992a). DNA from this cross was a gift of Dr. Jo Peters. AM. spretus 
male was crossed to a laboratory stock called AN, which is deficient 
for the enzyme steroid sulfatase (STS), and maintained on a C3H 
background. Seven F, females were backcrossed to AN males to pro
duce 126 backcross progeny.

Jackson C 57B L /6J  cross. DNA samples from this cross were a 
gift from the Jackson Laboratory. C57BL/6J females were crossed 
with M. spretus males. Fi females were backcrossed to C57BL/6J 
males to produce 94 backcross progeny (as described in Rowe et 
al., 1994).
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a D2MHI □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □
Cl r ill! . mad.'!. CSa. Abc2 □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ □

Obh. Nolchl. Vav2. Surji □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ □
Spm û, Ahi. a.v.N1. D 2W S46E. A kl, Fpf>s\ ColSal. Rxra. Cel ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ □

Pbx3. Grp7R □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■
Epb7.2. Hc, G.sii. G a tu l □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■

A cra □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
48 29 8 10 4 1 0 1 0 0 1 0 14 9 1

b 1)2 M ill □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □ □ ■
G rin l. Dbh. N o lc h l. Va\2 □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □

C o lS a l. Rxra. C el □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ □
Spnu2 □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ □

Abl. D 2H 9S46E . A ss ! □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ ■ □
A kl. Fpus Ena. GrpJS. Pbxi. Epb7.2. Hc, G.sn, Gf>lal □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ ■ □

Acra □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ □ ■
22 35 6 7 1 0 0 1 0 1 0 1 5 12 1 1 1

C entrom ere
( 1 )

D2Mitl

-Grinl, Ptgds, C8g, Abc2

-Notchi, Vav2, Surf, Dbh 
~Col5al, Rxra, Cel 
-Spna2

-Abl, D2H9S46E, Assl 
Eng, Fpgs, Akl 

-Grp78, Pbx3 
Epb7.2, Hc, Gsn, Ggtal

-  Acra

T elom ere

MM U2

FIG. 1. Pedigree analysis of the 126 animals in the Harwell AN cross (a) and the 94 animals in the Jackson C57BL/6J cross (bl. (c) j 
The “consensus” linkage map produced by combining the data from both backcrosses. I

Probes

Derivation o f probes by PCR. Based on published sequence, prim
ers were designed to derive cDNA probes by reverse-transcriptase 
PCR (RT-PCR) for A&J, Ce/, Cnt/r, C %  Eng,
Face, G cntl, Irebp, Pappa, Ptgds, Snf2l2, Tmod, and Vldlr. The 
primer sequences are listed in Table la. The reverse transcriptase 
step was carried out in Ix  PCR buffer (1.5 mM Mg^'; Advanced 
Biotechnologies), with 200 pM  deoxynucleotide triphosphates 
(dNTPs), 200 pmol antisense primer, 1 pg  RNA (as described in Table 
la), and 400 units MMLV reverse transcriptase, in a volume of 50 
pi at 37°C for 60 min. After a dénaturation step of 95°C for 5 min 
and the addition of 200 pmol sense primer and 1 unit Taq polymerase

(Advanced Biotechnologies), the PCR conditions were 94°C for 20 s, 
55°C for 30 s, and 72°C for 30 s for 35 cycles. The A k l, ColSal, Grp78, 
and R.xra RT-PCR derived probes were as described in Pilz et al.
(1994).

Primers were designed as listed in Table la  to derive a probe 
for Tal2 by direct PCR of mouse DNA. Primers were designed as 
listed in Table la  to derive probes for G g ta l and Xpa  (the mouse 
homologue of XPAC) by PCR of human DNA. PCR was carried out 
in I x  PCR buffer (1.5 mM Mg' '̂ ; Advanced Biotechnologies), with 
200 pM  deoxynucleotide triphosphates (dNTPs), 200 pmol prim
ers, 40 ng DNA, in a volume of 50 pi. After a dénaturation step of 
95°C for 5 min and the addition of 1 unit Taq polymerase (Ad
vanced Biotechnologies), the PCR conditions were 94°C for 20 s.
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D 4N ds4 □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
D 4H 9S3E □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
Ire b p □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
Galt, C n tfr □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
Pax5 □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
T m o d , Xpa □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
A Id o 2 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
A b e l □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □
T a il □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □ ■ □
Lv, O r m l ,  A m b p , Z fp 3 7 Q ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □ ■ □
Hxb, Pappa □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □ ■ □
T y r p l □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □ ■ □
Ifa □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ ■ □
A k 3 □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■ □ ■

45 40 1 1 1 2 1 I 0 1 1 0 2 3 0 1 0 2 1 4 1 1 4 1 0 6 3 3

DISTANCE
cM

(17)

1 .6 ± 1.1
1.6 ± 1.1
2.4+1.4
0 .8± 0.8
0 .8 + 0.8

4.0+1.7

G.8+0.8 
1.6+1.1

4.0+1.7

1 . 6 ± 1.1 

4.0+1.7

4.8±1.9

4.8+1.9

HUMAN
HOMOLOGUE

-  D4Nds4 
-D4H9S3E
-  Irebp 

-GaJ^Cn,fr
Tmod, Xpa

~ Alda 2 
-Abel
- Tal2

9p21

ii
9q22.3-q32
9q22-q31
9q31-q32

-  Lv, OrmI, Ambp, Zfp37 9q32-q34, 9q32, 9q32-q33, 9q 
Hxb, Pappa 9q32-q33, 9q33.1

TyrpI

-Ifa

-Ak3

9p23

9p21

9p24-p13

MMU4

FIG. 2 (a) Pedigree analysis for MMU4 in the AN cross, (bl The map of MMU4 and recombination frequencies found, showing syntenic 
relationships between HSA9 and MMU4. The number in parentheses represents the likely distance from the centromere to the most 
proximal marker mapped.
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a
D 1 3 M itl7 □ ■ □  ■  ■  ■  □

G cn tl □ ■ □  □  □  ■  □
Ctsl □ ■ □ □ □ □ ■
Face ■ ■ □ □  ■  ■  ■

D 1 3 M it3 2 ■ □ ■  ■  ■  ■  □

24 32 4 7 9 10 1 2 20 11 2 1 1 2

DISTANCE
cM

( 1 1 )

1 1 . 1+ 2 .8

17.5±3.4

4.011.7

27.814.0

HUMAN
HOMOLOGUE

^Gcntl 9q21

- O s /  

-  Face

9q22.1-q22.2
9q22.3

- DI3MU32

MMU13

FIG. 3. (a) Pedigree analysis for MMU13 in the AN cross, (b) 
The map of MMU13 and recombination frequencies found, showing 
syntenic relationships between HSA9 and MMU13.

55°C for 30 s, and 72°C for 30 s for 30 cycles. The identities of all 
RT-PCR and PCR products were confirmed by restriction enzyme 
digestion (data not shown).

Cloned probes. Exon trapping (Buckler et a i ,  1991) was used to 
isolate an expressed sequence from a cosmid that maps to a contig 
on HSA9q34 that includes the markers D9S10 and D9S66 (reviewed 
in Povey et a i ,  1994). The trapped exon was shown to have homology 
with the VAV oncogene (Woodward et a i ,  1994), as does a newly 
reported gene on HSA9q34 (Smith et a i ,  1994) that has been named

VAV2 in human (Vav2 in the mouse). The A bel, Abc2, A ssl, Grinl, 
Surf, and Zfp37 probes were as described in Table lb  lZfp37 was 
previously called Tzn; Fleming et a i ,  1993). The Lu, Hxb, and Tyrpl 
probes were as described in Pilz et al. (1992b). Tbe D4H9S3E, Galt, 
Pax5, Aldo2, and Ambp probes were as described in Pilz et al. (1993). 
Tbe A6/, Acra, Dbh, Epb7.2, Fpgs, Gsn, Hc, Pbx3, Spna2, and N otchi 
probes were as described in Pilz et al. (1994).

Southern Blot Analysis

Southern blot analysis was carried out as described in Pilz et al. 
(1992a).

PCR Conditions

Primers listed in Table Ic were designed to type L p cl and C tsl 
by direct PCR of mouse DNA. PCR was carried out in I x  PCR 
buffer (1.5 mM Mg^^; Advanced Biotechnologies), with 200 pM  
deoxynucleotide triphosphates (dNTPs), 200 pmol primers, 40 ng 
DNA, in a volume of 50 p\. After a dénaturation step of 95°C for 
5 min and the addition of 1 unit Taq polymerase (Advanced Bio
technologies), the PCR conditions for L pcl were 94°C for 20 s, 55°C 
for 30 s, and 72°C for 30 s for 30 cycles and for Ctsl were 94°C for 
20 s, 58°C for 30 s, and 72°C for 30 s for 30 cycles. L p c l PCR 
products showed a 3-bp size difference (Table 1) when analyzed 
by electrophoresis in a 10% polyacrylamide gel (Severn Biotech), 
stained with ethidium bromide, and viewed under UV light. The 
Ctsl products were digested with Bam H l to reveal a RFLV between 
AN and M. spretus when analyzed in a 1% agarose gel (Sigma) 
and viewed in the sam e way (Table 1). O rm l and Ifa were microsa
tellites typed by PCR as described in Pilz et al. ( 1993).

PCR primers for D 2M itl, D 13M itl7, D13Mit32, D19MÜ1, and 
D19MÜ29 (Dietrich et a i ,  1992) were purchased from Research Ge
netics. The conditions used were as for Lpcl. The PCR products were 
analyzed in a 3% NuSieve agarose-1% agarose gel (FMC Biopro
ducts).

RESULTS

The Abl, Acra, A k l ,  A ldo2, A m b p ,  C o lSa l ,  
Fpgs, GoZf, Grp78, Gs/t, Tfc, 

Hxb, Lv, N o tc h i ,  PaxS, Pbx3, R xra ,  S p n a 2 ,  and 
T y r p l  gen es were m apped in th is  laboratory pre
v iou sly  (Pilz et a i ,  1992b, 1993 ,1 9 9 4 ) and hence are 
not included in Table 1, but the resu lts are included  
in  th is  study to com plete the com parative map of 
HSA9.

RFLVs betw een the relevant laboratory inbred  
strain  and M. spre tu s  were found w ith  each of the  
probes and are listed  in Tables la  and lb . The p ed i
gree an a lyses for each chrom osom e and lin k age map 
w ith  recom bination frequencies produced in th is  
study are shown in F igs. 1 - 4 .  F igures la  and lb  
show  the pedigree an a lysis  of MMU2 in the H arw ell 
AN and Jackson  C 57BL/6J crosses, resp ectively , 
and Fig. Ic represen ts the con sensu s map of MMU2 
produced by com bining the data from both back
crosses. Figure 5 show s hum an chrom osom e 9 and 
the location of hum an d isease  gen es m apping to the  
chrom osom e aligned  w ith  the hom ologous regions of 
m ouse chrom osom es 2, 4, 13, and 19.

D ISC U SSIO N

The assignm ent of Sn f2 l2  and Vldlr  to MMU19 has 
defined a new region of homology between the short
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a
D19MU29 □ ■ □ ■  □  ■ ■ ■ ■ □ □ 0  0  0  0

Vldlr □ ■ □ ■  □  □ □ □ □ ■ ■ ■ ■ ■ ■
Snf2l2 □ ■ □ ■ □ ■ ■ □ □ ■ ■ ■ 0 0 1
A ld h l ■ ■ □ ■ □ ■ ■ ■ ■ ■ ■ 0  0  0  0

L pcl ■ □ ■ ■ □ ■ □ ■ □ ■ □ 0  0  0  0

D19MU1 ■ □ ■ □ ■ □ □ □ □ □ □ 0  0  ■  ■

.U 12 9 2 2 0 0 0 23 0 18 4 I 3 1 1 4 1 H i l l

b HUMAN
DISTANCE

cM ( 4 )

28.6±4.0

6.3±2.2 

11.1 ±2.8

22.2+3.7

23.8±3.8

HOMOLOGUE

-  D19MU29

Vldlr 9p24 

Snf2l2 9p23-p24

-A ldh l 9q21

-L pc l 9q12-q21.2

D19MU1

MM U19

FIG. 4. (a) Pedigree analysis for MMU19 in the AN cross, (b) The map of MMU19 and recombination frequencies found, showing 
syntenic relationships between HSA9 and MMU19.

arm of HSA9 and mouse chromosome 19. This region 
is separated from the other known region of conserved 
synteny between MMU19 and HSA9 by a region homol
ogous to MMU4.

The density of th is genetic map has enabled us to 
pinpoint a number of regions where an evolutionary

breakpoint has occurred on the ancestral chromosome 
before divergence of mouse and human. For example, 
the human SNF2L2 gene maps to H SA 9p23-p24 and 
TYRPI maps to HSA9p23 (see Fig. 5). Since Sn f2 l2  
maps to MMU19 and T yrp l  maps to MMU4, this sug
gests that the ancestral chromosome split between
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Human homologues Homologous mouse chromosomes

MLM

VLDLR
A k 3 -

SW 2L2

TYRP
T yrp l —

PaxS —
Galt, Cntfr —

Irebp —  

D 4H 9S3E -
CNTFR
GALT

L pcl —

A ldh l -

ALDHl GCNTl

G cntl —

FACC

TMOD

ALDOB

ALAD. ORM

SPTANl

D9S46E

RXRA
GRINl

’"“'IST
Ta/i ■

Lv, O rm l, Ambp, Z fp37 ■ 
Hxb, Pappa

Epb7.2, Hc, Gsn, G gta l —  
Grp78, Pbx3 —  

Eng, Fpgs, A k l —  
M . D2H9S46E, A ss l ~  

Spna2 — 
Rxra, Cel. C olSal — 
Dbh, Surf. N otchi ~  

G rinl, Ptgds, C8g, A b e l _

HSA 9

FIG. 5. Human chromosome 9 (taken from Povey et a i ,  1994) aligned with the homologous regions of mouse chromosomes 2, 4, 13, and 
19. Human disease genes mapping to HSA9 are shown to the left (for disease names corresponding to symbols see text). The homologous 
mouse chromosomes are shown to the right. The centromere of the mouse chromosomes is shown by a filled circle. Chromosomes 4 and 19 
are shown twice to make comparison easier. Ifa, D4H9S3E, L pcl, Lv, Xpa, Aldo2, Hc, D2H9S46E, and Spna2  are the mouse homologues 
of IFNA, D9S3, ANXl, ALAD, XPAC, ALDOB, C5, D9S46E, and SPTANl, respectively.

Sn f2 l2  and Tyrp l.  The genes for ALDHl and GCNTl 
both map to HSA9q21 (see Fig. 5). Since A l d h l  maps 
to MMU19, while G cntl  maps to MMU13, a break has 
occurred in the region corresponding to HSA9q21. 
Genes mapping to the proximal part of distal HSA9q 
(9q32-q33) map to MMU4, while genes mapping to 
the distal portion of HSA9q (from 9q33-q34) map to 
MMU2. PAPPA and GSN both map to HSA9q33. As

Pappa  maps to MMU4 and Gsn  maps to MMU2, this 
indicates that a split has occurred in the region corre
sponding to HSA9q33. There are three separate regions 
of homology between HSA9 and MMU4. Two regions 
of homology with the short arm of HSA9 are separated  
by a region of conserved synteny with HSA9q (Pilz et 
al., 1992b; see Figs. 2 and 5). D 4H 9S3E  (the mouse 
homologue of D9S3) maps to the more proximal region
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of homology, whereas Ifa  (the mouse homologue of 
IFNA) maps to the more distal region. Both of these  
genes map to HSA9p21, indicating that a break has 
occurred in this region. Gene order within the more 
proximal segm ent of homology has been conserved. As 
TMOD, XPAC (the human homologue of Xpa),  and 
FACC map to HSA9q22, and Tmod  and Xpa  map to 
MMU4 while Face maps to MMU13, a split has oc
curred in the part of the ancestral chromosome corre
sponding to 9q22. Additionally, the localization of the 
Tmod and Xpa  genes on MMU4, 4.0 ± 1.7 cM proximal 
to Aldo2, has extended the known region of conserved 
synteny from the long arm of HSA9 and MMU4 toward 
the centromere of both chromosomes. The assignm ent 
of A k3  4.8 ± 1.9 cM distal to Ifa  has extended the 
known region of conserved synteny from the short arm 
of HSA9 and MMU4 toward the telomere of MMU4.

Gene order has been conserved in each segm ent of 
conserved synteny on MMU13. For MMU19 the order 
of loci relative to the centromere is inverted in one 
species with respect to the other (see Fig. 5j. Relative 
to the centromere, the order of genes that map to the 
conserved segm ent between MMU2 and HSA9q is in
verted in one species compared to the other (Fig. 5). 
Within the segm ent gene order is the sam e except for 
two loci, Rxra  (RXRA) and Spna2  (SPTANl; Pilz et a l ,  
1994; Povey et a l ,  1994). Under the assumption that 
maps for both species are an accurate reflection of gene 
order, there seem to have been two small inversions 
(in the mouse with respect to the human) within this 
conserved syntenic group (Pilz et a l ,  1994). This repre
sents the only discrepancy in gene order within a region 
of conserved synteny between HSA9 and the mouse 
genome. It would be of interest to establish the precise 
organization of this region in man and mouse by de
tailed physical mapping. As hereditary hemorrhagic 
telangiectasia, nail patella syndrome, idiopathic tor
sion dystonia, and tuberous sclerosis (ORW, N P S l, 
DYTl, and TSC l) all map to this region of HSA9, it is 
not possible to use information from the mouse to pre
dict gene order in human in the region of HSA9 con
taining these genes with any certainty. However, for 
the remainder of HSA9, gene order appears to have 
been conserved, enabling predictions of the regional 
localization of genes to be made based on their easier 
and more accurate linkage mapping in the mouse. This 
will aid the search for the genes for cartilage-hair hypo
plasia (CHH), Friedreich ataxia (FRDA), Gorlin’s syn
drome (NBCCS), m ultiple self-healing squamous epi
theliom a (E S Sl), Fukuyama-type muscular dystrophy 
(FCMD), and bladder and ovarian carcinoma genes on 
human chromosome 9.
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