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ABSTRACT
Chromosome 13 translocations with breakpoints in 13ql4 are frequently seen
as the only karyotypic abnormality in B-cell chronic lymphocytic leukaemia (BCLL).
Somatic cell hybrids were generated which contained both reciprocal partners of these
translocations. In all cases small deletions were found at the translocation site
suggesting the involvement of a tumour suppressor gene in BCLL leukaemogenesis.
The genetic map in this region was shown to be RB1-MGG15-D13S25-D13S31D13S59. The smallest region of overlap of the BCLL deletions was between RBI and
D13S31. Loss of heterozygosity studies in BCLL showed that allele loss was centered
around the 1 Mbp MGG15-D13S25 interval. To increase the number of markers in
this region the Genethon microsatellite linkage map for chromosome 13 was
integrated with the physical map of the chromosome using a panel of somatic cell
hybrids. Only two new markers were assigned to the smallest BCLL deletion. These
markers, together with MGG15 and D13S25, were used to construct a Y AC contig
across the smallest deletion using vectorette end-rescue walking. All YACs were
shown to be unrearranged using fluorescence in situ hybridisation (FISH). These
YACs were used to probe a chromosome 13-specific cosmid library to isolate clones
from the BCLL deletion region. Exon-trapping was then attempted using these
cosmids but no transcribed sequences could be detected. During the course of this
thesis a series of expressed sequence tags (ESTs), corresponding to genes, were
mapped using the regional mapping panel. Although none of the ESTs mapped to the
BCLL Y AC contig, several mapped to parts of the chromosome containing genes
responsible for human genetic diseases. Two of these clones mapped to the 13ql3
region shown to contain the breast cancer 2 (BRCA2) gene and are being pursued as
candidates. The genetic resources characterised in this thesis are being used in the
Human Genome Mapping project to improve the physical map of chromosome 13 as
well as identifying candidate genes for a variety of hereditary diseases.
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INTRODUCTION
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1.1. OVERVIEW
One of the primary aims of this thesis was to try to characterise genes on
human chromosome 13 responsible for particular diseases but, during this process, it
was also necessary to extend the physical map of chromosome 13. This was
accomplished by relating some of the known physical features of the chromosome to
established linkage maps using a panel of somatic cell hybrids. Another aim was to
search for novel genes on chromosome 13 using a variety of different techniques. The
human genome is estimated to contain between 50,000-100,000 unique genes (Fields
et al, 1994). Chromosome 13 is estimated to be 114 cM (male length), which
accounts for 3.4% of the human genome (Ott, 1991). Thus, chromosome 13 can carry
an estimated 1700-3400 unique genes. The highest estimate of genes/ megabase is
45, (Fields et al, 1994). Therefore, if chromosome 13 contains 114 Mb, it would be
estimated to have 5000 genes. This estimate, however, assumes that the genome is
homogenous in the distribution of genes which is apparently not the case. Numerous
studies have shown that genes are preferentially associated with Giemsa-light bands
which constitutes only 45% of all chromosomes. Using this equation chromosome 13
would have approximately 2250 genes. Experience, however, would tell us that
chromosome 13 is a rather gene poor chromosome. As of March 1993 only 41 genes
had been assigned to chromosome 13 out of a possible 3500 full length genes already
isolated. More recently, the estimated number of expressed sequence tagged sites
(ESTs) that had been developed for the entire human genome was 3,000. 320 of these
had been assigned to specific chromosomes and of these only 7 have been found to
map to chromosome 13 (Polymeropoulos et al, 1993). W ith the advent of
International programmes to provide a high resolution linkage map for all of the
chromosomes and determine the nucleotide sequence of the whole human genome, it
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is important that smaller groups that have the resources for region specific
chromosome mapping, test and refine this wealth of information.

1.2. STRATEGIES FOR ISOLATING GENES
1.2.1. Functional Cloning
A number of disease genes have been cloned using recombinant technology
which depended on using pre-existing knowledge of the physiological dysfunction
associated either with the disease itself or the protein encoded by the disease gene.
This strategy for identifying genes has been termed 'functional cloning' and requires
that the protein involved in the disease has been isolated and characterised. The most
common method to do this is by determining the amino acid sequence of the protein
directly, from which the nucleotide sequence of the corresponding gene is predicted.
Oligonucleotides can then be created and used as probes to isolate the cDNA.
An example of functional cloning was the identification of the gene
responsible for phenylketonuria (PKU). This disorder was known to be due to a
deficiency of the enzyme phenylalanine hydroxylase. This enzyme had been purified
from the livers of rodents, monkeys and humans and its structure and function were
well described but the location of the gene was not known. The mRNA for
phenylalanine hydroxylase

was

purified

from

rat liver by polysom e

immunoprécipitation (using antibodies to the protein) and oligonucleotide probes
were derived from the mRNA. These short probes were used to screen a cDNA library
derived from human liver and a full length cDNA transcript was identified (Woo et al,
1983, Kwok et al, 1985).
Perhaps a simpler and more direct approach for functional cloning has been to
use the predicted nucleotide sequence to design oligomers specific for the gene in
question. These oligomers are then used to screen a cDNA library directly to isolate
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the corresponding gene transcript. An example of functional cloning based on this
method was the search for the human fi 2- microglobulin gene. The sequence of the
protein was used to design degenerate oligomers which corresponded to all the
possible sequences of the microglobulin mRNA. The oligomers were then used as a
hybridization probe to screen a cDNA library (Suggs et al, 1981).
As a result of these functional cloning strategies, once the gene has been
isolated it can be assigned to a subchromosomal region using a variety of methods
which are described below. The main limitation with functional cloning for the
identification of disease genes, however, is that the strategy relies either, on the
recognition or isolation of the proteins involved or, on having a functional assay for
the mutant gene. For most genetic disorders this information is not readily available.
Usually, only the disease phenotype is known and so an alternative strategy, known
as 'positional cloning', has been developed which can be used to isolate most genes.
This is the opposite strategy to functional cloning where, for the eventual isolation of
the disease gene, it is essential that the location of the region containing the disease
gene is known within a few megabases on an individual chromosome.

1.2.2. Positional Cloning
The primary goal of positional cloning is to isolate cloned DNA segments
from a defined region which can then be used to hunt for genes. Positional cloning is
based on a genetic approach whereby a gene is first mapped to a specific
chromosomal location. This is achieved

either by the analysis of cytogenetic

abnormalities which are associated with the disease phenotype or by using linkage
studies. This approach follows the co-transmission of the disease phenotype within an
affected family using flanking markers (see below). Markers are sequences which
correspond to portions of the genome with known chromosomal position (genetic
loci) and which are polymorphic within the population. A marker may correspond to a

17

known gene or a unique DNA sequence. Once the minimum region containing the
disease gene has been defined, candidate genes are isolated from the region and the
identity of the disease gene confirmed, usually by the identification of mutations
within the gene, and the demonstration of a correlation with appearance of the disease.
Once the gene has been identified the normal function of the gene product and its
physiological dysfunction in the disease can be elucidated (reviewed by Collins,
1992).

1.3. METHODS OF LOCALISATION OF GENES

1.3.1. Gene Localisation
Vital for positional cloning is that the subchromosomal localisation of the
disease gene is known. Constitutional chromosome rearrangements in individuals who
are afflicted with certain diseases are often an indice of the location of the disease
gene. Rearrangements specific to tumour cells are also instructive as to the location of
genes involved in tumorigenesis, although whether they are causal of, or
consequences of, malignant transformation is not always clear. Deletions have proven
to be an important type of chromosome abnormality which has led to the isolation of
disease genes. Loss of gene function associated with these deletions is generally
assumed to be responsible for the phenotype. When this phenotype is a predisposition
to cancer, these genes are classified as 'tumour suppressor genes' and the loss of
function leads to unrestricted cell growth (see section 1.7). Translocations, on the
other hand, which may involve 2 or more chromosomes, result from chromosome
breakage and realignment. As a result, this may lead to the juxtaposition of two
different genes and the production of a chimeric protein, or the translocation may
simply inactivate a gene as a result of the rearrangement. In cancer cells these genes
are often dominantly acting and generally code for transcription factors associated
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with cell growth. When known oncogenes are associated with the rearrangement their
effect results from either gene amplification, increased gene expression or the
increased activity of novel protein products (for review see Hollywood and Barton,
1994). Chromosomal rearrangements, such as deletions and translocations, are often
associated with genetic disorders and, in some rare cases, can be inherited from one
generation to the next (Cowell et al, 1988). Extremely large deletions (>1 megabase
pair (Mbp)) can be detected cytogenetically others, however, involve much smaller
regions and so alternative methods of identifying them have been developed which
include fluorescence in situ hybridization (FISH) analysis and loss of parental alleles.
For example, FISH has been used to define the chromosomal segment which is
commonly deleted from chromosome 5q in patients with myeloid leukaemias. Le
Beau et al (1993) demonstrated that several probes which fell within the critical
5q31.1 region could then be used to detect deletions in interphase cells from bone
marrow samples from individuals at risk of developing acute myeloid leukaemia
(AML). These probes are also being used to identify any putative tumour suppressor
genes within this commonly deleted region. Analysis of parental allele loss was used
by Biegel et al (1993) to confirm the presence of a deletion at lp36.1-36.2 in a patient
with neuroblastoma where cytogenetic analysis was equivocal. Using probes from the
region they were able to demonstrate that the patient had not apparently inherited a
maternal allele at one particular locus in lp36, thus demonstrating the deletion.
Parental allele analysis has also been used to identify germline deletions within the
RBI gene in patients with retinoblastoma (Onadim et al, 1992a). This approach,
however, requires that the probes used lie within the deleted region and therefore
some knowledge of the location of the gene in question is needed. Probably one of the
most widely used approaches for the precise localisation of genes and DNA markers
is through the analysis of somatic cell hybrids.
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1.3.2. Somatic Cell Hybrids
Before being used as a laboratory technique, cell fusion had been observed for
many years among virally infected cells. Hybrid cells, formed by the spontaneous
fusion of two cells in culture, were discovered by Barski et al (1969). Production of
somatic cell hybrids involves the fusion of cells either from two different species such
as rodents and humans (interspecific hybrids) or two different cells from the same
species (intraspecific). When the cells fuse, a binucleate cell, termed a heterokaryon,
is formed. The formation of a mononucleate hybrid cell may then occur during
mitosis. Often the heterokaryon will fail to reach mitosis because of the development
of supernumerary centrioles and the formation of multiple mitotic spindles. The two
cells that are fused may be in different phases of the cell cycle and these hybrids may
have a greater opportunity for survival (Ringertz and Savage, 1976) since it has been
shown that cells already in mitosis

can cause premature condensation of the

chromosomes of the incoming nucleus (Rao and Johnson, 1974) and, after mitosis,
two hybrid cells will be present.
Fusions were initially carried out using UV-inactivated Sendai virus as a
fusogen. Although successful, this procedure was time consuming, relatively
inefficient and required expertise in the generation of the viral particles. A much
simpler method was developed which used polyethylene glycol (PEG) as the fusogen
(Pontecorvo, 1975). This procedure allowed greater reproducibility and higher fusion
efficiencies. PEG is a water soluable polymer of ethylene oxide which is non toxic to
cells at the concentrations and exposure times used (Davidson and Gerald, 1976). The
mechanism of PEG fusion is not well understood but it causes cell agglutination, and
therefore cell contact, which leads to subsequent fusion. PEG has been shown to
dehydrate cell membranes and cause membrane bilayer defects leading to clustering
of membrane proteins that appear to be necessary for fusion. Removal of PEG also
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appears to be necessary for fusion, perhaps by allowing sealing of the bilayer defects
(Boni and Hui, 1987).
Somatic cell hybrids used in genetic mapping usually result from fusing the
genetic material of organisms from divergent origins. The most commonly used in
genetic studies are human/rodent hybrids (Cowell, 1992a). The rodent parental cell
line must be immortal if the hybrids are to propagate. During the generation and
propagation of these hybrids, human chromosomes are progressively lost until relative
stability is reached when each hybrid may contain a very different complement of
human chromosomes. Thus, the rodent cell acts as a carrier for a specific subset of
human chromosomes. If the human parental cell carries a chromosomal aberration,
such as a deletion and/or translocation, this will be incorporated into the rodent cell
line. Following random chromosome loss, if the normal homologue is lost and the
rearranged chromosome retained, then it is possible to study the aberrant chromosome
in isolation without any contamination from the normal counterpart. The loss of
chromosomes is random unless there is a selection pressure for a particular
chromosome. In some circumstances the loss may be so extreme that only a single
chromosome is retained in the hybrid. Together these types of hybrid permit
assignment of particular probes to chromosomes, or regions of chromosomes, that
have been retained in the rodent cell line. Somatic cell hybrids have made extremely
valuable contributions to the field of human genetics, especially in the area of gene
mapping and gene expression. Hybrids generated from cells from patients with
deletions and /or translocations not only allow an examination of these aberrations in
isolation but also provide an immortalised source of the chromosome rearrangement.
Immortalised cell lines are particularly important in situations where it is difficult to
obtain further samples or where the cells fail to divide to produce analysable
chromosomes. Rearranged chromosomes, immortalised in somatic cell hybrids, allow
precise mapping of disease genes defined by the breakpoints.
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1.3.3. Hybrid mapping panels
The first generation of somatic cell hybrid mapping panels consisted of
hybrids containing different, but overlapping, complements of human chromosomes.
This is essentially a collection of cell lines, each containing multiple human
chromosomes as well as a complete complement of rodent chromosomes. Each
particular chromosome may be present in several different hybrids but a given probe
will have a unique signature across the entire panel which defines its chromosomal
location. This type of mapping panel has redundancy, which presents advantages as
well as disadvantages. The disadvantages are that these types of hybrids are very
difficult to characterise cytogenetically and, if the probe of interest also detects
related or pseudo-genes, determining the location of the different loci may be difficult
using a redundant mapping panel. It is also possible that there may have been cryptic
chromosome rearrangements with mouse chromosomes which are undetected and
which will complicate the analysis. The advantages are that, because it is redundant, if
the chromosome of interest is in a hybrid that contains fragments of chromosomes
that are not readily visible, since all hybrids will have this same complication, the
redundancy should confirm the location of the probe of interest. Also, in a situation
where the chromosome of interest may have a microdeletion in one hybrid, it is
unlikely that another hybrid will have retained a chromosome with the same
microdeletion.
The logical alternative, however, is to have a mapping panel where each
hybrid carries a single, different human chromosome (Carlock et al, 1986). Until
recently these were difficult to generate and their availability depended on the chance
isolation of individual hybrids. Microcell fusion, however, is a more direct method of
transferring a limited number of donor chromosomes into a recipient cell. Microcells
were first used by Ege and Ringertz (1974) to carry out cell fusion experiments and
subsequently by Fournier and Ruddle (1977) and Fournier (1981) to transfer a small
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number of murine chromosomes into intact mouse, hamster and human cell recipients.
The first step in microcell fusion is mitotic arrest of the cell. Colchicine prevents
microtubule assembly and induces prolonged mitotic arrest which results in the
formation of micronuclei. The micronuclei are chromosome packets surrounded by a
thin layer of cytoplasm and plasma membrane (Crenshaw and Morell, 1982). The
microcells are isolated by centrifugation in the presence of cytochalasin B which
causes the extrusion of the micronuclei from the cells. The isolated microcells are
then fused to the recipient cells. The advantage of microcell fusion is that only a
fraction of the donor's genetic material is transferred and microcell fusion is one of a
few methods for transferring a whole, intact chromosome into another cell. The
advantages and disadvantages of monochromosomal hybrids, compared with those for
the multichromosomal mapping panels described above, are that cross hybridisation
with related or pseudogenes on other chromosomes will be ruled out. On the other
hand, if the retained chromosome has an undetected microdeletion it may not be
possible to confirm the presence of the probe of interest. Despite this, because well
characterised panels are now available (Kelsell et al, 1995), these monochromosomal
hybrids have become by far the most useful for determining the chromosomal
location of a given probe.
The development of molecular genetic methods has seen the most significant
advance in the use of somatic cell hybrids, in particular in gene mapping. DNA from a
hybrid mapping panel which contain all or part of specific chromosomes can be used
to prepare Southern blots. Thus, when a probe for any particular gene, or a DNA
sequence, is hybridized to the filter the location of the marker can be determined by
its presence or absence in the hybrid cell lines. Because the human chromosome
content of somatic cell hybrids is so low, however, the amount of DNA needed to
prepare these blots is relatively large. The polymerase chain reaction (PCR) has
brought about new ways to screen hybrid panels (Abbott and Povey, 1991) which

23

require significantly less hybrid DNA, are not sensitive to the reduced amount of
human DNA, and permit rapid localization of probes. The implementation of FISH,
using labelled total human DNA as a probe, has permitted characterisation of hybrids
in terms of human chromosome (and chromosome fragment) content at a level not
possible using standard cytogenetics, thereby allowing the assignment of the DNA
sequence to a particular chromosome (Kelsell et al, 1995).

1.3.4. Subregional mapping panels
The hybrid panels described above allow assignment of probes to a single
chromosome. A third type of mapping panel contains a collection of cell lines that
retain naturally occurring deleted or translocated derivatives of a particular
chromosome (Cowell and Mitchell, 1989). Only the presence of the rearranged
chromosome is important in these hybrids but the normal one must be absent. These
regional (or deletion) mapping panels enable the subchromosomal location of a gene
or DNA fragment to be determined.
The various somatic cell hybrid panels described above have been
instrumental in contributing to the precision of physical mapping. This is primarily
due to the development of the deletion hybrid panels which provide some of the
highest resolution in physical mapping. An important recent development in somatic
cell genetics has been the construction of radiation hybrids (RH), originally described
by Goss and Harris (1975), for physical mapping. This methodology involves
irradiating somatic cell hybrids containing a single human chromosome prior to
fusion, which results in the fragmentation of the chromosomes. Although the cells are
killed, following fusion, the human fragments are incorporated and segregate in
different rodent cells (Walter and Goodfellow, 1993). The human chromosome
fragments eventually become stable elements in the hybrids by one of two methods.
They can either become distinct new chromosomes of human derivation as a result of
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a human centromeric fragment recruiting human teleomeric sequences or, the human
chromosomal fragment may be integrated into recipient rodent chromosomes (Wigler
et al, 1978, Walter et al, 1994). The disadvantage is that the many different hybrids
generated in this way then have to be characterised to determine which portion of the
chromosome has been retained. This, in turn, requires the availabilty of large numbers
of relatively evenly spaced markers along the length of the chromosome. This has
become increasingly more practical using PCR analysis. RH mapping, however, is
very different from mapping using the other types of somatic cell hybrid mapping
panels because it is a statistical method which is based on the analysis of many
hybrids resulting in the production of physical maps which cover relatively short
distances spanning tens of megabases (Cox et al, 1990, Warrington et al, 1991, James
et al, 1995).
Although a relatively precise science, the production of somatic cell hybrids
can be very time consuming. Also, the localisation of genes, especially in cases where
large deletions are involved, often requires the mapping of larger probes such as
cosmids or YACs. In this case, hybridisation is less efficient and conventional
cytogenetics only allows the visualisation of deletions which are approximately 5 Mb
or greater. Fluorescence in situ hybridization (FISH), on the other hand, now allows
microscopic visualization of the chromosomal location of probes ranging in size from
50 Kb to 2 Mb and a so new era of mapping strategies has arrived.

1.3.5. Fluorescence In Situ Hybridization
With the recent introduction of FISH, the resolution of cytogenetic analysis
has been greatly increased. FISH uses nick translation to label probes with biotin
followed by their hybridisation to metaphase chromosome spreads or interphase
nuclei (Pinkel et al, 1986, 1988). Fluorescently labelled avidin is then coupled to the
biotin allowing the visualisation of the labelled probe. Probes labelled in this way can
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not only detect the presence or absence of a specific probe (thus identifying small
deletions) but can also demonstrate the subchromosomal localisation of a particular
probe. In addition, the development of centromere-specific probes (Bienz et al, 1993,
McKeown et al, 1992) means that a crude identification of the copy number of
individual chromosomes in a cell can be determined as well as the identification of
specific chromosomes, without using conventional banding.
FISH technology has proven to be of great value in cancer research. One
example is the application of chromosome specific painting where a compilation of
specific, unique-sequence probes is prepared which will hybridise to the entire length
of a given chromosome but not to any of the other chromosomes (Pinkel et al, 1988).
Another method of generating chromosome specific paints is to use Alu-PCR
amplification from flow sorted chromosomes or somatic cell hybrids to produce a
paint which will hybridise specifically at all, or parts, of chromosomes (Suijkerbuijk
et al, 1992). When applied to metaphase spreads this technique can highlight the
partners involved in any suspect rearrangements and delineate unsuspected
rearrangements such as complex translocations that involve small chromosome
fragments. This is particularly useful for interpreting cytogenetic abnormalities in
tumour cells where the quality of metaphase preparations is often suboptimal for
conventional banding pattern analysis (Naeem et al, 1995, Kempski, pers. comm).
Chromosome painting can also be applied to interphase cytogenetics in tumour cells
where it can be used not only to demonstrate monosomy or trisomy but also to
confirm the presence of translocations by using two or more different chromosome
paints labelled with distinct fluorochromes (Trask, 1991).
Naeem et al (1995) describe the use of a chromosome 8 specific paint to
highlight the translocation t(8;13) in a stem cell leukaemic lymphoma of T-cell and
myeloid lineages. This unique multi-lineage atypical myeloproliferative disorder has
been reported infrequently in the literature (Kempski et al, 1995). In this study one
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patient was shown to carry a t(8;13)(p23;ql4) and the other a t(8;13)(pll.2;ql2) using
conventional G-banding analysis. Due to the ambiguity surrounding these two
translocations a chromosome 8 specific paint was used in FISH analysis on metaphase
spreads. It was shown that both patients carried virtually the same t(8;13)(pl l;q l 1-12)
translocation.
FISH has also contributed to the characterisation of chromosomes in somatic
cell hybrids. In this case

total human DNA can be fluorescently labelled and

hybridized to metaphase spreads from the hybrids which will determine the number of
human chromosomes they contain but not their specific identity. This approach relies
on the species specificity of human repetitive elements. Chromosome specific paints
can also be hybridised to these hybrid metaphase spreads to determine if a specific
chromosome is retained or has been lost from the hybrid. 'Back-painting' of hybrids
has also been used where the somatic cell hybrid DNA is amplified using primers
specific for human repetitive sequences and the amplification product is then
hybridised to normal human metaphase spreads. In this way the human chromosome
complement of the hybrid can be determined unequivocally. This approach can often
identify small fragments of human chromosomes which were not detected in the
hybrids using conventional cytogenetic analysis (Kelsell et al, 1995).
A new important development in this field is known as Comparative Genomic
Hybridisation (CGH), which is based on a very simple principle (Kallioniemi et al,
1992a). Representative genomic DNA is prepared separately from tumour and normal
cells and hybridised to normal chromosomes. The normal reference DNA sample is
labelled with a red fluorochrome and the tumour DNA with a green one. Once they
are made single stranded both DNAs are hybridised to normal human metaphase
spreads. The chromosomes are scanned using a CCD camera and the red:green
fluorescence intensity ratio measured for each one. Where there has been a deletion or
a localised amplification of DNA in the tumour, the red:green ratio will deviate from
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normal. Thus, CGH potentially provides the same amount of information as an allele
imbalance study but covers the whole genome in one experiment (Kallioniemi et al,
1992a). This technique was used to identify amplified sequences in breast cancer in
chromosomal regions that had not previously been demonstrated to be involved
(Kallioniemi et al, 1994).

1.3.6. Linkage Analysis
For most inherited disorders there does not appear to be an associated
constitutional chromosomal rearrangement. This is possibly because there has never
been a concerted effort to find one. Consequently, the most widely used method for
locating hereditary disease genes is through linkage analysis. The search for linkage
between a disease locus and adjacent markers begins with a collection of families
afflicted with the disease. The underlying concept relies on the process of genetic
recombination between homologous chromosomes at meiosis. In essence, only those
DNA sequences on the same region of the chromosome, and hence which are
physically very close together, will be co-transmitted over several generations.
Meiotic reassortment, however, only becomes apparent if homologous sequences on
the two parental chromosomes can be distinguished from each other, i.e., if they are
polymorphic. To be polymorphic there must be identifiable variants (alleles) at the
particular locus. To be of practical use, polymorphic loci must have at least two
alleles in the population and the greater the frequency of the heterozygotes the more
useful they are. The usefulness of the polymorphism in linkage analysis, however,
increases as the number of alleles increases and as the frequencies of the different
alleles approach equality.
The purpose of linkage analysis is to identify, in the first instance, the
chromosome which carries the gene and, in the second instance, close physical
neighbours of the gene whose presence is denoted by the phenotype of a genetic
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disorder. This involves testing a range of polymorphic markers from the individual
chromosomes until one is found that shows co-inheritance with the disease phenotype
in all affected family members. If the finding is confirmed in other affected families,
linkage between the disease locus and the polymorphic marker can be established.
The likelihood of linkage, as defined by Morton (1955), involves the calculation of a
'lod' score. This is basically a statistical test which compares the result to a null
hypothesis of no linkage. Thus, a lod score of greater than three (1000:1 odds in
favour of linkage) is indicative of linkage, whereas a lod score of <-2 is a strong
indice of nonlinkage. Values between -2 and 3 are inconclusive and require analysis
of additional families. The advantage of the lod score analysis is that information
from different families and studies can be pooled. Linkage mapping then proceeds by
testing other markers from the same chromosome and measuring the frequency of
meiotic crossing over between each of them and the disease locus. This same
procedure is used to construct normal linkage maps but, instead of a disease gene, the
recombination distance between adjacent markers is determined. In this way an
accurate picture of the relative positions of a number of DNA sequences can be built
up. The distance between markers is expressed in centimorgans (cM) where 1 cM
represents a 1% frequency of recombination. Although there is much controversy, the
generally accepted equation to physical distance is that 1 cM =1 Mbp, although this
may be less accurate in certain regions of the chromosome which have unusually high
or low levels of recombination.
Using linkage to localise human disease genes began with the demonstration
of linkage for colour blindness and haemophilia to the X chromosome. Morton et al
(1955) developed the lod score (logarithm for the odds ratio for linkage) which
overcame the difficulties of small progeny number and of the outbred nature of
humans and made analysis of linkage data practical. This statistical approach was first
applied to the limited number of polymorphic blood groups and serum protein
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markers to establish the first human linkage groups. Further advances in statistical
algorithms by Elston and Stewart (1971) and Haseman and Elston (1972) were
implemented by Ott (1974) in computer based analytical tools. These developments
made human linkage analysis a potentially powerful tool but it was still limited by the
paucity of polymorphic markers available at the time.
Botstein et al (1980) proposed restriction fragment length polymorphisms
(RFLPs) as a possible solution to the problem of marker deficiency. RFLPs are
variations in the length of DNA fragments generated by restriction endonuclease
digestion of DNA. These variations are a consequence of natural sequence differences
between individuals. Most RFLPs occur as a result of point mutations or single
nucleotide variations in DNA sequence, although insertions and deletions are also
responsible for some polymorphic sites. Not all natural variants can be detected with
RFLP analysis as many do not result in a change in the length of restriction fragments
generated with known enzymes.
To assess a potential probe for polymorphism, DNA from 5-10 random non
related individuals is digested with the restriction enzyme and run on an agarose gel.
A Southern blot is made and probed with the potential RFLP probe. If no
polymorphism (change in banding pattern) is seen among 5-10 random individuals
with a given enzyme, then it is unlikely that a useful polymorphism will be detected.
However, a reasonable number of enzymes should be tested using the same probe
since it is not possible to predict where the polymorphic site may be.
Many examples (Cooper and Schmidtke, 1991) of RFLPs detected by human
gene probes, or randomly cloned DNA, have been reported since this early work and
are compiled regularly at International Genome mapping workshops. The method had
one of its first practical applications in the identification of the locus for the
Huntington disease gene at 4pl6 (Gusella et al, 1983). Since that time, RFLP analysis
has been used in localizing disease genes for a long list of simple Mendelian
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disorders, including autosomal dominant, autosomal recessive and X-linked
conditions.
Unfortunately, many of the early examples of polymorphic probes showed
heterozygote frequencies of less than 50%. Often only two alleles are found with
RFLPs because they mostly recognize the presence (allele 1) or absence (allele 2) of a
restriction site. In many cases one of the alleles is much rarer than the other one. Thus,
the number of heterozygotes is low. When this is the case, the likelihood that the
probe will be useful in establishing linkage (will be informative) is low. Most RFLP
probes have a polymorphic information content (PIC) value of less than 0.5, and so
have proved to be less useful than simple repeat sequences (see below) which have a
PIC value of 0.7 or greater. It was also found that RFLPs were not randomly
distributed along chromosomes with some regions, such as the highly polymorphic
HLA gene cluster, very rich in RFLPs (Wake et al, 1982), whereas using genes such
as thyroglobulin and RBI, very few variations in DNA sequence were found (Baas et
al, 1984, Wiggs et al, 1988). Despite the limitations of RFLPs, they had
revolutionised genetics by potentially providing an almost unlimited source of genetic
markers. However, even more valuable DNA sequence variations were identified
which were to prove even more useful in the analysis of human genetic variation.
The chance discovery by Wyman and White (1980) of a random human DNA
sequence which defined a multi-allelic locus was the first demonstration that
hypervariable regions (HVRs) exist in human DNA. A number of other HVRs were
also discovered by chance including; a region 5' to the human insulin gene (Bell et al,
1982) and another 3' to the H-Ras oncogene (Capon et al, 1982). In each case the
HVR consisted of tandem repeats of a short sequence. The variability at these
minisatellites resulted from changes in the number of repeats between individuals and
are thought to occur because of either, unequal recombination between misaligned
sequences, or by slippage at the replication forks leading to a gain or loss of the repeat
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units (reviewed by Jeffreys, 1987, Amour and Jeffreys, 1992). The popularisation of
these variable number tandem repeats (VNTRs), or minisatellites (Jeffreys et al ,1985,
Nakamura et al, 1987), and the microsatellites associated with di-nucleotide repeats
(Weber et al, 1989,

Litt and Luty, 1989), led to the provision of a source of

potentially unlimited markers which were highly informative.
Simple-sequence length polymorphisms are derived from a group of DNA
elements containing very short simple-sequence repeats such as (CA)n, which are
interspersed throughout the eukaryotic genome. The (CA)n repeat is a dinucleotide
repeat but, also common throughout the genome, are tri- and tetra-nucleotide repeats
(Hawthorn et al, 1995). Their usefulness as genetic markers stems from the
polymorphic variation between alleles, as defined by the number of repeat units. The
specific repeat alleles in an individual can be identified using PCR and primers
derived from unique sequences flanking the repeat. The size of the PCR products are
analyzed on polyacrylamide gels and differences in allele sizes as little as 2 bp can be
resolved. As a result of the detection of these highly polymorphic markers, it has been
possible to build up detailed maps of the chromosomes with very small recombination
distances between the markers (Gyapay et al, 1994).

1.3.7. Genetic Linkage Maps
Linkage mapping of Mendelian genetic diseases is often a vital pre-requisite
for the eventual identification of the genes which are responsible for human genetic
diseases. This mapping effort is, itself, dependent on the availability of useful markers
positioned beforehand on the reference map. Genome-wide linkage maps were first
presented by Donis-Keller et al (1987). These early maps were based on RFLPs and
VNTRs. Although, in 1991, there were over 3000 human polymorphic markers
throughout the human genome, 90% of these markers had heterozygosity frequencies
of less than 50% and were unevenly spaced throughout the genome. At this time.
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however, the mapping initiative was aided by the establishment and general
availability of a set of 61 families from the CEPH (Centre d'Etude du Polymorphisme
Humaine) organization. This contribution allowed investigators from around the
world to pool data from individual laboratories using different markers but a common
set of families (Dausset et al, 1990).
Currently, polymorphic markers which can be incorporated into genome-wide
linkage maps, are being developed by 3 large groups combined with the continued
contributions from smaller groups. The Genethon group is working on maps based on
(CA)-repeat motifs, which is the most common short tandem repeat in the human
genome (Weissenbach et al, 1992, Gyapay et al, 1994). The Co-operative Human
Linkage Center (CHLC) is constructing maps using tri- and tetranucleotide repeats,
which are less frequent but easier to genotype than (CA) repeats. Other groups are
extending the existing genome-wide linkage maps in an attempt to incorporate maps
based on RFLPs, VNTRs and microsatellites (NIH/ CEPH Collaborative Mapping
Group, 1992, Matise et al, 1994). The European Gene Mapping project undertook to
combine markers from a variety of sources. In order to construct their map, this group
placed new markers on the existing CHCL or CEPH framework maps using the 40
CEPH families. The original Genethon map was based on marker analysis on 8 CEPH
families. The European mapping project is extending the analysis to include the
remaining 32 CEPH families not included in the original study (Spurr et al, 1994).
The present maps have virtually reached the goal set out by the Human
Genome Mapping project for 1995, which was to generate maps with distances
between individual markers of 2-5 cM. The most recent map has an average distance
of 0.7cM. This far exceeds the proposed guidelines set out for 1995 and is primarily
due to the development of microsatellites. The ideal situation, in terms of mapping,
would be to have all markers separated by 1 cM or less. This is based on the rough
estimate that 1 cM corresponds to IMbp of DNA, which is the approximate size that
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can be readily cloned into YACs (see later). However, the frequency of recombination
along the chromosomes is not equal, with that between markers close to the
centromere often being much larger than that in the middle of the chromosome arm.
Estimates of the frequency of human heterozygosity suggest that polymorphic
variation may occur every 100-300 bp, requiring a map density of markers every
0.0001 cM but, before resolution can increase by several orders of magnitude, major
advances in the speed of identification of these variants must occur.

1.4. CANDIDATE GENES
The isolation and characterisation of genes responsible for human genetic
diseases has traditionally followed positional cloning strategies (Collins, 1992). Thus,
genes are isolated directly from chromosome regions which have been implicated in
the disease phenotype following cytogenetic or linkage analysis (Friend et al 1986,
Call et al, 1990). This approach, however, is very labour intensive, especially where
the physical map of the chromosome region shows a paucity of markers, or the
regions involved are large. Having isolated a cDNA in this way, it is still necessary to
prove that these genes are responsible for the phenotype, usually through extensive
mutational analysis (Yandell et al, 1989, Upadhyaya et al, 1992, Thomas et al, 1995).
An alternative approach is to determine whether genes which have already been
assigned to a particular chromosomal region are involved in the development of the
phenotype. Thus, the PAX2 gene for example, had been assigned to chromosome
region 2q35 (Schurr et al, 1990), which is the site of the consistent chromosome
translocation breakpoint seen in rhabdomyosarcoma tumours (Turc-Carel et al, 1986,
Douglass et al, 1987, Barr et al, 1992). It was subsequently shown that PAX2 was
indeed interrupted by this rearrangement. Similarly, linkage analysis had
demonstrated that the gene which was responsible for multiple endocrine neoplasia
type 2 (MEN2) was located in band 10ql2 (Simpson et al, 1987) and the RET
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oncogene was mapped to the same region. Analysis of the coding region of the RET
oncogene confirmed that this gene was responsible for this cancer predisposition
syndrome by demonstrating the presence of constitutional mutations in patients with
MEN2 (Mulligan et al, 1993). This approach was also used to deduce that the
rhodopsin gene, for example, which is expressed exclusively in retinal cells, was
responsible for a percentage of patients with retinitis pigmentosa (Dryja et al, 1990).
With the development of high density linkage maps for each of the human
chromosomes (Matise et al, 1994, Gyapay et al, 1994), the position of genes
responsible for hereditary diseases can be localised to relatively small regions of a
particular chromosome. However, in order for there to be sufficient numbers of
candidate genes in these areas a major effort is required to regionally localise cDNAs
to specific chromosome regions. Towards this end, projects are currently underway to
partially sequence randomly isolated cDNAs and design pairs of PCR primers for
mapping (Adams et al 1993a, 1993b). If these sequences are to be subsequently
localised to specific chromosomes, a PCR product of a defined size must be produced.
Consequently, they are usually derived by sequencing into the 3' untranslated regions
of genes, since they tend to be less highly conserved between species and are not
interrupted by intronic sequences (see Discussion). As a result, a size-specific human
PCR product can be generated which means that these sequences can

then be

assigned to particular chromosomes using somatic cell hybrid mapping panels. The
chromosome localisation of many of these 'expressed sequence tags' (EST) have
recently been published (Polymeropoulous et al, 1992, 1993, Durkin et al, 1994) and
many more exist in databases but which, as yet, have not been assigned to particular
chromosomes.
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1.4.1. Synteny Between Mouse and Human Genetic Maps.
It is estimated that the mouse genome is 90% homologous to that of the human
and most mouse genes carry out functions identical to those of their human
counterparts. Comparison of the mouse and human genetic maps reveals that there are
a number of linkage groups where the gene order and gene content are conserved.
These conserved linkage groups allow identification of homologous genes in humans
and mice which may be used to study human genetic disorders in mouse models.
They also allow the identification of gene sequences mapped in mice that may be
candidates for human disease mutations. An aim of the human genome project is to
produce high density linkage and physical maps of the mouse genome as well as
sequencing it, so it can be expected that a mouse based approach to gene
identification will become a more widely used alternative. Extensive genetic crosses
carrying mutations of interest can be readily carried out in mice, providing high
resolution genetic and physical mapping resources for positional cloning. This may be
particularly useful in studies of disease genes that do not lend themselves readily to
linkage studies.
An example of this type of analysis involves the gene for non-syndromic
autosomal recessive deafness (NSRD). This is the most common form of deafness in
humans and most individuals with this impairment have no other overt abnormalities
which might aid diagnosis other than hearing impairment. Many different genes are
thought to be involved but clinical diagnosis does not differentiate between them.
Because of this, and because of non-assortive mating in deaf communities, attempts to
localise and clone non-syndromic deafness genes have met with limited success. Two
exceptions to this are the localisation of NSRDl on 13ql2 (Guilford et al, 1994a, see
also section 1.9.6) and NSRD2 on llq l3 .5 using linkage analysis in two highly
consanguineous families (Guilford et al, 1994b). However, the chance of finding
families such as these for all of the deafness genes is very unlikely. It is cases such as
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this where mouse models may prove important. Recently, Brown and Steel (1994)
reviewed several mouse models for deafness. The mouse deafness mutation, j&-l, has
been the most extensively studied, and the gene has recently been cloned. It was
found to map approximately 200 Kb from an olfactory marker protein (Omp) and
flanked by a tyrosinase gene (TYR) on mouse chromosome 7. In humans the TYR
locus maps to 1Iq and the Omp gene was found to map to llq l3 , just proximal to the
TYR locus. This indicated that sh -\ was part of a conserved linkage group that
encompassed TYR and Omp (Brown and Steel, 1994). Having demonstrated that a
human gene for NSRD 2 was localised to llq l3 .5 by linkage analysis, Guilford et al
(1994b) demonstrated that the Omp gene was located on YACs spanning the smallest
homozygous interval containing NSRD2, indicating that the sh-\ human homologue
maps to the same region as NSRD2.

1.5. ISOLATION OF DISEASE GENES

1.5.1. Physical Maps
To progress from chromosome localisation of a disease locus to gene isolation
requires the identification and characterisation of candidate genes. Although
definition of a map location of a disease locus may suggest previously characterised
genes as candidates, most often positional cloning techniques have been used to
isolate them. In order to isolate the specific gene, a contiguous series of overlapping
DNA clones across the region containing the disease gene are needed. These are
generally referred to as 'contigs'. Once a disease gene has been localized to a
minimum region, within the resolution of the techniques described above, a set of
overlapping genomic clones should be constructed across the region. This will create
a physical map of that region which can then be used to define features which may be
helpful in the identification of the gene responsible for the phenotype. These include
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the locations of the recognition sites of rare cutting enzymes, chromosomal
breakpoints, the position of already isolated but, as yet, unmapped genes and the
markers defined by linkage analyses. In this way landmarks are defined in the contig
which may indicate the positions of candidate genes as well as providing clues as to
the exact position of the disease locus. For example, cytogenetic analyses of patients
with Duchennes muscular dystrophy (DMD) dem onstrated constitutional
translocations and/or deletions involving the X chromosome (Francke et al, 1985,
Boyd and Buckle, 1986) which were instrumental in the isolation of the gene since
these rearrangements were shown to interrupt or delete the DMD locus (Monaco et al,
1985). Another valuable clue can be deduced from the availability of known candidate
genes which map to the physical region of the contig as discussed above. This can
save considerable effort in screening the entire contig for coding sequences.
Many physical maps of chromosomes have been produced based on the
assignment of non-polymorphic markers to regions of chromosomes by using
deletion/translocation somatic cell hybrid mapping panels. Although the linear order
of these probes may not be known, their exact chromosomal location is. Although of
limited use in the assignment of disease genes, once the position of a gene is known,
these maps provide a very useful source of additional markers to construct contigs
across the region. Recent maps of chromosome 13, described by Washington et al
(1994) and Kooy et al (1994), for example, have attempted to integrate both physical
and linkage maps using somatic cell hybrids. Work presented in this thesis also
demonstrates the value of combining the information from all available maps. FISH is
rapidly

becoming another tool for the saturation

of the physical maps of the

chromosomes. However, in this case the assignment of the clones is usually to
broader, cytogenetically detectable, bands of the chromosome.
The level of resolution of the physical map ultimately depends on the number
of markers available for the region and so the more new markers that can be
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generated, the denser the maps will become. Sequence tagged sites (STS) are a type of
marker which is defined by the sequence unique to a single chromosomal location.
The presence of an STS is detected using PCR amplification and so they have rapidly
become the markers of choice for building physical maps. The sources of STS are
diverse and they can be generated wherever 100 bp or more of DNA sequence is
known. Particularly useful in this respect are Alu sequences (reviewed by Nelson et
al, 1989), which are primate specific and so many probes can be generated from a
particular chromosome using monochromosomal somatic cell hybrids (Cole et al,
1991, Michalski et al, 1992). The PCR products from this reaction can be cloned and
sequenced to provide STS and then mapped using somatic cell hybrids (Michalski and
Cowell, 1993).
The construction of physical contigs over relatively short distances has been
made easier with the development of yeast artificial chromosomes (YACs). The need
for a cloning vector which would accommodate larger fragments of DNA was
increasingly apparent as it became obvious that many of the functional genetic units
in higher organisms span enormous tracts of DNA. This was demonstrated by the
discovery that expanded microsatellite repeats play a role in some disease states such
as myotonic dystrophy (Brook et al, 1992), Huntington's disease and spinobulbar
muscular dystrophy (see Mandel 1994, for review). One mandate of the Human
Genome Project, to construct physical maps of human, mouse and yeast
chromosomes, would have required ordering hundreds of thousands of conventional
lambda or cosmid clones. However, a system which allowed this objective to be
achieved with significantly fewer clones would not only improve the mapping
efficiency but also, more importantly, would ensure that the map was more reliable
and continuous.
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1.5.2. Strategies for Large Insert Cloning
Burke et al (1987) reported the transformation of large linear DNA molecules
(several hundred Kb in length) into a yeast vector where they were maintained as
artificial chromosomes in a yeast host. The functional units of a yeast chromosome
consist of a centromere, a telomere and autonomous replicating sequences (ARS)
which have the properties expected of replication origins. A Y AC vector corresponds
to a construct with its own centromere and telomere and sequences for in vivo
replication and segregation which can replicate 300 Kb or more of subcloned genomic
DNA within the yeast host cell (Burke et al, 1987). Subsequent modifications to the
original vector allow inserts of more than 1 Mbp to be cloned into yeast. The
development of Y AC technology has revolutionised the field of physical mapping.
YACs can carry inserts greater than 1 Mbp and provide an excellent representation of
the human genome in DNA libraries. There are currently many libraries available
which provide for a 2-7 genome equivalent coverage (Brownstein et al, 1989, Anand
et al 1990, Larin et al 1991). Because of their large size YACs are the system of
choice for physical mapping. This is due to the fact that fewer unique sequence probes
are required to assemble a contiguous array of 1 Mbp YACs covering a multi
megabase genomic region than would be required for assembling a contig from clones
of 50-100 Kb. The generation of YAC end clones (Riley et al, 1990, Kere et al, 1992,
Wesley et al, 1994) has been an important development for assembling contigs. Such
probes may be used to bridge gaps in the physical maps by isolating further YACs.
Larger insert YACs are more favourable for mapping than smaller insert
YACs, but have inherent problems that must be addressed. About 10% of YAC clones
carry two independent YACs because of co-transformation. However, a more serious
issue is that most total human genomic YAC libraries contain a high proportion (4080%) of chimeric clones. This means that, during the construction of the library, they
have acquired two or more DNA segments that were not contiguous in the genome.
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This is due primarily to co-penetration of large DNA molecules into the YAC vector
followed by recombination (Larinov et al, 1994).
Chimerism has serious implications for YAC walking strategies using YAC
end-clones because 40-80% of these probes may be from completely different
chromosomal regions. This can be largely eliminated if YACs are first characterised
using FISH analysis or by testing the end clones for chromosome specificity using
somatic cell hybrids. Another problem with YACs is the low yield of insert DNA and
its structural similarity to yeast DNA. About 10 |ig of yeast DNA can be obtained
from an overnight culture but only 2-8% of this is actually human DNA. Fortunately,
most techniques for analysing Y AC clones, employ PCR and require very little DNA,
but isolating DNA from these YACs out of agarose gels can be frustrating.
If the gene of interest lies in a relatively large genomic region, it is necessary
to isolate as much of that region as possible in overlapping clones. These overlapping
clones are called contigs and any gaps in the contig may mean that the gene of interest
will be missed. These contigs may be constructed in a number of ways. Thus, two
clones can be shown to overlap if they share one or more common reference points
such as STS markers (White et al, 1992) or have common band profiles using AluPCR analysis. Alternatively, the successive isolation of overlapping YACs can be
achieved using insert sequences which lie adjacent to vector sequences using
'vectorette* cloning (Riley et al, 1990). This approach is commonly used in
chromosome 'walking' strategies where there are insufficient STS markers in the
region. The end-rescued clones can either be sequenced and primers generated to
screen YAC libraries using PCR, or they can be used directly as hybridisation probes
against libraries arrayed on filters.
Recently, much of the human genome has been covered by YAC contigs
(Cohen et al, 1993). Using the microsatellite linkage markers, Gyapay et al (1994)
were able to assign YACs to the regions covered by the markers. The problem with
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these YACs is that they are often very large and may become rearranged during the
cloning or handling (see Discussion). However, with the advent of these large contigs
the only rate limiting step for positional cloning has become the screening of these
large genomic fragments for potential coding sequences in the search for candidate
genes.

1.5.3. Identification of Genes
Once a contig covering the region of interest has been compiled, it is
necessary to look for genes of interest in these clones. For genetic disorders which
lack known candidate genes, or obvious genomic rearrangements, the obstacle with
positional cloning is the need to search through millions of base pairs of DNA for the
disease gene. Although a YAC contig is essential for the initial analyses of the disease
region, YACs are difficult to manipulate in vitro and it is often necessary to subclone
the YACs into a series of smaller genomic fragments using P I, cosmid or lambda
bacteriophage vectors. These vectors can replicate 10-90 Kb of subcloned genomic
DNA within the appropriate bacterial hosts. They allow selected genomic fragments
to be rapidly amplified by cloning and can be used as the substrate for the actual
isolation of candidate genes.
An example of using YACs in the isolation of genes is illustrated by the
cloning of the gene for X-linked agammaglobinaemia (XLA), a disorder which is
characterised by recurrent bacterial infections due to a deficiency in antibody
production (Vetrie et al, 1993). The locus had been mapped genetically to Xq21.3-22.
Following the identification of flanking markers, the XLA locus was localized to a 2
cM interval. A contig of 68 YACs was established which spanned 6.5 Mbp of DNA
from the region of interest. One YAC, yl78-3, was gel purified and used to probe a
cosmid library derived from a patient with a 49, XXXXX karyotype (Holland et al,
1993). The 48 cosmids that were identified in this way were then localised to 12 sub
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regions of the long range map of the region. DNA from y 178-3 was immobilized on a
hybridization membrane and used to select clones from a cDNA library. The resulting
cDNA clones were then enriched for the region of genomic DNA contained in the
YAC. 13 of the 48 cosmids hybridized to the enriched cDNA and restriction
fragments from these 13 were used to screen the cDNAs which had been gridded.
This identified 104 clones which were arranged into 12 regions of Xq21 on the long
range map. When representative cDNA clones from each of these regions were
hybridised to Southern blots containing DNA from XLA patients, cDNAs from two
regions detected rearrangements. Three cosmids that spanned these two regions were
hybridised to the gridded enriched cDNA clones and 25 positive clones detected.
Hybridising two of these cDNAs to the original non-enriched cDNA library led to the
identification of a 2.6 Kb cDNA clone that hybridised strongly to all 25 clones from
the enriched library indicating that all were derived from a single transcript. This 2.6
Kb transcript encoded a protein with extensive homology to intracellular tyrosine
kinases.

1.5.4. Gene Motifs
Candidate genes within contigs can be identified by the presence of several
features which are shared by some, but not all, genes. For example, many genes have
multiple méthylation sites close to the their promotors (Bird, 1986) and so these genes
can be identified by searching the contig for hypermethylation sites. The classical
criterion for a coding sequence is the identification of a transcript either in the form of
a hybridisation signal on a Northern (RNA) blot or in a cDNA clone. A traditional
method used in the search of coding sequences is the use of 'zoo blots', which are
hybridisation membranes carrying the genomic DNA from a wide range of species. A
cross-species hybridisation signal for a genomic probe suggests the presence of
coding sequences within that fragment, since the genes are more likely to be
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conserved during evolution. An example of this was in the isolation of the DMD gene
within a defined genomic contig spanning the disease region. A zoo blot was used to
select fragments from potential coding sequences. Fragments which showed cross
species hybridisation were used as probes to identify the DMD gene transcript and to
isolate the DMD cDNA (Monaco et al, 1986).
Regions which are rich in hypomethylated CpG residues are often found in the
5' region of constitutively expressed genes in vertebrates such as hypoxanthineguanine phosphoribosyl transferase (HPRT) and fi -actin (Bird, 1986). These regions
are called CpG islands, or Hpall tiny fragment islands (HTF islands), and are usually
recognised by the clustering of restriction sites for rare cutting enzymes such as
Hpall, Notl, Sfil and BssHII. The rare cutting nature of these enzymes can be detected
using pulse field gel electrophoresis (PFGE) and the positions of potential coding
sequences identified. By digesting with a variety of different rare cutting enzymes a
physical map of the chromosome region can be constructed. Genomic fragments
which map around these clusters of restriction sites can be isolated and used to
identify transcripts on Northern blots or by screening a cDNA library. The gene for
neurofibromatosis type 2 (NF2), for example, was identified by using genomic
fragments surrounding a CpG island to screen a foetal brain cDNA library (Rouleau et
al, 1993). The isolation of the Wilms tumour gene (W Tl) by Call et al (1990) also
depended on the characterisation of CpG islands in llp l3 .
The techniques described above are effective but have the disadvantage of
being limited by the size of the genomic fragment (< 5 Kb) which can be screened at
any one time for coding sequences. This can be a serious limitation considering that a
disease region defined by linkage analysis can span one or more megabases.
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1.5.5. Transcription Maps
The construction of region-specific cDNA libraries is another approach for
identifying a large number of transcripts which map to a particular subchromosomal
region. The approach depends on the use of somatic cell hybrid lines containing the
region of interest. Although unpredictable, many genes on the human chromosomes
will be expressed in a mouse background. For example, assaying for the human form
of esterase D expression has been used to identify somatic cell hybrids containing
chromosome 13 (Cowell and Mitchell, 1989). The human RBI gene is expressed in
hybrids containing chromosome 13 (P. Baird, personal communication). If the hybrid
contains a portion of the chromosome of interest, the RNA can be isolated from the
cell line to construct a region specific library containing clones from the expressed
sequences. The library is made from heteronuclear RNAs (hnRNA) isolated from the
nuclei. Because the intronic sequences are still present in these RNAs they will
contain human-specific repetitive (Alu) sequences. The regions between these Alu
repeats can be amplified, and since Alu primers are specific for human DNA, only
human transcripts are amplified. The clones produced in this way are then mapped
back to the chromosome to verify which ones fall in the region of interest. This
method can be limited because it will preferentially identify transcripts with Alu
repeats and also because not all genes will be expressed in a rodent background.
A more specific method for identifying genes is to use the cloned DNA which
comprises the contig as hybridisation probes to screen cDNA libraries directly for
candidate genes, after the probes have been depleted of highly repetitive sequences.
This method, however, suffers due to cross reactions with repetitive sequences which
cannot be competed out. Additionally there are some regions of the genome which
cannot be cloned into available vectors.
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1.5.6. Exon Trapping
Exon trapping (Duyk et al, 1990), or exon amplification (Buckler et al, 1991a),
is a relatively new method for the identification of candidate genes in cloned genomic
DNA sequences. This is a function-based assay which relies on the conservation of
splice site sequences. It has been shown that an exon can be spliced onto a splice
acceptor site from another species as long as the splice sites are in the correct
orientation with respect to each other. The basic exon trap vector consists of a strong
constitutive promotor, vector splice donor and splice acceptor sites with a multiple
cloning region inserted between the two splice sites, and sequences which allow
replication in both bacterial and mammalian cells. The first step in exon trapping
involves subcloning the genomic fragment into the appropriate vector. The
recombinant construct is then transfected into COS cells. These cells contain the
SV40 virus sequences which allow the replication of plasmids carrying the SV40
origin of replication. Transcription is initiated from the vector promotor and the
transcripts are spliced and polyadenylated using the cellular machinery in the COS
cell. If an intact exon is present within the cloned genomic fragment, in the correct
orientation to the vector splice site, the transcripts are spliced so that the exon
sequence will be juxtaposed with vector sequences in mature transcripts. Total RNA
containing the trapped exons is then isolated and reverse transcribed. Trapped exons
are then PCR amplified using primers complimentary to sequences flanking the vector
splice sites.
In theory, this technique has the advantage of being broadly applicable for
identification of any genes with at least one intron. However, the technique is very
sensitive to sequence variables and requires considerable effort. This is due, in part, to
the identification of exons from genes that are irrelevant to the disease process. Since
cloned segments may contain many genes, the number of exons identified which are
not involved in the disease may be large. Furthermore, exon splice sites have been
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identified for which no corresponding transcripts, in any tissue, can be found (Buckler
et al 1991a). Despite these issues, exon trapping provides a broadly applicable
technique for identifying novel genes that may be candidates for disease-causing
mutations. The technique has been used to isolate the gene for Menkes disease (Vulpe
et al, 1993), a novel gene within the disease region for the NF2 gene (Trofatter et al,
1993), as well as the gene responsible for Huntington disease (Huntington Disease
Collaborative Research Group, 1993).
Duyk et al (1990) developed the first exon trap vector, pETV-SD. This vector
contained a splice donor site only and thus depended on the presence of a splice
acceptor site in the cloned insert. This method used a retroviral shuttle vector to
introduce the DNA into COS cells. This involved the use of three different cell lines
and was a complicated procedure. Buckler et al (1991) developed the pSPLl vector
which accepted DNA fragments in an intron of the HIV-tat gene which is flanked by
both splice donor and splice acceptor sites and exons of the viral gene. The SV40
early promotor is used for amplification in COS cells. The problem with this system
was that the majority of RT/PCR products contain only pSPLl fragments due to the
presence of genomic fragments lacking exons. As a result, competition among PCR
templates would favour the smaller, more abundant, fragment. A second, and more
serious problem, was that 3/4 exons trapped were false positives due to interactions
between cryptic acceptor sites in the genomic DNA and cryptic acceptor sites in the
intron of the exon trap cassette. Church et al (1994) described modifications to the
original vector in order to reduce these errors. In order to limit the first error, BstXI
half sites were introduced into the region immediately flanking the splice sites. The
half sites are joined when mRNAs are generated and converted into cDNAs. The
resultant BstXI site can be digested to reduce the entry of vector only molecules into
secondary PCR. To limit the number of cryptic splice sites a BstXI site was included
at the 3' end of the polylinker. Its position relative to the cloning site cause it to be
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included in any processed RNA molecule which used the cryptic splice site in the
vector. Thus, digestion with BstXI prevents their amplification in the secondary PCR
reaction.
Auch and Reth (1990) developed another set of vectors including pL53In and
pML53InR. The main differences between these vectors and pSPL3 is that the Rous
sarcoma virus long terminal repeat is used as the promotor as opposed to the SV40
early promotor region and the gene used to provide the vector splice site is the rat pre
proinsulin gene as opposed to the HIV tat gene.
A major recent advance was made in the development of vectors by Nehls et
al (1994). This group developed a lambda phage vector which accommodates between
6.5-19 kb of genomic DNA and allows these inserts to be automatically subcloned as
multicopy plasmids containing splice donor and acceptor sites flanking the inserted
genomic DNA. RNA transcripts derived from these plasmids are processed in vivo
and exons contained within the inserted genomic fragments become flanked by
known sequences in the resulting mRNAs. This system will readily allow analysis of
large, highly complex sources of DNA. The lambda vector also combines the high
cloning efficiency of phage vectors with the automatic plasmid subcloning facility.
The above discussion has concentrated on ways in which genes responsible for
a variety of genetic diseases can be identified and isolated using positional cloning
strategies. Perhaps the broadest application of these techniques over the past 10 years
has been in the cloning of genes involved in leukaemias made possible by the
frequent presence of structural chromosome rearrangements which are often specific
for the individual type of tumours.

1.6. CHROM OSOMAL REARRANGEMENTS IN LEUKAEMIAS
The immune system has evolved to respond to widely divergent stimuli in the
form of antigens. This response requires rearrangement of critical genes to permit
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plasticity in protein antibody production. Immunoglobulin or T cell receptor genes are
often involved in chromosomal aberrations because they are naturally recombined to
generate active antigen receptor genes. Each immunoglobulin locus, in the
unrearranged configuration, consists of clusters of C (constant), J (junction), D
(diversity) and V (variable) regions. Assembly of a complete gene capable of heavy
chain production requires recombination of the V, D and J elements, with deletion of
the intervening DNA (Leder et al, 1982, Alt et al, 1987). All immunoglobulin
rearrangements involve only one allele, the other remaining silent. Each of these
rearrangements results in a unique gene encoding an antibody with a given specificity.
Because the genes encoding these proteins are constantly undergoing structural
rearrangements, they may be more likely to be involved in aberrant chromosomal
rearrangements. Structural chromosome rearrangements generally fall into 3 main
categories; deletions, translocations and inversions. Translocations and inversions can
be grouped together for the purpose of this discussion. There are two consequences of
translocations and inversions in these cases (Babbitts, 1991). Either, (i) the gene for a
T cell receptor or an immunoglobulin protein is translocated to the site of a proto
oncogene, thereby activating it, or (ii) the chromosome break occurs within a gene on
each chromosome involved in the translocation, resulting in the formation of a fusion
gene which encodes for a chimeric protein. The genes involved in either of these
consequences often encode transcription factors. Gene regulation is a process which
involves the control of gene expression in a given cell. This regulation may occur at
any stage from DNA transcription to protein synthesis but most often occurs at the
level of transcription of DNA to RNA. Transcription factors are proteins which bind
to regulatory elements in the DNA, such as promotors or enhancers, and induce the
transcription of DNA. They can be divided into categories based on the protein motifs
which correspond to regions that bind to DNA (such as zinc fingers, homeodomain
regions, or A-T hooks) or regions involved in protein dimerization (leucine zippers.
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and LIM domains) or those able to perform both functions such as helix-loop-helix
domains. The rearrangement of a gene encoding a transcription factor can enhance or
diminish the amount of the transcription factor and alter the normal cellular function.

1.6.1. Proto-oncogene Activation
The situation by which the gene for an immunoglobulin protein becomes
juxtaposed to a proto-ongogene is illustrated in Burkitt's lymphoma. This is a B cell
malignancy characterized by three distinct translocations. The most common of these
is the t(8;14)(q24;q32), found in 90% of the cases (Nishikura et al, 1983), which
results in the juxtaposition of the c-myc proto-oncogene on chromosome 8 with the
immunoglobulin heavy chain gene on chromosome 14. Variant translocations, which
are less common in Burkitt's lymphoma, are the t(2;8) and the t(8;22), which involve
breakpoints downstream of c-MYC on chromosome 8 and immunoglobulin light
chain genes on chromosomes 2 and 22 (Emanuel et al, 1984).
The c-MYC oncogene was originally identified through its homology with its
viral counterpart, v-MYC, which is the transforming oncogene of the avian
myelocytomatosis virus MC29 (Varmus, 1984). DNA sequences of c-MYC are
strongly conserved across many species. The gene itself consists of three exons, the
second and third are homologous to the viral v-MYC and encode the myc protein
(Bernard et al, 1983). The first exon is a long untranslated region.
Both c-MYC and v-MYC protein products are nuclear phosphoproteins that
are able to bind double stranded DNA (Donner et al, 1982). The protein contains a
region of leucine repeat motifs which are required for tetram erisation and
transformation of primary cells. The C-terminal region of the protein, which is
encoded by exon 3, is very basic, which accounts for the DNA binding properties of
the protein and thus, its role as a transcriptional regulator (Mitchell and Tjian, 1989).
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The human c-MYC gene has a DNA binding region of basic amino acids
adjacent to a helix-loop-helix domain, which is a protein dimerization motif that
interacts with the MAX basic helix-loop-helix protein (Blackwood and Eisman,
1991). MAX can bind to DNA and to the MAD and Mxi-1 proteins (Ayer et al, 1993,
Zervous et al, 1993). All proteins are in monomer/dimer equilibrium within the cell.
The c-MYC-MAX dimers are transcriptionally active whereas MAX-MAD or MAXMxi-1 dimers are not. This equilibrium is disrupted by incorrect expression of c-MYC
following translocation in the leukaemic cells. The c-MYC-MAX dimer is necessary
for oncogenic activation so that excess c-MYC expression, resulting from the
translocation, would cause a shift in equilibrium and result in transcription of
downstream targets leading to oncogenesis (Amati et al, 1993).
Another

example of a proto-oncogene activated by a chromosomal

translocation with an antigen receptor gene is seen in T-cell acute leukaemia (T-ALL).
These leukaemias have a number of different recurring translocations, mainly
involving putative transcription factors which are involved in differentiation, and not
normally expressed in T-cells. An example of this is the H O X ll gene, located on
chromosome 10q24, which is activated by the translocations t(10;14)(q24;qll) and
t(7;10)(q35;q24) in T-ALL (Hatano et al, 1991, Kennedy et al, 1991). This gene
encodes a homeodomain protein which can bind DNA and trans-activate transcription
(Dear et al, 1993). In all patients, the breakpoints on chromosome 10 are clustered
within a 15 Kb region, located centromeric to the HOX 11 coding sequences (Dube et
al, 1991, Kennedy et al, 1991). The genes on chromosome 7 and 14 code for TCR^
and TCR a-chain proteins, respectively. The H O X ll gene was the first homeobox
gene implicated in T-cell neoplasia but the mechanism of activation of the
transformed phenotype is yet to be elucidated. H O X ll is not expressed as a fusion
transcript but mRNA is detectable in T-cell lines carrying the t(10;14) or t(7;14)
translocations. Because it is not expressed in normal T cells, the H O X ll protein may
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activate target genes in T cells with a 10q24 translocation, thereby contributing to
leukaemogenesis.
Several other DNA binding proteins, activated by chromosomal translocation
in T-ALL, contain a helix-loop-helix motif. One example is the TA Ll/SCL gene
which is either involved in the t(l;14) translocation or undergoes deletion in 25% of
childhood T-ALL cases (Baer, 1993). The protein encoded by TALI can dimerize
with the helix-loop-helix E47 protein, which is encoded by the E2A gene, to form a
DNA binding complex. The chromosomal translocation may cause ectopic TALI
production activating a specific set of target genes which are normally silent in T cells
(Hsu etal, 1991).
Other T-ALL associated proteins are activated by chromosomal translocations
with the TCR genes. The RBTN/Ttg proteins for example (Sanchez-Garcia and
Rabbitts, 1993), are produced as a result of the t(ll;1 4 )(p l3 ;q ll) or t(ll;1 4 )(p l5 ;q ll)
translocations and encode proteins with a LIM motif. The LIM motif is cysteine rich
and has a zinc fmger-like structure which can function in protein-protein interactions
(Rabbitts and Boehm, 1990). The LIM motif of RBTN can bind to the helix-loophelix protein, TALI, through translocation (Valge-Archer et al, 1994). It may be that
transcription of target genes, not normally involved in T cells, is affected after RBTN
activation. The ectopic expression of LIM-containing proteins may have similar
effects to ectopic HOXl 1 and TALI expression.
Many other translocations and inversions result in gene activation. Most genes
involved are transcription factors but there are exceptions. The bel 2 protein protects
B and T cells from apoptosis in mice transgenic for bel 2 expression (Hockenberry et
al, 1993). These mice eventually develop B cell malignancy. The bel 2 protein blocks
apoptosis by regulating antioxidant pathways and decreasing production of reactive
oxygen species (Kane et al, 1993). Bel 2 is also involved in follicular lymphoma
which is a chronic disease associated with the t(14;18)(q32;q21) translocation (Croce,
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1986). This results in juxtaposition of the IgH region with the bel 2 gene from 18q21,
thereby activating it (Korsmeyer et al, 1993) and so, apparently, allowing the cells to
escape apoptosis.

1.6.2. Chimeric Proteins
Although chromosomal translocations are known to activate proto-oncogenes,
by juxtaposing them to genes which normally undergo rearrangement, increasing
evidence indicates that gene fusion, resulting in the production of a novel chimeric
protein, is also a common phenomenon.
The first consistent cytogenetic abnormality to be described in human
malignancy was the presence of a minute chromosome in chronic myelogenous
leukaemia (CML), susequently named the Philadelphia chromosome (Nowell and
Hungerford, 1960). G-banding was eventually used to demonstrate that the
Philadelphia chromosome was the derivative chromosome 22 of a balanced reciprocal
t(9;22)(q34;qll) translocation (Rowley, 1973). An important finding was that the cabl oncogene was on the long arm of chromosome 9 (Heisterkamp et al, 1982). This
gene is the cellular homologue of the Abelson leukaemia virus, responsible for types
of leukaemias seen in cats. Analysis of somatic cell hybrids revealed that all, or a
major part of, the c-abl gene had been translocated from chromosome 9 to 22 (deKlein
et al, 1982). Further studies of CML patients showed that there was a wide variation
in the position of the chromosome 9 breakpoint in the c-abl gene, while the
breakpoints on chromosome 22 were tightly clustered in a 5.8 Kb region, termed the
breakpoint cluster region (BCR) (Groffen et al, 1984). This fusion creates a novel cabl RNA which is larger than the normal transcripts (Collins et al, 1984). The
resultant protein product is 210 kD, whereas the normal c-abl protein of 145 kD. This
protein also exhibits increased tyrosine kinase activity, which is not present in the

53

normal protein but is often a feature of retroviral transforming proteins (Konopka et
al, 1985).
Other fusion proteins have been described which often code for transcription
factors. One example is the pre-B-ALL associated t(l;19) translocation (Nourse et al,
1990). The E2A gene resides on chromosome 19 (Mellentin et al, 1989) and is
involved in the activation of the enhancer for the immunoglobulin K light chain
(Lenardo et al, 1987). Using an E2A cDNA probe, chimeric cDNAs containing
sequences from both E2A and a second uncharacterised gene, now termed pbxl
(Kamps and Baltimore, 1993), were isolated from pre-B ALL cell lines carrying the
t(l:19) translocation. The fusion proteins predicted by E2A-pbx 1 transcripts contain
the amino-terminal transactivation domain of E2A but have the E2A carboxy-terminal
DNA binding and dimérisation domains are replaced with a homeobox domain
encoded by pbxl. The domain structure of E2A-pbx 1 proteins suggests that their
potential contribution to the development of pre-B ALL is through the activation of
pbxl-responsive genes by the E2A transactivation domain in either pre-B cells or
their progenitors.
Although gene fusion is a predominant phenomenon, transcription factors are
not the only proteins involved in translocations. The fusion of the interleukin 1 gene
with the transmembrane domain of a protein encoded by a gene designated BCM,
results in T cell lymphoma (Laabi et al, 1992). A different result is obtained with the
fusion of kinase domains to nuclear proteins shown by the fusion of platelet derived
growth factor receptor kinase fused to an Ets-family transcription factor (Tel) in
chronic myelogenous leukaemia (Golub et al, 1994). This t(5;12)(q33;pl3)
translocation results in a fusion protein that has both kinase and DNA binding
activity.
In acute promyelocytic leukaemia the t(15;17)(q21;q21) translocation (Gillard
and Solomon, 1993) is frequently seen. This rearrangement involves the gene for the
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retinoic acid receptor (RARA). The translocation breakpoint occurs within the RARA
gene and within a gene designated PML (Borrow et al, 1990). The RARA protein is a
nuclear receptor which binds retinoic acid and also DNA via a zinc finger region,
thereby activating a set of target genes. The PML protein is also a DNA binding zinc
finger protein which may contain a leucine zipper. The more important of the two
fusion proteins appears to be the PML-RARA protein because it maintains the
functional domains of both proteins. This may function by conferring new DNA
binding specificity to RARA.
In acute childhood leukaemias, the llq 2 3 region is often affected by many
different deletions and translocations giving rise to a broad range of phenotypes. In all
cases (Cimino et al, 1991) the MLL gene in llq 2 3 is broken within an extremely
small region, about halfway through the coding region. The MLL gene encodes a
protein with several motifs, including N-terminal A-T hooks, a region homologous to
methyl transferase (MT), a zinc finger region and a C- terminal region homologous to
the Drosophila trithorax gene (Tkachuk et al, 1992). In all cases of translocations
involving llq 2 3 , the zinc finger region is lost, probably abolishing specific DNA
binding. The MT domain and the A-T hook region are always retained possibly
allowing alteration of méthylation and non-specific DNA binding. It may also be
possible that the fusion partner is not as important as the MLL gene because many
different partners are relocated next to it.
In summary, it is clear that translocations are frequently involved in
tumorigenesis in a wide range of haematological malignancies, activating proto
oncogenes at, or near, chromosomal breakpoints. Also, a large percentage of these
translocations involve immunoglobulin and T cell receptor genes which are normally
rearranged in lymphoid development. The translocations, however, usually involve
the formation of a tumour specific fusion protein, many of which involve transcription
factors.
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1.6.3. Deletions in Human Cancer
The study of chromosome translocations in leukaemias has provided a large
amount of information about the deregulation of genes during tumorigenesis. These
translocations, however, are also seen in solid tumours such as the PAX 3fforkhead
gene rearrangement (Barr et al, 1993) seen in alveolar rhabdomyosarcoma (RMS) and
the t(X;18) translocation seen in synovial sarcomas (Knight et al, 1992). This class of
rearrangement, however, is not so common in solid tumours. Instead these tumours
carry chromosome deletions which suggest that a loss of gene function is important in
the development of tumorigenesis in these cases. In fact, where it has been possible to
demonstrate, translocations in these tumours often result in inactivation of the genes
at the breakpoints rather than the production of a chimeric protein (Mitchell and
Cowell 1989). Deletions are also common in leukaemias suggesting that there are a
variety of mechanisms which can lead to leukaemogenesis. Although no genes
involved in deletions have yet been cloned from leukaemias, by studying the common
region of overlap in deletions from different patients, the locations of these genes can
be inferred. The specific incidence of deletions contributing to leukaemogenesis will
be considered in the Discussion. Loss of genetic material during the development of
tumours implies that the genes involved in deletions act dominantly to protect the cell
from transformation and must be eliminated before unrestricted cell growth occurs.
The study of this type of chromosome rearrangement has led to the definition of a
new class of cancer genes termed 'tumour suppressors'.

1.7. TUMOUR SUPPRESSOR GENES
When tumour suppressor genes were first postulated it was due to the work of
Harris et al (1969) who had shown that the in vitro fusion of malignant and normal
cells often resulted in the loss of the malignant phenotype in the resultant hybrids.
These hybrids were genetically unstable and random chromosome loss usually
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occurred through successive cell passages which could result in reversion back to the
malignant phenotype. This indicated that the normal cells carry genes which can
suppress malignancy and that their presence in the hybrids is enough to revert the
phenotype from malignant to normal. However, if these genes are lost, the malignant
phenotype recurs. This indicates that the endogenous genes responsible for the
transformed phenotype act recessively at the cellular level.
The recessive nature of these 'tumour suppressor genes' in human disease was
first investigated in the eye tumour, retinoblastoma (Rb). Rb is the most common eye
tumour in children and was known to be familial (Vogel, 1979), the predisposition
being transmitted as an autosomal dominant trait, but displaying variable penetrance
(Draper et al, 1992). In hereditary cases the tumour was diagnosed earlier and was
more likely to occur at multiple and bilateral sites, whereas sporadic cases had a later
age of onset, often involving only a single locus and were unilateral. This observation
led Knudson to propose his now famous two-hit hypothesis (Knudson, 1971).
The two hits' refer to two genetic events that would be necessary for Rb to
occur. In sporadic cases both hits had to occur as random genetic events in the same
cell to produce tumorigenesis. However, in hereditary cases the first hit was a
germline mutation affecting every cell in the body and all that was needed to produce
Rb formation was a single additional genetic event (second hit) in an appropriate cell.
A single event in any retinal cell was more likely to occur than two events in a single
cell, thus explaining the early age of onset and greater likelihood of multiple tumours
in hereditary cases. Comings (1973) extended the concept by suggesting that Rb may
involve the loss of both alleles of a single, recessively acting gene whose normal
function was to suppress tumour formation.
The suggestion that a single gene was responsible for Rb led to world-wide
attempts to clone it. A few patients with Rb also exhibited a range of other physical
abnormalities including mental retardation (Lele et al, 1963). This complex phenotype
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was always associated with constitutional deletions involving chromosome 13 and, as
the number of reported deletions increased, a common region of overlap emerged in
13ql4 (Francke and Kung, 1976, Yunis and Ramsey, 1978). Analysis of tumour
karyotype also revealed cytogenetic abnormalities in 13ql4, but only in 10-20% of
the cases (Squire et al, 1985). The study of patients with Rb who had 13ql4 deletions
revealed that they had only 50% of the normal level of the esterase D (ESD) enzyme
in their blood cells (Sparkes et al, 1980). ESD had been shown to map to 13ql4 (Van
Heyningen et al, 1975) and had two distinct alleles which could be identified by their
electrophoretic mobility (Hopkinson et al, 1973). By studying large numbers of
deletion patients it was possible to show that ESD and Rb were physically close
together, thus placing the Rb gene in 13ql4 (Sparkes et al, 1980). The recessive
nature of Rb, at the cellular level, was demonstrated in a patient who had only 50% of
the normal ESD activity in his constitutional cells and a cytogenetically detectable
deletion in 13ql4 (Benedict et al, 1983). When the tumour cells were analysed, no
ESD activity was found. This suggested that both copies of the chromosome region
containing the Rb gene had been deleted so allowing tumour initiation.
Other groups also found patients who were constitutionally heterozygous for
the ESD protein polymorphism but demonstrated loss of alleles in the tumours
(Godbout et al, 1983). The same phenomenon was recorded by several other groups
using chromosome 13 specific probes which recognized RFLPs (Cavenee et al, 1983,
Dryja et al, 1984, Benedict et al, 1983). Analysis of probes specific to other
chromosomes in both tumour and normal cells demonstrated the specificity of loss of
heterozygosity for markers on chromosome 13. Karyotype analysis of these cases
revealed no obvious abnormality of 13ql4. By analysing markers flanking the Rb
gene, Cavenee et al (1983) presented formal proof that mitotic recombination and
non-disjunction were the mechanisms responsible for the generation of homozygosity
in tumour cells. In all cases it was assumed that the chromosome region containing
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the normal Rb gene was lost with a duplication of the mutant allele (see section 1.8).
This was later confirmed by showing that, in familial Rb, it was the chromosome
which was transmitted from an affected parent which was retained in the tumours of
the affected offspring (Cavenee et al, 1985). Small homozygous deletions were later
shown to be another mechanism that could produce loss of heterozygosity leading to
loss of Rb function.
These findings had confirmed Knudson's two hit hypothesis, in that the
germline mutation had occurred as the first hit on one allele and loss of function of the
other allele was the second hit. This resulted in a new approach to localizing the
position of tumour suppressor genes, i.e. loss of heterozygosity (LOH) studies (see
section 1.7).
Following this pioneering work a number of other genes have been identified
through the analysis of familial cancer syndrome pedigrees. A notable example is the
adenomatous polyposis coli gene (APC) whose mutation gives rise to familial
adenomatous polyposis (PAP), one of the first described dominantly inherited familial
cancer susceptibilities, in this case to colorectal cancer. Affected individuals develop a
few hundred to several thousand adenomatous polyps in their large bowel and rectum.
Bodmer et al (1987) demonstrated linkage to RFLP markers on the long arm of
chromosome 5. LOH at this region on chromosome 5 was subsequently demonstrated
in sporadic tumours (Solomon et al, 1987). Using RFLP analysis the gene was
localised following the identification of an individual with a deletion of chromosome
band 5q21. The region containing the APC gene was then defined using positional
cloning techniques and several candidate genes identified for further analysis. DNA
sequencing demonstrated mutations in one of these candidate genes which showed
germline transmission to affected offspring in FAP families indicating that this was
the causative gene. The gene was termed APC and had many features of a tumour
suppressor gene (Groden et al, 1991, Kinzler et al, 1991).
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Mutation analysis of APC has shown that most mutations causing FAP result
in a premature stop codon resulting in premature termination of transcription and
truncation of the protein (Nagase and Nakamura, 1993). The adenomas of FAP aquire
somatic mutations in the remaining normal allele of the APC gene with increasing
frequency as the adenomas increase in size and dysplasia (Miyaki et al, 1990).
Approximately half of these somatic events are large deletions or translocations
which can be detected by loss of heterozygosity and the rest are mutations with a
similar profile to those occurring in the germline. Although the exact consequences of
these mutations are not fully understood,

the net result is a selective growth

advantage caused by APC mutations and clonal expansion of cells carrying this
mutation. The colorectal cancers arising in FAP patients are similar to those in
sporadic cases in terms of distribution, histology and molecular alterations (Nagase
and Nakamura, 1993).
Possibly the most notable class of mutations detected by loss of heterozygosity
is that of the p53 gene. This was first identified through the cytogenetic observation of
loss of the chromosome arm 17p in colorectal carcinomas (Baker et al, 1990). This
was followed by loss of heterozygosity studies which provided the first evidence for
specific mutations of p53 in colon carcinomas (Baker et al, 1990). The p53 gene
encodes a 393 amino acid nuclear phosphoprotein and mutations in this gene are one
of the most common somatic genetic changes found in all human cancers (Hollstein et
al, 1991). Subsequently, p53 mutations have been found in approximately 50% of a
wide range of tumours. The pattern of sequenced p53 mutations, which is now well
over 1000, provide interesting clues as to disease aetiology (Soussi, 1995). Thus, a
particular mutation is very often observed in liver cancer, presumably connected with
the fungal toxin aflotoxin B -\ (Hsu et al, 1991). Similarly, more than 40% of p53
mutations found in lung carcinomas are of a recognizable nature and have been
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associated with smoking. These highlight the role of environmental carcinogens in
tumour development.
The p53 gene appears to act as a real tumour suppressor gene since its function
is not essential for the viability of the organism but acts to profoundly suppress the
rate of development of cancer (Donehower et al, 1992). It is currently believed that
p53 functions by sensing DNA damage and invoking a protective response either by
blocking the cell cycle or by inducing apoptosis (Lane, 1992, 1993). Loss of this gene
function allows for the propagation of cells with genetic damage which is a key step
in the development of neoplasia.
Inheritance of a germ line mutation in the p53 gene confers a greatly elevated
risk of developing cancer and is frequently the basis of the rare Li-Fraumeni
syndrome of inherited cancer susceptibility (Malkin et al, 1990). The spectrum of both
germline and somatic mutations found in p53 is unusual compared to that of other
tumour suppressor genes, as the vast majority of mutations are localized to the central
190 amino acids of the protein. This suggests that these mutant proteins, which are
often produced in large amounts, confer a selective advantage for tumour cells.

1.8. LOSS OF HETEROZYGOSITY
Loss of heterozygosity (LOH) as the name implies, is a term applied to the
loss of one copy (allele) at a polymorphic (heterozygous) locus resulting in the
development of homozygosity at that locus. The importance of LOH was first
described in retinoblastoma (Cavenee et al, 1983). LOH can occur through a variety
of mechanisms. The whole of one chromosome could be lost resulting in LOH for all
chromosome markers (hemizygosity). Another mechanism results from non
disjunction of sister chromosomes during mitosis, which results in a cell with three
copies of the same chromosome in the daughter cell. This is an unstable situation and
subsequently the extra chromosome will
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be lost. The assumption is that one

chromosome contains a mutant gene and, if the normal chromosome is lost, when the
cell finally achieves diploidy, it will contain two copies of the same chromosome and
the cell will carry the mutant allele only. Both of these mechanisms result in LOH for
the entire chromosome so that all polymorphic loci along the length of the
chromosome would be expected to become homozygous. Mitotic recombination and
appropriate segregation at mitosis, however, will give rise to a cell that is
homozygous for only those loci in regions distal to the recombination event. So
powerful has this approach been in identifying the location of tumour suppressor
genes that LOH is now the preferred approach of finding the gene location. Because
LOH often involves large regions of the chromosome this method of locating genes
predisposing to cancer is often more successful than deletion studies which require the
exact position of the gene to be known, or linkage analysis which requires large
pedigrees. With the development of detailed genetic linkage maps, incorporating the
highly polymorphic microsatellite markers, it is now possible to conduct genome wide
LOH studies with relative ease using PCR. It should be noted, however, that loss of
any gene that confers a selective growth advantage on cells will be selected for, and
so LOH does not always imply a causative role for genes in the LOH region.
Although the various methods described above can be used to pinpoint the
position of genes apparently involved in tumorigenesis, the emphasis of this thesis has
been on genes on chromosome 13. The following sections, therefore, describe the
genetic and physical maps of this chromosome and how they relate to specific genes.

1.9. CHROMOSOME 13 SPECIFIC MAPS
Interest in chromosome 13 was initially stimulated by the demonstration that
the retinoblastoma gene was located in 13ql4 (Yunis and Ramsay, 1978, Sparkes et
al, 1983). Somatic cell genetic studies of chromosome 13 deletions from
retinoblastoma patients led to the development of several chromosome 13
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polymorphic genetic markers. Leppert et al (1986) studied the meiotic segregation of
these markers and constructed the first linkage map of chromosome 13 based on
RFLP analysis which contained only six loci. This group later increased the number
of markers on the map to 13 spanning 80 cM in males and 243 cM in females. DonisKeller et al (1987) published another map of 13q which contained 10 loci which were
also based on RFLPs. Neither of these maps, however, provided an estimate of the
total genetic length of the chromosome. Haines et al (1988) described a partial linkage
map of the 13ql2-ql4 region, which encompassed the RBI and Wilson's Disease
(WND) loci which was generated using a single, large Venezuelan pedigree. With the
accumulation of new markers the maps became more detailed but chromosome 13
still remained one of the least well studied chromosomes, possibly due to the lack of
assigned human disease genes at the time. Bowcock et al (1991) constructed a genetic
linkage map containing 39 loci also based on RFLPs but for the first time provided a
map from the centromere to the distal 13q34 band. This map placed loci, on average,
5.1 cM apart and was the first chromosome 13 map to estimate linkage distances
using the CEPH families. Petrukhin et al (1993) described the first linkage map of
chromosome 13 using only the highly polymorphic (CA) microsatellite repeats on the
CEPH families. They studied 21 polymorphic markers of which 12 were used to
construct a framework map with an average recombination distance between them of
8.2 cM.
Recently, Gerken et al (1993) analysed 29 cloned DNA sequences as
molecular probes for detecting RFLPs using the CEPH families. Bowcock et al
(1993a) then described a linkage map of chromosome 13 based on (CA)
microsatellites only and which had been isolated from a chromosome 13 specific
cosmid library and genotyped on the 41 CEPH families. These markers had
heterozygosity frequencies of over 60% and were separated by an average genetic
distance of 18 cM. The construction of these various framework maps was not
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improving the overall coverage of the chromosome because of variations in the ways
each group had compiled the maps. In 1993 nine independent laboratories contributed
to the CEPH Consortium linkage map of chromosome 13 (Bowcock et al, 1993b). A
total of 25 unique loci were placed on the map and it extended from a locus in the
centromeric region (D13Z1) to the terminal band of the long arm, excluding the
centromere. The largest genetic interval is 24 cM between D13Z1 and ATPALl in
13ql2 but the mean genetic distance was estimated to be 7 cM.
The length of the genetic map for chromosome 13 has been estimated to be
approximately 100 cM in males and 160 cM in females based on chiasma counts
(Morton, 1991). This translates into approximately 114 megabases (Mbp) of which 98
Mbp are on the long arm. Using linkage maps other groups, however, estimate the sex
averaged length of the chromosome between 178-219 cM. Recently a number of
genetic linkage maps have been published for human chromosome 13 (Petrukhin et al,
1993, Gerken et al, 1993, Bowcock et al, 1993b) which have incorporated both RFLP
and CA-repeat markers, some of which have already been assigned physical locations
based on the analysis of somatic cell hybrid mapping panels (Washington et al, 1994.)
The majority of linkage maps have taken advantage of the reference set of families
provided by CEPH although other groups have included their own set of families in
the analysis (Gerken et al, 1993). Most of the markers used in these individual studies
have been combined to construct a CEPH consortium map incorporating 59 uniquely
placed loci (Bowcock et al, 1993b). The order of markers in this map was similar to
that produced independently to generate the NIH/CEPH baseline map which
contained 47 uniquely placed loci and 25 markers were common to both maps. Maps
based on minisatellite markers alone have also been produced for chromosome 13
(Bowcock et al, 1993b, Petrukhin et al, 1993). Petrukhin et al (1993) presented a
linkage map of 21 minisatellite markers of which only 12 were used to construct a
framework map. More recently several attempts have been made to integrate the
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microsatellite maps and present an integrated map (Matise et al, 1994, NIH/CEPH
Collaborative Mapping Group, 1992), although markers which could not be assigned
a unique position on the map were given broader locations. In contrast, Weissenbach
and colleagues have produced a linkage map for human chromosome 13 based
entirely on microsatellite repeat markers generated by the Genethon group (Gyapay et
al, 1994). Clearly, incorporating these markers into maps, generated by other groups
and where different markers have been used, would improve the resolution of the
map.
In 1994, the Genethon group (Gyapay et al, 1994) reported a second
generation linkage map of the entire human genome. Their chromosome 13 map
consisted of 66 new polymorphic (CA) microsatellites with a heterozygosity of 70%
or greater, and an average genetic distance between them of 2.9 cM. These more
recent maps have replaced older maps which consisted mainly of unique DNA
sequences (anonymous DNA probes and cDNAs) which identified RFLPs which were
often of limited use for linkage analysis because of the low frequency of
heterozygosity in the population.

The advent of the new high density polymorphic

linkage map ignores much of the valuable information already compiled onto the
physical map of the chromosomes. Consequently, another major effort in the mapping
initiative is to generate dense physical maps for individual chromosomes and
chromosome regions.
At present, the reconciliation of the physical and genetic maps is difficult
because of inherent problems in identifying the position of chromosomal breakpoints
from the analysis of banded chromosomes and errors introduced into the order of
markers in linkage maps as a result of low recombination frequencies and mistyping
of individuals using complex polymorphic loci (Bowcock et al, 1993b). Despite this, a
large amount of information about the individual human chromosomes is being
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generated which makes the correlation between the physical and linkage maps
possible.

1.10. CHROMOSOME 13 GENES
The preceding sections have described various methods of isolating disease
genes and have focused on chromosome 13 because of the emphasis of this thesis.
Although by no means exhaustive, the following section outlines the isolation and
characterisation of a few of the better known disease genes which have been assigned
to chromosome 13 and which have played a major role in the construction of the
genetic and physical map. In particular, the cloning of several genes illustrates the
application of the positional cloning method used to isolate them. Also included in
this section is a description of some other genes which have not yet been isolated but
which have been assigned to chromosome 13 based on linkage analysis or the analysis
of consistent chromosome 13 structural abnormalities. The major focus is directed to
genes which are relevant to work described in this thesis, in particular in the analysis
of structural chromosome rearrangements and the isolation of candidate genes.

1.10.1. Retinoblastoma (RBI) Gene Isolation
The analysis of retinoblastoma has already been discussed at some length in
section 1.7 because it provided the prototype for the study of mechanisms resulting in
the development of loss of heterozygosity and the evolution of the concept of a
tumour suppressor gene. However, it also provided a prototype in the use of positional
cloning strategies for gene isolation. Retinoblastoma is a tumour of retinal cells and
normally affects children under 5 years of age. Many patients present with tumours at
birth, implying that they have been growing since early foetal life. Consistent with
this view is the observation that, histopathologically, the tumours demonstrate a
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relatively undifferentiated, embryonic-like organization implying an arrest in
development of retinal precursor cells.
Approximately 10% of patients have a family history where the tumour
phenotype segregates as an autosomal dominant trait. The remaining 90% of
retinoblastomas occur sporadically, but 40-50% of these sporadic cases are bilaterally
affected implying that they carry new germline mutations according to the Knudson
hypothesis.
The evidence from LOH studies and linkage analysis for a single RB 1 gene
encouraged several groups to try to isolate it. The approaches used followed the
standard protocols of positional cloning whereby chromosome 13 specific sequences
were isolated randomly from either flow sorted chromosome 13 material (Lalande et
al, 1984) or somatic cell hybrids containing only chromosome 13 material or a limited
number of other chromosomes including 13 (Cavenee et al, 1984 Dryja et al, 1984,
Scheffer et al, 1986). These randomly isolated DNA sequences were then mapped
along the length of the chromosome using deletions derived from RB 1 patients. From
a limited series of chromosome 13 sequences, Lalande et al (1984) identified one
sequence, H3-8, which mapped to the critical region of 13ql4. Using this probe Dryja
et al (1986) isolated an adjacent sequence which displayed both homozygous and
heterozygous deletions in different tumours and which showed sequence conservancy
between different species suggesting that it was within the coding region of a gene.
Friend et al (1986) isolated a cDNA, 4.7R, from a transformed foetal retinal
cell line and found that RNA transcripts of this sequence were absent in the majority
of the tumour cells studied. More extensive analysis by Lee et al (1987) and Fung et
al (1987), who had independently isolated the same gene, suggested that few, if any,
RBI tumours had normal transcripts from the 4.7R gene. They analyzed the
transcripts and found that they were either absent or, if present, had a reduced
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transcript size indicating that there were deletions from within the mRNA (Lee et al,
1987, Fung et al, 1987).
Analysis of the genomic structure of RBI showed that it spanned
approximately 200 Kb (Friend et al, 1987, Bookstein et al, 1988). Complete
sequencing of the gene identified 27 exons of which 26 are only 100-300 bp long and
the last exon measures 1.9 Kb. The exons tend to cluster in two major groups
separated by large introns. The gene encodes for a protein of 928 amino acids. The
expression levels of RBI were high in all tissues examined, which was slightly
unexpected as it was thought that the RB 1 gene controlled aspects of the developing
foetal retina. Réintroduction of RB 1 into cell lines deficient for its function appears
to reverse the malignant phenotype, further demonstrating the recessive nature of the
gene (Huang et al, 1990).
It was clear that loss of RB 1 function was important for the development of
these tumours. Only 20% of the tumours, however, showed gross structural
abnormalities of RBI as detected by Southern blotting (Friend et al, 1986), so the
majority of the mutations were considered to be more subtle. Once the structure of the
gene was established and the sequence of the 27 exons determined (McGee et al,
1989), an exon by exon survey of the gene using PCR amplification was then
possible. As expected, the hereditary cases carried predisposing constitutional
mutations as did the bilateral cases and a proportion of early onset unilateral cases
(Yandell et al, 1989, Hogg et al, 1993, Onadim et al, 1993, Liu et al, 1995). Mutations
could be divided into 3 broad categories; those affecting correct splicing of the gene
which result in exon deletions, small intra-exonic deletions and insertions which result
in premature stop codons downstream and point mutations which mostly generated
stop codons directly (Hogg et al, 1993). Despite the exact nature of the mutation, over
99% resulted in stop codons. The most common type of point mutations found in
RBI are C -> T transitions (Cowell et al, 1994), 70% of which convert CGA-arginine
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codons to TGA-stop codons. It has been shown that 20% of hereditary cases of RB
carry C -> T mutations in one of the 14 CGA-arginine codons which are present in the
gene (Cowell et al 1994). Missense mutations appear to be less common (1%) and are
mainly associated with a low penetrance phenotype (Onadim et al, 1992b). It may be
that substitution of a single amino acid only compromises the function of the protein
and, unless a second mutation in the tumour precursor cell causes loss of RBI
function, duplication of the weak mutation allows sufficient functional RB protein to
be produced to avoid tumorigenesis (Kratzke et al, 1994). There are a few reports of
missense mutations which occur in hereditary cases and these are thought to affect
critical amino acids encoded by the gene which are essential for normal function and
so also result in inactivation. Sakai et al (1991) investigated mutations in low
penetrance families and found mutations in the RB 1 promoter region occurring in the
recognition sequences for different transcription factors. The result of these mutations
may be a quantitative shift in transcription rather than complete inactivity of the gene
and, if sufficient protein is produced, then any phenotypic consequences are mild.

1.10.2. Rhabdomyosarcoma (RMS)
RMS is a malignant tumour of skeletal muscle, is the most common soft tissue
sarcoma in patients under the age of 21 and is responsible for 5-8% of all childhood
malignancies. These tumours are classified into 2 histological groups; embryonal and
alveolar. Embryonal RMS occurs in very young children at specific anatomical sites
including head and neck, genitourinary tract and orbit. Alveolar RMS tends to occur
more frequently in adolescents as extremity or axial primary tumours and tend to have
a more severe clinical prognosis than embryonic RMS. The alveolar tumours are
characterised by the presence of fibrovascular septa that form alveolar like spaces
filled with poorly cohesive, monomorphous, malignant cells (Crist et al, 1990).
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Seidal et al (1982) described a consistent chromosomal translocation t(2;13)
(q35;ql4) in RMS tumour cells and subsequent studies confirmed the presence of this
translocation in over 70% of karyotyped alveolar RMS (Whang-Peng et al, 1992).
Another rearrangement involving chromosome 13, t(l;13) (p36;ql4), was found to
occur in 10-15% of alveolar RMS (Biegal et al, 1991, Whang-Peng et al, 1992). The
clinical and pathological features are similar in patients carrying either of the two
translocations.
Isotopic in situ hybridization to metaphase chromosomes was used to position
the RMS breakpoint proximal to the markers D13S10, ESD and RBI and distal to the
markers D13S6 and D13S1 (Valentine et al, 1989). Further studies using somatic cell
hybrids which had retained the der (13) chromosome showed that the breakpoint on
chromosome 13 was in a region between the marker D13S29 and the TUBB2 gene
(Mitchell et al, 1991), a region estimated to comprise approximately 2Mbp (Barr et al,
1991, Shapiro et al, 1992). Analysis of hybrids which had retained the der (2)
chromosome showed that the breakpoint was flanked proximally by the inhibin-a
(INHA) and distally by intestinal alkaline phosphatase (ALPl), a genetic distance of
5cM (Barr et al, 1992).
Waardenburg syndrome, which is characterised by deafness and pigmentary
disturbances, was shown to be associated with mutations in the PAX3 gene, which is
located on the distal region of chromosome 2q (Baldwin et al, 1992, Farrer et al, 1992,
Tassabehji et al, 1992, Hoth et al, 1993). The PAX genes represent a family of
developmental control genes which encode transcription factors containing a
characteristic DNA binding domain called the paired box.
Using a chromosome 2 specific somatic cell hybrid mapping panel, human
PAX 3 was positioned within the same physical interval on chromosome 2 as the
translocation breakpoint in alveolar RMS and was found to be rearranged in DNA
from tumour cell lines containing this translocation (Barr et al, 1993). Fine mapping
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showed that all rearrangements occur in the same 20 Kb intron located between the
last 2 exons of PAX3 resulting in the translocation of the 5' region of the PAX3 gene
to the der (13) chromosome.
Isolation and characterization of fusion cDNA clones has revealed that the
PAX3 rearrangement results in the creation of a novel chimeric gene composed of the
5' PAX3 sequences joined to the 3' sequences of a gene on 13ql4 which was shown to
be a member of ih&forkhead (FKHR) family of transcription factors first identified in
Drosophila. More than 40 forkhead family members have been identified from
various species and all share a conserved 100 amino acid motif called the fork-head
domain which has DNA binding activity (Weigel et al, 1989, Weigel and Jackie,
1990, Lai et al, 1991, Hacker et al, 1992, Pierrou et al, 1994 ).
The fusion protein which results from the t(2;13) translocation is a 836 amino
acid protein consisting of PAX3 binding domains (paired box and homeodomains)
plus the bisected region of the FKHR DNA binding domain and the FKHR activation
domain. RT-PCR and Northern blot analyses of several alveolar RMS cell lines have
indicated that the t(2;13) usually results in chimeric transcripts from the der (13) and
less often from the der (2) chromosome. The similarity in the size of transcripts from
different patients indicates that the translocation breakpoint occurs within the same
introns of PAX3 and FKHR genes and this has been confirmed by sequence analysis
(Galili et al, 1993, Shapiro et al, 1993).
The expression of the PAX3-FHKR fusion protein from the del (13) allele is
the most critical one in the progression of alveolar RMS. This is because the der (2)
gene product would lack both the PAX3 paired box and homeodomains and these
domains have been implicated in a novel DNA binding specificity which is different
from either component alone (Triesman et al, 1989, Chalepakis et al, 1991, Czerny et
al, 1993). Further evidence that the der (13) encodes the protein product responsible
for RMS tumorigenesis comes from RT-PCR analysis which has frequently failed to
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show expression of the der (2) transcript. Northern analysis of RNA from tumours
which do express both transcripts show that the der (13) protein product is
significantly more abundant than the der (2) transcript. Several theories have been
posulated to account for the involvement of PAX3- FKHR in tumorigenesis, most of
them centering around a mechanism of augmented chimeric protein expression
although no definite data exist to clarify the mechanism.
The (2; 13) translocation is the most common in alveolar RMS but, as
mentioned earlier, a t(l; 13) has been reported in 10-15% of the cases. It has recently
been shown that the PAX7 gene, on chromosome 1, fuses to the identical sequences
of the FKHR gene on chromosome 13 (Davis et al, 1994). The predicted amino acid
sequences of the PAX7 paired box and homeodomain binding regions display 94 and
97% homology respectively, to the corresponding domains in PAX3. This indicates
that PAX3 and PAX7 may bind to similar target sites, thus regulating a common set
of target genes important for tumorigenesis of alveolar RMS. The demonstration of a
translocation resulting in a chimeric protein is relatively unusual in solid tumours,
being more often found in leukaemias, and is clearly an important model for studying
the mechanisms of tumorigenesis.

1.10.3. Wilson Disease (WND)
Wilson Disease is an autosomal recessive disorder of copper transport. The
disease phenotype is variable in terms of age of onset and severity. The disease
manifests itself as chronic liver disease and/or neurological impairment due to copper
accumulation primarily in the liver and brain and less so in the kidneys and cornea
(Danks, 1989).
Frydman et al (1985) first assigned Wilson disease to a single locus (WND) on
chromosome 13 by the demonstration of genetic linkage to the ESD gene.
Subsequently, other linked markers were characterised (Leppert et al, 1986, Bowcock
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et al, 1987,1988,1991, Yuzbasiyan-Gurkan et al, 1988) which confirmed this location.
Fairer et al (1991) demonstrated, using linkage analysis, that the markers closest to
WND were D13S25, D13S31 and D13S59, situated at distances of 1.9, 0.4 and 1.2
cM from the disease locus respectively. The most likely position of WND was
suggested to be between D13S31 and D13S59 (Farrer et al, 1991, Thomas et al,
1993).
Another disease due to copper imbalance is the lethal X-linked, Menkes
disease (MNK) which produces a copper deficiency resulting from abnormal transport
of dietary copper from the intestine to the cells involved in the synthesis of copper
dependent proteins. WND, on the other hand, is thought to result from loss of the
ability to transport copper from the liver to bile and the inability to incorporate copper
into ceruloplasmin in the liver. The isolation of the WND gene initially followed a
positional cloning strategy which produced a Y AC contig across the D13S31-D13S59
interval. Despite attempts to isolate novel cDNAs from this contig a unique sequence
probe was eventually isolated from the chromosome 13 contig by cross homology
with the Menkes disease gene. This led to the isolation of a partial cDNA (lacking
the 5' end) for WND by several groups (Tanzi et al, 1993, Petrukhin et al, 1993b, Bull
et al, 1993), which was shown to have 54% sequence homology to MNK (Vulpe et
al, 1993). The confirmation that this gene was responsible for WND came from the
demonstration of constitutional inactivating mutations in sporadic and hereditary
cases of WND (Thomas et al, 1995).
Petrukhin et al (1994) reported an additional 222 bp at the 5' end of the gene
although the promotor region of WND has still not been identified. It is not known
if there are additional exons upstream of the presently delineated 5' end because the 5'
untranslated region has a very unusual secondary structure. WND belongs to a group
of cation transporting, P-type, ATPases and the MNK and WND proteins are the only
eukaryotic P-type ATPases currently known that are involved in the transport of
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heavy metals. Comparative structural analysis of the full length gene product showed
that WND (and MNK) contain 6 heavy metal binding repeats as compared to 1 or 2
found in the P-type ATPases of prokaryotes.
WND was found to contain 21 exons of quite variant lengths ranging from
2,355 to 77 bp. Four of these exons are not present in the cDNA from brain tissue
which was originally cloned and sequenced. Also, the mRNA from brain was found to
be spliced differently, and produce multiple different transcripts, when compared to
the mRNA from liver tissue. This may be a regulatory mechanism allowing control of
the functionally active copper transporting ATPase.

1.10.4. Hirschsprung Disease (HD)
Hirschsprung disease, or aganglionic megacolon, is associated with the
congenital absence of intrinsic ganglion in the myenteric and submucosal plexuses of
the gastrointestinal tract. This leads to dysfunction of the affected colon and proximal
colon obstruction. It is a common disorder with a frequency of 1:5000 live births and
a sibling recurrence of 4%. Males are four times more likely to be affected than
females. A genetic basis for HD has long been suspected from pedigree analysis and
assumed to be multifactorial because of the broad range of phenotypes. Badner et al
(1985) showed that, by classifying the phenotypes into several categories based on the
extent of aganglionosis, different modes of inheritance emerged. In cases with
aganglionosis beyond the sigmoid colon, a dominant mode of inheritance of a gene
with reduced penetrance was found. On the other hand, recessive or multifactorial
inheritance was likely for cases of aganglionosis extending no further than the
sigmoid colon.
Angrist et al (1993) were able to map a gene for the dominant form of HD to
the short arm of chromosome 10, between the markers DIOS 183 and DIOS 176 using
multipoint linkage analysis. Lyonnet et al (1993) used somatic cell hybrids and

74

physical mapping to place the gene at 10qlL2 between D10S208 and DIOS 196. The
difference in the position on the maps may be due to the use of genetic as opposed to
physical markers and the relatively large deletions carried by the patients studied. It
has recently been shown by Edery et al (1994) and Romeo et al (1994) that it is, in
fact, the RET oncogene which is responsible for this form of HD by demonstrating
the presence of constitutional mutations in affected individuals.
Badner et al (1985) suggested that up to 80% of HD could be explained by a
recessive rather than a dominant mode of inheritance. Sparkes et al (1984) reported
one patient with HD and a constitutional del(13)(ql4.1-22.3) chromosomal deletion.
Lamont et al (1989) reported two patients with multiple congenital abnormalities
including HD, and a mental retardation syndrome. Both of these patients had
interstitial deletions of 13q21-q33. Kiss and Osztrovics (1989) reported a patient with
multiple abnormalities and HD with a terminal deletion del(13q22-qter) and Bottiani
et al (1991) described another patient with mental retardation, HD and apparently a
microdeletion, del(13q32.2-q33.2). This was a slightly confusing report since this
deletion lay outside that reported by others.
In combination, however, the majority of deletions pinpointed the
chromosomal location of an HD gene on chromosome 13. Puffenberger et al (1994a)
used a method of selective family screening called 'identity by descent' followed by
linkage disequilibrium analysis in 28 inbred Mennonite families. Based on this
strategy they were able to define a new locus for recessively inherited HD in 13q22.
Significant linkage was seen between HD and the markers D13S162, D13S160,
D13S170 and AFM240zg9 which all lay distal to the D13S59 locus which had been
involved in the analysis of WND in 13q21.
The cloning of this HD gene was achieved using the candidate gene approach.
The endothelin B receptor gene (EBR) had already been mapped to 13q22 (Arai et al
1993). Puffenberger et al (1994b), described patients with HD who had a G ->T
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missense mutation in exon 4 of the EBR gene. This results in a trp—>cys substitution
in the fifth transmembrane helix of the G-protein coupled receptor. The mutant
receptor exhibited partial impairment of ligand-induced Ca^+ transient levels in
transfected cells.
The disease genes on chromosome 13 which have been described above have
been isolated using a variety of well tested molecular methods. There are, however,
several other interesting genes on this chromosome which have only recently been
regionally localised but which have not yet been isolated. A few of these will be
described below.

1.10.5. Duchenne-Like Muscular Dystrophy
Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder
affecting males and the clinical syndrome is one of progressive muscular weakness
leading to immobility and death usually before age 20. However, even before
molecular studies of the X-linked disease were possible, Walton (1956) and Dubowitz
(1960) postulated the existence of an autosomal recessive gene responsible for a
phenotype similar to that for DMD.
Duchenne-like muscular dystrophy (DLMD), now known as severe childhood
autosomal recessive muscular dystrophy (SCARMD), is most common in countries
where cosanguinity is high (Ben-Hamida and Fardeau, 1980, Ben-Hamida et al,
1983). In Kuwait, for example, SCARMD may account for 36% of all muscular
dystrophies, whereas in Britain and North America it is known to be 20 times less
common than DMD.
Othmane et al (1992) analysed 3 highly inbred Tunisian families affected with
SCARMD using 135 polymorphic markers from throughout the genome. Significant
linkage was found to the D13S115 locus with a lod score of 9.15. Two other markers,
D13S143 and D13S120, also showed significant linkage with lod scores of 8.36 and
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2.65 respectively. It was known that D13S115 and D13S143 mapped to the 13pter13ql2.1 region from linkage maps and that D13S115 and D13S120 were 15-17 cM
apart. Because all these markers were known to lie distal to the centromeric marker
D13Z1 the SCARMD gene has been assigned to the pericentromeric region of 13q
(Azibi et al, 1993).
Azibi et al (1991) looked at 19 Algerian families and found close linkage to
the same markers on chromosome 13. Kerch et al (1994) studied 6 affected Moroccan
families using the markers D13S175, D13S221 and D13S115. Close linkage was
found to all these markers. Guilford et al (1994a), working in the same region, but
looking at linkage in families with neurosensory deafness (see below) were able to
order these loci as follows; centromere-D 13S175- 8cM-D13S115- 18cM-D13S221telomere. Thus, although it appears that all affected families of Arab origin show
linkage to the same region of 13ql2, the genetic distance between the markers
remains large, although whether this means that the physical distance will be equally
large remains to be seen.
Recently Matsumura et al (1992) described a 50 kD dystrophin-associated
glycoprotein (50DAG), levels of which were drastically reduced in the sarcolemma of
Algerian SCARMD patients

which makes this a very strong candidate for the

SCARMD gene. 50DAG is one of several proteins which form transmembrane
complexes linking dystrophin to the extracellular surface, although at present its
chromosomal location is still not known.

1.10.6. Non Syndromic Autosomal Recessive Deafness (NSRD)
Inherited deafness has an incidence of approximately 1:2000 live births. The
forms of deafness span a wide range of symptoms from simple non-syndromic
deafness to those exhibiting a broad spectrum of identifiable clinical features. 70% of
deafness cases are of the non-syndromic form (Bergstrom et al, 1971). The most
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common form is the autosomal recessive form accounting for about 75% of these
cases. The autosomal dominant form accounts for about 10-20% of the cases and the
X-linked forms about 2-3% of the cases (Rose et al, 1977). Recessively inherited
forms appear to be more severe than the dominantly inherited forms of non-syndromic
deafness in that it is usually fully penetrant, prelingual and progressive. Dominantly
inherited deafness is less severe with a slow progressive onset and may present as
unilateral or mild bilateral deafness (Fraser, 1976).
Although genes for syndromic deafness have been isolated, none have been
isolated for the non-syndromic form. One exception is the gene for susceptibility to
aminoglycoside ototoxicity, which has been linked to a mutant mitochondrial RNA
gene. This gene must be paired with an unknown autosomal recessive gene to cause
this form of deafness. X-linked forms of non-syndromic deafness have been localized
to the X ql2 region (Robinson et al, 1992) and Xq21.1 (Bach et al, 1992).
Extreme genetic heterogeneity, due to a large number of population variables
(Guilford et al, 1994), has prevented earlier chromosomal localization of putative
genes for NSRD. By studying two highly consanguineous families segregating the
deafness phenotype from the Nebeul province of Northern Tunisia, Guilford et al
(1994a) were able to localize the gene to the pericentromeric region of chromosome
13. Linkage to the deafness gene NSRDl was found with the microsatellite marker
D13S175 which gave a maximum lod score of 4.80. The adjacent marker D13S221,
which maps 7 cM towards the telomere, showed diminished linkage to NSRDl. The
D13S115 and D13S143 loci, which had been used in linkage studies of the SCARMD
gene, were also used in linkage studies of the NSDRl pedigrees and gave lod scores
of 4.62 and 3.71 respectively. As mentioned in the discussion on the linkage studies
of SCARMD patients, the D13S115 and D13S143 markers had not been mapped
relative to one another at this time, nor to the other markers in the D13S175 and
D13S221 region. However, by using the NSRD families, Guilford et al (1994a) were
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able to construct a map of the most likely order of these markers and approximate
recombination distances between them. These are; centromere-(D13S175/D13S143)8cM-D 13S115-18cM-D13S221-telomere. In both families studied, no recombinations
were observed between NSRDl and D13S175/D13S143 although four recombination
events support a location for NSRDl centromeric to the D13S221 locus. This data
suggests that the NSRD gene maps close to the gene responsible for SCARMD.
The same problem of genetic heterogeneity and lack of clinical features in
finding the SCARMD gene also applies to the dominantly inherited form of nonsyndromic neurosensory deafness. Chaib et al (1994) were able to map the location of
a gene for a dominant, prelingual form of non-syndromic neurosensory deafness in a
French family. The gene caused moderate to severe hearing loss, predominantly in the
high frequencies, and displayed very slight interfamilial variation in expression.
Recombination studies placed the gene in the same interval as the NSRDl gene. The
finding that both the recessive and dominantly inherited forms of the disease map to
the same interval on chromosome 13 is explained either by the presence of two
closely linked genes within this interval which are responsible for different forms of
deafness, or by the occurrence of different mutations within the same gene which give
rise to different phenotypes.

1.10.7. Breast Cancer
The involvement of tumour suppressor genes has long been suggested in
breast cancers. Allelic losses have been reported in Ip and q, 3p, lip , 17p and q and
18q. Thorlacius et al (1991) studied primary carcinomas in 85 Icelandic patients and
reported loss of heterozygosity (LOH) in 37% of the cases at the RBI locus in 13ql4.
Subsequent studies showed that LOH for the RBI gene in breast cancer was not
correlated with loss of RBI protein expression (Borg et al, 1992). In addition, Devilee
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et al (1989) had shown that LOH had occurred in loci adjacent to RBI on
chromosome 13 while the RBI gene had remained intact in many breast carcinomas.
This study was extended using the D13S219 probe located in 13ql3. LOH
studies were performed on a large number of tumours comparing RBI and D13S219.
LOH was found to be almost identical in all tumours examined. A selection of
tumours from the group displaying LOH at the RBI and D13S219 loci all showed
normal expression of RBI, again indicating that LOH for RBI does not necessarily
mean loss of expression in breast carcinomas.
One candidate gene which mapped to the 13ql2-13 region was a gene termed
'BRUSH T. The full length cDNA BRUSH 1 clone was found to be 1.5 Kb in length
and showed no sequence homology to any other sequences recorded in the databases.
The clone was localised by FISH analysis to the 13ql2-13 region proximal to RBI
and for a while was considered a candidate for the breast cancer 2 gene (BRCA2).
Schott et al (1994) compared the expression of a BRUSH cDNA clone with RBI
expression in a series of normal epithelial cell lines and breast cancer cell lines. The
4.7 Kb mRNA of BRUSH was expressed in high levels in normal breast epithelium
but, using RT-PCR, appeared dramatically reduced in 6/13 breast cancer cell lines.
Physical mapping, however, has now excluded this gene as a candidate (see
Discussion).
Wooster et al (1994) performed linkage analysis on 15 families which had
multiple cases of early onset breast cancer. The highest lod score was found at the
D13S260 locus which is 6 cM from the D13S219 locus used by Schott et al (1994).
This locus was then termed BRCA2 and was localized to the 13ql2-13 region.
Wooster et al (1994) also found numerous recombination events between the RBI
marker and D13S260 locus in the linked families indicating that RBI is not BRAC2.
The particularly interesting feature of breast cancer families showing linkage to
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chromosome 13 markers is the absence of ovarian cancer and the relatively high
incidence of male breast cancer.

1.10.8. B-Cell Chronic Lymphocytic Leukaemia (BCLL)
BCLL is the most common haematological malignancy in the Western world
accounting for 30% of leukaemia cases in Europe and North America. It is the most
common form of leukaemia in the elderly and is twice as frequent in males. The
disease is characterised by the presence of monoclonal, mature, nondividing B cells
with a long life span in peripheral blood, bone marrow, lymph nodes and other organs
(Dighiero et al, 1991). The disease has a variable course ranging from one which is
virtually symptom free to one which requires a splenectomy. It is thought that there
may be more than one disease in this group of leukaemias and this contention is
backed up by cytogenetic data.
Cytogenetic analysis on BCLL has been difficult to acquire in spite of the
development of poly-B cell activators (Robert et al, 1978). Many attempts either
failed to yield analysable metaphases or selectively activated B cells which had
normal karyotypes. With the advent of FISH technology many of these problems were
overcome in that interphase nuclei could be examined as well as metaphase spreads
(Qumsiyeh and Thoraple, 1992). Using alpha satellite probes specific for the
centromere of chromosome 12 it was possible to demonstrate that 35-54% of BCLL
patients carry three copies of chromosome 12 and this finding has been confirmed by
numerous other groups (Pittman and Catovsky, 1983, Juliusson and Gahrton, 1990,
Escudier et al, 1992, Bienz et al, 1993). Einhom et al (1989) examined RFLPs located
along the length of chromosome 12 and found that the trisomy consisted of a
duplication of one of the chromosomes without loss of the other one (i.e. not a
triplication of a single chromosome 12). This indicates that trisomy occurs as a result
of non-disjunction of one of the chromosome 12 alleles at mitosis. Trisomy 12 is
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associated with a poor clinical prognosis when compared to tumours with other
chromosome aberrations.
It seems most likely that, in these tumours, the important transforming event
induces changes as a result of the quality or quantity of the product of a specific gene
localized on chromosome 12. However, since over half of BCLL patients never show
changes of chromosome 12 there must be additional pathogenic mechanisms.
Alternatively, the trisomy 12 aberration might be a common, but not obligatory, result
of a different transforming genetic change which is not possible to detect by
conventional cytogenetic analysis.
Three oncogenes designated bel 1, bel 2, and bel 3 have been implicated in
rare cases of BCLL. Bel 1 on chromosome llq l3 was initially cloned from cells of a
BCLL patient with a t(ll;1 4 ) translocation (Raffeld et al, 1991) but this
rearrangement

is more commonly seen in lymphocytic and prolymphocytic

leukaemias (Yunis et al, 1982, Pittman and Catovsky, 1983, Tsujimoto et al, 1984,
Rabbitts et al, 1988). The compiled European data on BCLL patients found that the
t(ll;1 4 ) was only seen in 11/214 patients with chromosomal abnormalities. No
involvement of bel 1 was found in 38 patients studied by Rechavi et al (1989). Since
these cells are prone to the development of chromosome abnormalities after the
transforming event, it is unlikely that bel 1 plays a major role in the aetiology of
BCLL.
The bel 2 gene, in 18q21, was identified when the chromosomal breakpoint of
a t(14;18) translocation was mapped (Tsujimoto et al, 1985, 1986, Cleary and Skylar,
1985). The translocation of bel 2 from chromosome 18 to 14 in follicular lymphoma
places the bel 2 gene in the same orientation as the immunoglobulin heavy chain
locus giving rise to a chimeric mRNA. The t(14;18) bearing cells express high levels
of chimeric bel 2 mRNA (Cleary et al, 1986, Graninger et al, 1987, Seto et al, 1988).
The translocation does not interrupt the coding region of the gene so that both the
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normal and translocated alleles produce the same sized protein. The bel 2 gene
product regulates programmed cell death (apoptosis) (Hockenberry et al, 1990,
Korsmeyer, 1992). Studies on cell lines and transgenic mice have shown that bel 2 has
the ability to block apoptosis. Apoptosis is an active death pathway that needs new
protein synthesis and then proceeds through plasma membrane blebbing, volume loss,
nuclear condensation and endonucleolytic cleavage of DNA.
Despite the low percentage of bel 2 gene rearrangements in BCLL the
expression of mRNA and protein in BCLL is comparable to that observed in Karpas
422 cells which contain a t(14;18) indicating that bel 2 may be overexpressed in
BCLL. Okamoto et al (1993) looked at New Zealand mice where the major
histocompatibility complex controls the development of autoimmune disease and
BCLL. Heterozygosity (HaHb) predisposes these animals to autoimmune disease,
whereas homozygosity (HaHa) acts to induce BCLL. The homozygous mice
displayed an age-dependent increase in frequencies of CD5+ B cells in blood and
spleen and the cells displayed monoclonal expansion giving rise to BCLL. The CD54B cells from these mice also showed increased bel 2 levels. Panayiotidis et al (1993)
looked at cultured BCLL lymphocytes which normally die in vitro via apoptosis
despite the prolonged life span in vivo. Cell death and DNA fragmentation in vitro
were inhibited in the presence of interleukin 4 (XL 4) and viable monoclonal B cells
could be maintained in culture for up to 4 weeks. Bel 2 protein expression was present
in all 11 patients studied. However, during culture, the bel 2 protein levels were
preserved in cells resistant to apoptosis and reduced in cells susceptible to apoptosis.
Reduction of bel 2 protein levels was inhibited in cells cultured in the presence of IL4.
Crossen and Morrison (1992) examined the bel 2 gene in patients with BCLL
and found no rearrangements in 60 patients examined. The incidence of bel 2
rearrangements in BCLL may vary somewhat due to the geographical location of the
patients but it is still very low and further work needs to be done to determine whether
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variation in bel 2 protein levels is involved in BCLL. A gene at 19ql3, called bel 3,
was noted to be rearranged in 3 CLL patients with t(14;19)(q32;ql3). Its role in
tumorigenesis, however, has yet to be established.
In 10-15% of BCLL cases alterations of the p53 gene have been recognized
(Gaidano et al, 1991). P53 may play an important role in growth control of stressed
cells inducing apoptotic cell death (Yonish-Rouch et al, 1992). Intrestingly, p53
alterations are seen more often in cases of Richters syndrome, which represents the
evolution of BCLL into a highly aggressive malignancy (Gaidano et al 1991).
Roughly 25% of human BCLL leukaemias are characterized by chromosomal
lesions involving 13ql4. Petersen et al (1992) performed cytogenetic analysis on 82
BCLL patients and found that 46% had abnormalities of 13ql4. It has been thought
by many that RBI must be involved because of its location in 13ql4 and its reputation
as the prototypical tumour suppressor gene. Monoallelic loss of RBI has been
demonstrated by cytogenetic analysis. Southern blotting, PCR and FISH analysis, not
only in patients with 13ql4 abnormalities but also in those with apparently normal
karyotypes as well (Fitchett et al, 1987, Oscier et al, 1990, Morris et al, 1991, Lui et
al, 1992, Stilgenbauer et al, 1993). Using Western blotting, Kornblau et al (1994)
studied RBl protein (pRB) expression in peripheral blood and bone marrow samples
from 74 BCLL patients. The levels of pRB in BCLL cells was less than normal in
42% of patients, equal to normal controls in 22% of patients and in excess of normal
controls in 36% of the patients.
Abnormalities of 13ql4 in BCLL comprise both deletions and translocations.
The translocations are usually reciprocal involving the 13ql4 region and one other
chromosome. The observation that both deletions and translocations were present
often as the only chromosome abnormality was confusing since, traditionally,
deletions indicate the loss of a tumour suppressor gene (Cowell, 1992b) whereas
translocations usually involve the formation of a rearranged gene resulting in either
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the inappropriate expression of a novel protein or the overexpression of a rearranged
gene like the bel 2 oncogene in t(14;18)-positive cells.
A major effort of this project has been to analyse the involvement of the 13ql4
region in BCLL which, in turn, has led to several studies involving physical mapping
of chromosome 13. The strategy was to generate somatic cell hybrids from patients
carrying chromosome 13ql4 translocations in order to isolate the disease region. It
became apparent that these translocations were always associated with deletions and a
larger group of patients were examined using LOH studies. An anonymous marker in
13ql4 was always found to be deleted in these patients which lay telomeric to RBI.
Despite the fact that the putative gene was a most likely a tumour suppressor gene
RB1 was excluded from involvement in this disease.
In order to increase the number of markers in the region of the deletion and
extend the physical map of the chromosome, microsatellite markers for the genetic
map of the chromosome were assigned a physical location using a panel of somatic
cell hybrids. A chromosome 13 specific cosmid library was analysed for purity and 55
random cosmids assigned to 7 regions of the chromosome using FISH. Additionally
candidate genes in the form of ESTs were assigned to regions of the chromosome
using somatic cell hybrids but none of these were in the BCLL deletion. Consequently
a Y AC contig was generated across the BCLL deletion using end-rescue techniques.
Various appoaches for gene isolation such as exon-trapping were attempted and these
are discussed in more detail.
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CHAPTER 2

MATERIALS AND METHODS
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2.1. TISSUE CULTURE
All adherent cells lines described in this thesis were grown in either E4 or
Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum
(PBS), 2 mM glutamine, penicillin (lOOU/ml) and streptomycin (100|i,g/ml) and
maintained at 37®C in 7% CO 2 When the cells became confluent the medium was
removed and the cells were washed in phosphate buffered saline (PBS) in order to
remove any PBS which otherwise inactivates the pancreatic enzyme trypsin. Cells
were removed from the flasks in which they had been grown by adding 1 ml of
0.5|ig/ml trypsin, 0.2}ig/ml EDTA, then swirling to ensure complete coverage of cells
and leaving for 5 min. The cells were washed off the flask with 5 ml of MEM and
gently pelleted by centrifugation in a Jouan BR3.11 centrifuge (1200 rpm, 5 min).
Cells were resuspended in MEM and split 1:3 into new flasks or frozen in medium
containing 10% DMSO and stored as stocks in liquid nitrogen.

2.2. GENERATION OF SOMATIC CELL HYBRIDS
In order to generate somatic cell hybrids mouse TK~ 3T3 fibroblast cells were
fused with the leukaemic cells from patients with BCLL. The fusion procedure
involves mixing the cell types together and 'dissolving' the membranes. Once the
membranes have reformed some of the cells will be hybrids and others will remain as
parental cells and, since they are of little interest, and might otherwise overgrow the
hybrids, they must be eliminated by an appropriate selection procedure. Although
there are several methods of selection, HAT is the most widely used to generate
hybrids as described in section 2.2.4. An important principle is that at least one of the
parental cells must be immortal if the hybrids are to grow freely and, in general, the
faster the immortal cell line grows the faster the hybrids will grow. Por this reason
mouse 3T3 fibroblasts were used in the experiments described here.
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2.2.1. Isolation of Lymphocytes
Peripheral blood was obtained from leukaemic patients with white cell counts
of greater than 20 x 10^ per litre. Blood samples were diluted 1:5 in serum free RPMI
cell culture medium and 15ml of this suspension layered gently onto 8 ml of
Lymphoprep cell density separation medium (Flow Labs) in a 25 ml sterile universal
centrifuge tube. The resultant gradients were then centrifuged at 1200 rpm in a Jouan
BR 3.11 centrifuge fitted with a RP50 rotor for 20 minutes at 4®C. The lymphocytes
settle at the interface between the Lymphoprep and the RPMI while the more dense
red blood cells, granulocytes and platelets pass through the Lymphoprep phase. The
lymphocytes were removed from the interface with a 1 ml pipette and washed twice in
an excess volume of PBS. These cells were then either used immediately to generate
somatic cell hybrids or were frozen in MEM with 10% DMSO and stored as frozen
stocks in liquid nitrogen for later use.

2.2.2. Preparation of Rodent Parental Cell Lines
TK‘ mouse 3T3 cells were grown to subconfluence in 9 cm petri dishes as the
immortalised rodent parent cell line. Since there is a suggestion that dividing cells are
more likely to yield hybrids than quiescent cells (Cowell, 1992a), the mouse cells
were partly synchronised by serum starvation for 24 hours and then released by the
addition of serum to increase the mitotic index before use.

2.2.3. Preparation of Somatic Cell Hybrids
Polyethylene glycol (PEG) with a molecular weight 1000-1500 was used as
the fusing agent. Aliquots were sterilized by autoclaving and, prior to use, premelted
in a microwave and then maintained at 65®C. Immediately prior to use it was diluted
by mixing serum free medium (SFM) and PEG 1:1. The medium, which contains
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phenol red, acts as a pH indicator and should remain at the red end of the spectrum to
ensure a neutral pH around 7.4.
Prior to fusion, 3T3 cells were harvested with trypsin, washed with PBS and
approximately 5-8 x 10^ cells were then used. It is of vital importance to remove all
traces of serum from the solutions as the proteins present in the serum result in
precipitation of the PEG. The mouse fibroblasts were then mixed with 10^ tumour
cells from the individual patients and co-sedimented by centrifugation at 1200 rpm as
described above. Serum free medium (SFM) and polyethelene glycol (PEG) were
mixed in a ratio of 1:1 and 0.5 ml was added to the washed cell pellet. To facilitate
fusion the cells were gently agitated for a maximum of 60 seconds. Termination of the
fusion reaction was accomplished by diluting the PEG by adding 25ml of SFM and
centrifuging the cells which were then washed twice more in PBS and then seeded in
8 X 9 cm Petri dishes and incubated at 37®C in 7% CO2 in selective medium.

2.2.4. HAT Selection
The precursors of DNA are usually synthesised from glutamate and
deoxyuridine monophosphate and, if this pathway is obstructed, the cells will
eventually die. Aminopterin blocks this pathway. However, if during this obstruction
the cells are provided with hypoxanthinine and thymidine they can generate DNA
precursors using a salvage pathway utilising the enzymes hypoxanthinine
phosphoribosyl transferase (HPRT) and thymidine kinase (TK) and are able to survive
and propagate. Cells which are deficient in either HPRT or TK will not survive in the
presence of HAT. By using cells which can produce either HPRT or TK in the fusion
reaction complementation will occur and allow hybrid cells to survive in HAT. The
genes coding for HPRT and TK are on chromosomes X and 17 respectively and, if
these chromosomes are retained in the hybrids, they will be viable in the presence of
HAT. Since rodent/ human hybrids are somewhat unstable they reject the human
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chromosomes. Eventually a stable complement is reached and they can be removed
from HAT if the chromosomes 17 and/or X are of no interest.
The 3T3 cells used in the generation of hybrids are deficient for TK (TK’). In
order to inhibit the growth of mouse fibroblasts which had not fused with human
cells, Hypoxanthine (13.6 p.g/ml), Aminopterin (0.17 |ig/ml) and Thymidine (3.87
|ig/ml) (Gibco BRL) was also added in order to kill unfused cells. Since HAT kills
dividing cells, the medium in the

8

x 9 cm dishes was changed twice a week to

encourage cell division. After approximately four weeks in culture individual hybrid
colonies were isolated by ring cloning (Cowell, 1992a). Individual colonies are
selected under a microscope in a sterile environment. Small sterile metal rings are
selected based on the size of the colony and dipped in silicone sealant and placed over
the colony. This essentially isolates the colony and prevents leakage of reagents to the
rest of the culture dish. The isolated cell colony is then washed in PBS, trypsinised
and then, depending on the size of the colony transferred into a 96 well plate, 24 well
plate or to a small 3cm Petri dish containing MEM medium and 10 % calf serum.
Each colony on the dish was treated in this manner and cultured to confluence for
cytogenetic or PCR analysis.
Because chromosome loss is random, heterogeneity in terms of chromosome
content exists in the primary hybrids. Often these clones may contain cells which have
lost the human chromosome of interest. In cases such as this the hybrids may give
conflicting results when analysed using PCR or Southern hybridisation and so pure
populations of cells must be generated. In order to obtain pure populations from these
hybrids it is then necessary to select individual cells viewed under a microscope and
transfer them to 96 well microtitre dishes to allow singular clonal expansion before
analysis. This involves seeding 50-100 cells into a bacteriological dish (to prevent
adherance) and then, using a p200 Gilson pipette, set to 5 |il, individual cells are
drawn into the tip, whilst being viewed under a microscope, and then dispensed into
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the multiwell dish. In practice, 40-50 cells are selected individually since not all of
them survive this selection procedure.

2.2.5. Chromosome Preparation
Prior to fixation, vinblastine sulphate (O.lpg/ml) was added directly to the
cultures to arrest the dividing cells in metaphase. The cells were then trypsinised and
washed in PBS. The chromosomes are prepared similarly to the method used to make
lymphocyte spreads described as in section

2 . 1 1 .2 ,

except that the length of the

hypotonic treatment using 0.07M KCl varies depending on the individual hybrid.
Because hybrids contain many more chromosomes than the parental cell line, and
often endoreduplicate, it may be necessary to increase the length of hypotonic
treatment. However these cells may also be over-sensitive to hypotonic treatment and
require less exposure time. It is necessary, therefore, to determine the optimal
conditions for each hybrid line. Excessive hypotonic treatment will result in
overspreading of the chromosomes, making it difficult to determine whether
variations in the human chromosome complement are due to loss during spreading or
to true variations between the cells. Too little treatment means that the chromosomes
will not spread adequately to allow identification of individual chromosomes.
The mouse has 40 chromosomes and all are telocentric except the Y
chromosome and all the centromeres are A+T rich so that they stain intensely with
trypsin-Giesma staining. Because the primary interest was in chromosome 13containing hybrids, which is also a telocentric chromosome, it was often more
instructive to use FISH and a human chromosome 13 specific paint (see section 3.2.2)
in order to verify the presence of chromosome 13 material.
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2.3. GENOMIC DNA PREPARATION

2.3.1. Preparation of Genomic DNA (Small Scale)
Mini-preps of the hybrid DNA was prepared from single 9 cm dishes of
confluent cells which were trypsinised and resuspended in 25 |il of lysis buffer (see
table 2.1). The solution was incubated in an eppendorf tube at 55®C for one hour
whereafter the proteinase K was heat inactivated at 95®C for ten minutes. This is
conveniently accomplished in a PCR machine. The solution was then spun for 10
seconds at 13000g and 1 pi of the cleared supernatant was used in each PCR reaction.
When larger amounts of DNA were required, eg, for Southern blotting, standard
phenol chloroform isolations (see section 2.3.2) were performed.

Table 2.1. Lysis buffer for small scale DNA preparation

lOmM Tris HCl, pH 8.3
lOmM MgCl
50mM KCl
0 . 1%

gelatin

0.45% Tween 20
0.45% NP 40
1 mg/ml proteinase K

2.3.2. DNA Preparation (Large Scale)
The aim of this procedure is to produce DNA of high molecular weight in high
concentration and free from contamination with RNA, protein, phenol and salt. Care
was taken at each stage to avoid excessive shaking as shearing forces fracture DNA
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resulting in its degradation. The composition of the solutions used in the large scale
preparation of genomic DNA is given in table 2.2.

Table 2.2. Solutions for preparation of DNA
Lysis Buffer:

100 mM NaCl
100 mM Tris-HCl, pH
10 mM EDTA, pH

8

8

Equilibrated Phenol: 400 ml phenol
0.4% (w/v) dihydroxyquinoline
-equilibrate with: 400 ml 1 M Tris-HCl, pH

8

then: 400 ml 0.1 M Tris-HCl, pH
RNAse:

10

8

mg/ml in ddH 2 0

- boil for 10 min to inactivate residual DNase.
Proteinase K:

50 mg/ml in ddH20
-incubate 65®C 1 hr to remove DNase

TE:

10 mM Tris-HCl, pH
1 mM EDTA, pH

8

8

2.3.3. DNA Preparation from Hybrids
When DNA is prepared from cells which grow attached to the culture vessel it
is not necessary to trypsinise the cells first. The medium in the flasks was poured off
and then the monolayer washed in PBS. 3 ml of lysis buffer (table 2.2) plus 0.1%
SDS was then added to each 75cm^ flask which was gently rotated to ensure the lysis
solution was in contact with all of the cells. The cells were left to lyse for 10 min and
the lysate removed from the flask by gentle rotation to 'strip' the lysed cells off the
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flask and the DNA solution poured into a 50 ml Falcon tube. Proteinase K was added
to the DNA lysate to a working concentration of 0.1 mg/ml and the cocktail was
incubated at 37®C overnight or at 65®C for 1 hour, the former being more efficient at
removing protein from the DNA solution. RNase was then added to the lysate to a
working concentration of 50 }ig/ml and incubated at 37®C for 40 min before
phenol/chloroform extraction.

2.3.4. Phenol/chloroform Extraction of DNA
An equal volume of phenol, pre-equilibrated with lOOmM Tris-HCl pH 8 , was
added to the DNA lysate and mixed gently for 2 - 3 min. The phenol was separated
from the aqueous DNA by centrifugation at 4,000 rpm for 20 min in a Jouan CR412
centrifuge. The clear DNA solution formed the upper layer and the coagulated
protein was at the phenol/DNA interface. The DNA was removed using a wide bore
pipette and the phenol discarded. This procedure was repeated using 50/50 phenol
and chloroform together (the addition of the chloroform increased the definition of the
DNA/phenol interface). To remove all traces of phenol, which would otherwise
interfere with subsequent DNA analysis, the DNA solution was finally extracted with
an equal volume of chloroform alone. DNA was then precipitated from the upper
aqueous layer by adding 2 x vol of ethanol and

1/10 vol 3M sodium acetate.

Cooling on ice for 20 min resulted in DNA precipitation, with the high molecular
weight DNA forming lumps which could be 'spooled out' using a heat sealed Pasteur
pipette. The DNA was washed in 70% ethanol to remove the salt, air-dried and then
resuspended in the minimum possible volume of TE to achieve the approximate
required concentration. This resulted in a solution containing at least 500 |ig of DNA
per ml.
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2.3.5. DNA Quantitation
Two methods were used to determine the quantity of DNA: spectrophotometry
and comparative analysis of fluorescence. DNA concentration is determined on a
spectrophotmeter by the absorbance of light through a sample of DNA which was
diluted 1:20 in TE. The spectrophotometer was zeroed against an identical cuvette
containing TE alone. Absorbance (A) readings were taken at wavelengths of 260 nm
and 280 nm. Nucleic acids alone absorb light at A^^o whereas at A^^® light is also
absorbed by protein and other contaminants. This absorbance of light (the optical
density (OD)) is related to the concentration of DNA (an OD at A^^o of 1 is 50 |ig/ml
of DNA). The ratio of absorbance of 260/280 should be between 1.7 and 1.9 if the
DNA is free from contaminating proteins and this measure of DNA 'cleanliness ' is the
major advantage of this method. The disadvantage is that the DNA often settles out in
the photocell, making readings unstable and the method also requires large volumes
of DNA.
The comparative analysis method compares the fluorescence of an aliquot of
DNA in ethidium bromide with that of DNA of known concentration. 1 |il of the test
DNA sample was added to 9 pi of 2 pg/ml of ethidium bromide placed on transparent
parafilm and mixed with a pipette tip. 1 pi aliquots of DNA standards (usually phage
lamda DNA) of known concentration (5 ng/pl to 80 ng/pl) were added to 9 pi of 2
pg/ml ethidium bromide as above. The parafilm was placed on an ultraviolet light
transilluminator and photographed. The DNA standard which compared most closely
in fluorescence intensity to the test DNA is taken as the concentration of the sample.
Dilution of the sample may be required to ensure that it falls within the scale of the
panel of control DNAs. Although only semi-quantitative, this method has the
advantage of ease, speed and uses much less DNA than spectrophotometry.
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2.4. MANIPULATION OF DNA.

2.4.1. Restriction Enzyme Digestion
This method, developed by Southern (1975), is used to immobilize DNA on a
nylon membrane so that radiolabelled probes of interest could be hybridised against
the DNA to determine the presence or absence of the probe. DNA is first digested
with restriction endonucleases which are enzymes produced by specific bacteria to
restrict the growth of other bacteriaphage and work by fragmenting the DNA. The
enzymes cleave DNA at specific recognition sequences. Genomic and hybrid DNA
required 5-10 units of enzyme per jig to digest properly whilst YACs, cosmids, and
plasmids required 2 units per pg DNA. Most enzymes require specific buffers which
are usually supplied with the enzyme. The digestion happens in 2-3 hours, usually at
37®C, although there are some exceptions. Many of the enzymes can be heat
inactivated at 65^C but those that cannot need to be removed by phenol/ chloroform
extraction or by the addition of EDTA to a final concentration of 50mM (ie; 2pl of a
0.5M solution in a 20 pi reaction volume).

2.4.2. Gel Electrophoresis
Once DNA is digested it is run on an agarose gel which separates digested
DNA acccording to the size of the fragments with the larger fragments migrating
more slowly than the smaller ones. The rate of migration also depends on the
percentage of the agarose in the gel, and the voltage applied. Agarose (Ultrapure
electrophoresis grade, Gibco-BRL) was melted in 1 x TAB buffer (see table 2.3) with
ethidium bromide at 0.5pg/ml which intercalates into the DNA and allows
visualisation of the DNA in the gel under ultraviolet light. 200ml of agarose was
dissolved in a microwave and cooled to 65®C and poured into a perspex gel former
with the size of the teeth of the combs determining the volume capacity of the wells.
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The percentage of agarose was determined by the size of the DNA fragments.
Fragments larger than 1.5 Kb were run on 1% gels and smaller ones, 200-800 bp,
were run on 2%. Fragments that were smaller than 200 bp were run on 3-4% gels.
Gels were run on horizontal gel tanks containing the appropriate volume of TAE
buffer to cover the gel and 0.5 pg/ml of ethidium bromide. Loading buffer (see table
2.3) was added to each DNA sample to increase the sample density ensuring that the
DNA remained in the wells and also allowed visualisation of the progress of the DNA
migration down the gel. The composition of all solutions used in gel electrophoresis is
given in table 2.3. Molecular weight markers were run in parallel lanes to allow size
estimation of the fragments of interest. The choice of marker depended on the size of
the DNA fragments. With larger fragments the HHR marker was used which consists
of equal volumes of lambda DNA digested with Hind III and lamda DNA digested
with Hindlll and Eco RI restriction enzymes (Gibco BRL). Smaller fragments, less
than 2 kb, were sized using either a 1 kb ladder or a 100 bp ladder (Gibco BRL).
When electrophoresing PCR products, or running gels to check the digestion
of DNA, 200 volts was applied for approximately 1 hour but when more accurate
sizing was required (as for Southern blotting) the gels were run overnight at 35 volts.
Since DNA is negatively charged the gels are run down a negative to positive
gradient. The separation of the digested DNA fragments were visualised on an
ultraviolet transilluminator and gels photographed with a ruler laid alongside so that
the position of any DNA fragment on the gel could be correlated with the molecular
weight markers and compared to the result on autoradiographic film later.

2.4.3. Southern Blotting of Agarose Gels
Because the DNA in agarose gels will eventually diffuse, and the gels
themselves are not easily manipulated, the DNA is permanently tranferred to a nylon
membrane using the technique of Southern transfer (Southern, 1975). The technique
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uses capillary action to transfer the DNA from the agarose gel to a nylon membrane
and to fix it there, thus making a reusable copy of the original gel. The DNA in the gel
was first made single stranded by soaking it in denaturing solution for

1

hour followed

by another hour in neutralising solution (see table 2.3). A 2cm high platform of the
same dimensions (or larger) as the gel was placed in a photographic tray and covered
with 2 layers of 3MM Whatman filter paper which overlapped the platform touching
the bottom of the tray and forming a wick. The tray was then filled with 20x SSC to
just below the level of the platform. The gel was washed briefly in 2 x SSC and then
carefully inverted, placed on the platform and covered with the nylon hybridization
membrane (Hybond N Amersham) cut to the same size as the gel and prewetted in 2 x
SSC (table 2.3). Saran Wrap was used to cover the area surrounding the gel to ensure
that the capillary action was only through the gel and to prevent evaporation of the

20

X SSC. Two pieces of 3MM Whatman paper, also cut to the same size as the gel, were
presoaked in 2x SSC and placed on top of the nylon membrane. All air bubbles were
removed by rolling a cylindrical piece of plastic over the top and paper towels,
approximately 10 cm thick, were placed over the Whatman paper and a weight added
to ensure complete contact of all the layers. The membrane was allowed to blot
overnight. On the removal of the filter the position of the wells of the gel was marked
on the membrane and it was washed briefly in 2 x SSC to prevent salt crystal
formation. The membrane was then baked for 2 hours at 80®C to cross link the DNA
to the nylon membrane.

2.4.4. Oligolabelling
The aim is to generate a single-stranded copy of the probe labelled with a
substance that allows detection of the probe once it has hybridised to homologous
sequences immobilised on the membrane. Although detection systems exist based on
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Table 2.3. Solutions for gel electrophoresis and Southern blotting

Gel electrophoresis:
TAE:

0.04 M Tris acetate
0.002 M EDTA
-1 litre of 50x stock is:
242 g Tris base
57.1 ml glacial acetic acid
100 ml 0.5 M EDTA, pH

TBE:

8

0.089 M Tris base
0.089 M Boric acid
0.002 M EDTA, pH
-

1

8

litre of lOx stock is:

108 g Tris base
55 g Boric acid
9.3 g EDTA

Loading Buffer:

50% (v/v) glycerol
0.42% (w/v) bromophenol blue.
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Southern Blotting:
Denaturing solution: 1.5 M NaCl
0.5 M NaOH

Neutralising solution: 0.5 M Tris base
0.3 M Sodium citrate
3 M NaCl
- pH 5.5 with cone HCl

20x SSC:

3 M NaCl
0.3 M Sodium citrate

colour change, or light production, the most sensitive method remains labelling the
probe with radioactivity. Oligolabelling results in exact copies of the single stranded
probe

being

made

using

random

hex an u cleo tid es,

n o n -rad io activ e

deoxyribonucleotides dATP, dGTP and d’lT'P and radioactive dCTP, and the reaction
is catalysed by a fragment of the Klenow enzyme as described by Feinberg and
Vogelstein (1983).
70 ng of probe DNA was made up to a total volume of 21 \x\ with ddH20,
boiled for 3 min to denature the DNA and snap cooled on ice.

3 |il of lOx

oligolabelling buffer (OLE) and 1.5 }il of 10 mg/ml bovine serum albumin (ESA)
were added followed by 3 |il radio-phosphorous labelled deoxycytidinetriphosphate
(^^P-dCTP, >5000 Ci/mmol). 1.5 |il of Klenow DNA polymerase (NEL) was added to
the reaction mix which was left at room temperature in a perspex box for 4 - 16 hours.
To increase the specificity of the hybridisation, the labelled probe was separated from
the unincorporated ^^P-dCTP by elution through a Sephadex G-50 column. Sephadex
G50 was autoclaved with sufficient TE to ensure full absorbtion of fluid to the
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Sephadex beads. A ball of polymer wool was inserted into a 1 ml syringe and
Sephadex suspension added until the syringe was full. The syringe was then inserted
into a 15 ml conical centrifuge tube (Falcon) and spun at 1500g for 3 min. The 30 |il
of labelled probe was made up to a final volume of lOOjil with TE and added to the
column. This was followed by another spin at 1500g for 3 min and the activity of the
supernatant measured. The specific activity was usually in the region of 2 x 10^
cpm/|Xg of probe DNA but depended on the quality of the DNA and the age of the
radionucleotides used.

2.5. HYBRIDISATION
The aim of the hybridisation technique is to:
•

prepare the membrane so as to minimise the non-specific binding of the
radioactive probe.

•

To add single stranded probeDNA

•

To perform the hybridisationreaction in such a way as to optimise

the specificity

of annealing between probe and membrane-bound homologue without decreasing
sensitivity. This could be achieved by altering the type of hybridisation fluid used
and introducing competitive binding of any repetitive DNA sequences in the
probe.
Hybridisation solution needs to contain a wetting agent, a salt concentration
which allows annealing of homologous sequences with little non-specific binding and
a

'blocking agent' to prevent physical trapping of radioactive probe in the

irregularities in the membrane. Church buffer (see table 2.4) was chosen as the
hybridisation solution because it produces autoradiographs with little background. It
is important that the membrane is in contact with freely circulating hybridisation fluid
at a strictly controlled temperature and I found that placing the membrane in rotating
cylindrical glass bottles in a hybridisation oven (Hybaid, UK) to be the most efficient
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Table 2.4. Solutions used in Southern hybridisation

lOx Oligolabelling buffer:
Solution A:

1.25 M Tris-HCl, pH

8

125 mM Magnesium chloride
225 mM 6 -mercaptoethanol
0.5 mM of dGTP, dATP, dTTP

Solution B:

2 M Hepes, pH

Solution C:

90 A^^o OD units/ml random hexanucleotides in TE

6

with NaOH

-Mix solutions A, B, C in the ratio of 2:5:3

Hybridisation buffer:
Church:

7% SDS
0.5 M NaPi, pH 7.2
1 mM EDTA
1% Bovine serum albumin
- 1 M NaPi is:
71 g Na2HP04 in 1 litre ddH20
-pH 7.2 with phosphoric acid

method. Membranes were prewetted in 0.5 M NaPi for use with Church buffer. The
membrane was placed on a nylon mesh in the appropriate solution and, if more than
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one membrane was to be hybridised with the same probe, a further nylon mesh was
inserted between each membrane to ensure adequate circulation of hybridisation
solution. The membranes were rolled up, placed in a pre-warmed glass hybridisation
bottle and 20 ml of 2 x SSC or 0.5 ml NaPi at 65®C was added. The hybridisation
bottle was then rolled in the direction which caused the membrane to adhere to the
sides of the bottle. The solution was poured off, hybridisation solution was added
(minimum 15 ml) and the bottle placed in the rôtisserie of the preheated hybridisation
oven in such a way that the direction of rotation of the rôtisserie did not cause the
membranes to roll up again and lose contact with the hybridisation fluid. Membranes
were prehybridized from 4-16 hours at 65®C to block any physical trapping of the
probe.

2.5.1. Addition of Probe
The separated probe (section 2.4.4) was boiled for 3 min, snap cooled on ice
and added to the hybridisation fluid in the cylindrical glass bottle, aiming to achieve a
specific activity of 1 x 10^ cpm of hybridisation solution. Hybridisation was for 16 hr
at 65®C. However, if the probe was known to contain repetitive elements, their effect
could be reduced by competitive binding with Cot-1 DNA (total human DNA
enriched for repetitive sequences; Gibco BRL). The exact amount of competition can
be calculated as described in Sealey et al (1985) but, in most cases, successful results
were obtained by adding 5 |il of lOmg/ml Cot-1 DNA, 50 p,l of 20 x SSC, 25 p.1 of
ddH20 and 20 |il of 0.1% (w/v) SDS to 100 |il of the separated probe, boiling for 3
min and then allowing it to anneal at 65^C for 1 hr. The probe was then added to the
hybridisation fluid in the bottle without further boiling. Competition could also be
applied at the prehybridization stage, with the addition of

100

fig/ml of sheared

human placental DNA to the hybridisation fluid which acted to block out any
repetitive sequences contained in the DNA on the filters.
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2.5.2. Washing
Non-specific binding of unincorporated nucleotides and probe DNA occurs in
spite of adequate prehybridisation. Washing aims to displace the non-specific
hybridisation but leave the probe hybridised to homologous sequences on the
membrane. The stringency of washing is determined by salt concentration and
temperature: the lower the salt concentration and the higher the temperature, the more
stringent the wash. The radioactive hybridisation solution was poured off and the
remaining traces removed by swilling the bottle out with 100 mM NaPi/0.1% SDS.
If the washing conditions for the probe were known, the correct washes were
performed in the hybridisation bottle, if not, sequential increases in stringency were
applied. Deciding whether to increase the stringency of the wash was based on
checking the filter with a Geiger-Muller monitor (Mini-L, Mini Instruments Ltd.,
Essex, UK). High generalised activity indicated the need for more stringent washing,
or the presence of repetitive sequences in the probe.

2.5.3. Autoradiography
Once washed, filters were blotted with 3MM Whatman paper to remove
surface fluid and sandwiched between pieces of Saran wrap. They were then placed
in light proof cassettes and exposed to XAR-5 autoradiography film (Kodak) with
intensifying screens (Kronex Quanta 3, DuPont) at -70®C for 16 hr and the film was
then developed.

The position of a black band on autoradiography denoted the

presence of a sequence homologous to the probe at the corresponding position on the
filter. If the band appeared pale, the exposure time was increased. To allow the
membranes to be reused more quickly than if the radioactivity band was allowed to
decay naturally, the radioactive probe was stripped off by immersing the membranes
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in boiling 1% SDS, 10 mM Tris HCl pH

8

and leaving to cool to room temperature

with vigorous agitation.

2.6. ISOLATION OF PROBE DNA
DNA probes are often cloned into plasmid vectors which confer antibiotic
resistance upon bacteria. Transfecting bacteria with a plasmid and growing them in
media containing antibiotic selection allows large scale amounts of plasmid DNA
containing the probe to be produced. The probe can be separated from the plasmid
vector by digestion with restriction enzymes and gel electrophoresis. These steps will
now be discussed in detail.

2.6.1. Growth of Bacteria
Maximum efficiency D H 5a competent cells (BRL) were used in all
manipulations involving bacteria. Bacteria were grown at 37®C in the appropriate
culture media: liquid cultures in a rotary shaker (controlled environmental shaker,
New Brunswick Scientific, Edison, NJ, USA) whereas cultures on agar plates were
grown in a dry incubator (LEEC CV2 Nottingham UK). Media and stock solutions
were made with ddH 2 0 and autoclaved at 121®C for 15 min to ensure sterility. The
following media were used:

Luria Broth (LB):

Difco Bactotryptone 15g/l, Difco Bacto Yeast Extract
5g/l, NaCl 5g/l.

Luria Agar (L-agar):

as LB with Difco Bacto Agar 14g/l.

L-agar was melted in a microwave oven as required. Transformed bacteria
were grown on antibiotic selection with the addition of the antibiotic after the LB was
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cooled to 65®C. For short term use (up to 4 weeks) transformed bacteria were
maintained on L-agar plates at 4®C, for long term storage cell stocks were frozen at
-70®C in LB containing 15% (v/v) glycerol.

2.6.2. Plasmid Vectors
Probes come in various plasmid vectors of which Bluescript SK (Stratagene,
UK) was the most usual. Bluescript has an origin of replication, an ampicillin
resistance gene, a cloning site capable of being cleaved by multiple restriction
enzymes and a colour selection system in the form of a 6 -galactosidase gene. Bacteria
grown in the presence of 50 |ig/ml of X-gal will produce a blue colour if the gene is
intact but will remain white if the gene has been disrupted by the presence of a cloned
DNA sequence.

2.6.3. Transformation of Bacteria
Transformation of bacteria with plasmid can be done in two ways: by using an
electric shock to introduce the plasmid or by rendering the bacterial cell wall more
'porous' by heat shocking, thus allowing the introduction of the plasmid DNA. The
latter method was most frequently used.

2.6.4. Competent Cells
The composition of all solutions for this procedure is given in table 2.5.
Incubating bacterial cells in an ice cold solution with the plasmid allows them to mix
uniformly before heat shocking them at 42®C to make the cell wall porous. 100 pi of
an overnight culture of D H 5a or JM 109 E.coli is added to 7 ml of LB and grown at
37®C for 2 hours with shaking until cloudy. 1 ml of this culture is added to 200 ml of
LB in a sterile flask and grown until the optical density of a sample of the culture is
0.48 at a wavelength of A^^o on a spectrophotometer zeroed against LB. The culture is
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cooled on ice for 15 min and centrifuged in a Jouan CR412 centrifuge at 2000 rpm at
5®C for 5 min. The supernatant is discarded and the cells resuspended in 60 ml TAB
1. The cells are left on ice for 15 min and then pelleted by centrifugation as above.
They are then resuspended in

8

ml TAB 2 and left on ice for 20 min after which they

are kept at 4®C overnight, and then stored in 150 |il aliquots at -70®C .

Table 2.5. Solutions used for preparing competent cells

TAB 1:

10 mM Calcium chloride
35 mM Sodium acetate
15% (v/v) glycerol
- pH 5.9 with acetic acid then add:
100 mM Rubidium chloride
50 mM Magnesium chloride.

TAB 2:

10 mM MOPS, pH

6 .8

with HCl

10 mM Rubidium Chloride
75 mM Calcium chloride
15% (v/v) glycerol

2.6.5. Transformation of Competent Bacteria
50 ng of plasmid DNA was added to ice cold competent cells, mixed gently
with the pipette tip and left on ice for 45 min to allow the DNA to adhere to the
bacterial cell wall. Bacteria were then heat shocked at 42®C for 2 min to allow entry
of plasmid DNA into the cells. 1 ml of pre-warmed SOC medium (table 2.6) was
added and the cells left at 37®C in a shaking water bath for 1 hour to allow expression
of antibiotic resistance and recovery of cell walls. Aliquots of the transformed cells
(10 |il and 100 pi) were then spread on L-agar plates containing 50 pg/m l of
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ampicillin and left overnight at 37®C. The transformation efficiency was calculated as
the number of bacterial colonies transformed by 1 |ig of plasmid DNA and should
average around 1 x 1 0 ^ colonies/|ig.

Table 2.6. SOC Medium for competent cell recovery

Bactotryptone

2 .0 g

Yeast Extract

0.5g

NaCl

1 ml of IM NaCl

KCl

0.25 ml of IM KCl

MgClz, MgSÛ4

1 ml of 2M Mg Stock

Glucose

1 ml of 2M Glucose

Distilled H 2O

Up to 100 ml

2.6.6. Preparation of Plasmid DNA
Small scale preparations were grown in 10 ml of LB ampicillin in a Universal
tube, for large scale preparations 100 ml of LB ampicillin in an autoclaved conical
flask was used. Care was taken to ensure adequate oxygenation by not overfilling the
flasks and using cotton wool bungs. Bacterial cultures were grown for no more than
16 hr as autolysis of bacteria with degradation of both plasmid and probe DNA may
result. The composition of all solutions for this procedure is given in table 2.7.

2.6.7. Preparation of Plasmid and Cosmid DNA (small scale)
1.5 ml of the overnight culture was pipetted into an Eppendorf tube and spun
in a microfuge at 13,000 rpm for 3 min. The supernatant was discarded and the pellet
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was resuspended in 200 |il of Solution 1. A few grains of lysozyme were added and
the tube left for 2 min at room temperature. The cells were lysed by adding 400 |il of
Solution 2, rendering the solution transparent The bacterial DNA and protein was

Table 2.7. Solutions for the preparation of plasmid and cosmid DNA

Solution 1:

50 mM glucose
25 mM Tris-HCl, pH
10 mM EDTA, pH

Solution 2:

8

8

0.2 mM NaOH
1% SDS
- made fresh for each use

Solution 3:

3 M Potassium acetate pH 5 with acetic acid

precipitated by adding 200 |il of Solution 3 and leaving the tube on ice for 20 min.
Centrifugation at 13,000 rpm for 10 min allowed separation of the plasmid containing
supernatant, and the precipitate, containing the protein and bacterial DNA, was
discarded. Pipetting off the supernatant was done with care, as the precipitate is
electrostatic and readily sticks to the pipette tip. Small scale plasmid DNA
preaparations were only used to confirm the presence of a sequence of interest and
were not routinely RNased. Plasmid DNA was precipitated by adding 0.6 x vol. iso
propyl alcohol and leaving on ice for 20 min. Centrifugation at 13,000 rpm for 10
min pelleted the plasmid DNA which was washed in 70% ethanol, air-dried and
resuspended in 50 |il of TE.
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2.6.8. Preparation of Plasmid and Cosmid DNA (large scale)
The principles are the same as those described for 'minipreps' but larger
volumes are used. A 100 ml culture of bacteria was divided into 2 x 50 ml Falcon
tubes and centrifuged at 4,000 rpm for 10 min. The supernatant was discarded and
both precipitates resuspended in a total of 10 ml of Solution 1. 20 ml of Solution 2
and 10 ml of Solution 3 were added as described above and, following DNA
precipitation and washing, the plasmid DNA was resuspended in 5 ml of TE. 25 |il of
10 mg/ml RNase were added and the DNA incubated at 37®C for 40 min. Extraction
with equal volumes of equilibrated phenol and phenol/chloroform (50:50) removed
the remaining protein and inactivated the RNase. At each stage the sample was mixed
thoroughly, then spun to separate the aqueous and solvent layers. The upper aqueous
layer containing the DNA was transferred to a fresh eppendorf tube leaving the
protein behind as a coagulated layer at the interface. A final extraction with an equal
volume of chloroform alone removed the remaining phenol which would interfere
with subsequent enzyme digestion of the plasmid. The DNA was precipitated in 2 x
vol ethanol and 1 x vol of 3M Sodium acetate, washed in 70% ethanol and
resuspended in 500 |il of TE. The concentration of the final DNA solution was
ascertained by comparative DNA fluorescence as described in section 2.3.5.

2.6.9. Generation of Insert DNA
10 |ig of plasmid DNA was incubated with 20 units of a restriction enzyme
appropriate to the cloning site into which the probe had been inserted, along with the
restriction enzyme buffer, for 2 hr.
electrophoresis using

2

Digestion was confirmed on agarose gel

pi of the digest and, if fully digested, the whole sample was

separated by gel electrophoresis, along with molecular weight markers.

2

bands

resulted, a linearalised plasmid and the insert. The gel was placed on a cleaned UV
transilluminator, the insert band was cut out with a scalpel and placed in a 1.5 ml
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eppendorf tube. The insert DNA was separated from the agarose using commercially
available kits (Geneclean II, Biotech Inc, La Jolla, USA.) according to manufacturer's
instructions. The concentration of insert DNA was ascertained using comparative
DNA fluorescence as described in section 2.3.5.

2.7. COSMID ANALYSIS
Cosmid vectors are hybrids derived from plasmids and X phage, that are able
to accept approximately 45 kb of foreign DNA, three times more than that of phage
vectors. A chromosome 13 specific cosmid library has been developed from flow
sorted chromosomes by the Genome Reference Laboratory (Nizetic et al, 1993) and
was screened by filter hybridisation in a way identical to that used for YACs (section
2.9.3). Cosmids were grown in LB with 30 |ig/ml kanamycin (LAWRIST) or 50
pg/ml ampicillin (Supercos) as the antibiotic selection and extraction of DNA was
identical to that described for plasmids (section 2.6.6). The complete cosmid was used
as a probe for in-situ hybridisation or used to generate unique probes. To derive
unique sequences cosmids were digested with Eco R l, and the fragments separated by
gel electrophoresis on a 1% agarose gel, photographed and Southern blotted. Probing
the resulting filter with sheared total human DNA identified bands containing
repetitive sequences. Bands present on the photograph of the gel but absent on the
autoradiograph were likely to function of single copy DNA sequences when used as
probes. A repeat electrophoresis of the Eco R l cut cosmid DNA was performed, the
'unique' bands excised and the DNA eluted by the Geneclean technique.

2.8. POLYMERASE CHAIN REACTION
In order for the Polymerase chain reaction (PCR) to occur (Mullis and
Faloona, 1989), at least part of the sequence to be amplified must be known so that
highly specific, short (18-25mer) DNA oligonucleotides can be used to prime the
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reaction. For the DNA polymerase to begin DNA synthesis it must recognise a region
of double stranded DNA followed by a stretch of single stranded DNA. Thus, the
oligonucleotides are annealed to the single stranded DNA template and a thermostable
polymerase is added. Oligonucleotides are also referred to as 'primers' since they
prime the polymerase for replication. Although different sets of primers require
different cycling conditions, all PCRs follow the same basic protocol: dénaturation of
the DNA resulting in single stranded DNA, annealing of the primers to the single
stranded DNA and extension of the sequence from one oligonucleotide primer to the
other in the 5' and 3' direction. This results in the cyclical doubling of the original
regions of DNA homologous to the template. The number of template sequences is
doubled with each cycle and so 30 cycles

would result in

2^0 (Ix 10^) fold

amplification of the original DNA template. Only a small amount of template is
required for these reactions (lO-lOOng). In fact, using too much DNA can result in a
decreased yield of PCR products. The extension is carried out using the heat-stable
DNA polymerase enzyme (Promega) produced by the bacteria Thermobacillus
aquaticus (Taq).

2.8.1. The PCR Reaction
The reagents essential for PCR are as follows:
•

DNA template

(100 ng)

•

a pair of ohgonucleotide primers specific for the sequence to be investigated
(2liM )

•

deoxyribonucleotide triphosphates (dATP, dTTP, dGTP, dCTP; 200 |iM each)

•

appropriate buffer (5 |il of 1:10 Taq polymerase buffer)

•

a heat stable DNA polymerase (Taq, - Promega, 1 unit).
Usually the reaction proceeded in a 50|il reaction volume although the

reaction could be doubled up to lOOul. The buffers are provided by the manufacturer
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and can be KCl based or NH4 based. KCl buffer results in more efficient annealing
but can also result in the production of non-specific bands. 50|il of mineral oil
(Sigma) is added to each reaction to prevent evaporation. The polymerase may be
added before the initial dénaturation in which case a dénaturation of 4 minutes was
used. This method results in less chance of contamination but is not as specific as the
"hot start" method which allows a 10 minute dénaturation ensuring that all the DNA is
single stranded before adding the enzyme. This, however, involves re-opening the
tubes and may be a potential source of contamination.
All reactions were performed using an automated Techne 2 thermal cycler by
the following method. An initial dénaturation step of 4 or 10 minutes at 94®C was
performed to make the DNA template single stranded and the subsequent cycles
proceeded as follows:
Dénaturation:

was normally at 94®C for 30 sec but this could be extended if

the sequence to be amplified was greater than 500 bp long.
Annealing: at a temperature determined by the melting temperature of the
oligonucleotide primers being used, and for a time determined by the length of the
expected sequence.
Extension: at 72®C, the time being determined by the length of the expected
product, for example, a larger product would require a longer extension time than a
shorter one.
Number of cycles: The amount of the PCR product doubles following each
cycle but after 30 cycles the fidelity of the reaction can decrease as secondary non
specific amplification occurs. When screening for the presence or absence of a
particular DNA sequence identified by the oligonucleotide primers, 30 cycles was
sufficient but, in circumstances where maximum product yield was necessary, up to
40 were used. The precise reaction conditions for each set of oligonucleotide primers
used is given in the Results section along with other relevant information.
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To determine whether amplification was successful, and whether it was
specific, 10-50|il of the resulting product was separated by elctrophoresis through a 2,
3, or 4% agarose gel, the percentage of the gel determined by the expected product
size. The size of the product was determined by comparison with molecular weight
markers either 1Kb markers or 100 bp markers (Gibco-BRL). Generally, smaller sized
products were better resolved on 3-4%gel and using lOObp markers. The products are
visible because the gel and running buffer both contained ethidium bromide and
allowed visualisation on an ultraviolet light source. Despite predicted annealing times
using mathematical formulae based upon the GC content of the primers (and often
provided with the primers) it was usually necessary to try a range of conditions before
reproducible results could be obtained. All primers were prepared by Dr, I. Goldsmith
at the ICRF Oligonucleotide Synthesis Lab, Clare HaU.

2.9. YEAST ARTIFICIAL CHROM OSOME ANALYSIS
Yeast artificial chromosome (YAC) technology allows the cloning of
extremely large DNA inserts, up to 2 Mb in size, in a vector that enables them to
function as independent chromosomes in the yeast host, (usually the AB1380 strain of
Saccharomyces cerevisiae). Yeast cells containing YACs can be recognised by the
presence of a selectable marker; usually the ability to grow in restricted medium. In
the case of the PYAC 4 vector, yeast cells which do not contain YAC inserts will not
grow on uracil-deficient medium which acts as the selective pressure. In the
preparation of YAC libraries total genomic human DNA is partially digested into
large fragments using Eco Rl which were then cloned into the YAC vector and used
to transform yeast cells. For many of the experiments described in this thesis the
library generated by Tony Monaco was used which has been gridded out on
nitrocellulose filters for easy screening. The others were obtained by screening the
YAC library using PCR.

114

The aim of screening YAC libraries is to identify YACs containing the
sequence of interest, ascertain their size, and characterise the DNA insert. Screening
can be performed by hybridisation or PCR. For pulsed field gel electrophoresis
(PFGE), the YAC DNA needs to be prepared in such a way as to ensure that the
chromosomes stay intact. The shearing forces produced by the preparation of DNA in
solution would fracture the YACs so all stages are performed with the YAC
containing yeast cells embedded in agarose plugs. For PCR analysis, smaller DNA
fragments are sufficient so that DNA can be prepared in solution. PCR analysis can
also be performed directly from YAC colonies growing on plates provided the amount
of yeast added to the PCR reaction is not too large as this will interfere with the
polymerase reaction. In this procedure a small amount of the colony is transferred
directly into the PCR reaction mix using a sealed Pasteur pipette or yellow tip. The
same procedure can be used to amplify sequences from bacterial cells cloned into
plasids or cosmids. The cloned insert can also be characterised by FISH (section
2.11), and vectorette end rescue (section 2.9.5).

2.9.1 Growth of YACs
Yeast colonies that have been identified by screening arrive as stab cultures in
YAC broth agar. They are then streaked out on uracil deficient medium agar which
acts as the selective pressure for the retention of the YAC in the yeast host. The
composition of the media is given in table 2.8. The plates are incubated at 30®C for
24-48 hours until colonies, about 2 mm in diameter, appear. Single colonies are then
picked and added to 10 ml of YAC broth and incubated overnight at 30®C in a
shaking incubator. This culture is then used to make DNA or agarose plugs (see
below).
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2.9.2. Preparation of YAC DNA
10 ml of an overnight culture of the yeast containing the YAC was spun at
2,000 rpm for 5 min. The supernatnant was removed and the pellet resuspended in

Table 2.8. YAC growth medium

Solution A

Casamino acids

28 g

Tyrosine

110 mg

Glucose

40 g

Adenine hemisulphate

200 mg

dH 20

1869 ml

Autoclave in 400 ml aliquots

Solution B

Yeast nitrogen base
dHzO

13.4 g
ml

200

Filter Sterilise

Solution C

Tryptophan

100 mg

dH 20

100

ml

Solution A

400 ml

Solution B

40 ml

Solution C

8

Filter Sterilise

Final YAC Broth
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ml

500 ml of d H 2O and transferred to a 1.5 ml eppendorf tube. This was then spun for 10
sec in a microfuge and the supernatant removed. The pellet was resuspended and
lysed in 200 |il of Yeast DNA lysis buffer (table 2.9). 200 p,l Phenolichloroform 1:1
was then added to the lysate along with 0.35 g of acid washed glass beads (Sigma).
The cocktail was vortexed for 5 min followed by centrifugation at 15,000 rpm. The
aqueous layer was removed from the top and transferred to another 1.5 ml eppendorf
tube leaving the glass beads and phenol /chloroform. 50 |ig of RNAase A was added
to the supernatnant and incubated for 5 min at 37®C. The YAC DNA was precipitated
at room temperature with 1ml of absolute ethanol and 10 |il of 7.5 M ammonium
acetate. This was followed by a 5 min spin in a microcentrifuge and the precipitate
was then resuspended in 100 |il d H 2 O. The typical yield from this extraction process
was 10-20 |ig DNA

Table 2.9. Yeast DNA lysis solution

Triton X 100

2%

SDS

1%

NaCl

100 mM

Tris HCl (pH 8 )

10 mM

EDTA

1 mM

2.9.3. Screening YAC Libraries by Hybridisation
The ICRF 4X YAC library contains 20,000 clones gridded on 20cm x 20cm
nylon membranes and is reported to contain five genome equivalents of each
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autosome. YAC filters were prehybridised overnight in Church buffer (see table 2.4)
and the remaining hybridisation is identical to that described in section 2.5. In order to
visualise the background YAC grid it was necessary to include lOOng of the YAC
host AB1380 DNA labelled with ^^S-dATP in the hybridization reaction. This probe
was first denatured by boiling for 5 minutes and then added to ATP deficient
oligolabelling buffer in the presence of Klenow DNA polymerase. The probe of
interest was similarly labelled using the radioisotope ^^P-dCTP as described in section
2.4.4. Both probes were labelled overnight and were separated from unincorporated
nucleotides on sephadex spin columns. The separated probes were then denatured by
boiling for 5 minutes and added directly to the hybridization buffer in the bottles
containing the prehybridised filters. The hybridisation occurred at 65®C overnight,
rotating in a bottle in a Hybaid oven. The filters were then washed in 50mM NAPI at
65® C for 15 minutes and exposed to autoradiographic film.

2.9.4. Screening YAC Libraries using PCR
Because many of the loci of interest were identifed by sequence tagged sites
(STS), or oligonucletide primers, DNA prepared from the YACs in the ICRF 4X
library was used to isolate YACs using PCR. Screening is a three stage procedure:
The primary pools each contain DNA from approximately 400 YACs in 41 separate
pools. Each primary pool contains DNA from all of the individual YACs present in 4
96-well microtitre plates. Each mictrotitre plate has been gridded into rows and
columns and all the colonies in each row and each column made into a DNA pool.
The secondary pools contain DNA from a single micro titre plate so that, when a
positive pool has been identified in the primary pools the 4 secondary pools are
screened individually which identifies the plate containing the YAC of interest. To
obtain this YAC from the secondary pools DNA isolated from all the YACs gridded
in 12 rows and

8

columns are screened. A positive signal in both a row and a column
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identifies a single YAC. Whether a PCR product is visible on an ethidium bromide
stained gel depends on the amount of starting DNA and the efficiency of the reaction.
Sometimes, when the product yield was low, there appeared to be no positives in any
of the pools even though the human control DNA gave a good signal on an agarose
gel. In this case an aliquot of the human PCR product was radiolabelled with ^^PdCTP and a Southern blot of the gel was probed with the PCR product. This self-toself hybridization increased the sensitivity of detection of positives but it was far more
time consuming.

2.9.5. Vectorette End Recue of YACs
End Rescue of YACs involves digesting the YAC with a frequently cutting
restriction enzyme and ligating an oligonucleotide cassette onto each end. The two
strands of DNA making up the cassette are homologous at the ends of the cassette but
non-complementary in the middle and for this reason the construct is often called a
'bubble'.
Using primers for each end of the YAC vector and a primer for the bubble
enabled the unique rescue of the fragments at each end of the human insert. The
rescued ends were then digested with Eco Rl, to remove YAC vector sequences, and
used as probes for hybridisation. To generate STSs from the YAC ends the rescued
fragments were sequenced as described in section 2 . 1 0 .
In order for the bubble to ligate to the digested YAC fragments, its end must
be complementary to the cut site of the restriction enzyme used in the digest. The
bottom of the bubble was always the same but the top varied according to the enzyme
used. Rsa 1 (blunt end cloning) and Hinf I (sticky end cloning) were the enzymes
most commonly used, although, often, a range of different enzymes had to be tested in
order to obtain a fragment of DNA sufficiently long enough to use as a probe or to
sequence. To obtain the annealed double stranded bubble for ligation, equimolar
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amounts of universal 'bubble bottom' and restriction enzyme specific 'bubble top' were
heated to 65®C for 5 min, and then allowed to anneal by cooling over 2 hr to 37®C.
Aliquots were then frozen at -20®C. 1 |ig of YAC DNA was then digested with Rsa 1
or Hinf I and the completeness of digestion confirmed by gel electrophoresis. The
restriction enzyme was inactivated by heating to 65®C for 10 min and 1 |il of annealed
bubble added together with 1 pi of 2 x 10^ units/ml T4 DNA ligase (NBL, UK) and an
appropriate amount of 10 x ligase buffer containing ATP which drives the reaction.
Ligation was performed at 14®C overnight in a PCR machine. The reaction solution
was then diluted 1:5 with ddH20 and 4 pi aliquots were used for subsequent PCR
analysis.
Probes were generated from end clones followed by digestion with EcoRl to
recover the 'human' insert. The method was as follows: 1 pg each of universal bubble
primer (224) and YAC end primer (1091 or HYAC-C) were used in a standard PCR
mix. A denaturing step at 94°C for 10 min was performed, whereafter 1 unit of Taq
polymerase was added. The conditions for PCR were : 1.5mM magnesium, 94®C for 1
min, 67®C for 2 min, 72®C for 2 min, 35 cycles. The YAC end clone consisted of the
end of the human insert and a short stretch of YAC vector sequence. The YAC vector
was cleaved off the human insert by adding EcoRl to the PCR reaction mix and
incubating at 37®C for 2 hr, the Taq buffer acting as the buffer for the restriction
enzyme with no modification.

The EcoRl treated PCR mix was separated by

electrophoresis on a 2% agarose gel. Two bands were seen: the human insert and the
vector fragment (240 bp for HYAC-C, 160 bp for 1091). The band corresponding to
the human DNA was then excised and the DNA eluted by the GeneClean technique
according to manufacturer's instructions.
Single stranded sequencing of YAC ends was performed as described in
section 2.10. One of the primers (224) was biotinylated and the DNA strands of the
resulting PCR product separated by alkali dénaturation. The biotinylated strand was
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'captured' by adsorbtion onto streptavidin-coated magnetic beads which were removed
from the solution with a magnet. The non biotinylated strand remained in the NaOH
solution from which it was then precipitated. Both strands could then be sequenced
using primers close to the cloning site as described in section 2.10.

2.9.6. Sizing of YACs
Pulse field gel electrophoresis (PFGE) is the only method to determine the size
of YACs because they are far too large to size using conventional electrophoresis
through agarose gels. Because of the size of the human insert in individual YACs,
standard DNA preparation results in shearing of the DNA. In order to prevent this, it
is necessary to make DNA from yeast cells embedded in agarose gel plugs which
were prepared as follows; 10 ml of the individual YAC-containing cells was grown
overnight in uracil-deficient broth with vigorous agitation at 30®C. Cells were then
pelleted at 1200g for 10 minutes and washed once in 50mM EDTA, pH 8 and 10 mM
Tris HCl. The pellet was then resuspended in 10 ml of SCE (table 2.10) and spun at
1200 rpm for 10 min at room temperature. The supernatnant was removed and the
pellet resuspended in 500 |xl of SCE. Low melting point agarose was dissolved at a
concentration of 1.5% in SCE and Zymolyase (1 mg/ml). The molten agarose was then
cooled to 4®C and 500|il was added to the 500|il of yeast cells. This solution was
gently mixed and dispensed into slots of a standard plug mold. The agarose plugs
were allowed to set on ice and then extruded into 5ml of SCE and incubated at 37® C
for 2 hours. The agarose blocks were then incubated overnight in a solution of ESP
(table 2.10) for 24-48 hours at 50®C. The plugs were then washed for 2 hours in TE at
50®C followed by a 2 hour wash in phenyl methyl sulphonyl fluoride (PMSF)
(0.4mg/ml in TE) at room temperature. The PMSF degrades proteinases and thus will
allow subsequent enzymatic digestion of YACs. The plugs were then stored in 0.5M
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EDTA, 1% Lauryl sulphate. Before being loaded on a gel the plugs are washed
thoroughly to remove traces of the Lauryl sulphate in TE with 0.4 mg/ml PMSF.
1.6% agarose gels were prepared and set in a pulse field gel electrophoresis
unit. The plugs were rinsed in TBE before being inserted into the slots of the gel.
Typical running conditions were 150 volts for 48 hours with a switch time of 80
seconds. This allowed sizing of YACs of up to 900 Kb. For YACs of up to 1.2 Kb the
program had to be modified and the gel was run for a total of 27 hours at 200 volts.
The pulse time was stepped from 70 seconds after 15 hours to 120 seconds for 12
hours.
Following the run, the gel was stained for 1 hour in approximately 200 mis of
H 2 O containing a final concentration of lOmg/ml ethidium bromide, photographed,
destained in TE, denatured, neutralized and Southern blotted (see 2.4.3). Total human
genomic DNA was labelled with ^^P-dCTP as described in section 2.4.4 and
hybridised to the blot. This allowed visualisation of the YAC containing human DNA.

Table 2.10 Solutions for preparation of YAC plugs

SCE

ESP

Sorbital

1M

Sodium Citrate

0.1 M

EDTA

10 mM

DTT

10 mM

EDTA

0.4 M

Sarkosyl

1%

Proteinase K

2 mg/ml
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Comparison of the blot and the photograph of the gel which contained PFGE yeast
markers (Pharmacia ) allowed the determination of the size of the YAC.

2.10. DNA SEQUENCING
Sequencing was performed using the di-deoxy chain termination method
(Sanger et al, 1977) directly from PCR products after separation of the individual
strands of DNA using magnetic beads. The composition of all solutions used for
these procedures is given in table 2.11.

2.10.1. Separation of DNA Strands
For separation of the DNA strands, one of the primers used in the PCR
reaction was biotinylated allowing immobilisation of the DNA on streptavidin-coated
magnetic beads (Dynal). The PCR reaction was as described above except that the
amount of primer used was decreased to

25-50 pM to avoid saturation of the

streptavidin coated beads with excess biotinylated primer. 30 |il of Dynabeads were
washed twice in 60 |il of TES, all separations being carried out on a magnetic particle
concentrator (MPC, Dynal) and resuspended in 30|il of TES. Products of the original
PCR reaction were separated from the mineral oil overlying them and then incubated
with the 30 pi of resuspended Dynabeads for 5 min at room temperature to allow
annealing of the double stranded, biotinylated PCR product to the streptavidin-coated
beads. The supernatant was removed using the MPC and the double stranded DNA
denatured by resuspending the beads in 100 pi of freshly made 0.15M NaOH at room
temperature for 5 min. Both single strands of DNA could then be isolated, the
biotinylated strand bound to the beads and the non-biotinylated strand remained in the
NaOH. DNA from the non-biotinylated strand was precipitated by the addition of 0.1
X vol of 3M sodium acetate, 2.5 vol 100% ethanol and incubation at -70®C overnight.
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Precipitated DNA was removed by centrifugation in a microfuge at 13,000 rpm for 20
min washed in 70% ethanol, air-dried and resuspended in 7 |il ddH20.

The

biotinylated DNA, immobilised on the beads, was washed in 100 |il of TES, once in
100 III ddH20, resuspended in 14 pi ddH20 and then stored at -20®C.

2.10.2. Sequencing Cloned PCR Products
It is sometimes preferable to sequence cloned PCR products because
biotinylated primers can be costly and also because there are often problems
sequencing the PCR product directly due to heterogeneity in the sizes of the PCR
products themselves. Using Taq polymerase on these variant sized products may
result in slippage and produce stops in the sequencing. These problems are overcome
by cloning the PCR products because the enzyme for replication in E.coli is Klenow
polymerase which is a more specific replication enzyme than Taq polymerase.
During the initial PCR reaction the Taq polymerase adds a number of the
adenosine triphosphate nucleotides onto the ends of the PCR products. In order to
clone the products the pGEM vector has been modified by adding a number of the
complimentary nucleotide thymidine triphosphate which allows cloning into the
vector. PCR products were cloned into the vector using the A-T cloning system
according to manufacturers instructions (Promega). JM109 competent cells were then
transformed with the pGEM clone and grown overnight on LB ampicillin plates. A
single colony was selected and grown overnight in L-Broth with ampicillin and DNA
minipreps made. At least 3-5|ig of DNA were required for successful sequencing
because the ratio of insert to plasmid DNA is quite low.

2.10.3. Separation of DNA Strands
2-3pg of the cloned PCR product was added to 15|il TE and 5|il of alkaline
dénaturation solution (see table 2.11) added to the DNA and incubated at 37®C for 30
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min. The reaction was neutralised by adding 2|il of 3M sodium acetate (0.1 x vol) and
precipitated in 50|il (2.5 x vol) of absolute alcohol. Following 15 min at -70®C, the
precipitated DNA was recovered by centrifugation, washed in 70% ethanol and
resuspended in 14|il of TE. Half of the volume of this single stranded template was

Table 2.11. Solutions used in di-deoxy sequencing

TES (STE):

10 mM Tris-HCl
1 mM EDTA
0.1 M NaCl

5x sequenase buffer (USB): 200 mM Tris-HCL, pH 7.5
100 mM Magnesium chloride
250 mM NaCl
5x labelling mix (USB):

7.5 |iM each of dGTP, dCTP, dTTP

Enzyme dilution buffer (USB): 10 mM Tris-HCl, pH 8
5m M DTT
0.5 mg/ml Bovine serum albumin
Stop buffer (USB):

95% formamide
20 mM EDTA
0.05% Bromophenol Blue
0.05% Xylene cyanol

Alkaline Dénaturation Solution
lOOmM EDTA 10 ^1
5M NaOH 200 fil
ddH iO 790 ^1
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then incubated in reaction buffer with either of the universal primers T3 or T7 which
are complimentary to sequences on either side of the vector cloning sites. This method
is not restricted to cloned PCR products and can be used to make single stranded
DNA for sequencing any DNA contained in vectors which have known sequences on
either side of the cloning site.

2.10.4. Di-deoxy Sequencing
Both strands were sequenced using a version 2 Sequenase

(USB). The

sequenase enzyme is a genetic variant of the bacteriophage T7 DNA polymerase
generated by in vitro genetic manipulation (Tabor and Richardson 1989). 0.5 pM of
the appropriate primer was annealed to 7 |il of template DNA with 2p,l of 5 x
sequenase reaction buffer by heating to 65®C for 2 min and cooling to room
temperature over a 30 min period. DNA was then labelled with ^^S-dATP (1000
Ci/mmol) through incorporation during extension. Then, the extension of DNA
synthesis was terminated by incubation with each of the 4 di-deoxynucleotides
(ddNTPs) which lack the 3' OH group necessary for chain elongation. The resulting
products would each be terminated at different lengths and, as all would have
incorporated radio labelled ^^S-dATP, their position could be identified by
autoradiography. The method was as follows: The following were added to the
annealed template primer : 1 pi of O.IM DTT, 2 pi of 1:15 diluted labelling mix, 0.5 pi
(5 pCi) of ^^S-dATP and 2 pi of Sequenase diluted 1:8 in enzyme dilution buffer.
The reaction mix was incubated for 3 min at room temperature and then 3.5 pi
aliquots were added to 0.5 ml eppendorf tubes containing 2.5 pi of each of the four
ddNTPs (ddGTP, ddlTP, ddCTP, ddATP), incubation being for 5 min at 37®C. The
reaction was terminated by the addition of 4 pi of stop solution. The resulting
products were then denatured and separated by polyacrylamide gel electrophoresis.
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2.10.5. Polyacrylamide gel electrophoresis
Polyacrylamide gels were cast between two glass plates, one of which was
shorter (33.3 x 39.4 cm) than the other (33.3 x 42 cm). Before assembly, both plates
were washed with detergent and warm water and rinsed in ddH20. One side of the
shorter plate was siliconised by wiping the surface with Sigmacote (Sigma) then
drying the plate in a fume cupboard. When dry, the siliconised surface was again
rinsed in ddH20. Plastic spacers, 42 cm long, 1 cm wide and 0.25 mm deep, were
placed on either side of the larger plate and two additional short spacers (2 cm) were
placed on top of the long spacers at the bottom of the plate, thus increasing the final
distance between the plates at the bottom to 0.5 mm. The shorter glass plate was then
placed on top with the siliconised surface adjacent to the larger plate. The edges of
the glass plate were sealed with 33 mm wide PVC electrical tape. Polyacrylamide
was polymerised from acrylamide during gel casting in a radical reaction starting with
ammonium persulphate (Sigma) and TEMED (N,N,N',N'-tetra methyl ethylene
diamine, BRL). 6% gels were made by adding 27 ml of 40% (w/v) acrylamide stock
(acrylamide: Bis-acrylamide, 19:1, NBL) to 75.8 g ultra pure urea (Sigma), 18 ml of
10 X TBE and ddH20 to a final volume of 180 ml. The solution was warmed and
180 |il of TEMED and 216 |il of freshly made 25% ammonium persulphate added to
start polymerisation. The gel mixture was introduced between the glass plates with a
syringe and a plastic comb inserted in between the plates to a depth of 5 mm whilst
the gel was still liquid. The plates were clamped at the top and sides by bulldog
clamps and left horizontally in a tray for polymerisation to occur. When the gel was
set, the clamps and tape were removed, the glass plates were washed and the comb
also removed. The gel was placed in a vertical gel electrophoresis tank (BRL/Life
Technologies Model 2) with the shorter glass plates innermost and clamped in
position. One litre of 1 x TBE running buffer was added, 500 ml to the upper and 500
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ml to the lower reservoir chambers. Unpolymerised acrylamide and urea crystals
were removed by injecting 1 x TBE in between the wells of the gel. The gel was then
connected to a suitable power supply (LKB Bromma 300Xi, Biorad) and preheated by
running at 60 W constant power for 30 min, prior to loading the samples. The wells
were once again cleaned by injection of TBE and the samples loaded with duckbill
pipette tips (Anachem) having been denatured for 3 min at 90®C. There is no need to
remove the Dynabeads prior to loading the biotinylated strand. Electrophoresis was at
60 W constant power for 2-4 hr, following which the buffer was drained and the gel
assembly withdrawn from the tank. The shorter siliconised plate was prised off and
the gel, adherent to the lower, larger plate was then placed in a large plastic tray and
fixed in 2 litres of 10% methanol: 10% glacial acetic acid for 40 min in a fume hood.
The gel was transferred to 3MM Whatman paper, covered in Saran Wrap and dried
for 90 min in a gel drier (model 583 Biorad), attached to a vacuum pump (Genevac
CVP 50). The gels were overlaid with autoradiography film (Kodak, XAR5) inside
light proof cassettes for 16 hr at room temperature without an intensifying screen and
the sequence ladder could then be read on a light box.

2.11. FLUORESCENCE IN SITU HYBRIDISATION (FISH)
FISH involves labelling a probe of interest with biotin using nick translation
and coupling this to fluorescently labelled streptavidin. The nick translation reaction
is carried out by two enzymes; DNase 1 and DNA polymerase. DNase 1 nicks the
double stranded DNA and then the DNA polymerase repairs the DNA allowing
incorporation of labelled nucleotides along both strands. The dNTP mixture contains
all 4 nucleotides with a lower molar equivalent of dATP which is made equal to the
other nucleotides with the addition of Biotin-14 dATP. The so-called 'biotinylated'
probe is hybridised to metaphase spreads or interphase nuclei and later coupled to
flourescently labelled avidin which allows visualisation of the probe. Viewed under a
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fluorescence microscope it is possible to determine the localisation of the probe on
specific chromosomes or its presence or absence on chromosomes or interphase nuclei
in the cells of interest.

2.11.1. Nick Translation
l|ig of either cosmid or Y AC DNA was nick translated in the presence of bio11-UTP (Gibco, BRL). These probes were then precipitated in the presence of
50ng/|il tRNA and 50ng/|il of sonicated salmon sperm DNA which had also been heat
denatured. These acted as carriers for the precipitation of the biotinylated probes. The
biotinylated probes were then precipitated in 100% ethanol and 0.1 x the volume of
3M sodium acetate overnight. The precipitated probes were sedimented by
centrifugation, the biotin which had not been incorporated during the nick translation
reaction remained in the supernatant. The probes were then resuspended in 50|il of TE
and 2.5|ig/|il of COT-1 human DNA was added. Following another precipitation in
ethanol and sodium acetate the probes were suspended in hybridisation fluid and
denatured at 70®C for 5 minutes. The probes were then allowed to pre-anneal to the
COT-1 DNA for 1-2 hours at 37® C. This allowed the binding of repeat sequences to
the probes so that only unique sequences present in the probe were available for
hybridisation. This allowed visualisation of a single, specific locus.

2.11.2. Preparation of Metaphase Chromosomes
For analysis of the normal hybridisation pattern of a given probe,
chromosomes were prepared from the lymphocytes of healthy donors. The
lymphocytes were grown for 4 days in the presence of the cell mitogen,
phytohaemagglutinin (PHA) which stimulates lymphocyte proliferation. 1 hour prior
to fixation 0.1|ig/|il of vinblastine sulphate was added to arrest dividing cells in
metaphase. The cells were then pelleted and resuspended in 0.7M KCl which is
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hypotonie and so bursts the membranes of red cells and swells the membranes of
white cells. The lymphocytes are extremely fragile at this stage and care must be
taken not to damage them with harsh manipulations. The cells are gently pelleted at
1200 rpm in a Jouan CR412 centrifuge and the supernatant removed. The cells are
then gently resuspended in the small volume of liquid remaining on the bottom by
tapping the side of the tube. The fixative (75% Methanol, 25% glacial acetic acid ) is
then added in a dropwise fashion, while still resuspending the cells by tapping on the
side of the tube. This is a critical step to avoid clumping of cells and thus loss of
material for making metaphase spreads. Lymphocytes are then washed a number of
times in fresh changes of the same fixative and centifuged at 600 x g to eliminate
cellular debris. These fixed cells can be stored in about 10 ml of fixative at -20^ C for
up to 12 months. However, stored cells must be washed and resuspended in fresh
fixative before being used to make further spreads at a later time.
Slides were prewashed in either Decon or household detergent (Fairy liquid)
and rinsed extensively in tap water followed by one wash in distilled water. Slides
were stored in 70% ethanol at 4®C. Prior to use, slides were again rinsed in distilled
water and chilled. Lymphocytes were resuspended in a small volume of fixative and
20-50p.l of the cell supension was dropped onto wet chilled slides and air dried. Slides
containing metaphase spreads were allowed to age several days before hybridisation.

2.11.3. Hybridisation
Denatured, preannealed cosmid or Y AC probes were added in a 20}il volume
to slides bearing metaphase spreads, which had been denatured in 70% formamide/2x
SSC at 70®C for 2min followed by dehydration in 70, 80, and 100% ethanol for 3
minutes each. The slides were then hybridised at 37®C in a humidified environment
for between 18-48 hours.
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2.11.4. Post Hybridisation Washes and Signal Detection
Following hybridisation, slides were washed 3x in 50% formamide/2X SSC
followed by another three washes in 2xSSC at 42®C for 5 min each. All solutions used
are described in table 2.12. Next, the slides were washed in 4ST at room temperature
for 3 min followed by a 10 min wash in 4ST-BSA, which allowed blocking of non
specific protein binding, followed by another 3 min wash in 4ST. The

Table 2.12. Solutions used in the preparation of probes for FISH

Labelling solution
dNTP mixture (0.5mM dATP, dCTP,
dGTP, 0.5mM biotin-16-dUTP, and
0.12mM dTTP)

5pl

DNA probe

l|ig

lOx buffer

5 |il

H 2 O to a final volume of

45pl

The labelling reaction proceeds for 1 hour at 16®C and is terminated with the
addition of 5pl of stop solution (10 MM EDTA, 0.1% SDS).

Hybridization buffer
dextran sulphate 10%
SSC 2 X final (diluted from 20 x stock;3M NaCl,
0.3M sodium citrate)
formamide, 50%
Tween 20,1%
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Flourescein Streptavidin (5 }ig/ml final)

Stock= 2mg/ml in 4ST-BSA
12(il stock in 5|il 4ST-BSA (working solution)

Biotinylated Anti-streptavidin (5 |ig/|il final)
Stock=2mg/ml in 4ST-BSA
12|il stock in 5ml 4ST-BSA (working solution)

70% Formamide/2x SSC
formamide (de-ionized) 70ml
20x SSC 10 ml
ddH 20 20 ml

4ST buffer
20x SSC 200ml
Tween 20 500ul
ddH20 to a final volume of 1 litre

4ST-BSA buffer
200ml 4ST
6 gm BSA (bovine serum albumin)
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biotin labelled probe was made visible by allowing specific protein binding to FITC
labelled streptavidin (Vector Labs) for another 3 washes followed by 4ST at room
temperature. Next, the slides were incubated in a biotinylated goat-anti-mouse antiavidin antibody for 20 min at room temperature. This resulted in a sandwich labelling
effect due to the protein-protein interaction of biotin/avidin bonding plus the antibody
affinity binding of anti-avidin to streptavidin. The signal could be intensified two
fold following another incubation of the slides in streptavidin because of an
intensification of the protein-protein interaction and the more specific antibody
binding interaction.
The slides were then washed 2 additional times in 4ST and mounted in
Citifluor and 2|ig/ml DAPI which acted as an enhancer of fluorescent signals and as a
counterstain of chromosomes respectively. The slides were viewed using a Zeiss
Axiophot fluorescence microscope attached to a cooled CCD camera linked to IPLabs
software designed by Digital Scientifc (Cambridge). The software allowed viewing of
the flourescein-labelled probes which remained hybridised to the unique regions of
the chromosomes. Weak banding created by the staining with DAPI allowed
identification of the chromosomes.

2.11.5. Centromere Specific Probes.
Centomere specific probes are available commercially (Cambio) and are pre
labelled with biotin. The centromere probe is added directly to the slides bearing
denatured metaphase spreads or mixed in equal amounts with the biotinylated probe
of interest. The hybridisation, coupling to fluorescein-labelled avidin and post
hybridisation washing procedures are the same as those described above.

133

2.12. EXON TRAPPING (AMPLIFICATION)
Exon trapping is a method for cloning expressed sequences or exons directly
from mammalian genomic DNA. It can be used to isolate exons from genomic DNA
without knowlege of the developmental time or place of gene expression. A number
of different vectors were used in these experiments. The pSPL3 vector was developed
by Church et al (1994) and was designed for the insertion of mammalian genomic
DNA fragments in an intron of the HIV-1 tat gene which is flanked by both splice
acceptor and donor sites and exons of the viral gene which was substituted for the
second intron of the rabbit 6-globin gene. The reporter gene is transcribed by the
SV40 early promotor allowing amplification in COS 7 cells and a polyadenylation
signal is derived from SV40. A multiple cloning site has been inserted which replaces
the BamHI cloning site of the original pSPLl vector.
The two other vectors pL53In and pML53InR were described by Auch and
Reth (1990) and contain several important features. Included in these vectors are the
Rous sarcoma virus long terminal repeat sequence (LTR) which acts as a strong
constitutive promotor in mammalian cells, vector splice acceptor and donor sites
which were constructed using the 3' region of the rat preproinsulin gene. These sites
were composed of 175 bp of the second exon as the splice donor site with 500 bp of
intron and 200bp of the third exon as the 3' splice acceptor site. A multiple cloning
site has been inserted into the intron sequences. A polyadenylation signal, which
allows the spliced transcripts to be polyadenylated and exported to the nucleus
(Mattaj, 1990), is also present. The SV40 origin with the parental vector, pFX3,
which allows the plasmid to amplify in COS cells.

2.12.1. Subcloning of Genomic Fragments
A number of different enzymes were used in these experiments depending on
the vector being used and also to generate a variety of different sized fragments from
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the DNA of the cosmids. The vectors were prepared by digesting 3|ig of vector DNA
in 10 units of the appropriate enzyme at 37®C overnight. The vector DNA was run on
a 1% agarose checker gel to determine whether complete digestion had occurred. This
was followed by removal of the enzyme using a Promega Cleanup column. The vector
was then phosphatased using 2 units of calf intestinal phosphatse (Promega) for 1
hour at 37®C. The phosphatase was removed using a Promega cleanup column.
Cosmids were also digested with with the enzyme compatible with the one
used to digest the vectors and purified using cleanup columns. The cosmid DNA was
adjusted to 100ng/|il and the vector DNA to 50 ng/|il for ligation using 2.5 units of T4
DNA ligase (Bioline) in a 20|il reaction volume in 1 x ligation buffer (supplied by the
manufacturers) for 5 hours at 16®C.

2.12.2. Transformation
DH5fl maximum efficiency competent cells (Gibco BRL) were defrosted on
ice and 50|il of cells were mixed with 20|il of the ligation reaction. This mixture was
incubated on ice for 30 min to allow mixing of the two solutions. The cells were then
heat shocked for 2 min at 42®C to allow incorporation of the ligated fragments and
returned to ice for a further 2 minutes. 1 ml of SOC medium (table 2.6) was then
added to the cells and they were incubated at 37®C with gentle rocking for 1 hour to
allow recovery. The bacterial cells were then pelleted and resuspended in L-broth and
spread on L-agar bacteriological plates with ampicillin and incubated overnight at
37«C.
In order to determine if transformation was successful a number of controls
were included; i) vector which had been phosphatased and ligated with no insert
DNA. If colonies appear on the plate then the phosphatase reaction has failed and the
vector has religated back to itself and been incorporated in the competent cells, ii)
cosmid DNA alone which has been ligated. If colonies grow in this control then the
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DNA fragments have circularised and been incorporated into the competent cells, iii)
Competent cells alone should be subjected to heat shock and recovery to insure that
they are not contaminated, iv) The vector which has been linearised and phosphatased
should also be used to transform competent cells to ensure that the enzyme digest has
been complete.
Following transformation a number of representative colonies are selected and
DNA prepared. This is then digested with the appropriate enzyme to separate the
insert from the vector and run on a gel to determine if inserts are present in the
vectors. This can also be accomplished by using PCR and oligonucleotide primers
complimentary to those flanking the vector cloning site.
Once it has been determined that the vectors contain genomic inserts, colonies
on the plates are scraped off, pooled and DNA made using Magic DNA purification
preps (Promega) following the manufacturers instructions. This DNA was
resuspended in a final volume of 100 pi.

2.12.3. Transfection
COS cells were derived from the an African Green monkey kidney cell line
and contain a single integrated copy of the early region of SV40 DNA (Gluzman,
1981). This region codes for the large T-antigen of the virus and allows the episomal
replication of a vector carrying the SV40 replication origin such as pL53In. COS cells
were grown as monolayer cultures in MEM supplemented with 10% fetal calf serum,
1% L-glutamine, and 1% streptomycin/penicillin (Gibco BRL). Cells were grown at
37®C and passaged twice a week.
Prior to transfection a 9 cm plate of semi-confluent COS cells was washed in
PBS and harvested with trypsin followed by another wash in PBS. The cells were then
resuspended in 1 ml of PBS and transferred to sterile electroporation cuvettes with a
0.2 cm gap. 50pl of the cloned DNA was then added to the COS cells and placed on
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ice. The solution was then electroprated using a BioRad Gene Puiser using 1200 volts,
25 micro-farads, 200 Ohms for about 4.5 second time constant. The cells were then
returned to ice and replated into 9cm tissue culture petri dishes containing DMEM
culture medium. Following incubation for 2 days the cells were about 50% confluent
and ready for RNA extraction. Cells were washed in PBS and scraped off of the dish
using a rubber policeman. The cells were then pelleted and mRNA extracted using a
QuickPrep Micro mRNA Purification Kit (Pharmacia) according to the manufacturers
instructions. The final RNA was resuspended in 50p,l of TE. The RNA was then
treated with RNAase-free DNAase to insure no contamination from plasmid DNA.

2.12.4. Amplification of Total RNA by Reverse Transcription (RT)-PCR
The mRNA isolated from the COS cells was used as a template for first strand
cDNA synthesis. 5|il of the RNA extract was suspended in Ix reverse transcriptase
buffer (as supplied by the manufacturer, Promega, 2mM dNTPs and 0.2fiM of the
appropriate primer and denatured at 70®C for 10 minutes. The solution was then
cooled and Ijil of RNAsin and Ifil of Moloney Murine Leukeamia Virus reverse
transcriptase added and incubated for 3 hours at 42®C. In the case of the pML53InR
and pL53In vectors, a vector-specific primer, complimentary to the 3' splice acceptor
site, was included in the reverse transcription reaction.

2.12.5. PCR Amplification
The exon trap products are then amplified using vector specific primers. The
first set of primers are derived from sequences flanking the cloning sites. The second
set of 'nested primers' also lie close to the vector cloning site but are closer, thereby
allowing specific amplification of the insert so that it can be used either as a probe or
for sequencing. The primers and conditions used in these reactions are presented in
the Results section.
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2.13. SCREENING cDNA LIBRARIES
Tissue specific cDNA libraries are commercially available and were used to
screen for full length genes. In some cases these libraries have been arrayed on filters,
such as the ICRF C507 fetal brain library cloned into the p-SPORT vector, which are
screened by hybridisation as described in section 2.9.3. Alternatively these libraries
are available in bacteriophage vectors and are plated out and subsequently screened
using hybridisation. The libraries used in these experiments were the ICRF C507
cDNA library and libraries constructed from fetal brain, adult breast, bone marrow
and liver.

2.13.1. X Phage Analysis
X phage are bacterial viruses that have been altered, in vitro, to allow cloning
of larger DNA fragments than is possible in plasmid vectors. Commercially available
chromosome specific libraries (CamBio) are available in this vector from a wide
variety of human tissues from different developmental stages. All amplification and
screening of X phage has to be done using bacterial strains which are capable of being
infected by the viruses. Mostly, the E coli LE392 strain was used. The composition of
all solutions used in phage work is shown in table 2.13.

2.13.2. Preparation of LE392
LE392 cells were streaked out from frozen stocks onto LB agar with no
antibiotic selection and incubated at 37®C overnight. Single colonies of LE392 were
then added to 5 ml of LB in a 15 ml universal container and placed in a shaking
incubator at 37®C for 8 hr. 3 ml of this culture (now thick with LE392) was added to
50 ml LB + 0.2% maltose and incubated with shaking at 37®C overnight. Cells were
pelleted by centrifugation in a Jouan CR412 centrifuge at 4000 rpm for 10 min at
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room temperature and resuspended in 0.4 x the original volume (20 ml) of O.OIM
Magnesium sulphate. Further 0.01 M magnesium sulphate was added until the optical
density at

was 2 OD units, corresponding to 1.6x10^ cells/ml. Cells were stored

in aliquots at 4®C. The maltose induces the lambda receptor on the surface of the
bacteria thus allowing infection by the phage.

2.13 3. Calculating the Titre of Phage Libraries
Plates were made by pouring cooled, molten LB agar into 9 cm Petri dishes
under sterile conditions in a fume hood. This 'bottom' agar formed a support for the
eventual bacterial lawn which will support the phage growth. 7g of electrophoretic
grade agarose was added to 1 litre of LB, autoclaved and cooled to 45®C. This is used
to form the 'top' agarose containing bacteria and phage.

Table 2.13. Solutions used in X phage culture

20% Maltose:

Maltose 20 g
ddH20 to 100 ml - filter sterilise (autoclaving will
caramelise the sugar)
- add 1 ml to each 100 ml medium

SM:

Per litre:
5.8 g NaCl
2 g M gS04 7 H 2 O
1 M Tris-HCl, pH 7.7
2% gelatin
- autoclave
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10 |il of phage stock was added to 990 |il SM (10"^ dilution) and further serial
lOx dilutions were made giving solutions of 10"^ to 10"^ of the original stock. lOOpl
of these dilutions were then added to 200 pi of LE392 cells and incubated for 15 min
at 37®C. 3.5 ml of top agarose, kept molten at 65®C prior to use, was added to the
phage and bacteria, mixed and rapidly spread onto pre-warmed bottom agar plates.
Once set, the plates were incubated up-side-down at 37®C overnight and the number
of clear plaques on the bacterial lawn counted the next day. The titre of phage per pi
of stock could then be calculated.

2.13.4. Screening Phage Libraries
The phage library was plated out at a density that gave clear plaques in the
bacterial lawn 2 mm in diameter after overnight incubation at 37®C. Approximately
20,000 phage were plated on each of 8 x 15 cm diameter Petri-dishes. The plates were
then cooled at 4®C to allow the top agar to set and then circular discs of hybridisation
membrane (Hybond N) were laid on top of the Petri dish and pinholes were made in
them and through the agar to ensure that the orientation of the filter relative to the
plate. The filter was labelled and then removed after 2 min using forceps and floated
on denaturing solution for 3 min, transferred to neutralising solution for 3 min and
then washed in 2xSSC for 3 min. Filters were then baked for 2 hr at 80®C and then
hybridised with the unique sequence probe of interest as described in section 2.5.
Filters were hybridised in Church buffer and then washed in 2 x SSC for 10 minutes
at room temperature. Autoradiography was performed overnight. The developed
autoradiograph could then be placed on a light box and the plate from which the filter
had been made placed on top, aligning the pin holes to ensure accurate orientation.
Black dots on the autoradiograph indicated colonies containing the human sequences
of interest. A sterile pipette tip was snipped off so that the diameter of the end was
slightly greater than that of the plaque. A Gilson pipette was then set to 30 |il and the
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plunger depressed. The pipette tip was located above the plaque and stabbed through
both top and bottom agar leaving the plaque inside the tip. The plunger was released
and the vacuum removed the plaque from its attachment to the plate, ensuring it
stayed in the pipette tip. The plaque was then extruded into 250 |il SM containing a
drop of chloroform to inhibit bacterial growth. After 5 hr at room temperature the
phage will have diffused into the SM and they can be stored at 4®C.

2.13.5. Amplifying Phage DNA
50 pi of the plug eluent was incubated with 200 pi of LE392 in M gS04 at
37“C for 20 min and then added to 3.5 ml top agarose and spread onto a pre-warmed
bottom agar plate which was then incubated overnight at 37®C. Confluent lysis of the
bacterial lawn should occur and the phage were then eluted by pouring 4 ml of SM
onto the plate and leaving, with gentle shaking, for 4 hr. 2 hr before the end of the
elution, 0.5 ml of LE392 cells were added to 45 ml LB with 0.2% maltose and
incubated at 37°C with shaking until the OD A ^^ was 1.0 (usually 2 hr). The 4 ml of
eluent was then added to the 50 ml of LE392 cells and incubated at 37®C with shaking
until flocculation, indicative of bacterial lysis, occurred. This usually took about 2 hr.
0.5 ml of chloroform was then added to lyse the remaining intact bacteria. Crude
preparations of DNAase (1 mg/ml) and RNAase (50 ug/ml) was added for 30 min at
room temperature to remove bacterial nucleic acids. The chloroform was then
removed with a Pasteur pipette. 2.9 g of NaCl and 10 w/v of PEG were then added,
the tube inverted gently to dissolve the PEG, and stored for 16 hr at 4®C to precipitate
the phage. The phage were recovered by centrifugation and then resuspended in 0.5ml
SM and vortexed with an equal volume of chloroform. The mixture was then spun at
13,000 g for 3 min to release the phage from the PEG, which stays at the interface.
The upper aqueous layer carrying the phage was removed and SDS was then added to
1% to ensure lysis of the phage. RNase was added to a working concentration of 100
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|ig/ml for 30 min at 37®C and then inactivated by the addition of proteinase K to a
concentration of 200 |ig/ml and incubated at 65®C for 1 hr. The phage DNA was
phenol/chloroform extracted, ethanol precipitated and resuspended in TE.
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CHAPTER 3

RESULTS
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3.1. FOREWORD
The aim of this thesis was initially to define the position of breakpoints on
chromosome 13 found in translocations from BCLL in order to look for genes
associated with the development of this tumour. Numerous studies had shown that
chromosome 13ql4 rearrangements were commonly seen in BCLL (see discussion).
The analysis of the leukemia samples was carried out in collaboration with the
Hematatology department at the Royal Bournemouth Hospital. This hospital serves an
aging population and hence treats a large number of BCLL patients, although their
most significant contribution was that they represented one of the few laboratories
who routinely analyse the cytogenetics of the tumours. A recurring theme which
hindered the study of the BCLL breakpoints during most of the early analysis was the
paucity of probes available for chromosome 13. As the thesis progressed a high
density linkage map of chromosome 13 became available and, in order to continue to
study the BCLL rearrangements, it was necessary to correlate this map with the
existing physical map of the chromosome. Also, with the mapping of randomly
sequenced genes, in the form of ESTs, to chromosome 13, the sublocalisation of these
genes on the chromosome became another objective in case one proved to be a
candidate for BCLL. In order to characterise the chromosomal breakpoint in BCLL, in
the first instance, somatic cell hybrids were generated from the tumours of patients
who carried reciprocal translocations involving 13ql4. However, during the course of
this thesis many new reagents for chromosome mapping became available and it was
often necessary to characterise these prototype libraries, etc, to determine how useful
they would be in the analysis of other genes on chromosome 13.
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3.2. ANALYSIS OF BCLL TRANSLOCATIONS

3.2.1. Origin of Samples.
Leukaemic cells were obtained from patients who had been shown,
cytogenetically, to carry chromosomal abnorm alities involving 13ql4. A
representative list of the rearrangements seen in these patients is given in table 3.1.
Cells were isolated on ficoll density gradients and frozen in liquid nitrogen in
aliquots of 10^cells /ml. There have been reports where mitogenic stimulation of
nondividing cells was used prior to the creation of somatic cell hybrids (Brown et al,
1993) but we chose not to use this procedure because it had been shown by Peterson
et al (1992) that these mitogens tend to preferentially increase the number of dividing
normal B cells. As suggested by Cowell (1992a), it is the dividing cells which are
most likely to be involved in the successful generation of somatic cell hybrids and so
it was not advisable to risk the chances of preferentially stimulating normal B cells. It
was also of some concern that Fitchett et al (1987) had shown that only 10-40% of the
dividing cells in a mitogen treated leukaemic sample contained the particular
chromosome abnormality, the rest having the normal karyotype. This was further
proof that normal cells were being stimulated to grow because, in peripheral blood
samples, the majority of the cells were presumed to be leukaemic at the time of
sampling. The 13ql4 abnormalities included deletions and translocations but it was
decided to focus on the reciprocal translocations, making the assumption that there
would be no loss of chromosomal material in a translocation which presumably
interrupted a critical gene involved in leukaemogenesis.
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Table 3.1. Examples of cytogenetic abnormalities involving chromosome 13 in
BCLL patients and occurring as the only cytogenetic abnormalities in tumour
cells. Those shown in hold type were used to create somatic cell hybrids.

Patient

Chromosomes

RH

46, XX, t(12:13)(pl2;ql4)

NL

46, XX, t(9;13)(q22;ql4).

BA

46, XX, t(13;22)(ql4;ql3.3), del (13) (ql2ql4)

ER

46, XX, t(13;13)(ql4;q22)

CR

46, XX, t(4;13;17)(q34;ql4;q23)

RBHl

46, XY, t(4;13)(pl5;ql4)

RBH2

46, XY, t(13;18)(ql4;pll)

RBH3

46, XX, del(13)(ql2q21)

RBH4

46, XY, del (13)(ql2ql4)

RBH5

46, XX, del(13)(ql2q22)

RBH6

46, XX, del (13)(ql4q21)

RBH7

46, XY, del (13)(ql4q22)

RBH8

46, XX, del (13)(ql4q22)

3.2.2. Somatic Cell Hybrids
Over a six month period leukaemic cell samples were obtained from 5 patients
who had been shown to carry chromosome translocations with breakpoints in the
13ql4 region. The various translocations used in this study are highlighted in table
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3.1. It should be noted that, although the translocations involve many different
chromosomes, the 13ql4 region is always involved in these rearrangements indicating
that genes in this region are critical for the disease phenotype. In order to characterise
the position of the 13ql4 breakpoints, a primary goal was to isolate the two derivative
chromosome translocation partners for each patient in separate hybrids. Following
cell fusion and HAT selection (section 2.2.3-4) variable numbers of hybrid colonies
appeared in the culture dishes from each of the leukaemic samples. Thus, from the
patient RH, for example, >200 colonies arose, whereas from the patient NL only 2
colonies grew to a large enough size such that they could be transferred. The number
of hybrids obtained from the lymphocytes from the patient RH was an exception, as
the number of hybrids derived from other patients were as follows; ER-3, CR-5, DW8, and BA-12. This variation may be due to the differences in the number of viable
cells in the samples from the individual patients or their ability to fuse with 3T3 cells.
When colonies were visible under the microscope as separate entities, ring cloning
was performed (section 2.2.4). The colonies were trypsinised and transferred to 96
well or 24 well culture plates depending on their size. This was to ensure that
individual colonies on the Petri-dish did not merge and thus maintained the genetic
integrity of the separate clones. Often colonies that are isolated by ring cloning and
then reseeded into multiwell plates did not survive. Thus, not all colonies in the
original dish gave analysable hybrids. Because colonies were isolated over a period of
weeks the ring cloning procedure itself had to be performed carefully because if
leakage of trypsin occurred the cells from this and other colonies could possibly
reseed or even contaminate the other clonal populations which had not yet formed
sizable colonies.
Initially, enough DNA was made from the individual hybrid clones to use in
Southern blotting experiments. Large quantities of DNA are required for this
procedure because the amount of human DNA in the hybrids is only a small
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percentage of the total genomic DNA of the hybrid. At first. Southern blotting and
probe hybridization were used to investigate the presence or absence of markers in the
hybrids but this proved to be too time consuming, not only because so much hybrid
DNA was required but also because the results were often not easily interpreted or
reliable and there were so many hybrids to screen. Therefore, in order to determine
which translocation product, if any, was contained in the hybrids it was decided to
screen them using STS which identified specific loci on the chromosome. A summary
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Figure 3.1. Ideogram of chromosome 13 showing the location of the loci used in
the primary analysis of somatic cell hybrids constructed with BCLL cells.
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of the oligonucleotide sequence and PCR conditions for these STS are shown in table
3.2. Initially only one STS from the proximal and distal ends of chromosome 13 were
used in PCR analysis. In order to determine if the distal part of the translocation was
present in the hybrids an STS from the factor VII gene (Abbott and Povey, 1991) was
used which is located in 13q34. The presence of the proximal end of chromosome 13
was determined using primers designed from the ALU 78 STS (Michalski et al, 1992)
which is located in the 13ql2 region (see figure 3.1). This initial screening process
was carried out for all of the primary hybrid clones to determine whether they
contained either the proximal part, distal part, all of the chromosome or no
chromosome 13 material at all. Each series of PCR reactions included total human
genomic DNA as a positive control as well as DNA from the hybrid, PGME, which
contains the whole of chromosome 13 as its only human component (Cowell and
Mitchell, 1989). The mouse control DNA was isolated from the 3T3 mouse fibroblast
cell line. Using these controls it was possible to show, firstly, that the primers were
working on human DNA and secondly, that a PCR product with the correct size was
produced. The PGME DNA demonstrated the specificity of the primers for
chromosome 13 sequences and the mouse DNA made it possible to determine
whether the primers were cross-reacting with mouse sequences, as often happens (see
figure 3.4). In this case, by comparing the 3T3 DNA, the bands on the gel which were
mouse-specific, could be identified. Also included in the reactions was a blank control
which contained the 2 primers, Taq polymerase enzyme and dNTPs without any
DNA. This reaction was the control to determine whether any of the reaction solutions
were contaminated or whether artefacts such as primer dimers had been generated.
The analysis of the primary clones screened for the presence or absence of
chromosome 13 material but did not take into account the possibility of genetic
heterogeneity within the hybrid population at this stage. For example, PCR would
identify hybrids which carried the particular part of chromosome 13 even if only 5-
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10% of the cells contained it. Of concern in these cases is that the hybrids of interest
may soon be overgrown by a dominant population without the rearrangement. An
example of this situation was found in the analysis of hybrids from the patient RH
using the proximal and distal markers. In some hybrids a strong signal was seen on
the PCR gel but often, in others, a weak signal was also seen for the reciprocal half of
the chromosome (figure 3.2). This suggested that these hybrids were harbouring a
subpopulation of cells possibly carrying the normal chromosome (figure 3.2). The
original clones were isolated at an early stage in their development and, during
transfer, may well have undergone additional chromosome instability. This was
shown for RHF37 which is missing RMS in figure 3.2 although earlier analysis with
RBI (figure 3.4) suggested that this part of the chromosome was present in RHF37.
The hybrids were subcloned (section 2.2.4) and all of the individual subclones were
then re-screened using PCR as described for the original hybrids.
It was shown in figure 3.2 that, in the hybrid RHF 40, even though the distal
primers produced strong bands, a weak band was also generated for the proximal
RMS probe. Figure 3.3 shows the analysis of the subclones from this hybrid following
single cell cloning. The presence of both proximal (RBI) and distal (factor VII) STS
in some of the hybrid subclones, eg. 4 and 9, strongly suggests the presence of a
normal copy of chromosome 13 in these hybrids which was presumably responsible
for the weak signal in the original analysis. Some hybrid clones contained neither
marker but the exclusive presence of proximal or distal markers in some hybids
demonstrated that pure clones containing the derivative chromosome 13 had been
generated. In the RH series of hybrids, number 23 apparently contained the proximal
part of chromosome 13 and the hybrid 40 contained the distal part (figure 3.2).
Subclones 24 and 7 from these, respectively, were selected for further analysis giving
rise to RHF 2324 and RHF 407 (see section 3.2.3). The same nomenclature was used
for the other hybrids, thus subclone 9 of NLF 1 and subclone 1 of NLF 2 gave rise to
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Figure 3.2. Analysis of a series of somatic cell hybrids derived from fusion with
leukaemic cells from patient RH. The hybrids containing the RMS STS located
in 13ql4.1 are shown. Hybrid RHF 40, however, consistently demonstrated a
weak band with these prim ers possibly indicating the presence of a
subpopulation of cells with the proximal part of the chromosome.
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RBI (exon 6)

Figure 3.3. Analysis of subclones from hybrid RHF 40 using PCR primers for (a)
the Factor 7 gene and (b) exon

6

of the RBI gene. With the exception of

subclones 3 and 13 (a) all subclones contained the distal part of chromosome 13.
Subclones 4, 9 and

11

(b) also contain the proximal half of the chromosome and

so either contain a normal 13 or both derivatives of the translocation. The other
clones, 1, 5, 6 , 7, and

8

contain the distal part of chromosome 13 and hybrid

subclone 40-7 was selected for subsequent analysis.
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NLF 19 and NLF 21 respectively. As a second indicator of the purity of the RH
hybrids an STS for the K-ras gene (table 3.2), located on the short arm arm of
chromosome 12, was used and these results are shown in figure 3.4. Hybrid RHF 23
contained K-ras and hybrid RHF 40 showed only weak staining. Using the same
analysis RHF 2324 was positive for K-ras but RHF 407 was not.
As an independent confirmation of the presence or absence of rearranged
copies of chromosome 13, karyotype analysis of the hybrids was also performed.
Cytogenetic analysis of somatic cell hybrids using standard G-banding, however, was
difficult to interpet because of the relatively small number of human chromosomes in
the rodent background which, in 3T3 cells, contain many small marker chromosomes
(Cowell, personal communication). In addition, these hybrids often undergo
endoreduplication

which increases the num ber of mouse chrom osom e

disproportionately. Thus, it is not easily possible to identify rearranged human
chromosomes unequivocally (Cowell, 1992a) using G-banding.
With the development of the FISH technique of chromosome painting,
however, it became relatively easy to confirm whether the hybrids indeed contained
the chromosome 13 translocation products. These chromosome specific paints, which
are commercially available, are generated by compiling a large number of
chromosome specific probes generated by Alu-PCR of flow sorted chromosomes and
labelling them with a particular fluorochrome. Therefore, even if there is cross
reactivity between some of the probes with other chromosomes, it is unlikely to cross
react with the entire length of the chromosome. Using this approach it was possible to
demonstrate that most of the hybrids of interest actually contained chromosome 13
material. These points are illustrated in figure 3.5. It can be clearly seen from these
examples that translocations were present because only the chromosome 13 part of the
translocation hybridises to the probe while the other half of the chromosome shows
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only the DAPI counterstain. Equally important was the fact that it was also possible to
demonstrate that the normal chromosome 13 homologue was, or was not, present.
Where it was investigated, FISH analysis confirmed the molecular studies.

Table 3.2. Summary of sequence and conditions of PCR primers used to analyse
somatic cell hybrids containing derivatives of human chromosome 13.

Name

Sequence

Temp

size (bp)

A lu78

AGTTTATAGGAGGCCGTAG i r n GG
CCAAACTTGGAAGGGGATGAGAAT
A

58

600

RMS 44.3

AATAAGAACAGCATCAGCAGA
TATAAATGTAGCCAGGGAAG

60

430

RMS 49.6

GACTAGTAAGTCTACAATGCT
CCCATACATCTGAAACAGGGA

60

250

RB1X3

GGACACAAACTGCFACCTCTTAAAG
GCCATCAGAAGGATGTGTTACAA

58

477

RB1X27

GAGGTGTACACAGTGTCCACCAAGG 62
AAGGTCCTGAGCGCCATCAGTTTGA

218

RBpolyA

GTTTTTAGGTCAAGGGCTTAC
ATCTCTAGCATATAGAGCCCCTT

58

380

D13S25

GATTCTAATCAGATAGACTG
AAGCTTCTGlTTGrrCAAGA

56

300

D13S31

CAGATCGAGACAATAAGTGC
ATCTCTTAATTCCAGCATCC

55

510

D13S59

GCTATTCAGACTCCATGCAG
GTCATGATTGCCTTGTGAGC

55

238

FAC 7

CTTGTCCTTTGGATCAGTCCACGGA 56
TAATCCTAGTGGGACAGGGACTGGT

376

KRAS

CATGTTCTAATATAGTCACA
CCTCTATTGTTGGATCATATTCGT

186

154
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Figure 3.4a. Analysis of RHF hybrids using RB 1-exon 16 (left) from 13ql4 and
the K-ras gene (right) from 12p. Hybrids RHF 4, RHF 23 and RHF 37 contains
the RBI gene but RHF 40 does not. The K-ras gene is absent from RHF 40 but it
is present in the other hybrids, thus confirming the presence of the derivative
(13; 12) chromosome in RHF 23.

RHF 23
M P H M 11 12 13 24 1

RHF 40
3

6

7

Figure 3.4b. Analysis of hybrid subclones using primers from K-ras on 12p. The
human specific band in shown (lane H) and is not present in the 13-only hybrid
PGME or mouse DNA although cross-reacting sequences are seen in some
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Figure 3.5. FISH analysis of somatic cell hybrids. The DAPI counterstain has
been assigned a red colour using the computer software and the chromosome
specific paint is green/yellow. In (top left) the chromosomes from hybrid BAF12
are shown and the only chromosome 13 material is the small del(13)(ql2;ql4). A
similar pattern is seen for hybrid RHF 2324 (right) containing the der (12;13)
chromosome. In hybrid RHF 40 (bottom left) the der (12qter-pl2::13ql4-qter) is
seen (arrow) where half of the chromosome is stained yellow, the unstained part
corresponding to chromosome 12 material. In this spread there is also other
chromosome 13 material as suggested from the PCR analysis (figure 3.3). Note
the bright staining centromeres of the mouse chromosomes.
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The 13ql4 translocation breakpoint associated with rhabdomyosarcoma
(RMS) had been shown to lie in the proximal part of 13ql4 (Mitchell et al 1991). The
sequences of primers flanking this breakpoint (a gift from Dr D. Shapiro) are shown
in table 3.2. All of the hybrids containing the proximal half of the chromosome were
positive using these STS. This was an important observation because it excluded the
fork-head gene, which is translocated in the t(2;13) rearrangement frequently seen in
RMS (Barr et al, 1993), from involvement in the rearrangement and indicated that the
BCLL breakpoint lay more distal to the RMS breakpoint (see figure 3.1). The RBI
gene lies in the distal part of 13ql4 (Cowell et al, 1987) with the 5' end of the gene
being more proximal than the 3' end (Mitchell and Cowell, 1989). Using primers
described by Hogg et al (1992) the presence or absence of exons 3 (proximal) and 27
(distal) of the RB 1 gene was analysed in the hybrids. The hybrids derived from the
patient ER had been found to carry both proximal and distal markers (see above)
because of a reciprocal t(13;13) translocation. Both hybrids, however, were found to
be missing the RBI sequences, indicating that they had been deleted as a result of the
generation of the translocation. In the hybrids derived from the patients CR and NL,
RB 1 sequences could not be amplified from the two hybrids carrying the proximal or
distal half of the translocation either. Again this indicated that deletions had occurred
as a result of the translocation event (see table 3.3).
In patient BA, cytogenetic analysis had previously shown (D. Oscier, pers
comm.) that, in addition to the reciprocal t(13;22)(ql4;ql3.3) translocation, there was
also a deletion of 13ql2-ql4 on the other homologue. Of the 12 hybrids isolated in
this case only one contained the Factor VII gene and hence the distal half of the
chromosome. No corresponding hybrid carrying the proximal half of the
translocation was isolated from this patient.
From the leukaemic cells of the patient RH two hybrids were isolated. The
hybrid RHF 2324 contained the proximal half of the chromosome because ALU 78
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Figure 3.6. Analysis of hybrid subclones RHF2324 and RHF 407 derived from
BCLL patient RH. In (a) the 13ql2 locus Alu78 is present exclusively in RHF
2324 whereas the factor VII gene (b) is exclusively present in hybrid RHF 407
only.
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Figure 3.7. PCR analysis of the 13ql4 region in BCLL hybrids. The hybrid RHF
2324, which contains the proximal chromosome 13 marker, also contains RMS
(a) and exon 3 (b) and 27 (c) of the RBI gene. In contrast, RHF 407 which
contains the distal chromosome 13 marker does not carry RMS or RBI. In (c) a
series of hybrids (NLF) from patient NL which carry the proximal markers do
not show the human specific 218 bp band for RB 1.27 but only the cross-re acting
bands seen in the mouse lane. In (d) neither hybrids from patient RH show
evidence of DNA sequences from D13S25.
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(figure 3.6) and the RMS gene were present (figure 3.7). The hybrid RHF 407 was
found to contain the distal half of the translocation because the factor VII gene was
present (figure 3.6). When the hybrids were tested for the presence of exons 3 and 27
of the RBI gene both were found to be present in the hybrid RHF 2324 which
contained the proximal half of the chromosome (figure 3.7). Sequences from the 3'
untranslated region of the gene were also found to be present in the hybrid RHF 2324
(Figure 3.8) and, because this is the most distal part of the RBI gene, it proved that
RB 1 is not interrupted by the translocation breakpoint associated with BCLL (see
table 3.3).
In order to define the minimum region of overlap between all of the hybrids,
additional loci close to the 13ql4 region were analysed. Three other probes from the
13ql4 region became available and which had been found, by linkage analysis
(Bowcock et al, 1991), to be in the linear order RB1-D13S25-D13S31-D13S59 (see
figure 3.9). Initially these probes were hybridized to a Southern blot of the hybrid
DNAs. The results were difficult to interpret (figure 3.10). However, during the
course of these experiments, PCR primers from these probes became available and
were used to further delineate the BCLL breakpoint. The sequences used as
oligonucleotides for these loci are shown in table 3.2. The D13S59 locus was present
in the hybrids which contained the distal half of the chromosome (table 3.3) except in
the case of the hybrid CR 59. Further analysis was not carried out on this hybrid
because subsequent experiments suggested that it had lost its human chromosome 13
component at some point, which often happens in these relatively unstable hybrids.
The D13S31 locus was also found in all the hybrids which contained the distal half of
the translocation (table 3.3), indicating that the breakpoint must be proximal to this
locus. The D13S25 locus, however, was shown to be absent in all the hybrids (table
3.3), whether they carried the proximal or distal part of chromosome 13. This shows
that there are apparently always deletions associated with the translocations in these
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patients. These deletions can be large enough to include RBI, such as in the case of
the patients CR and NL, but in the case of the patient RH the deletion is primarily
localised around the D13S25 locus (Figure 3.7) making this the smallest deletion
region and which extended between the RBI and D13S31 loci. This distance had
previously been shown, by linkage analysis (Bowcock et al, 1991), to be
approximately 2.8 centimorgans (cM), which corresponds to approximately 2.8 Mbp
in physical distance. Bowcock et al (1993a) published another microsatellite linkage
map of

RBI

1.8 cM

D 13S25
1 cM
D13S31
1.5 cM
D 13S59

Figure 3.9. Ideogram of chromosome 13 showing the orientation of loci in the
13ql4.3 region.
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Southern blot analysis of the D13S25 locus in RHF hybrids. The

human-specific band (arrow) is clearly seen in the DNA from human and hybrid
PGME but not in mouse DNA. This band is absent from RHF 407 and RHF 2324
as well as hybrids CAF 5 and JCF 9 which also carry deletions of the 13ql4
region.
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chromosome 13 which included 3 further probes, D13S119, D13S144 and D13S150,
which also mapped to the 13ql4 region. Primers from these probes (table 3.4) were
made to determine whether they lay within the deleted region in RH. All of
them were found to be present in the RHF 407 hybrid and are thus located distal to
the region of interest.

Table 3.4. Sum m ary of DNA sequences and PC R conditions for STS m arkers
distal to D13S59.

Locus

Sequence

Size (bp)

Temp.

D13S119

AAGACITTGAATGAAATTCCC
TTATTGCCTTTGTAGATCATTG

140

55

D13S144

TCCCAAGTATGATTAATCGGAG
TCATAATCATGTGAACCAATTC

180

56

D13S150

TAAGAATATCAGTGTGTGTGCA
CCGATTGCCTAAACTTCAT

126

52

3.3. ISOLATION OF COSMIDS FROM TH E D13S25 LOCUS.
As a result of the analysis described above, the only consistently deleted
region in BCLL tumours, at this point, was found to be around the D13S25 locus.
However, this observation was made on a relatively small number of unusual
rearrangements and, to confirm the suggestion, it was considered necessary

to

demonstrate this consistent loss in a larger number of tumours. Making hybrids from
all of them would have presented a formidable task so another way to do this was to
look for loss of heterozygosity in the tumour cells. Although the cloned 2.2kb Hindlll
DNA fragment for D13S25 is polymorphic (Bowcock et al, 1991), it was often
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difficult to obtain a clear result after using this probe for hybridization (see figure
3.10) and, because of the relatively low frequency of the rare allele in the population,
very few patients turned out to be constitutionally heterozygous at this locus.
Consequently, it was decided to use D13S25 to screen the ICRF chromosome 13
specific cosmid library, since a cosmid spanning this locus could possibly be useful
in FISH analysis of BCLL, to determine which tumours carried deletions. Since the
general feeling at the time was that the small deletions centred around D13S25, such a
cosmid would also be useful for initiating a bidirectional walk in order to search for
unique sequences within the cosmids which might represent a gene responsible for
BCLL, e.g. by identifying HTF islands, or unique sequences which were conserved
between species.
Before screening the cosmid library, the D13S25 fragment was first released
from the plasmid by cutting with Hind III restriction enzyme. After running the digest
on a 1 % agarose gel the

2.2

kb fragment was excised and purified from the agarose

using Geneclean. The probe was labelled with ^^P-dCTP and then hybridized to a
chromosome 13 specific cosmid library as described in section 2.7. In this type of
experiment, because the large amount of target DNA in each of the gridded colonies,
the autoradiographs only need to be exposed for 4 hours in order to see the positive
hybridisation signal clearly. It is also inadvisable to strip these gridded filters between
screenings because this results in loss of DNA from the filter and loss of signal in
subsequent screenings. Thus, the correct procedure is to pre-expose the filters before
hybridization and then, following hybridization with the probe of interest, to subtract
the background signals and select only new positives each time.
Figure 3.11 shows the autoradiograph of a cosmid filter exposed for 4 hours
before hybridization with the D13S25 probe. The numerous positive signals from
previous exposures can be clearly seen. The autoradiograph, following hybridization
and exposure with D13S25, is also shown and it is notable, despite there being
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6

new

signals which had not shown up on the pre-exposure filter, that the same background
positives re-appear with greater intensity even though the filter was exposed for the
same length of time. Although it has not been formally proven, it is generally
accepted that the colonies which present strong signals after each screening represent
'poly vector clones' (D. Nizetic, personal communication). Thus, instead of containing
a human insert, multiple copies of the vector are co-ligated into a cosmid and, because
gel purified fragments of DNA contain low levels of contaminating vector DNA, the
polyvector cosmids hybridize more intensely than the other clones. This background
grid of polyvector clones, however, is very useful in orientating the filters between
successive rounds of screening (figure 3.12).
The

6

clones identified using D13S25 (figure 3.11) were requested from the

Genome Analysis Laboratory at the ICRF. The identification signatures for these
clones were A1137, A1143, E817, E853, F11179 and H2180. In order to ensure that
the cosmids contained the D13S25 sequences, PCR analysis was performed using
primers specific for this locus. Only one cosmid, A1143, did not produce an
amplification product. Because the cosmids were all isolated with the same probe, a
considerable amount of overlap would be expected and so DNA from the cosmids
was digested with the Hindlll restriction enzyme and run out on a 1% agarose gel
which was then blotted and probed with ^^P-labelled D13S25. It was found that 4 of
the cosmids showed a considerable degree of overlap and were positive with the
D13S25 probe whereas the cosmids A1137 and A1143, which had a different
digestion profile, were not positive. These cosmids were also used in FISH analysis to
determine whether they mapped to the 13ql4 region on normal chromosomes. All of
the cosmids displayed positive signal in the 13ql4 region except A1137 and A1143.
Thus, 4 cosmids had been isolated from the D13S25 locus.
Although it would have been desirable to use metaphase spreads from BCLL
to identify chromosome 13 abnormalities, because many of the tumours do not have a

167

%

V

Figure 3.11. Comparison of autoradiographs of the chromosome 13 specific
cosmid library before (above) and after (below) hybridization with the D13S25
probe. The poly vector signals on the filter before the hybridization provide
im portant orientation marks to allow superimposition of the filters. The

6

new

signals (arrow s) seen in the lower autoradiograph identify the cosmids
containing the D13S25 sequences.
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Figure 3.12. Comparison of exposure of autoradiographs showing (above) only
background hybridization signals generated from previous probing and (below)
following hybridization with a probe not present in the cosmid library. The
hybridization profile is essentially the same in both figures but in the
autoradiograph below the strong signals are much more intense. Several
reference cosmids are marked with arrows to allow the two filters to be
orientated. The strongly hybridizing clones are considered to represent
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polyvector clones and no new positives are seen in the lower autoradiograph.
Note the weak background signal seen in the upper autoradiograph which allows
visualization of the 6X6 grid and identification of the location of individual
clones.

high enough mitotic index, it was necessary to analyze interphase nuclei using FISH.
However, when these cosmids were subsequently used in this type of FISH analysis
using interphase nuclei from BCLL tumours, it proved very difficult to determine
their presence or absence (D. Oscier personal communication). This was, in part, due
to the presence of normal B cells in the tumour cell population but also because of
non-specific background fluoresence which made the analysis unreliable. Although
the D13S25 cosmids did not prove useful for FISH analysis immediately (see
Discussion), they did prove important in the development of an STS flanking the
polymorphic Sst 1 site. Additionally, no rare cutting enzyme sites were found in these
cosmids which might have indicated the presence of a possible HTF island.
Since the FISH analysis of tumour cell populations was not going to answer
the question about the frequency of 13ql4 deletions in BCLL immediately, it was
decided that a more informative method of assaying a large number of patients would
be to look for loss of heterozygosity at the D13S25 locus in the tumours. The analysis
of the hybrids generated from BCLL patients had shown that D13S25 was the only
locus which was absent in all sets of hybrid pairs. In 3 cases RB 1 was also lost from
both hybrid pairs showing that loss of genetic material can occur at the breakpoints of
an apparently cytogenetically balanced translocation. A similar finding in another
translocation was reported by Brown et al (1993) who, in addition, found evidence of
homozygous loss of D13S25 in at least 4 of 11 cases of BCLL with 13ql4 deletions.
Generating hybrids from tumour cells, however, is a very labour intensive and time
consuming process so, in order to investigate the frequency of allele loss in 13ql4 in
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BCLL, a large series of tumours were studied using RBI, D13S25 and D13S31. This
work was carried out in collaboration with the Haematology department at The Royal
Bournemouth Hospital who had collected DNA from a large number of patients
which had been characterised cytogenetically.

3.4. LOSS O F HETEROZYGOSITY IN BCLL PATIENTS.
In order to relate cytogenetic findings to LOH results, each tumour was
characterised karyotypically. For each of the tumours at least 30 metaphases had been
examined before the karyotype was considered normal (Dr. D. Oscier, personal
communication). At presentation 62 patients had stage A disease and three patients
each had stage B and C disease. The diagnosis was based on blood lymphocyte
morphology and weak expression of monotypic surface immunoglobulin. Seven
patients were shown to have heterozygous deletions involving the 13ql4 region and

6

had translocations, one breakpoint of which was always in 13ql4, although the
reciprocal translocation partner chromosome was different in all cases. Thus, based
on cytogenetic data alone, approximately
involving chromosome 13. Only

8

20%

of tumours carried abnormalities

tumours showed trisomy-12 (12%) and 45 (6 6 %)

had apparently normal karyotypes. Tumours with clonal abnormalities not involving
chromosomes 12 or 13 were found in only 2 cases. The high percentage of tumours
with apparently normal karyotypes may reflect the fact that TP A is a more potent
stimulator of normal cells which, in fact, represent the minority of cells in the
peripheral blood of these patients at the time of sampling.
To study loss of heterozygosity in BCLL patients, relatively pure populations
of tumour cells needed to be separated from normal cells. This was achieved by
isolating mononuclear and polymorphonuclear cell fractions from anticoagulated
blood by density gradient centrifugation as described by Einhom et al (1989). In
patients with a total lymphocyte count of <
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10

x

1 0 ^/litre

the mononuclear fraction

was T-cell depleted by sheep RBC resetting. Cell purity following this procedure was
confirmed to be >95% by immunocytochemistry (R. Chapman, personal
communication). Three loci were studied within the RBI gene for LOH. The
p68RS2.0 probe (figure 3.13) recognises a variable number tandem repeat using
Southern blotting (Onadim et al. 1990). There are approximately

8

different alleles

Table 3.5. Sum m ary of loss of heterozygosity in BCLL tum ours a t the RBI
locus according to karyotype.

Karyotype

No. Tum ours

LOH

5

0

normal
del (13)
t(13)
other

22
6
6
2

3
3
3
0

TOTAL

41

9

+12

at this locus which made it the most informative probe (figure 3.13). Two other
probes M l .8 and PR0.6 (Wiggs et al, 1988) could be analysed using PCR (Onadim et
al, 1992a) and are located in introns 2 and 18 respectively. 41/68 patients were
heterozygous at any of these loci but only 9 (22%) showed evidence of LOH. There
were no examples of homozygous allele loss for RBI and none of the tumours
showing trisomy-12 showed allele loss. Six of the tumours showing LOH carried
cytogenetically detectable abnormalities involving 13ql4 (deletions or translocations)
and three tumours had apparently normal karyotypes (table 3.5).
Because it had been shown that D13S25 was absent from the hybrid pairs
from all 5 patients it was decided to examine LOH at this locus in a larger group of
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Figure 3,13. Examples of allele loss at the p68RS2.0 locus in BCLL tumours. Rsa
1 digested samples were loaded, in pairs, with the normal granulocyte DNA first
(lanes 1, 3 etc) and the tumour DNA loaded second (lanes 2, 4 etc). LOH is
evident in lanes

2, 8

and

12.

In these cases there is no residual band at the

position of the lost allele indicating that there is no appreciable contamination
with normal cells and that the tumour cell population is relatively homogeneous.
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patients and include D13S31 as a control since it was apparently never involved in the
deletions. Although the D13S25 and D13S31 probes recognise RFLPs, the frequency
of the rare allele is somewhat low, making the overall frequency of heterozygotes
small. It was decided, therefore, to study allele loss with these probes using
densitometry. Comparative densitometry of the test and control signals was measured
on an Ultroscan scanning laser densitometer and Gelscan software (Pharmacia). The
intensity of the hybridisation signal seen from these probes was normalised against
that seen for the renin probe on the same blot (figure 3.14). Renin lies on chromosome
1

which has never been shown to be involved in structural chromosome

rearrangement in BCLL.
Autoradiographs were critically examined by eye to confirm uniform
hybridisation across the filter of both test and control probes before densitometric
measurement. Ratios of the density readings of the test probe to the control probe on
granulocyte samples were calculated. Lymphocyte ratios were then compared with
the granulocyte control on the same patients and expressed as a percentage.
Results (table 3.6) were then scored and expressed as the number of alleles
present thus:
2

Normal signal with density ratio = 1 ± 0.05

1

Density ratio = 0.5 ± 0.05

0

Minimal or absent signal with density ratio < 0.05

These measurements were repeated at least three times for each tumour sample
using separate digests, blots and hybridisation. This was necessary because of the
inherent variability of the technique. Results were only included if the analysis was
consistent on three separate occasions. A clear result was obtained from 35/68 (50%)
tumour DNA samples.
Of the 11 tumours studied which had chromosome 13 abnormalities, 10
showed allele loss which was homozygous in three cases. More significantly 11/15
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Figure 3.14. Comparison of hybridisation intensities produced using the renin
and D13S25 probes. In all cases DNA was digested with Sac 1 and complete loss
of tlie two D13S25 alleles is seen in lanes 1, 2 and 4 (density ratio <0.01). DNA
from the tum our in Lane 3 showed a reduced D13S25 signal (density ratio 0.535).
Comparative hybridisation intensities for these probes in normal neutrophils is
shown in lanes 5 and

6

(density ratios 1.0 by definition).
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Table 3.6. Loss of alleles in BCLL patients

ID Number
1
2

3
5
5
6

7
8

9
10
11
12

13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Karyotype
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
t(4;13) (pl5;ql4)
t(13;18)(ql4;pll)
t(4;13;17) (q34;ql4;q23)
t(12;13) (p ll;q l4 )
del (1 3 )(ql2q21)
del (1 3 )(ql2ql4)
del (1 3 )(ql2q22)
del (13) (ql4q21)
del (1 3 )(ql4q22)
del (13) (ql4q22)
del (1 3 )(ql4q21)
+12
+12
+12
+12
+12
+12
+12
+12

Copy

Number

RBI

S25

S31

nd

1
0
0
1
1
1
0
0
1
2
2
1
2
1
2
1
1
0
0
0
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2

nd

2

nd
2
2
1
2

nd
2
2

nd
2
2
2

nd
2
1
1
2
1
1
1
2
2
2

nd
2
2

nd
2

nd
2

nd
2
2
2
1
1
2
2
2
2
2
2
1

t(5;6)
+18
N
N
N
N
N
N
N
t(13;13) (ql4;q22)
t(8;13) (q24;ql4)
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nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

1
1

nd
nd
nd
1

nd
nd
nd
nd
nd
nd
nd
nd
nd
1
2
2

nd
2

nd
2
1

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

(75%) of tumours with an apparently normal karyotype also showed allele loss and, in
4 cases (30%), this was homozygous (table 3.7). As expected, none of the

8

tumours

with trisomy 12 showed any evidence of allele loss for D13S25. Homozygous loss of
genetic markers has usually been taken to indicate the location of a tumour suppressor
gene. Of special interest is that, in one of the tumours showing del (13)(ql4q21), no
allele loss was seen for D13S25. Further material, however, is not immediately
available from this patient and so we have been unable to determine the status for the
RBI and D13S31 loci at this time (see Discussion). Resampling this tumour in the
future should make it possible to determine whether the deletion is only present in a
small clone within the tumour although that does not seem to be the general finding in
the other tumours where, on karyotypic analysis, deletions were apparently minor
clones. A summary of the extent of allele loss in BCLL in those tumours showing
allele loss for D13S25 is shown in table 3.6. Interestingly there are a number of

Table 3.7. Sum m ary of allele loss in BCLL tum ours a t the D13S25 locus
according to karyotype. The allele com ponent in the tum ours is defined as
normal (2 ), hemizygous ( 1 ) or homozygous (0 ).

Karyotype

N

Allele
(2 )

N um ber
(1)

(0 )

+12

8

8

0

0

normal
del (13)
t(13)
other

15
7
4

4

4

1

1
0
1

7
5

Total

35

14

177

2
0

1
2
0

14

7

tumours with apparently normal karyotypes which also carry homozygous deletions
exclusively at the D13S25 locus which indicates that this is a more widespread
phenomenon than originally considered.
The issue concerning tumours with apparently normal karyotypes has become more
clear as a result of this combined analysis. In tumours showing LOH for RB1 using
Southern blotting, for example, there was rarely a weak, residual band in the position
of the lost allele. This observation argues for the fact that there are very few cells
with a normal chromosome 13 complement in the tumour sample which, in turn,
suggests that the karyotypes observed were derived from contaminating normal cells.
Using PCR, which is far more sensitive, faint bands were occasionally seen in the
position of the lost allele indicating the minor presence of normal cells. Of those
tumours showing apparently normal karyotypes it was only possible to determine
allele loss in 22/45, of which 15 gave reproducible results at the D13S25 locus. Of
these, 11 showed monoallelic loss and 4 showed biallelic loss (table 3.7). Although
the analyses were not reproducible for the D13S31 locus, 3/4 tumours showing
biallelic loss for D13S25 showed monoalleic loss for D13S31. In these tumours it
appears that one chromosome 13 homologue carries a deletion with the proximal
breakpoint between RBI and D13S25 and extends distally, whereas on the other
homologue, the deletion is confined to the region surrounding D13S25. It is possible
that, if the deletions were small, they would not be identified by conventional
cytogenetic analysis but, in any event, the observations support the conclusion that
loss of a gene between RBI and D13S31 is important in BCLL leukaemogenesis.
Following these preliminary experiments with a limited number of probes, DNA from
a larger number of samples was studied using some of the more recently described
PCR probes at the Royal Bournemouth Hospital although these studies did not define
the smallest deletion further.
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The results of the somatic cell hybrid study using five patients with
chromosome translocations involving breakpoints in 13ql4, in combination with the
LOH studies in tumour DNA from other patients, had strongly suggested that the gene
involved in leukaemogenesis lay somewhere between RBI and D13S31, in the region
defined by D13S25. In addition, it was found that deletions of varying sizes were
always involved with these translocations. All patients examined (except one) with
the D13S25 probe had LOH at this locus, even those assumed to have normal
karyotypes, and several patients displayed homozygous loss, indicating that the gene
of interest may be a tumour suppressor gene. In an attempt to find this gene it was
considered necessary to isolate the DNA spanning this deletion and then to search for
candidate genes within the region. Before embarking on this approach, however, it
was first necessary to identify as many markers in the deleted region as possible.

3.5. MAPPING OF AFM PRIM ERS USING SOMATIC CELL HYBRIDS
In addition to the need to find markers in the region encompassed by the
BCLL deletion, another important part of this project was to try to map other disease
genes to specific sub-sections of chromosome 13 and then relate their physical
locations to the genetic linkage maps. To that end, somatic cell hybrids were used to
integrate the genetic linkage map of chromosome 13 with the physical map. The
strategy, in the first instance, was to use the polymorphic microsatellite markers in the
genetic linkage map, generated at CEPH (Gyapay et al, 1994), to characterise the
position of the naturally occurring breakpoints associated with structural
rearrangements of chromosome 13 which have been isolated in somatic cell hybrids.
This approach had the specific advantage of identifying the microsatellite markers
which lay within the RH deletion, in an attempt to saturate the region with markers
which would then be useful in constructing a DNA contig across the deletion. The
hybrids used in this study have been described previously; K B F ll, PPF22, BARF7
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(Mitchell and Cowell, 1988, Cowell and Mitchell, 1989), KSF 39 (Mitchell and
Cowell, 1989) CAF55, JCF9, DGF27 (Michalski and Cowell, 1993), ICD (Scheffer et
al, 1986), RHF 2324, RHF407 (Hawthorn et al, 1993).

The CF25 hybrid was

generously provided by Dr T Mohandas (Mohandas et al, 1979). An ideogram
indicating the relative position of the breakpoints in this panel is given in figure 3.15.
In the original publication by Gyapay et al (1994) each microsatellite was given a
reference number identifying its unique position in the genomic library of
microsatellites (e.g. AFM 249xbl) and, for each chromosome, these loci are
numbered sequentially from the centromere to the telomere with the recombination
distance between them established. For simplicity the linear order of numbers have
been used to identify the loci, thus, AFM 249xbl = AFMl and the KSF39 breakpoint
lies between AFM 18 and AFM 19 etc (see figure 3.17).
PGME

RHF2324 RHF407 DGF27

BARF7

PP F 2 2

KBF11

KSF39

RHF14

CAF 5

JC F 9

i

M
Figure 3.15. Ideogram of Chromosome 13 Regional Mapping Panel
Because the approximate position of the chromosome 13 breakpoints was
known, markers were analyzed in their vicinity in the first instance and, where the
assignment of the breakpoint was unequivocal, it was not necessarily confirmed that
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all of the intervening markers were consistent with the map. Thus, the presence or
absence of AFM markers was determined using PCR in the hybrids (figure 3.16).
Wherever possible the position of a particular breakpoint was assigned between two
adjacent markers, although sometimes it was difficult to identify the human-specific
band because of cross-reactivity with sequences in mouse DNA (figure 3.16). In these
cases alternative locations of the breakpoints are presented (figure 3.17).
Because the nature of the structural rearrangements have only been determined
cytogenetically, their exact locations are possibly subjective. Thus, whilst in the
majority of cases a fairly accurate assignment can be made relative to the G-band
structure of the chromosome, breakpoints with the same approximate location cannot
be distinguished by this method. Total genomic human DNA, and DNA from the
PGME somatic cell hybrid which contains chromosome 13 as the only human
component (Cowell and Mitchell, 1989), were analysed using all sets of primers. By
including these two controls in the experiments the size of the human-specific band
could be readily determined and their location on chromosome 13 confirmed. This
was an important consideration since many of the AFM primer pairs also produce
mouse-specific bands (figure 3.16), although these were generally different sizes
when compared with the bands produced in the human DNA. All microsatellites were
confirmed to be on chromosome 13.
The most proximal breakpoints, DGF27 and CF25, lie between AFM4 and
AFM5 (figure 3.17). These breakpoints have been shown to lie immediately proximal
to the centromere using Y AGs located in this part of the long arm of chromosome 13
by FISH analysis (Kempski et al, 1995). Many of the chromosome deletions included
in this hybrid panel were derived from patients with retinoblastoma who carried
13ql2-ql4 deletions (Cowell et al, 1989). The proximal breakpoint for two of these
deletions, CAF55 and K B F ll, are located between primers 13 and 14, which appears
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200bp

AFM 7
AFM M

2
200bp

gg

200bp

A F M 12

AFM 2 5

200bp

AFM 45

Figure 3.16.

AFM 51

E xam ples of m apping of AFM m icrosatellite loci on hum an

chromosome 13. In all cases the position of the 200 bp m arker is show n on the
left and the position of the human-specific band is indicated by the arrow on the
right. AFM 7 shows strong cross-hybridisation with sequences in the mouse
genome but the PCR product unique to human DNA is clearly identifiable and
present in those hybrids containing the 13ql2 region. Its absence in CF 27 places
the breakpoint in this hybrid below CF25. However, because we were unable to
map breakpoints in CF25 accurately it was not included in the full analysis.
AFM 12 showed no cross-hybridisation with mouse DNA and is clearly in the
1 3 q l2 region. The absence of AFM 14 in CAF 55 and its presence in JCF 9
distinguishes between these two breakpoints and this microsatellite also detects
mouse sequences although not to the same extent as AFM 7. Although AFM 25
has been placed in the q l4 region its presence in RHF 407 places it more distal
than AFM 31. AFM 45 is present in BARF 7 but absent from PPF 22 allowing
the breakpoints in these hybrids to be distinguished. AFM 51 is present in both
PPF 22 and BA RF 7 and so defines the position o f the most distal breakpoint in
this series.

IM2

P li

1.2

1.3

1.4

2.1

2.2

3.1

3.2

3.3

3.4

1 A FM 249xbl (SI 75)
2 A F M 3 5 U d 9 (S292)
3 AFM 296vb9 (S283)
,4 AFM248WC1 (S221)
5 AFM 205x1,12
6 A FM 321xbl (S289)
7 A FM 323vhl (S290)
8 AFM 177xf4 (52 60 )
9 A FM 255ie9 (S17I)
10A FM 234v«3 (5267)
llA F M 2 3 4 y b 8 (5220)
1 2 A F M 2 2 5 x ï5 (5219)
13A F M 210zb2 (5218)
4 A F M 2IO ygll (5263)
15 A FM 330yi5 (5291)
16A F M 098xd3 (5328)
17 AFM 317W .9 (5 2 87)
18 AFM 210wa5 (5168)
9 A F M 198yd4 (5164)
20 AFM203XW (5165)
21 AFM 126Z.5 (52 7 3)
22 A FM 070xb7 (5156)
23 AFM 238vc3 ( 5 268)
24 AFM 184x112 (51 61)
25 AFM 2 1 0 x e ll (5169)
2 6 A F M 1 2 0 x i3 (5272)
27 A FM 303ig5 ( 5284)
28 AFM084XC5 ( 5270)
29A F M 0 5 8 x d 6 (5153)
30A F M 205vli2 (5262)
31 A FM 190yi3 (5163)
3 2 A F M 2 6 3 y d l (5176)
33 A F M 2 5 9 z,l (5172)
34 AFM 263zl,5 (5275)
35 A FM 269ybl (5276)
36 A FM 318X.9 ( 5288)
j 7 A FM 2841.9 (5279)
38 AFM037X.1 (5152)
39A F M 205w *3 (5166)
0 A FM 093yel (5156)
41 AFM 240xg5 (5269)
42 A FM I90X .1 (5162)
43 AFM 157x111 (5160)
44 AFM 24 0 # h2 (5170)
4 5 A F M 0 9 5 w 1i3 (5157)
46 A F M 2 1 8 x d l2 (S 2 6 4 )
7 AFM 1 1 5 x .ll (5 2 7 1 )
48 AFM 289Z.9 (52 8 2)
49 A F M 2 2 4 z .ll (5266)
50 AFM 218yflO (526.5)
51 A FM 288ycl (5281)
'52 AFM 20 7 * W (5167)
53 A FM 065xc9 (5154)
54 AFM 155yb6 (5159)
55 AFM 2481(1
(5174)
56 AFM164Z14 (5259)
57A F M 286zli5 (5280)
58 AFM 135x1,8 (5158)
59A F M I26zf[5 (5274)
60 A FM 310yd5 (5286)
61 AFM 283*15 (5278)
62 A F M 2 8 2 * i5 (5277)
63 A FM 26lyg5 (5173)
64 A FM 309V.9 ( 5285)
65 AFM 200yli8 (5261)
66 A F M .I 27x1,5 ( 5293)

(S217)

t'A F H
R HF 14
K BF I I

4^—- - E l ]
♦

(A)

Figure 3.17.

Tp f f Ï T L

D 3S14
D13S115
D13S221
D13S192
D13S120
D13S171
D13S220
D13S138
D13S126
D13S118

D13S227
2 3 24

D1321
D13S175
D13S232
D13S221
D13S2 7
ATRCl
D13S6
13S171
D13S220
D13S1
D13S218
D13S62
D13S21
D13S37
D13S126
NTR2
D13S31

D13S119

D13S71
D13S122
D13S154
D13S128
D13S130
D13S174
DI3S142
D13S173

D13S25
D13S164
D13S119
D13S176
D13S172
D13S26
D13S144
D13S152
n i 3S156
D13S39
D13S41
D13SI62
D13S160
D13S38
D13S85
D13S121
D13S42
ni 3S125
D13S71
D13S 22
DI3S154
D13S159
PCCA
D13S225
13S174
D13S32
D13S34
D13S173
D13S24
COL4A1
COL4A2
D 3S 23
n i 3S107
D13S49
D13S54

(B)

(C)

D13S134
R HF 407

C AF 55

JC T »

D13S144

D13S156

D13162

D13160
BARF7

I F F 22
BARF7

D13S149

^)13S121
D13S151
ni3S193
D13S197
D13S125

C orrélation of the physical and genetic linkage m aps for

chromosome 13. The position of the chromosome 13-specific breakpoints, which
have been assigned physical locations based on G-banded chromosome analysis,
is shown relative to the AFM series of microsatellite m arkers (A). The 'D'
numbers for the AFMs are shown in brackets after the AFM identification code.
Thus, AFM l has been assigned number D13S175, etc. Using the information
generated by W ashington et al (1994) it was then possible to correlate the
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position of these breakpoints with markers used to generate the map (B)
described by Bowcock et al (1993b). Finally the map (C) generated by Buetow et
al (1994) is compared with the other linkage maps.

to represent a relatively large genetic interval of 7 cM (Gyapay et al, 1994). The
breakpoint in RHF14, which defines the position of the 2; 13 translocation seen in
rhabdomyosarcoma tumours, is also located in this interval which was previously
assigned to the 13ql4.1 region in the vicinity of D13S29 (Mitchell et al, 1991). The
JCF9 breakpoint was also localised to the same area cytogenetically (Michalski and
Cowell, 1993) but here it has been shown that it lies more distal, between AFM 14
and 15 (figure 3.17), the recombination frequency between these two markers,
however, is 0.00 (Gyapay et al, 1994). These assignments of the breakpoints are
consistent with a previous study using PCR probes (Michalski and Cowell, 1993),
although at that time it was not possible to distinguish between the position of the
breakpoints in three of these hybrids.
It has been previously shown that the proximal PPF22 breakpoint lies between
the Esterase D and RBI genes (Mitchell and Cowell, 1988), thus this breakpoint
provides an important reference point to link the Genethon map and other Consortium
maps which include gene markers as well as microsatellites. Similarly, the KSF39
breakpoint lies between exons 13 and 14 within the RBI gene (Cowell, unpublished)
which occurs between AFM 18 and 19.
Very few recombination events appear to have occurred between AFMs 20
and 30 and their relative order has been determined from the frequency of
recombination with outside markers. The RHF2324 and RHF407 hybrids, therefore,
have been important resources in studying this series of markers. As discussed in
section 3.2, RHF2324 contains the proximal half of chromosome 13 with the
breakpoint between RBI and D13S25. The partner hybrid, RHF407 contains the distal
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half of the chromosome with the breakpoint lying between D13S25 and D13S31. The
intervening region has been deleted in the original translocation which spans
approximately 1 Mbp. The RHF2324 breakpoint was shown to lie below AFM 21
which is consistent with its location distal to the RB 1 gene which lies in the vicinity
of AFM 19. The RHF407 breakpoint lies between AFM 31 and 32. Thus, it would
have been expected that the intervening AFMs would be missing from both of these
hybrids but this was not the case. AFMs 26 and 30 were absent from the RHF hybrids
but AFM 29 was present in RHF2324 placing it near to the RB 1 locus. AFMs 27 and
28 were present in RHF407 and so these are located distal to AFM 30. Similarly,
AFM 25 was present in RHF 407 (figure 3.16). Clearly, therefore, in this region of the
linkage map, the linear order of the markers is not entirely accurate and needed more
refined analysis to resolve the relative order of the markers. From analysis of YACs
isolated from this region the physical order of these AFMs has been determined
more accurately (see below).
The breakpoints in the remaining hybrids show a relatively even distribution
along the chromosome where, with the exception of the distal breakpoint in BARF7,
it was possble to assign their location between individual AFMs. The overall order of
the breakpoints in this study is consistent with that presented by Washington et al
(1994) who used many of the same hybrids from the chromosome 13 regional
mapping panel to map a different set of markers not present in the Genethon map. The
relative positions of markers from this map are shown in Figure 3.17. In the same way
it has been possible to draw some correlations between the relative positions of the
chromosome breakpoints in each of the linkage maps presented by several other
groups . Because not all of the markers used in the generation of the consortium maps
were included in the analysis by Washington et al (1994), the breakpoints can
sometimes only be assigned to broader regions of the maps.
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3.6. CHROMOSOME 13 ESTs
Thus, from the results described above it appears that, from the fairly
extensive analysis of available AFMs only AFM 26 and 30 were shown to lie within
the RHF deletion. At this point the next logical step would be to use these markers to
construct a contig across the deletion and look for genes responsible for BCLL.
However, not wishing to ignore the 'candidate gene approach', it was decided to
subregionally localise genes that were beginning to be mapped to chromosome 13,
but which had not been assigned a location or function. As well as the possibility that
any of these genes may be candidates for the BCLL gene, their mapping would also
facilitate extending the expression map of chromosome 13. Expressed sequence
tagged sites (ESTs) are partial sequences of cDNAs (Wilcox et al, 1991, Adams et al,
1991, Adams et al, 1992). It is preferable to sequence from the 3' untranslated region
of a gene because this region tends to be less highly conserved between species and is
not interrupted by intronic sequences, although many ESTs come from sequencing of
randomly primed cDNAs. PCR primers are generated from these sequences which
then allows them to be assigned to specific chromosomes using monochromosomal
somatic cell hybrid mapping panels. The published oligonucleotide primers from 10
ESTs which had been assigned to human chromosome 13 (Polymeropoulos et al,
1992, Polymeropoulos et al, 1993, Durkin et al, 1994) were therefore sublocalised
using the chromosome 13 regional mapping panel of somatic cell hybrids described in
figure 3.15.

3.6.1. PCR Mapping of ESTs
A summary of the primer sequences for these ESTs is shown in table 3.8.
Many of the 10 oligonucleotide primers generated PCR products from mouse DNA
but, despite this, it was usually possible to identify the uniquely sized human band
within the background of mouse bands (figure 3.18). This distinction was more
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Table 3.8. Summary of the sequences, PCR conditions, size and location of the 10
ESTs previously assigned to human chromosome 13.

Clone

Primers

°C

Size

Location

EST00273

GCAAGATGATGGAACATCCC
rrCCTTCTGGAGGCTCTACA

55

97

13ql2

EST00200

TTGTGTACTGTCTGATAGAC
TAAGCCATGGGCATCTATAA

48

89

13ql4*

EST01889

CACAGCAAGGAACTGTAACG
TAATGAAACCCTGGCTGC

50

122

13q21

EST01896

CTGTTGTATCACATGCCAGG
CTCTGGGTTCAGTTTCTCTACC

50

116

#8

EST00052

CTGCCAGGTTAGAAGCTATG
GAAAAGTACCTTGCnTCAG

55

70

EST00957

GCAAGAAGTTCTGTGCATGC
AGAAAGTCTGATTGGAGGG

48

114

13ql2

EST00444

AGCTTGAATAAAGTGCCCAG
TTAAACTGGGCATGTTGTCC

48

176

#

EST00455

AAGTAGCCACATTCATTCAG
GCAGCTAGAACAGGAAAGAA

48

79

13ql2

EST00527

CTAATCACTCCTGTCCATTT
TTCTCTTAAGCCCATCCTCC

50

83

#16

EST00297

GTGCACGCATTCTTGAGCrr
AGTTCAAGGCGCTACGAAGA

55

103

13ql2

* assigned by FISH
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pter-ql2

8

pronounced using 3-4% agarose gels which also allowed better size determination
because the PCR products were generally small. For all of the ESTs it was necessary
to investigate a range of conditions in order to generate reproducible PCR products
and these parameters are given in table 3.8. When the human sequence was clearly
absent from the hybrid, the intensity of the mouse bands was often more pronounced
(figure 3.18), presumably reflecting the greater specificity of the oligos for human
DNA. EST200 was the only primer pair which failed to give an easily identifiable
human-specific band in the hybrid panel.
Surprisingly, three of the ESTs failed to generate a PCR product from PGME
at all, suggesting that they were not from human chromosome 13. To establish the
chromosome location of these ESTs further, a monochromosomal somatic cell hybrid
mapping panel was screened. This panel was provided by the MRC resource centre
and consists essentially of hybrids carrying one or only a few human chromosomes,
which makes gene localisation simpler and less equivocal. The details of this hybrid
mapping panel are shown in figure 3.19. The hybrid containing chromosome 13 in
this mapping panel was 289, rather than PGME, and has since been shown to carry
fragments of chromosome 8,11 and 12 using FISH (Kelsell et al, 1995). None of the
3 ESTs which were absent from PGME produced a PCR product in hybrid 289 either,
which confirmed that these genes lay on other chromosomes. Analysis of the full set
of hybrids (figure 3.19) demonstrated that EST1896 and EST444 were on
chromosome

8

Of the

and EST527 was on chromosome 16 (table 3.8).
6

ESTs which were shown to be present in PGME (excluding EST200)

only one, EST 1889, was present in hybrid RHF407 (table 3.9) placing it in the
13q21-qter region. The remaining 5 were present in hybrid RHF2324. These ESTs
were sub-localised using the relevant hybrids from the mapping panel shown in figure
3.15. Three of the ESTs, whilst present in hybrids containing the proximal part of 13q,
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were absent in hybrid DGF27 (table 3.9) which contains the 13ql2-qter region (figure
3.15). Thus EST052, EST455 and EST957 are located in the proximal part of 13ql2
above the DGF breakpoint. Two other ESTs, 273 and 297, were present in DGF but
missing from K B F ll placing these genes in the distal part of 13ql2 (table 3.8). The
results for EST 1889, however, were equivocal because of the difficulty in obtaining a
clear and reproducible amplification product using the hybrid panel. Absent from
KBF 11 but definitely present in RHF407, this gene has been assigned to the 13ql4.3q21 region. This EST has since been shown (Cowell, personal communication) to be
present in a Y AC isolated using AFM 36 (see figure 3.17), thereby confirming its
location suggested from analysis of somatic cell hybrids.

Table 3.9. Summary of the presence/absence of the specific PCR products for the
6 chromosome 13-specific ESTs in the hybrids used for their subregional
localisation.

PGME RHF
407

RHF
2324

DGF
27

KSF
39

RHF
14

CAF5/ KBF
JCF9* 11

PPF
22

BARI
7

EST 052

+

-

+

-

+

+

+

+

+

+

EST 273

+

-

+

+

+

+

-

-

+

+

EST 1889

+

+

-

+

-

-

-

-

-

+

EST 957

+

-

+

-

+

+

+

+

+

+

EST 455

+

-

+

-

+

+

+

+

+

+

EST 297

+

-

+

+

+

+

+

-

+

+

* CAF5/JCF9 have indistinguishable breakpoints.
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Figure 3.18. Examples of the analysis of the chrom osom e 13 somatic cell hybrid
mapping panel using PCR for 3 of the ESTs.
EST 052 (top) produces two bands in hum an DNA which are not present
in the mouse DNA, the 7 0 bp fragment is the EST-specific band as determ ined by
sequence analysis. This band in clearly present in P G M E and its presence in
RH F2324 and absence from DGF27 places this EST in the proxim al 1 3 q l2
region. Note the large number of non-specific bands produced from the mouse
DNA. Using EST273 (middle) the cross-hybridisation with mouse D N A is clearly
seen but the 9 7 bp hum an-specific band is quite distinct and clearly present in
PGM E. Its presence in DGF27 places this EST in the 13ql2-14 region but its less
cross-reactivity with mouse DNA and the hum an-specific 114bp band is easily
recognisable. Its absence in DGF27 places this gene in the proxim al 1 3 q l2
region. In all cases the m arker lane contains a 100bp ladder and the PC R
products have been run on 3% agarose gels.
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CHROMOSOMES
Hybrid
C.M07299
GM10826B
GM10253
GM10114
MCP6BRA
CLONE21E
C4a
GM10611
7628a
Jlcl4
laA9602+VE
289
HORLI
2860H7
PCTBA1.8
GM10612
GM 10478
PGME2Snu
HORL9X
853

Figure 3.19. Summary of the human chromosomes present in the hybrid
mapping panel described by Kelsell et al (1995) which were used to localise the
three ESTs which failed to produce a PCR product with DNA from hybrid
PGME. The filled boxes represent the presence of the whole chromosome and
the shaded boxes represent the presence of only part of the chromosome.
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3.6.2. Isolation of YACs Containing ESTs.
In order to map EST 200, which could not be assigned to a subregion of
chromosome 13 using the panel of somatic cell hybrids, the ICRF 4X Y AC library
(Monaco, unpublished) was screened using the specific primer pairs for this cDNA.
To verify the location of 2 other YACs, whose regional localisation had been slightly
ambiguous, YACs were also isolated for EST 273 and EST 957 to confirm their
13ql2 location using FISH analysis. The ICRF Y AC library was screened using PCR
as described in section 2.9.2. Only one YAC, G07142, was isolated for EST 2(X), and
two each were identified for EST 273 (GO670, AO670) and EST 957 (DO340,
BO340). The presence of the EST sequences in the YACs was confirmed using PCR
and DNA from these YACs was used for FISH analysis using normal human
metaphase chromosomes (figure 3.20). EST 200 was shown to lie in the distal part of
13ql4 and the location of EST 957 and EST 273 was confirmed to be in the distal part
of 13ql2. Thus, it was possible to confirm that the data derived from the hybrid
mapping panel is reliable despite the background PCR products seen for some of the
primer sequences.
None of the ESTs were found to be absent in RHF 2324 or RHF 407, which
represent the hybrid pair defining the smallest deleted region in BCLL. This,
unfortunately, demonstrated that none of these 'candidate genes' were putative genes
for BCLL. However, the fine regional localization of the ESTs meant that they were
candidates for other genes mapped to those regions (see later). Although not
successful in this case, the strength of using the candidate gene approach cannot be
over-estimated in terms of time saved. This is illustrated by the laborious task of
constructing a contig and looking for candidate genes that may have already been
cloned (see below).
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Figure 3.20. FISH analysis o f YACs isolated using E ST primers. V A C G 0670
(top left), isolated with EST 273, lies in 1 3 q l3 whereas VAC D0340 (top right),
isolated with EST 957, is more proximal in 13ql2. VAC G 07142 (below) isolated
with EST 200 lies in the 13 q l4 region.

193

3.7. C O N STR U C TIO N O F A YAC C O N T IG A C RO SS T H E B C LL
DELETION.
Because the minimum deleted region found in the patient RH was estimated
to be about IMbp, it was considered that the isolation of YACs spanning this region
would provide a substrate in which to look for candidates for the BCLL gene. It had
already been determined that two of the AFM primers lay within this deleted region
but, before using those, it was decided to first isolate YACs from the markers used in
the original analysis. To this end, the 2.2 kb fragment for the D13S25 locus was
hybridized to YAC filters as described in section 2.9.3. The original YAC filters used
were gridded in

6 x6

squares with 400 squares on each filter. This represents an

estimated 4-fold coverage of the human genome. As with the cosmid filter, pre
exposure of the filter showed three positive background signals from previous
exposures (figure 3.21). Following hybridisation with D13S25, only one additional
positive, YAC H0247, was found from which DNA was made. Using primers for the
DI3S25 sequences, the correct size PCR band could not be generated from this YAC.
This result was also confirmed using Southern blot analysis. However, because it is
often difficult to read these

6 x6

filters it was decided to obtain all the YACs

surrounding H0247 in case an error had been made in the selection of the positive
clone. Using PCR or Southern blotting none of these new YACs, however, were
found to contain D13S25 either. At this time a second generation of YAC filters were
being designed, where the individual colonies were gridded in 3x3 squares so that the
positives could be more easily identified (see figure 3.22) and, in particular, the YACs
were spotted in duplicate within each square, so that true positives had to be present
twice within each square in a specific orientation (see figure 3.22). The entire human
YAC library is gridded on 2 individual filters. Figure 3.23 shows the positive signals
obtained when these filters were hybridized with the D13S25 probe. The resultant
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Figure 3.21.

Screening of the 6 x 6 ICRF YAC filters using D13S25. Previously

hybridising clones are shown by the small arrows and the single new positive is
shown by the large arrow. The weak background of the 6 x 6 grid can be seen
but determining exactly which colony to select was difficult.
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YACs, A0838, A09126 and H0955, were all found to contain D13S25 using PCR
analysis.
PFGE, as described in section 2.9.6, was then performed using the YACs to
determine their sizes. Figure 3.24 shows the ethidium bromide stained gel of one such
analysis where it is possible to see the additional band within the yeast chromosomes
from A 09126 and A0838 which, in each case, is the only different band when
compared with the banding profile from the yeast host AB1380. To confirm that this
extra band indeed represented the YAC, the gel was blotted and then hybridized with
32p-labelled total human DNA. Figure 3.24 shows the autoradiograph derived from
the same blot. From this autoradiograph it is possible to establish that A0838 is
approximately 475 Kb and A09126 is 500 Kb. A similar analysis demonstrated that
YAC H0955 contains three large YACs (figure 3.25). FISH analysis, using normal
chromosomes, also confirmed that A0838 and A09126 were in 13ql4 and were not
rearranged (figure 3.26). The YACs corresponding to D13S25 were clearly not big
enough to span the RH deletion, so additional YACs were sought.
The D13S31 probe was present in the hybrid RH407 and was the closest,
well-characterised probe to D13S25. A group in the Genetics Department at
Groningen University were particularly interested in isolating the Wilson disease gene
which had been mapped to 13ql4, between D13S31 and D13S59 (Farrer et al, 1991).
As part of their study 2 YACs corresponding to the D13S31 locus had been isolated
from the CEPH Mkl library using oligonucleotide primers from the D13S31 locus
(table 3.2). The two YACs, 31A and 31B, were confirmed to contain D13S31 by PCR
analysis. PFGE analysis showed that they were 400 and 375 Kb long respectively (F.
Kooy, personal communication). FISH analysis using these YACs showed that they
were not rearranged and mapped exclusively to the I3ql4 region (figure 3.26).
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Figure 3.22. Diagram illustrating the layout of the YAC filters in a 3X3 grid
pattern with the central colonies missing. 144 individual clones are gridded on
each of the two filters on the X and V axis. These are positioned in 48X48 blocks
of

8

clones each across the entire filter. The specific orientation in which each

clone is gridded twice within each block is shown on the right. There are only 4
possible combinations for each positive to be detected.
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Figure 3.23.

Analysis o f YAC filters screened with the D13S25 probe. Only

YA Cs show ing hybridization in duplicate within the 3X3 grid are considered
positive. This was the case for one YAC on the upper filter and two on the lower
filter. The background grid was made visible by hybridization with ^^S-labelled
yeast DNA.

19X

CD
CM

2

I03
E

0
m
<

so
<

CD
o
<

815

680-

555

450

Figure 3.24. Analysis of the size of YACs from the D13S25 locus. The ethidium
bromide stained gel (left) shows the YACs from A0838 and A 09126 (arrows)
which can be clearly seen within the host AB1380 chromosom es. All Y A C s were
loaded on the gel in duplicate except the m arkers from S. Cerevisiae. W hen
probed with human DNA the individual YACs can be seen (right), confirm ing
that there is only a single YAC present in each case.
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Figure 3.25.

Size analysis of YACs. YACs 178H11, 745E3 and 859D 12a from

the CEPH iiiegaYAC library (gift of A. Bowcock) have run to the exclusion point
of the gel and are all 1.2-1.5 Mbp long. YAC 859D12, however, is only 3()0Kb.
A0838, isolated with D13S25, provides the reference point (arrow) and is 475Kb
long. In the right hand lane yeast colony H0955, also isolated with D 13S25,
clearly contains 3 large independent YACs.
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B02154

D0750

A09126

YAC31A

Figure 3.26. Fish analysis o f YACs (a) B2154 (R B I), (b) D 0750 (M g g lS ), (c)
A09126 (D13S25) and (d) 31A (D13S31) showing only a single signal (yellow) in
the q l 4 region of chromosome 13.
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3.7.1. End Rescue of YACs
To determine whether the D13S31 YACs overlapped with Y AC A09126
(isolated with the probe D13S25), and what their relationship with the RHF 407
breakpoint was, end clones from these YACs were isolated and sequenced. Primers
homologous to vector sequences near the insert-vector junction are used specifically
to generate these end clones (figure 3.27). This PCR approach, however, also relies on
the presence of a frequently cutting restriction enzyme site being located within a
short (<2 kb) distance from the cloning site. A synthetic 'bubble' oligonucleotide
adaptor (Figure 3.28), which is blunt ended by design, is ligated to the ends of DNA
fragments generated by restriction enzyme digestion of DNA from yeast cells
containing the Y AC of interest. Amplification then involves cycles of PCR between
the vector-specific primer and the bubble primer. In this way only those DNA
fragments which have the bubble ligated at a short enough distance from the vector
sequences will be amplified. Using this method, both ends of the Y AC can be
amplified by using the same bubble primers but different vector primers which are
specific for both arms of the YAC. The primer pairs from one end of the Y AC are
termed 'HYAC and from the other end of the YAC, '1091' (Figure 3.27). Thus, an end
rescue sequence will be termed HYAC or 1091 depending on the primers used to
generate it. This procedure is illustrated in figure 3.29. The other sequences indicated,
32194 and RA2, are used to sequence directly into the cloned fragment.
End clones from the YAC 31A were isolated by the Dutch group and, from
these sequences, oligonucleotide primers were generated (table 3.10). Analysis of
DNA from hybrid RHF 407 using these primers showed that the HYAC end of YAC
31A was present in this hybrid but the 1091 end was not (figure 3.30). Thus, the distal
breakpoint in the RH deletion/ translocation had been defined and this observation
also determined the relative orientation of these two YACs. For the Dutch group it
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C G A C A G C A TC G C C A G T C A C T A T G G C G T G C T G C T A G C G C T A T A TG C G TTG A TGCA ATTTCT
G C T G T C G T A G G G G TC A G TG A T A C C G C A C G A C G A T C G C G A T A TA CGCAA CT ACGTTAAGA

1089
A T G C G C A C C C G TTC TC G G A G C A C T G T C C G A C C G C T T T G G C C G C C G C C C A G T C C T G C T C G C
T A C G C G T G G G C A A GA GCG TC G TG A G A G G G T G GGGAAAGGG G G G G G G G G T G AGG AG GA GG G

HYAC-C
TTGGGTAGTT GGAGGGAGTA TGGAGTAGGG G ATGA TGG GG AGGAGAGGGG TG G TG TG G A T
AAGGGATGAA G G TG G G TG A T A GG TG A TG G G GTAGTAGGGG T G G T G T G G G G AGGAGAGGTA

GAATTGTTTA GTATAAATTT GAGTGTGAAG
GTTAAGAAAT GATATTTAAA G TG AG AG TTG

GATGTTGGAA G GA G G G G A TA
G TG A G G G G TT G G TG G G G TA T

ATTATTTGAA
TAATAAAGTT

ATG TG TTTTT GAATTGTATA TG TG TTA TG T
TAGAGAAAAA GTTAAGATAT AGAGAATAGA

AGTATAGTGT
TGATATGAGA

ATTAAATAGT
TAATTTATGA

TTGTTGAAGA
A AG AA GTTGT

Ego R1 cloning site

32194

G TG G G TA G G G A AG TTG GTTT AAGGGGGAAG AGTTTAATTT ATGAGTAGGG AATTGGGTAA
G AG GG ATG GG TTGAAGGAAA TTG G GG GTTG TGAAATTAAA TAG TGA TG GG TTAAGGGATT

RA2
TGTTGAGATG G G G G G TTG G A G TG GGGGGGG G GA GA TTTTT T TG T TTTTTT ATGTGTGGAT
AGAAGTGTAG GGGGGAAGGT G A G G G G G G G G GGTGTAAAAA AAGAAAAAAA TAGAGAGGTA

RA2
TGAGTTGGGA GAGTTGGAAG TTGAAATATT TGTTTGAATG TG TA G G G G G G AGGGA TG G TG
A G TG A A G G G T GTGAAGGTTG AAGTTTATAA AGAAAGTTGG A G A TG G G G G G TGGGTAGGAG

G GG GG GA TGA G GG GG G G G A G A G G TG G G G TT G G A G G G G G G T A TATGGGGGA GATGAGGGAT
G G G G G G T A G T G G G G G C ^ G T G TGGAGGGGAA G GA G G G G G G A TATAG G G G G T G TA GTGGGTA

1091
G GG GA AG ATG G G G G TG G G G A G TTG G G G G TG A TG AG GG G TT G T T T G G G G G T G G G TA TG G TG
GGGGTTGTAG G G G G A G G G G T GAAGGGGGAG TAGTGGGGAA GAAAGGGGGA GGGATAGGAG

GGAGGGGGGG TGGGG GG G GG
G G T G G G G G G G A GG GGGGGGG

Figure 3.27: The DNA sequence of a portion of the pYAC4 vector showing
the position of the Eco R1 cloning site and the oligonucleotide primers used in
the PCR analysis of YAC end clones.
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TCTG TCG AA GG TTA AG G AA CG G
V A R IE S W IT H E N Z Y M E U S E D

^G

R sa 1 BUBBLE T O P
A

5' G AA GG AG AG GA C
S' T T C C T C T C C T G ^

G A G A A G G G A G A G 3'
Q C T C T T C C C T C T C 5*
^ CTA A G A G CA TG CTTG CCA A TG C *

32427

^

UNIVERSAL BUBBLE BOTTOM

U N IV E R S A L V E C T O R E T T E P R IM E R (2 2 4 )

Figure 3.28. The DNA sequence of the RSAl Riley vectorette bubble showing the
position of the oligonucleotide primers used in the PCR analysis of YAC end
clones.

was clear that, in order to approach the WND locus, their direction of walking should
be from the HYAC end of YAC 31A which pointed towards D13S59, whereas the
region deleted in the RH hybrids extended in the opposite direction. The end clones
from 3 IB were then rescued (figure 3.30) and sequenced and oligos designed (table
3.10). The primers from YAC 3 IB were then used to analyze YACs A 0838 and
A09126 which had been isolated using the D13S25 probe. It was found that the
HYAC end of 3 IB was present in the YAC 31A but not in any of the D13S25 YACs
while the 1091 end was present in the D13S25 YACs but not in the 3 IB YAC (see
figure 3.30b). Thus, the region from D13S31 to D13S25 has been covered by a YAC
contig.
During the process of isolating YACs spanning the RH deletion. Dr. Ann
Bowcock (Southwestern University, Texas) kindly sent some YACs which had been
mapped to this region. This group had also been working on Wilson's disease and had
initiated a YAC walk from D13S31, although, like other groups they were not clear
about the direction required at the time. They had isolated YACs extending on both
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Figure 3. 29. Diagrammatic representation of the end rescue protocol.

sides of D13S31 and 4 of these mapped in the vicinity of the RH deletion. All of these
YACs had been isolated from the CEPH mega-Y AC library. Although two of these
YACs, 859D12 and 745E3, contained D13S25, they did not contain RBI and,
although providing independent coverage of the region were not analysed further
because FISH analysis suggested that they were rearranged (figure 3.31).
To extend the YAC walk towards the RB1 gene, therefore, other markers were
needed. During the development and analysis of the BCLL hybrids a collaboration
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Figure 3. 30a. Analysis of the 1091 and HYAC ends of YAC 31B. The 1091 end
hum an specific band is absent from hybrid RHF 407 and YAC31A, whereas the
H YAC end, which produces a slightly smaller product, is present in RHF 407
and YAC 31 A. Thus YAC 31B crosses the distal breakpoint in patient RH.
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Figure 3.30b. Analysis o f the 1091 end o f YAC 31B. Although a non-specific
band is seen in the human lane (slightly above the specific band), the hum an sizespecific band is also present as shown in hybrid PC ME. The 1091 end o f YAC
31B is not in the RHF hybrids (2324 & 407) or yeast host (AB 1380) but is
present in itself and YAC A 09126 which was isolated with D13S25. All other
YACs are negative for these sequences.
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Figure 3.31. FISH analysis of chimeric YAC 745E3 which shows hybridisation to
chromosom e region 13ql4.3 although the dominant signal is seen on the distal tip
of chromosom e 3p. This YAC also shows hybridisation to the centrom eric region
of chromosom e 13.
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Figure 3.32. Examples of encl-rescue from YACs 31B and 25. When the HYAC
(left) end is rescued it was not possible to see the product from YAC 31B but for
YAC 25 the full length product is approximately 800 bp which when digested
with Eco R1 (25Eco) produces the 240 bp vector-specific band (arrow on left)
and a 500bp human specific band. Using the 1091 end-rescue YAC 31B produces
a 900bp full length fragm ent and YAC 25 a 500 bp fragm ent which when
d igested with E c o R l

release inserts which are 630 bp and 3 3 0b p long

respectively. The 160 bp vector specific band is shown by the arrow on the right.
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had been established with Dr. F. Kooy (Groningen University) who had isolated some
additional unique sequence probes from the 13ql4 region, which had been mapped to
the distal 13ql4 region. The relative location of these probes, however, was not clear
because the hybrids which they had used could only define a relatively large region in
13ql4 (figure 3.33), that is, until the isolation of RHF2324 and RHF407. Two of these
13ql4 DNA probes, MGG14 and MGG15, were thought to map between D13S25 and
D13S31, in the region of the deletion in BCLL. Using the RHF hybrids it was then
possible to establish their relative order. The first, called MGG14, was found to be
present in RHF407 indicating that, in fact, it lay distal to the RHF 407 breakpoint.
Another STS probe however, MGG15, was shown to be absent from both the RHF
hybrids (figure 3.33) and so lay between D13S25 and RBI (Kooy et al, 1994).
Oligonucleotide primers (Kooy, personal communication) were designed from this
locus (table 3.10) which were then used to probe the ICRF YAC library using PCR
analysis (section 2.9.2). Being able to screen the YAC library using PCR
oligonucleotides from the sequence of interest proved invaluable because it is a much
more specific approach to YAC isolation and by-passes the problem of false positives
due to the presence of repetitive elements which is sometimes encountered when
using hybridization to the gridded filters. An example of this procedure is shown in
figure 3.34.
Using PCR screening, three YACs, A0866, C0161 and DO750 were obtained
using MGG 15. FISH analysis using these YACs demonstrated that they were in the
distal 13ql4 region and were not rearranged (figure 3.26). Pulse field gel
electrophoresis showed the sizes of A0866 and CO 161 were both approximately 450
Kb, although C0161 seemed slightly smaller, while DO750 was about 425 kb (figure
3.35). The HYAC end clone of DO750 was isolated and sequenced and primers
designed (table 3.10). These were shown to be present in the YACs A0866 and
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s59
s133
s137

si 63
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s26
s55

s131
s i 34
s i 35
s144
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GF7
E8
D1
CF27
H12D12
B3B6
KSF39
RHF 2324
NM 87
ICD
GS 89a
RHF 407
KBF11
PKII-90

Figure 3.33. Summary of the analysis of a somatic cell hybrid mapping panel
using a set of hybrids constructed in the Dept of Genetics at the University of
Groningen. The inclusion of the hybrids RHF 2324 and RHF 407 allow the
positioning of a single new marker D13S319 (MGG 15) between RBI and
D13S25.

A09126. This meant that the contig had now been extended from D13S31 to MGG
15 including D13S25 (figure 3.36). The 1091 end clone of DO750 yielded a probe
which, on analysis of Southern blots containing human DNA, apparently did not
contain repetitive sequences. This probe was used to probe the YAC filter library
using hybridization. One YAC, B02154, was isolated and found to be 400 Kb by
PFGE. PCR analysis showed that it contained the poly-A tail of the RB 1 gene but not
any other exons. B02154 also contained the sequence of the AFM primer 29 which
had been mapped within other YACs known to contain RBI. This meant that the
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contig had been completed, extending from the RB 1 gene which was in the hybrid
RHF2324 to the D13S31 locus which was in the hybrid RHF 407 (figure 3.36).
During the course of this analysis the CEPH linkage maps became available
as described in section 3.5. The analysis of the loci in this linkage map using somatic

Table 3.10. Summary of the sequence and conditions of use of oligonucleotides of
the end rescued products from the YACs in the 13ql4.3 contig.

locus

primer sequence

D13S25

GATTCTAATCAGATAGACTG
AAGCTTCTGTTTGTTCAAGA

238 bp

D13S31

CAGATCGAGACAATAAGTGC
ATCTCTTAATTCCAGCATCC

630 bp

Mgg 15

CGTCGCTGCAGATCAAAGGA
CGAGCTGGAGTCATCGTAT

172 bp

YAC end PCR size

YAC31A ATGGCAGGCCAAGCTGACTA
CCAACAACTGGTGGGTGGGT

HYAC

257 bp

YAC 31A CAGAGCCAACTCCACAGTTT
CAAAACATGTGCTTCTGCTG

1091

137 bp

YAC 3 IB CATGGCCAGCGATGGAAAGT
GCCCCAGCTGGATGAAGAAA

HYAC

80 bp

YAC31B GCAAATCACTCATTTAAC
GTTTGGTTCAGATAGTTT

1091

85 bp

YAC 15A GGGCTACCTATGAACATTCAT HYAC
GGTTCTACTAGGAAAATCCTG
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Figure 3.34. Example of screening the ICRF YAC library using PCR. In the
prim ary pools there were three (9, 17,18) positives. When the secondary pools
were analysed PCR products were only seen in plate 35. Screening the clonies
from the individual plates gave a PCR product in well E 6 .
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Figure 3.35. PFGE analysis of YACs spanning the BCLL deletion in patient RH.
A0866 and C0161 (arrow on left) are approximately 450 Kb long and D0750 is
slightly smaller at 425 Kb. YAC 31B (lower arrow on right) is the smallest (375
Kb) YAC and A0838 and A09126 (D13S25) are the largest being 475 Kb and 525
Kb respectively. Hybridisation intensity for A09126 is only weak and its position
is indicated by the upper arrow on the right. YAC C02113 (MGG15) runs at the
exclusion point on the gel which is > 800 Kb.
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cell hybrids, however, demonstrated that the microsatellites in the 13ql4 region were
not all exactly in the published location. Analysis using the YAC contig described in
figure 3.36, which spanned the RH deletion, demonstrated that the only
microsatellites contained in this region were AFM 26 and AFM 30 (figure 3.37).
Using the YACs in the contig it was possible to place AFM 26 telomeric to RBI and
centromeric to MGG 15 and, in fact, was shown to lie in the YAC DO750. On the
other hand, AFM 30 was in YAC A09126 and was also present in two of the cosmids
isolated with D13S25 (section 3.3).
Two other mega-YACs, 857 c5 and 922 aS from the CEPH library, had also
been assigned to this region but, because they were large, were not useful in ordering
these probes. These YACs also extended distally beyond the D13S31 locus and
Centromere

mgg 15

D13S25

Telomere

D13S31

31A
3 IB
YAC 25A

YAC 15 A
YAC15B
YAC21

RHF 407

RHF 2324

Figure 3.36. Diagammatical representation of the location of the YACs
spanning the 13ql4 deletion from BCLL.
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contained sequences which were present in hybrid RHF 407 (figure 3.36). The smaller
YACs from the Monaco library, however, that had been used to construct the contig
across the BCLL region allowed the probes to be ordered (figure 3.37). During the
course of this work it was also possible to extend the YAC contig by isolating YACs
from the RBI locus. Thus YAC 3.8R, which also contained AFM29, contained AFMs
18 and 19 also (figure 3.37) and this YAC linked up with YAC G40 which contained
AFMs 17 and 18. In this region of the chromosome, therefore, it was possible to
extend the contig by coincidence of adjacent markers rather than by using end-rescue.
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Figure 3.37. Description of the YAC contig spanning the RBI - D13S31 interval
in 13ql4 relative to the microsatellite markers present in this region from the
map presented by Gyapay et al (1994).

3.8. ANALYSIS OF A CHROMOSOME 13 SPECIFIC COSMID LIBRARY
At this point the smallest deleted region in all BCLL tumours described to date
(RH) was covered with a YAC contig and it was clear that the gene involved in BCLL
must be contained somewhere within these YACs. One method of looking for genes
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in complex clones such as these is exon trapping but, to use this approach, the YACs
first needed to be converted into cosmids. Subcloning the YACs into cosmids was one
approach (see Discussion) but represented a considerable effort. An alternative, and
potentially easier approach (Lehrach, personal communication), was to screen the
gridded chromosome 13 cosmid library with DNA from the YAC of interest. A
specific cosmid library for chromosome 13 (C107) had just been constructed from
flow sorted chromosomes (Nizetic et al, 1993) and it was decided that the purity of
the library should be established first, using FISH analysis of individual cosmids,
before it was used in this way. Therefore, as part of this initial analysis, 57 individual
clones were picked, at random, for characterisation. Cosmid DNA was prepared using
standard alkali lysis procedures and purified using RNase and phenol/chloroform
extraction. Ijig of DNA from each cosmid was then nick-translated using bio-ll-U TP
and prepared for in situ hybridisation as described in section 2.11.1. These
biotinylated probes were then hybridised to chromosome spreads prepared from PHAstimulated lymphocytes using standard air-drying techniques. The hybridisation signal
was detected using fluorescein-conjugated avidin and chromosomes were stained with
DAPI. The images were captured using a cooled CCD camera and the IPLabs
software supplied by Digital Scientific (Cambridge) was used for image processing.
For each cosmid 10 metaphase spreads were analysed where signal could be seen over
both homologues of chromosome 13 and, in all cases, hybridisation was only
observed at one position on the chromosome. The position of the cosmid was
determined relative to the weak banding produced by the DAPI stain which could be
enhanced using the software package. Examples of the hybridisation for a number of
different cosmids is shown in figure 3.38. The positions of 55 of the cosmids is
summarised in figure 3.39. All of the cosmids which were assigned to the same
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Figure 3.38. Examples of FISH hybridisation patterns for a series of cosmid
probes from different regions of chromosome 13. A centromeric probe (a)
identifies tlie acrocentric chromosomes. In b-f, specific hybridisation is seen in
regions 13ql2 (b), I3ql4 (c), 13q22 (d), 13q32 (e) and 13q34 (f).
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interval of the chromosome were then digested with EcoRl and analysed on an
agarose gel. In only one case did two cosmids have the same banding pattern
demonstrating that the majority were, in fact, different clones. Several other cosmids
also produced hybridisation signal on other chromosomes but are still included on the
map. Cosmid 30, for example, was located at the centromere on chromosome 13 but
also hybridised to the centromeres of chromosome 2 and one of the C-group
chromosomes. Cosmid 75 was found to be centromeric on 13 but also showed signal
at lp22. Cosmid 37 was located on the distal tip of chromosome 13q as well as on one
of the B-group chromosomes. It is not clear whether this cross hybridisation reflects
regions of sequence homology within the genome or represents a species of repetitive
DNA which cannot be competed-out with cot-1 DNA. Two cosmids mapped to
completely different chromosomes demonstrating that there was some contamination
of the original flow sorted chromosome material.
Of the cosmids which were assigned to chromosome 13, 14% hybridised to the
short arm or pericentromeric regions of chromosomes 13, 14, 15, 21 and 22 (figure
3.38). None of the cosmids were specific for the 13 centromere or cross-reacted
specifically with centromeric regions of 21 or 14 which contain subsets of shared
alpha-satellite DNA sequences (Vissel et al, 1992).
Although the remaining cosmids were relatively evenly spaced along the
chromosome there was an over-representation from the distal tip of the long arm with
28% of all cosmids localising here. Petrukhin et al (1993) reported 21 polymorphic
(CA)n microsatellites from chromosome 13 of which 44% were localised to 13q3334. The structure of the DNA sequence in this region possibly lends itself to more
efficient cloning in cosmids than some of the other regions of the chromosome. The
reverse situation was seen in the analysis of the location of Alu sequences where
PCR amplification of inter-Alu sequences from the 13pter-q21 region produced a
preponderance of clones from the 13ql2 region (Michalski et al, 1992) again, possibly
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Figure 3.39. Regional localisation of the 55 cosmids hybridising to human
chromosome 13.

reflecting the uneven distribution of certain types of sequence along the chromosome.
Thus, in addition to demonstrating that the majority of the cosmids were derived from
chromosome 13, the relatively even spacing of these cosmids along the chromosome
provides a set of well characterised probes which can be used to analyse chromosome
breakpoints and act as start points for chromosome walks. Hybridization analysis of
this library, using known chromosome markers, showed that

1-6

positives were

identified in each case attesting to the representative nature of the library (Cowell,
personal communication). All of these cosmids are part of the gridded, chromosome
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specific library available through the ICRF Genome Analysis laboratory which can be
screened by hybridisation to build up series of contiguous overlapping cosmids.
At the time of this analysis there was also an effort underway to generate more
probes along the length of the chromosome containing simple sequence repeats which
would contribute to the linkage map of chromosome 13. There was already
considerable effort being invested in the isolation of dinucleotide (CA)n repeats at
CEPH, for example, so our Russian collaborators (Dr. N. Yankofsky and colleagues)
decided to isolate cosmids which contained tri- and tetranucleotide repeats and these
were regionally localized using FISH.
P11
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2 9 B 0 2 , 40A 05,
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P11
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24E12,
5 0H 12

1.2
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19D 05, 08H 03,
47A 06, 07H 08,

06B 12

59E08
18B 05, 23A 12,
54C 02, 59B 10,
16H 08, 3 2 E 0 8

Figure 3.40. Localisation of tri- and tetranucleotide repeat-containing cosmids
on chromosome 13.
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Thus, the C l07 chromosome 13 specific cosmid library was probed with
oligonucleotides containing tri- and tetranucleotide repeats;(GATG) 4 , (GATC)4 ,
(CAC)4 , (TCG)5 . Several hundred cosmids were identified in this way of which 20
were isolated because (a) they carried a large insert and (b) none of them contained
more than one microsatellite motif. A description of the individual clones is given in
table 3.11. Of the cosmids selected, 17/20 contained tetranucleotide repeats and 3/20
contained trinucleotide repeats. Over 50% of the cosmids contained the GATG
repeat (information supp;ied by N. Yankovsky).
The location of the individual cosmids was determined using FISH and a
summary of the location of these cosmids is shown in figure 3.40. Two of the
cosmids were located in the pericentromeric short arm region of chromosome 13 and
cross-reacted with DNA in the short arms of all of the other acrocentric chromosomes
(13, 14, 15, 21, 22). These cosmids were both isolated with the GACT-repeat. Apart
from this, there was no tendency for cosmids containing a particular repeat to localise
to a specific area. As described above, a random selection of cosmids results in
approximately

10%

of clones localising on the short arm and a slight over

representation from the 13q33-q34 region.

However, the cosmids selected for

containing simple sequence repeats preferentially localised to two main regions,
13ql2 and 13q33-34. Thus, as determined by FISH analysis, only 4 of these cosmids
localised to the relatively large 13ql4 region. These cosmids are currently being
developed to identify the polymorphic region and design STS but, since the YAC
contig has been established, this has come too late for them to be of use in this
analysis.
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Table 3.11. Summary of chromosomal location of cosmids containing specific triand tetranucleotide repeats.

Num ber
1
2

3
4
5
6

7
8

9
10
11
12

13
14
15
16
17
18
19
20

Cosmid
24E12
50H12
28D02
40A05
29B02
50B10
10A06
07H08
47A06
08HO3
19D05
06B12
59E09
59E08
18B05
23A12
54C02
32E08
59B10
16H08

M otif

Region

GACT
GACT
GATG
TCG
GATG
GATG
GATG
GACT
TCG
GATG
GATG
CAC
GATG
GATG
GATG
GACT
GATG
GACT
GATG
GATG

13pll
13pll
13ql2-ql3
13ql2-ql3
13ql2-ql3
13ql2-ql3
13ql2-ql3
13ql4
13ql4
13ql4
13ql4
13q21
13q22-q31
13q32-q33
13q33-q34
13q33-q34
13q33-q34
13q33-q34
13q33-q34
13q33-q34

3.8.1. Isolating Cosmids Using Alu-PCR of YACs.
Having established that the chromosome 13 specific cosmid library (C107)
was representative of the chromosome, it was decided to try to isolate cosmids from
the deleted region in the patient RH. The ultimate aim was to find unique sequences
which would lead to a gene and so several approaches were investigated. One which
was eventually to be used was exon trapping, which required using cosmids in
subcloning experiments rather than YACs (North et al, 1993). Yields of DNA from
YACs isolated by PFGE and excised from the gel, however, are extremely variable
and a lot of time and effort is expended in preparing the probe (see Discussion). A
potentially rapid means of obtaining cosmids from the YACs spanning the deleted
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region was using Alu PCR. Alu sequences are primate-specific, having arisen in the
last 65 million years (Deininger and Daniels, 1986). Alu elements share a
recognisable 300 bp sequence consisting of two tandemly arrayed halves with the 3'
half containing an additional 31 bp insertion and a polymorphic A-rich tail. The
majority of Alu elements arise from one or a few progenitor genes whose
amplification and retrotransposition have formed distinct subfamilies. Members of
each sub-family reflect the accumulated mutations acquired by the progenitor genes in
the course of evolution. It has been estimated that Alu repeats occur, on average,
every 4 Kb, and so most cosmids contain at least one member of the superfamily. The
Alu primers used in these experiments were as described by Michalski et al (1992)
and have been shown to amplify sequences from human DNA only.
YAC A09126, the larger of the two YACs isolated with D13S25, was
amplified with the Alu specific primers, Alel and BK33, using PCR. These primers
have an annealing temperature of 58°C and, after 30 cycles, produce a complex band
pattern of different sized fragments (see figure 3.41). The PCR products were
competed out with COT 1 DNA and used directly to probe the C107 cosmid library.
A representative filter following this hybridisation is shown in figure 3.42.

12

cosmids which demonstrated strong hybridisation signals were identified using this
probe and FISH analysis showed that, except for the cosmid G0242, they all mapped
to the 13ql4 region (data not shown). G 0242 mapped to the bottom of the
chromosome at 13q34. An analysis of the similarity between these cosmids is shown
in figure 3.43. These cosmids, as well as the ones that had been positive with the
probe D13S25, were then used to develop the exon trapping protocol.
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Figure 3.41. PCR aiuplification profiles seen using Ale and BK 33 prim ers and
DNA from YACS 31A and A09126. In hum an DNA this com bination produces a
sm ear o f heterogeneously sized fragm ents but no am plification is seen in yeast
DNA. The banding profile in the larger A 09126 is clearly m ore com plex than in
the sm aller YAC 31A.
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filter library after probing with Alu-PCR products from YAC A 09126.
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Figure 3.43. A nalysis o f 15 cosm ids isolated with YAC A 09126. In (a) H ind III
digested cosm ids were probed with total hum an DNA show ing that many o f them
contain sim ilar band profiles (e.g. 5, 6, 7 and 13 and 14). In (b) the sam e cosm ids
w ere probed with L A W R iS T vector show ing differen t size unique fragm ents
dem onstrating that, although they overlap they are distinct cosm ids.

226

3.9. ISOLATION OF cDNAs USING A PFGE YAC FRAGMENT
The apparent success of screening the gridded libraries with complex probes
derived from Y AGs was encouraging and so it was decided to try to screen the human
C507 library of cDNAs derived from human fetal brain and available through the
ICRF. This library was constructed in the pSPORT vector. Since Alu sequences are
infrequently found in expressed sequences a different approach was used for these
experiments. Since the repetitive elements in YAC DNA can be competed out
efficiently using COT-1 DNA, YACs could be used directly to probe a cDNA library.
To test this, YAC A09126, which had been isolated with D13S25, and covered
approximately half of the RH deletion, was run on a pulse field gel which was then
stained with ethidium bromide. The YAC fragment was excised from the gel and the
DNA isolated using Geneclean. PCR using the D13S25-specific primers demonstrated
that DNA from the YAC had been isolated. This DNA was then labelled with 32pdCTP and hybridised to the ICRF C507 cDNA library. This library consists of 5
gridded membranes containing approximately 100,000 clones. The labelled probe was
competed out with COT-1 DNA and with yeast DNA to mask the repetitive
sequences. The cDNA filter library was prehybridized with total human DNA as a
further precaution to block out binding of repetitive elements.
Well over 100 positives were seen across the filters of which 24 were chosen
for further analysis because they represented a cross-section of hybridisation
intensities. Each clone was shown to have an insert using the SP 6 and T7 primers
which were homologous to sequences in the vector arms flanking the insert (figure
3.44). The PCR products from these clones were run on a 2% gel and a Southern blot
was made and probed with total human DNA in order to determine which clones
carried repetitive DNA sequences (figure 3.44). An identical blot was prepared in the
same way and probed with the A09126 PFGE-isolated fragment to determine which
of the clones potentially contained DNA from this YAC. The clones which did not
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Figure 3.44a. PCR amplification of 24 cDNAs isolated from the C507 pSPORT
library using PFGE-isolated DNA from YAC A09126.
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Figure 3.44b. Autoradiograph of a Southern blot of PCR-amplified cDNAs
isolated with A09126 after hybridisation with total hum an DNA. The strong
positive signals indicate those clones containing repetitive sequences.
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give a signal with the total human probe but gave a signal with the A09126 probe
were selected. These were 1,11, 24, 37, 39 and 40. All these clones were amplified
using PCR and purified using a Promega PCR Cleanup kit. They were then labelled
separately and hybridised to blots containing DNA from the following sources;
human, mouse, hybrid PGME, hybrid RHF2324, hybrid RHF407, yeast, and YAC
A09126. All of the clones were found to be repetitive as evidenced by large streaks
of hybridizing probe along the whole length of the human lane and often in the mouse
lane as well. Only one cDNA did not produce this result and hybridised to a single
positive band in YAC A09126 as well as in the human DNA. This cDNA was then
sequenced and compared to sequences present in the data base using the computer
programme BLASTA. The only sequence homology found was to that of the Bgalactosidase gene which is present in many vectors as well as pYAC4. Thus, it
appears that the C507 library is contaminated with non-human sequences although the
finding demonstated that the approach taken could identify Y AC-specific sequences.
Despite this, it appears that, even with intense competition of repetitive sequences in
the YAC probe, there are still sufficient numbers of uncoupled ones which dominate
the hybridisation reaction.

3.10. EXON TRAPPING.
Although YACs did not prove useful, direct screening of cDNA libraries using
cosmids may allow the isolation of the cDNAs corresponding to expressed sequences
since the probe is less complex. However, a major drawback to this approach is that,
if expression of the coding sequence is restricted to a limited number of tissue types,
or a specific developmental stage, or the mRNA species has either low stability or is
of very low abundance, this approach may not be successful. It then

becomes

necessary to analyse the coding sequence itself, thereby avoiding the problems
associated with detecting expression of sequences. This is accomplished by analysis
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Figure 3.45. Schematic diagram of the exon trapping strategy. Genomic DNA is
digested with restriction enzymes and subcloned in the polylinker site of the exon
trap vector. The vector is transfected into COS cells where the transient
expression is initiated from an appropriate promotor. If the subcloned genomic
fragment contains an exon, in the proper orientation, in vivo splicing of the
primary transcripts result in exon sequences being juxtaposed to the vector
sequences in the mRNA. Total RNA is isolated from COS cells after two days
and used as a template for first strand cDNA synthesis. Exon trap products can
then be amplified by PCR using primers specific to the vector sequences. PCR
products which contain 'trapped exons' are correspondingly larger than a PCR
product containing vector sequence only.
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Figure 3.46. Schematic diagram of the vectors used in the exon trapping
experiments. The pL53In vector (middle) consists of an exon trap cassette
inserted into the parental plasmid pFX3, pML53InR (top) uses the pUC19
plasmid and pSPL3 (bottom) uses the pAMPlO plasmid. All plasmids contain the
SV40 origin of replication (O) and the bacterial ampicillin gene (amp). The exon
trap cassette in pL53In and pML531nR is comprised of a retroviral Rous
sarcoma long terminal repeat (LTR) which serves as a constitutive promotor.
The pSPL3 vector uses the promotor of the rabbit fi -globin gene (RBG). The
vector splice donor and splice acceptor sites are provided by exon and intronic
sequences of the rat pre-proinsulin gene (RPI) in pL53In and pML53InR vectors
and by the HIV tat exon and intron sequences in pSPL3. The positions of the
primers for reverse transcription are indicated by the arrows.

231

of nucleotide sequence data, or by the isolation of coding sequences, referred to as
exon trapping. Figure 3.45 shows the basic stategy for exon trapping. A number of
methods have been described which vary mainly in the choice of vector used to carry
the genomic fragments (see section 1.5.5 and discussion). The most effective vectors
are those which contain both splice acceptor and splice donor sites which flank coding
sequences in the genomic DNA fragments inserted into the vector. The pSPL exon
trap cloning vectors of Auch and Reth (1990) used exons 2 and 3 from the rat
preproinsulin gene in the pL53In and pML53 vectors (figure 3.46). The exon
amplification vectors described by Buckler et al (1991a) and Church et al (1994) use
the HFV-tat minigene under the control of the rabbit fi globin promoter. In a series of
pilot experiments the vectors based on pL53In and pSPL3 were used and are shown in
figure 3.46.
Because it had been shown that the D13S25 probe was homozygously deleted
in most cases of BCLL carrying chromosome 13 abnormalities, both in studies using
somatic cell hybrids from these patients and from LOH studies, it was decided to try
exon trapping from cosmids isolated with this probe. The general exon trapping
procedure is outlined in figure 3.45. Due to its availability, and because it had been
highly recommended (M. North, personal communication), it was decided to use the
recently described pSPL3 vector in the initial experiments (see figure 3.46). This
vector had a multiple cloning site which includes the compatible BamHI and Bglll
sites. The cosmids used were obtained from the chromosome 13 specific cosmid
library. Using the D13S25 probe (section 3.3) 4 cosmids had been isolated and 11
more were isolated using the YAC A09126 PFGE- purified fragment (section 3.8.1).
These cosmids were digested sequentially with BamHI and Bglll and ligated into the
linearised, phosphatased vector. An aliquot of the ligation reactions were then
transformed into D H 5a competent cells. The controls used in these experiments have
been described in the Materials and Methods (section 2.12.2).
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No colonies grew in the control ligations and several of the cosmids produced
transformed colonies far in excess of the controls (see figure 3.47). Approximately 12
colonies from each of these plates, including that of the pSPL3 vector, were grown
overnight and DNA prepared in order to determine which, if any, had inserts. Within
the vector, and flanking the cloning site, are unique Sail and Ndel sites which release
any cloned inserts. Examples of these digests are shown in figure 3.48. It can be seen
that several clones appear to contain inserts and most of them are small. A review of
the digestion profile of the BamHI/ Bglll cut cosmids showed that most of them
produced relatively large fragments which possibly accounts for the preferential
cloning of the limited number of smaller fragments (see figure 3.49). Because
BamHI/Bglll digests do not apparently generate a cross-section of representative
clones other enzymes were used. One alternative would have been to prepare partial
Sau3A digests of the cosmids and clone them into the BamHI site. However, the
LAWRIST vector, into which all the cosmids had been cloned, is a very low copy
vector and DNA yields from standard plasmid preparation are disappointingly low
compared to other cosmid vectors.
Consequently, the cosmids were then digested with PstI which produced many
more, smaller sized fragments (see figure 3.49). After ligation, however, only 4 of the
15 cosmids produced colonies in excess of the controls. All of the colonies from these
plates were scraped, pooled and DNA prepared. The DNA from each of these plates
was then electroporated into C0S7 cells. The cells were allowed to recover for 48 hr
and then total RNA was isolated. Using MMLV reverse transcriptase, first strand
cDNA was generated which was then used in a primary PCR reaction using the SA2
and SD 6 primers which flank the pSPL3 cloning site (table 3.12). If no exons are
trapped the BstXI sites are reconstructed and, following the second PCR with primers
SA4 and SD2 and enzyme digestion, no PCR product will be produced. In this
experiment, the first round PCR mostly produced bands which were the same size as
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Figure 3.47. Transformation efficiency of PstI digested cosmid subclones. DH5a
cells alone do not grow (top left). The phosphatased vector (top right) did not
produce colonies either. After self-ligation of the phosphatased pSPL3 vector
only 10-15 colonies were produced (bottom left). The remaining two plates
(bottom centre and right), which result from transformation with the suhcloned
cosmids, contain several hundred colonies.
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Figure 3.48a. A nalysis o f 12 colonies after su b clonin g cosm id F 11179 into the
pSPL vector. A fter digestion with S a il and Nde 1 the inserts are released. The
vector hand is 4.6 Kh (upper arrow on left) and the sm all inserts can he seen
betw een 200-300 hp (low er arrow ). M ost o f the su h clon es are still relatively
small.

Figure 3.48h. PC R am p lification from in d ivid u al co lo n ies after su h clon in g
cosm id G0313 into the pM L53In vector. The m ajority o f the inserts are 600 hp
or greater.
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those produced from the transfected vector. Following BstXI digestion and second
round (or nested PCR) the bands disappeared (data not shown). This indicated that the
majority of the cloned fragments from the cosmids did not contain exons.

Table 3.12. Primer sequences for amplification of exon trap products

VECTOR

pSPL3

PRIMER SEQUENCE

PRIMER

primary PCR

SA2

ATCTCAGTCGTATTTGTGAGC

SD6

TCTGAGTCACCTGGACAACC

secondary PCR SA4
SD2
pL53In/

CACCTGAGGAGTGAATTGGTCG

TEMP

58

65

GTGAACTGCACTGTGACAAGC

cDNA synthesis 3' Insc

GATCCACGATGC

55

primary PCR

NSIns

GAGGGATCCGCTTCCTGCCCC

55

N3Ins

CTCCCGGGGCACCTCCAGTGCC

pML53InR

secondary PCR S5Ins
S3Ins

GGATTCTTCTACACACCC

55

CTCCAGTGCCAAGGTCTGAAGG

Despite repeating these experiments with the same cosmids on several
occasions, and varying the conditions and restriction enzymes used, it was not
possible to demonstrate the presence of exons. At this time Kwok et al (1993) had
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successfully used exon trapping to examine the intron-exon structure of the RET
proto-oncogene using the vector pML53In designed by Auth and Reth (1990) (see
figure 3.46). It was decided, therefore, to try this vector to determine whether it would
be more successful for isolating exons from the cosmids.
The PstI digested cosmids were ligated into the phosphatased vector and
aliquots used to transform competent cells. Again, the major problem was in the
ligation reaction, with not all cosmids producing colonies in numbers which indicated
successful ligation. In this case oligonucleotide primers, complimentary to sequences
in the vector arms, were used to amplify the inserts using PCR. Using this approach
most of the colonies were shown to contain inserts (figure 3.48b). DNA was prepared
from all the colonies on each plate and transfected into C0S7 cells. Following reverse
transcription and PCR amplification no exons were amplified (figure 3.50). This
experiment was also repeated on a number of occasions, using different enzymes in
the multiple cloning site but, despite the presence of inserts in the vector, no exon
product was processed.
The pML53InR vector was also used in a number of experiments using EcoRI
digestion of the cosmids but with the same result. The ligation reactions were
obviously generating subclones and RNA was being processed from the vector in the
C0S7 cells. The fact that no exons were being trapped suggests that, either none were
present in this selection of cosmids and so the subsequent splicing of the mRNA
eliminated the inserts, or that the system was not that efficient. Recent analysis of
YAC A09126 with rare-cutting enzymes suggested that no HTF islands were present
in this YAC. Also, the collection of cosmids used did not represent a full coverage of
the YAC or the deleted region in RH and therefore, it is possible that no genes are
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Figure 3.49a. Digestion o f the D13S25 cosm ids with BamHF/BglII. The 4 cosm ids
all show large restriction fragm ents com pared with the pSP L 3 vector alone.

Figure 3.49b. D igestion o f 15 cosm ids with PstI show ing the range o f restriction
fragm ent sizes m any of which are below 2 Kb.
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Figure 3.50. Analysis of PCR products following transfection of subcloned
cosmids into pML53InR. After RT-PCR and amplification using vector specific
primers, the majority of cases show only the 230 hp fragment derived from the
vector alone (lane 10). Although the larger hand in lane
trapped exon, this was not reproducible.
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8

was suggestive of a

present in these cosmids. Clearly, a more representative cosmid map should be
obtained between D13S25 and MGG 15 by subcloning the relevant YACs and
building up a contig across the whole region. This is currently underway and a cosmid
contig had just been generated using YACs A 09126 and CO 161 (M. Corcoran,
personal communication). These YACs have been subcloned into SuperCos, which is
a much higher copy vector than LAWRIST, which makes analysis of the cosmids
much easier. Preliminary data suggest that HTF islands are present in the cosmids
from CO 161 YAC, but not from A09126, confirming the suggestion that there are
few, if any, genes in A09126. Analysis of the cosmids from C0161 is still in the
preliminary stages (see Discussion).

3.11. BREAST CANCER-2 GENE (BRCA2)
During the analysis of the BCLL deletion, a large amount of information had
been accumulated about the chromosome 13 map. In particular, YACs had been
isolated corresponding to different loci from the entire length of the chromosome and
newly isolated genes, in the form of ESTs, had been assigned to specific regions of
the chromosome. In particular ESTs 297 and 273 had been mapped, using somatic
cell hybrids, to the 13ql2-13 region (Hawthorn and Cowell 1995), where the BRCA2
gene had recently been localised (Wooster et al, 1994). Analysis of the mega-YAC
contigs constructed by Genethon showed that a YAC contig already existed to cover
this region (figure 3.51). In collaboration with D. Kellsell (ICRF) it was shown, using
PCR, that both EST 297 and EST 273 were present in YACs in this contig. Searching
the EST sequence database held by Dr. C Venter (TIGR), neither of these ESTs
showed sequence hom ology to any known gene (K erlavage, personal
communication). To try to isolate full length cDNAs corresponding to these genes,
and to save time, both PCR products were isolated and hybridised to the ICRF C507
fetal brain cDNA library and three positives were identified (figure 3.52). When these

240

clones were analysed with the PCR primers from EST 273 and 297, however, all three
of these clones were shown to carry the EST 297 sequence (see later). Further
refinement of the physical map of the region showed that EST 297 mapped telomeric
to the genetic markers closer to BRCA2, as did the BRUSH 1 cDNA, thereby
excluding both of these as candidates for BRCA2. Because EST 273 was now the
only remaining candidate gene mapping to the contig, and was apparently absent from
the C507 library, a series of other commercially available libraries, generated in
lambda vectors, were screened. Aliquots of these cDNA libraries were boiled and 1 |il
of the DNA solution generated in this way was analysed by PCR using the EST 273
primers (table 3.8). In this way it was shown that the libraries derived from breast,
liver and fetal brain carried clones corresponding to the EST 273 sequences, but it was
apparently absent from a breast adenocarcinoma library.

cda16e06
cdaOngOe

D13S289
■

D13S290 AFMa109xh1
■

■

EST00273

D13S260
■

STS1002 D13S171

■

■

■

931_f_5(1510kb)
910_h_2 1030kb)

D13S267
TEL

951_a_3(1760kb)
886_d_8 (970kb)

5.27Mb

Figure 3.51. The YAC contig of the BRCA2 region.

Approximately 20,000 clones from each of these libraries were grown on each
of 8 X 15 cm Petri dishes, transferred to nylon membranes and probed with the
purified 97 bp EST 273 PCR product. Two clones were isolated from the liver library
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Figure 3.52. Autoradiograph of a filter from the C507 cDNA library probed with
EST 273 and EST 297. Three positives are clearly seen on the distinct 3 x 3
background grid of bacterial colonies.
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and a single positive clone was obtained from the breast library. DNA was prepared
from the breast clone (termed 273R1.1) which was confirmed to contain the EST 273
using PCR. The clone contained a 1.1 Kb fragment which was subsequently
sequenced (figure 3.53). The sequence was translated in all three frames and found to
contain no open reading frames. It appeared, therefore, that this clone only contained
sequences from the 3' untranslated region of the gene. The 5'-most end of this
1
41
81
121
161
221
261
301
341
381
421
461
501
541
581
621
661
701
741
781
821
861
901
941
981
1021
1061

GATCTAGATG GTAAAGG ATA AGAGTAAAAA CTAA AACCAG
CAAGGAAATC TGGAAGAAAA TAGAGGTTTT AAAAGTAATT
TGAGAGAATG AGTmAAmCAG TGGG ATCTTT CTT ACCCCCT
AATAAATGAA AAGTGAGGGA ATTTAAGAAA TTAGTTTTTT
GTTGTTATCA TCTGTTTTAC AGATTATTGT GGATATTTGC
AATGGTAGGC TGAATAATGT ACCCCyCCAA AGATACTCAT
GTTTTAATCC CTAAAACCTG TGCATATGIT GCGTTAGATG
GTAAATTGGa TTTTgcAAat TTGATTAAGG aTCTTGcAAT
GGGGAGCTGT CCTGGATAAC TGGATTGGCC AgTGTGATCA
C AA AGGTTCT TAATAAG AGG G AGGcAGG AG G A ATTAGTC A
G AG AAGGgTT AAG AC AAAAG C A AAGGTC AA G AG AG AAG AT
GCTGCACTGC TGGTTTTGAA GATGATGgaA CATCCCATAA
GCCcAGGTGT GCAGCTAACC TTTAGAAGCT GGAAAAGgCA
gGAAACATa TTCTGTAGAG cCtCCAGAAG gAAcACACGT
CTgCACACAC TTTGTTTTTA GCTCAGTGAA ACTGATTTTG
gaCTACTGAC CTTCAGAACT GTAAGATAAa tTC C TG TtG T
TTTACGTTTG TGGTGTTATA GAAGTTACAG AAATGAATAt
ACTTaCCGTA GTTTAGAGAGAGATGGGAGG AgACtTTTTT
TTCTCCCtTC TTTTGAAGGA GGTAgGTCTC CTTAACtCCA
GAGGAAAGAC TTGTCTTtCT tCATATAgGt CCCTTGATTC
TTAATTCAGG GAGTGTTTAG AGATTGaATT ACCCAGTAAA
GTAGTCTCAG GATAGGAAGT ATATAAAGGC ACTCAGTAGA
TAAGGAGGAA AAGTGTTCAT GATGTGTCAG TTTTACTTAG
ATTTyGTATT TTTCTTGAAA ATCACTTGTA AATGCACATG
aAAGTATTAA AGTAATGCTC AGTTCTTAGA AATTTAAAAA
CCAAACCATG AAAATGGACT CTCTTGTAgG CCTTGTCATG
GTAACAGATT CCCGGAATTC CGGTCTCCCT ATAGTGA

Figure 3.53. DNA sequences from the EST273R 1.1 fragment. The nucleotides
shown in lower case were ambiguous on the sequence. The sequence shown in
bold corresponds to the EST 273 sequence from the original database entry.
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sequence was sent to Dr. C. Venter (TIGR) who compared it with those in his cDNA
databases. Again, no homologies were found so it was decided to try and find a larger
transcript.
Because 273R 1.1 was much larger than the original 97 bp PCR product, it
was used to screen the arrayed C507 cDNA fetal brain library and the liver library.
On this occasion, four positives were found. These clones were shown to contain the
original EST 273 using PCR. The clones from the c507 library were then double
digested with SstI and Notl to release the insert fragments from the plasmid in order
to determine their sizes which were 4Kb, 2Kb, 1.5Kb, 1Kb. Further sequencing and
analysis of these clones and those isolated from the liver library is presently
underway. Towards the end of this project a series of 65 novel ESTs were generated
by the Genethon sequencing program and two of these were found to map within the
YACs which comprise the BRCA2 contig (figure 3.51) and these are also being
pursued as candidate genes (see Discussion). These preliminary experiments
demonstrate the usefulness of assigning randomly isolated genes to chromosomal
locations and several of the other ESTs, which were mapped during the course of this
thesis, especially to the 13ql2 region, are proving to be candidates for a variety of
other human genetic diseases (see Discussion). However, time constraints toward the
end of this project precluded further detailed analysis.
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CHAPTER 4

DISCUSSION

245

4.1. OVERVIEW
The aim of this thesis in the first instance was to define the breakpoint in
13ql4 associated with translocations in BCLL. Another aim was to extend the
physical map of chromosome 13 and look for novel genes. These two aims were
interconnected because, at the time these experiments were being conducted, there
was a paucity of markers on chromosome 13. During the course of this thesis
numerous reagents became available in the form of cosmids, microsatellite markers
and ESTs which were assigned to chromosome 13. As an ongoing effort, these
available resources were incorporated into the existing ones to build-up a more
cohesive physical map of the chromosome.

4.2. THE ROLE OF 13ql4 IN BCLL
The experiments presented in this thesis demonstrated that the commonly
deleted region in BCLL lies approximately IMbp distal to the RBI gene in 13ql4.
Fitchett et al (1987) reported that 15 BCLL patients out of 116 had abnormalities of
13ql4. These included 9 cases of deletions, 5 with translocations and 1 with a deletion
and a translocation. This was the first large sample study to report these abnormalities
and was based purely upon classical G-banding cytogenetic analyses. It was suggested
that RBI may be involved because of its proximity in 13ql4 and its involvement in
neoplasias other than retinoblastoma. Subsequently, Juliusson and Gahrton (1990)
conducted a cytogenetic study on 102 BCLL patients and reported that 13q
abnormalities frequently occur as the only cytogenetic abnormality. The incidence of
13q abnormalities at this point was mildly disputed because it appeared to depend on
the source of patients and type of banding used in the cytogenetic analysis. RB1 was
again proposed as the causative factor in this leukaemia because deletions were the
most commonly observed abnormality and so it appeared likely that a tumour
suppressor gene was involved.
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Morris et al (1991) used RFLPs from chromosome 13 to determine the copy
number of individual loci in 3 BCLL patients. Deletions were detected but both
proximal and distal breakpoints varied between the patients, so it was thought that it
was unlikely that a hybrid gene was formed at the breakpoint junction. The
retinoblastoma gene was encompassed by the deleted segment in all three patients. It
was concluded that a tumour suppressor gene was responsible for the leukaemia in
this set of patients and RBI was the most likely candidate. This was one of the first
molecular studies implicating the involvement of 13ql4 in BCLL and, although the
sample size was very small, it set the stage for studies of RB 1 in BCLL. Peterson et al
(1992) studied 82 BCLL patients cytogenetically and concluded that 13ql4
abnormalities were the most common chromosomal aberrations in these patients. It
was also found that 13ql4 abnormalities were the sole chromosomal aberration and
occurred very early in the development of the disease.
Stilgenbauer et al (1993), performed a combined metaphase and interphase
cytogenetic study comparing G-banding and FISH in BCLL patients. The probe used
for FISH analysis was composed of 50 lambda phage clones encompassing the RBI
gene. Deletions of one allele were seen for 31% of the patients using FISH and half of
these showed no abnormalities using G-banding. They concluded that 13ql4 deletions
were more common than had been previously thought and, specifically, that RBI
played a critical role in BCLL tumorigenesis. This paper was also very important
because it was one of the first reports of using FISH analysis to detect deletions.
These findings were confirmed by Lui et al (1992) who investigated deletions
of the RB 1 gene in BCLL using cytogenetic and Southern blot techniques. They also
found a 30% incidence of allelic loss within RB 1 and postulated a role for this tumour
suppressor gene in BCLL. The involvement of RBI in BCLL, however, was
somewhat counter-intuitive. Firstly patients with constitutional deletions of the RB 1
gene do not develop BCLL (Draper et al 1986). The RBI gene prevents uncontrolled
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cell growth by binding to and inactivating a series of growth promoting proteins. Its
absence in breast and lung cancer, for example, makes these tumours more aggressive.
BCLL with 13ql4 deletions, however, form a very benign subset of stage A
leukaemias.

4.3. SOMATIC CELL HYBRID ANALYSIS
Based on these contrasting and slightly controversial data it was decided to
generate somatic cell hybrids from BCLL patients with 13ql4 abnormalities. The
hybrids would be useful in studying this region for a number of reasons; i) BCLL cell
lines are rarely successfully established in culture; ii) There is the uncertainty both
about the number of malignant cells actually carrying chromosome abnormalities in
any given sample, as well as the involvement of contamination from non-malignant
cells in preparations of peripheral blood mononuclear cells; iii) The hybrids represent
an immortal source of chromosomes and DNA for further molecular and cytogenetic
studies without need for further sampling; iv) The hybrids will separate the abnormal
chromosome from its normal homologue which is advantageous when studying
patients uninformative for polymorphic markers especially using PCR.
The decision to study translocations as opposed to deletions of 13ql4, which
are more common in BCLL, was based on the assumption that there would be little or
no loss of chromosomal material associated with a translocation. This assumption was
based entirely on previous reports of translocations in a wide variety of leukaemias
(see Introduction) where no loss of chromosomal material was associated with the
rearrangements. This would allow a more refined analysis of the 13ql4 breakpoint
region and determine whether the translocation generated a chimeric gene or activated
a protooncogene, as was observed in other leukaemias associated with translocations.
The analysis of the hybrids containing the translocations, however, demonstrated
unequivocally that deletions were always associated with the rearrangements in the
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patients studied. These deletions could include RBI, which would account for why a
number studies found allelic loss of RBI associated with BCLL, but the D13S25
locus was the only locus consistently lost suggesting the presence of small deletions
centered at this site.
Brown et al (1993) also studied somatic cell hybrids derived from BCLL
patients with 13ql4 abnormalities. This group looked at hybrids from 2 patients with
deletions of 13ql4 and one with a translocation. They found that both RBI and
D13S25 were deleted in the hybrid cells from the patients carrying deletions but RBI
was retained in the hybrid carrying the derivative 13pter-14 translocation. D13S25
was absent from both hybrid pairs. This study did not examine the D13S31 locus,
which lies 1 cM distal to D13S25, and which had been excluded from involvement in
the smallest deleted region in the present study. They also studied a small set of 9
patients for allele loss at RBI and D13S25 and found that RBI was lost in 50% of the
patients while D13S25 was deleted in all patients with typical BCLL. Their
conclusion was the same as ours (Hawthorn et al, 1993) namely, that there was little
evidence to implicate RBI in BCLL. Furthermore, they were able to show using
PFGE, that the 570 Kb Not I fragment which carries the RBI gene was intact in the
translocated chromosome placing the proximal breakpoint in this rearrangement at
least 350 Kb distal to the 3' end of RBI.

4.4. LOH STUDIES IN BCLL
The data from somatic cell hybrids is very accurate but only involves a few
rearrangements. In order to investigate the frequency of allele loss in 13ql4, and
confirm the involvement of D13S25, it was decided to examine LOH in a larger group
of patients using probes from R B I, D13S25 and D13S31. Using intragenic
polymorphic markers from the RB 1 gene, LOH was observed in 25% of the tumours
including 3/6 which had translocations involving 13ql4 and 3/6 which had
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cytogenetically detectable deletions of 13ql4 (Chapman et al, 1994). However, 3/6
cases with 13ql4 deletions did not show LOH at RBI, further indicating that this gene
is not involved in BCLL tumorigenesis.
Using the D13S25 probe, which lies 1.6 Mbp distal to RB I, allele loss was
demonstrated in 90% of the tumours with structural rearrangements in 13ql4 and in
75% of the tumours with apparently normal karyotypes. 50% of these tumours
demonstrated homozygous loss of D13S25 further supporting the idea that a tumour
suppressor gene was located in this region.
The more distal D13S31 locus, which lies approximately 1 cM below D13S25,
infrequently demonstrated allele loss in these tumours suggesting that a minimum
region of overlap for homozygous deletions is the IMbp around the D13S25 locus.
The finding that nearly all of the patients with 13ql4 rearrangements showed LOH for
D13S25 confirmed what had been demonstrated in the hybrids. Much more important,
however, was the fact that tumours with apparently normal karyotypes also displayed
LOH at this locus, reinforcing the contention that the gene involved was indeed a
tumour suppressor gene (Chapman et al, 1994).
Of the 22 patients studied who had a normal karyotype 3 demonstrated loss of
heterozygosity at RBI. This frequency of RBI loss in BCLL tumours has also been
noted by others (Lui et al, 1992, Stilgenbauer et al, 1993). It is reasonable to assume
that these three tumours carry either microdeletions within 13ql4, or structural
abnormalities involving 13ql4 in cells which could not be stimulated to divide at the
time of the cytogenetic analysis. In those tumours showing only heterozygous loss of
alleles it is possible that the remaining RB 1 allele carried a more subtle abnormality
as seen in retinoblastoma tumours (Hogg et al, 1993). This alternative, however, is
unlikely since in previous studies of tumours with 13ql4 deletions a normal species of
the Rb protein (pRB) was detected (Kay et al, 1993, Lui et al, 1993). Since mutations
in RBI almost invariably result in the absence or abnormal expression of pRB
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(Horowitz et al, 1990), the presence of the normal protein implies the remaining RBI
allele is wild-type. Since one copy of RB1 is sufficient to allow normal function of the
gene product in the cell it is unlikely that this gene is an important primary pathogenic
event in BCLL tumorigenesis.
Only three of the six translocation cases showed allele loss for RB 1 supporting
the hybrid data which suggested that, even though deletions were frequently
associated with translocations, RB 1 was not contained within the minimum region of
overlap. This assumption was further supported by the observation that 3/6 tumours
with deletions involving 13ql4 did not include the RBI locus. In those tumours where
the proximal breakpoint lay above the RBI locus, allele loss was observed which is
consistent with the other breakpoint being distal to RB 1. The three tumours showing
retention of heterozygosity at RBI carried deletions of ql4-q21 (one case) or ql4-q22
(two cases), indicating that the proximal breakpoint lay distal to RB 1 in these cases,
further supporting our exclusion of RB 1 from the minimum region of overlap seen in
BCLL.
Lui et al (1993) looked at RBI protein expression in BCLL patients with
hemizygous deletions of RBI using RT-PCR, SSCP and immunofluorescence. Only
1/8 patients showed a lack of RBI mRNA and RB protein expression. All other
patients were normal in these regards, indicating that the remaining RBI allele was
functional and the gene involved in tumorigenesis lay elsewhere in 13ql4. This group
also performed Southern blot analysis of the 13q region using probes from 10
different loci. In 14/31 BCLL clones, deletions of D13S25 were observed and 4 of
these were homozygous. Hemizygous deletions of RB 1 were found in 11 patients but
these also had D13S25 deletions. Devilder et al (1995) examined 25 BCLL patients
using CEPH microsatellite markers around D13S25. They also looked for LOH of
these markers and refined the map of the region. They found that the only marker
which was homozygously deleted was D13S25, thus confirming our observations. All
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of the above data indicate that a gene telomeric to RBI is involved in the malignant
transformation of BCLL clones and deletions in the region of the probe D13S25 are
common in the aetiology of the disease.

4.5. TH E ROLE OF DELETIONS IN LEUKAEMIAS
The data presented above confirmed the suggestion that the BCLL gene in
13ql4 was a tumour suppressor gene. This was a rather surprising finding because
translocations usually indicate either, the formation of an oncogenic, chimeric protein,
or the activation of a proto-oncogene. These are by far the most common consequence
of translocations seen in most forms of leukaemia studied to date. This may be due to
the fact that translocations are easier to diagnose cytogenetically than deletions. The
normal function of tumour suppressor genes is to keep the cell either in a quiescent
state or responsive to external signals in a controlled manner. Loss of function of one
or both of the alleles through mutation and/or deletion results in loss of cell cycle
control. Johansson et al (1993) selected 6,422 cases of leukaemia where the sole
chromosomal abnormality was a monosomy or a deletion. Sub-chromosomal
deletions are obviously more informative than whole chromosome loss. This
cytogenetic deletion mapping revealed that the most common regions deleted in
leukaemias were as follows; For acute myeloid leukaemia (AML): 5ql3-33,7q22-36,
9ql3-31, llq23-25, 12pl2-13, 17pll-13, and 20qll-13.

For myelodysplastic

syndromes (MDS): 5ql3-35 and 20qll-13. For myelo-proliferative disorder (MPD):
5q22-23, 7q22, 13ql2-22,17pll-13, and 20qll-13. For acute lymphocytic leukaemia
(ALL) : 6q 15-27, 9 p ll-2 4 , 12pl2-13, and 19pl3. For lympho-proliferative disease
(LPD): 6q 16-27, llq21-25, 13ql3-14, and 14q32. For non- hodgkins lymphoma
(NHL): 6q21-27, llq l3 -2 5 , and 14q21-32.
Some of this deleted material would be thought to harbour tumour suppressor
genes. However, although deletions appear to be quite a common occurrence in
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leukaemias, no tumour suppressor genes have yet been reported associated with these
neoplasias. For the most part, searches for genes associated with deletions in
leukaemias have focused on the long arms of chromosomes 5, 6 ,7 , 13 and 20 and on
the short arms of 9 and 17. Deletions of 5q have been reported most frequently and
are those most extensively analysed molecularly. Loss of genetic material from 5q is
well known to be a frequent occurrence in AML and MDS. These malignancies are
usually late complications of cytotoxic therapy used in the treatment of both
malignant and non-malignant diseases. In order to determine the location of genes on
5q which may be involved in leukaemogenesis. Le Beau et al (1993) examined the
deleted chromosome 5 homologues in 135 patients with malignant myeloid disease.
By comparing the breakpoints in these patients they were able to identify a small
segment of chromosome 5 consisting of band 5q31 that was commonly deleted. 5q
carries a number of potential tumour suppressor genes including growth factors,
hormone receptors, and proteins involved in signal transduction and transcriptional
regulation. It also carries five hematopoietic growth factors; CSF2, IL3, IL4, IL5 and
IL9. Using FISH, the location of these genes was refined to 5q31.1 and the order of
these and other markers in the region was determined. By hybridizing cosmid and
Y AC probes to metaphase spreads with overlapping deletions the critical region was
narrowed to a sub-region of 5q31.1 containing the EGRl gene thus excluding the
other genes in the region as candidates. This region was estimated to be 2.8.Mbp.
Deletions of chromosome 6q occur primarily in the lymphoid neoplasms such
as ALL, LPD and NHL. Proximal breakpoints of these deletions differ and span 6ql 16q25. Although no candidate gene has been found, studies of lymphoid neoplasms
have focused on the MYB gene, assigned to 6q22-q23. No gene losses or
rearrangements of the MYB gene have been detected in these neoplasms indicating
that another gene is probably involved in the development of these T-cell
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malignancies. However, Northern analysis revealed the elevated expression of MYB
in one patient with NHL (Okada et al, 1990).
Deletions of 7q are as common as 5q deletions in myeloid neoplasms, but have
been less well studied. LOH has been reported for several markers on 7q but no
candidate tumour suppressor gene have yet been identified (Neuman et al, 1992).
Loss of material on 9p, as the only cytogenetically detectable chromosome
abnormality, occurs only in ALL. Some studies have focused on LOH of the
interferon genes on 9p (Einhom et al, 1990) but more recently, Stranks et al (1995)
examined leukaemic patients for allelic loss of the cyclin dependant kinase 4 inhibitor
(CDK4) which maps to 9p21. They found that a loss of CDK4 expression may occur
in a subset (20%) of B-cell precursor ALL and in some cases of NHL.
Deletions from the short arm of chromosome 17 have been reported in a
number of leukaemias but the only gene to be investigated to date is the TP53 gene
(Fromentel and Soussi, 1992). Mutations of this gene have been reported in a number
of these neoplasias. Similarly, the deletion of chromosome 20 in myeloid neoplasms
have not been well studied. Those studies reported to date have looked at deletions of
the SRC gene which has been found to be retained in some instances (LeBeau et al,
1985) but deleted in others (Morris et al, 1989).
The identification of the critical genes in these deletion cases has been
hampered by the large sizes of the deletions involved. As with chromosome 13
deletions, most studies have tended to focus on candidate genes which have already
been mapped to the specific chromosomal region, such as RBI in BCLL. This
demonstrates the difficulty in isolating genes that are involved in deletions. In the case
of BCLL, the smallest deleted region encompasses approximately 1 Mbp of DNA,
which could potentially contain 30-60 genes. Although this may be a rather inflated
estimate for some regions of chromosomes, it illustrates the need for the development
of rapid and reliable methodology, not only to isolate new genes, but also to rule out
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genes that are obviously not involved. Any gene included in a deletion is a potential
candidate until it is excluded. The methods currently available for this are; i) mutation
analysis of putative genes in individuals without cytogenetically detectable deletions
but with the disease phenotype or, ii) the sequence comparison of existing genes in
the available databases to search for families of genes involved in similar disease
aetiologies. Even the absence of mutation in these genes may not exclude their
candidacy since modified expression may be important, iii) Also, creating knockout
mice is a very labour intensive procedure and may not produce the expected
phenotype.

4.6.

C H R O M O SO M E

13 IN V O L V E M E N T IN O T H E R FO R M S O F

LEUKAEMIA
Although the deletions of 13ql4 in BCLL are obviously important in tumour
development, loss of chromosome 13q material has also been reported in other forms
of leukaemia, albeit rather infrequently. Most studies have focused on loss of the RB 1
gene, which has been found to be deleted in a few cases. AML is the most frequently
reported myeloid leukaemia showing a deletion of 13ql4. Furukawa et al (1991)
examined 32 cases of AML for expression of pRB using anti-pRB antibodies and
immunoblotting. Eight of these cases were found to have absent, or reduced, pRB.
These cases were then examined for RB 1 mRNA using Northern blotting and only 2
of them showed absent RNA while the remaining 6 had normal sized transcripts,
although with apparently reduced levels. Komblau et al (1992) also looked at pRB
expression in AML patients and found that 13 of 43 demonstrated low expression of
this protein. In addition, those patients with reduced pRB expression had a much
shorter survival time than those that had normal levels of expression. Weide et al
(1993) also reported reduced or absent pRB expression in 11/25 AML patients using
Western blotting and immunocytochemistry and were able to loosely correlate this
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loss, or absence of protein expression, with a more aggressive form of the leukaemia.
It appears, therefore, that a reduction in RB 1 protein expression may play a role in the
aetiology of AML, although no cytogenetically detectable structural abnormalities of
13ql4 could be correlated with the loss of pRb expression in these studies. In the case
of retinoblastoma, since the wild type allele is sufficient to suppress malignancy, both
copies of the gene must be missing, or mutated, in order for tumorigenesis to occur.
The fact that that residual pRB expression is found in these cases of AML would
indicate the presence of at least one functional allele. It may be that the mechanism of
tumorigenesis in AML is different from that of retinoblastoma. It may also be that a
contaminating sub-population of normal cells are contributing to the finding of
residual pRB expression in most of these cases.
Chromosome 13 abnormalities have also been reported for a number of other
myeloid malignancies. Structural abnormalities of chromosome 13 have been
described in MDS. Fitchett et al (1987) examined 15 patients with haematological
malignancies and abnormalities of 13ql4, one of which was diagnosed as MDS. In
rare cases, patients with MPD have also been found to carry deletions of 13ql4
(Fitchett et al, 1987, Morris et al, 1991). Chromosome 13ql4 structural abnormalities
have also been reported in CML patients with about the same frequency. Fitchett et al
(1987) described one patient with

a complex translocation including 13ql4.

Furukawa et al (1991) reported that 4/9 patients with CML had reduced pRB
expression, although the karyotypes of these tumours were not examined. Hansen et
al, (1990) described one CML patient with a very complex karyotype containing
several deletions and translocations involving many different chromosomes, but
including a 13ql4 deletion. The case for a role of RBI in CML tumorigenesis,
however, appears poor at best.
The involvement of 13ql4 rearrangements in ALL has also been reported
sporadically. Cheng et al (1990), described a cell line from an ALL patient with a
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t(l;7 ) translocation but with expression of a truncated pRB. Hillion et ai (1991)
examined 34 cases of different types of leukemia and found exons 18-27 of the RBI
gene missing in one case of ALL with a t(9;22) (Ph+). Hansen et al (1990) also
reported a single case of ALL with a del(13)(ql2-ql4). This patient also had a
complex karyotype and, beause the del(13) was only oberved in a proportion of the
cells examined, it was thought to be a late event and not a contributing factor to
leukaemogenesis. It appears that in all of these reported cases the involvement of RBI
is secondary to the initial genetic abnormality in ALL.
The sporadic reports of 13ql4 abnormalities in different leukaemias may
suggest that an important gene for leukaemogenesis is located here. RBI is the only
gene which has been isolated from this region but it is very possible that the gene
being sought for BCLL has a more widespread influence on tumorigenesis and the
phenotype may depend on which developmental stage and in which cell the loss
occurs.
Trisomy 13 has been reported in 20 cases of acute non-lymphocytic leukaemia
(ANLL) as the only chromosome abnormality (Mertens et al, 1991). This is in
contrast with ALL where trisomy 13 is sometimes observed in complex karyotypes.
This duplication is seen to coincide with a more aggressive clinical course of the
disease and poor survival.
Another region of chromosome 13 has recently been implicated in a novel
form of leukemia. This myeloproliferative disorder has been reported in 5 patients
carrying a t(8;13) rearrangement as the only detectable cytogenetic abnormality. Two
notable features which distinguished this disorder from others were the aggressive
clinical course of the disease and the mixed myeloid and lymphoid involvement in the
malignant clone implying that the molecular events underlying this disorder occur
early in hematopoietic differentiation. Naeem et al (1995) described two patients with
translocations t(8;13)(pll-23;ql2-14). Using FISH analysis they were able to resolve

257

this ambiguity and define the translocation breakpoints more precisely as
t(8;13)(pll;ql2) in both patients. This region on 13ql2 had previously been shown to
carry the FLTl and FLT3 receptor kinase genes (Rosnet et al, 1993). Kempski et al
(1995) were able to pinpoint the breakpoint on chromosome 13 using YACs from the
area. A YAC was found to cross the breakpoint in 2 patients carrying the t(8:13). This
Y AC lay centromeric to the FLTl and FLT3 genes and was assumed to contain a
novel gene involved in some types of leukemia. One of the ESTs mapped in this study
was shown to lie on this YAC (see section 4.10). This region of 13ql2 has previously
been reported to be involved in rearrangements in a few cases of MDS and MPD
(Johansssen et al, 1993).

4.7. USE OF HYBRIDS IN PHYSICAL MAPPING
Although a very time consuming process (up to 9 months for each analysis),
the isolation and characterisation of somatic cell hybrids proved very important in
defining the location of the BCLL gene. Despite the effort involved, once created,
hybrids prove to be an excellent investment of time. In fact, the BCLL deletions
could not have been characterised any other way. In particular, the two hybrids
derived from the patient RH were critical, and essential, to define the extent of the
BCLL RH deletion. Although other hybrids had been generated from the other BCLL
patients, they were all shown to have more extensive deletions which, on their own,
would have made the analysis of the deletion much more complex. The RH hybrids
have also proved to be an important addition to the establishment of the physical map
of chromosome 13, as a part of the region-specific somatic cell mapping panel. In
particular, they have facilitated refinement of the map of the 13ql4 region. This was
clearly demonstrated, for example, by the fact that Dr. F. Kooy and the group at
Groningen University were able to use the RHF 407 hybrid to orientate their YAC
walk telomeric to D13S31 in their search for the Wilson disease gene. In a wider
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context, these hybrids are also proving important in mapping the microsatellites and
ESTs (see below). Their contribution in refining the map of 13ql4 has been very
important. Until recently very few probes or markers had been mapped to this region.
The RHF 2324 and 407 hybrids were included in a deletion mapping panel with 11
other hybrids with breakpoints in the 13ql4 region, which were then used to map 19
new markers (Kooy et al, 1994). These markers were derived from three previous
genetic maps (Bowcock et al, 1993, Petrukin et al, 1993, Weissenbach et al, 1992)
and from an earlier RFLP map (Bowcock et al, 1991). Interestingly, only 3 of these
markers were from the 2nd generation Genethon map, and none were present in the
BCLL deletion. In fact, despite considerable mapping efforts D13S25 and D13S319
(MGG 15) remain the only markers located in the deleted region from the patient RH.
The mapping data presented in this thesis have proven very important for integrating
the different maps presented by other groups working in the region. The relative order
of markers are now consistent in all maps of this region.
The choice between using somatic cell hybrids or FISH analysis to determine
the physical location of genes, depends very much on the resources available. For
example, if a small cDNA clone, or STS marker, is the only probe available for the
gene of interest, then mapping using somatic cell hybrids is straightforward and it is
not neccessary to obtain larger clones, such as cosmids or YACs, which would be
needed for FISH analysis. In this case, somatic cell hybrid panels, defining parts of
chromosomes, can be used for the regional localization of genes. However, if only
cosmids or YACs are available, then FISH is a much more efficient approach to
determine the location of the DNA fragment of interest in terms of time spent. Unless
the breakpoints in the regional mapping panel are very close together, DNA markers
can only be given a broad regional localisation. FISH, however, can provide a more
precise regional localisation along the chromosome and, in particular, can identify
those clones which cross translocation breakpoints. To obtain this degree of precision
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using hybrids would require an extensive regional or deletion mapping panel
constructed from many different rearranged and deleted chromosomes in order to
subdivide the chromosome. Both of these approaches, however, suffer from inherent
difficulties. In the case of FISH analysis, there are the technical problems of non
specific binding to protein, which creates background noise, making it difficult to
interpret the results. Since all probes contain repetitive elements, even if they are
competed out, they can still result in non-specific hybridisation, again making the
results difficult to interpret. The problem with hybrids is the fact that the human DNA
content is very small, making it difficult to use them in Southern blot analysis. This is
overcome by using PCR and human DNA specific primers but these may cross
hybridise with mouse sequences especially when coding sequences are used. Both
techniques, however, suffer when the gene of interest belongs to a family of genes, or
has homologous pseudogenes distributed throughout the genome. Using FISH, the
cosmid or YAC probe may hybridise with pseudogenes and, if using hybrids which
contain more than one chromosome a false result may be obtained. An additional
problem with working with hybrids is that, if a gene is highly conserved between
different species, markers (PCR or hybridisation) for it will potentially cross react
with a homologous rodent gene contained in the hybrid cell DNA again producing a
false positive result.

4.8. COSMID ANALYSIS
Cosmids isolated with the D13S25 probe should have aided in the diagnosis of
BCLL patients carrying structural abnormalities of chromosome 13, which would
have also allowed the frequency of deletions to be determined more accurately. The
fact that the cosmids could not be used reliably in this way can be attributed to a
number of factors. As with most leukaemic samples, the metaphase spreads are
generally of poor quality and, in the case of BCLL, any attempts to stimulate mitosis
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usually affected only normal B cells. The presence of normal cells in the sample is
also a factor which would interfere with diagnosis. Non-specific background
fluorescence is another problem complicating interpretation of the results when using
interphase nuclei. Experience with mapping cosmids has shown that some of them are
much better probes than others, giving a strong, specific signal each time (for
example, those shown in figure 3.38). Others, however, are much more difficult to
use, presumably because they contain repetitive sequences which are not easily
competed out. Another reason for background fluorescence is due to the non specific
protein binding of the fluorescent probes and despite the fact that this is controlled
during the washing procedure, some samples simply seem to generate more
fluorescence background. However, the group at the Royal Bournemouth Hospital,
who carried out these experiments, recently reported that they had successfully used
these cosmids having established the optimal hybridisation parameters (D. Oscier,
personal communication).
The usefulness of FISH when studying deletions may also depend on the
extent of the deletion. FISH may be used to determine the presence or absence of a
particular probe on the chromosome carrying the deletion, provided the normal
homologue is present to act as a control. But this presence or absence of a single
probe yields no information about the extent of the deleted region, only that the probe
is included in the deletion. FISH analysis is clearly more useful for studying
translocations, if the probe can be shown to cross the breakpoint. This means that any
genes which are interrupted by the breakpoint are contained within the DNA segment
of the probe. Recently, a number of cases of an atypical myeloproliferative disorder
have been reported in which the leukaemic cells carry a t(8 ;1 3 )(p ll;q l2 )
translocation. Kempski et al (1995) analyzed two of these patients using YACs from
the 13ql4 region. One YAC was found to hybridize to both derivative chromosomes
in both cases but was not rearranged on normal metaphase spreads. This YAC spans a
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1.5 Mbp region, and is most likely the site of a gene involved in the pathogenesis of
this type of leukaemia.
At the time the ICRF chromosome 13 specific cosmid library became
available, there were still very few markers available on the chromosome. As of
March 1993, only 41 genes and 225 STS and D segments had been assigned to
chromosome 13. This was quite low considering that 3,591 genes and 13,872 D
segments and STS had been assigned for the whole human genome. The
characterisation of 55 new cosmid probes and the demonstration of the integrity of the
cosmid library, were important observations. It was possible to use some of these
cosmids as FISH probes to define specific chromosomal regions involved in
translocations in difficult to analyse leukaemias and several of these are now used
routinely to identify rearrangements involving the terminal region of the long arm (H.
Kempski, personal communication). Although generally the cosmids were relatively
evenly spaced along the length of the chromosome, the majority of them (28%) were
localised on the distal tip of 13q. The extension of this study to map repeat containing
cosmids in collaboration with Dr. Yanofsky also found a preponderance of cosmids
mapping to the same region.
In a previous study the location of unique sequences derived using PCR
amplification of inter-Alu sequences produced a preponderance of clones from the
13ql2 region (Michalski et al, 1992).

Petrukhin et al (1993a) described 21

polymorphic (CA)n repeats, of which 44% mapped to the distal end of chromosome
13. Both of these cosmid mapping studies found an overrepresentation of cosmids in
this region. It may be that the structure of the DNA in this region lends itself to more
efficient cloning than other parts of the chromosome. The simple repeat-containing
cosmids could have proven useful for the development of polymorphic probes for
linkage studies particularly since, with tri- and tetra-nucleotide repeats, it is generally
easier to detect the differences between allele sizes. The 13ql2-14 region in particular
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carries markers which are still separated by large recombination distances in the
available maps and so new microsatellites from this region may contribute to reducing
the size of these intervals in the future.

4.9. ANALYSIS OF THE GENETIC LINKAGE MAP
One of the main goals of the human genome project was to have a 2-5 cM
linkage map of the genome by 1995. This was achieved much earlier by the group at
Genethon lead by J. Weissenbach. The map used in the course of this thesis contained
2000 markers spaced an average of 2.9 cM apart. Linkage maps such as these are
central to the study of genetics and particularly for projects designed to search for
genes using positional cloning. The increase in map quality is related to the increased
density of available markers. However, although the markers are invaluable for
linkage studies, their relationship to the physical map of the chromosomes cannot
usually be determined and so they must eventually be integrated into physical maps.
As discussed earlier, very few probes had been mapped to 13ql4 and so, with
the advent of the new chromosome 13 linkage map, it was decided to invest some
effort into assigning these new markers a physical location. This would not only
provide physical reference points for these markers, and thus improve the physical
map, but could also potentially provide new markers in the region of the BCLL
deletion. The hybrids generated from the BCLL patient proved invaluable in mapping
these microsatellites. Physical maps of chromosomes, which have been generated
using somatic cell hybrids, can only place DNA markers between two reference points
determined by the flanking chromosome breakpoints but, with no indication of their
linear order. Linkage maps can usually determine the linear order of the loci based on
the recombination frequency between adjacent markers. However, if there are
insufficient recombination events between markers, it becomes difficult to establish
their linear order. This is particularly relevant for physical mapping strategies which
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rely on using flanking markers as probes to isolate DNA clones from the region of
interest. If the order of the markers in the linkage map is inaccurate, the search could
be misleading. However, where the incidence of recombination is higher, the relative
order of the loci is more reliable. With the exception of RHF2324, the linear position
of the chromosome breakpoints determined by Washington et al (1994) and by Kooy
et al (1994), is consistent with their localisation within the Genethon map. Combined
with this data, the mapping of the AFM microsatellites allows for direct comparison
of linkage maps produced independently and, by providing reference points based on
the physical location of the markers, should assist efforts to integrate maps developed
by other groups in the future. This is essential if the information contained within
these different maps is to be used to make positional cloning strategies easier in the
future.
It was particularly difficult to assign the breakpoint in the hybrid RHF 2324 to
the map, which was mainly due to the inappropriate positioning of some of the AFM
primers. It was clearly demonstrated that AFM 29 lies close to the RB 1 gene, which
also lies in the region defined by AFM 18 and 19. There was little recombination in
the region of AFM 20-29 (Gyapay et al, 1994), making the relative order of the
markers difficult to establish although, some of them clearly lie in other regions of the
map. It was known that the RHF 2324 breakpoint lay distal to RBI, and
approximately 1 Mbp proximal to the RHF 407 breakpoint, which had been shown to
lie between AFM 31 and AFM 32. It would have been expected that all intervening
markers (AFM 22-AFM 29) would map to this interval. However, only AFM 26 and
AFM 30 could be positioned there. AFMs 25, 27 and 28 were found to be present in
hybrid RHF 407 placing them distal to the D13S31 locus. The locations of AFMs 22
and 23 could not be confidently placed in the hybrid panel because it was difficult to
obtain a unique human-specific band using PCR.
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Despite the discrepancies in the 13ql4 region, the other AFM primers appear
to be distributed relatively evenly along the length of the chromosome. The distal tip
of the long arm, however, again carried a disproportionate number of markers (AFMs
51-66). This bias in distribution has been noted in randomly isolated microsatellites
from other chromosomes. Thus, on chromosome 20, 66% of the microsatellites cluster
in 25% of the linkage map (Hazan et al, 1992), and may be characteristic of the (CA)n
repeats in general. The assignment of these microsatellite markers has shown that the
unequal distribution is not due to an increased frequency of recombination at certain
points on the chromosome such as the telomeres. The distribution of the AFM primers
demonstrates a loose correlation to the suggested position of genes on chromosome 13
(Saccone et al, 1992). However, as was demonstrated here, the assignment of markers
in some regions, where there is zero recombination, may not be accurate and, when
these markers have been relocalised, the distribution of the primers may become more
random.
There are differences in the relative distances between markers generated by
Genethon and those presented by the Pittsburgh group (Matise et al, 1994). Although,
in the Consortium maps, there are many markers which have broader regional
assignments, the Genethon map appears to have many more markers between the RB 1
gene and the proximal breakpoint in BARF 7 in 13q22 than the Pittsburgh map .
Conversely, the number of markers assigned between the distal PPF 22 and BARF 7
breakpoints in the Genethon map is far less than in the Pittsburgh map. This is most
likely due to the different methods used to generate the markers. The Genethon map
consists of randomly isolated CA repeats, whereas the other maps depend on markers
generated by the scientific community and may reflect a bias towards those regions
containing genes of medical importance. The preferential location of CA repeats has
also been noted by Petrukhin et al (1993a), who described 44% of microsatellite
markers locating to the 13q32-34 region.
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Other chromosome 13 maps have also been generated (Buetow et al, 1994)
which attempt to incorporate more of the existing markers, but with less strict criteria
for their inclusion in the framework map than Matise et al (1994). These maps
inevitably contain errors because of the low frequency of heterozygosity at some of
the older loci and the inherent difficulty of correlating data from many different
laboratories. This was clearly demonstrated in the map presented by Buetow et al
(1994), where the D13S31 marker was placed above the BSD gene, although physical
mapping clearly shows that it lies distal to RBI and D13S25 (see section 3.7). The
European gene mapping project is now characterising the AFM microsatellites using
all 40 CEPH families and publishing only those markers which have a recombination
frequency of 70% or higher. This effort will contribute significantly to the generation
of a more reliable map in terms of positions of markers in the future, although our
efforts to position all of these markers on YACs spanning the length of the
chromosome should enable the assignment of precise physical locations of these STS.

4.10. EST MAPPING
The ultimate goal of the human genome project is to decode all the genetic
information carried in the genome. One aspect of this broad goal was to develop
methods to aid in the identification of genes and the physical mapping of these genes
(Collins and Galas, 1993). The idea of sequencing cDNAs had been debated since this
project began. The supporters of cDNA sequencing believed that those sequences
which were transcribed contained the most information, while only representing a
minimal portion of the entire genome and so, should be sequenced first. Those
supporting total genomic sequencing have argued that it will not be possible to isolate
every gene expressed in all tissues, cells and at different developmental stages and
that much valuable information from intronic and intragenic regions may be
overlooked by sequencing cDNAs only. Eventually, both of these approaches will
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have to be integrated but will depend on the development of feasible and inexpensive
large scale sequencing methodologies. In terms of immediate utility to the scientific
community, sequencing a large number of cDNAs, and incorporating them into large
databases, would mean that they are accessible for sequence comparisons. If these
cDNAs could also be compared to protein databases, the degree of redundancy of
genes coding for families of proteins could be determined. Finally, the regional
assignment of cDNAs on specific chromosomes increases the likelihood that
candidate gene approaches would be successful in identifying genes of interest. There
are a number of different approaches to sequencing cDNA inserts. Some laboratories
sequence into the 5' ends of genes, because this is more likely to yield protein coding
information and thus provide a hint as to which functional class a cDNA may belong.
Adams et al (1993b) sequenced 1,600 cDNAs both into the 3' and 5' ends and found
that 5' sequencing enabled a more precise measurement of the representation of genes
in the the fetal brain cDNA library and showed less bias towards abundantly
expressed sequences which exists in the public data bases. Sudo et al (1994)
sequenced into the 5' end of 2058 cDNAs from a human fetal lung library and found
over 60% had homlogy to sequences already in the databases. Most other groups have
focused on sequencing into the 3' ends of genes. The uniqueness of the 3' untranslated
regions (UTR) makes them attractive for mapping because they can differentiate
between members of families of closely related genes. These regions also display less
conserved homology between species, which makes them more reliable for mapping
using somatic cell hybrids. Also, because the 3' UTR has no intronic sequences,
primers can be designed which produce length-specific PCR products which makes
hybrid mapping easier. Libraries based on 3' sequencing provide a more constant
reference point for clone-to-clone comparison (Wilcox et al, 1991, Khan et al, 1992).
Matsubara et al (1993), used 3'-directed sequencing to determine expression profiles
of genes in a human liver tumour cell line. The sequence data acts as a gene signature

267

to identify the expressed genes and the frequency of the appearance of the gene
signature reflects the activity of the gene. Thus, the expression profiles of genes can
be obtained. Tissue specific expression profiles will become more widespread as
human genome sequencing progresses.
Adams et al (1991, 1993a) also reported ESTs based on a random sequencing
approach. This massive mapping effort has generated up to 5,000 ESTs. The approach
has been criticised on the basis that there is no common reference point on which to
compare different clones and cDNA sequences isolated from the same gene will be
registered as different entities, thus the library will provide unreliable estimates of the
number of genes (Wilcox et al, 1991). It is also difficult to design primers which will
produce a specific PCR product because, even with computer predictions, if the
introns lie between the primers, no PCR product will be generated. This was found
with 30% of ESTs generated recently by Genethon.
Polymeropoulos et al (1993) assigned 320 ESTs to specific chromosomes
using primers designed from the sequences and a chromosome specific somatic cell
hybrid mapping panel. Durkin et al (1994) also used PCR and hybrid mapping panels
to assign 63 ESTs. Of these 383 published ESTs only 10 had been assigned to
chromosome 13 and only 7 were found to map to the chromosome (see section 3.6.1).
However, it was still considered that the regional assignment of these genes would be
useful, not only in terms of extending the physical map, but also because there was a
possibility that the BCLL gene may have been one of these published sequences.
Although this was not found to be the case, the sub-regional localisation of genes on
individual chromosomes is an important prerequisite of identifying candidate genes
for other human genetic disorders which have been mapped using cytogenetic and
linkage analysis.
Presently ESTs can only be assigned to individual chromosomes using PCR
and panels of either, monochromosomal somatic cell hybrids, or YACs with known
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physical locations. The relative ease with which they can be localised using
subregional mapping panels was demonstrated here, despite the frequent cross
reactivity with homologous mouse sequences. This same conclusion was reached by
for X chromosome specific ESTs (Parrish and Nelson, 1993, M azarella and
Srivastava, 1994). It has become apparent, however, that the initial chromosomal
assignments must be verified using different panels of monochromosomal somatic
cell hybrids, as three of the ESTs originally assigned to chromosome 13 were clearly
on other chromosomes. This was also found to be the case with those ESTs assigned
to the X chromosome (Mazarella and Srivastava, 1994). The hybrid, 289, originally
used to localize ESTs to chromosome 13, has since been shown to contain fragments
of other chromosomes, including 8, by reverse painting of hybrid DNA to normal
human chromosomes (Kelsell et al, 1995). This possibly accounts for the
misassignment of two of the ESTs. However, hybrid 289 is not known to contain
fragments of chromosome 16, although small fragments may have been missed even
using the reverse painting procedure. The presence of the three ESTs in hybrids C4a
and 2860H7, which by reverse painting contain only chromosomes 8 and 16
respectively, confirms their reassignment. It appears, therefore, that chromosome 13 is
even more gene poor than originally thought as only 7 of a possible 320 ESTs were
from this chromosome. This represents only 2% of the total number of genes isolated
whereas chromosome 13 represents 3.4% of the human genome.
There also appears to be a non-random distribution of cDNAs along the length
of chromosome 13, with the majority mapping to the 13ql2 region. An unequal
distribution of genes on human chromosomes was also suggested by Saccone et al
(1992), where the majority of genes on chromosome 13 appeared to lie in the 13q3234 region, although a secondary cluster did appear to be in the 13ql2 region. Several
other observations support 13ql2 as a gene-rich area of the chromosome. Using small
DNA fragments isolated from the 5' ends of genes (HTF islands), Craig and Bickmore
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(1994) used FISH to demonstrate the majority of these HTF islands mapped to the R
bands of chromosomes. It appears that 80% of the approximately 1000 genes recorded
in the databases map to R bands. Approximately 50% of the R band material on
chromosome 13 lies in the q 12-14 region. This preferential localisation of genes is
further supported by the observation that the majority of randomly isolated
chromosome 13 specific Notl/Hindlll fragments, which are presumed to occur most
frequently at the 5' ends of genes, were also localized to this region (Warburton et al,
1993).
Three of the ESTs in this study were assigned above the DGF breakpoint in
13ql2 (Michalski et al, 1992), which has been shown, by FISH analysis, to lie directly
below the centromere (Kempski et al, 1995). The genes for non-syndromic recessive
deafness (NSRD) and severe childhood autosomal recessive muscular dystrophy
(SCARMD) have been assigned to this region (see introduction). Chromosome
translocation breakpoints associated with a variant form of myelodysplasia (Kempski
et al, 1995) were described in section 4.6. Recently EST 957 has been found to map to
the YAC which crossed the translocation breakpoint in two of these patients. A
predisposition to neuroblastoma (Michalski et al, 1992) have also been assigned to
this region as well as a possible gene for Moebius syndrome (Slee et al, 1991).
Ongoing efforts are underway within the ICH group to determine whether any of the
genes assigned to this region during the course of this thesis are involved in these
structural rearrangements/diseases.
Two other probes were assigned distal to the DGF breakpoint, but still in
13ql2 where the BRCA2 gene has recently been assigned (Wooster et al, 1994). One
of these, EST 273 mapped to the YAC contig which had been generated across this
region (Kelsell et al, 1995).

Both EST 297 and BRUSHl were found to map

centromeric to the BRCA2 contig. The subsequent search for cDNAs which
corresponded to these ESTs illustrates the problem with the original EST sequencing
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approach and could have been circumvented if the original cDNAs, which had been
partially sequenced in order to design the ESTs, had been retained and coded (see
below). Of the 62 ESTs sequenced by Genethon (see below), two additional ones
mapped to the BRCA2 YAC contig. These were available as full length transcripts,
and along with the ones isolated using EST 273, the partial sequences were screened
across the genEMBL sequence database but revealed no sequence homology to any
previously identified genes. Because three distinctly unique ESTs, all obtained from
sequencing into the 3' end of genes, mapped to the BRCA2 YAC contig clearly
indicates that there may still be more genes in this region.The fact that EST 273 was
present in normal breast, brain and liver libraries but not in a breast adenocarcinoma
cDNA library, suggests that the full length cDNA could be regarded as a strong
candidate for the proposed tumour suppressor BRCA2. The remaining portions of
these cDNA clones are currently being sequenced and further screening of cDNA
libraries is underway to obtain a fuller length cDNA for each of these BRCA2
candidates. Mutation analysis of DNA from BRCA2 gene carriers and breast tumours
will determine if any of these genes code for the familial breast cancer gene, BRCA2.
Only one gene was assigned to the 13q 14-21 region but it lay outside the
smallest deleted region associated with BCLL. However, genes related to the
development of head and neck tumours have also been assigned to this region (Yoo et
al, 1994). This group examined loss of heterozygosity in 60 head and neck squamous
cell carcinomas using 10 microsatellite markers. The smallest deleted region included
RB 1 but the RB 1 protein was rarely absent indicating that the other RB 1 allele was
intact. The smallest deleted region included the markers D13S118 and D13S133 as
well as the RB 1 locus and extended over a long distance of the chromosome.
Several ESTs are now candidates for these genes, and thus, the value of the
subregional localization of ESTs is demonstrated. Although the intervals between
breakpoints in the chromosome 13 regional mapping panel are relatively large, and
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contain many potential genes, the low frequency with which randomly isolated
cDNAs are assigned to chromosome 13 suggests that it is relatively gene poor. This
being the case, any regionally localized genes could prove to be good candidates for
disease genes assigned to the same chromosomal region.
The inherent problem with these early, large sequencing projects was that the
focus was directed to compiling a genome-wide database of all possible genes rather
than producing a reference set of genes which could be investigated. The original
cDNAs were not coded and stored and so, as with the EST 273, the cDNA is not
available as a full length transcript. This means that, if the EST represents a gene of
potential interest, the PCR product must be used to rescreen a cDNA library, which is
often a time consuming and, as demonstrated here, not always successful process.
Moreover, the original cDNA library used by Adams et al (1991,1992, 1993a) is no
longer commercially available. The cDNA sequencing effort by Genethon appears to
have overcome these problems in that the sequences are all 3' directed thus alleviating
the problems of sequencing one gene more than once and also allows more accurate
comparison of sequences. This group has also maintained the original cDNA library
so that, if an EST is in a region of interest, the full length transcript will be made
available, thus bypassing the need to rescreen libraries. Recently 62 ESTs have been
assigned to chromosome 13 by Genethon using the hybid mapping panel described in
figure 3.11 (Dr.N.Vignier, personal communication). The larger number of ESTs
assigned to chromosome 13 by this group is a reflection of the many more ESTs that
have been sequenced and assigned to all chromosomes (i.e. in the range of 2-3000).
The subregional localisation is now underway within the ICH group. Recently seven
of these were found to map between RB 1 (i.e. not contained in the KSF39 hybrid) and
13q22 (not contained in the PPF22 hybrid), placing them in the same region of the
BCLL deletion. However, none of these have so far been found to map to the YAC
contig which spans the deletion.

272

4.11. THE BCLL YAC CONTIG
The establishment of a YAC contig across the RHF deletion was important
because it meant that the gene of interest was contained in one of these reagents. This
region of approximately IMbp (Bowcock et al, 1991) could potentially contain up to
40 genes. The construction of the contig was an extremely time consuming and
laborious process and had begun before the CEPH megaYAC library was made
available. With an estimated 90% of the genome now being cloned into YACs they
have revolutionised molecular genetics but there are still inherent difficulties in the
technology.
The availability of the probes D13S25 and D13S31 were obvious starting
points for constructing the YAC contig. The initial gridded filters of 6X6 colonies,
were extremely difficult to read. Following hybridization of these filters, the clone
must then be ordered, which often involves waiting for several weeks for one YAC to
arrive which must then be analysed to determine if it contains the human sequence of
interest or not. Thus, misreading the location of a positive signal on a filter can
represent considerable time loss. The development of the new 3x3 g ridding system
greatly overcame this problem and was so successful that it was implemented for the
chromosome specific cosmid libraries as well.
Screening the YAC library using PCR

was also very time consuming,

although generally more reliable (Green and Olson, 1990). The initial screen of 41
pools is somewhat cumbersome but the real problem with the PCR screen is the
waiting for the secondary and tertiary pools between screenings. This time lag could
be overcome if the resources were more generally available instead of having to rely
on a central service. Quite often no positive clone would be found in the tertiary pool
even after positives had been identified in the primary and secondary pools.
Determination of STS content is not always clear cut because signals are sometimes
weak if the assay is not robust or sometimes non-specific bands are produced by
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primers which are difficult to differentiate from the correct band. Both negatives and
false positives are problematic. Chumakov et al (1992) found false negatives 20% of
the time using a PCR approach to library screening. However, PCR screening is likely
to be the system of choice as it sensitive, convenient and there is usually no need to
use radioactivity. The development of the high density microsatellite linkage maps
will also contribute to the popularity of this approach.
The generation of the YAC contig often requires chromosome walking and,
again, this is very time consuming mainly in terms of waiting for the clones and
primers to arrive once they have been ordered. Another problem encountered in this
respect was that the primers designed from the rescued ends did not always yield
reproducible results, partially because the products were quite small and sometimes
cross reacted with yeast host DNA.
Once obtained, the YACs must be analysed to determine if the sequence used
to isolate them is present using PCR or hybridization. Then the size must be
determined using PFGE. More importantly, it must be determined if the YAC is
chimeric or contains a single contiguous fragment of DNA. The YACs in the contig
covering the RHF deletion were all approximately 500 kb and only one of these was
found to contain more than one YAC. This is thought to occur in approximately 10%
of YACs in libraries and is due to co-transformation. Smaller YACs generally have
fewer rearrangements than larger YACs. These rearrangements include internal
deletions which are thought to result from the yeast recognising human repetitive
elements such as Alu and LINES and attempting to repair them. Chimeric YACs
represent a much more serious problem and can comprise up to 80% of some YAC
libraries. There is increasing evidence that chimeras do not occur as a result of co
ligation but are due to very efficient recombination within the yeast cell between
repetitive elements in two or more of the YACs following transformation (Green et al,
1991). Recent studies suggest that libraries constructed in recombination deficient
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yeast have significantly fewer chimeras (Larinov et al, 1994, Haldi et al, 1994). As the
reasons for the rearrangements in YACs are elucidated the problems may eventually
be resolved.
Other problems in manipulating YACs stem from the low yield of insert DNA
which makes subcloning into cosmids and extraction of cDNAs rather difficult. YACs
are also poor templates for sequencing. Some of these problems can be overcome with
other vectors such as bacterial artificial chromosomes (BACs) developed by Shizuya
et al (1992). Like a YAC it is formed by inserting foreign DNA into E. coli which
has the genetic reproductive machinery to make copies. The BACs, although
relatively new, do not display chimeras and initial analysis suggests that deletions are
not a significant problem. Also, areas of human DNA which are not clonable into
YACs can be cloned in BACs. The problem with BACs is that they carry only 200300 Kb and multigene coverage libraries of proven utility have not yet been described
for them (Anderson, 1993). Another bacterial based vector, PI, has been described
which is able to carry inserts of up to 100 kb (Pierce et al, 1992). Although extensive
libraries have been described for P I, larger inserts in YACs have made them more
useful for physical mapping. It is likely that BACs and P is will play important roles
in fine structure analysis and where YACs are not suitable. It is now accepted that
YACs are more difficult to propagate than cosmids and are subject to large
frequencies of chimeras and internal deletions. However, their large insert size and the
characteristics of the yeast host far outweigh these drawbacks.
The logical extension of this developing YAC contig would be to isolate
candidate genes, even though the distance covered was quite large. The initial
attempts to isolate cDNA using the PFGE isolated fragment of the YAC A09126
were not successful and only repetitive elements were recognized, despite the
relatively intense amount of competition used.
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The next attempt involved exon-trapping from cosmids isolated with the
D13S25 probe, or the Alu PCR product of the YAC A09126. The logic in using this
YAC and probe were that D13S25 was repeatedly shown to be the only consistently
deleted region in BCLL tumours. The attempts to trap exons from these cosmids were
largely unsuccessful. Although this may have been due to limitations of the technique,
this was thought to be unlikely as all of the controls behaved as would be expected
and the vectors were demonstrated to contain inserts. It is more likely that these
cosmids did not contain any exons. It was also decided that the cosmids did not
represent the entire region covered by A09126. There was a considerable degree of
overlap in the cosmids and the fact that the majority of them were isolated with Alu
PCR products may have selected cosmids with no exons. It is interesting that
Petrukhin et al (1994) used Alu PCR of YACs containing the Wilson's disease gene to
isolate cosmids. Analysis of the cosmids isolated in this way demonstrated that none
of them contained the gene sequence despite the fact that the YACs used to isolate
them did. It may also be that the enzymes used to digest the cosmids did not cut in
such a way as to expose the exons in the correct orientation, or that the smallest
fragments containing no exons were selectively chosen by the vector ignoring the
larger exon-containing DNA fragments. This should be overcome by using one of the
newer vectors which selectively incorporate larger DNA fragments such as the X
phage vector (GET) described by Nehls et al (1994). Ideally this vector should
dramatically simplify the task of exon trapping, because it allows inserts to be
automatically subcloned as multi-copy plasmids containing splice-acceptor and donor
sites flanking the inserted genomic DNA. More importantly, this vector permits
cloning of up to 19 Kb of DNA. Additionally this system allows direct cloning of
YACs. This group found that, because splice sites in yeast are compatible with those
of mammalian DNA, several yeast derived exons were cloned but the number of
exons trapped from YACs compared to yeast alone was several fold higher. This
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approach would bypass the need to sub-clone YACs into cosmids or isolate cosmids
from YAC sequences. The fact that this vector allows larger fragments to be cloned is
very important as Church et al (1994) reported that when analysing DNA in the
megabase range, the number of exons detected drops to 1 per 80 Kb of DNA using the
pSPL3 vector. Also, the pSPL3 system requires that the DNA be digested with
BamHI/Bglll which results in unequal representation of DNA sequences. The use of
Sau3AI partial digests with the X GET system allows the preparation of highly
redundant genomic libraries and therefore allows the region of interest to be scanned
exhaustively.
Other problems associated with exon trapping are that some genes contain no
introns and thus will not be detected with this system. When trapping internal exons
cryptic splice acceptor sites may be activated when sequences are taken out of their
genomic context on a DNA fragment containing no other splice signals. These cryptic
sites remain silent in vivo because they are not followed by a proper splice donor site
and thus do not constitute a proper exon. Datson et al (1994) described a method of
trapping the 3' terminal exons of human genes which would overcome this problem
because 3' terminal exons are selected on both splicing and polyadenylation signals,
the chance of detecting cryptic exons should be lower than in those systems aimed at
internal exons selected by splicing only. 3' exons are also typically larger than internal
exons and make for better probes for further analysis. Another problem is that
because not all DNA sequences are propagated equally well in retroviral vectors, it is
possible that the library of recovered clones may not be fully representative of the
exons in the starting cloned genomic material.

4.12. FUTURE DIRECTIONS
Because the BCLL gene was known to be contained in one of the four YACs
comprising the contig covering the RH deletion, investigating methods of isolating

277

genes from YACs would be the next logical step. One rather arduous approach was to
subclone the YACs into cosmids and to look for genes in these vectors carrying
smaller, more manageable, fragments of human DNA. These cosmids could prove
more successful in exon trapping experiments since they represent complete coverage
of the YACs. Cosmids could also be used in other methods of hunting for candidate
genes. The subcloning of the YACs has now been carried out by our collaborators in
Bournemouth and took the better part of a year to accomplish. This group was able to
construct a contig of overlapping cosmids from the YACs A09126 and CO 161, using
Alu-PCR banding profiles to determine overlaps and using the YAC end rescue
oligonucleotide primers designed from the YACs in the contig (see section 3.7.1) to
orientate the contig. Once the cosmids had been assigned positions in the contig the
search for CpG islands began. CpG islands are G+C rich regions that, unlike the
majority of vertebrate genomic DNA, do not show a reduced frequency of CpG
dinucleotides and are not methylated. Since CpG islands are typically found in, or
next to, the promotor region of genes, they commonly also contain the first exon of
these genes. Enzymes which recognize a DNA sequence containing at least one CpG
dinucleotide and only C and G residues preferentially cut within these islands.
However, only 40-60% of genes have CpG islands at their 5' ends, so the possibility
exists that the gene of interest may be overlooked. One CpG island was found in the
cosmids subcloned from the YAC C0161. This 4.2 kb H indlll fragment was
subsequently used to screen a number of cDNA libraries from different tissue sources.
All these screenings produced positive clones and the analysis of these is now
underway.
Another approach would be to take the entire YAC and isolate human specific
sequences using Alu-PCR. This could then be used to screen a cDNA library using
both YAC and human genomic DNA to compete out repetitive sequences. This
approach relies on the assumption that the coding sequences of the gene will lie
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between Alu repeats and thus may miss a number of genes in the YAC. In order to
avoid this problem the human insert could be isolated from the YAC using PFGE.
This could then be used to probe a cDNA library. This approach was tried and
described in section 3.9 with YAC A09126. Analysis of the cDNAs isolated in this
way, however, demonstrated that they were all repetitive, despite competing out
repeats with both yeast and human genomic DNA. This indicates the presence of low
level repeats which cannot be competed out using this method and which bind
preferentially to repeats in the cDNA. A potential problem with this method is the low
yield of DNA from a PFGE fragment. This can partially overcome, however, by first
random priming the DNA and using this as a probe. A major problem is that the YAC
often segregates with a yeast chromosome using PFGE making it impossibe to isolate
a human specific probe.
cDNA enrichment has recently been described as another method of isolating
genes from YACs (Forrester and Rabbitts, 1993). Single-stranded YAC DNA is
immobilised on a filter and probed with single-stranded, DNA from a cDNA library.
The cDNAs which bind to the YACs are then eluted and amplified using vector
specific primers. This amplified insert is used to probe the YAC filter again in order
to increase specificity. The cDNAs are again eluted and then sub-cloned into a vector.
The problem with this method is that homologous yeast genes will also be isolated.
One way to avoid this is to isolate the human fragment using PFGE but this approach
is again subject to the difficulties described above.
A novel approach to identify region specfic cDNAs initially described by
Corbo et al (1990) is currently being developed in the ICH laboratory. This method
involves isolating heterogeneous nuclear RNA (hnRNA) from hybrids such as PGME.
which contains human chromosome 13 as its only human component. The hnRNA
represents not only transcribed sequences, but also includes intronic sequences from
genes. Because human specific repeats such as Alu are retained in hnRNA, Alu-PCR
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can then be used to amplify the human gene component of hybrids containing all or
specific parts of hybrids. In this way genes from a region of interest can be isolated
and analysed as potential candidate genes. This approach still requires that the
candidate genes be mapped to subregions of the chromosomes using YACs or region
specific hybrids and that the gene is expressed in a somatic cell hybrid.

4.13. THE HUMAN GENOME PROJECT
This thesis initially began with the study of chromosome 13 abnormalities in
BCLL. Isolation of the gene responsible, however, proved very difficult because of
the lack of reagents in the form of markers, cosmids YACs etc., available at the time
to isolate genes. As the project progressed, so did the human genome project in terms
of providing these necessary reagents and the impact of the human genome project is
illustrated in the direction taken in this project. The search for genes has been
modified by the far-reaching contributions of the human genome project. One of the
major contributions was the Genethon map comprising 2000 microsatellites
approximately 3 cM apart. This very dense map has solved the problem of marker
quality by incorporating microsatellites which are easy to use and highly
polymorphic. This will allow the identification of the location of most traits to within
2 cM on the map. By the end of 1995 it is predicted that the Genethon map will
contain 5-6000 markers. However, as the density of the markers increases the return
for each marker decreases. It is estimated that 20% of newly sequenced clones have
already been identified. Also, to resolve the linear order of the increasing number of
loci, the number of families studied would also have to increase which would require
retesting with the existing markers.
Once the map location of the gene has been determined the DNA between
flanking markers must still be isolated in the form of cloned fragments. This is clearly
being aided by the integration of the physical and genetic maps. The original strategy
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was to clone the genome into YACs and construct overlapping contigs. This has, for
the most part, been achieved by the group at Genethon, however, as discussed above,
this approach was plagued by chimerism and other YAC vector-associated problems.
This is likely to be overcome by using vectors which are deficient in recombination
activity.
Even when YAC contigs have been generated the next step is still gene
identification. This would be simplified if a map were available of all the human
genes. As mentioned above, although the number of ESTs is increasing, they must
still be mapped physically, but soon STS designed ESTs will be assigned to YACs or
radiation hybrids which will improve the resolution of the map. This may involve
some improvement in the design of ESTs so that multiplex PCR could be used. The
Genethon approach to the design of ESTs is a definte improvement over the original
one used by Adams et al (1991, 1993a) in that the full length cDNA can be obtained if
the EST maps to a region of interest, thus bypassing the need to screen further cDNA
libraries. As can be seen from the above discussion the ever increasing availability of
well characterised resources is making gene isolation more efficient but the next,
perhaps more difficult step, will be to decide what these genes do and how they result
in the development of human genetic disease.
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The consistent 13ql4 translocation breakpoint seen in chronic
B-Cell leukaemia (BCLL) involves deletion of the D13S25 locus
which lies distal to the retinoblastoma predisposition gene
Lesley Ann Hawthorn,* Robert Chapman^, David Oscier^ & John K Cowell*
^ ICRF Oncology Group, Institute of Child Health, 30 Guilford Street, London WCJN lEH; ^ Department o f Haematology, Royal
Bournemouth Hospital, Castle Lane East, Bournemouth BH7 7DW

Structural rearrangements involving chromosome 13
are frequently seen in B-cell chronic lymphocytic
leukaemia. The presence of reciprocal translocations in
volving 13ql4 in 10-15% of cases pinpoints the location
of a gene important in leukaemogenesis. In order to
characterise the exact location of the 13ql4 breakpoint,
somatic cell hybrids were constructed between mouse
3T3 cells and leukaemic cells from 5 patients with
translocations involving chromosome 13. Hybrid pairs
were isolated which carried either of the two derivative
chromosomes carrying subsections of 13 and the posi
tion of the breakpoint investigated using a series of
probes along the length of the chromosome. In all cases
the translocation breakpoint lay distal to the 13ql4.1
breakpoint region associated with rhabdomyosarcoma
tumours and proximal to the D13S31 locus which lies in
13ql4.3. In three translocations the RBI gene was
deleted as a result of the translocation but in at least one
other case the BCLL breakpoint did not involve the RBI
gene, which consistently cosegregated in hybrids carry
ing other proximal markers. The D13S25 probe, which
lies between RBI and D13S31, however, was deleted in
the translocation retaining RBI. It appears therefore
that deletion of a gene(s) in this 2Mbp region is a critical
event in some cases of BCLL tumorigenesis.

Introduction
B-cell chronic lymphocytic leukaemia (BCLL) is a
haematological disorder accounting for 30% of all
leukaemia cases in Europe and the USA and is the most
common type of leukaemia in the elderly. The commonest
chromosome abnormality in BCLL is trisomy 12 (Juliusson
et a l 1990,1991).Structural chromosome abnormalities of
chromosome 13 were first described by Fitchett et ai,
(1987) and are now recognised to be the second most
common abnormality occurring in 20% of cases from a
multicentre study of 649 patients (Juliusson et a l 1991). In
a recent review of 82 cases from a single centre (Peterson et
ai, 1992) abnormalities of 13q were found in 30% of cases.
The abnormalities of 13q comprise both deletions of vary

ing length and reciprocal translocations virtually all of
which involve band 13q14. In 35% (Petersen cr d., 1992)
to 60% (Oscier, unpublished observations) 13ql4 re
arrangements are found as the only chromosome abnormal
ity frequently in patients with early (stage A BCLL)
disease. These observations suggests that 13ql4 carries a
gene(s) critical for leukaemogenesis. Furthermore, although
the reciprocal translocation involves many different autosomes the breakpoint is always in 13ql4 supporting this
suggestion. The observation that both deletions and trans
locations could occur was confusing since, traditionally,
deletions indicated loss of a critical gene - tumour sup
pressor gene (Cowell 1992a) - whilst translocations have
consistently been shown to result in the inappropriate ex
pression of a novel protein or overexpression of a re
arranged gene in leukaemic cells (Nichols and Nimer
1992). The fact that the tumour suppressor gene respons
ible for predisposition to retinoblastoma, RBI, is located in
13ql4 suggested its possible involvement in leukaemo
genesis, especially since it is shown to play an important
role in the control of the cell cycle. This suggestion was in
consistent, however, with the natural history of BCLL
which is a chronic disease with a relatively slow build-up of
tumour cells, the majority being in Go and, in fact, patients
with 13q abnormalities tend to fare better than those with
other chromosome abnormalities (Juliusson and Gahrton
1990).
Gene dosage and loss of heterozygosity studies have
shown that patients with cytologically detectable 13ql4
deletions, as well as thosewith deletions detected molecularly, had lost one copy of the RB gene (Oscier et a i,
1990). Loss of heterozygosity at the RBI locus has also
been shown in cases carrying reciprocal translocations
(Oscier et a i, 1990, Brown et a i, 1993, Lui et a i, 1992).
The polymorphic loci used in many of these studies are
derived from a relatively large part of 13ql4 and it was not
possible to localise the position of the breakpoint
accurately. To study the position of this breakpoint more
closely we have generated somatic cell hybrids from 5
BCLL cases carrying 13ql4 transclocations and isolated the
rearranged chromosomes for molecular characterisation.
We have shown that the translocations all involve deletions,
the shortest region of overlap involving approximately
2Mbp in the distal part of 13ql4.
Results and Discussion
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Leukaemic cells were obtained from patients known to
carry translocations involving chromosome 13 (Table 1).
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Lymphocytes were separated from whole blood on a Ficoll
gradient and used directly in the generation of somatic cell
hybrids by fusing with mouse TK’ 3T3 cells. In previous
studies (Petersen et ai, 1992), designed to investigate the
nature of structural chromosome rearrangements in BCLL,
the cells were pretreated with mitogens for prolonged
periods to increase the number of dividing cells. These
mitogens will also increase the number of dividing normal
B-cells. The worst scenario in our experiments would have
been that the normal B cells are preferentially stimulated to
divide and, since we have suggested previously (Cowell
1992b) that it is most likely the dividing cells which are
preferentially involved in the successful generation of
hybrids, we wanted to avoid this possibility. In fact,
previous cytogenetic analysis on several of the cases used in
this study suggested that only 10-40% of dividing cells
contain the abnormality, the rest having normal karyotypes
(Fitchett et a l, 1987). This fact further reinforced our
belief that normal cells were being stimulated to grow, since
in the peripheral blood samples the vast majority of cells
were leukaemic as previously shown using Southern
blotting (Oscier et ai, 1990). Our approach, therefore, was
to synchronise the 3T3 cells by serum starvation and release
them by the addition of serum 24 hours later. In this way
the mitotic index in 3T3 cells is increased before fusing
them with the unstimulated BCLL cells. Individual hybrids
were then isolated by ring cloning (Cowell 1992b) and
grown for DNA isolation and chromosome analysis.

Table 1 Summary of cytogenetic abnormalities involving chrom
osome 13 in BCLL patients.

Patient

RH
NL
BA
ER
CR

Chromosome

46, XX,t(12:13Xpl2;ql4)
46, XX,t(9:13)(q22;ql4)
46, XX, t(13;22)ql4;q 13.3),del (13)(ql2:ql4)
46, XX, t(13:13)(ql4;q22)
46.XX, t(4;13;17)(q34;ql4;q23)

The original aim was to isolate both translocation products
from each patient in different hybrids without the normal 13
homologue. For the primary characterisation of the somatic
cell hybrids, therefore, we studied loci at opposite ends of
the long arm of chromosome 13 using sequence tagged
sites (STS) and PCR (Table 2). Thus, primers from the
factor 7 gene (FAC VI1) were used to demonstrate the
presence of the 13q34 region (Abbott and Povey 1991) and
an STS designed from a probe, Alu 78, localised to 13ql2
(Michalski et al., 1992) was used to demonstrate the pres
ence of the proximal end of the chromosome. The initial
screen using these two sets of primers (Figure 1) identified
hybrid colonies which contained either the proximal or
distal ends (or both) of chromosome 13 (see Table 3). To
avoid the potential complication of heterogeneity within the
hybrid populations individual subclones were generated
from single cells (Cowell 1992b). In this way pure
populations of hybrid subclones were isolated and subjected
to. a more detailed analysis. In one pair of hybrids (RHF

407 and RHF 2324) we were able to confirm the presence of
the chromosome 13 components by chromosome painting

(a)
600 bp

Alu 78

(b)

376 bp

FAC VII
Figure 1 PCR analysis of somatic cell hybrids from patient RH
using proximal and distal chromosome 13 markers. In (a) the Alu
78 probe is absent from hybrid 407 but present in hybrid 2324.
The opposite is true for Factor VII (b) which is missing in 2324
but present in 407.

(data not shown). Importantly, a normal copy of 13 was not
identified.
A series of hybrids were thus isolated which carried the
particular derivative chromosome 13 as described in Table
3. Using the proximal and distal STS it was possible in all
but one case, ER, to identify hybrids which contained either
the proximal or distal part of chromosome 13 only. Patient
ER carried a reciprocal t(13;13)(ql4;q22) translocation and
so, as expected, although no normal copy of 13 was pre
sent all cells were positive for proximal and distal markers.
In this case it was not possible to determine which of the
derivative chromosome 13s had been retained using PCR
alone. To refine the sublocalisation of the 13ql4 breakpoint
in the subclones we investigated several other loci. The
u-anslocation breakpoint associated with rhabdomyosarcoma
(RMS) tumours, for example, was previously showri to lie
in the proximal part of 13ql4 (Mitchell et al, 1991). The
DNA sequence of two STS, X 44.3 and X 49.6 which
flanked the RMS breakpoint were provided by of Dr. D.
Shapiro, (St Jude, Memphis) and, using PCR, we were able
to show that both these loci were present in hybrids contain
ing the proximal part of chromosome 13 (Figure 2). Thus,
the translocation breakpoint in BCLL does not involve the
RMS breakpoint. The RB 1 gene lies in the distal part of
chromosome band 13q14 (Cowell era/., 1987) with the 5'
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Table 2 Summary of sequence and conditions of PCR primers
used to analyse somatic cell hybrids containing derivatives of
human chromosome 13.

Temp Size

Sequence

Name

'C

(bp)

AGnTATAGGAGGCCGTAGTnTGG 58

600

(a)

285

ALU 78

RMS

CCAAACTIGGAAGGGGATGAGAATA
RMS 44.3 AATAAGAACAGCATCAGCAGA

60

430

60

250

GGACACAAACTGCTACCTC1TAAAG 58

477

TATAAATGTAGCCAGGGAAG
RMS 49.6 GACTAGTAAGTCTACAATGCT
CCCATACATCTG AAA GAG GGA
RB 1.3

(b)
-4- 477

GCCATCAGAAGGATGTGTTACAA
RB 1.27

AGGTGTACACAGTGTCCACCAAGG

62

218

58

380

56

300

55

510

55

238

FACVn CTTGTCCTTTGGATCAGTCCACGGA 56

376

Rb 1.3

AAGGTCCTGAGCGCCATCAGnTGA
RBpoly A GTmTAGGTCAAGGGCTTAC
ATCTCTAGCATATAGAGCCCCTT
D13S25

ATTCTAATCAGATAGACTG

(c)

AGCTTCTGTTTGTTCAAGA
D13S31

CAGATCGAGACAATAAGTGC
ATCTCTTAATTCCAGCATCC

D13S59

GCTATTCAGACTCCATGCAG

Rb 1.27

GTCATGATTGCCTTGTGAGC
TAATCCTAGTGGGACAGGGACTGGT
(d)

end of the gene more centromeric than the 3' end (Mitchell
and Cowell 1989). Using the primers described by Hogg et
al.., (1992) for the individual exons of the RBI gene we
looked for the presence of exon 3 and exon 27 in our series
of hybrids (Figure 2), The results from three of the trans
locations were somewhat surprising. In subclones selected
from ER, for example, RBI sequences were not present
despite containing 13ql2 and 13q34 sequences (Figure 2).
It appears, therefore, that hybrids ERF 21 and ERF 22,
carried the same derivative chromosome but, as a result of
the translocation, a deletion had occurred involving RBI. In
patients CR and NL neither the hybrid carrying 13ql2 or
Table 3 Summary of probe localisation in somatic cell hybrids

Patient

RH
NL
BA
ER
CR

Hybrid

RHF 2324
RHF 407
NLF 19
NLF 21
B A F 12
ERF 21
ERF 22
C R F 62
C R F59

Alu 78 RMS RBI

25

31

59 FAC VII

+
+

+
+

+
+
+
+
+

+

+

-

-

+
-

-

-

-

+

+

-

-

.

-

-

+

+

-

+
+

+
+

-

.

+

+

-

+

+

-

-

ND

-

ND ND

-

+

300
D13825

Figure 2 PCR analysis of the 13ql4 region in BCLL hybrids. The
hybrid RHF 2324, which contains the proximal chromosome 13
marker, also contains RMS (a) and exon 3 (b) and 27 (c) of the
RBI gene. In contrast, RHF 407 which contains the distal
chromosome 13 marker does not carry RMS or RBI. In (c) a
series of hybrids (NLF) from patient NL which carry proximal
markers do not show the human specific 218 bp band for RB 1.27
but only the cross-reacting bandings seen in the mouse lane. In (d)
neither hybrids from patient RH show evidence of DNA sequences
fromD13S25.

13q34 sequences showed RBI sequences, again suggesting
a deletion of the RBI gene as a result of the translocation.
In the leukaemic cells from patient BA, in addition to the
specific translocation there was also a 13ql2-ql4 deletion
(Table 2). The only hybrid isolated from this fusion
experiment contained FAC VII but not Alu 78. This hybrid
also showed deletion of the proximal markers which we
assumed indicated the presenceof the deletion-13
chromosome.
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In the hybrid pairs from RH, however, both exon 3 and
27 of RBI were present in the hybrid carrying the proximal
part of chromosome 13. We further demonstrated (Figure 3)
that the 3' untranslated region of RB1 was present in these

li® »

380

R B I poly A

Figure 3 Analysis of the polyadenylation site of the RB 1 gene in
BCLL hybrids. In the absence of human specific sequences (380
bp) non-specific bands are seen from mouse DNA. Hybrids from
patients NL and ER do not contain the RBI gene but RHF 2324
which carries the proximal chromosome 13 markers does.

hybrids, showing unequivocally that the RB 1 gene is not
the site of the translocation breakpoint. Three otlier gener
ally available probes from the 13ql4 region were used to
extend our siialysis of these hybrids (Table 1). Their linear
order i^see Figure 4) is; centromere - D13S25- D13S31D13S59 -telomere (Bowcock et ai. 1991). The results using
PCR primers for these loci are shown in Table 3. The
D13S59 locus always cosegregated witli FAC Vll, placing
the BCLL breakpoint in the distal part of 13ql4. In the
same way D13S31 segregated with FAC Vll but the
D13S25 locus (Table 3) was absent in all tlie hybrids. It
appears, therefore, that deletions are frequently associated
with the 13ql4 translocations in BCLL. In some cases (e.g.
CR and NL) this deletion may extend as far as the RBI gene
but in RH it is localised around the D13S25 locus, thus
defining the smallest commonly deleted region. This same
locus is also lost in BA in cells carrying a larger deletion.
Morris et a l, (1991), used restriction fragment length
polymorphisms (RFLP) to analyse four cases of del
(13)(ql2ql4) and also showed that, although RBI was
always involved, the distal-most breakpoint extended to
include the D13S31 locus. These observations, therefore,
are consistent with ours and those of Brown et al, (1993),

- < Alu 78
-<

RMS

who also reported that RBI and D13S25 were deleted in
hybrids carrying 13ql4 deletions and that deletion of
D13S25 was associated with an (11; 13) translocation.
Using pulse field gel electrophoresis Brown et al, (1993)
were able to show that the 530 kb Notl fragment carrying
the RBI gene was not rearranged. They further suggested
that the deletion in the t(ll;13) rearrangement involved the
1.35 Mb Not 1fragment carrying D13S25.
Peterson et al, (1992) reported a high incidence of
complex rearrangements involving 13ql4. This observation
may point to a mechanism to generate deletions. In one
case in our study, CR, there was a three way translocation
(Fitchett et al, 1987) and hybrids from this patient, which
had retained the products of the translocation containing
chromosome 13 derivatives, showed a deletion of D13S25
which extended to RBI demonstrating that complex re
arrangements in BCLL also achieve the same end-point.
We have thus demonstrated that chromosome transloca
tions involving the 13ql4 region from BCLL may always be
associated with deletions. In our study at least four translo
cations were accompanied by deletions and, although these
deletions could span the RB1-D13S25 interval, smaller
deletions could be detected which involved only a small
area flanking the D13S25 locus in distal 13ql4. The obser
vation that heterozygous chromosome deletions are
frequently seen in BCLL not showing reciprocal
translocations involving 13ql4 suggested that loss of
function of a critical gene is important in tumorigenesis.
The fact that deletions are also associated with the
translocations suggest that structural rearrangements, which
are less common events, serve the same function and our
study has allowed us to pinpoint the position of the
frequently deleted region more accurately. In a recent
report by Brown et al, (1993) another translocation was
also shown to generate a deletion at the site of the
rearrangement encompassing D13S25 although this group
did not investigate the adjacent D13S31 locus which lies
approximately 1.5 centimorgans distal to D13S25. We have
bœn able to positively exclude this locus as being involved
in the frequently deleted area. We were also able to exclude
the involvement of the RBI gene in its entirety in BCLL
leukaemogenesis since, in RHF 2324 the most distal 3'
region containing the poly A signal, was present. The length
of the deletions encompassing D13S25 in BCLL is not
clear but it is possible that the whole region may be isolated
in a single YAC.
The hybrids reported here, particularly from RH, will be
invaluable in attempts to clone genes associated with BCLL
but are also of potential importance to those groups trying
to isolate the gene responsible for Wilson's disease which
lies between D13S31 and D13S59 (Bowcock et a l , 1991).
Since a major problem in chromosome walking strategies is
orientating the direction of the walk, the breakpoint in these
hybrids will set the proximal limit in bidirectional walking
strategies from D13S31.

Materials and Methods
-<

FAC VII

Figure 4 Summary of the location of STS used in the analysis of
somatic cell hybrids

All patients included in this study were investigated at the Royal
Bournemouth Hospital. The diagnosis of B-cell chronic
lymphocytic leukaemia was based on peripheral blood morphology
and the weak expression of monotypic surface immunoglobin.
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holaiion o f white cells
Peripheral blood samples were taken from patients who had
leukaemic counts of >20 x 10^/1. These blood samples were
diluted 1:5 in serum-free RPMI-1640 tissue culture medium and
loaded in 15 ml aliquots onto 8 ml "Lymphoprep" (Flow Labs)
gradients in 25 ml plastic universal tubes. The gradients were
then centrifuged at 1200 rpm in a Jouan BR 3.11 centrifuge fitted
with a RP50 rotor for 20 mins at 4°C. The white cells remaining
on the Ficoll/supernatant interface were removed with a 1 ml
pipette. These cells were then washed twice in an excess of PBSA
and either used directly in fusion experiments or frozen in 1 ml
aliquots in 90% serum: 10% DMSO until required. On recovery
from liquid nitrogen cells were again washed twice in an excess of
PBSA.

Construction of Somatic Cell Hybrids
TK" Mouse 3T3 cells were used as the immortalised parent and
grown to subconfluence in 9 cm petri dishes. Immediately prior to
fusion approximately. 5-8 x 10^ 3T3 cells were harvested with
trypsin, washed in PBSA and mixed with approximately 10^
lymphocytes. The two parental cell types were then cosedimented
and the supernatant removed to provide a relatively dry pellet. 0.5
ml of 50:50 polyethylene glycol 1500: Serum free medium (SFM)
was then added to the cells which were resuspended by gentle
agitation for 60 seconds. To stop the fusion reaction 25 ml of SFM
was added directly to the cells which were recovered immediately
by centrifugation. The washing procedure was Repeated twice
more and the cells were then distributed evenly into 8 x 9 cm petri
dishes in Minimal Essential Medium (MEM) containing 10% fetal
calf serum and HAT (Cowell 1992b). After approximately 4
weeks individual hybrid colonies were removed by ring cloning as
described by Cowell (1992b). Subcloning of hybrids was achieved
by selecting individual cells under the microscope and allowing
them to achieve clonal expansion in microtitre wells (Cowell
1992b).

DNA preparation
Preliminary analysis of hybrids was carried out on mini-prep DNA
prepared from a single 9 cm dish of confluent cells which were

1419

harvested and resuspended in 25 |il ;10 mM Tris HCl, pH 8.3; 10
mM MgCl2; 50 mM KCl; 0.01 % gelatin; 0.45% Tween 20; 0.45%
NP40; proteinase K to Img/ml. After 1 hour at 55' C the solution
was heated to 95'C for 10 min to inactivate the proteinase K and
centrifuged at 13000g for 10 sec, 1 pi of the clear supernatant was
used in each PCR reaction according to the conditions given in
Table 2. For experiments requiring larger amounts of DNA the
standard phenol:chloroform extraction procedures were used
(Sambrook et al., 1989).

PCR analysis
PCR reactions were carried out in a Techne-2 thermocycler using
Taq polymerase (Bioline) for 30 cycles according to the conditions
outlined in Table 2. For each reaction 100 pg of DNA was
incubated with 50 pmol of each primer, Taq polymerase reaction
buffer, and 0.2 mM each of dGTP, dATP, dTTP and dCTP
(Pharmacia, Milton Keynes). The PCR was overlaid with 50 pi of
mineral oil to prevent evaporation, and an initial dénaturation step
was performed at 96° C for 15 min. Following dénaturation 1 U of
Taq polymerase was added through the oil whilst the tubes
remained in the thermocycler. Subsequent PCR was carried out
according to the following sequence; Annealing for 30 sec at the
appropriate temperature (Table 2) followed by extension at 72'C
for 45 sec and then denaturing at 96°C for 30 sec. Specificity of
the PCR reacüon was analysed on a 2% agarose gel. All markers
included normal human and mouse controls and blank reactions
which contained no DNA. In addition, DNA from PGMEl
(Cowell and Mitchell 1989) which contains chromosome 13 as the
only human component was included as a positive control.
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SHORT REPORT

Frequent homozygous deletions of the D13S25 locus in chromosome
region 13ql4 defines the location of a gene critical in leukaemogenesis in
chronic B-cell lymphocytic leukaemia
RM Chapman \ MM Corcoran^ A Gardiner\ LA Hawthorn^, JK Cowell

DO Oscier^

^ Department o f Haematology, Royal Bournemouth Hospital, Castle Lane East, Bournemouth BH7 7DW. ^ICRF Oncology Group,
Institute o f Child Health, 30 Guilford Street, London W C IN I EH

Cytogenetic studies of B-cell chronic lymphocytic
leukaemia show structural abnormalities involving the
13ql4 chromosome region as the only karyotypic
change in a significant proportion of tumours. This
observation suggests the location of a gene important in
leukaemogenesis. A series of 68 BCLL tumours have
been analysed for allele loss using a series of probes
from 13ql4. Using intragenic polymorphic markers
from the retinoblastoma predisposition gene LOH was
observed in 25% of tumours including 3/6 showing
cytogenetically obvious deletions of the 13ql4 region and
3/6 showing translocations involving 13ql4. However,
three deletions with proximal breakpoints in 13ql4 did
not show allele loss, demonstrating that the breakpoint
lay distal to RBI. Using the D13S25 locus, which lies 1.6
cM distal to RBI, allele loss was seen in 90% of tumours
with structural rearrangements of 13ql4 and 75% of
tumours with an apparently normal karyotype. 50% of
these tumours showed homozygous loss of D13S25,
suggesting that a 'tumour suppressor gene' lies in this
region. The more distal D13S31 locus, 1 cM distal to
D13S25, was infrequently involved in allele loss
demonstrating that the minimum region of overlap for
homozygous deletions is aproximately 1 Mbp around
the D13S25 locus.

BCLL is the commonest haematological malignancy in the
Western world. Cytogenetic abnormalities are detected in
approximately 50% of cases of which the majority are either
trisomy 12 (25%) or structural abnormalities involving
chromosome 13 band ql4 (13-25%) (Juliusson and Gahrton
1990, Petersen et al. 1992). These rearrangements comprise
both deletions and translocal ions and frequently occur as a
single abnormality in patients with stage-A disease
suggesting that this region contains a gene(s) critical for
leukaemogenesis.
Monoallelic loss of the retinoblastoma susceptibility
gene, RBI, located at 13ql4, has been demonstrated in
BCLL by Southern blotting, polymerase chain reaction
(PCR) and fluorescent situ hybridisation (FISH), not only in
patients with 13ql4 abnormalities but also in patients with
an apparently normal karyotype (Lui et al. 1992, Morris et
al. 1991, Oscier et al. 1990, Stilgenbauer et al. 1993). The
true incidence of 13ql4 abnormalities is therefore higher
Correspondence; DG Oscier
Received 12 October 1993 ; accepted 28 January 1994
Accepted in CRC form 2 February 1994

than indicated from cytogenetic studies alone. However,
since normal metaphases in BCLL may derive from T-cells
rather than leukaemic B-cells, it is unclear whether RBI
loss detected molecularly represents a microdeletion or a
larger deletion or translocation in a mitotically inactive
population. In a previous study we have constructed
somatic cell hybrids from 5 patients with 13ql4
translocations and isolated hybrid pairs carrying either of
the 2 derivative chromosomes (Hawthorn et al. 1993). In 3
cases RBI was lost from both hybrid pairs showing that loss
of genetic material can occur at the bretikpoints of an
apparently cytogenetically balanced translocation. In one
case, the RBI gene and its 3’ untranslated region were
retained casting doubt on a central role for RBI
abnormalities in the pathogenesis of BCLL. A region
telomeric to RBI detected by an anonymous probe D13S25,
however, was deleted in all 5 cases. A similar tinding in
another translocation was reported by
Brown et al.
(1993) who, in addition, found evidence of homozygous
loss of D13S25 in at least 4 of 11 cases of BCLL with
13ql4 deletions. Generating hybrids from tumour cells,
however, is a very labour intensive and time consuming
process so, in order to investigate the frequency of allele
loss in 13ql4 in BCLL, we studied a hu"ge series of
tumours using RBI, D13S25 andD13S31.
In order to relate cytogenetic findings to LOH results,
each tumour was characterised karyotypically. For each of
the tumours at least 30 metaphases were examined before
the karyotype was considered normal. At presentation 62
patients had stage A disease and three patients each had
stage B and C disease. The diagnosis was based on blood
lymphocyte morphology and weak expression of monotypic
surface immunoglobulin. Seven patients were shown to
have heterozygous deletions involving the 13ql4 region and
6 had translocations, one breakpoint of which was always
in 13ql4 although the reciprocal translocation partner
chromosome was different in all cases. Thus, based on
cytogenetic data alone, approximately 20% o( tumours
carried abnormalities involving chromosome 13. Only 8
tumours showed trisomy-12 (12%) and 45 (66%) had
apparently normal karyotypes. Tumours with clonal
abnormalities not involving chromosomes 12 or 13 were
found in only 2 cases. The high percentage of tumours with
apparently normal karyotypes may reflect the fact that TPA
is a more potent stimulator of normal cells which, in fact,
represent the minority of cells in the peripheral blood of
tlie.se patients at the time of sampling (see below). To study
loss of heterozygosity in BCLL patients relatively pure
populations of tumour cells needed to be separated from
normal cells. This was achieved by isolating mononuclear
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Figure 1 Examples of allele loss at the p68RS2.0 locus in BCLL
tumours. Rsa I digested samples were loaded, in pairs, with the
normal granulocyte DNA first (lanes 1, 3 etc) and the tumour DNA
loaded second (lanes 2,4 etc). LOH is evident in lanes 2, 8 and 12.
In these cases there is no residual band at the position of the lost
allele indicating that there is no appreciable contamination with
normal cells and that the tumour cell population is relatively
homogeneous.

and polymorphonuclear cell fractions from anticoagulated
blood by density gradient centrifugation as described by
Einhorn et al. (1989). In patients witJi a total lymphocyte
count of < 10 x 10^/1 the mononuclear fraction was T-cell
depleted by sheep RBC rosetting. Cell purity following
this procedure was confirmed to
be >95% by
immunocytochemistry.

3 1 5bp

-

Figure 2 Analysis of the pRO.6 (left) and M1.8 (right)
polymorphisms using PCR. Two tumour/normal pairs are shown
for each locus. When digested with Xba 1 the normal 945 bp PCR
fragment produces two bands, 630 and 315 bp long, if the
polymorphic variant is present. In the first tumour (lane 1) the
lower allele is lost compared with the corresponding normal DNA
(lane 2) whereas in the second tumour it is the upper allele which
is lost (lanes 3,4). A weak residual band in the upper position is
seen in lane 3 which either reflects incomplete digestion or slight
contamination of the tumour cells with normal ones in the original
sample. When the 180bp M1.8 PCR product is digested with Bam
HI two bands are produced, 140 and 40 bp long. The smallest 40
bp band is usually too weak to see but the presence of the 140 bp
band is indicative of the presence of the lower allele. In this PCR
reaction a weak non-specific band is seen in all samples 240 bp
long. In lane 5 the lower allele is lost in tumour cells whereas in
lane 7 it is the upper allele which is missing. In both cases allele
loss is complete indicating the purity of the tumour DNA sample.

Three loci were studied within the RBI gene for LOH.
The p68RS2.0 probe recognises a variable number tandem

repeat using Southern blotting (Onadim et al. 1990). There
iu'e approximately 8 dillerent alleles al this locus which
made it the most inl'ormative probe (figure 1). Two other
probes, M l.8 and
pRO.6 (Wiggs et al. 1988) could be
analysed using PCR (Onadim et al. 1992) mid tu-e located
in introns 2 and 18 respectively (figure 2). 41/68
patients were heterozygous at any of tJie.se loci but only
9 (22%) showed evidence of loss o f heterozygosity
(LOH). There were no extmiples of homozygous allele
loss for RBI and none of the tumours .showing trisomy-12
showed allele loss. Six of the tumours showing LOH carried
cytogenetically detectable abnormalities involving 13ql4
(deletions or iranslocations) and three tumours had
apparently nonnal karyotypes (table 1). This frequency in

Table 1 Summary of loss of heterozygosity in BCLL tumours at
the RBI locus according to karyotype

Karyotype

No. Tum m rs

LOH

4-12
normal
del (13)
t(13)
other

5
22
6
6
2

0
3
3
3
0

TOTAL

41

9

tumours with nonnal bu'yotpyes was :ilso noted by others
(Lui et al. 1992, Stilgenbauer et al. 1993). It is reasonable
to assum e that these three tum ours carry either
microdeletions within 13qI4, or structural abnormalities
involving 13ql4 in cells which could not be stimulated to
divide at the time o f analysis. In dtose tumours showing
only heterozygous loss of alleles it is possible that the
remaining RBI allele carried a more subtle abnormality as
seen in retinoblastoma tumours (Hogg et al. 1993). We
think that this alternative is unlikely since in previous
studies of tumours with 13ql4 deletions a nonnal species of
the Rb protein (pRB) was detected (Kay et al. 1993). Since
mutations in RBI invtu-iably result in the absence or
abnormal expression of the pRB(Horowitz el al. 1990) the
presence of the normal protein implies the remaining RBI
allele is wild-type. Since one copy of RBI is sufilcient to
allow normal function of tlie gene product in the cell we feel
it unlikely that tliis gene is tut unportant primtu'y patltogenic
event in BCLL tumorigenesis. Furthermore BCLL is not
one of the tumours seen in patients with constitutional RBI
mutations who are at a significantly increased risk to the
development of second tumours (Draper et al. 1986).
Only three o f the six translocation cases showed allele
loss for RBI supporting our previous suggestion (Hawthorn
et al. 1993) that, even though deletions were frequently
associated with translocations, RBI was not contained
witliin the minimum region of overlap. This assumption was
further supported by the observation that 3/6 tumours with
deletions involving 13ql4 did not include tlie RBI locus. In
tliose tumours where the proximal breakpoint lay above the
RBI locus allele loss was observed which is consistent witli
the other breakpoint being distal to RBI (see below). Tlie
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three tumours showing retention of heterozygosity at RBI
carried deletions of ql4-q21 (one case) or ql4-q22 (two
cases), indicating that the proximal breakpoint lay distal to
RB 1 in these cases, further supporting our exclusion of RB 1
from the minimum region of overlap seen in BCLL. To
investigate the extent of these deletions further we analysed
the tumour samples with the D13S25 probe which lies 1.6
centimorgans (cM) distal to RBI and D13S31 which lies 1
cM distal to D13S25 (Bowcock et al. 1991).
Although the D13S25 and DS13S31 probes recognise
RFLPs the frequency of the rare allele is rather low making
the overall heterozygote frequency small. We chose,
therefore, to study allele loss with these probes using
densitometry. Comparative densitometry of the test and
control signals was measured on an Ultroscan scanning
laser densitometer and Gelscan software (Pharmacia). The
intensity of the hybridisation signal seen from these probes
was normalised against that seen for the renin probe on the
same blot. Renin lies on chromosome 1 which has never
been shown to be involved in structural chromosome
rearrangement in BCLL.
Autoradiographs were critically examined by eye to
confirm uniform hybridisation across the filter of both test
and control probes before densitometric measurement.
Ratios of the density readings of the test probe to the control
probe on granulocyte samples were calculated.
Lymphocyte ratios were then compared with the
granulocyte control on the same patients and expressed as a
percentage.
Results were then scored and expressed as the number of
alleles present thus:
2 Normal signal with density ratio = 1 ± 0.05
1 Density ratio = 0.5 ± 0.05
0 Minimal or absent signal with density ratio < 0.05
These measurements were repeated at least three times for
each tumour sample using separate digests, blots and
hybridisation. This was necessary because of the inherent
variability of the technique. Results were only included if
the analysis was consistent on three separate occasions. A
clear result was obtained from 35/68 (50%) tumour DNA
samples. Of the 11 tumours studied which had chromosome
13 abnormalities, 10 showed allele loss which was
homozygous in three cases. More significantly 11/15 (75%)
Table 2 Summary of allele loss in BCLL tumours at the D13S25
locus according to karyotype. The allele content in the tumours is
defined as normal (2), hemizygous (1) or homozygous deletion (0)

Allele
Karyotype

+12
normal
del (13)
1(13)
other
TOTAL

/V

8
15
7
4
1
35

Number

(2)

(1)

8
4
1
0
1

0
7
5
2
0

14

14

(0)

0
4
1
2
0
7
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of tumours with an apptu-ently normal karyotype also
showed allele loss and, in 4 cases (30%), this was
homozygous (table 2). Simiku- results were obtained by Lui
et al. (1993) in a smaller survey of tumours. As expected,
none of the 8 tumours with trisomy 12 showed any evidence
of allele loss for D13S25. Homozygous loss of genetic
markers has usually been taken to indicated the location of a
tumour suppressor gene. Of special interest is that, in one
of the tumours showing del (13)(ql4q21), no allele loss
was seen for D13S25. Further material, however, is not
immediately available from this patient and so we have
been unable to determine the status for the RBI and
D13S31 loci at this time. Resampling this tumour in the
future should allow us to determine whether the deletion is
only present in a small clone within the tumour although
that does not seem to be the general finding in the other
tumours where, on ktuyotypic analysis, deletions were
apparently minor clones. A summary of the extent of allele
loss in BCLL in those tumours showing allele loss for
D13S25 is shown in table 3. Interestingly there are a
number of tumours with apptuently normal karyotypes
which also carry homozygous deletions exclusively at the
D13S25 locus which possibly indicated that this is a more
widespread phenomenon thtm originally considered.
The issue concerning tumours with apparently normal
karyotypes has become more clear as a result of our
analysis. In tumours showing LOH for RB 1 using Southern
blotting, for example, there was rarely a weak, residual band
in the position of die lost allele. This observation argues for
the fact that there are very few cells with a normal
chromosome 13 complement in the tumour sample which,
in turn, suggests that the kayrotypes observed were derived
from contaminating normal cells. Using PCR, which is far
more sensitive, faint bands were occasionally seen in the
position of die lost allele indicating the minor presence of
normal cells. Of those tumours showing apparently normal
karyotypes it was only possible to determine allele loss in
22/45 of which 15 gave reproducible results at the D13S25
locus. Of these 11 showed monoallelic loss and 4 showed
biallelic loss (table 3). Of these patients, one who was
constitutionally heterozygous at the RBI locus, showed
coincident LOH in the tumour (patient 6). Although the
analyses were not reproducible for the D13S31 locus, 3/4
tumours showing biallelic loss for D13S25 showed
monoalleic loss for D13S31. In these tumours it appears
that one chromosome 13 homologue carries a deletion with
the proximal bretikpoint between RBI and D13S25 and
extends distally, whereas on the other homologue, the
deletion is confined to die region surrounding D13S25.
It is possible that, if the deletions were small, they would
not be identified by convendonal cytogenedc analysis but in
any event the observations support the conclusion that loss
of a gene between RBI and D13S31 is important in BCLL
leukaemogenesis.
Kay et al. (1993) tmalysed 13 patients with deletions or
translocations involving 13ql4 using the Rb cDNA probes
and, although they cite 'intenial deletions' their results are
more consistent with deletions which extend beyond the 3’
end of the RBI gene which, as we have shown, lies
telomeric to the RBI locus (Mitchell and Cowell 1989).
Thus, these data support our findings that deletions extend
through the RBI locus although this group did not
investigate the D13S25 locus. Similarly observations by
Stilgenbauer et al. (1993), using in situ hybridisation,
although improving our understanding about the frequency
of tumours with chromosome 13 abnormalities did not
determine of the extent of deletions seen in BCLL.
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Table 3 Summary table o f patient data

Copy Number
ID

Number

1
2
3
5
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Karyotype

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
t(4;13) (pl5;ql4)
t(13;18)(ql4;pll)
t(4;13;17)(q34;ql4;q23)
1(12,13) (p ll;q l4 )
del (13) (ql2q21)
del (13) (ql2ql4)
del (13) (ql2q22)
del (13) (ql4q21)
del (13) (ql4q22)
del (13) (ql4q22)
del (13) (ql4q21)
+12
+12
+12
+12
+12
+12
+12
+12
t(5;6)
+18
N
N
N
N
N
N
N
t(13;13) (ql4;q22)
t(8;13) (q24;qI4)

ND = Not determined

RBI

nd
2
nd
2
2
1
2
nd
2

2
nd
2
2
2
nd
2
1
1
2
1
1
1
2
2
2
nd
2
2
nd
2
nd
2
nd
2
2
2
1
1
2
2
2
2
2
2
1

( I
1
0
0
1
1
1
0
0
1
2
2
1
2
1
2
1
1
0
0
0
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd

nd
1
1
nd
nd
nd
1
nd
nd
nd
nd
nd
nd
nd
nd
nd
1
2
2
nd
2
nd
2
1
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd

RENI N

-

D13 S 2 5

-

&.-.W

Figure 3 Comparison of hybridisation intensities produced using
the renin and D13S25 probes. In all cases DNA was digested with
Sac 1 and complete loss of the two D13S25 alleles is seen in lanes
1, 2 and 4 (density ratio <0.01 ). These were tumour cell fractions
from patients 7, 8 and 18 respectively (table 3). Lane 3 (patient
17, tumour cell fraction) showed a reduced D13S25 signal (density
ratio 0.535) in the original autoradiograph which was subsequently
confirmed on repeating. Comparative hybridisation intensities for
these probes in normal neutrophils is shown in lanes 5 and 6
(density ratios 1.0 by definition).

A recent study (Matutes et al. 1993) has analysed the
morphology and immunophenolype of patients with BCLL
and trisomy 12 detected either cytogenetically or by FISH.
46% of patients had atypical m orphological features
compared to 12% of patients without trisomy 12. In
contrast, 38 patients with 13ql4 abnormalities all had the
typical morphological and immunopheiuUypic features of
BCLL (Oscier 1993, unpublished observations). Since none
of our trisomy 12 patients had RBI or D13S25 loss it is
possible that tlie pathogenesis of the disease is different in
these cases.
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A Deletion Hybrid Breakpoint Map
of the Chromosomal Region
13q14-q21 Orders 19 Genetic
Markers in 10 Intervals

Abstract
A deletion hybrid breakpoint map of the chromosomal re
gion 13ql4-q21 has been constructed using 19 DNA markers
and 13 cell lines with breakpoints in this chromosomal region.
The cell lines define 10 distinct intervals in this region,
which spans approximately 20 Mb. The markers include 6
RFLP markers, 11 microsatellites that provisionally had been
mapped to the region 13ql4-21, and 2 new polymorphic
CA-repeats that were developed from an EMBL3 library of
cell line ICD, containing 13pter-ql4.3. The following order of
markers was established: CEN - D13S320 - (D13S118,
D 1 3 S 1 5 3 )-R B 1 -D 1 3 S 3 1 9 -D 1 3 S 2 5 -(D 1 3 S 3 1 ,D 1 3 S 5 9 ,
D13S133, D13S137) - D13S163 - D13S119 - (D13S26,
D13S55) - (D13S131, D13S134, D13S135, D13S144,
D13S152)-TEL.

Introduction
Several disease genes of medical impor
tance have been assigned to the region 13ql 4q21 of chromosome 13. Deletions in the
region, occurring in a proportion of retino
blastoma patients, provided a clue to the iden
tification and isolation of the RBI gene [1].
Other chromosomal rearrangements in the re
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gion found in association with chronic B-cell
leukaemia, indicate that it may be the loca
tion of a gene involved in the development of
this form of leukaemia [2]. Linkage analysis
has shown that the locus for Wilson disease
(WND), an autosomal recessive disorder of
copper metabolism, is tightly linked to the
chromosomal marker D13S31 [3, 4] posi
tioned at the junction of chromosomal bands
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13ql4.3-q21.1 [5]. Recent abstracts suggest q te r[I7 ]),D l (13pter-ql4.1 [17]), RH F 407(13ql4.313qter [2]), RH F 2324 (13pter-13ql4.3 [2]), GS89a
that the gene has been cloned [6, 7],
(13pter-ql4;:13q32-34 [D. Warburton, unpubl.]), and
In order to identify microsatellite markers
CF27 (13pter-ql4.1:;13q22-qter [T.K. Mohandas, un
in the 13ql4 region, two CA-repeats were iso publ.] were grown in RPM l 1640 medium supple
lated from clones from a lambda phage library mented with 10% fetal bovine serum in the presence of
from hybrid cell line ICD, containing 13pter- antibiotics. All hybrid cell lines except GF7 and ICD
q 14.3 as its sole human material [8], that also contain other human chromosomes in addition to the
der(13). DNA was isolated after treatment of the cells
hybridized to cell line E8 (13ql4.1-qter) as
with SDS and proteinase K by phenol extraction
detected by fluorescent in situ hybridization according to standard procedures.
(FISH) [9].
P lasm id Cloning, Sequencing and Prim er Design
These CA-repeats were mapped on a panel
(CA)n-containing EMBL3 clones 7.42.6 and 7.42.7
of 13 ceU lines with breakpoints in the chro
were isolated from a phage lambda library from cell
mosomal region 13q 14-21. In addition, we
line ICD [8]. Phage 7,42.6 was cut with Sau3A and
mapped 6 restriction fragment length poly ligated in the B am H l site of pBluescriptKS(-). Phage
morphism (RFLP) [3, 4, 10, 13], and 11 7,42.7 was cut with Rsal, H aelll, and Alul and ligated
microsatellites from three different genetic in the E coRV site of pBluescriptKS(-). The ligation
maps [10-12] on this hybrid panel. The three mix was transformed into Escherichia coli JM83 or
D H 5a competent cells, respectively. (CA)n-containing
genetic maps provide only approximate loca
subclones were identified by colony hybridization with
tions of the loci, the map of Bowcock et al. an end-labelled (GT)i2 oligonucleotide. The clones
[10] being the only one which also includes were sequenced from both ends using the T? sequenase
the RFLP markers previously analyzed. Un kit (Pharmacia LKB, Uppsala, Sweden) and standard
fortunately, these three maps have no markers primers. Primers on both sides of the CA-repeats were
selected with the aid of the computer program ‘primer
in common except for two loci at 13q32-q34,
^designer’ (Scientific & Educational Software, Need
D13S64 and D13S71, which appear on the ' City, Pa., USA).
maps of Bowcock et al. [10] and Petrukhin et
PCR Reactions
a l.[ll].
Reactions were carried out in 20-pl volumes o f ‘SuIn the present study, we present a deletion
pertaq reaction buffer’ (Sphearo Q H T Biotechnology,
hybrid breakpoint map of the chromosomal
Leiden, The Netherlands) with final concentrations of
region 13q 14-21, divided in 10 distinct inter lO m M Tris-HCl (pH = 9.0), 50 m M KCl, 1.5 mM
vals, which integrates the relative positions of Mg^+, 0.1% Triton X-100, 0.01% gelatin, and includ
the markers from the three genetic maps [10- ing 0.2 mM of each dNTP (dATP, dCTP, dGTP,
12], and from the earlier RFLP map [ 13], and dTTP), 0.125 U Taq polymerase (Supertaq, Sphearo Q
HT Biotechnology), 100 ng of each primer and 100of 2 newly isolated microsatellites.

Materials and M ethods
H ybrid Cell Lines

Hybrid cell lines GF7 (human chromosome 13
only [8]), ICD (13pter-13qI4.3 [8]), WC-H38B3B6
(13pter-ql3::13q21.1-qter [14]), WC-H12D12 (13pterql4::I3q22-qter [14]), NM-87-26XT (13ql2-ql4::
13q22-qter [15]), PKII-90-P5b (= PK88-25, 13pterql2::13q21.2-qter [15]), KSF39 (13pter-ql4.1 [16]),
K B F ll (13pter-ql2:;13ql4-qter [16]), E8 (13ql4.1-
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300 ng template DNA. After an initial dénaturation
step of 93 ° C for 2 min, thermal cycling was carried out
for 27 cycles consisting of dénaturation at 93 °C for
1 min, annealing at 5 -1 0 °C below T j for 1 min, and
extension at 72 ° C for 1 min, followed by a final exten
sion step at 72°C for 5 min. For some primer sets, it
was necessary to increase the annealing temperature of
the first cycles to increase specificity. PCR products
were visualized on agarose gels, stained with ethidium
bromide.
Radioactive PCR was carried out by substituting
1/10 of the dCTP by [a-^^P]dCTP. Products’were size
separated on 4-6% polyacrylamide gels and analyzed
after exposure to an X-ray-sensitive film.

Kooy/Verlind/Houwen/Shapiro/
Hawthom/Cowell/Schefrer/Buys

A Deletion Hybrid Map ofl 3q14-q21

Table 1. (CAL sequences D13S319 and D13S320

Primers 5'-3'

Repeat

Hetero
zygosity'

Alleles
(frequency')

D13S319 142.7

mgglSX: -CGAGCTGGAGTCCATCGTATmgglSY; -CGTCGCTGCAGATCAAAGGA-

(GT),g

82%

182 (0.01)
180 (0.06)
178 (0.09)
176(0.21)
174 (0.18)
172 (0.43)
170(0.01)
168(0.01)

D13S320 142.6

mggSX: -TAGTCCTTCTTGATGGACACmggSY: -GGTAGTATTGATGGACATGC-

(CA)3TAG(AC)„C(CA)2

41%

199 (0.26)
197 (0.74)

Locus

Phage

' Ahele frequencies and heterozygosity were determined on 76 independent individuals of Caucasian origin. Allele sizes are
given in base pairs.

Results
Development o f New Microsatellite
Markers

Two human insert-containing phages from
an EMBL3 library from cell line ICD [9],
shown by FISH to lie distal to the transloca
tion breakpoint of the der(13) involved in
alveolar rhabdomyosarcoma in cell lines E8
and D l, contained a CA-repeat as determined
by hybridization with a (GT)i2 oligonucleo
tide. (CA)n-containing fragments of these
phages, designated X42.6 and X42.7, were sub
cloned and sequenced (see Materials and
Methods), The designed primers flanking the
CA-repeat are presented in table 1. Both CArepeats were polymorphic with heterozygosi
ties of 41 and 82%, respectively.
Order o f Markers

The 13 der(13) hybrid cell lines (see Mate
rials and Methods) were analyzed by PCR for
the presence or absence of the RFLP markers
RBI, D13S25, D13S26, D13S31, D13S55,
D13S59, and the microsatellite sequences
D13S118, D13S119, D13S131, D13S133,
D13S134, D13S135, D13S137, D13S144,

D13S152, D13S153, D13S163, D13S319,
D13S320. Primer source and sequences are
indicated in table 2. The cell lines divide the
region 13ql4-q21 into 10 distinct intervals
(fig. 1). The order of markers was: CEN D13S320 - (D13S118, D13S153) - RBI D13S319 - D13S25 - (D13S31, D13S59,
D13S133, D13S137) - D13S163 - D13S119
- (D13S26, D13S55) - (D13S131, DI3S134,
D13S135, D13S144, D13S152) - TEL. All
hybrids were tested for all markers. No gaps
were identified in the deletion hybrids. All
markers were present on the monochromosomal cell line GF7.

Discussion
The relative order of the microsatellite
markers is in agreement with the order that the
subsets have on each of the genetic maps [1012]. This also applies to the relative order of
the RFLP markers [3,13]. The order along the
chromosome as determined by linkage analy
sis is thus confirmed using physical mapping.
The cell hybrids used define 10 distinct
intervals in the PCR-based hybrid breakpoint
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Table 2. Chromosome 13 markers used as STS
Locus

Primers 5'-3'

Polymorphism

Product
size’

Ref.

RBI

RB1.PCR2.1; -ACCTTCCTAGCACTTAGACARB1.PCR2.2: -AAGGGCAAGAAACCAATAGA-

RFLP

1,531

19

D13S25

D 13825.PCR1.1 : -GATTCTAATCAGATAGACTGD13825.PCR1.2: -AAGCTTCTGTTTGTTCAAGA-

8T8

301

20

D13S26

mgglOX: -TATCATCTTGTCCATTCTGCmgglOY: -CATTGTTGGGGAAGAATATC-

8T8

143

_2

D13S31

mgg2X: -AAGCTGCAAATGAACTGAGmgg2Y: -GGACTGGATTCATCCTTG-

8T8

630

5

D13S55

mggl2X: -TTATGCTCCAGTTTTCCCCAmggl2Y: -CTGCAGGAATTCTCTGGTTC-

8T8

450

_2

D13S59

mgglX: -GTCATGATTGCCTTGTGAGCmgglY: -GCTATTCAGACTCCATGCAG-

8T8

238

5

D13S118

Utsw 1312TG: -CCACAGACATCAGAGTCCTTUtswl312R: -GAAATAGTATTTGGACCTGGG-

(CA) i 5

195

10

D13S119

Utswl310L: -TTATTGCCTTTGTAGATCATTGUtswl310R: -AAGACTTTGAATGAAATTCCC-

(CA)2,

134

10

D13S131

CU13/1795; -TACCAACTCTCAGCATTCCCACU13/1796: -G G A TAG TTCTCCCA G TG Cm TT-

(CA)28

172

11

D13S133

CU13/1707: -GCTAGGACTACAGGTGCAAACCCU13/13 82: -GGCAACATAGGGAAACCCTAGC-

(GA) m(GT),7

134

11

D13S134

CU13/1832: -AATTTAAACTGTCATAAAATCTGTGGCCU13/1833: -CACTTTCAAGTCTCAATAATAGGCG-

(GT),7

170

11

D13S135

CU13/1728: -CCCTGTCTTCTACTTCCTGTATGCCU13/1729: -CGGTTCTCAACCAGGAGAAA-

(GT)20

174

11

D13S137

CU13/1634: -CAGGAGGGATGGACTCACTTCCU13/1702: -TTTCCTCATTCTTTCCCAATTG-

(GT)22

115

11

D13S144

Utswl348GT: -TCCAAGTATGATTAATCGGAGUtsw 1348R: -TCATAATCATGTGAACCAATTC-

(CA)20

191

10

D13S152

AFM037xalCA: -CACATAGGCAACATAGGCACAFM037xalGT: -TCTGTAGTTCGCTTTCCCTG-

(CA)„

139

12

D13S153

AFM058xd6CA: -AGCATTGTTTCATGTTGGTGAFM058xd6GT: -CAGCAGTGAAGGTCTAAGCC-

(CA)„

222

12

D13S163

AFM190ya3: -CCAGCATCGCCAAAGTAFM190ya3: -AAACCTACCTTGATTGACAGA-

(CA)„

198

12

' Product sizes given are those of the amplicon, except for the loci D138118-D138144 where the size of the predominant allele
has been indicated.
^ Primer sets for D 13826 and D13855 were developed from partial sequences of RFLP-containing subclones of probe pH2-10
[21] and CRI-R214 [22], respectively.

Fig. l a A deletion hybrid breakpoint map of the region 13ql4-q21. The der(13) are indi
cated by horizontal bars. Equal length has arbitrarily been attributed to all intervals. The
putative position of the WND gene is indicated by a black arrow, that of the BCLL gene by the
spotted arrow, b Breakpoints in 13ql4-q21 from the der(l 3) of the cell lines used in this study.
Modified after Bowcock and Taggart [23].
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map of the chromosomal region 13ql4-q21.
The map stretches from the translocation
breakpoint of the der(13) of cell lines E8 and
D l in 13ql4.1 to the proximal breakpoint of
the distal segment of the der(13) of cell line
PKII-90-P5b at 13q21.2, an estimated dis
tance of 20 Mb [derived from 18].
The smallest deletion seen in BCLL is de
termined by the cell lines RHF 407 and RHF
2324, which contain the different transloca
tion products from a translocation involving
13ql4 in a B-cell chronic lymphocytic leu
kaemia patient [2]. Therefore, BCLL poten
tially maps in interval 4 or 5 of the map.
WND is closely linked to the marker D13S31

[3, 4], and between the markers D13S31 and
D 13S59 [3]. As D 13S31 and D 13S59 are situ
ated in interval 6, WND will also be situated
in this interval, which must be in proximal
13q21.1[5j.
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C onstruction o f a targeted hum an-Y A C lib ra ry from a ham ster
hybrid cell line w hich contains chrom osom e 13 as its only hum an
DNA.

Madna RA, Riethman HC
The Wistar Institute, Philadelphia, PA 19104
A targeted YAC library will facilitate the complete physical
characterization of human chromosome 13. The large size of the insert
in a single YAC reduces both the number of dones needed to represent
the entire chromosome and the number of walking steps required to link
up existing markers. The source DNA we are using to construct the
targeted YAC library is the human-rodent somatic cell hybrid GM
10898 carrying chromosome 13 as its only human DNA. An initial
ligation mix has been prepared using pYAC4 and characterized.
Approximately 1.2% of the total number of transformants screened
contain human DNA inserts. Our library currently contains 310
human-DNA-containing YAC clones with sizes that range from 80 kb
to 500 kb with an average done size of 250-300 kb, roughly Ix
coverage of chromosome 13. During this process we developed a simple
and inexpensive method for direct, large-scale DNA hybridization
screening of the primary yeast colonies. A thin layer of standard
regeneration agar containing the transformed spheroplasts is spread on
selective plates using carefully controlled temperature conditions; the
colonies regenerate initially within the thin layer of hardened
regeneration agar, but as they grow, greater than 90% of them break the
surface and become accessible to direct lifting and screening methods.
The technique avoids the manual or mechanized picking of
transformants from within the regeneration top agar, does not require
spedalized (and often expensive) regeneration matrices such as alginate
or low melting-point agarose, and yields transformation efficiencies and
screening results virtually identical to those obtained using the standard
spheroplast transformation protocol.
A utom ated genetic linkage m apping.

Ma lise TC, Perl in M, Chakravarti A
University of Pittsburgh, Department of Human Genetics, Pittsburgh, PA
15261
We have developed an expert system computer program, MultiMap,
which automates the construction of both framework and comprehensive
genetic linkage maps. Our program utilizes a novel mapping algorithm
that considers locus placement on maps based on locus content, i.e.,
heterozygosity of markers, minimum/maximum distance to neighboring
loci, % chromosome coverage, odds for placement and odds for local
locus order. Our program utilizes the CRI-MAF linkage analysis
program (twopoint, all, fixed and flips functions; Green, unpublished
data. Lander and Green, 1987) for calculation of two- and multi-point
likelihoods and lod scores, and estimation of recombination values.
MultiMap is written in Common LISP and is currently run on a Sun
Sparcstation. An important feature of MultiMap is that locus order is
validated before the addition of new markers based on investigator
controlled criteria such as odds threshold. Analysis can proceed either
interactively or under complete automation. In either case, a complete
record of the entire mapping experiment is available to the investigator.
The major advantages of automation of linkage map construction are
that investigators are not tied to a computer during map construction and
that mapping can continue 24 hours per day. These improvements will
in turn increase the speed and accuracy with which maps can be
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constructed and will allow investigation of the most efficient map
construction algorithms. MultiMap has been tested on CEPH marker
data from human chromosome 1 (Dracopoli et al., 1991), chromosome
4 (Buetow et al. 1991), chromosome 10 (White et a i, 1990) and
chromosome 21 (Mclnnis et al., 1992). Framework and comprehensive
maps were constructed from 103 markers on chromosome 1,43 markers
on chromosome 4, 47 markers from chromosome 10, and 57 markers
from chromosome 21. The order of those markers placed in unique map
intervals by MultiMap with odds > 1000:1 was identical to the order of
the same markers in each of the published maps, and interlocus
distances were comparable. MultiMap was also tested on several sets of
computer simulated data, and for each map the resulting marker order
and map distances were exactly as predicted.
C onstruction o f hum an chrom osom e 13 cosm id reference library
from flow so rted m aterial.

Nizetic D \ Monard S \ Young B \ Hawthorn LA*, Cowell J*, Zehetner
G', Lehrach H*
1 Genome Analysis Laboratory, Imperial Cancer Research Fund,
London WC2A 3PX, UK
2 St. Bartholomew’s Hospital, FACs Laboratory, Imperial Cancer
Research Fund, London WC2A 3PX, UK
3 Institute of Child Health, Great Ormond Street, London WCIN lEH,
UK
We have constructed a cosmid library from the human chromosome
13 flow sorted material with the complexity of over 20 chromosome
equivalents. Preliminary analysis of the quality of the library has shown
40 out of 40 random cosmids to be full length (>40 kbp) and 14 out of
14 mapped to chromosome 13 by FISH. A total of about 20,000 clones
have been gridded into microtitre plates. This fraction of about 5-6
chromosome equivalents will be displayed on single 22x22cm
membranes and made freely available for hybridisation screening within
the framework of the ICRF reference library system. The resulting
cosmids will be sent to the screener and if the probe is published, or not
labelled as "confidential", these cosmids can be obtained by all users of
the reference library. When requesting the positive clones, the screener
is expected to provide the copies of the screening autoradiogram and the
information about the probe used for the entry into the ICRF reference
library database. To avoid the duplication of the effort, the database will
periodically issue a report to all users on the so far used probes and
detected cosmids. Any probe information labelled as "confidential" will
be kept confidential for an agreed period of time, or until publication.
Some time ago we had constructed cosmid libraries from the human
flow sorted chromosomes X and 21 and arrayed the individual clones
into microtitre plates for reference and storage, and developed a system
allowing easy screening of the arrayed cosmids in a high density format
which made for the first time possible and parallel generation of
mapping data on the same primary library by many different groups in
the world (Nizetic et al., Proc Natl Acad Sci USA 88:3233-3237,1991).
So far, these two libraries have been screened by more than 80 different
groups using more than 400 different probes and detecting more than
1000 cosmid clones. More recently, using the same set of techniques,
we have constructed the libraries for the human chromosomes: 6,11,17,
18 and 22. We have gridded these libraries too and produced a number
of high density filters which have been successfully used by at least
seven groups so far. We hope that this chromosome 13 library will serve
as a centrai resource for obtaining cosmid clones containing interesting
genetic lod as well as provide the backbone for the building of an
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Fifty-five individual cosmids isolated from a chromo
some 13-specific library have been regionally assigned
using fluorescence in situ hybridization. These cos
mids represent novel DNA markers that can be added
to the limited number of DNA probes already available
for this chromosome. Individual cosmids mapped
along the length of the chromosome with almost equal
distribution except that there appears to be an excess
of probes from the distal 13q33-q34 region. Only two
cosmids did not map back to chromosome 13, indicat
ing that at least 96% of cosmids in this library are from
this chromosome. The library is generally available as
gridded colonies on nylon membranes suitable for hy
bridization screening, e 1994 Academic Press, Inc.

To construct physical maps of the human chromo
somes, a sufficiently large number of evenly spaced
DNA probes are required. The density of markers along
some of the chromosomes is very high, reflecting the
search for medically or biologically important genes.
This is true of chromosomes X, 11, and 21, for example.
Other chromosomes such as 13 have been less densely
mapped. As of March 1993, only 41 genes and 225 poly
morphic sequence-tagged sites (STSs) and D segments
were recorded in the Genome Data Base for chromo
some 13. This is relatively low considering that there
are 3591 genes and 13,782 D segments and STSs re
corded for the whole human genome. The most notori
ous gene on chromosome 13 is the retinoblastoma pre
disposition gene, but the cloning of this gene required
relatively few DNA probes to be isolated and mapped
(4). Other interesting disease-related genes on chromo
some 13 include Wilson disease (3), HHH syndrome (2),
and Hirschprung disease (1, 6). The presence of a gene
responsible for B-cell chronic lymphocytic leukemia on
chromosome 13 is also implicated by the presence of
translocation breakpoints in 13ql4 (5). There are
clearly many more genes on chromosome 13 responsi
ble for abnormal fetal development as demonstrated by
^ To whom correspondence should be addressed.
GENOMICS 2 1 , 2 4 8 -2 5 0 (1994)
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the clinical phenotypes associated with Patau syn
drome, which results from trisomy 13 (12). Construc
tion of a higher density map of this chromosome will
undoubtedly contribute to the cloning of some of these
genes. To this end, we have used fluorescence in situ
hybridization (FISH) to sublocalize 55 new cosmids
along the length of chromosome 13.
A chromosome-specific cosmid library for chromo
some 13 was constructed from flow-sorted chromo
somes (Nizetic e t al., in preparation), and 57 individ
ual clones were picked at random for characterization.
DNA was prepared using standard alkali lysis proce
dures and purified using RNase and phenol/chloro
form extraction. One microgram of cosmid DNA was
nick-translated using bio-ll-UTP and prepared for in
situ hybridization as described by Pinkel et al. (10).
These probes were hybridized to chromosome spreads
prepared from PHA-stimulated lymphocytes using
standard air-drying techniques. The hybridization
signal was detected using fluorescein-conjugated avidin, and chromosomes were stained with DAPI. The
images were captured using a cooled CCD camera and
the IPLabs software supplied by Digital Scientific
(Cambridge). For each cosmid, 10 metaphase spreads
in which signal could be seen over both homologues
of chromosome 13 were analyzed and, in all cases,
hybridization was observed only at one position of the
chromosome. The position of the cosmid was deter
mined relative to the weak banding produced by the
DAPI stain that could be enhanced using the software
package. Examples of the hybridization for a number
of different cosmids are shown in Fig. 1. The positions
of 55 of the cosmids are shown in Fig. 2. All of the
cosmids that were assigned to the same interval of the
chromosome were digested with EcoRI and analyzed
on an agarose gel. In only one case did we find the
same banding for two cosmids, demonstrating that
they were, in fact, all different clones. Several other
cosmids also produced hybridization signal on other
chromosomes but are still included on the map. Cos
mid 30, for example, was located at the centromere on
chromosome 13 but also hybridized to the centromeres
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FIG. 1. Examples of FISH hybridization patterns for a series of cosmid probes from different regions of chromosome 13. A centromeric
probe (a) identifies the acrocentric chromosomes. In b -f, as indicated by the arrows, specific hybridization is seen for regions 13ql2 (b),
13ql4 (C), 13q22 (d), 13q32 (e), and 13q34 if).

of chromosome 2 and one of the C-group chromosomes,
and cosmid 75 was found to be centromeric on chromo
some 13 but also showed signal at lp22. Cosmid 37
was located on the distal tip of chromosome 13q as
well as on one of the B-group chromosomes. It is not
clear whether this cross-hybridization reflects regions
of sequence homology within the genome or represents
a species of repetitive DNA that cannot be competed
out with CoM DNA. Two cosmids mapped to com
pletely different chromosomes, demonstrating that
there was some contamination of the original flowsorted chromosome material.
Of the cosmids that were assigned to chromosome
13, 14% hybridized to the short arm or pericentromeric
regions of chromosomes 13, 14, 15, 21, and 22 (Fig. 1).
None of the cosmids was specific for the 13 centromere
nor cross-reacted specifically with centromeric regions
of chromosome 21 or 14 that contain subsets of shared
a-satellite DNA sequences (11). These cosmids should
prove useful in determining whether the short arm
of chromosome 13 is involved in structural rear
rangements such as Robertsonian translocations.
Although the remaining cosmids were relatively
evenly spaced along the chromosome, there was an
overrepresentation from the distal tip of the long arm
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with 28% of all cosmids localizing here, Petmkin et al.
(9) reported 21 polymorphic (CA)„ microsatellites from
chromosome 13, of which 44% were localized to 13q33q34. The structure of the DNA sequence in this region
possibly lends itself to more efficient cloning in cosmids
than some of the other regions of the chromosome. We
have seen the reverse situation in our analysis of the
location of A lu sequences in which PCR amplification
of inter-A/u sequences from the 13pter-q21 region pro
duced a preponderance of clones from the 13ql2 region
(7) again, possibly reflecting the uneven distribution of
certain types of sequence along the chromosome.
The relatively even spacing of these cosmids along
the chromosome provides a set of well-characterized
probes that can be used to analyze chromosome
breakpoints and act as start points for chromosome
walks. All of these cosmids are part of the gridded chro
mosome-specific library available through the ICRF
Genome Analysis laboratory that can be screened by
hybridization (8) to build up series of contiguous over
lapping cosmids,
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Regional localisation of tri- and tetranucleotide
repeat sequence-containing cosmids on
chromosome 13
L A H aw th o rn / B. K a p a n a d s e / N. Yankovsky/ and J.K. CoweiP
' ICRF Oncology Unit, Institute of Child Health, London (UK);
^Institute of General Genetics, Russian Academy of Sciences, Moscow (Russia)

Abstract. A human chromosome 13-speciflc cosmid library
has been screened with oligonucleotides containing tri- and
tetranucleotide repeats with motifs: GACA, GACT, CAC,
TCC. 20 cosmid clones were identified and their physical loca
tion on chromosome 13 was determined using fluorescence in
situ hybridisation. Over 80% of the cosmids were detected
using tetranucleotide repeats of which 50% were GACT, but

these were distributed along the length of the chromosome.
Clones from the 13ql2-»ql4 and 13q32->q34 regions were
apparently overrepresented and 10 %of cosmids were localised
to the short arm of the chromosome. These simple tandem
repeats will be an important addition to the genetic mapping
strategy for human chromosome 13.

Human chromosome 13 accounts for approximately 2% of repeats and have regionally localised cosmids containing these
the haploid genome and is an estimated 114 Mbp of which 98 repeats using FISH.
Mbp are located on the long arm (Morton, 1991) but it is still,
Oligonucleotides were end-labeled with
using T4 polynucleotide
however, one of the more poorly mapped human chromo
kinase as described by Sambrook (1989) and used to probe filters containing
somes. Detailed maps have now been constructed by a number gridded colonies from a chromosome 13-specific cosmid library (Nizetic et
of groups (Bowcock et al., 1992, Gerken et al., 1993, Gyapay et al., 1993). Prehybridisation of the filters was carried out in 6 x SSC, 5 %
al., 1994, Petrukhin et al., 1993) where the intervals between Denhardts, 0.2 %SDS for 2 h at 65"C followed by hybridisation with the
markers are on average 4-5 cM. Improving the number of labeled probe for 16 h. Filters were washed in 50 inM Church buffer for 20
markers available for linkage analysis will eventually allow for a min at 55 ®C. Colonies showing hybridisation were isolated and DNA was
prepared from them using standard alkaline Ij-sis techniques.
higher resolution linkage map covering the whole length of the
1]ig of cosmid DNA was nick translated using Bio-11-UTP as described
chromosome and thus allow for more accurate localisation of by Pinkel et al. (1988) and hybridised to metaphase chromosome spreads as
described previously (Hawthorn et al., 1994, Kempski et al., 1993). The
genes responsible for hereditary disorders in the future.
The distribution of available markers along the length of the labeled probes were hybridised to denatured chromosome spreads prepared
from PHA stimulated lymphocytes obtained from normal healthy donors.
chromosome, however, is not even. Consequently, we have iso Hybridisation signal was amplified using fluorescein conjugated avidin and
lated cosmids containing simple sequence repeats as probes chromosomes were counterstained using DAPI. The images were captured
from a chromosome 13-specific cosmid library. Because there using a cooled CCD camera and IPLab software (Digital Scientific). For each
is already considerable effort being invested in the isolation of cosmid where hybridisation signal could be observed, no less than 10 meta
dinucleotide (CA)n repeats we used tri- and'tetranucleotide phase spreads were analysed in detail. The location of the cosmid was deter
mined in relation to the banding pattern produced by DAPI staining which
could be enhanced using the software package.
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National Human Genome Programme and the International Scientific Coopera
tion Project of the Russian Ministry of Sciences.
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Request reprints from Dr. J.K. Cowell, ICRF Oncology Unit, Institute of Child
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fax:071-831-4366.

12,000 cosmids arrayed as high density grids (Nizetic et al.,
1993) were prepared from a human chromosome 13-specific
cosmid library (1CRF-C108, DH5/L4FS13) which were then
probed with the tri- and tetranucleotide repeat olignonucleotides: (G A T G ) 4 , (G A T Q 4 , (CA C) 4 , (T C G )f. Several hundred
cosmids were identified in this way and 20 were isolated
because (a) they carried a large insert and (b) none of them con

© 1995 s. Kargcr AG, Basel
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tained more than one microsatellite motif. A description of the
individual clones is given in Table I. Of the cosmids selected
17/20 contained tetranucleotide repeats and 3/20 contained
trinucleotide repeats. Over 50% of the cosmids contained the
GATG repeat (Table I).
The location of the individual cosmids was determined
using FISH and a summary of the location of these cosmids is
shown in Table I. Two of the cosmids were located in the peri
centromeric short arm region of chromosome 13 and cross
reacted with DNA in the short arms of all of the other acrocent
ric chromosomes (13,14,15,21,22). These cosmids were both
isolated with the GACT repeat. Apart from this, there was no
tendency for cosmids containing a particular repeat to localise
to a specific area. We have recently shov^m that cosmids from
the chromosome 13-specific library are relatively evenly dis
tributed along the length of the chromosome (Hawthorn et al.,_
1994) with approximately 10% of the clones localising on the
short arm and a slight overrepresentation from the 13q33->
q34 region. However, the cosmids selected because they con
tained simple sequence repeats preferentially localised to two
main regions, 13ql2 and 13q33^q34. In a previous study we
examined the location of unique sequences derived using PCR
amplification of inter-Alu sequences from the 13pter->q21
region which also produced a preponderance of clones from the
13ql2 region (Michalski et al., 1992). Petrukhin et al. (1993)
described 21 polymorphic (CA)n repeats of which 44% mapped
to the distal end of chromosome 13. We also found an overre
presentation of cosmids containing simple repeats in this
region. The simple repeat-containing cosmids should prove
useful for the development of polymorphic probes for linkage
studies particularly since with tri- and tetranucleotide repeats it
is generally easier to detect the differences between allele sizes.
In particular the 13q12 region of the chromosome shows probes

Table 1, Summary of chromosomal location
of cosmids containing specific tri- and tetranu
cleotide repeats
Number

Cosmid

Motif

Region

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

24E12
50H12
28D02
40A05
29B02
50B10
10A06
07H08
47A06
08H03
19D05
06B12
59E09
59E08
18B05
23A12
54C02
32E08
59B10
16H08

GACT
GACT
GATG
TCG
GATG
GATG
GATG
GACT
TCG
GATG
GATG
CAC
GATG
GATG
GATG
GACT
GATG
GACT
GATG
GATG

13pll
13pll
13ql2-»13
13ql2-»13
I3ql2-)13
13ql2-4l3
13ql2^13
13ql4
13ql4
13ql4 ;
13ql4
13q21
13q22-)31
13q32^33
13q33-)34
13q33-4 34
13q33-»34
13q33->34
13q33-4 34
13q33->34

separated by large recombination distances in the currently
available maps and, since we have identified microsatellites in
this region, they should contribute to reducing the size of these
intervals.
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in the generation of physical maps, where the individ
ual probes were assigned to chromosomal regions ei
ther as a result of their presence or absence in panels
of somatic cell hybrids that had been compiled to divide
a particular chromosome into subregions or as a result
of in situ hybridization. Many of these early maps, how
ever, have now been superceded by maps incorporating
highly polymorphic microsatellite markers with hetero
zygosity frequencies of 70% or greater. Unfortunately,
this redirection ignores much of the valuable informa
tion already compiled onto the physical map of the chro
mosomes. Consequently, another major effort in the
mapping initiative is to generate dense physical maps
for individual chromosomes and chromosome regions.
At present the reconciliation of the physical and ge
netic maps is difficult because of inherent difficulties
in identi^ng the position of chromosomal breakpoints
from the analysis of banded chromosomes and errors
introduced into the order of markers in linkage maps
as a result of low recombination frequencies and
mistyping of individuals using complex polymorphic
loci (Bowcock et a i , 1993a). Despite this, a large
amount of information about the individual human
chromosomes is being generated, which makes the cor
relation between the physical and the linkage maps
INTRODUCTION
possible. Because of our special interest in human chro
mosome 13 (Cowell e t al., 1987, 1989; Mitchell et a i,
The generation of a detailed genetic linkage map for 1991; Mitchell and Cowell, 1989; Hawthorn e t a i , 1993,
all of the human chromosomes has been an important 1994a; Michalski et a i , 1992; Michalski and Cowell,
initiative for the Human Genome Project. The avail 1993), we have tried to integrate some of the informa
ability of an ordered series of polymorphic markers tion available for the physical map for this chromosome
along each chromosome will allow the assignment of with a number of different linkage analyses.
human hereditary disease genes to specific points on
The length of the genetic map for chromosome 13
the chromosomes, which is an important prerequisite has been estimated to be approximately 100 cM in
for positional cloning strategies. Early maps consisted males and 160 cM in females based on chiasma counts
mainly of unique DNA sequences (anonymous DNA (Morton, 1991). This translates into approximately 114
probes and cDNAs) that identified restriction fragment Mb, of which 98 Mb are on the long arm. Using linkage
length polymorphisms (RFLPs), but these probes were maps, other groups, however, estimate the sex-aver
often of limited use for linkage analysis because of the aged length of the chromosome to be between 178 and
low frequency of heterozygosity in the population. De 219 cM. Recently a number of genetic linkage^ maps
spite this, many of these markers have been important have been published for human chromosome 13 (Pe
trukhin et a i , 1993; Gerken et a i , 1993; Bowcock et
' To whom correspondence should be addressed.
a i , 1993b) that have incorporated both RFLP and CAWe have used a panel of somatic cell hybrids con
taining different rearrangements of human chromo
some 13 to integrate genetic and physical maps of this
chromosome. The positions of 17 translocation/dele
tion breakpoints on human chromosome 13 have been
determined relative to the microsatellite markers on
the genetic linkage map compiled by Généthon. Be
cause markers on maps from several other Consortium
groups have also been analyzed using many of the
same hybrids, it was possible to relate these with the
Généthon map. The position of all of the chromosome
breakpoints have been placed, wherever possible, be
tween two adjacent markers on the genetic linkage
maps using PCR analysis for the presence/absence of
the markers in the somatic cell hybrids. The positions
of the breakpoints have already been determined cyto
genetically, and some of these breakpoints are located
at landmark positions on the chromosome. The rela
tive density o f markers along the chromosome differs
between independently derived maps, and, based on
the known locations of certain breakpoints in the
physical map, inconsistencies in the genetic maps have
been identified. O 199S A c a d e m i c P r e s s , I n c .
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repeat markers, some of which have already been as
signed physical locations based on the analysis of so
matic cell hybrid mapping panels (Washington et a l,
1993). The majority of linkage maps have taken advan
tage of the reference set of families pro\dded by CEPH,
although other groups have included their own set of
families in the analysis (Clerken et a l, 1993). Most of
the markers used in these individual studies have been
combined to construct a CEPH consortium map incor
porating 59 uniquely placed loci (Bowcock et a I, 1993b).
The order of markers in this map was similar to that
produced independently to generate the NIH/CEPH
baseline map, which contained 47 uniquely placed loci,
and 25 markers were common to both maps. Maps
based on minisatellite markers alone have also been
produced for chromosome 13 (Bowcock et a l, 1993a;
Petrukhin et a l, 1993). Petrukhin et a l (1993) pre
sented a linkage map of 21 minisatellite markers, of
which only 12 were used to construct a framework map.
More recently, several attempts have been made to in
tegrate the microsatellite maps and present an inte
grated map (Matise et a l, 1994; NIH/CEPH Collabora
tive Mapping Group, 1992), although markers that
could not be assigned a unique position on the map
were given broader locations. In contrast, Weissenbach
and colleagues have produced a linkage map for human
chromosome 13 based entirely on microsatellite repeat
markers generated by the (^néthon group (Gyapay
et a l, 1994). Clearly, incorporating these markers
into maps generated by other groups where different
markers have been used would improve the resolution
of the map.
In an attempt to relate the various maps for chromo
some 13, not only to each other but also to suggest a
physical location of the loci, we have used a panel of
somatic cell hybrids to characterize the location of the
breakpoints on the Généthon map and use the informa
tion generated by Washington et a l (1993) to integrate
these maps and attempt to resolve inconsistencies.
MATERIALS AND METHODS
D NA p reparation . Small-scale preparations of DNA from each
of the somatic cell hybrids were isolated from single 9-cm dishes
containing confluent cell cultures. The cells were removed by trypsinization and then resuspended in 25 p\ of lysis buffer (10 n\M TrisHCI, pH 8.3; 10 m M MgCL ; 50 mMKCl; 0.01% gelatin; 0.45% Tween20; 0.45% NP40; and 1 mg/ml Proteinase K). The DNA solution was
incubated for 1 h at 55'C, and then the Proteinase K was heatinactivated at 95°C for 10 min. The solution was then spun for 10 s
at 13,000 rpm in a bench top microfugc, and 1 p\ of the clear superna
tant was used in each PCR reaction.
PCR an a lysis. PCR was performed as described by Saiki (1989)
with minor modifications. Approximately 50-100 ng of DNA was
incubated with 50 pmol of each primer, Taq polymerase reaction
buffer (160 mM(NHj,SO^, 670 mMTris-HCl, pH 8.8, 0.1% Twecn20), 2 m M each dGTP. dATP, dCTP, and dTTP, and 1 unit of Taq
polymerase in a 50-pl reaction volume. The samples were overlaid
with mineral oil to prevent evaporation. Dénaturation was at 96®C
for 4 min followed by 40 cycles of annealing at the approximate
icmpcrature (determined empirically) for 30 s, extension at 72"C for
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FIG. 1. Idiogram illustrating the chromosome 13-specific re
arrangements present in individual somatic cell hybrids from the
mapping panel used to determine the position of the breakpoints in
the genetic linkage maps.
45 s, and dénaturation at 94“C for 30 s. The reactions were carried
out in a Techne-2 Thermocyclcr. Because of the relatively small size
of the PCR products produced using the AFM primers (Gyapay ct
a i , 1994), it was necessary to analyze them on 3 or 4% agarose gels.
The sizes of the PCR products were determined by comparison with
a 100-bp ladder (Gibco.^RL). Each experiment included normal hu
man and mouse DNA controls prepared using standard phenol/chlo
roform procedures (Sambrook et al., 1989).

RESULTS

Our strategy was to use the polymorphic microsatel
lite markers in the genetic linkage map reported by
Gyapay et a l (1994) to characterize the position of the
naturally occurring breakpoints associated with struc
tural rearrangements of chromosome 13 that have been
isolated in somatic cell hybrids. The hybrids used in
this study have been described previously; KBFll,
PPF22, and BARF7 (Cowell and Mitchell, 1989), KSF
39 (Mitchell and Cowell, 1989) CAF55, JCF9, and
DGF27 (Michalski and Cowell, 1993), ICD (Scheffer et
a l, 1986), and RHF 2324 and RHF 407 (Hawihorn et
a l, 1993). The CF25 hybrid was generously provided by
Dr. T. Mohandas (Mohandas et a l, 1982). An idiogram
indicating the relative positions of the breakpoints in
this panel is given in Fig. 1. In the original publication
by Gyapay et a l (1994), each microsatellite was given
a reference number identifying its unique position in
the genomic library of microsatellites (e.g., AFM
249xbl), and for each chromosome these loci are num
bered sequentially from the centromere to the telomere
with the recombination distances between them estab
lished. For simplicity we have used the linear order of
numbers to identify the loci, thus, AFM 249xbl = AFM
1 and the KSF39 breakpoint lies between AFM 18 and
AFM 19, etc. (see Fig. 2).
The only AFM primers that were not analyzed in any
of the hybrids were AFMs 58-66 because AFM 57 was
shown to be present in BARF7, which carries the most
distal breakpoint in the series. Because the approxi
mate positions of the chromosome 13 breakpoints in
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FIG. 2. Correlation of the physical and genetic linkage maps for
chromosome 13. The position of the chromosome 13-specific
breakpoints, which have been assigned physical locations based on
G-banded chromosome analysis, is shown relative to the AFM series
of microsatellite markers (A). The D numbers for the AFMs are
shown in parentheses after the AFM identification code. Thus, AFM
1 has been assigned number D13S175, etc. Using the information
generated by Washington et a i (1993), it was then possible to corre
late the position of these breakpoints with markers used to generate
the map (B) described by Bowcock ef aL (1993b). Finally, the map
(0) generated by Buetow et aL (1994) is compared with the other
linkage maps.

the hybrids were known, only those AFM loci in the
general vicinity of the breakpoint were analyzed in the
first instance. Thus, hybrids were divided into groups
depending on their chromosomal location, e.g., 13ql2,
and then primers 1-20 were studied in these to define
the position of the breakpoints. Those hybrids with
breakpoints in 13q22-q32 were analyzed with AFMs
40-57 and so on. Once the position of the breakpoint
was determined, these hybrids were not investigated
further. Thus, loci AFM 1-5 7 have been analyzed in
at least three different hybrids to determine their pres
ence or absence using PCR. Wherever possible the posi
tion of a particular breakpoint was assigned between
two adjacent markers, although sometimes it was dif
ficult to identify the human-specific band because of
cross-reactivity with sequences in mouse DNA (Fig. 3).
In these cases alternative locations of the breakpoints
are presented.
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Because the nature of the structural rearrangements
has been determined cytogenetically, their exact loca
tions are possibly subjective. Thus, while in the major
ity of cases, a fairly accurate assignment can be made
relative to the G-band structure of the chromosome,
breakpoints with the same approximate location can
not be distinguished by this method. Total genomic hu
man DNA and DNA from the POME somatic cell hybrid
that contains chromosome 13 as the only human com
ponent (Cowell and Mitchell, 1989) were analyzed us
ing all sets of primers. By including these two controls
in the experiments, the size of the human-specific ban.d
could be readily determined and their location on chro
mosome 13 confirmed. This was an important consider
ation since many of the AFM primer pairs also produce
mouse-specific bands, although these were generally of
different sizes compared with the bands produced in
the human DNA All microsatellites were confirmed to
be on chromosome 13 (Fig. 3).
The most proximal breakpoints, DGF27 and CF25,
lie between AFM 4 and AFM 5. These breakpoints have
been shown to lie immediately proximal to the centro
mere using YACs located in this part of the long arm
of chromosome 13 by FISH analysis (Kempski et a i ,
1994). Many of the chromosome deletions included in
this hybrid panel were derived from patients with reti
noblastoma who carried 1 3 q l2 -q l4 deletions (Cowell
et aL, 1989). The proximal breakpoint for two of these
deletions, CAF55 and K B F ll, are located between
primers 13 and 14, which appears to represent a rela
tively large genetic intentai of 7 cM. The breakpoint in
RHF 14, which defines the position of the 2; 13 translo
cation seen in rhabdomyosarcoma tumors, is also lo
cated in this intentai, which we have previously as
signed to the 13ql4.1 region in the vicinity of D13S29
(Mitchell et a l , 1991). The JCF9 breakpoint was also
localized to the same area cytogenetically (Michalski
and Cowell, 1993), but here we have shown that it lies
more distal, between AFMs 14 and 15; the recombina
tion frequency between these two markers, however, is
0.00. These assignments are consistent with our previ
ous study using PCR probes (Michalski and Cowell,
1993), although at that time we were unable to distin
guish between the position of the breakpoints in three
of these hybrids.
We have preriously shown that the proximal
PPF22 breakpoint lies between the esterase D and the
RBI genes (Mitchell and Cowell, 1988); thus, this
breakpoint provides an important reference point to
link the Généthon map and Consortium maps, which
include gene markers as well as microsatellites. Simi
larly, the KSF39 breakpoint lies between exons 13 and
14 within the RBI gene (Cowell, unpublished), which
occurs between AFMs 18 and 19.
Very few recombination events appear to have oc
curred between AFMs 20 and 30, and their relative
order has been determined from the frequency of re
combination with outside markers. The RHF 2324 and
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FIG. 3. Examples of mapping of AFM microsalellite loci on human chromosome 13. In all cases the position of the 200-bp marker is
shown to the left and the position of the human-specific band is indicated by the arrow to the right. AFM 7 shows strong cross-hybridization
with sequences in the mouse genome, but the PCR product unique to human DNA is clearly identifiable and present in those hybrids
containing the 13ql2 region. Its absence in CF 27 places the breakpoint in this hybrid below CF25. However, because we were unable to
map breakpoints in CF25 accurately, it was not included in the full analysis. AFM 12 showed no cross-hybridization with mouse DNA and
is clearly in the 1.3ql2 region. The absence of AFM 14 in CAP 55 and its presence in JCF 9 distinguishes between these two breakpoints,
and this microsatellite also detects mouse sequences although not to the same extent as AFM 7. Athough AFM 25 has been placed in the
ql4 region, its presence in RHF 407 places it more distal than AFM 31. AFM 45 is present in BARF 7 but absent from PPF 22, allowing
the breakpoints in these hybrids to be distinguished. AFM 51 is present in both PPF 22 and BARF 7 and so defines the position of the
most distal breakpoint in this series.

RHF 407 hybrids, therefore, have been important re
sources in studying this series of markers. RHF 2324
(Hawthorn et a i, 1993) contains the proximal half of
chromosome 13 mth the breakpoint between RBI and
D13S25. The partner hybrid, RHF 407 (Hawthorn et
a i, 1993), contains the distal half of the chromosome
with the breakpoint lying between D13S25 andD13S31
(Kooy et a l, 1994). The intervening region has been
deleted in the original translocation, which spans ap
proximately 1 Mb (Hawthorn, in preparation). The
RHF 2324 breakpoint was shown to lie below AFM 21,
which is consistent with its location distal to the RBI
gene, which lies in the vicinity of AFM 19. The RHF
407 breakpoint lies between AFM 31 and 32. Thus, it
would have been expected that the intervening AFMs
would be missing from both of these hybrids, but this
was not the case. AFMs 26 and 30 were absent from
the RHF hybrids, but AFM 29 was present in RHF
2324, placing it near to the RBI locus. AFMs 27 and
28 were present in RHF 407, and so these are located
distal to AFM 30. Similarly, AFM 25 was present in
RHF 407. Clearly, therefore, in this region of the link
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age map the linear order of the markers is not entirely
accurate, and it will require more refined analysis to
resolve their relative order. We have preliminary evi
dence from analysis of YACs in this region for the phys
ical order of these AFMs (Bia, in preparation), which
supports the data from our hybrid analysis.
The breakpoints in the remaining hybrids show a
relatively even distribution along the chromosome
where, with the exception of the distal breakpoint in
BARF7, we were able to assign their location between
individual AFMs. The overall order of the breakpoints
in this study is consistent with that presented by Wash
ington et al. (1993), who used many of the same hybrids
from our reference panel to map a different set of mark
ers not present in the Généthon map. The relative posi
tions of markers from this map are shown in Fig. 2.
In the same way it has been possible to draw some
correlations between the relative positions of the chro
mosome breakpoints in each of the linkage maps pre
sented by several other groups (Fig. 2). Because not all
of the markers used in the generation of the consortium
maps were included in the analysis by Washington et
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al. (1993), the breakpoints can sometimes be assigned

only to broader regions of the maps.
DISCUSSION

Physical maps of chromosomes that have been gener
ated using somatic cell hybrids can place DNA markers
only between two reference points determined by the
flanking chromosome breakpoints but with no indica
tion of their linear order within the subregions. Recom
bination maps, on the other hand, can usually deter
mine the linear order of probes based on the recombina
tion frequency between adjacent markers. However, as
we have seen, where there are insufficient recombina
tion events, it is often difficult to establish the exact
linear order of markers. This has important implica
tions for positional cloning strategies that rely on using
flanking markers as probes to isolate DNA clones from
the region. Clearly, if the order of markers is inaccu
rate, this could be misleading in this type of search.
However, where the incidence of recombination is
higher, then the relative order of the loci seems to be
more reliable. With the exception of RHF 2324, the
linear position of the chromosome 13 breakpoints as
determined by Washington et al. (1993) and extended
by us (Kooy et al., 1994) is consistent with their local
ization within the Généthon map. Our approach clearly
provides for a direct comparison of lin a g e maps pro
duced independently and, by providing reference points
based on the physical location of the markers, should
assist efforts to integrate maps developed by different
groups. This is essential if the information contained
within these maps is to be used for positional cloning
strategies.
The breakpoint in RHF 2324 was particularly hard
to assign to the map, which is probably due to the inap
propriate positioning of some of the AFM primers. We
have demonstrated unequivocally that AFM 29 lies
close to the RBI gene, which in turn lies in the region
of AFM 18 and AFM 19. There was very little recombi
nation in the region of AFM 20-29, making the relative
order of the markers difficult to establish, and clearly
some of them lie in other regions of the map. We know
that the RHF 2324 breakpoint lies distal to the RBI
gene (Hawthorn et al., 1993), approximately 1 Mb prox
imal to the RHF 407 breakpoint, which we have as
signed between AFM 31 and AFM 32. Of the interven
ing loci (AFM 22-AFM 29), AFMs 26 and 30 clearly
lie within the 1-Mb region between RBI and D13S31.
However, AFMs 25, 27, and 28 are present in hybrid
RHF 407 and so must lie distal to D13S31. The exact
location of AFMs 22 and 23 could not be placed in the
hybrid panel and we are currently trying to locate their
position in a series of YACs from the 13ql4-q22 region.
The distribution of the AFM primers appears to be
relatively random along the length of the chromosome,
although there is clearly an overrepresentation of
markers in the distal part of the 13ql4.3 region (appar
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ently containing AFMs 19-38), although as we have
shown the assignment of these markers may not be
altogether accurate. The distal tip of the long arm of
13 also carries a disproportionate number of markers
(AFMs 51-66). This bias distribution has also been
seen for randomly isolated microsatellites from other
chromosomes. Thus, on chromosome 20, for example,
66% of microsatellites cluster in 25% of the linkage
map (Hazan et a l, 1992) and may be characteristic of
the (CA)„ repeats in general. Since we have been able
to assign the microsatellites to physical positions on
the chromosome, it appears that the unequal distribu
tion is not due to an increased frequency of recombina
tion at certain points on the chromosome such as the
telomeres. The distribution of the AFM primers shows
a loose correlation to the suggested position of genes
on human chromosome 13 (Saccone et al., 1992). How
ever, as we have shown, the assignment of markers in
some regions, where there is zero recombination, may
not be accurate, and when the relocalization of these
markers has been achieved, the distribution of the
primers may become slightly more random
There are clearly differences in the relative distribu
tion of markers between those generated by Généthon
and those presented by the Pittsburgh group (Matise
et a l, 1994) for example. Although there are many
markers in the Consortium maps that have broader
regional assignments, the Généthon map appears to
contain far more markers between the RBI gene and
the proximal breakpoint in BARF7 in 13q22 than in the '
Pittsburgh map. Conversely, the number of markers
assigned between the distal PPF22 and BARF7
breakpoints in the Généthon map is far less than in
the Pittsburgh map. This fact probably reflects the way
in which markers for both maps have been generated.
The Généthon map essentially consists of randomly iso
lated CA repeats, whereas the other maps depend on
markers generated by the scientific community that
may reflect a bias toward those regions containing
genes of medical importance. The preferential location
of CA repeats has also been noted by others, with 44%
of those described by Petrukhin et a l (1993) locating to
the 13q32-q34 region. We have also seen this slightly
biased location not only of randomly isolated cosmids
(Hawthorn et a l, 1994a) but also of cosmids containing
tri- and tetra-nucleotide repeats isolated from chromo
some 13 (Hawthorn et a l , 1994b).
Other maps have been generated (Buetow et a l,
1994) that try to incorporate more of the markers with
less strict criteria for their inclusion in the framework
map than those of Matise et a l (1994). However, these
“best fit” maps will inevitably contain errors because
of the low frequency of heterozygosity for some of the
markers and the difficulties in correlating data from
many different laboratories. This is clearly demon
strated in the map presented by Buetow et a l (1994),
where the D13S31 marker, for example, is placed above
the ESD gene, whereas we have clearly shown that it
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composed entirely of microsatellite markers. Genomics 12: 183lies some distance distal to this locus, below RBI and
189.
D13S25 (Hawthorn e t a l , 1993; Kooy al., 1994), How
Kempski, H., McDonald, D., Michalski, A. J., Roberts, T., Goldman,
ever, despite these minor inconsistencies, these maps
J. M., Cross, N. C. P., and Cowell, J. K (1994). Localization of the
will provide important reference points for the con
8;13 translocation breakpoint associated with myeloproliferative
struction of more extensive physical maps based on
disease to a 1.5 Mbp region of chromosome 13. Genes Chrom. Can
cer, in press.
overlapping YACs in the future.
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