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ABSTRACT

David James Cockburn D.Phil. 
St. Catherine's College Trinity term 1991

Analysis of DMD translocations

Duchenne and Becker muscular dystrophies (DMD, BMD) are allelic X-linked 
diseases which affect approximately one in 3500 male newborns. They are caused by 
mutations in a gene positioned on the short arm of the X chromosome at Xp21. The first 
indication of the location of this gene was the description of rare females expressing 
DMD and who were found to have constitutional X;autosome translocations with an X 
chromosome breakpoint at this site. There are now 24 such females known worldwide. 
They express DMD as a consequence of preferential inactivation of the normal X 
chromosome. In order to contribute to the understanding of the aetiology of mutations 
causing DMD and the aetiology of constitutional translocations, two types of study have 
been performed here. Firstly, the detailed mapping of the X chromosome breakpoints of 
DMD-associated X;autosome translocations has been investigated. The results of this 
study have been compared with data on the physical distribution of mutations causing 
DMD in male patients. Secondly, one translocation, an X;l translocation with an 
autosomal breakpoint at Ip34, has been selected for more detailed investigation and the 
DNA sequence has been determined at the site of the rearrangement.

Translocation breakpoint mapping studies were performed by somatic cell hybrid 
analysis. Hybrids were karyotyped and this information was used to construct a 
hybrid panel for the purpose of determining the autosomal localisations of anonymous 
DNA probes. The mapping of seven probes using this panel is described.

The work described in this thesis revealed that the distribution of translocation 
breakpoints within the DMD gene appears to be random and may differ from the 
distribution of mutations in male patients. The X;l translocation whose breakpoints 
are cloned and sequenced was found to involve two expressed loci, one coding for 
dystrophin on the X chromosome and one for the leukocyte antigen related protein on 
chromosome 1. Sequence data revealed that a deletion of four to seven nucleotides from 
the X chromosome and a duplication of two to five nucleotides are associated with the 
translocation. The possible involvement of trinucleotides adjacent to the breakpoints, 
and of a LINE, a SINE and a stretch of potential Z-DNA within 1 kb of the X 
chromosome or the chromosome 1 breakpoint, is discussed.
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Chapter 1 General introduction

1.1 Historical background

The second half of the twentieth century has witnessed a huge expansion in the 

study and understanding of human genetics. This began with widespread analysis of 

the human karyotype which followed the correct identification of the diploid 

chromosome number as 46 (Tjio and Levan, 1956; Ford and Hamerton, 1956). For 

decades this had been thought to be 48 (Painter, 1923) although, as early as 1921, Painter 

reported on his study of spermatogonial metaphases from individuals 'castrated 

because of self abuse' that 'in the clearest equatorial plates so far studied only 46 

chromosomes have been found' (Painter, 1921). Human chromosomes were classified 

into seven groups based on size and centromere position by Patau (1960). But the 

significant breakthrough was the development of banding techniques, first described 

for plant chromosomes using quinacrine dihydrochloride or quinacrine mustard, but 

quickly applied to human chromosomes, which allowed unambiguous identification of 

each chromosome (Caspersson et al., 1968; Caspersson et al., 1971). Simple reliable 

banding protocols are now readily available which have allowed human cytogenetics 

to become firmly established in clinical diagnosis (see Penn and Perle, 1986). 

Numerical chromosome abnormalities, also previously detected by unbanded analysis 

can be identified, such as Down syndrome which is associated with trisomy 

chromosome 21 (Lejeune et al., 1959), and the chromosomes involved in structural 

rearrangements such as translocations can be identified. In the last few years a role 

for the practice of molecular genetics in clinical diagnosis has been created, brought 

about by progress in the development of DNA technology and the mapping and cloning 

of the genes for important single-locus diseases.

Present-day DNA technology is largely dependent on the the ability to cut DNA 

using restriction enzymes isolated from microorganisms which recognise specific



sequence sites. The first were described by Lederberg and Meselson (1964), but 

particularly significant was the discovery of restriction endonucleases which always 

cut between the same nucleotides at the recognition site (type II restriction 

endonucleases; first described by Kelly and Smith, 1970; and Smith and Wilcox, 1970). 

DNA cloning procedures exploit the properties of the cohesive ends generated by many 

restriction enzymes. Cloning vehicles such as the plasmid pBR322 have been 

constructed which include the single cloning sites for several enzymes (Bolivar et al., 

1977). Mapping of DNA regions is performed by analysis of the sizes of fragments 

generated by endonuclease digestion (first described for SV40 by Danna et al., 1973). 

Southern analysis allows the sizes of restriction fragments which hybridise to a DNA 

probe to be determined (Southern, 1975). This technology has been extended by using 

infrequently cutting enzymes and electrophoretic systems which resolve DNA 

fragments which are several hundred kb in length, to allow long range maps of the 

genome to be constructed (for instance around the DMD locus, van Ommen et al., 1987; 

Burmeister et al., 1988; Meitinger et al., 1988). The majority of polymorphisms 

described in the human genome and used in linkage studies are restriction fragment 

length polymorphisms (RFLPs) detected by Southern analysis. The polymorphism is 

caused by the presence/absence of a restriction site or the presence of a 

deletion/insertion polymorphism or a variable number of tandem repeats element 

(VNTR) within the restriction fragment.

1.2 Translocations

The frequency of constitutional translocations in the newborn is approximately 

0.2%, and in spontaneous abortions 2-4% (Harper, 1988). The carriers of balanced 

translocations (where there is no significant gain or loss of chromosome material) are 

usually phenotypically normal but are at risk of producing unbalanced gametes. In 

approximately 5% of cases of recurrent miscarriage the woman or her partner carries a 

translocation. Carriers of apparently balanced translocations are occasionally



phenotypically abnormal. This might be because there is a cytologically undetectable 

deletion of duplication, or because the translocation disrupts a gene with a dominant 

disease expression. One special class of patients with disease expression and a 

balanced translocation is that comprising female carriers of X;autosome 

translocations where the X chromosome breakpoint disrupts a gene locus (Frezal and 

Schinzel, 1990). The expression of the disease is a consequence of a skewed X 

chromosome inactivation pattern, where the normal X chromosome is predominantly 

inactive. This feature is common to all Xjautosome translocations, and in these cases 

leads to expression of the disruption caused by the translocation (Mattei et al., 1981; 

discussed further in section 1.4).

As well as constitutional translocations which affect every cell, translocations 

may arise in somatic tissue and are therefore only present in a proportion of cells. In 

particular, a number of somatic translocations have been identified and studied which 

are associated with human neoplasms, mainly those associated with haematological 

malignancies (reviewed by Croce, 1987; Cleary, 1991). Some associations are highly 

specific, for instance a 15; 17 translocation is seen in virtually every case of acute 

promyelocytic leukemia and in no other malignancy (de The et al., 1990). Many 

translocations involve immunoglobulin genes and errors in the V(D)J recombinase 

mechanism are implicated in their aetiology (Croce, 1987).

The nomenclature used to describe translocations in this thesis complies with the 

report of the ISCN (1985). To clarify this terminology, a derivative chromosome is one 

rearranged by the translocation. The derivative X or der(X) chromosome retains the X 

chromosome centromere while the derivative autosome or der(autosome) retains the 

autosomal centromere (see figure 1.1). A translocation junction is referred to as the 

point on the der(X) or der(autosome) between DNA sequence from the reciprocal 

chromosomes, and a junction fragment as a fragment of DNA from the der(X) or 

der(autosome) spanning the translocation junction. A translocation breakpoint is 

referred to as the position on a normal chromosome corresponding to the junction
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Figure 1.1 Diagram of an X;autosome translocation, illustrating the nomenclature 
used to describe the rearrangement. X chromosome DNA is represented by dark lines, 
and autosome (A) DNA by pale lines.
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Figure 1.2 Ideogram of the short arm of the X chromosome illustrating the 
approximate positions of the X chromosome breakpoints of X;autosome translocations 
associated with DMD, and therefore indicating the likely location of the disease gene. 
The breakpoints are reported to lie in Xp21.1 and Xp21.2.



position, and a breakpoint region as a DNA region on a normal chromosome spanning 

the breakpoint.

1.3 Investigation of the DMD locus

1.3.1 Historical perspective

There is every reason to suppose that Duchenne muscular dystrophy has always 

existed in human populations. In his review of clinical and scientific aspects and the 

management of DMD, Emery (1987) includes a historical introduction presenting 

evidence that individuals with characteristics consistent with muscular dystrophy 

have been portrayed in paintings and drawings which date as far back as around 2500 

BC. It was in 1868, however, that Duchenne de Boulogne described 13 cases, two of 

which were girls, and defined the characteristic clinical features (Duchenne, 1868). 

The incidence of Duchenne and the milder Becker muscular dystrophies is 1 in 3500 

males, making it the most common lethal neuromuscular genetic disease (Engel and 

Banker, 1986). The disease is not restricted to humans although the disease 

pathogenesis is not identical in other animals. Dogs, cats and mice have been 

identified which are deficient in the protein product from the intact DMD gene, 

dystrophin (Bulfield et al., 1984; Cooper et al. 1988; Hoffman, 1990). There is 

unfortunately no reason to suppose that DMD will be eliminated in the future since a 

high proportion, approximately one third, of DMD patients are sporadic and have 'new' 

mutations (Haldane, 1935; Davie and Emery, 1978).

1.3.2 Cloning and genomic organisation of the DMD locus

In the past few years significant improvements in diagnosis, carrier detection and 

understanding of the disease pathogenesis have been achieved. These stem directly 

from the cloning of the gene which, when defective, causes DMD. The classical method 

for cloning disease genes has been by identifying and sequencing the protein product 

of the gene, and then using this knowledge to clone the cDNA and genomic sequences.



Examples include the genes for factor VIII and the globin genes (Gitschier et al., 1984; 

Fritsch et al., 1980). However, more recently, where the underlying biochemical defect 

is unknown, a reversed route has been taken. In these instances genes have been 

cloned from a knowledge only of their map locations, and the protein product has 

subsequently been determined and identified from the cDNA sequence. This method 

of cloning has been termed 'reverse genetics' or 'targetted cloning' (Orkin, 1986; 

Goodfellow, 1986). Genes for several important single-locus genetic diseases have 

been isolated in this manner in the last few years, including those associated with 

Duchenne muscular dystrophy, cystic fibrosis and fragile X-linked mental 

retardation (Kunkel et al., 1985; Koenig et al., 1987; Rommens et al., 1989;Verkerk et 

al., 1991). The isolation of the gene associated with DMD was the first successful 

application of targetted gene cloning. Due to the pattern of inheritance the gene was 

already known to be X-linked, but strong evidence for the localisation within band 

Xp21 was provided by the identification of cytogenetic rearrangements involving this 

band in affected individuals. Female patients expressing DMD and who had an 

X;autosome translocation were described first (Greenstein et al., 1977; Verellen et al., 

1977; Lindenbaum et al., 1979). Later, a male patient expressing DMD in addition to 

other X-linked diseases and who had a deletion was described (Francke et al., 1985). 

Data supporting a localisation of DMD on the X chromosome short arm were provided 

by studies which showed linkage of the disease with RFLPs detected by the probes RC8 

and LI.28 (Murray et al., 1982; Davies et al., 1983). The cytogenetic rearrangements 

involving the Xp21 region provided powerful physical tools for mapping probes which 

detected RFLPs or candidate gene sequences and were exploited in the cloning of DNA 

sequences from the gene. Kunkel et al. (1985) selectively cloned DNA absent from the 

male deletion patient mentioned above using a process of deletion enrichment. Two 

clones turned out to lie in the DMD gene. One, pERT87, was found to be deleted in 

several male DMD patients with normal karyotypes, and was later shown to be in an 

intron of the DMD gene (Monaco et al., 1985; Monaco et al., 1986). At the same time,



Ray et al. (1985) cloned the breakpoints of one of the X;autosome translocations. This 

was performed by exploitation of the finding that the autosomal breakpoint was within 

a cluster of repeated rRNA genes on the short arm of chromosome 21. These had 

already been cloned and characterised, and enabled the der(X) junction fragment to be 

detected and cloned. X chromosome clones adjacent to the breakpoint were found to be 

deleted in some male patients. Thus two independent strategies led to the cloning of 

sequences from within the DMD gene, both exploiting cytogenetic rearrangements.

There are now 24 known females with DMD/BMD and an X;autosome 

translocation involving Xp21 (Boyd, 1991). This figure is much higher than the 

number of X;autosome translocations associated with any other X-linked disorder (see 

Frezal and Schinzel, 1990). Six cases are known of patients with Incontinentia 

pigmenti and a breakpoint at Xpll.21-cen (Gorski et al., 1991). Other disorders include 

Anhidrotic ectodermal dysplasia with a breakpoint at Xql2.2-ql3.1 (Gerald and 

Brown, 1974); Aicardi's syndrome with a breakpoint at Xp22 (Ropers et al., 1982); 

Hunter's syndrome with a breakpoint at Xq27.3-q28 (Mossman et al., 1983); Aarskog 

syndrome with a breakpoint at Xql3 (Bawle et al., 1984); Menke's syndrome with a 

breakpoint at Xql3.3 (Verga et al., 1991) and Lowe's syndrome with a breakpoint at 

Xq25 (Hodgson et al., 1986). The reason why so many cases associated with DMD have 

been identified may be due to the size of the gene locus (although the sizes of the genes 

associated with the above disorders are still unknown). There were signs even before 

the DMD gene was cloned that the locus might be very large. Wilcox et al. (1986) 

described a male DMD patient with a microscopically visible deletion but who did not 

express any other X-linked disorder. This indicated that the deletion was not 

sufficiently extensive to include adjacent disease gene loci and therefore that the DMD 

gene might be large or that adjacent disease gene loci were physically distant from the 

DMD locus. Boyd and Buckle (1986) studied extended chromosome preparations from 

nine of the DMD-associated X;autosome translocations and observed heterogeneity of X 

chromosome breakpoint position within Xp21. This finding was supported by others



who reported breakpoints either in Xp21.1 or Xp21.2 (see figure 1.2). Molecular 

analysis, using the first probes isolated from the DMD region, confirmed that the 

breakpoints were spread over a minimum of 176 kb and possibly a much larger region 

(Boyd et al., 1986). RFLP studies using probes from the pERT87 locus indicated 

frequent recombination between the probes and disease loci on both the proximal and 

distal side (Kunkel and co-authors, 1986). The cloning of the complete 14 kb cDNA 

revealed a multi-exonic genomic organisation. Southern analysis using cDNA 

fragments as probes revealed that 65 Hindlll restriction fragments contain exons 

(Koenig et al., 1987). The physical size of the DMD locus has now been determined by 

long range mapping to be over 2,000 kb in length (Meitinger et al., 1988; Burmeister et 

al., 1988; see Chapter 4, figure 4.1). The genomic size is unprecedented, representing 

approximately 1% of the X chromosome. The factor VIII gene for comparison has a 9 kb 

cDNA and the exons are spread over 200 kb of genomic DNA (Gitschier et al., 1984).

1.3.3 The nature of DMD mutations in boys

As more genomic and cDNA probes from the DMD locus were isolated and used to 

screen male DMD patients the proportion of patients with detectable deletions 

increased. A worldwide study in 1986 indicated that 6.5% of male patients are deleted 

at the pERT87 locus (Kunkel and co-authors, 1986). Following the isolation of further 

genomic probes, a detectable deletion percentage of 17% was reported (Monaco et al., 

1987), and a study by field inversion gel electrophoresis detected deletions in 50% of 

male patients (den Dunnen et al., 1987). Studies performed by Southern analysis and 

using cDNA fragments as probes indicated deletion frequencies of between 50% and 

70% (Koenig et al., 1987; Forrest et al., 1987; Forrest et al., 1988). A small proportion of 

patients was found with duplications, as deduced from the intensity of bands in 

Southern analysis (Hu et al., 1988; den Dunnen et al., 1989; Koenig et al., 1989). The 

nature of the mutations in the remaining approximately 35% of male DMD/BMD 

patients remains unknown. They may mainly represent point mutations, which are

7



difficult to identify given the size of the gene, and only one has so far been identified 

(Bulman et al., 1991).

An intriguing finding from deletion mapping was that the size and position of the 

deletion does not appear to correlate with the disease severity (Monaco et al., 1987; Hart 

et al., 1987). An explanation for this proposed by Monaco et al. (1988) was that milder 

BMD patients have deletions removing exons but maintaining the reading frame, so 

that, after splicing of the mRNA, a shorter but functional protein is produced; while 

DMD deletions involve exons resulting in a disruption to the reading frame, and 

subsequently the translation of a truncated non-functional protein. This explanation 

has been confirmed, with a few exceptions, by more recent studies (Malhotra et al., 

1988; den Dunnen et al., 1989; Koenig et al., 1989; Gillard et al., 1989); and by 

characterisation of dystrophin, the protein product of the DMD locus, which was 

generally found to be present but shorter in BMD patients and completely missing in 

DMD patients (Hoffman et al., 1988). A possible explanation is now available even for 

cases where the reading frame hypothesis was thought not to fit. Roberts et al. (1991) 

have recently observed, by amplification of mRNA from peripheral blood lymphocytes, 

that unexpected splicing of exons can occur in deletion patients so that an exon known 

to be present in the genomic DNA may be missing in the mRNA. Therefore the 

maintenance of the reading frame over a deletion cannot always be predicted from a 

knowledge of the exons which are deleted.

1.3.4 Dystrophin

A detailed description of the dystrophin protein is not directly relevant to the work 

described in this thesis and is available elsewhere (Hoffman and Kunkel, 1989). Its 

essential features are that it is a 3685 amino acid protein organised into four domains. 

The amino-terminal domain is related to a-actinin; a large, central, triple-helical 

domain resembles analogous domains of a-actinin and spectrin; at the carboxy- 

terminus are two domains, a cystein-rich domain similar to the carboxy-terminus of a-

8



actinin and a domain bearing no resemblance to any other known protein. Dystrophin 

is localised in the sarcolemma of human skeletal muscle and is thought to have a 

structural role (Zubrzycka-Gaarn et al., 1988). Deletions which are found in mild 

BMD patients are generally located within the portion of the gene encoding the central 

triple-helical domain of dystrophin (Hoffman and Kunkel, 1989).

Although dystrophin is mainly expressed in muscle, other tissues, most notably the 

brain, are also sites of expression (Hoffman et al., 1987). Approximately one third of 

affected males have some degree of mental retardation (reviewed in Emery, 1987). 

Interestingly, it has been found that alternative splicing at the carboxy-terminus 

generates isoforms of dystrophin in brain which differ from the predominant muscle 

isoforms (Feener et al., 1989); and that the brain uses an alternative promoter located 

more than 90 kb upstream of the muscle promoter and 400 kb from exon 2 to which it is 

spliced (Boyce et al., 1991).

1.4 The expression of X-linked disease in females

There are several possible explanations as to why a female might suffer from an X- 

linked disease such as DMD, usually only seen in males, assuming that an 

autosomally inherited disease with similar phenotype is not responsible. Many of 

these possibilities probably occur only rarely. Firstly, a female with Turner's 

syndrome and a 45,X karyotype may express a recessive gene on her only X 

chromosome. The frequency of an X-linked disease in Turner's syndrome patients 

might be expected to be similar to the frequency of the disease in boys. For DMD this 

would be 1 in 3500 Turner's syndrome patients. A girl with DMD and a 45,X karyotype 

was identified as long ago as 1957 (Walton, 1957). The second possibility is that of 

females with a normal karyotype, carrying a disease gene on each chromosome. This 

might appear to be very rare as it suggests the inheritance of defective genes from both 

parents, presumably a new mutation from the father unless he also is affected. 

However, this situation could also arise by uniparental disomy for the X chromosome



which would result in the expression of any recessive disease on the X chromosome. If 

it was paternal isodisomy, then the disomic chromosomes would have to carry a new 

mutation (unless the father was affected too). If it was maternal isodisomy and not due 

to a new mutation, then the mother would be a carrier of the X-linked disease. There is 

one reported case of uniparental sex chromosome disomy and this caused male to male 

transmission of haemophilia A (Vidaud et al., 1989). No estimates are available for 

the incidence of uniparental disomy for any chromosome (Schinzel, 1991). Maternal 

isodisomy of chromosome 7, however, has been attributed as the cause of cystic fibrosis 

in two individuals (Spence et al., 1988; Voss et al., 1988). Isodisomy of chromosome 7 

in individuals without cystic fibrosis may also be expected to occur. The frequency of 

isodisomy may vary between different human chromosomes. Certainly where 

aneuploidy is concerned, different rates are observed for the different chromosomes 

whether one studies the frequencies in the newborn or in spontaneous abortions 

(Hamerton et al., 1975; Hassold et al., 1980; reviewed in Bond and Chandley, 1983). 

The differences in observed frequencies of the human chromosome aneuploidies may 

reflect the tolerance/spontaneous abortion rates of the different conditions and the 

differing susceptibilities of the chromosomes to non-disjunction (Bond and Chandley, 

1983). Chromosomes which are most prone to non-disjunction might be expected to be 

the most prevalent uniparental disomies.

Other possible explanations for X-linked disease expression in females involve 

non-random X-inactivation permitting the expression of recessive genes on the active 

chromosome. Two pairs of twins have been fully reported where one is phenotypically 

normal while the other expresses DMD (Burn et al., 1986; Richards et al., 1990). A 

skewed X inactivation pattern was observed in both instances, so that in one twin one X 

chromosome was predominantly active and in the other twin the other X chromosome 

was predominantly active. The expression of DMD could be attributed to the 

inheritance of a defective maternal gene. Recent studies on X-inactivation patterns in 

phenotypically normal females have shown that significant deviation from a 50:50

10



proportion is not uncommon and the proportion varies in different tissues. This may 

cause variable expression in heterozygous females of X-linked disease genes which 

show incomplete dominance, such as pyruvate dehydrogenase Bloc deficiency (Brown 

et al., 1990). Deviations from a 50:50 pattern of X chromsome inactivation are even 

more marked in individuals who have an X chromosome rearrangement. For 

example, in cases of X chromosome deletion in females with mild or partial Turner's 

syndrome, the abnormal X chromosome is usually inactive in most cells examined 

(Mattei et al., 1981). Where the normal X chromosome carries a recessive disease 

gene, this will be expressed. A girl with a structurally abnormal X chromosome and 

DMD has been described by Berg and Conte (1974). The reason for biased X- 

inactivation is probably due to a growth advantage in the early embryo of cells with an 

active normal X chromosome over those where the normal X is inactive. The growth 

disadvantage of cells with active deleted Xs can be explained by absence of products of 

genes from the deleted segment in these cells. The situation in the case of an 

X;autosome translocation is more complex. Here it has been observed in man that the 

normal X is inactive in almost all cells (Mattei et al. 1981). Several factors may 

contribute to the growth disadvantage of cells with an active normal X chromosome. 

Assuming an X chromosome breakpoint at Xp21 such as is observed in DMD-associated 

Xjautosome translocations, the der(X) rather than the der(autosome) will become 

inactivated as it contains the inactivation centre located at Xql3 (Brown et al. 1991). 

This could produce two unusual circumstances. Firstly, inactivation spread into the 

autosomal segment of the der(X) would cause effective monosomy for that region, 

although this would depend upon the extent of inactivation spread. Secondly, the X 

chromosome region Xpter-Xp21 on the der(autosome) will be active in addition to the 

entire intact X chromosome. These effects on a cell of the developing embryo are 

unknown but are likely to be deleterious. A point worth noting is that in all DMD 

associated translocations the X chromosome segment on the der(autosome) is 

approximately equivalent (Xpter-Xp21) and will be active in two copies in such cells,

1 1



while the autosomal segments on the der(X) chromosomes, for which effective 

monosomy may exist in such cells, varies in size and composition depending on the 

autosome breakpoint position of the particular translocation. The consequence is that 

the position of the autosome breakpoint might influence the bias in the inactivation 

pattern. DMD associated X;autosome translocations are associated with variable 

phenotypes and it is thought likely that the reason for this is due to a less pronounced 

bias in the X-inactivation pattern in the patients with milder disease, so that a minority 

of cells with active intact X chromosomes are able to produce dystrophin (Boyd et al., 

1988). Hence it might be expected that translocations with autosomal breakpoints 

nearest to the telomere will be associated with the mildest disease phenotypes. The 

correlation of autosome breakpoint position and disease severity is discussed further 

in section 1.5.

1.5 Females with DMD and an Xiautosome translocation

The identification of females with an X;autosome translocation involving the Xp21 

band and expressing DMD, played a crucial role in the mapping of the disease locus 

and subsequently in cloning the disease gene (section 1.3.2). The first cases were 

described in the late 1970s (see section 1.3.2) and 24 cases are now known (Boyd, 1991; 

table 1.1). All translocations share an X chromosome breakpoint position within Xp21, 

although the sub-band localisations and the autosomal breakpoint positions are 

heterogeneous. There is evidence that the severity of disease phenotype varies in the 

patients, although the severity cannot be accurately assessed in the majority of cases 

due to the age of the patient at reporting. A severe phenotype shown in table 1.1 was 

indicated in patients wheelchair-bound by the age of 13 or with severe muscle weakness 

above the age of 8. A mild BMD-like phenotype was indicated in patients still 

ambulant past the age of 15 or with only mild muscle weakness at the age of 13. Based 

on this clinical classification, six girls appear to have a severe classical DMD 

phenotype, while for three the disease is distinctly milder (table 1.1). As discussed in

12



Translocation

X;l (WLS)
X;l
X;2 (TM)
X;2
X;3 (VSN)
X;3
X;3
X;4
X;4
X;4
X;5 (HEM)
X;5 (LUM)
X;6 (EDN)
X;6
X;8 (KIY)
X;9 (GM6007)
X;9 (LC)
X;9
X;ll (LAR)
X;ll
X;15
X;19 (OKI)
X;21 (FRA)
X;22 (DEB)

Breakpoints

p21.2;p34
p21;q23
p21.2;q37.3
P21;ql4
p21.2;q!3.3
p21.2;q25.3
p21;q27
p21;q35
p21.1;q26
p21;q31.2
p21.2;q31.1
p21.1;q35.3
p21.2;q21
p21;q!6
p21.2;q24.3
p21p22
p21.2;q21.3
p21,-p21
p21.2;q23.3
p21;q!3
p21;q26
p21.2;ql2orq!3.1
p21.1;p!2
p21;q!3

Phenotype

severe

severe

severe
severe
severe

mild

mild

severe

mild

Near 
telomere

-
-
+
-
-
-
+
+
-
-
-
+
-
-
+
-
-
-
-
-
+
-
+
+

Reference

Lindenbaum et al., 1979
personal communication
Holden etal., 1986
personal communication
Cankietal., 1979
personal communication
personal communication
Bodrug et al., 1990
personal communication
Giacalone and Franke, 1988
Nevin etal., 1986
Jacobs et al., 1981
Zatzetal., 1981
Perez-Vidal et al., 1983
Narazaki et al., 1985
Emanuel et al., 1983
Robinson et al., 1990
Nielsen and Nielsen, 1984
Nielsen et al., 1983
Greenstein et al., 1977
Ribeiro et al., 1986
Boydetal., 1988
Verellen-Dumoulin et al., 1984
Boyd et al., 1988

Table 1.1 List of the 24 known females with DMD and an Xjautosome translocation involving 
Xp21 (see Boyd, 1991). The severity of the disease is indicated where this is known or can be 
assessed (see text), and translocations with autosomal breakpoints adjacent to the telomere are 
indicated.



section 1.4, it might be expected that when the autosomal breakpoint is close to the 

telomere a less pronounced bias in X inactivation is produced causing a milder 

phenotype. Of the three mild cases, two have autosome breakpoints very close to the 

telomere (table 1.1). In the case of the t(X;21) the breakpoint is in the short arm of this 

acrocentric chromosome, and in the case of the t(X;8) the breakpoint is so close to the 

long arm telomere that chromosome 8 material is barely visible on G-banded der(X) 

chromosomes from this patient (not shown and Holt, personal communication). The 

other mild case has an autosome breakpoint at Ilq23.3 which is not directly adjacent to 

the telomere. Of the six cases known to be severe, three have breakpoints adjacent to the 

telomere. Therefore, there is little evidence to support the prediction that the phenotype 

of mild cases is caused by the autosomal breakpoints being close to the telomere. An 

alternative explanation for the differing severity of disease phenotypes in this group of 

patients predicts that it depends upon the position of the X chromosome breakpoint 

within the DMD locus. This explanation is that unless the carboxy terminus of 

dystrophin is critical for function of the protein, then translocation breakpoints 

positioned in the 3' end of the gene will produce truncated protein products with partial 

function and cause only mild disease. The mapping of the X chromosome breakpoints 

of the translocations which is investigated and discussed in Chapter 4 does not support 

this explanation. There are three further reasons which might explain phenotypic 

differences in the translocation patients. Firstly, some of the autosome breakpoints, 

which vary in the patients, may disrupt autosomal gene loci causing dominant 

expression of phenotypes in addition to DMD or might cause partial expression of the 

dystrophin protein. Secondly, the background genetic heterogeneity of the patients 

leads to differing expression of the same biochemical defect. Finally, there is the 

possibility that environmental factors have played a significant role in the disease 

expression.

One of the cases with severe phenotype is the translocation selected for detailed 

molecular investigation in the work described in this thesis (Chapters 5, 6 and 7). This
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is the X;l translocation which was originally described by Lindenbaum et al. (1979). 

Cytogenetic characterisation had suggested that the translocation is not a simple two- 

break event, and the interpretation of the banding pattern was that a paracentric 

inversion on Xp was associated with the translocation (figure 1.3; see Chapter 5, 

sections 5.1 and 5.3 for fuller presentation and discussion of the cytogenetic 

characterisation). The autosomal breakpoint of the translocation was determined to be 

at Ip34 (see figure 1.4). Chromosome 1 has been extensively mapped and a continuous 

linkage map of markers from this chromosome has been constructed (O'Connell et al., 

1989; Dracopoli et al., 1991). Two loci which have been mapped close to Ip34 by in situ 

hybridisation include the Rhesus blood group gene (Ip36.1-p34.3; Cherif-Zahar et al., 

1991) and the nonhistone chromosomal protein HMG-17 (Ip36.1; Popescu et al., 1990). 

There are two fragile sites close to Ip34, located at Ip32 and Ip36 (Bruns and Sherman, 

1989). Chromosome breakpoints associated with neoplasia which have been identified 

in this region include those associated with acute lymphoblastic leukemia (ALL) at 

Ip32; T-cell acute lymphoblastic leukemia (T-ALL) at Ip34-p32; and glioma (GL), 

malignant lymphoma (ML) and neuroblastoma (NB) all at Ip36-p32 (Trent et al., 

1989). The locations of these loci with respect to the t(X;l) breakpoint position are 

illustrated in figure 1.4. Cloning of the t(X;l) breakpoints enables access to this 

autosomal point.
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derd)

Figure 1.3 (reproduced from Lindenbaum et al., 1979) Diagrammatical 
representation of the rearrangement of the X;l translocation (WLS) as originally 
interpreted. A break on chromosome 1 at Ip34 and a paracentric inversion 
between Xp2107 and XpllOG were reported.
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34.1
33
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31.1
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Figure 1.4 Ideogram of the short arm of chromosome 1 illustrating the position of the 
t(X;l) autosomal breakpoint at Ip34 and the positions of loci and chromosome 
abberations mapped in the same region. Abbreviations are: fragile sites (FRA1A 
and FRA1B); Rhesus (Rh); acute lymphoblastic leukemia (ALL); T-cell acute 
lymphoblastic leukemia (T-ALL); glioma (GL); malignant lymphoma (ML); and 
neuroblastoma (NB).



Chapter 2 Materials and methods

Many of the methods employed in the work described in this thesis are 

comprehensively described in 'Molecular Cloning, a laboratory manual' Sambrook et 

al., (1989). Other sources of methodology are indicated where appropriate.

General solutions:

SET: 150 mM NaCl, 5 mM Na2EDTA, 50 mM Tris-HCl (pH 7.8).

TE: 1 mM Na2EDTA, 10 mM Tris-HCl, pH 8.0.

2xSSC: 1.75% (w/v) NaCl, 0.88% (w/v) sodium citrate.

PBS: 0.8% (w/v) NaCl, 0.23% (w/v) Na2 HP0 4 , 0.04% (w/v) KH 2 PO4 , 0.04% (w/v) 

KC1.

Other solutions are given at the ends of each section, as appropriate, and % 

compositions are in v/v unless otherwise indicated.

2.1 Tissue culture 

2.1.1 Cells and hybrids

Brief descriptions of the somatic cell hybrids used are given in table 2.1. Many of 

the hybrids were karyotyped and these details are provided in Chapter 3, table 3.2. 

TWDAM 1-2 and TWDAM 4-2 were isolated after fusion of blood lymphocytes from a 

patient with an abnormal banding pattern at Xq26-q28 with the HPRT- Chinese 

hamster cell line Wg3h. KAG 2-3 was isolated after fusion of a lymphoblastoid cell 

line from a patient with an Xp21 translocation but without DMD with the HPRT- mouse 

cell line RAG. All other hybrids were derived by fusion of lymphoblastoid cell lines 

from female DMD patients with a translocation involving Xp21 (see Chapter 1, table 

1.1). Cell lines were either fused with RAG or Wg3h as indicated in table 2.1.
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2.1.2 Cell culture

All hybrids retaining a der(X) chromosome and TWDAM 1-2 and TWDAM 4-2 

(table 2.1) were grown in HAT medium (Dulbecco's Modified Eagle's Medium, DME, 

supplemented with 10% fetal calf serum, 20mM glutamine, 10- 5 M methotrexate, and 

1.6xlO-5M thymidine) which selects for the presence of an active HPRT locus at Xq26 

(see Choy et al. 1982). All other hybrids and the rodent cell lines RAG and Wg3h, were 

grown in 6-thioguanine medium (DME, supplemented with 10% fetal calf serum, 

20mM glutamine and 10|iig/ml 6-thioguanine) which selects against the presence of an 

active HPRT locus.

All manipulations were carried out in a Class II laminar flow cabinet using 

autoclaved glassware or sterilised disposable plasticware.

2.1.3 Harvesting

Medium was removed from the flask and T+V solution was added (2 ml to 25 cm 2 

flask; 5 ml to 80 cm2 flask; 10 ml to 200 cm 2 flask). The flask was stood at room 

temperature for 2 minutes. Cells were detached from the flask bottom with gentle 

banging and an equal volume of medium was added to eliminate further trypsin 

activity.

T+V: 0.02% (w/v) EDTA, 0.25% (w/v) trypsin

2.1.4 Frozen storage and resuscitation

Harvested cells were pelleted by centrifugation at 1000 rpm in a bench centrifuge 

for 5 minutes at room temperature and resuspended in freezing mix (dimethyl 

sulphoxide:fetal calf serum, 1:9) at a concentration of approxiately 10 7 cells/ml. 

Aliquots (1 ml) were frozen at -70°C in polypropylene freezing vials for 24 hours and 

stored in liquid nitrogen tanks indefinitely. For resuscitation, frozen vials were 

dropped in a beaker of water at 37°C for 5 minutes and the contents transferred using a 

plugged pasteur to an 80 cm 2 flask containing 20 ml medium. The medium was
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replaced after 24 hours.

2.2 Cvtogenetics

2.2.1 Standard cytogenetic harvesting method (see Penn and Perle, 1986)

Slide preparation: Slides were soaked in detergent (5% Decon 90) overnight, 

thoroughly rinsed in tap water, then stored in 70% ethanol. Just before chromosome 

spreading slides were individually hand polished using a paper hand towel.

Cell preparation: Colcemid (final concentration 0.lug/ml) was added to a semi- 

confluent 80 cm 2 culture flask of rapidly growing hybrid cells for 1 hour. Dividing 

cells not firmly attached to the culture flask surface were detached by knocking the 

flask by hand. Where necessary the cell layer was treated with 5 ml T+V solution (see 

section 2.1.3) for 2 minutes, which releases cells at all stages of the cell cycle from the 

flask surface, and 5 ml culture medium was added. Cells were pelleted by 

centrifugation at 1000 rpm for 5 minutes in a bench centrifuge at room temperature and 

resuspended gently in 5 ml hypotonic solution prewarmed at 37°C. Cell swelling was 

allowed for 5-10 minutes, following which cells were pelleted as before. The pellet was 

resuspended in approximately 200 ul hypotonic solution and 5 ml fixative precooled to 

-10°C was added. The first few drops were added slowly and the remainder was added 

rapidly. The first fixation was left at room temperature for 30 minutes, and the fixative 

was changed twice more. The cell suspension was dropped at an appropriate 

concentration from a pasteur pipette at a height of between 1 and 60 cm onto prepared 

glass slides. Gentle breathing onto the slide immediately after dropping aided the 

dispersal of chromosomes on the slide.

Hypotonic solution: 0.56% (w/v) KC1

Fixative: 3:1 methanol:glacial acetic acid

2.2.2 Thymidine block harvesting method (based on Dutrillaux and Pequignot, 1979) 

This modification of the standard protocol above was found to give improved G-

17



banding results in several instances. The method synchronises cells with respect to 

the cell cycle enabling the harvesting of increased numbers of metaphase cells and 

permitting choice of the stage of chromosome condensation at harvesting. The day 

before harvesting, thymidine was added to the culture flask to 0.3 mg/ml final 

concentration which was incubated for 18 hours to accumulate mid S-phase cells. The 

block was released by washing with fresh medium then incubating the cells further for 

41/2-6 hours. Colcemid was added (final concentration 0. lug/ml) for 10 minutes before 

harvesting which was as described above (section 2.2.1).

2.2.3 G-banding

Two methods of banding are described. Method 1 was generally used for slides 

prepared by the standard harvesting protocol (section 2.2.1), and method 2 for slides 

prepared by the thymidine block protocol (section 2.2.2).

Method 1: Slides aged for 2-5 days were dipped in trypsin solution (2.8% w/v in 

PBS; Gibco BRL) for 30-60 seconds, rinsed in Sorrensen's buffer, stained in Giemsa 

solution (6% in Sorrensen's buffer) for 70 seconds and rinsed in tap-water.

Method 2: Slides aged for 2-5 days were placed on a 60°C hotplate for 10 minutes, 

cooled to room temperature and immersed in SxPBS for 10 minutes, then rinsed in 

IxPBS and dipped in trypsin solution for 40-70 seconds. Slides were stained as in 

method 1.

Sorrensen's buffer (pH 6.8): 0.95% (w/v) Na2HPO 4 , 0.9% (w/v) KH2 P04

2.2.4 In situ hybridisation (modified from Buckle and Craig, 1986)

Chromosome preparation slides were treated with 150 ul RNase solution under a 

coverslip at 37°C in a moist chamber for 1 hour and then washed four times in 2xSSC. 

DNA denaturation was by immersion in denaturing solution at 65°C for 4 minutes, 

after which slides were washed rapidly in 2xSSC, dehydrated by successive immersion 

in 10, 50, 75, 95 and 100% ethanol and transfered to a desiccator. Labelled DNA (10
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ng/slide; specific activity 2xl07 dpm/ug; see section 2.10) dissolved in hybridisation 

solution (35 ul/slide) was denatured by boiling for 2 minutes and plunging on ice for 5 

minutes. Hybridisation was performed under a coverslip, whose edges were sealed 

with rubber solution, at 42°C in a moist chamber overnight. Coverslips were removed 

under SxSSC and slides were washed in 2xSSC for 1 hour at room temperature, then in 

2xSSC at 60°C for a further hour before being dehydrated as described above and stored 

in a desiccator. Slides were dipped in photographic emulsion, drained and left to 

harden for 30 minutes before being stored for exposure at 4°C for 2-7 days in a light- 

proof box containing desiccant. Development of photographic emulsion film was by 

immersion of slides (prewarmed to room temperature) in D19 solution at 20°C for 5 

minutes. A rinse in 1% glacial acetic acid preceded a 5 minute fixation in Hypam 

solution. Slides were finally rinsed for 1 hour in gently running tap water, stained in 

6% Giemsa in Sorrensen's buffer for 5-10 minutes, rinsed briefly in tap water and air- 

dried.

RNase solution: 100 ug/ml in 2xSSC, boiled

Denaturing solution: 70% formamide, 0.1 mM Na2EDTA, in 2xSSC pH 7.0

Hybridisation solution: 50% formamide, 5x Denhardts solution, 5xSSPE, 10% 

(w/v) dextran sulphate, 200 ug/ml salmon sperm DNA

SSPE: 900 mM NaCl, 50 mM NaH2PO4 , 5 mM Na2EDTA, pH 7.2

SOxDenhardt's solution: 1% (w/v) BSA, 1% (w/v) polyvinylpyrrolidone, 1% (w/v) 

ficoll

Photographic emulsion: 1:1 Ilford nuclear emulsion L4:water at 55°C

D19: 0.2% (w/v) metol, 9% (w/v) sodium sulphite, 0.8% (w/v) hydroquinone, 4.5% 

(w/v) sodium carbonate, 0.5% (w/v) KBr

Hypam solution: 20% Hypam (Ilford), 2.5% hardener (Ilford)

2.3 DNA preparation from mammalian cells

Approximately 108 cells were washed twice in SET and resuspended to 10 ml in a
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polypropylene tube. Proteinase K was added to 100 jag/ml, SDS to 0.5% (w/v) and the 

solution incubated overnight at 37°C. Two phenol extractions were performed using 

equal volumes of solution A and mixing the two phases gently by hand for 5-10 minutes 

until they had formed an emulsion. The phenol phase was removed following 

centrifugation of the emulsion at 3000 rpm in a bench centrifuge for 10 minutes at room 

temperature. Phenol extractions were followed by a phenol/chloroform extraction 

(solution C) and a chloroform extraction (solution B). RNase (boiled to destroy any 

DNase contamination) was added to the aqueous phase to 75 |ig/ml and was incubated 

for 3 hours at 37°C with gentle mixing. Following further phenol, phenol/chloroform, 

and chloroform extractions DNA was precipitated with 2 volumes of ethanol at room 

temperature, washed in 70% ethanol, allowed to air-dry for 10-30 minutes and 

redissolved in TE. The DNA concentration was determined by measuring the optical 

density of a diluted sample at 260 nm (OD260 = 1 f°r 50 jig/ml). Additional readings 

were taken at 235 nm and 280 nm. OD values at these wavelengths of approximately 

half the value at 280 nm indicated acceptable purity of the DNA. Typical yields of DNA 

approached the theoretical maximum yield of 600 ng from 108 diploid mammalian 

cells. Yields from hybrid cells with more than two sets of chromosomes often exceeded 

this value.

Solution A (phenol): 1000:1 phenol:8-hydroxyquinoline, extracted with an equal 

volume of 1M Tris-HCl (pH 8.0) and equilibrated in SET

Solution B (chloroform): 24:1 chloroform:isoamylalcohol

Solution C (phenol/chloroform): 1:1 solution A:solution B

2.4 Endonuclease restriction of DNA

DNA was digested according to the enzyme manufacturers' recommendations 

using the buffers supplied and up to a 10 fold excess of enzyme. Genomic digests were 

usually incubated overnight and other DNAs (plasmid, fragment or PCR product) were 

usually incubated for 1 hour. An aliquot of DNA was checked for complete digestion by
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electrophoresis.

2.5 Gel electrophoresis

The standard conditions described below were for a resolution of genomic DNA 

fragments in the size range 1 kb to 15 kb. Conditions such as agarose concentration 

and voltage of electrophoresis were modified to suit specific size separation 

requirements following the guidelines of Sambrook et al., (1989). 250 ml of molten 

0.8% (w/v) agarose (type II, A-9918, Sigma) in IxTBE was poured to set into the 20 x 20 

cm tray of a Pharmacia gel box (GNA 200) with a 22 tooth comb (well volume 20 ul). 

DNA samples in 5% glycerol, 0.025% (w/v) bromophenol blue were loaded and 

electrophoresed using TBE running buffer at approximately 50V overnight or until the 

bromophenol blue tracking dye had travelled 15 cm. The gel was stained in 0.5 ug/ml 

ethidium bromide for 15 minutes, destained in TBE for 15 minutes before being 

examined and photographed over a UV 254 nm transilluminator using a red filter and 

Polaroid 665 film.

Electrophoresis of DNA fragment digests and PCR products was generally 

performed in a 10 x 8 cm gel (Pharmacia, GNA 100) using an agarose concentration of 

between 0.8 and 2% (w/v).

A, DNA fragments generated by digestion with Hindlll or BstEII were used as size 

markers. Sizes in bp were:

Hindlll: 23130,9416,6557,4361,2322,2027,564,125

BstEII: 8454, 7242,6369,5686,4822,4324,3675,2323,1929,1371,1264, 702,224,117

TBE electrophoresis buffer: 1.1% (w/v) Tris, 0.55% (w/v) boric acid, 0.002 M 

Na2 EDTA

2.6 Transfer of DNA to membranes by Southern blotting

DNA was transferred to membranes according to the manufacturer's instructions 

(Amersham International) adapted from Southern (1975). Agarose gels were gently
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washed in 0.25M HC1 for 30 minutes to fragment DNA molecules by depurination and 

to facilitate the transfer of restriction fragments larger than about 10 kb. DNA was 

denatured by equilibrating the gels for 30 minutes in alkali transfer buffer. Transfer 

of DNA to positively charged nylon membranes (Hybond N+; Amersham) was 

achieved by placing the gel on a pad of Whatmann 3mm filter paper over a reservoir of 

alkali transfer buffer, lying a sheet of transfer membrane over the gel, and over this, 

two sheets of moist 3mm filter paper, a 5cm high stack of absorbent paper towels, a flat 

glass plate and a 500g weight. Four hours were allowed for transfer, after which the 

transfer membrane was removed, gently rinsed in 2xSSC to remove adhering agarose 

and air dried.

Alkali transfer buffer: 0.4 M NaOH, 1.6 M NaCl

2.7 Membrane hybridisation

Hybridisation of probes to membranes was performed in bottles rotating in a 64°C 

hybridisation oven (Hybaid). Membranes were prehybridised in Church 

hybridisation buffer at 64°C for approximately 30 minutes. Radiolabelled probe (see 

section 2.10) was added and allowed to hybridise to DNA on the membrane for 16 hours. 

Membranes were washed at 64°C in sodium phosphate buffer solutions of decreasing 

molarity and containing 1% (w/v) SDS. The first wash was in 400 mM buffer 

(equivalent in molarity to 2xSSC) and final washes were generally in 200 or 100 mM 

buffer for 20 minutes. Filters were then briefly air-dried, wrapped in polythene cling 

film and autoradiographed using Fuji RX X-ray or Kodak AR film in X-ray cassettes 

with Kodak X-omatic intensifying screens at -70°C. A satisfactory signal was usually 

obtained following an exposure of between 1 and 14 days.

Sodium Phosphate buffer: 1 M Na 2 H PO4 , pH 7.2 adjusted by addition of

orthophosphoric acid

Church hybridisation buffer (Church and Gilbert, 1984): 0.5 M sodium phosphate 

buffer, 1 mM Na 2 EDTA, 1% (w/v) BSA (Sigma A-4503), 7% (w/v) SDS (Sigma L-4380),
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stored frozen and filtered at 64°C through a 0.45 um membrane just before use

2.8 Preparation of plasmid or cosmid DNA by alkaline lysis

Bacterial cultures were grown overnight in 10ml L-broth containing the appropriate 

antibiotic. Cultures were centrifuged for 10 minutes at 3000 rpm in a bench centrifuge 

and the pellets resuspended in 150ul GTE in a 2000|J.l microfuge tube prior to incubation 

at room temperature for 5 minutes. Chilled NaOH/SDS (300ul) was added, the tubes 

shaken briefly, and then transferred to ice for 5 minutes. KAc (225ul) was added, the 

tubes again mixed by hand and returned to ice for a further 20 minutes. The tubes were 

microfuged at 4°C for 15 minutes, the supernatants transferred to fresh tubes and 

extracted with phenol, phenol/chloroform, then chloroform as previously described 

(section 2.3). The aqueous DNA solution was precipitated with two volumes of ethanol 

at room temperature for 15 minutes, washed in 70% ethanol, lyophilised and dissolved 

in approximately lOOul TE. RNA was removed by addition of 50ug boiled RNase and 

incubation at 37°C for 60 minutes. Typical yields of plasmid DNA were up to 

approximately 50 ug/10 ml culture.

GTE: 50 mM glucose, 10 mM Na2 EDTA, 25 mM Tris-HCl (pH 8.0)

NaOH/SDS: 0.2 M NaOH, 1% (w/v) SDS 

KAc: 3M potassium acetate, 11.5% acetic acid

2.9 Gel-purification of DNA fragments

The following protocol was used to isolate inserts from plasmids or cosmids and to 

purify amplified products of PCR. Where necessary, DNA samples had been digested 

previously with appropriate restriction endonucleases. The sample volume was 

adjusted not to exceed lOOng/ul, glycerol was added to 5% final concentration and 

bromophenol blue to 0.025% (w/v) final concentration. Electrophoretic separation was 

generally performed in a Pharmacia GNA100 apparatus (10 x 8 cm gel) using low 

gelling temperature agarose (type VII, A-4018, Sigma) at a concentration between 0.5
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and 1% (w/v) in TAB electrophoresis buffer for a time and at a voltage suitable to the 

separation required. Comb teeth were taped together, where required, to form wells of 

sufficient capacity for larger DNA samples. Gels were stained with ethidium bromide 

as previously described (section 2.5) and gel slices containing DNA fragments were 

cut using a scalpel blade with the aid of a UV (254 nm) transilluminator.

DNA was extracted from the agarose slice using a 'Geneclean' kit (Bio 101 Inc) 

following the manufacturer's instructions. The agarose was dissolved at room 

temperature in 2.5 volumes of 6M Nal. Silica bead suspension (5ul; sufficient for 

binding of up to 5ug DNA) was added and the tube kept on ice for 15 minutes with 

periodic gentle mixing. The tube was then centrifuged for 20 seconds and the DNA- 

silica bead pellet washed three times with "new" wash as supplied. Finally the pellet 

was resuspended in 10-50ul TE, incubated at 50°C for 2 minutes, centrifuged and the 

supernatant collected. A further wash of the pellet with TE produced a DNA solution 

whose recovery was consistently between 50 and 100% for DNA fragments of between 

100 bp and 5 kb in length.

TAE eletrophoresis buffer: 0.97% (w/v) Tris, 0.23% glacial acetic acid, 0.002 M 

Na2EDTA

2.10 DNA labelling

All DNA radio-labelling was performed by the random hexanucleotide priming 

method (Feinberg and Vogelstein, 1983) using a kit supplied by Amersham 

International. DNA (10-50 ng) was denatured by boiling in a 1500ul microfuge tube for 

3 minutes with a volume of water to make a final reaction volume of 50 ul. The solution 

was placed on ice for 5 minutes. 10 ul buffer solution and 5 ul primer solution were 

added followed by an appropriate quantity of a-32P or a- 3 H labelled d-CTP and finally 

2 ul (2 units) Klenow fragment. The labelling reaction was performed at room 

temperature for 3-16 hours. Unincorporated nucleotides were removed by spin 

dialysis. The reaction mixture was added to a column of G50 coarse sephadex
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(Pharmacia) washed with TE and centrifuged at 3000 rpm in a bench centrifuge for 3 

minutes. The labelled DNA was collected from under the column and the label 

incorporation was estimated using a hand held monitor (for 32 P), or more accurately 

determined by use of a scintillation counter ( 3 H or 32 P). Typical specific activities of 

probes were in the order of 1Q8 dpm/ug ( 32P) or 2xl07 dpm/ug ( 3 H).

2.11 DNAligation

The plasmid pUClS was used in all double-stranded vector cloning experiments 

(Messing, 1983; Norrander et al., 1983). The multiple cloning site of pUClS is 

positioned within the gene for the ot-peptide of p-galactosidase and transformed 

colonies containing recombinant plasmids where the inserted DNA disrupts this gene 

can be identified by a colour test if X-Gal is included in agar plates. Recombinant 

colonies are white and non-recombinant colonies stain blue. The multiple cloning site 

of pUClS includes the recognition sites of several restriction enzymes. A further 

advantage of using a pUC vector for cloning is that a good yield is obtained when DNA 

preparation is performed on bacterial cultures (see section 2.8) because of the high copy 

number of the plasmid in bacterial cells.

The method described here was used for sub-cloning of gel-purified DNA 

fragments, for shotgun sub-cloning DNA digests and for cloning gel purified PCR 

products. This DNA, where necessary, and vector DNA were restricted using 

appropriate endonucleases. Enzyme activity was destroyed by heat treatment where 

appropriate (e.g. 60°C for 10 minutes) and/or phenol extraction followed by ethanol 

precipitation. Standard conditions for ligation were to incubate 50ng of vector DNA 

and a threefold molar excess of insert DNA with 1 unit of T4 ligase (Gibco BRL) at 16- 

18°C for 16 hours using the manufacturer's reaction buffer. Generally 5ul of the ligated 

mixture was used to transform competent bacteria (see section 2.11). An obligatory 

control reaction was routinely performed where the insert DNA was replaced with an 

equal volume of TE, and the products of this reaction were also used in the

25



transformation process.

2.11.1 Infilling of 5'overhangs

Infilling of the cohesive ends of DNA molecules generated by restriction enzymes 

was performed in some experiments, in order to make the ends blunt-ended and 

therefore compatible in ligation reactions with other blunt-ended molecules. This can 

be performed for 5' overhangs using Klenow, since the 3' DNA end will prime DNA 

replication of the overhang.

Template DNA (approximately 100 ng) was incubated for 10 minutes at room 

temperature in a 25 |^1 volume, including 1.6 |nl of each dNTP (from a nick-translation 

kit; N.5500, Amersham International) and 1 unit Klenow. The reaction was stopped by 

addition of 5 ul 0.5M EDTA, and the DNA was purified using a 'Geneclean' kit (see 

section 2.9).

2.12 Transformation of E.Coli (Method adapted from Hanahan, 1985)

In order to prepare competent cells, bacteria (JM83) from a frozen stock were 

streaked on a SOB agar plate and incubated overnight at 37°C. Two colonies (2.3mm 

diameter) were picked and used to inoculate 20ml SOB medium in a 250ml conical 

flask which was incubated with moderate agitation at 37°C. Once a density of 5x10 

cells/ml (ODsso approximately 0.5) was reached, the culture was chilled on ice for 5

minutes and centrifuged at lOOOg for 15 minutes at 4°C in a polypropylene tube. The 

well drained cell pellet was resuspended in 5ml TFB with moderate vortexing and kept 

on ice for 15 minutes. The cells were pelleted as before and this time resuspended in 

1600ul TFB. DnD solution (56ul) was added and mixed by swirling, and after 10 

minutes incubation on ice, a second equal volume was added giving a 7% final 

concentration. The tube was further incubated on ice for 15 minutes after which the 

bacterial cells were ready for transformation. Aliquots (200ul) of competent cells were 

mixed with DNA solution in polypropylene tubes (Falcon 2059) and incubated on ice for
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30 minutes prior to a 90 second heat shock in a 42°C water bath. After 2 minutes cooling 

on ice, SOOul SOC medium was added to all tubes which were then incubated at 37°C with 

moderate agitation for 60 minutes. Cells were then spread on L-broth agar plates 

containing appropriate antibiotics and other additives to select for and identify 

transformants.

JM83 genotype: F- (p80dlacZAM15 A(kc-proAB) ara rpsL

Transformation buffer (TFB): 100 mM KC1, 45 mM MnCl, 10 mM CaCl 2) 2 mM 

HACoCl3 , 10 mM K-MES

DnD solution: 1 mM DTT, 90% DMSO, 10 mM Potassium acetate 

L-broth: 1% (w/v) NaCl, 1% (w/v) Bacto-tryptone, 0.5% (w/v) Bacto-yeast extract 

SOB medium: 2% (w/v) Bacto-tryptone, 0.5% (w/v) Bacto-yeast extract, 10 mM 

NaCl, 2.5 mM KC1, 10 mM MgCl2 , 10 mM MgS04

SOC medium: SOB medium containing 20 mM glucose 

Agar concentration in plates: 1.5% (w/v)

Antibiotics were added at the following final concentrations where appropriate: 

ampicillin (100 ug/ml), kanamycin (50 ug/ml)

X-gal concentration where used: 40 ug/ml, final concentration

2.13 Frozen storage of bacterial stocks

Autoclaved glycerol was added to exponential liquid bacterial cultures to give a 

final concentration of 15% and 1 ml aliquots were frozen and stored at -70°C.

2.14 Colony blots

Nylon DNA transfer membrane (Hybond N, Amersham) was carefully laid over 

the surface of an agar plate containing colonies at suitable dilution, and a sterile 

needle was used to mark its orientation. After 2 minutes, the membrane was removed 

with forceps and placed colony side up on an absorbent paper pad (Whatmann 3mm)
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soaked in denaturing solution. After 5 minutes the membrane was transferred for a 

further 5 minutes to another pad soaked with neutralising solution. The membrane 

was then washed gently in 2xSSC for 60 seconds and air-dried. DNA was covalently 

cross-linked to the membrane by placing it colony side down on a UV (254 nm) 

transilluminator for 60 seconds.

2.15 DNA sequencing

The DNA sequencing described in this thesis was performed on DNA fragments 

cloned into either M13mpl8, M13mpl9 or pUClS vectors. The advantage of using a 

double-stranded pUC vector is that both strands of a clone's insert DNA can be 

sequenced by performing two sequencing reactions using sequencing primers which 

flank the insert. M13 is a single-stranded vector and therefore, in order to sequence 

both strands of a DNA fragment they must be cloned separately. To facilitate this, 

M13mpl8 and M13mpl9 can be used, as they contain the same multiple cloning site in 

opposite orientations. The sequencing results obtained by using M13 are superior to 

those from double stranded clones (Sambrook et al., 1989). It is possible to read 

sequence at a greater distance from the primer, and fewer band compressions and 

other sequence reading difficulties are produced.

Stocks of M13 bacteriophages are usually grown in liquid culture. The infected 

bacteria do not lyse, but grow slowly, releasing bacteriophage particles. The bacteria 

contain a double-stranded replicative form (RF) of M13 DNA, and may be separated 

from the bacteriophage particles by centrifugation, allowing single-stranded and 

double-stranded DNA preparations to be performed on the same culture.

Foreign DNA is cloned into M13 by ligation with double-stranded RF DNA and 

competent bacteria are transfected. The transfection process requires a bacterial 

strain carrying an F'episome. Bacterial strains such as JM101, used for transfection, 

have a chromosomal mutation causing deficiency in proline biosynthesis, so that only 

those bacteria with the F' plasmid (also including the genes required to complement
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the proline deficiency) are able to grow on minimal medium. The spontaneous loss of 

F' plasmids from bacteria grown for limited periods in rich media is not a serious 

problem if the bacteria are previously grown on minimal agar plates.

2.15.1 Transfection

Ligation of DNA with RF M13 DNA was performed as previously described for 

pUCIS (section 2.11).

The transfection procedure was essentially the same as that described for 

transformation (section 2.12) except that the bacterial strain used was JM101 (prepared 

by streaking a frozen stock on a minimal medium agar plate and incubating at 37 °C 

for 40 hours). Colonies were picked, grown in SOB medium, made competent, 

incubated with DNA and heat shocked as previously described. Next, 175 )nl of SOB 

medium lacking magnesium was added, and the tube gently vortexed. Aliquots of 1 ul, 

10 ul and 100 ul were then added to prepared tubes containing top agar mix, followed by 

200 ul of overnight liquid culture of JM101 (grown in SOB). The tubes were vortexed 

and the contents poured over L-broth agar plates. Plates were briefly left to harden and 

incubated at 37°C for 10 hours.

JM101 genotype: A(lac-proAB) supE thi/F-lacIqZAM15 traD36 proAB+

Minimal medium: 0.13% (w/v) Na 2 HPO 4 .7H20, 0.03% (w/v) KH 2 PO4 , 0.05% (w/v)

NaCl, 0.4% (w/v) glucose

Top agar mix: 3 ml SOB top agar (0.7% w/v;molten), 800 ug X-gal, 800 ug IPTG

2.15.2 Isolation of M13 plaques

Well separated (>1.5 cm) plaques were picked with the tip of a sterile pasteur pipette 

and the M13 particles allowed to diffuse out of the small plug of agar into 1 ml L-broth 

for 1 hour at room temperature.
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2.15.3 Preparation of infected culture

A single colony of JM101 grown from a minimal agar plate (section 2.15.1) was 

used to inoculate 50 ml of LB medium in a 250 ml flask. The culture was incubated 

with shaking for 7 hours at 37°C. 50 ul of this plating bacteria culture was added to 2 ml 

of LB medium in a 15 ml culture tube. One tenth of the M13 particle suspension derived 

from a single plaque (section 2.15.2) was added and the infected culture was incubated 

for 5-6 hours at 37 °C with constant shaking. The 2 ml culture was centrifuged in a 2000 

ul microfuge tube at 12,000 g for 5 minutes at 4°C and the supernatant was divided. Half 

was stored at -20°C as a master stock of bacteriophage particles. The remainder was 

reserved for single-stranded DNA preparation. The bacterial pellet was used to 

prepare a small quantity of double-stranded RF DNA by the alkaline lysis method (see 

section 2.8) enabling recombinant M13 clones containing the relevant sized inserts to 

be identified by restriction enzyme digestion.

2.15.4 Single-stranded DNA preparation

PEG solution (200 ul) was added to the bacteriophage substrate (1 ml) and the tube 

was mixed, gently vortexed and stood for 15 minutes at room temperature. Precipitated 

M13 particles were pelleted by centrifugation at 12,000 g for 5 minutes at 4°C, the 

supernatant was removed and the tube briefly re-centrifuged to allow the removal of 

residual supernatant. The pellet was resuspended in 100 ul TE by vortexing 

vigorously. Phenol, phenol/chloroform and chloroform extractions were performed as 

previously described (section 2.3). The aqueous phase was then transferred to a tube 

containing 10 ul 3M sodium acetate and 300 ul ethanol and the tube was mixed and 

incubated at room temperature for 15 minutes. The single-stranded DNA precipitate 

was centrifuged at 12,000 g for 10 minutes at 4°C, washed in 70% ethanol which was then 

removed very carefully and the pellet allowed to dry by standing the open tube at room 

temperature for 30 minutes. The DNA was dissolved in 50 ul TE and stored at -20°C. 

DNA concentration was estimated by running 1 ul on a 0.8% (w/v) agarose gel
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alongside standard M13 single-stranded DNA of known concentration. A typical 

yield was approximately 5 \Jig DNA from 1 ml infected culture.

PEG solution: 20% (w/v) polyethelene glycol (8000), 2.5 M NaCl, sterilised by 

filtration

2.15.5 Hybridisation of complementary DNA strands in M13 clones

Confirmation of cloned product in M13 was obtained by testing for hybridisation 

between single-stranded M13 clones containing opposite DNA strands of the same 

insert, to form a figure of 8 structure. This hybrid molecule migrates more slowly in 

gel electrophoresis than either clone alone. Hybridisation of lOOng of each clone was 

performed in 10 ul with a final concentration of 5xSSC at 65°C for 1 hour. The mixed 

DNAs were examined after electrophoresis in 0.8% (w/v) agarose at 80V for 90 

minutes.

2.15.6 Annealing of M13 single stranded DNA to sequencing primers

Single stranded M13 DNA (7ul; approximately 1 ug) was mixed with 2 ul 5x

Sequenase reaction buffer (USB) and 1 ul (0.5 pmol/ul) forward sequencing primer.

The mixture was heated to 68 °C for 2 minutes and allowed to cool to 30°C over 30

minutes by placing in a plastic beaker containing water at 68°C on the bench.

Annealed template/primer was stored on ice and sequencing reactions were carried

out within 2 hours.

forward sequencing primer: 5' GTTTTCCCAGTCACGAC 3'

2.15.7 Preparation of plasmid DNA for double stranded sequencing

Plasmid DNA prepared by the alkaline lysis method (section 2.8) was further 

purified by polyethylene glycol precipitation. DNA (lOug in 200ul) was mixed with 120 

ul PEG solution (section 2.15.4) and placed on ice for 1 hour. The tube was centrifuged 

at 12,000 gfor 10 minutes at 4°C, the supernatant carefully removed and the DNA pellet
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washed with 200 ul 70% ethanol before being briefly lyophilised and redissolved in 40 ul 

TE.

2.15.8 Annealing of plasmid DNA to sequencing primers

Denaturing solution (2 ul) was mixed with 2-3 ug plasmid DNA (10 ul; prepared as 

above) and the tube was incubated at 37°C for 30 minutes. The DNA was precipitated by 

addition of 1.2 ul 3M sodium acetate (pH 5 ) and 26 ul ethanol, left at -70°C for 15 

minutes and then pelleted by centrifugation at 12,000 g for 15 minutes at 4«C. The pellet 

was washed in 70% ethanol, briefly lyophilised, dissolved in 10 ul forward or reverse 

primer annealing solution and incubated for 30 minutes at 37°C. Annealed 

primer/template was stored on ice and sequencing reactions were performed within 2 

hours.

Denaturing solution: 0.2 M NaOH, 2 mM Na2 EDTA

Annealing solution: 2 ul Sequenase reaction buffer (USB), 1 ul (0.5 pmol) 

sequencing primer, 7 ul H2O

Reverse sequencing primer: 5' AACAGCTATGACCATG 3'

2.15.9 DNA sequencing reactions

Sequencing reactions were performed by the di-deoxy chain termination method of 

Sanger et al. (1977) using the components of a Sequenase Version 2.0 kit (USB 

Corporation) and its accompanying protocol. The reaction was carried out in 2 stages. 

Firstly, a labelling reaction was performed by mixing the following with the 10 ul 

template/ primer: lul DTT (0.1 M ); 2 ul labelling mixture; 0.5 ul a-35S d-ATP (5 uCi); 

and 2 ul Sequenase version 2.0. The reaction was incubated at room temperature for 2- 

5 minutes then termination reactions were performed by transferring 3.5 ul labelling 

reaction product into each of 4 tubes, containing 2.5 ul termination mix for one of the 

four DNA nucleotides prewarmed to 37°C. Following incubation at 37°C for 3- 5 

minutes, 4 ul stop solution was added. Tubes were stored at -20°C until the sequencing
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gel was ready to be loaded.

2.15.10 Polyacrylamide gel electrophoresis of sequencing reaction products

An LKB 2010 Macrophor apparatus was used for running sequencing gels with 40 x 

10 cm glass plates separated by 0.2 mm spacers and with a 0.6 mm wedge former at the 

bottom of the gel. The front glass plate was treated with 5 ml Repelcote 2810 solution 

(BDH) and polished using 70% ethanol and paper towels to prevent gel binding, while 

the back plate was treated with 5 ml Bind-silane solution then polished using 70% 

ethanol and paper towels to promote gel adhesion. Acrylamide solution was carefully 

poured and left to polymerise for two hours with the gel plates resting on a horizontal 

platform. A 36 toothed well-former was used permitting the reading of up to 9 DNA 

sequences per gel. The gel was positioned vertically in the gel-running assembly, 

TBE electrophoresis running buffer was added, the well-former removed, and the 

wells were quickly and thoroughly rinsed using a pasteur pipette with a large teat to 

remove unpolymerised acrylamide and air bubbles. An aluminium plate was 

clamped onto the back glass plate of the gel to minimise temperature differences within 

the gel, and the gel was then pre-run at 2000 V for 20 minutes. Wells were rinsed again 

with electrophoresis buffer, to wash out diffusing urea, and sequencing reaction 

samples were individually heated to 80°C for 2 minutes and 1 ul carefully loaded using 

a macrophor sample syringe (LKB 2010-150) with a glass fibre needle. The loaded gel 

was run at 500 V for 5 minutes then the voltage increased to 2000. Running times of 

between 1 .5 and 3 hours (4% w/v acrylamide) or 2.5 and 5 hours (6% w/v acrylamide) 

were used. 4% gels were found to give better resolution when reading DNA sequence 

far from the primer. The apparatus was dismantled and the two gel plates were gently 

prised apart leaving the gel attached to the "bind-silane" treated plate. This gel plate 

was rinsed in 10% acetic acid for 20 minutes twice allowing all urea to diffuse out of the 

gel, then rinsed in distilled water for 20 minutes. The gel was dried by placing in a 

60°C oven for 90 minutes and autoradiographed using Fuji RX X-ray film sandwiched
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between the gel plate and another glass plate, clamped together in a light proof box at 

room temperature for 12-96 hours.

Typical sequencing gels enabled accurate reading of DNA sequence using single- 

or double-stranded templates up to approximately 300 bp from the primer. Longer runs 

of reactions using single-stranded templates on optimal quality gels enabled accurate 

reading of sequence 500 bp from the primer.

Bind-silane solution: 20 ml ethanol, 5 ml 10% acetic acid, 75 ul Bind-silane (LKB 

1850-251)

Acrylamide solution: 50 ml of 4-6% (w/v) acrylamide (19:1, 

acrylamide:bisacrylamide), 10.5 % (w/v) urea, in IxTBE; was filtered through a 0.45 

um membrane and degassed briefly by swirling in a vacuum. Just before pouring, 400 

|il 10% (w/v) ammonium persulphate and 40 |al TEMED were added.

2.15.11 Sequence analysis

Individual nucleic acid sequences were analysed using a computer program 'nip' 

from the Staden package (Staden, 1984). This program was used to search for stretches 

of alternating purine/pyrimidine, secondary structure, restriction enzyme sites, splice 

sites and short specific sequences. DNA sequences were compared for similarity to 

sequences in the EMBL databases using a program, 'BLAST' (Karlin and Altschul, 

1990; Altschul et al., 1990). Access to this program was through the computing service 

provided by the UK Human Genome Mapping Project Resource Centre.

2.16 Polvmerase Chain Reaction (PCR)

Assistance in the experimental design of PCRs was obtained from Innis and 

Gelfand (1990).

2.16.1 Primer design

DNA sequence was examined and candidate 20mer primers were identified with
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approximately 50% GC content and which were devoid of runs of consecutive purines, 

consecutive pyrimidines, alternating purine/pyrimidines or other unusual base 

sequences. The sequences of candidate primer pairs were compared to check that 

significant primer-primer hybridisation could not occur (homology longer than four 

bases in length was avoided).

2.16.2 Reaction conditions

The experimental conditions which varied between experiments, such as the times 

and temperatures of steps employed in the thermal cycle, are described separately for 

each experiment in the text. The following standard reaction conditions were constant 

in all PCR experiments: template DNA, lOOng; primers, 20 pmol each; Tris-HCl (pH 

8.3), 20 mM; MgCl 2 , 1.5 mM; KC1, 25 mM; gelatin, 100 ug/ml; dNTPs, 50 uM each;

Taq DNA polymerase, 1 unit. A reaction volume of 100 ul was used in a 500 ul 

microfuge tube and the mixed components were overlaid with 100 ul mineral oil. Just 

prior to the addition of enzyme and the commencement of the first thermal cycle, all 

other components of the reaction were incubated at 94°C for 5 minutes. Reactions were 

performed using a Techne PHC-1 programmable thermal cycler. Amplification 

products were analysed on 1-2% (w/v) agarose gels without further purification.

A detailed description is given in Chapter 6 of an adaptation of PCR, termed 

'inverse PCR', whose use played a significant part in the work described in this thesis.
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Chapter 3 Construction and use of a somatic cell hybrid panel to map autosomal DNA 
probes

3.1 Introduction

The construction and use of a somatic cell hybrid panel is described for the 

determination of the chromosomal localisations of autosomal DNA probes. This 

hybrid panel is a by-product of work to characterise as fully as possible the hybrid panel 

constructed to map DMD-associated translocation breakpoints (see Chapter 4). 

Characterisation of hybrids was by cytogenetic analysis using standard G-banding 

techniques and in the case of one hybrid, in situ hybridisation using total human DNA 

as a complex probe was additionally used. Eleven hybrids were karyotyped, and this 

information enabled the unambiguous localisation of a DNA fragment from any 

autosome.

Any modern laboratory engaged in molecular genetics research sporadically 

generates unmapped DNA fragments of interest for which chromosomal localisations 

would be valuable. There is a variety of methods available for obtaining chromosomal 

localisations. The principal three are somatic cell hybrid analysis, in situ 

hybridisation analysis, and linkage analysis. The advantages of in situ 

hybridisation analysis are that immediate sub-localisation to one or a few 

chromosomal bands is often possible and probe hybridisation to related sequences at 

other sites in the genome may be detected (Buckle and Craig, 1986). The main 

disadvantage is that each localisation is labour intensive. The determination of 

genetic map position by linkage analysis is only possible where a probe detects a 

polymorphism. It is not often used for de novo chromosomal assignments in man 

where the small family size presents an extra difficulty although this is made 

somewhat easier by the exploitation of large families (for example CEPH families, 

Dausset et al., 1990). A large number of experiments is generally required before 

significant co-segregation of alleles is observed. This method of analysis is usually 

reserved for mapping important disease loci, as it is the only way of mapping
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phenotypes unless they are associated with chromosome rearrangements (Frezal and 

Schinzel, 1990). Alternatively it may be used for the regional localisation of a probe 

whose chromosomal location is already known. In many circumstances somatic cell 

hybrid analysis is the method of choice for the de novo chromosomal assignment of a 

DNA fragment since one or two simple experiments should be all that is required, 

using a well characterised hybrid panel. Prior to use of such a panel, it is usually 

worth checking the sizes of hybridising DNA fragments produced by different 

restriction enzymes, the strengths of hybridisation signals and whether the probe cross- 

hybridises to rodent DNA. A restriction enzyme digest can then be chosen with a 

strong human signal which does not co-migrate with any rodent signal.

The somatic cell hybrid panel described here was characterised principally by 

using standard G-banding protocols (Penn and Perle, 1986; Dutrillaux and Viegas- 

Pequignot, 1979). This permits human chromosomes to be recognised amongst mouse 

or hamster chromosomes based on their banding patterns. An aid to differentiating 

human and mouse chromosomes by this banding method is that mouse chromosomes 

are all telocentric and the high AT content of the mouse centromeres causes them to 

stain intensely (Penn and Perle, 1986). There are alternative protocols which permit 

human and rodent chromosomes to be distinguished. The G-ll staining technique 

produces a differential staining intensity of human and mouse chromosomes or 

human and hamster chromosomes (Bobrow and Cross; 1974). Although individual 

human chromosomes cannot be identified using this method alone, G-ll banding 

enables the number of human chromosomes in a cell to be counted quickly and can be 

combined with trypsin or quinacrine G-banding to allow the chromosomes to be 

identified subsequently. Small human marker chromosomes or interspecific 

rearrangements can also be detected using this method. Differentiation of human and 

rodent chromosomes can alternatively be made by in situ hybridisation of total human 

or rodent DNA to metaphase chromosomes and can be combined with BudR banding 

methods to identify specific chromosomes. Another method has been described for

37



simultaneously identifying and banding human chromosomes in somatic cell 

hybrids (Tucker et al., 1988). The procedure involves in situ hybridisation of 

biotinylated human DNA which is then bound with fluoresceinated avidin, and 

simultaneous staining with DAPI and actinomycin D which produces the banding. 

The fluorescein and DAPI dyes excite at different wavelengths, therefore the human 

material can be identified at one wavelength and the banding pattern visualised at 

another. New methods of somatic cell hybrid characterisation are now available based 

on PCR technology which do not require expertise in cytogenetic techniques and 

analysis (see discussion in section 3.3).

The hybrid mapping panel described here was used to map DNA fragments by 

Southern blot analysis, but it could also be used to map a segment of DNA which is 

amplified between a pair of PCR primers. To do this, each hybrid would be tested to 

determine whether the expected DNA segment amplified. A potential problem of this 

type of analysis is the very high sensitivity of the PCR. DNA might be amplified from 

a hybrid where the relevant chromosome was present only at a low level and therefore 

not seen in the original cytogenetic characterisation. This would not matter however if 

the hybrid panel was recharacterised by PCR. Theune et al. (1991) have described a 

somatic cell hybrid mapping panel which was characterised using 48 pairs of PCR 

primers representing loci from the long and short arms of every autosome and the X 

chromosome.

A possible source of error in the cytogenetic characterisation of the hybrid panel 

described in this chapter is that chromosomal rearrangements may have occurred, 

particularly interspecific translocations (Boyd, 1986). If this is the case then 

fragments of human chromosomes may be present which have not been detected by G- 

banded karyotype analysis. In some cases, in order to confirm the localisations 

described in this chapter, additional experiments were performed. For example, the 

panel was probed with a DNA segment of known location to check the expected 

hybridisation pattern; a hybrid retaining the assigned human chromosome as its only
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human complement was obtained and hybridisation of the probe tested; or an in situ 

hybridisation experiment was performed.

Karyotype analysis (see section 3.2.1) was performed while hybrid cells were being 

grown up in bulk for DNA preparation. This was done to minimise differences 

between the chromosome complements of the hybrid cells karyotyped and those from 

which the DNA was prepared. The risk of change in the chromosomal complements is 

greatest when the population of cells goes through a bottle-neck. Large numbers of cells 

(confluent 80 cm 2 flasks per freezing vial) were frozen for storage at the same time so 

that it would be possible to grow up more cells at a later date with minimal risk of a 

change in the chromosomal complements.

3.2 Results

3.2.1 Karyotype analysis

Details regarding the derivation of the 11 hybrids used in this study are listed in 

Chapter 2, table 2.1. At least 10 G-banded metaphase spreads were karyotyped from 

each hybrid. Table 3.1 lists the mean number of total chromosomes and the mean 

number of human chromosomes observed in each hybrid. The human autosomal 

representation is summarised in table 3.2 and ranges from a fragment of a 

chromosome arm (Ipter-lp34 in WAG 8-1; see figure 3.1) to 18 out of the 22 autosomes 

(KIYAG 3-1-3). An example of a trypsin-Giemsa banded metaphase cell from the 

hybrid EDAG 2-9-3 which retains 19 human chromosomes is illustrated in figure 3.2.

The results of analysis of all hybrids presented in table 3.2 predict that 

unambiguous chromosomal localisation can be made for any autosome. Since many 

of the hybrids in this mapping panel are derived from cell lines with X;autosome 

translocations, many contain derivative chromosomes which include only a part of the 

relevant autosome (see table 3.2). Therefore a regional localisation is possible for 

some chromosomes using this mapping panel.

The results of hybridisation of anonymous DNA probes to the hybrid panel
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Hybrid

EDAG 2-9-8
EDAG 2-9-5
EDAG 2-9-3
ORIM 7-1
WAG 8-1
DAG 5-2
KAG2-3
KIYAG 3-1-3
5E-F9
TWDAM 1-2
TWDAM 4-2

Rodent 
parent

RAG
RAG
RAG
Wg3h
RAG
RAG
RAG
RAG
RAG
Wg3h
Wg3h

Cells 
analysed

12
10
10
15
20
10
14
10
10
10
10

Total 
chromosome 
number
114
120
124
44
55
130
69
148
136
58
59

Human 
chromosome 
number
10
9
17
6
1
14
8
24
9
15
16

Table 3.1 Summary of the karyotypic analysis of 11 somatic cell hybrids, 
indicating the number of G-banded cells analysed, the mean total number of 
chromosomes counted per cell and the mean number of human chromosomes 
counted per cell. Full details of the human chromosome complements of the 
hybrids are provided in table 3.2.
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Figure 3.1 G-banded chromosome spread from the hybrid WAG 8-1 which 
retains the der(X) from an X;l translocation as its only human 
complement (arrowed).

Figure 3.2 G-banded chromosome spread from the hybrid EDAG 2-9-3. This 
cell retains 19 human chromosomes. A summary of the full karyotypic 
analysis is included in tables 3.1 and 3.2.



described in this chapter, are presented in terms of concordance and discordance of the 

observed hybridisation pattern with the presence or absence of the autosomes in the 

karyotyped hybrids. 100% concordance indicates that hybridisation of the probe is 

detected in every hybrid where the chromosome was observed in karyotype analysis, 

and that no hybridisation is observed in hybrids not retaining this chromosome. 

Localisation of a probe to a chromosome is indicated by 100% concordance of the 

hybridisation pattern with the presence of this chromosome, and a lower concordance 

with the presence of every other chromosome.

3.2.2 In situ hybridisation of total human DNA to WAG 8-1

This experiment was performed in order to confirm the indication from trypsin- 

Giemsa banded analysis that the hybrid contained only a single human chromosome 

(section 3.2.1). Fifteen cells were examined for the presence of human chromosomes 

(indicated by dense cover with silver grains; see figure 3.3). One cell contained two 

human chromosomes of similar size and the remaining cells each contained one 

human chromosome of a size consistent with that expected for the der(X) observed in 

trypsin-Giemsa banded chromosome preparations. There was no evidence of inter­ 

specific chromosomal rearrangements. In the cell where two human chromosomes 

were present in a single cell, it is possible that both were der(X) chromosomes. One cell 

with two der(X)s had also been identified out of 15 trypsin-Giemsa cells examined (not 

shown).

This experiment was performed before the majority of the other hybrids described 

in this chapter had been karyotyped. However it would be a valuable experiment to 

perform on all these hybrids. An attempt was made to do this using biotin labelled 

human DNA as a probe and a streptavidin-alkaline phosphatase detection system 

(BlueGENE detection kit; BRL). The chromosome slides were between 2 and 4 years 

old, and unfortunately the experiment was unsuccessful. The reason for this was 

probably the quality of the slides which appeared to have become coated in an oily film.
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Figure 3.3 In situ hybridisation of tritium-labelled total human DNA to a 
chromosome spread from the hybrid WAG 8-1. A high concentration of 
silver grains over a single chromosome (arrowed) confirms that this hybrid 
retains a single human chromosome.
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Figure 3.4 Hybridisation pattern produced by probing a Southern blot of 
Hindlll digested DNA from eight hybrids with the amylin probe. Presence 
or absence (+/-) of a human-specific 7.3 kb band is indicated for each 
hybrid. Rodent cross-hybridising bands are also indicated.



Human and rodent chromosomes could be differentiated in control fresh slides from 

another hybrid.

3.2.3 Mapping results

A number of probes, including several cloned genes, were mapped on the hybrid 

panel in collaboration with donating laboratories. Each assignment is discussed 

separately below.

3.2.3.1 Amylin

Amylin or Islet amyloid polypeptide (IAPP) is a 37 amino acid peptide with 

biological activity which is found in the pancreases of normal individuals and is a 

major component of the pancreatic amyloid deposits found in patients with type 2 (non- 

insulin dependent) diabetes mellitus (Cooper et al., 1987; Leighton and Cooper, 1988). 

The amino acid sequence is over 40% identical with that of the calcitonin gene related 

peptide (CGRP) family members CGRP-1 AND CGRP-2 and shows weaker homology 

with insulin and insulin-like growth factors (IGF) (Cooper et al., 1987). With the 

exception of IGF-1, these have all been mapped to chromosome 11 (Kazazian and 

Junien, 1987).

A 110 bp DNA probe was supplied which had been cloned following in vitro DNA 

amplification of Islet of Langerhans derived cDNA by Taq polymerase, using 

nondegenerate oligonucleotide primers designed from the C and N termini of the 

peptide sequence and based on codon usage (Roberts et al., 1989b). The pattern of 

hybridisation of this probe to the autosome mapping panel is shown in figure 3.4 and the 

interpretation in table 3.2. This pattern is 100% concordant with the presence of human 

chromosome 12 (table 3.3). Only one hybrid is discordant for a localisation on 

chromosome 15 (table 3.3). This hybrid is TWDAM 4-2, which retains a chromosome 

15 although no hybridisation signal was detected (figure 3.4; table 3.2).

Localisation to chromosome 12 was supported by in situ hybridisation of the same
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Chromosome Concordant 
hybrids

Discordant 
hybrids

% Concordance

Ipter-p34
Ip34-qter
2pter-q27

2q27-2qter
3
4
5

6pter-q21
6q21-qter

7
8
9
10
11
12
13
14
15
16
17
18

19pter-ql3
19ql3-qter

20
21

22pter-ql3
22ql3-qter
Xpter-p21
Xp21-qter

Y

5
6
5
4
4
7
4
5
4
6
7
5
4
5
10
6
3
9
6
7
7
4
5
6
7
7
7
7
5
5

5
4
5
6
6
3
6
5
6
4
3
5
6
5
0
4
7
1
4
3
3
6
5
4
3
3
3
3
5
5

50
60
50
40
40
70
40
50
40
60
70
50
40
50
100
60
30
90
60
70
70
40
50
60
70
70
70
70
50
50

Table 3.3 Correlation of hybridisation signal from the amylin probe with human 
chromosomes present in 10 somatic cell hybrids.

The numbers of somatic cell hybrids which are concordant and discordant with the 
amylin probe are shown for each chromosome. Some hybrids contain translocated 
chromosomes, hence concordance figures are shown separately for the chromosomal 
regions either side of the breakpoint.



probe to BudR replication banded metaphase chromosomes (Cockburn et al., 1989). 

Analysis detected 12% (23/187) of silver grains scored from 73 metaphases on 

chromosome 12 with 8.2% (15/187) assigned to the region 12cen-12q21.2. Data from 

other laboratories also confirm the assignment of amylin to chromosome 12 

(Mosselman et al., 1988; Fan et al., 1989; Buckle et al., 1989).

3.2.3.2 Beta-2-glycoprotein I ((32 I)

Beta-2-glycoprotein I (|3 2 I) or apolipoprotein H (APOH) is a protein of uncertain 

physiological function which shows some association with plasma lipoproteins. 

Complete absence of P 2 I na$ been described in several individuals with little consistent 

effect, and therefore it is suggested that this should be considered a 'nondisease' (OMIM 

138700; Lozier et al., 1984; Hoeg et al., 1985). The cDNA nucleotide and deduced amino 

acid sequences indicate a mature protein of 326 amino acids consisting of five 

contiguous repeating units that belong to the Complement Control Protein superfamily 

(Lozier et al., 1984; Steinkasserer et al., 1991a). A 1.1 kb human cDNA clone was 

provided in order to determine the gene's chromosomal localisation. For comparison, 

the cDNA of a related gene, Regulator of Complement Activation (RCA), known to lie 

on chromosome 1 was also used to probe the autosomal mapping panel, because of the 

possible localisation of these genes on the same chromosome. The hybridisation of the 

control probe RCA was as expected for a localisation on chromosome Ip34-qter (figure 

3.5 and tables 3.2 and 3.4). That of 0 2 I was different (figure 3.6). The signal obtained

using this probe did not show 100% concordance with the presence of any single human 

chromosome (table 3.5). The highest concordance (82%) was with chromosomes 13 and 

17. The discordant hybrids for a localisation on chromosome 13 are EDAG2-9-8 in 

which a signal was detected but no chromosome 13 had been observed, and TWDAM 4-2 

in which no signal was detected but a chromosome had been observed (figure 3.6 and 

table 3.2). Therefore in order to explain a localisation on chromosome 13, EDAG 2-9-8
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Chromosome Concordant 
hybrids

Discordant 
hybrids

% Concordance

Ipter-p34
Ip34-qter
2pter-q27
2q27-qter

3
4
5

6pter-q21
6q21-qter

7
8
9
10
11
12
13
14
15
16
17
18

19pter-ql3
19ql3-qter

20
21

22pter-ql3
22ql3-qter
Xpter-p21
Xp21-qter

Y

9
10
9
8
7
7
5
6
6
7
3
5
6
5
5
8
6
4
6
8
4
8
7
6
7
7
7
6
3
7

1
0
1
2
3
3
5
4
4
3
7
5
4
5
5
2
4
6
4
2
6
2
3
4
3
3
3
4
7
3

90
100
90
80
70
70
50
60
60
70
30
50
60
50
50
80
60
40
60
80
40
80
70
60
70
70
70
60
30
70

Table 3.4 Correlation of hybridisation signal from the RCA probe with human 
chromosomes present in 10 somatic cell hybrids.

The numbers of somatic cell hybrids which are concordant and discordant with the 
probe are shown for each chromosome. Some hybrids contain translocated 
chromosomes, hence concordance figures are shown separately for the chromosomal 
regions either side of the breakpoint.



Chromosome Concordant 
hybrids

Discordant 
hybrids

% Concordance

Ipter-p34
Ip34-qter
2pter-q27
2q27-qter

3
4
5

6pter-q21
6q21-qter

7
8
9

10
11
12
13
14
15
16
17
18

19pter-ql3
19ql3-qter

20
21

22pter-ql3
22ql3-qter
Xpter-p21
Xp21-qter

Y

8
9
7
6
8
7
8
5
7
6
5
5
7
3
6
9
6
5
7
9
3
6
5
6
8
8
6
7
4
7

3
2
4
5
3
4
3
6
4
5
6
6
4
8
5
2
5
6
4
2
8
5
6
5
3
3
5
4
7
4

73
82
64
55
73
64
73
45
64
55
45
45
64
27
55
82
55
45
64
82
27
55
45
55
73
73
55
64
36
64

Table 3.5 Correlation of hybridisation signal from the f^I probe with human 
chromosomes present in 11 somatic cell hybrids.

The numbers of somatic cell hybrids which are concordant and discordant with the 
probe are shown for each chromosome. Some hybrids contain translocated 
chromosomes, hence concordance figures are shown separately for the chromosomal 
regions either side of the breakpoint.



must contain a fragment of chromosome 13 which includes the ^I locus, and the 

chromosome 13 observed in TWDAM 4-2 must contain a deletion including this locus 

which is too small to be seen cytologically. There is a simpler explanation for a 

localisation on chromosome 17. Two hybrids are also discordant for this localisation, 

however, the hybrids are EDAG 2-9-8 and EDAG 2-9-5 which are subclones from the 

same parent hybrid EDAG 2-9. In both hybrids a signal was detected using the probe fal

although no chromosome 17 had been observed in their characterisation (figure 3.6; 

table 3.2). This result can be explained by the presence of the same chromosome 17 

fragment including the 021 locus in both hybrids.

Assignment of f^I to chromosome 17 was confirmed through observing positive 

hybridisation of the same probe to DNA from PCTBA1.8 (kindly supplied by E. 

Solomon), a somatic cell hybrid which retained chromosome 17 as its only human 

component (figure 3.7). This signal must be from the same locus as detected previously 

because the same sized fragments are detected. A regional localisation of the gene to 

17q22-23 has now been made by hybridising the cDNA clone to a panel of chromosome 

17 translocation somatic cell hybrids (Steinkasserer et al., 199Ib).

The results of this experiment indicate that the hybrids EDAG 2-9-5 and EDAG 2-9-8 

both contain a fragment of chromosome 17 which includes the fal locus. The size of this

fragment is unknown but could be determined by hybridisation of chromosome 17 

probes to Southern blots of hybrid DNA. These hybrids might then be useful additions to 

somatic cell hybrid panels for the regional localisation of chromosome 17 probes.

3.2.3.3 2.2(3-1

The probe 2.2(3-1 is a 600 bp EcoRI fragment subcloned from a phage (2.2) isolated 

from a library of a 'human X only' somatic cell hybrid with a mouse background 

(Laval et al., 1991; Chen unpublished data). The phage was picked on the basis of its 

hybridisation to a bovine monoamine oxidase probe (X-linked in the human) and the
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Figure 3.7 Hybridisation pattern produced by probing a Southern blot of EcoRI 
digested DNA with (321. The presence of the human-specific bands detected by 
this probe in the PCTBA1.8 track confirmed that the probe is from human 
chromosome 17, as this hybrid retains chromosome 17 as its only human 
complement.
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Figure 3.8 Hybridisation pattern produced by probing a Southern blot of PvuII 
digested DNA from 10 hybrids with 2.2(3-1. The human signal (2.2 kb) co-migrates 
with a mouse signal under these conditions therefore only the human/hamster 
hybrids can be scored here.



cloned DNA was found to be murine in origin (as determined by strong hybridisation 

of mouse DNA to the clone's insert). Characterisation of 2.2(3-1 showed that two 

restriction fragments, one X-linked and one autosomal, are detected in Southern blots 

of mouse DNA digested with several different restriction enzymes and that the 

autosomal band could be provisionally assigned to mouse chromosome 15 (Laval and 

Williamson, personal communication). It is thought that the clone was produced by a 

co-ligation of two DNA fragments during library construction, but this is not fully 

understood. In Southern analysis of human DNA a single autosomal hybridising 

band is generally detected. Cross species DNA hybridisation of this nature indicates 

DNA conservation and therefore possible functional significance of the DNA. In order 

to aid the characterisation of the DNA fragment I attempted to map this human cross 

hybridising signal.

Hybridisation of 2.2(3-1 to the autosome mapping hybrid panel is illustrated in 

figures 3.8 and 3.9 (the human signal is separated from the mouse in a Hindlll digest 

and from the hamster in a PvuII digest) and the interpretation included in table 3.2. 

The hybridisation signal is not 100% concordant with the presence of any human 

chromosome (table 3.6). The best scores (90% concordance) are for chromosomes 4 and 

12. The discordant result for chromosome 12 is the absence of hybridisation signal 

from TWDAM 1-2 which was observed to retain the chromosome in karyotype 

analysis. Such a result could only be explained by a deletion within chromosome 12 in 

this hybrid, including 2.2(3-1 but too small to be cytogenetically visible. The 

discordance for human chromosome 4 can be more easily explained. Here a signal 

was detected in the hybrid ORIM 7-1 where no chromosome 4 was observed in 

chromosome analysis. A chromosome rearrangement, most likely an inter-specific 

translocation, might be present so that the human chromosome fragment including the 

locus cross-hybridising to 2.2(3-1 is not readily observed in routine G-banded analysis. 

Thus the most likely location of the DNA segment cross-hybridising to 2.2(3-1 is on 

chromosome 4.
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Figure 3.9 Hybridisation pattern produced by probing a Southern blot of Hindlll 
digested DNA from 10 hybrids with 2.2p-l. The human signal (4.5 kb) 
co-migrates with the hamster signal under these conditions therefore only the 
human/mouse hybrids can be scored here.
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Figure 3.10 Hybridisation pattern produced by probing a Southern blot of 
EcoRI digested DNA from nine hybrids with Quog 3.8. The presence or 
absence (+/-) of the 15 kb human hybridisation signal is indicated for each 
hybrid.



Chromosome Concordant Discordant % Concordance
hybrids hybrids

Ipter-p34
Ip34-qter
2pter-q27
2q27-qter

3
4
5

6pter-q21
6q21-qter

7
8
9
10
11
12
13
14
15
16
17
18

19pter-ql3
19ql3-qter

20
21

22pter-ql3
22ql3-qter
Xpter-p21
Xp21-qter

Y

5
6
7
6
4
9
5
6
4
7
7
7
4
7
9
6
2
8
4
8
6
6
7
8
5
7
7
6
3
7

5
4
3
4
6
1
5
4
6
3
3
3
6
3
1
4
8
2
6
2
4
4
3
2
5
3
3
4
7
3

50
60
70
60
40
90
50
60
40
70
70
70
40
70
90
60
20
80
40
80
60
60
70
80
50
70
70
60
30
70

Table 3.6 Correlation of hybridisation signal from 2.2(3-1 with human chromosomes 
present in 10 somatic cell hybrids.

The numbers of somatic cell hybrids which are concordant and discordant with the 
probe 2.20-1 are shown for each chromosome. Some hybrids contain translocated 
chromosomes, hence concordance figures are shown separately for the chromosomal 
regions either side of the breakpoint.



If this localisation and that of the autosomal mouse signal on chromosome 15 are 

correct, then they may represent a hitherto unrecognised homologous block between 

these two species. A compilation of homologous DNA sequences mapped in both species 

has been constructed (Edwards, 1991). It shows homology of human chromosome 4 

sequences, so far, only with those from mouse chromosomes 3 and 5 (five loci each). 

Homology of mouse chromosome 15 sequences have been observed with human 

sequences from chromosomes 5 (2 loci),8 (4 loci),11 (1 locus),12 (6 loci) and 22 (5 loci). 

Therefore if the human localisation of 2.2(3-1 is on chromosome 12, it may add to the six 

loci so far known with homologous loci on mouse chromosome 15. Regions of 

homology between species provide insight into the course of chromosome evolution and 

suggest candidate mouse mutations for human genetic diseases which then may 

provide a useful model for the study of the natural course and treatment of the disease.

The Southern blot, to which the probe 2.2(5-1 was hybridised, contained DNA from 10 

of the 11 karyotyped somatic cell hybrids. The hybrid not included was EDAG 2-9-3 

since no DNA was left from this hybrid. This hybrid retains chromosome 12 but does 

not retain chromosome 4 and therefore should be able to determine to which of the two 

chromosomes 2.2(3-1 hybridises.

The results of this experiment suggest that either the hybrid ORIM 7-1 contains a 

fragment of human chromosome 4 which includes the locus detected by 2.2(3-1, or that 

the chromosome 12 present in the hybrid TWDAM 1-2 contains a deletion including 

this locus. An in situ hybridisation experiment using total human DNA as a probe 

would be a straight forward way of looking for an inter-specific translocation in ORIM 

7-1 (see section 3.3).

3.2.3.4 Quog3.8andQuog3.4

Two probes (Quog 3.8 and Quog 3.4) which detect RFLPs were supplied for mapping. 

Both probes were isolated from a single cosmid derived from a total human cosmid 

library. They were both mapped in case they had been co-ligated into the cosmid and
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represented different chromosomal loci. They produced identical patterns of 

hybridisation to the hybrid mapping panel as expected for their origin from a single 

cloning event (see figures 3.10 and 3.11). This pattern is the same as that produced by 

the amylin probe (section 3.2.3.1) and is 100% concordant with the localisation of these 

sequences to chromosome 12 (table 3.7; Newton et al., 1991). The addition of these 

RFLPs to the existing list of polymorphisms on chromosome 12 improves this valuable 

resource for linkage analysis and gene mapping (Craig and McBride, 1990).

3.2.3.5 6.3(100G)and4.4B

The probe M270 detects a VNTR at Xpll.2 and the repeating DNA unit has been 

sequenced (Fraser et al., 1989). An artificial oligonucleotide (HXOX) homologous to 

part of the repeat sequence was used to isolate clones from a human phage library which 

may contain similar VNTR structures. VNTR polymorphisms have not yet been 

found using these clones although the inserts hybridise strongly when re-screened with 

HXOX (Riley, personal communication). The hybridisation of DNA fragments from 

two such clones, 6.3(100G) and 4.4B, to the autosome mapping panel is described below.

6.3UOOG): The pattern of hybridisation of a 4 kb fragment from 6.3(100G) was 100% 

concordant with the presence of human chromosome 8 in the hybrid mapping panel 

(figure 3.12, tables 3.2 and 3.8). The gene for lipoprotein lipase (LPL) is known to lie 

on chromosome 8 (Sparkes et al., 1987) and a cDNA probe for this gene was used to 

check the expected pattern of hybridisation for a probe on this chromosome (figure 3.13). 

The pattern of hybridisation is consistent with that observed using 6.3(100G) and is 

100% concordant with the presence of chromosome 8 in the hybrid panel (table 3.9).

4.4B: A 1.5 kb fragment from 4.4B was found to hybridise to several human 

genomic DNA fragments in Southern blot analysis using a variety of different 

restriction enzymes, therefore suggesting that the probe hybridised to several different 

loci (Riley, personal communication). Additionally, hybridisation to rodent DNA was 

found signifying conservation of the sequence and a possible functional role. On
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Figure 3.11 Hybridisation pattern produced by probing a Southern blot of 
EcoRI digested DNA from nine hybrids with Quog 3.4. The presence or 
absence (+/-) of the 6 kb human hybridisation signal is indicated for each 
hybrid.
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Figure 3.12 Hybridisation pattern produced by probing a Southern blot of 
EcoRI digested DNA from nine hybrids with 6.3(100G). The presence or 
absence (+/-) of the 4.5 kb human hybridisation signal is indicated for each 
hybrid. Faint signals in the hybrids KAG 2-3 and ORIM 7-1 are visible on 
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Chromosome Concordant 
hybrids

Discordant 
hybrids

% Concordance

Ipter-p34
Ip34-qter
2pter-q27

2q27-2qter
3
4
5

6pter-q21
6q21-qter

7
8
9

10
11
12
13
14
15
16
17
18

19pter-ql3
19ql3-qter

20
21

22pter-ql3
22ql3-qter
Xpter-p21
Xp21-qter

Y

5
6
5
4
4
7
4
5
4
6
7
5
4
5
10
6
3
9
6
7
7
4
5
6
7
7
7
7
5
5

5
4
5
6
6
3
6
5
6
4
3
5
6
5
0
4
7
1
4
3
3
6
5
4
3
3
3
3
5
5

50
60
50
40
40
70
40
50
40
60
70
50
40
50

100
60
30
90
60
70
70
40
50
60
70
70
70
70
50
50

Table 3.7 Correlation of hybridisation signal from Quog 3.8 and Quog 3.4 with human 
chromosomes present in 10 somatic cell hybrids.

The numbers of somatic cell hybrids which are concordant and discordant with the 
probes are shown for each chromosome. Some hybrids contain translocated 
chromosomes, hence concordance figures are shown separately for the chromosomal 
regions either side of the breakpoint.



Chromosome Concordant 
hybrids

Discordant 
hybrids

% Concordance

Ipter-p34
Ip34-qter
2pter-q27
2q27-qter

3
4
5

6pter-q21
6q21-qter

7
8
9
10
11
12
13
14
15
16
17
18

19pter-ql3
19ql3-qter

20
21

22pter-ql3
22ql3-qter
Xpter-p21
Xp21-qter

Y

3
4
4
5
4
6
5
4
5
5
10
4
5
6
7
3
6
6
3
4
4
3
4
5
6
4
4
4
6
4

7
6
6
5
6
4
5
6
5
5
0
6
5
4
3
7
4
4
7
6
6
7
6
5
4
6
6
6
4
6

30
40
40
50
40
60
50
40
50
50

100
40
50
60
70
30
60
60
30
40
40
30
40
50
60
40
40
40
60
40

Table 3.8 Correlation of hybridisation signal from 6.3UOOG) with human 
chromosomes present in 10 somatic cell hybrids.

The numbers of somatic cell hybrids which are concordant and discordant with the 
probe 6.3UOOG) are shown for each chromosome. Some hybrids contain translocated 
chromosomes, hence concordance figures are shown separately for the chromosomal 
regions either side of the breakpoint.
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Figure 3.13 Hybridisation pattern produced by probing a Southern blot of EcoRI 
digested DNA from 10 hybrids with LPL. Presence or absence (+/-) of the scored 
1.2, 1.1 and 0.7 kb bands is indicated for each hybrid. A faint hybridisation 
signal in ORIM 7-1 is visible on the original auto radiograph.
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Figure 3.14 Hybridisation pattern produced by probing a Southern blot of 
EcoRI digested DNA from 10 hybrids with 4.4B. Presence or absence (+/-) of 
the scored 4.1 kb band is indicated for each hybrid. The 6.6 kb band was not 
scored (see text).



Chromosome Concordant 
hybrids

Discordant 
hybrids

% Concordance

Ipter-p34
Ip34-qter
2pter-q27
2q27-qter

3
4
5

6pter-q21
6q21-qter

7
8
9
10
11
12
13
14
15
16
17
18

19pter-ql3
19ql3-qter

20
21

22pter-ql3
22ql3-qter
Xpter-p21
Xp21-qter

Y

3
4
4
5
4
6
6
5
5
6
10
4
5
6
8
3
5
7
3
5
5
3
4
5
6
4
4
5
6
4

7
6
6
5
6
4
4
5
5
4
0
6
5
4
2
7
5
3
7
5
5
7
6
5
4
6
6
5
4
6

30
40
40
50
40
60
60
50
50
60

100
40
50
60
80
30
50
70
30
50
50
30
40
50
60
40
40
50
60
40

Table 3.9 Correlation of hybridisation signal from the LPL cDNA probe with human 
chromosomes present in 10 somatic cell hybrids.

The numbers of somatic cell hybrids which are concordant and discordant with the 
LPL cDNA probe are shown for each chromosome. Some hybrids contain translocated 
chromosomes, hence concordance figures are shown separately for the chromosomal 
regions either side of the breakpoint.



hybridising the fragment to an EcoRI Southern blot of the autosome mapping panel two 

principal human bands were observed (figure 3.14). The probe did not contain an 

EcoRI site (Riley, personal communication). The stronger band of 6.6 kb was not 100% 

concordant with the presence of any single human chromosome. The other (4.1 kb) 

showed a pattern of hybridisation 100% concordant with a chromosome Ip3^-qter 

localisation (table 3.10) and with band intensities the same as observed for RSA (figure 

3.5). When hybridised to a BamHI Southern blot of the same panel three principal 

bands were observed (figure 3.15). The probe did not contain a BamHI site (Riley, 

personal communication). The 4.7 kb fragment co-migrated with a strong hamster 

band but in the mouse hybrids produced the same pattern of hybridisation as the 6.6 kb 

fragment in the EcoRI digest. This was also the hybridisation pattern of the 1.4 BamHI 

band. The 0.5 kb band however produced a new pattern of hybridisation which was 

100% concordant with a localisation on chromosome 19ql2-qter (tables 3.2 and 3.11).

Given that the hybridisation signals produced by this probe were stronger than those 

of other single copy probes used with the same filters, it is possible that the stronger 

signals here represent more than one locus from different chromosomes and therefore 

cannot be mapped by somatic cell hybrid analysis. It is particularly intriguing that the 

probe also cross-hybridises to rodent DNA indicating a possible functional role of the 

sequence. The logical experiment to follow this investigation is an in situ 

hybridisation. This should confirm signals on Ip34-qter and 19ql2-qter which I have 

predicted and identify any other loci but has not yet been performed.

3.2.3.6 ClQA, ClQB and C1QC

The genes ClQA, ClQB and ClQC code for the A-, B- and C- chains of human 

complement subcomponent Clq. ClQA and ClQB have been localised on the short arm 

of chromosome 1 (Hedge et al., 1987; Solomon et al., 1985). I have further positioned 

these genes relative to the chromosome 1 breakpoint of an X;l translocation (p21;p34) 

(see Chapter 4). A cDNA probe for ClQB was hybridised to a Southern blot including
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Chromosome Concordant 
hybrids

Discordant 
hybrids

% Concordance

Ipter-p34
Ip34-qter
2pter-q27
2q27-qter

3
4
5

6pter-q21
6q21-qter

7
8
9

10
11
12
13
14
15
16
17
18

19pter-ql3
19ql3-qter

20
21

22pter-ql3
22ql3-qter
Xpter-p21
Xp21-qter

Y

9
10
9
8
7
7
5
6
6
7
3
5
6
5
5
8
6
4
6
8
4
8
7
6
7
7
7
6
3
7

1
0
1
2
3
3
5
4
4
3
7
5
4
5
5
2
4
6
4
2
6
2
3
4
3
3
3
4
7
3

90
100
90
80
70
70
50
60
60
70
30
50
60
50
50
80
60
40
60
80
40
80
70
60
70
70
70
60
30
70

Table 3.10 Correlation of 4.1 kb EcoRI hybridisation signal from 4.4B with human 
chromosomes present in 10 somatic cell hybrids.

The numbers of somatic cell hybrids which are concordant and discordant with the 
probe are shown for each chromosome. Some hybrids contain translocated 
chromosomes, hence concordance figures are shown separately for the chromosomal 
regions either side of the breakpoint.
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Figure 3.15 Hybridisation pattern produced by probing a Southern blot of BamHI 
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digested DNA. The presence of a 5.0 kb signal in the hybrid WAG 8-1 indicates a 
regional localisation of this locus to Ipter-p34.



Chromosome Concordant Discordant % Concordance
hybrids hybrids

Ipter-p34
Ip34-qter
2pter-q27
2q27-qter

3
4
5

6pter-q21
6q21-qter

7
8
9

10
11
12
13
14
15
16
17
18

19pter-ql3
19ql3-qter

20
21

22pter-ql3
22ql3-qter
Xpter-p21
Xp21-qter

Y

6
7
8
7
6
6
4
9
7
6
4
8
5
8
6
7
5
7
5
7
7
9
10
7
6
8
8
7
4
6

4
3
2
3
4
4
6
1
3
4
6
2
5
2
4
3
5
3
5
3
3
1
0
3
4
2
2
3
6
4

60
70
80
70
60
60
40
90
70
60
40
80
50
80
60
70
50
70
50
70
70
90

100
70
60
80
80
70
40
60

Table 3.11 Correlation of 0.5 kb BamHI hybridisation signal from 4.4B with human 
chromosomes present in 10 somatic cell hybrids.

The numbers of somatic cell hybrids which are concordant and discordant with the 
probe are shown for each chromosome. Some hybrids contain translocated 
chromosomes, hence concordance figures are shown separately for the chromosomal 
regions either side of the breakpoint.



DNA from the somatic cell hybrid WAG 8-1 which retains the der(X) chromosome from 

this translocation as its only human chromosome and therefore only includes the 

region Ipter-p34 from a normal chromosome 1 (see section 3.2.1). The presence of a 

band corresponding to ClQB in the WAG 8-1 track indicates that this gene is located 

distal to the chromosome 1 breakpoint Ip34 (figure 3.16). The presence of a band in the 

reciprocal translocation hybrid WAG 21R-11 can be attributed to the presence of a 

normal chromosome 1 in this hybrid (see Chapter 2, table 2.1). The three loci, C1QA, 

ClQB and ClQC have been cloned and found to lie within a 24 kb DNA genomic 

interval (Sellar et al., 1991). Thus all three loci map to Ipter-lp34.

3.3 Discussion

The characterisation of a panel of 11 somatic cell hybrids has permitted the 

chromosomal localisation of seven new loci. One hybrid retains a single human 

chromosome, one retains 18 out of the 22 autosomes and the others retain an 

intermediate number. The number of hybrids karyotyped was probably about the 

minimum required to construct a useful panel. If only monochromosomal hybrids 

were used in a panel capable of localising a DNA fragment from any autosome, then 22 

hybrids, each retaining one of the autosomes, would be required to construct this panel. 

The most informative hybrids in an autosome mapping panel are those which retain 

approximately half of the human chromosomes. In some of the mapping experiments 

described in this chapter, 90% concordance was found between the hybridisation pattern 

and the presence of more than one autosome (for example in the mapping of Amylin, 

section 3.2.3.1 and in the mapping of 2.2(3-1, section 3.2.3.3). The confidence in the 

mapping results would be improved if a few additional hybrids were added to this 

panel. In two recent publications of autosomal localisations by somatic cell hybrid 

analysis, the numbers of hybrids in the panels were 18 and 25 (Dodge et al., 1991; Tait et

al., 1991).

Use of this panel indicated that errors of characterisation were present (such as
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fragments of chromosome 17 in EDAG 2-9-5 and EDAG 2-9-8, see section 3.2.3.2). 

Therefore, although this indicates that results from this type of analysis must be treated 

with caution, it also indicates that the more the hybrid panel is used to localise probes 

the better characterised it will become. One very worthwhile further study in the 

characterisation of these hybrids would be in situ hybridisation of total human and/or 

rodent DNA to metaphase chromosome preparations. This experiment has only been 

performed on the hybrid WAG 8-1, but was attempted for the other hybrids and 

unfortunately failed (see section 3.2.2). The value of this experiment is that it would 

identify hybrids which contain interspecific chromosome rearrangements and would 

allow the sizes of human chromosome fragments involved to be estimated.

PCR based methods have now been described for the rapid characterisation of the 

autosomal contents of somatic cell hybrids. For example, hybrids may be screened 

using PCR primer pairs from all the human autosomes (Theune et al., 1991). An 

alternative approach is based on Alu-PCR or Ll-PCR whereby specific amplification of 

human DNA fragments from hybrids is achieved (Nelson et al., 1989). Using a dot- 

blot method, amplified DNA from a hybrid can be hybridised to similarly amplified 

DNA from a reference panel of monochromosomal or highly reduced hybrids to 

produce a 'PCR-karyotype' (Ledbetter et al., 1990; Bicknell et al., 1991). This approach 

would enable the identification of human marker chromosomes or translocated 

fragments of human chromosomes that are detected but not readily identified by G- 

banded cytogenetic analysis. An alternative method for identification of small 

marker chromosomes is chromosomal in situ suppression (CISS-) hybridisation, 

where libraries of flow-sorted chromosomes are used complex probes (Jauch et al.,

1990).

This chapter has described the characterisation and application of a somatic cell 

hybrid panel in the mapping of autosomal DNA fragments. The panel was constructed 

after working on the characterisation of somatic cell hybrids which contain derivative 

chromosomes from X;autosome translocations. The principal reason for the
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characterisation was in order to map the X chromosome breakpoints of these 

translocations with respect to DNA markers from the DMD locus. The mapping of 

translocation breakpoints within the DMD locus using cDNA fragments as probes is 

described in the following chapter.
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Chapter 4 Refined mapping of DMD-associated translocations using cDNA probes

4.1 Introduction

In this chapter, the detailed mapping of DMD-associated Xjautosome translocation 

breakpoints with respect to exons of the DMD gene is described. The mapping of seven 

breakpoints is given here, and data from seven additional translocations whose 

breakpoints have been determined elsewhere is included in an examination of the 

distribution of the breakpoints over the physical DMD gene map. This distribution is 

compared with that of deletions and duplications which have been reported in male 

patients.

There are 24 females known worldwide with DMD/BMD and a constitutional 

X;autosome translocation involving the band Xp21 (Boyd 1991; see Chapter 1, table 1.1). 

The translocations are associated with preferential inactivation of the normal X, a 

feature common to other X;autosome translocations, and the effect is that only loci on 

the active, translocated X chromosome fragments are expressed (Mattei et al., 1981; 

further discussed in Chapter 1, section 1.4). Therefore the expectation is that the 

translocation produces the disease by direct disruption to dystrophin gene expression. 

This prediction has been confirmed by mapping studies which have shown that the X 

chromosome breakpoints of 14 translocations all lie within the coding region of the 

dystrophin locus (Boyd et al.,1988; Meitinger et al., 1988; Giacalone and Franke, 1988; 

Bodrugetal., 1989; Bodrug et al.,1991).

Mapping studies have been performed by three principal methods of analysis. 

These are somatic cell hybrid analysis, pulsed field gel electrophoresis (PFGE), and in 

situ hybridisation. Of these, somatic cell hybrid analysis has established itself as the 

most versatile method. In situ hybridisation has proved most useful for obtaining key 

results not immediately obtainable by other methods. All the methods rely on the 

hybridisation of DNA probes from the DMD region and on recognising whether the 

signals detected derive from the normal X, the der(X) or the der(autosome). In in situ
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hybridisation the three chromosomes are identified at the microscope and the 

hybridisation signals for each chromosome are scored after examination of many 

metaphase spreads (Buckle and Craig, 1986; Boyd et al., 1986). Somatic cell hybrid 

construction physically isolates one of the translocation derivative chromosomes from 

the other and from the normal X chromosome in a rodent background, thus DNA 

prepared from these hybrids contains X chromosome DNA from only one side of the 

translocation breakpoint whose position can then be determined by Southern blot 

hybridisation analysis. The flexibility of this method of mapping is that a panel of 

characterised hybrids is always available for future experiments such as when new 

probes become available. PFGE analysis of translocation breakpoints is dependent on 

knowledge of the order of probes and of the long range map. When these are available, 

a translocation breakpoint position can determined by detecting a junction fragment 

produced by a rare cutting restriction enzyme, which is altered in size compared to the 

fragments detected in normal individuals (see Chapter 5, section 5.1 for a description 

of translocation junction fragments and their detection). This approach was adopted 

in the study of 10 DMD-associated X;autosome translocations by Meitinger et al. (1988). 

The mapping of the same 10 translocations was also performed by somatic cell hybrid 

analysis using genomic probes from the DMD region (Boyd et al., 1988). The 

diagrams summarising the results from these two studies are reproduced in figures 4.1 

and 4.2. Together with information about the topography of the DMD gene from other 

groups (for example den Dunnen et al., 1987; Burmeister et al., 1988), the results show 

that the translocation breakpoints occur throughout the DMD locus and that none lies 

outside the region of the gene encompassing the coding sequences. The studies also 

showed that two translocations not associated with DMD have breakpoints lying 

outside the DMD gene. Some of the DMD-associated translocation breakpoints were not 

resolved in these studies. For example, it was found that the breakpoints of KIY and 

EDN or of LAR and DEB may either coincide or be separated by up to around 100 kb 

(figures 4.1 and 4.2). The accuracy of the breakpoint positions obtained by these
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Figure 4.1 Summary diagram of the results of mapping DMD-associated 
translocation breakpoints within the DMD locus by somatic cell hybrid analysis 
(diagram reproduced from Boyd et al., 1988). a) Dark lines represent the 
locations of DMD-associated breakpoints and pale lines represent the locations 
of breakpoints from translocations not associated with DMD. b) The positions of 
probes used with respect to the DMD gene are indicated.
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methods is typically in the range of a few hundred kb. In the case of somatic cell 

analysis, the accuracy is determined by the number and positions of probes used in the 

study. The availability of the dystrophin cDNA has effectively increased the number 

of probes in this type of analysis since it hybridises to over 65 exons from the gene 

(Koenig et al., 1987). In this chapter, an improved map of translocation breakpoints 

within the DMD locus is described, by comparing somatic cell analysis results using 

cDNA probes with the most accurate physical map available of the exon positions.

Seven translocations are studied here and are listed in table 4.1. The breakpoint 

positions of these and seven additional breakpoints from the literature are compared 

with the physical DMD map determined by den Dunnen et al. (1989). The study of den 

Dunnen et al. included a definition of 115 deletions and 13 duplications from male 

DMD patients. In this chapter, the endpoints of these deletions and duplications are 

plotted and compared with the distribution of translocation breakpoints. This is 

probably the most appropriate method for comparing these types of mutation since it is 

more likely that sequences in the vicinity of the endpoints of deletions/duplications are 

involved in producing the mutations than sequences within the deleted/duplicated 

segment. The data of Koenig et al. (1989) from 258 deletions have not been added to 

those of den Dunnen et al. (1989) in case the same patients are represented in both sets of 

data, and because of minor discrepancies in the orders of exon containing restriction 

fragments.

If there are differences in the distributions of deletions/duplications and 

translocations, then this may indicate that the mechanisms producing them differ. 

Further information relevant to the mechanisms may be obtained by determining the 

parental origins of the mutations. A bias in the parental origin of the mutation may 

reflect the fundamental differences which exist in male and female gametogenesis 

(Chandley, 1991). In this chapter, the determination of the parental origin of the X;l 

translocation (WLS; see Chapter 1, table 1.1) is described and discussed in relation to 

other investigations on the parental origins of X;autosome translocations and DMD-
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Translocation
X;1

X;6

X;8
X;11
X;22
X;5
X;19

breakpoints
p21.2;p34

p21.2;q21

p21.2;q24.3
p21.2;q23.3
D21;q13
p21.2;q31.1
p21.2;q13

Cell line
WLS

EDN

KIY
LAR
DEB
HEM
ORI

Hybrid
WAG 8-1
WAG 21R-11
EDAG 2-9-8
EDAG3R
KIYAG 3-1 R1
LARAG3R
DAG 5-2
HEMAG N2
ORIM 7-1

Content
der(X)
der(1)
der(X)
der(6)
der(8)
der(11)
der(X)
der(X)
der(X) __

Table 4.1 List of the DMD-associated translocation hybrids used in this study. 
Fuller details on the derivation of the hybrids are provided in Chapter 2, section 2.1, 
and karyotype analysis of several of the hybrids is described in Chapter 3.



associated deletions.

Appropriate sections of the dystrophin cDNA clones were used in this investigation 

(kindly provided by L. Kunkel). These were, probe lb+2a, BamHI (nucleotide 406) to 

nucleotide 1538; probe 7b, Bglll (nucleotide 6509) to EcoRI (nucleotide 7002); probe 8, 

EcoRI (nucleotide 7002) to EcoRI (nucleotide 7866); and probe 10, BamHI (nucleotide 

9079) to BamHI (nucleotide 9786) (see Koenig et al., 1987; Koenig et al., 1988). All 

hybridisations were performed to Hindlll digested DNA, and the order and 

nomenclature of exon containing Hindlll (Hd) fragments used is as described by den 

Dunnen et al. (1989). The equivalent exon numbers are as described by Koenig et al. 

(1989).

4.2 Results

4.2.1 Mapping of the t(X;l) between Hd7 and Hd8 (intron 7)

The cDNA probe lb+2a which detects Hd fragments 5 to 9 (exons 5 to 11) was 

hybridised to a Southern blot of Hindlll digested DNA from the hybrids WAG 8-1 and 

WAG 21R-11 (figure 4.3). Exons 5 to 7 were detected in WAG 8-1, and exons 8 to 11 in 

WAG 21R-11, indicating that the breakpoint of the X;l translocation must lie between 

exons 7 and 8 (table 4.2). This confirmed the result obtained using the der(X) retaining 

hybrid alone by Bodrug et al. (1989) and demonstrated that there was no deletion or 

duplication of DMD exons in the vicinity of the X chromosome breakpoint. Detailed 

molecular investigation of the X;l translocation which is described later in this thesis 

revealed that this breakpoint is 10kb distal to exon 7 (Chapter 5, section 5.2.4). The 

position in relation to the physical DMD map shows that it lies approximately 50kb 

proximal to the cloned X;21 translocation breakpoint which is in the same intron 

(figure 4.4; Ray et al., 1985).

4.2.2 Mapping of three breakpoints between Hd31 and Hd34

The breakpoint positions of three translocations were determined from
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hybridisation of the cDNA probe 7b to Hindlll digested DNA of the relevant somatic cell 

hybrids (table 4.1). This probe detects Hd fragments 31 to 34, and encompasses the 160- 

180 kb intron containing the P20 locus (Blonden et al., 1991). The breakpoints of EDN 

(X;6) and KIY (X;8) were found to map to the intron between Hd31 and Hd32 (table 4.2). 

This intron contains the genomic locus J-Bir which is already known to lie on the 

proximal side of these breakpoints (Boyd et al., 1988; Meitinger et al., 1988). The 

interval between J-Bir and Hd32 (exon 44) is estimated to be around 100kb (from den 

Dunnen et al., 1989). Figure 4.5 illustrates that Hd34 is present in DNA of LARAG 3R 

while Hd32 and Hd33 are absent. This indicated that the translocation breakpoint of 

LAR (X;ll) is in the intron between Hd33 and Hd34 (exons 45 and 46; table 4.2). This 

intron is thought to be only 10-20 kb in size, and taking the size of the intron into 

consideration, it appears to contain more deletion/duplication endpoints than any other 

intron (see figure 4.4; den Dunnen et al., 1989). None of these three translocation 

breakpoints lies in the large intron which contains the P20 locus (Hd32-Hd33).

4.2.3 Mapping of two breakpoints between Hd35 and Hd41

Southern analysis using the cDNA probe 8 which detects Hd35 to Hd41 determined 

the breakpoint positions of two translocations in this region of the DMD gene. Figure 

4.6 illustrates that Hd35 is present in DNA from the hybrid DAG 5-2 and Hd37 to Hd41 

are absent. Hd36 could not be scored on this Southern blot, however, Hd36 and Hd37 both 

represent exon 48 since this exon contains a Hindlll site (den Dunnen et al., 1989). 

Therefore this result indicates that the translocation breakpoint of DEB (X;22) maps 

between Hd35 and Hd37 (exons 47 and 48; table 4.2; figure 4.4). From the physical map 

of the dystrophin gene reported by den Dunnen et al. (1989), it can be estimated that the 

X;22 breakpoint is probably between 10kb and 100kb distal to the breakpoint of LAR 

(X;ll; figure 4.4). Analysis revealed that the breakpoint of HEM (X;5) maps into the 

small (approximately 20kb) intron between Hd40 and Hd41 (exons 51 and 52; table 4.2; 

figure 4.4).
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Figure 4.5 Mapping of the X;ll (LAR) translocation breakpoint between Hd33 
and Hd34. Hybridisation of probe 7b to a Southern blot of Hindlll digested 
DNA revealed the absence of Hd32 and Hd33 (4.1 and 0.5 kb) and the presence 
of Hd34 (1.5 kb) in the der(ll) retaining hybrid LARAG 3R.
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Figure 4.6 Mapping of the X;22 (DEB) translocation breakpoint between Hd35 and 
Hd37. Hybridisation of probe 8 to a Southern blot of Hindlll digested DNA revealed 
the presence only of Hd35 (10 kb) in the der(X) retaining hybrid DAG 5-2. The 
absence of the 10 kb band in LAR is due to high molecular weight DNA degradation



4.2.4 Mapping of the t(X;19) in the distal region of the gene

Hybridisation of cDNA probe 10 to Hindlll digested DNA of the somatic cell hybrid 

ORIM 7-1 detected fragments Hd48 and Hd49 and not Hd50 and Hd52 to Hd 54 (figure 

4.7; table 4.2). The fragment Hd51 could not be scored due to co-migration of a hamster 

cross-hybridising band. This result indicates that the breakpoint of the X;19 

translocation lies distal to Hd49, however, since the order of Hd50 and Hd51 is 

unknown, its position relative to Hd51 is uncertain (see figure 4.8).

4.2.5 Determination of the parental origin of the X;l translocation

The probe 782 (DXS85) which maps to Xp22.3-p22.2 detects an RFLP in Southern blots 

of EcoRI digested DNA. The t(X;l) patient is heterozygous for this polymorphism, her 

mother homozygous for the 14 kb allele, and her father hemizygous for the 7kb allele 

(Boyd, personal communication). Probing of a Southern blot of der(l) retaining 

somatic cell hybrid DNA with DXS85 detected the 7kb allele (figure 4.9), indicating the 

paternal origin of the translocation. This result was confirmed independently through 

the use of the hypervariable probe M27(3 which can detect methylation differences at the 

Mspl/Hpall sites adjacent to this locus (Robinson et al., 1990). The recognition sites of 

these enzymes are the same but Hpall will only cut when it is unmethylated, and the 

methylation status at this site has been demonstrated to be associated with the 

inactivation status of the X chromosome (Boyd and Eraser, 1990). As the intact X 

chromosome of X;autosome translocations is invariably inactivated in preference for 

the der(X) (Mattei et al., 1981), analysis of the methylation pattern of the patient and her 

parents demonstrated that the chromosome carrying the methylated Mspl site resistant 

to Hpall digestion, hence the active der(X), was paternally inherited.

Strictly, the above data show that the X chromosome involved in the X;l 

translocation is paternally inherited but do not indicate the parental origin of the 

chromosome 1. If the translocation event occured prior to zygote formation, then both
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Figure 4.7 Mapping of the X;19 (ORI) translocation between Hd49 and 
Hd50/Hd51. Hybridisation of probe 10 to a Southern blot of Hindlll digested DNA 
revealed that Hd48 and Hd49 (6 and 3.5 kb) are present in the der(X) retaining 
hybrid ORIM 7-1. Hd50 (12 kb) could not be scored due to co-migration of a 
cross-hybridising hamster band.
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Figure 4.8 Alternative mapping positions of the X;19 (ORI) translocation depending 
upon the order of Hd49 and Hd50. Presence (+) or absence (-) of hybridisation of probe 
10 to Hd fragments in DNA from the der(X) retaining hybrid ORIM 7-1 is indicated 
(n - not determined).
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Figure 4.9 Demonstration of the parental origin of the X;l translocation. The 7 kb 
allele which is detected by the probe 782 was detected in DNA of the der(l) retaining 
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chromosomes involved would necessarily derive from the same parent. If, however, 

the rearrangement occurred after zygote formation, then it is possible that the 

chromosomes involved derived from the different parents (see Chapter 8, section 8.1 for 

discussion). The availability of the somatic cell hybrid WAG 8-1 which retains the 

der(X) but does not contain a normal chromosome 1 (see Chapter 3, section 3.2.2) would 

allow the parental origin of the chromosome 1 involved in the translocation to be 

determined assuming that RFLPs which map between Ipter and Ip34 are informative. 

The der(l) retaining hybrid WAG 21R-11 would not be useful in this study as it also 

contains the normal chromosome 1 from the t(X;l) patient (see Chapter 2, table 2.1).

4.3 Discussion

The DMD locus offers an unprecedented opportunity to characterise the distribution 

of mutations over an extensive genomic segment. The significance that can be drawn 

from the distribution of translocation breakpoints is somewhat restricted by the small 

number of cases so far studied. Therefore analysis of further cases remains critical in 

the context of a full understanding of the nature of this rare class of mutation in the 

DMD locus. Data are presented here on the refined mapping of seven translocation 

breakpoints with respect to exon containing Hindlll fragments from the dystrophin 

locus. The positions of these breakpoints on the physical map of the DMD locus 

reproduced from den Dunnen et al. (1989) are illustrated in figure 4.4. In this figure, 

the distribution of the endpoints of 115 deletions and 13 duplications is also shown (data 

from den Dunnen et al., 1989). There are two regions where deletion/duplication 

endpoints are predominantly located, one in the 5' region of the gene between Hd 

fragments 2 and 17 (containing the XJ and pERT87 loci) and the other between Hd 

fragments 31 and 46 (around the P20 locus). These deletion prone regions have also 

been described by others (Koenig et al., 1987; den Dunnen et al., 1987; Forrest et al., 

1987). Deletion/duplication breakpoints appear to be fairly evenly distributed within 

these regions and it is reported that there is no evidence of a deletion hot spot within the
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160-180kb P20 intron (Hd32-Hd33; Blonden et al., 1991). Although this intron is often 

referred to as the deletion prone intron, when its size is taken into consideration it can 

be seen that deletion endpoints occur less frequently here than within the adjacent 

genomic region on the distal side from Hd33 to Hd46 (see figure 4.4).

The presence of deletion prone regions could partly reflect ascertainment bias. 

Many DMD deletions were originally detected with genomic probes located in these 

regions and it is possible that such patients are over-represented in the cases selected 

for study with cDNA probes. The distribution of mutations from approximately 35% of 

male DMD patients is unknown, as presently their mutations have not been detected. 

These mutations may include point mutations and small deletions. Their distribution 

in the dystrophin gene could differ from that of the majority of male DMD patients with 

deletions. Only one point mutation has so far been described (Bulman et al., 1991), It 

is a G to T transversion at nucleotide 3677 within exon 26 (Hd20) producing an Amber 

stop codon. Additionally, it has been proposed that a small deletion/duplication in the 

portion of the gene coding for the triple-helical domain of dystrophin and which 

maintains the reading frame may produce an insignificant or very mild phenotype 

(Koenig et al., 1990). Such mutations may be predicted to occur in the interval between 

the two deletion prone regions.

By contrast, the distribution of translocation breakpoints would not be expected to 

reflect these biases. One possible ascertainment bias of translocations might be in the 

3' end of the gene, where translocations in the untranslated portion of the gene or 

causing small truncations of the C-terminus of dystrophin might produce milder 

phenotypes.

Data are available from the literature concerning the locations of seven 

translocation breakpoints additional to those reported here and are included in figure 

4.4. Two translocation breakpoints, an X;ll and an X;5 lie within the first DMD 

intron (Bodrug et al., 1989). The PFGE data of Meitinger et al. (1988) place the X;5 

translocation in the distal portion of the intron. The location of the cloned X;21
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translocation breakpoint within intron 7 is precisely known (Ray et al., 1985). 

Giacolone and Francke (1987) have identified an X;4 translocation whose X 

chromosome breakpoint is 10 kb proximal to the genomic clone pERT87-15 and 

therefore just proximal to Hdl4. Bodrug et al. (1990) have mapped a different X;4 

translocation to the intron between Hd40 and Hd41, the same small intron to which the 

X;5 translocation (HEM) has been mapped in this study. The best information 

regarding the location of the X;3 translocation (VSN) is from PFGE studies (van 

Ommen et al., 1987; Meitinger et al., 1988). Thus DMD-associated translocation 

breakpoints are distributed throughout the dystrophin locus from the first intron (X;5 

and X;ll) up to the X;19 and X;2 breakpoints in the vicinity of Hd50 (figure 4.4).

Three of the 14 translocations whose mapping positions are illustrated in figure 4.4 

are associated with a distinctly milder phenotype than classical DMD. They are the 

X;21, X;8 and X;ll (LAR) translocations (Verellen et al., 1984; Narazaki et al., 1985; 

Nielsen et al., 1983). There appears to be no correlation between the breakpoint position 

within the DMD locus and the severity of the phenotype (see figure 4.4). Several 

translocations positioned 3' of these produce severe phenotypes and therefore severity 

cannot be correlated with the amount of the locus potentially transcribed. In keeping 

with this observation, the X;6 and X;8 translocation breakpoints which lie in the same 

intron (Hd31-Hd32) are associated with contrasting phenotypes (Zatz et al., 1981; 

Narazaki et al., 1985). Therefore a more likely explanation for the differing 

phenotypes of these patients is that the milder phenotypes are due to transcription of 

dystrophin loci from a small number of active intact X chromosomes in these patients 

(Boyd et al., 1986). The possible effect that the autosomal breakpoint position could have 

on the inactivation bias and hence on the severity of DMD expression is discussed in 

Chapter 1, section 1.5.

There are noteworthy similarities between the distribution of translocation 

breakpoints with that of deletion/duplication endpoints and noteworthy differences. 

Firstly, nine of the fourteen translocation breakpoints are within the deletion prone
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regions while these regions represent less than half of the DMD locus, around 

100072300kb, although this association is not statistically significant (P < 0.01). 

Additionally the observation that six are within the 3' deletion prone region and three 

within the 5' region mirrors the distribution of deletions/duplications. Secondly, it is 

apparent that while no translocation breakpoint lies in the interval between the deletion 

prone regions, five translocation breakpoints do lie outside the deletion prone regions. 

Two are within the first intron which is around 200kb in length. Interestingly, no 

deletion or duplication endpoint has been localised to this intron despite its size and the 

number of cases studied (Koenig et al., 1989, studied 273 deletions). Three 

translocation breakpoints lie distal to the 5' deletion prone region in a part of the gene 

where few deletion endpoints have been observed.

At present it is unclear whether ascertainment bias or a difference in the aetiology 

of mutation is the main reason for the different distributions. A clue however is 

suggested from the study of the parental origins of the mutations. Eight DMD- 

associated translocations have been studied in this respect including the t(X;l) 

described here (Robinson et al., 1990; Bodrug et al., 1990) and all are paternal in origin 

(table 4.3). Five additional X;autosome translocations are paternal in origin 

(Robinson et al.,1990; Verga et al., 1991). The probability that this is a chance deviation 

from a 50:50 ratio is less than 1 in 4000. All of these X;autosome translocations exist in 

females. Males with X;autosome translocations do exist (Schinzel, 1983). Mendelian 

inheritance would predict that they inherited the translocation from their mothers 

although this has not been confirmed by linkage analysis. If X;autosome 

translocations are rarely produced in oogenesis then males with these rearrangements 

would be rare also. In the records of the Department of Medical Genetics in Oxford, 

there are nine females and two male that have been identified with an X;autosome 

translocation. Worldwide, there are 24 females with DMD and an X;autosome 

translocation but no male has been identified (Boyd, 1991). This might further indicate 

that males with X;autosome translocations are rare, since if the breakpoint disrupted
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Translocation
X;l (WLS)
X;l
X;2 (TM)
X;2
X;3 (VSN)
X;3
X;3
X;4
X;4
X;4
X;5 (HEM)
X;5 (LUM)
X;6 (EDN)
X;6
X;8 (KIY)
X;9 (GM6007)
X;9 (LC)
X;9
X;ll (LAR)
X;ll
X;15
X;19 (OKI)
X;21 (FRA)
X;22 (DEB)

Breakpoints
p21.2;p34
p21;q23
p21.2;q37.3
P21;ql4
p21.2;q!3.3
p21.2;q25.3
p21;q27
p21;q35
p21.1;q26
p21;q31.2
p21.2;q31.1
p21.1;q35.3
p21.2;q21
p21;q!6
p21.2;q24.3
p21;p22
p21.2;q21.3
p21;p21
p21.2;q23.3
p21;q!3
p21;q26
p21.2;ql2orq!3.1
p21.1;p!2
p21;q!3

Parental origin
Paternal

Paternal

Paternal

Paternal

Paternal
Paternal

Paternal

Paternal

Reference
Lindenbaum et al., 1979
personal communication
Holdenetal., 1986
personal communication
Canki et al., 1979
personal communication
personal communication
Bodrug et al., 1990
personal communication
Giacalone and Franke, 1988
Nevin et al., 1986
Jacobs et al., 1981
Zatzetal., 1981
Perez-Vidal et al., 1983
Narazaki et al., 1985
Emanuel et al., 1983
Robinson et al., 1990
Nielsen and Nielsen, 1984
Nielsen et al., 1983
Greenstein et al., 1977
Ribeiro et al., 1986
Boyd et al., 1988
Verellen-Dumoulin et al., 1984
Boyd et al., 1988

Table 4.3 Table of the 24 known cases of X;autosome translocation (Boyd, 1991) indicating 
the parental origins of the translocations where this has been studied.



the DMD locus then a male would be expected to express the disease. It is possible, 

however, that such males have not been identified due to ascertainment bias. There is 

a case of Menke's syndrome in a male patient who has an X chromosome 

rearrangement. The rearrangement is an insertion of a block from the X chromosome 

long arm (q!3-q21.2) into the short arm at Xpll.4 (Horn and Tonneson, personal 

communication). By contrast, evidence from the study of deletion/duplication 

mutations, does not suggest that there is a biased parental origin. Bakker et al. (1989) 

studied the origin of 41 new mutations (deletions and duplications) in boys and found 

that in 27 cases the mutation was not present in the mother, indicating that the 

mutations had occurred in her germline. In nine of the remaining cases the mother 

carried the mutation on the grandmaternal chromosome, and in 5 cases she carried the 

mutation on the grandpaternal chromosome. Therefore, by comparison of the numbers 

of mutations originating in grandparents, Bakker et al. concluded from the small set 

of data that 'the mutation rates for DMD in grandparental male and female X 

chromosomes are equal for each chromosome'. It would appear from these data that 

differences in the parental origins of deletions/duplications and of translocations 

exist which may reflect differences in the mechanisms responsible for producing them 

or differences in the processes of male and female gametogenesis.

The clearest indications as to what mechanism might cause a translocation must be 

obtained by examining the DNA sequence in the vicinity of the breakpoints. For this 

reason, the work described in the following three chapters involves the detailed 

analysis and sequencing of a single translocation.
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Chapter 5 Characterisation of the X:l translocation breakpoints

5.1 Introduction

The following three chapters (5, 6 and 7) concern the detailed investigation of a 

single translocation. Each chapter describes a similar type of analysis performed 

during the course of the investigation, therefore the work is not described in the same 

order as it was performed. The main part of the work described in this chapter is the 

characterisation of the X;l translocation by restriction mapping and Southern blot 

analysis. The derivation of many of the cloned DNA segments and probes 

characterised in this chapter is described in detail in Chapter 6. Therefore only brief 

descriptions with cross references are included in the text here.

The principal objective of cloning and sequencing the breakpoints of the t(X;l) was 

to elucidate the mechanisms which were involved in producing the translocation. The 

scope of this thesis permitted only one translocation to be studied at this resolution 

although it is likely that the study of several will be necessary in order to determine the 

aetiology of this class of chromosome rearrangement.

The t(X;l) patient lived in the Oxford area and the diagnosis of muscular dystrophy 

at 5 years of age, followed by the identification and characterisation of the 

chromosomal rearrangement, were all made locally (Lindenbaum et al., 1979). She 

manifested classical DMD symptoms and died just before her 16th birthday 

(Lindenbaum, personal communication). This case was among the first described of 

24 females now known with DMD and an Xjautosome translocation involving Xp21 

(Boyd, 1991). A detailed cytogenetic characterisation of the X;l translocation is not 

included in this thesis since it has been performed previously by others (Lindenbaum et 

al., 1979; Boyd and Buckle, 1986; Clarke, unpublished observations). Figure 5.1 

illustrates reproduced partial G-banded karyotypes prepared from peripheral blood 

lymphocytes of the patient. The translocation breakpoints were identified at Xp21 and 

Ip34. An abnormal cytogenetic observation accompanies the identification of the
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Figure 5.1 Partial G-banded karyotypes of the X;l translocation patient (WLS). 
Photographs were kindly supplied by G Clarke.
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Figure 5.2 The detection of the junctions fragments of an X;autosome 
translocation. Dark lines represent X chromosome DNA and pale lines represent 
autosome (A) DNA. The sites of hybridisation of X chromosome probes proximal 
(P) and distal (D) to the breakpoint position; and the restriction fragments 
generated by digestion of the DNA are indicated.



translocation. This is that the remnant Xp21 band on the der(X) is closer than expected 

to the centromere as judged by comparing the banding patterns of the X and der(X) 

chromosomes. The simplest interpretation to account for the banding pattern, a three- 

break rearrangement involving a small paracentric inversion on Xp associated with 

the translocation, was the structure of the rearrangement suggested by the original 

investigators (see Chapter 1, section 1.5, figure 1.3). By cloning the breakpoints of this 

translocation, I have been able to test this interpretation. The results presented in this 

chapter indicate that a three-break rearrangement is not responsible. Alternative 

structures for the rearrangement are discussed in section 5.3.

A practical reason for cloning the X;l translocation in preference to one of the other 

translocations which are described in Chapter 4 was that the X breakpoint was localised 

to a relatively narrow 20 kb interval (described in section 5.2.1). Furthermore, a 

cosmid spanning the region was made available for the purpose.

The first stage in the strategy I adopted to clone the breakpoints of the X;l 

translocation was to isolate an X chromosome probe close enough to the breakpoint to 

detect junction fragments. A junction fragment is a restriction fragment which spans 

the der(X) or der(l) translocation junction. It can be detected by Southern analysis, and 

is altered in size compared to the restriction fragment detected by the same probe in a 

normal individual. For example, figure 5.2 illustrates a hypothetical restriction map 

around the breakpoints of an X;autosome translocation. Probe D is an X chromosome 

probe which lies distal to the breakpoint and detects a 5 kb fragment in a normal 

individual. When hybridised to DNA from the translocation patient, probe D will 

detect two fragments. One is the 5 kb fragment from the normal X chromosome while 

the other is a fragment from the der(autosome) chromosome which spans the 

translocation junction and is 4 kb in size. Probe P is proximal to the translocation but 

detects the same 5 kb band in a normal individual as probe D. When hybridised to 

DNA from the translocation patient, probe P detects the 5 kb fragment from the normal 

X chromosome and a 3 kb band which is the der(X) junction fragment. If the
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restriction map of the X chromosome region around the breakpoint is known, then the 

sizes of junction fragments can be used to predict the positions of the restriction sites 

which flank the autosomal breakpoint. Information derived in this way was used to 

design experimental conditions for the amplification and cloning of the t(X;l) junction 

fragments by inverse PCR (described in Chapter 6). Figure 5.3 summarises the 

procedure used although the sizes and positions of probes and restriction fragments are 

invented. Firstly, an X chromosome probe (1) was isolated distal to the breakpoint and 

which detected the der(l) junction fragment (2). This probe was sequenced and the 

der(l) junction fragment was amplified and cloned by inverse PCR. A subclone of this 

fragment proximal to the junction (3) was used to probe Southern blots and detected the 

same der(l) junction fragment but also detected a normal chromosome 1 restriction 

fragment (4). This probe was sequenced and the restriction fragment spanning the 

chromosome 1 breakpoint was amplified and cloned by inverse PCR. A probe distal to 

the chromosome 1 breakpoint was isolated (5) and found by Southern analysis to detect 

the der(X) junction fragment (6). Finally, sequence proximal to the X chromosome 

breakpoint (7), was used to amplify the der(X) junction fragment by inverse PCR (8).

The cloning and sequencing of the t(X;l) is described in three chapters. This 

chapter describes all of the restriction mapping, Southern blot characterisation and 

related studies necessary to provide the basis for the subsequent cloning of the 

breakpoints. Chapter 6 describes the inverse PCR approach adopted and the cloning of 

amplified DNA. Chapter 7 describes the detailed analysis of the sequence 

rearrangement involved in the translocation and of flanking DNA.

Two additional experiments are described in this chapter. The first is the 

localisation by in situ hybridisation of a probe from the autosomal breakpoint region of 

the t(X;l) to the expected site on the chromosome 1 short arm (Ip34). The second is the 

characterisation of an RFLP detected by a probe adjacent to the X chromosome 

breakpoint of the X;l translocation and which is useful in linkage analysis of families 

with Duchenne muscular dystrophy.
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Figure 5.3 Summary of the proceedure used to clone the X;l translocation. X 
chromosome DNA is represented by dark lines and chromosome 1 DNA is 
represented by pale lines. Details are given in the text (section 5.1). Restriction 
sites are invented for the purpose of the diagram.
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Figure 5.4 Mapping of the X;l translocation breakpoint proximal to the genomic 
probe J-MD1. Probing of a Southern blot of Hindlll digested DNA revealed a 
hybridisation signal (1.6 kb) in the der(l) retaining hybrid WAG 21R-11 and no 
signal in the der(X) retaining hybrid WAG 8-1.



5.2 Results

5.2.1 Hybrid mapping

The somatic cell hybrids WAG 8-1 and WAG 21R-11 (see Chapter 2, table 2.1) 

retaining the reciprocal der(X) and der(l) chromosomes respectively from the X;l 

translocation were used to identify the X chromosome breakpoint position (see Chapter 

4, section 4.1 on mapping by somatic cell hybrid analysis). Intragenic genomic and 

cDNA probes of known order from the DMD locus were hybridised to Southern blots of 

DNA from both hybrids. J-MD1 and J-MD2 are single-copy genomic DNA probes 

isolated from around the endpoint of a deletion from a male DMD patient (Monaco et 

al., 1987). Figure 5.4 illustrates that the probe J-MD1 hybridises to DNA from WAG 

21R-11 but not to DNA from WAG 8-1. Therefore the X chromosome breakpoint is 

proximal to J-MD1. Figure 5.5 illustrates, however, that J-MD2 hybridises to DNA 

from WAG 8-1 and therefore the X chromosome breakpoint must lie distal to this probe. 

The hybridisation of a cDNA fragment representing exons 5 to 11 to DNA from both 

hybrids was illustrated in Chapter 4 (figure 4.3). Three exon-containing restriction 

fragments were detected in the hybrid WAG 8-1 and two in WAG 21R-11. This 

indicated that the cDNA fragment spanned the t(X;l) X chromosome breakpoint. 

Fragments representing exons 5 to 7 are present in WAG 8-1 and fragments 

representing exons 8 to 11 in WAG 21R-11. The results obtained from these 

experiments are summarised in figure 5.6. They predict that the X chromosome 

breakpoint is between DMD exon 7 and the genomic clone J-MD1. These results 

confirm and extend those of Bo drug et al. (1989) who used the der(X) retaining hybrid 

only, and Meitinger et al. (1988) who detected the der(X) and der(l) Sfil junction 

fragments by PFGE analysis (see Chapter 4, section 4.1 on translocation mapping by 

PFGE).

A cosmid, XJC-5, was obtained which spanned the genomic interval between exon 7 

and J-MD1. This cosmid is a walk from the t(X;21) breakpoint which lies within the
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same intron as the t(X;l) (see Chapter 4) and was kindly supplied by Henry Klamut, 

Peter Ray and Ron Worton (Toronto) who had already partially mapped the insert of 

the cosmid with respect to EcoRI and Hindlll restriction sites. This map is illustrated 

in figure 5.7 and indicated clearly that the breakpoint interval between exon 7 and J- 

MD1 was around 20 kb. This region was further characterised in order to identify the 

precise translocation breakpoint position on the X chromosome. This was performed by 

subcloning DNA fragments from the cosmid insert.

5.2.2 Characterisation of the X chromosome breakpoint region

The cosmid XJC-5 was digested with combinations of the restriction enzymes 

Hindlll, EcoRI and PstI and the fragments generated were separated by electrophoresis 

in order to confirm the restriction map for this region [figure 5.8(a)]. The gel was 

blotted and probed with total human DNA to search for segments devoid of repetitive 

sequences and therefore likely to be useful as probes [figure 5.8(b)j. A 4.6 kb Hindlll 

fragment (which gave a weak signal after hybridisation with total human DNA) was 

chosen in the first instance (see figure 5.7) and was purified by gel-elution. Southern 

analysis was performed using competitive DNA hybridisation to reduce the 

hybridisation of repetitive sequences from within the 4.6 kb fragment (Sealey et al., 

1985). The 4.6 kb probe detected a 9.5 kb BamHI fragment in the hybrid WAG 8-1 

(figure 5.9). This band was smaller than that detected in a normal individual 

(approximately 15 kb), suggesting that the der(X) junction fragment had been 

identified, although a possibility existed that the 9.5 kb and 15 kb BamHI fragments 

represented alleles of an RFLP and that the der(X) junction fragment had not been 

detected. However, if the assumption was made that the 9.5 kb fragment was the der(X) 

junction fragment, then the result refined the X chromosome breakpoint position to the 

interval of around 14 kb between this 4.6 kb Hindlll fragment and J-MD1 (figure 5.7). 

The breakpoint could actually lie within the 4.6 kb Hindlll fragment, although not in 

the proximal portion otherwise the probe would not have hybridised to DNA from the

66



J-MD1

Hindlll 
4.6

r 5kb

Exon 7

- 0

H

H 

E

Txpter

•H

E 

•E

H 

H

•H Xcen

Figure 5.7 Preliminary restriction map supplied by H Klamut, P Ray and R 
Worton of the Hindlll and EcoRI sites within the genomic DNA region surrounding 
the X chromosome breakpoint of the X;l translocation.
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Figure 5.8 a) Restriction digests of the cosmid XJC-5 which spans the X 
chromosome breakpoint of the X;l translocation. b) Southern blot of this gel probed 
with total human DNA in order to identify which fragments contain repetitive 
DNA sequences.
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Figure 5.9 Detection of the BamHI der(X) junction fragment. A 9.5 kb fragment was 
detected in DNA from the der(X) retaining hybrid WAG 8-1 by Southern analysis 
using a 4.6 kb Hindlll fragment gel-eluted from the cosmid XJC-5 as a probe. The 9.5 
kb signal was absent in DNA from a human control and a mouse/human hybrid 
(KIYAG 3-1R1) not containing this portion of the X chromosome.



der(X) retaining hybrid. While performing these experiments, data from 

simultaneous subcloning and restriction mapping experiments of DNA fragments 

from the cosmid predicted that the 4.6 kb Hindlll fragment and DMD exon 7 were 

within the same 15 kb BamHI fragment (see section 5.2.3, figure 5.11). The cDNA 

probe lb+2a (see Chapter 4) which includes exon 7, would therefore be expected to detect 

the same 15 and 9.5 kb BamHI fragments (in addition to bands corresponding to other 

exons detected by this cDNA fragment). Southern blot hybridisation confirmed this 

expectation and is illustrated in figure 5.10.

5.2.3 Subcloning of the X chromosome breakpoint region

Cosmid fragments which spanned the region containing the X chromosome 

breakpoint were subcloned into pUC18. Two 'shotgun' cloning experiments were 

performed, where the cosmid DNA was digested using Hindlll in the first experiment 

and using Xbal in the second. In the first experiment a clone was identified, C5-75, 

which contained two adjacent Hindlll fragments of 1.6 kb (corresponding to the 

genomic clone J-MD1) and 9 kb in length (see figure 5.11). Thus this clone was either 

produced by double cloning of the two fragments which by chance retained their 

original orientation with respect to each other, or else the entire 10.6 kb was cloned in 

one piece and had not been completely digested prior to ligation. The insert of C5-29 

which was isolated from the Xbal 'shotgun' cloning experiment contained a 4 kb insert 

which overlapped the insert of C5-75 (figure 5.11). Together, these clones span 13 kb 

and cover the expected breakpoint site between the 4.6 Hindlll fragment and J-MD1 

(section 5.2.2). The inserts of both clones were mapped with respect to the cutting sites of 

six restriction endonucleases: EcoRI, Hindlll, PstI, Xbal, EcoRV and BamHI. For 

example, figure 5.12 shows a gel of the single and double digests in all combinations of 

six restriction enzymes of the 9 kb Hindlll fragment of C5-75, together with the result of 

probing a blot of the gel with total human DNA to identify fragments containing 

repetitive sequences. Similar analyses were performed of C5-29 and other subcloned
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(see Chapter 4, section 4.1). A 9.5 kb fragment was detected in BamHI digested 
DNA of the der(X) retaining hybrid WAG 8-1 and not in DNA of a control human.
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Figure 5.11 a) Detailed restriction map of the genomic interval between the genomic 
probes J-MDl and J-MD2. Restriction sites are Hindlll (H), Xbal (X), Psti (P), EcoRI (E), 
PvuII (PV), Bamffl (B) and EcoRV (EV). An EcoRI site found to be polymorphic is 
marked with an asterisk, b) DNA fragments subcloned from the cosmid XJC-5.
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Figure 5.12 Restriction map analysis of the 9 kb insert of C5-75. Tracks 1 and 23 are 
Hindlll digested X. a) Ethidium bromide-stained fragments generated by digestion 
with 1, X/PV; 2, P/PV; 3, P/X; 4, B/PV; 5, B/X; 6, B/P; 7, EV/PV; 8, EV/X; 9, EV/P; 10, 
EV/B; 11, E/PV; 12, E/X; 13, E/P; 14, E/B; 15, E/EV; 16, P; 17, X; 18, P; 19, B; 20, EV; 
and 21, E. Restriction enzymes are EcoRI (E), EcoRV (EV), BamHI (B), PstI (P), 
Xbal (X) and PvuII (PV). b) Southern blot of the same gel probed with total human 
DNA to identify which fragments contain human repetitive sequences.



DNA fragments. The locations of C5-75, C5-29, and other subclones are shown in 

figure 5.11 with the full deduced restriction map between exon 7 and J-MD1. This map 

is consistent with the published restriction map for the enzymes EcoRI and Hindlll of 

50 kb cloned DNA surrounding the endpoint of the J-MD deletion (Monaco et al., 1987). 

The position of this deletion endpoint is within an approximately 2 kb region of DNA 

immediately distal to the insert of the subclone C5-75pl (see figure 5.11).

5.2.4 Detection of the der(l) junction

A 600 bp Hindlll, Xbal single copy fragment, Alfl (the overlap of C5-75 and C5-29; 

see figure 5.11), was subcloned and found in Southern blot analysis to detect altered 

fragments (hence the name A If 1) in the t(X;l) patient's DNA for five out of six 

restriction enzymes tested (see figure 5.13). An altered fragment was detected in Xbal 

digests but not Hindlll digests, which indicated that the breakpoint must lie beyond the 

Hindlll site of Alfl (i.e. proximal to the probe). This was confirmed by detecting a 10 

kb BamHI junction fragment in the der(l) retaining hybrid WAG 21R-11 and not in 

WAG 8-1 which retains the der(X) (figure 5.14). The same BamHI junction fragment 

was shown not to be present in eight additional unrelated individuals (seven of them 

female, therefore representing 15 X chromosomes; figure 5.15). As the detailed 

restriction map of the X chromosome was known, the sizes of junction fragments 

indicated the positions of restriction enzyme cutting sites beyond the translocation 

breakpoint (figure 5.16). These sites were presumed, but not yet proven, to lie on 

chromosome 1. This information was important for two reasons. Firstly, it allowed 

refined positioning of the X chromosome breakpoint. The proximal limit was now 

defined by the chromosome 1 PstI site estimated to be 300 bp from the distal limit of the 

breakpoint which was the Hindlll site of Alfl (see figures 5.13 and 5.16). Therefore the 

X;l translocation junction was found to lie approximately 1.5 kb to 4 kb proximal of the 

J-MD deletion endpoint (Monaco et al., 1987; see figure 5.16). Secondly, this detailed 

information was required for the design of conditions required by the inverse PCR
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junction fragments are Xbal (2.7 kb), Psti (1.6 kb), EcoRV (6.5 kb), BamHI (10 kb) and 
EcoRI (15 kb). The EcoRI fragment in the control human (female) track appears to be 
a doublet. Further investigation revealed that Alfl detects an EcoRI polymorphism 
(section 5.2.8).
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WAG 21R-11 and not the der(X) retaining hybrid WAG 8-1.

XXX5XXXXX

15kb 

10kb

Figure 5.15 Confirmation that the altered BamHI fragment (10 kb) detected in the 
X;l translocation patient (WLS) is not detected in seven normal females (XX) or in 
a normal male (XY).
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Figure 5.16 Determination of the restriction map around the der(l) junction by Southern analysis 
using the probe Alfl. The sizes of restriction fragments detected by Alfl are indicated in b) (solid 
lines, normal X chromosome fragments and dotted lines, der(l) fragments). The positions of 
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a template for an inverse PCR (Chapter 6). Two clones, Al and A4, spanning the der(l) junction 
were isolated from the amplified DNA.



amplification strategy used in Chapter 6 to clone the der(l) junction fragment. The 2.7 

kb Xbal junction fragment was chosen as a template for inverse PCR (see figure 5.16).

5.2.5 Preliminary characterisation of the cloned der(l) junction and detection of 

normal chromosome 1 restriction fragments

The cloning of the der(l) junction is described in Chapter 6, section 6.2.1. Two 

identical 2 kb clones (Al and A4) containing the 2 kb Hindlll/Xbal der(l) junction 

were isolated (see figure 5.16). The insert of Al was gel-purified and digested using 

combinations of the restriction endonucleases PstI, PvuII and Aval. A gel of the 

restriction fragments generated and the result of probing a blot of this gel with total 

human DNA are illustrated in figure 5.17. This experiment permitted the construction 

of the restriction map of the 2 kb Al fragment which is illustrated in figure 5.18. The 

distal 320 bp Hindlll/PstI portion of this DNA segment is the expected site of the der(l) 

junction (see figure 5.16). Repetitive human DNA was detected within the insert of Al 

and was localised to the 880 bp Aval/PstI restriction fragment (figure 5.17; figure 5.18). 

A 430 bp Aval/PstI fragment (named AP430) which lies between the fragment 

containing the repetitive DNA and the expected site of the der(l) junction (figure 5.18) 

was gel-purified from the Al insert and used as a probe in Southern blot analysis. 

Sequencing of the der(l) junction later revealed that the repetitive DNA within the 880 

bp Aval/PstI fragment is an Alu element (Chapter 7, section 7.2.2.2).

AP430 was found in Southern blot analysis to detect the same altered restriction 

fragments in the t(X;l) patient's DNA as Alfl. This is illustrated for the restriction 

enzymes PvuII, SstI and Bglll in figure 5.19, and confirms that both probes are located 

within the der(l) junction fragments produced by these enzymes. However, the other 

fragments detected in the t(X;l) patient's DNA which are the same as in the control 

DNA, were different from the normal X chromosome bands detected by Alfl. These 

fragments must represent restriction fragments from the normal chromosome 1 

breakpoint region (assuming that the translocation is a simple two-breakpoint
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Figure 5.17 a) Restriction digests of the insert of the clone Al which spans the 
der(l) junction run on a gel and stained with ethidium bromide, b) Southern blot 
of the same gel probed with total human DNA to identify fragments containing 
human repetitive sequences. The smallest fragment containing repetitive DNA 
is an 880 bp Pstl/Aval fragment.
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rearrangement) and therefore confirmed that Alfl and AP430 must flank the der(l) 

junction. Thus Southern blot analysis obtained using probe AP430 provided data from 

which a preliminary restriction map around the chromosome 1 breakpoint was 

constructed [Chapter 6, figure 6.5(a)]. This information was used to amplify and clone 

the region by inverse PCR (Chapter 6, section 6.2.2).

5.2.6 Preliminary characterisation of the cloned chromosome 1 breakpoint region and 

detection of the der(X) junction

The cloning of DNA from around the chromosome 1 breakpoint region following 

two independent inverse PCR amplifications is described in Chapter 6, section 6.2.2. 

The location of clones and the restriction map of the cloned region which extends 2 kb 

distal of the expected breakpoint site was determined by digestion of these clones with 

EcoRI, Hindlll, PstI, Xbal, EcoRV and BamHI (figure 5.20). The insert of one clone, 

PPii, proved to be a useful single copy DNA probe. In Southern blot analysis of DNA 

from normal individuals, the gel-purified insert of PPii generally detected the same 

restriction fragments in a normal individual as AP430 (for example Kpnl, Pvull, Ssti 

and Bglll; figure 5.21), thus confirming that the expected DNA had been amplified and 

cloned. However the junction fragments which were detected in the t(X;l) patient's 

DNA differed in size from those detected by AP430, and thus confirmed that AP430 and 

PPii must flank the breakpoint site. Figure 5.22 illustrates the hybridisation pattern of 

PPii to a Southern blot of BamHI digested DNA from the somatic cell hybrids WAG 8-1 

and WAG 21R-11 and control DNA. Two bands of 13 kb and 6 kb are detected in a 

normal individual (track 1) since PPii contains a BamHI restriction site (see figure 

5.23). The 6 kb fragment must lie proximal to the 13 kb fragment as AP430 detects the 6 

kb BamHI fragment (not shown). An altered band of 9.5 kb is detected in cell line 

DNA from the translocation patient in addition to both normal bands. In DNA from the 

der(X) retaining hybrid WAG 8-1, the normal 13 kb and the altered 9.5 kb bands are 

detected. Therefore both these bands represent the der(X). The altered band (9.5 kb) is
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not detected in WAG 21R-11, however both normal fragments are present (13 kb and 6 

kb). This can be attributed to the presence of normal chromosome 1 in this hybrid 

(Chapter 2, table 2.1). A further finding of this hybridisation was that cross 

hybridisation of PPii was observed to a mouse 7.5 kb fragment indicating DNA 

sequence conservation between mouse and the human. The significance of this is 

explored further in Chapter 7, section 7.2.3.

The sizes of der(X) junction fragments detected by PPii were significant in two 

respects. Firstly, they were as would be expected for a two breakpoint translocation, i.e. 

they were consistent with known X chromosome restriction enzyme sites proximal to 

the breakpoint position. For example, PPii detects a 9.5 kb BamHI der(X) junction 

fragment (figure 5.22). This is the same size as the BamHI junction fragment that was 

detected earlier by X chromosome probes proximal to the breakpoint (see section 5.2.2). 

This therefore was the first evidence that the translocation being studied was a two 

breakpoint rather than a three breakpoint rearrangement involving an inversion of X 

chromosome material as originally described (Lindenbaum et al., 1979). Secondly, 

the sizes indicated that no significant (i.e. not detectable by Southern analysis; not 

larger than about 100 bp) deletion, duplication or insertion was associated with the 

translocation in the vicinity of the breakpoints. A full restriction map of the X;l 

translocation regions and of the junction fragments could finally be constructed and is 

illustrated in figure 5.24.

5.2.7 Localisation of PPii to Ip34 by in situ hybridisation

In order to confirm that the rearrangement cloned in the work described here was 

indeed the X;l translocation and not another rearrangement coincidentally present in 

the patient (for instance the breakpoints may have been cloned of an inversion on Xp, 

present in addition to the translocation), an in situ hybridisation was performed of 

PPii to BudR-replication banded male metaphase chromosomes (in collaboration with 

S. Holt, MRC Radiobiology Unit, Harwell). Full karyotype analysis of 37 metaphases
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detected 26.9% (46/171) of scored grains on chromosome 1 and no other peak of 

hybridisation (figure 5.25). A further 53 cells were partially analysed and 41 grains 

were scored from 32 chromosome Is. Out of a total of 87 grains scored on chromosome 1, 

41 (48%) were in the region Ip35-p33 and 28 of these (32%) were in Ip34 (figure 5.26). 

Seven chromosomes with a grain on Ip34 are illustrated in figure 5.27. These results 

confirm that the X;l translocation junctions have been cloned and also confirm the 

original cytogenetic assignment of the chromosome 1 breakpoint to Ip34 (Lindenbaum 

et al., 1979; Boyd and Buckle, 1986). Sequencing the X;l translocation breakpoints 

revealed that PPii lies in an intron of the gene for the leukocyte antigen related protein 

(LAR; see Chapter 7, section 7.2.2.2). Therefore the localisation of PPii to Ip34 refines 

the localisation of the gene for LAR (Cockburn et al., 1991).

5.2.8 Detection of an EcoRI polymorphism in intron 7 of the DMD gene

Probing of a Southern blot of EcoRI digested DNA from a normal female using the 

probe Alfl revealed that the 9 kb band detected might be a doublet (see figure 5.13). On 

examination of the X chromosome restriction map (figure 5.11), an EcoRI recognition 

site 3. kb proximal to Alfl was identified whose absence/presence would produce two 

restriction fragments of 9kb and 8.2 kb respectively. If this was the cause of the 

apparent polymorphism, then double digestion using EcoRI in combination with 

BamHI, PstI or EcoRV would result in improved resolution of alleles (see figure 5.11). 

A Southern blot of EcoRI/EcoRV digested DNA from 20 unrelated females was probed 

with Alfl (figure 5.28). Two alleles of 4 kb and 3.2 kb were detected. This confirms 

that the presence/absence of the EcoRI site 3.kb proximal to Alfl is responsible for the 

polymorphism. Thirteen alleles of 4 kb and 27 of 3.2 kb were detected. Nine out of the 

20 females tested were heterozygous (45%). The alleles of 11 additional X chromosomes 

from unrelated individuals were also determined (not shown) bringing the total 

number of the rarer large alleles to 16/51 (31%) and of the commoner small alleles to 

35/51 (69%). The expected heterozygote frequency in females is therefore 43%. This is

72



: 
{
J

• ••» • •• 4 
II IIIMMIBIMBII ••• :.: AvufH.-..:.*

2

mmtti t &iuu  ( ut it i fmtmmmmfa'u it 
6 7 B 9

uuIxjuLfluAi (Mi AiTniiLfi ii««_MAjLUi 

10 11 12

,.r,,.s^t ,.,,..,,Vi, S..TJ.*, ,v,,,«j matin ,••*••• ,.11
J5 16 17 18 19 ?0

,r»iin
2? X
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hybridisation to PPii. The peak of hybridisation is on band Ip34. Karyotype analysis 
was performed by S Holt and this figure prepared by Y Boyd.



Figure 5.27 a) A typical replication-banded chromosome 1 compared with the 
standard ideogram for this chromosome (ISCN, 1985). b) Examples of grains 
scored on different chromosome Is in the region Ip35-p33. Karyotype analysis 
and figure prepared by S Holt.

4kb(f) 

3.2 kb (F)

Figure 5.28 Investigation into the heterozygosity of the EcoRI polymorphism detected 
by Alfl. Southern blot of EcoRI/EcoRV digested DNA from 20 unrelated females. Two 
individuals are homozygous for the 4 kb allele (ff), nine are homozygous for the 3.2 kb 
allele (F) and nine individuals are heterozygotes. The presence of a 4.2 kb band in 
some tracks may be due to partial digestion of the EcoRV site distal to Alfl but this is 
somewhat unclear.



in close agreement with the observed female heterozygote frequency (45%). This level 

of polymorphism is suitable for clinical use. Inheritance of alleles of this 

polymorphism was used to predict the carrier status of three sisters with respect to DMD. 

Figure 5.29 illustrates the pedigree and the result of probing EcoRI/PstI digested DNA 

from the living family members with Alfl. The allele sizes detected by this double- 

digest are 4.3 and 3.5 kb. The 4.3 kb allele was detected in the three living unaffected 

brothers, which indicates that their mother's 3.5 kb allele is linked to the disease 

expression (excluding the possibility of germline mosaicism; Bakker et al., 1989). 

One sister is homozygous for the 3.5 kb allele and has therefore inherited her mother's 

high risk 3.5 kb allele and is likely to be a carrier. Her genotype also indicates that the 

dead father must have had the 3.5 kb allele. This in turn indicates that her two 

heterozygous sisters have inherited their mother's low risk 4.3 kb allele and are 

unlikely to be carriers.

Polymorphic restriction sites can be detected by PCR. Several such polymorphisms 

have been described within the DMD gene (Roberts et al., 1989a; Roberts et al., 1990). 

The advantage of detecting polymorphisms by PCR is that the analysis is rapid and 

that only a small quantity of template DNA is required. Primers are designed which 

amplify a segment of DNA including the polymorphic site and the PCR product is 

digested using the restriction enzyme which recognises the site. The DNA is then run 

on an agarose or polyacrylamide gel to identify the alleles.

DNA in the vicinity of the polymorphic EcoRI site detected by Alfl is currently 

being sequenced so that primers can be designed to amplify a DNA segment of the 

region.

It is interesting to note that the endpoint of the J-MD deletion lies in the middle of the 

polymorphic 9/8.2 kb EcoRI fragments (see figure 5.11), and therefore that this 

polymorphism might very easily have been detected several years ago and become 

widely used in clinical diagnosis (Monaco et al., 1987). The clone J-MD1 which was 

isolated after walking from this cloned deletion endpoint flanks the polymorphic
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Figure 5.29 Prediction of carrier status in a family with DMD by linkage 
analysis using Alfl. Explanation in text (section 5.2.8).



EcoRI fragment on its distal side, while another clone, J-MD-2, lies approximately 8 kb 

proximal to the polymorphic site (see figure 5.11).

5.3 Discussion

This chapter has described the characterisation of the breakpoint regions of the X;l 

translocation and of the translocation junction fragments. As already explained in 

the introduction (section 5.1), this information was required in order to perform 

inverse PCR to clone the translocation junctions.

The restriction map of the translocation generated by this analysis is presented in 

figure 5.24 and indicates that no deletion, duplication or insertion larger than about 100 

bp is associated with the translocation in the vicinity of the breakpoints. This was later 

confirmed by sequencing the translocation junctions (Chapter 7). The rearrangement 

cloned is a two-break event. This result is inconsistent with the original cytogenetic 

interpretation of the translocation (Lindenbaum et al., 1979; Boyd and Buckle, 1986; 

Clarke, unpublished observations) which predicted a three-break rearrangement by 

involving a paracentric inversion between bands Xpll.4 and Xp21.2. This 

interpretation was suggested as it involved the smallest number of breakpoints to 

explain the observed banding pattern (see section 5.1, figure 5.1). The results of 

cloning the X;l translocation do not preclude the presence of an additional 

rearrangement, as long as it involves at least two further breakpoints. Four physical 

structures for possible rearrangement structures are illustrated in figure 5.30. The 

first (b) is a two breakpoint translocation and is consistent with the cloning and 

restriction mapping data presented in this chapter although it does not accomodate the 

cytogenetic observations which have been described. The second (c) is the structure 

suggested by Lindenbaum et al. (1979) and can now be excluded as it involves three 

breakpoints. On presenting the results of cloning the X;l translocation to the 

cytogeneticists who first characterised the rearrangement, the cytogenetic evidence of 

an abnormal der(X) banding pattern was judged to be strong enough to involve four
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breakpoints in the rearrangement (Clarke, personal communication). The third and 

fourth structures in figure 5.30 are four breakpoint rearrangements which could 

explain the reported cytogenetic observations and which are consistent with the cloning 

and restriction mapping data presented in this chapter. One (d) involves a paracentric 

inversion occurring after the translocation event and around the translocation 

breakpoint. The other (e) involves a deletion proximal to the translocation site. There 

are two ways in which structures (b) and (d) could be distinguished, however they could 

become prolonged studies. One is by searching for the junction fragments predicted in 

the four-break structure (3-f and 4-g; figure 5.30). This would be best done by using 

PFGE methods but would be dependent on a full length long range map of Xp21 to 

Xpll.3. Alternatively, in situ hybridisation could be used to determine the position of 

probes from around Xpll.4 (equivalent to segment '4', figure 5.22) relative to the Xp21.1 

band on the patient's der(X) chromosome. This experiment would probably be the better 

way to distinguish the two possible structures. Identification of a deletion such as in 

structure (e) could be performed by hybridisation of probes proximal to Xp21 to Southern 

blots of DNA from the der(X) retaining somatic cell hybrid WAG 8-1. Alternatively, 

PFGE could be used to identify junction fragments. If a deletion as in structure (e) 

exists, then it is unlikely to include loci of clinical importance since the X;l 

translocation patient did not manifest clinical symptoms apart from DMD and mild 

short stature (Lindenbaum, personal communication). There is, however, a growing 

list of genes which escape X inactivation, and these might be included in the putative 

deletion without deleterious effects (Davies, 1991).

A further possibility to explain the observed banding of the t(X;l) translocation 

chromosomes is that a simple two-breakpoint translocation has occurred, but that the 

breakpoints have altered the staining/banding nature of the chromatin in the vicinity 

of the rearrangement (Raimondi et al. 1983).

In this chapter, the characterisation of a DMD-associated X;autosome translocation 

was described by restriction mapping of DNA segments around the breakpoint sites
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and of junction fragments cloned from the der(X) and der(l) chromosomes. Southern 

blot analysis using probes from these regions was also described. The next chapter 

explains how these DNA segments were cloned.
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Chapter 6 Inverse PCR amplification and cloning of the t(X:l) breakpoint regions and 

Junction fragments

6.1 Introduction

This chapter describes the application of the polymerase chain reaction in the 

cloning of the junction fragments from the t(X;l) and of the corresponding regions 

from the normal chromosomes. The use of this method of cloning requires DNA 

sequence information in the vicinity of the breakpoints so that oligonucleotide primers 

can be designed. In this chapter, relevant stretches of DNA sequence from which 

primers were designed are illustrated, their locations with respect to the restriction 

map are indicated, and cross references are included to the full sequence presented in 

Chapter 7.

6.1.1 Strategies for cloning translocation breakpoints

Inverse PCR was adopted as a cloning strategy in preference to more orthodox 

strategies which involve DNA library construction and identification and isolation of 

the desired clones. A comprehensive practical guide to library construction is provided 

by Sambrook et al. (1989). Here, the features of DNA libraries relevant to the choice of 

strategy for cloning translocation breakpoints are described. Libraries can be 

constructed from complete genomic DNA or alternatively enrichment for the desired 

fragment can be achieved by digesting the DNA using a restriction enzyme and using 

a size selected fraction. This was the approach used by Bodrug et al. (1987) in cloning 

the breakpoints and junctions of an X;21 translocation. An alternative enrichment 

procedure is to use somatic cell hybrid DNA as a source for library construction. The 

best hybrids for use are those containing little human material, for instance hybrids 

containing a single human chromosome or radiation-fragmented hybrids which only 

contain a human chromosome fragment (Burk et al., 1985; Benham et al. 1989). A 

choice of cloning vectors is available for library construction. This includes
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plasmids, bacteriophages and cosmids. They vary in the size of foreign DNA 

fragment which can be efficiently cloned. For plasmids this is a few kb, for 

bacteriophages this is up to approximately 20 kb and for cosmids this is approximately 

50 kb (Sambrook et al., 1989). In order to clone translocation breakpoints and junctions 

using a library construction strategy, it would be necessary to construct a library 

specifically for this purpose, as only DNA from the translocation patient contains the 

junction fragments. Although such a library may be a useful resource for other future 

experiments, its construction could prove time consuming for someone with little 

experience in the relevant techniques. The advantage of inverse PCR on the other 

hand is that it is fast and relatively straightforward. There are, however, 

disadvantages in its use in a cloning/sequencing strategy. One disadvantage is the 

practical limit that PCR technology places on the size of DNA fragment which can be 

efficiently amplified. Although amplification of fragments up to 10 kb in length has 

been reported, shorter fragments amplify more readily (Jeffreys et al.,1988). This 

limits the size of the DNA fragment which can subsequently be cloned. The application 

of inverse PCR involves the preparation of specially modified PCR templates. This 

step might lower further the efficiency of the reaction and therefore reduce the length of 

fragment which can be amplified and cloned. A small cloned junction fragment or 

breakpoint region might be disadvantageous for several reasons. Firstly, a smaller 

fragment is directly available for sequencing and restriction mapping, although 

standard chromosome walking methods could be used to enlarge the cloned region. 

Secondly, if one is unlucky, it might not be possible to identify a single copy DNA probe 

within the fragment. This could hamper Southern analysis if competitive 

hybridisation methods are not found to be effective (Sealey et al., 1985). This could also 

prevent enlargement of the cloned region by chromosome walking which relies on the 

identification of single copy sequences. PCR primers designed from within repetitive 

DNA sequences may amplify several products from several loci. Another 

disadvantage of using the inverse PCR approach to clone translocation breakpoint
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regions and junction fragments is that cloned fragments may include sequence errors 

produced by misincorporation of nucleotides by Taq polymerase, errors which would 

not be produced by other cloning methods (Karlovsky, 1990). PCR errors which I have 

identified by sequencing the X;l translocation and how the problem may be overcome 

are discussed in Chapter 7, section 7.2.4.

6.1.2 Inverse PCR

The polymerase chain reaction (PCR) is one of the most recent methods of analysis 

in molecular biology. Saiki et al. (1985) first described how the thermostability of DNA 

polymerase isolated from Thermus aauaticus could be exploited to allow automated 

repeated cycles of DNA denaturation and DNA replication. This cycling process 

causes an exponential increase in the production of a DNA segment designated by 

artificially synthesised oligonucleotide primers. The main advantages of PCR 

techniques are in their ease of use (due to semi-automation), the speed of reaction (one 

can amplify and visualise a specified DNA segment in a day), and in its flexibility to 

suit specific needs (see Innis et al., eds., 1990). Examples of the diversity of PCR 

applications include multiplex PCR for simultaneous analysis of several loci, for 

example within the Duchenne muscular dystrophy gene (Chamberlain et al., 1988; 

Beggs et al., 1990; Abbs et al., 1991); asymmetric PCR for generating single-stranded 

DNA sequencing templates (Gyllensten and Erlich, 1988); amplification of 

microdissected chromosome bands in DNA cloning experiments (Han et al., 1991; Kao 

et al., 1991); Alu-mediated PCR for specific amplification of human DNA fragments 

from a complex DNA source (Nelson et al., 1989); and inverse PCR as described in the 

work presented in this chapter in the context of the amplification of translocation 

junction fragments.

Inverse PCR was independently developed by three groups (Ochman et al., 1988; 

Triglia et al., 1988; Silver and Keerikatte, 1989) and is essentially a method of taking a 

short chromosome walk. The size of walk is limited by the length of DNA which can be
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efficiently amplified (see section 6.1.1). Inverse PCR allows the amplification of an 

uncloned segment of DNA which is adjacent to cloned DNA. There are two 

prerequisites for the method's use. Firstly, the sequence of the cloned DNA must be 

determined so that oligonucleotide primers may be designed. Secondly, determination 

of the positions of restriction enzyme sites within the uncloned DNA segment is 

desirable, so that an appropriate DNA fragment can be chosen as a template for PCR 

amplification. The strategy is illustrated in figure 6.1 (showing the der(l) fragment 

amplification). A pair of oligonucleotides is designed whose 3' ends will prime DNA 

replication in opposite directions. Instead of the directions of replication being towards 

the other primer, they are the reverse (hence inverse PCR). The DNA template is cut 

with a restriction enzyme. It is preferable that the cutting sites of this restriction 

enzyme have been already determined so that the expected fragment size of the 

amplification product is known. Restricted DNA is circularised by treatment with T4 

DNA ligase at a DNA concentration low enough to favour circularisation over 

concatamerisation (see the following section 6.1.3 for theoretical calculations used in 

this study). The circularised DNA is used as a template in a PCR using the designed 

primers. DNA between the 3' ends of the oligonucleotide primers which will be 

amplified in such an experiment now includes the segment of uncloned DNA. One or 

both ends of the amplified DNA product can then be trimmed with a restriction enzyme 

to facilitate its cloning (see figure 6.1).

Two modifications to the basic strategy described above were employed in some 

experiments. The first of these was the linearisation of the circular DNA template, 

which is an unusual PCR template, by using a restriction enzyme which has a cutting 

site between the 5' ends of the primers (for example see the position of the Ndel 

restriction site in figure 6.1). Such restriction sites were identified by computer search 

of the sequence using the program 'nip' (Staden, 1984). Restriction enzymes with a 6 bp 

recognition site were used since they were unlikely to have a second recognition site 

within the circular molecule. The other modification was to perform a second PCR
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Xbal Ndel Hindlll Xbal

Cut with Xbal
and circularise Xbal

Ndel

Hindlll 

PCR amplification

Hindlll Xbal

Figure 6.1 Strategy of inverse PCR, illustrated here for the der(l) Xbal junction fragment 
(not to scale). X chromosome DNA (cloned) is represented by dark lines and chromosome 1 
DNA (uncloned) by pale lines. Genomic DNA is cut with a restriction enzyme (Xbal) and 
ligated to produce circular molecules. PCR amplification using this circularised DNA as 
template results in the amplification of a fragment including the uncloned DNA segment 
(in this case from chromosome 1). The position of a restriction site (Ndel) which may be cut 
to linearise the circular template prior to amplification is indicated.



using the gel-eluted initial PCR product as template and using nested primers. The 

success of these modifications is discussed in section 6.3.

6.1.3. Circularisation of DNA templates for inverse PCR

The application of inverse PCR is dependent upon successful circularisation of 

target restriction fragments by treatment with DNA ligase. Ligation reactions were 

performed using suitably restricted total human genomic DNA as substrate. In order 

that target restriction fragments circularised, conditions of reaction were chosen so 

that one end of the molecule was more likely to ligate with its other end than with the 

end of another DNA molecule. Circularisation is favoured when the concentration of 

DNA molecules in solution is low and when the restriction fragment is short. Two 

parameters were used to determine the required conditions (Collins and Weissman, 

1984; Sambrook et al., 1989). These are i, the concentration of all molecule ends in 

solution, and j, the effective concentration of one end of a molecule in the vicinity of the 

other. The value of i can be varied, but that of j is constant for a molecule of given 

length.

Polyethylene glycol (PEG) is often included in the buffers supplied by 

manufacturers for use with T4 ligase. Its purpose is to increase the effective 

concentration of DNA molecule ends in solution and thereby decrease the time 

required for a ligation reaction. PEG should have a proportionally equal effect on the 

values of i and j and therefore should not interfere with theoretical considerations of 

circularisation. Its use is advantageous as it increases the efficiency of the ligation 

reaction which for a circularisation reaction is performed at an unusually low DNA 

concentration.

When i is equal to j, 50% of molecules of the given length will circularise. In order 

that more than 50% molecules circularise, i must be lower in value than j. The 

percentage of molecules that circularise is predicted by the equation (Collins and
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Weissman, 1984):

% circles = [//(i+j)]x 100 

It follows that:

i=j[( 1007% circles)-!] 

and that for 90% circles:

i=//9

The value of j for a molecule of length 'a' can be determined from the equation 

(Sambrook et al., 1989; where MW is the molecular weight, and j\ is 3.6 x 10 11

ends/ml):

In order to convert values of i from ends/ml into ug/f-il, it is necessary to consider the 

average size of restriction fragment in a particular enzyme digest. This was 

estimated by observing an ethidium bromide-stained gel of digested DNA, judging the 

size of the most intensely staining portion of the smear and halving this figure 

(Sambrook et al., 1989). 

The following equivalent values were also assumed:

1 kb « 660 kdal

1 kdal - 1.7 x 10- 15 ug double-stranded DNA

6.2. Results

6.2.1. Amplification and cloning of the der(l) junction fragment and of the normal X

chromosome breakpoint region

Through the analysis of der(l) junction fragment sizes using the X chromosome 

probe Alfl, a 2.7 kb Xbal junction fragment was identified as a suitable target for the 

application of inverse PCR (Chapter 5; see figures 5.8 and 5.11). The conditions for 

circularisation of this DNA fragment prior to inverse PCR were calculated as follows. 

The value of j for a 2.7 kb DNA fragment is 2.8 x 10 13 ends/ml. The value of i for 90%
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circularisation (j/9) is 3.1 x 10 12 ends/ml. This is equivalent to approximately 1 ug / 

150 n\ assuming that the average length of DNA fragment generated by Xbal digestion 

of human genomic DNA is 4 kb. The template DNA for this inverse PCR was prepared 

by ligating 1 |ag Xbal digested genomic DNA from the X;l translocation patient in a 200 

ul volume. Under these conditions, over 90% of 2.7 kb fragments would be expected to 

circularise.

The 2.7 kb Xbal junction fragment includes the probe Alfl. Alfl was sequenced 

and the primers XOll and X012 and the nested primers XO17 and XO18 were designed 

for inverse PCR from this sequence (figure 6.2; full sequencing described in Chapter 7, 

section 7.2.1.1). The locations of the primers with respect to the sequence are illustrated 

in figure 6.2. The expected length of DNA amplified from the der(l) junction using 

these primers is approximately 2.5 kb. This length is suitable for efficient PCR 

amplification and approximately 2 kb of this product would be expected to be the 

uncloned region beyond the translocation breakpoint which is of presumed 

chromosome 1 origin (figure 6.3). Both modifications to the basic inverse PCR method 

outlined in section 6.1.2 were tested. Firstly, the linearisation of the template DNA 

with Ndel was tried. This enzyme was predicted from Alfl sequence to cut between the 

oligonucleotide primers XOll and X012 (figure 6.2). Secondly, the gel-purified product 

of this PCR amplification was used in a secondary amplification using the nested 

primer pair XO17 and X018 (figure 6.2).

The products of the three amplification experiments are shown in figure 6.4. The 

experimental conditions used for amplification were denaturation at 94°C for 1 minute, 

primer annealing at 58°C for 40 seconds, and primer extension at 72°C for 4 minutes for 

a total of 30 cycles. These conditions had been determined by performing several 

amplifications using various conditions until adequate yield of product with low non­ 

specific amplification was obtained. Two principal DNA fragments were amplified in 

these reactions. The sizes of these fragments conform to the expected products 

amplified from the normal X chromosome and der(l) Xbal fragments, which had been
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«-Xpter

3' XO17 5'
TGTC CGCGTTAGAA AATAGG

TCTAGAACAG GCGCAATCTT TTATCCCTGA TTTTTTGTTT TATTCCTTTA 
Xbal

AAGAGAACAT CCTCACTTTG TTATTCACAG GGGAAAGCTG ACAAAGCACT

CTCTTAATAT AGGGAGGATT TTTTTTTTTT TTTTGGACTG GCAAACAAAC

3'

CTGGTTG 
CAATCTGTTT GAAACTCAGA GAAACAATGT ATATGAAACC CACGACCAAC

XO11 5'
CGTACATCTT ACA
GCATGTAGAA TGTACTGTCT TACAGAGAAA TCATAACGGG AAGAGAATTG

TCTGATTCAC AAAGGATATT TTAAAGAGAT ATACCTATTA TCTATGAGTC

AATAAACATA CATAATTTAT TAAGTTTACC CTAGATGTAC TTATTTTTGC

5'

GC
ATATGTTAGC ATCTAAACAC ACTAGAAACA GCTCCTGAAA TCGCTTATGC 
Ndel

XO12 3'
TAATGCCTAC TGCTACTC
TAATGCCTAC TGCTACTCAT TTTAAAAGGC AATTCCACTT AAAACTAAAC

5' XO18 3'
GCCTC AAAACACCAG TTAAG

CTCAGGCCTC AAAACACCAG TTAAGGCCAA AGCATATCAA ATTCTATATA

GAAATCCTAC AA
Xcen

Figure 6.2 DNA sequence from within Alfl showing the positions of the primers XO11 
and XO12 and of the nested primers X017 and X018 used in the inverse PCR 
amplification of the der(l) junction fragment and of the normal X chromosome 
breakpoint region. The position of a Ndel restriction site is indicated which was cut in 
some experiments to linearise the inverse PCR template prior to amplification.
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Xbal -r

X012 J 
X018 4

Der(1)
translocation

junction
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•Hindlll-

r xoi?
X011 
Ndel Alf 1

"I position of X 
fchromosome 

J breakpoint

Xbal

Xcen
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Figure 6.3 Details of a) the der(l) Xbal junction fragment and b) the Xbal restriction 
fragment spanning the translocation breakpoint on the normal X chromosome, which 
were circularised to be used as templates for inverse PCRs using the primers XOll and 
XO12. The positions of the nested primers X017 and XO18 are also indicated as is the 
site of a Ndel restriction site which was cut in some experiments to linearise the PCR 
template prior to amplification. The locations of DNA segments cloned following 
inverse PCR amplification are shown. Al and A4 span the der(l) translocation 
junction, and Nl and N2 span the normal X chromosome breakpoint region.



2.5kb 
2.3kb

1.6kb 

1.4kb

Figure 6.4 Ethidium bromide-stained products of three PCRs. Tracks 1 and 5, 
BstEII digested A,. The products of a reaction using the primers XO11 and XO12 with 
circular template derived from the X;l translocation are shown in track 2 (barely 
visible). Track 3 illustrates the products from the same primers but using a 
linearised template. The gel-purified 2.5 kb product from this reaction was used as 
template in a further PCR using the nested primers X017 and X018 (track 4). 
Further explanation is provided in the text. The sizes of PCR product are indicated 
to the side of the figure.



determined by Southern blot analysis using probe Alfl (see Chapter 5, figures 5.8 and 

5.11). Major improvements in yield (more than 10 fold) were obtained by employing 

each of the two modifications to the basic strategy described above. The yield from the 

basic strategy was barely visible when run on an agarose gel and stained with 

ethidium bromide (track 2, figure 6.4), although readily detectable when a similar gel 

was blotted and probed with Alfl (not shown). The amplification products of the Ndel 

linearised DNA template are illustrated in track 3. The yield of the normal X 

chromosome fragment (1.6 kb) was approximately 40 ng per 100 fil reaction and that of 

the der(l) junction fragment (2.5 kb) was approximately 20 ng per 100 \JL\ reaction. The 

junction fragment was gel-purified and 5 ng was used as template in a PCR using the 

nested primers XO17 and X018. The products of amplification are illustrated in track 

4. The yield of der(l) junction fragment was approximately 1 |ag per 100 ul reaction. 

The size of fragment is approximately 2.3 kb. The size difference between this 

fragment and that produced using the primers X011 and X012 is consistent with the 

positions of the primers within the DNA sequence (figure 6.2). The presence of some 

normal X chromosome amplified product (1.4 kb) in track 4 indicates contamination of 

the gel-eluted 2.5 kb PCR template with some of the 1.6 kb band illustrated in track 3.

The amplification of the normal X fragment did not prove to be a serious handicap 

to the amplification of the der(l) despite its smaller size. If difficulty had been 

experienced in this respect, then DNA from the der(l) retaining hybrid WAG 21R-11, 

which does not contain a normal X chromosome (see Chapter 2, table 2.1), could have 

been used as the inverse PCR template in place of cell line DNA from the translocation 

patient. However, the estimated yield of PCR amplified der(l) junction fragment after 

the sequential use of both modifications was approximately 1 ug per lOOul reaction, 

representing a 106 fold amplification of the initial template.

The 2.3 kb der(l) PCR product described above was trimmed using Hindlll and 

Xbal and cloned into pUCIS (see figure 6.3). In the cloning experiment, six out often 

picked clones contained the expected 2 kb insert (see figure 6.3; the other four clones
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appeared not to contain inserts, not shown). Two clones, Al and A4, were fully 

characterised. The inserts of these plasmids were observed to contain recognition sites 

for the restriction enzymes PstI, PvuII, and Aval but not for BamHI, EcoRV, EcoRI, 

Kpnl, SacI and Mlul (not shown). These observations were consistent with 

expectations from Southern blot data derived by probing WLS DNA with Alfl (see 

Chapter 5, section 5.2.4). The restriction mapping of the PstI, PvuII and Aval sites 

within the cloned der(l) junction fragment, Al, was described in Chapter 5, section 

5.2.5. A 430 bp Pstl/Aval DNA fragment, AP430, presumed to be from chromosome 1, 

was gel-eluted from the insert of Al and used as a probe in Southern analysis of DNA 

from the t(X;l) patient and from a normal individual (described in Chapter 5, section 

5.2.5). This analysis was compared with the restriction map of the der(l) junction and 

used to construct a preliminary restriction map of the normal chromosome 1 region 

around the translocation breakpoint [figure 6.5(a)].

The amplified DNA product which represented the normal X chromosome from the 

patient and which was produced in the above experiment was also cloned. The target 

for this PCR amplification is illustrated in figure 6.3(b). The 1.4 kb fragment 

illustrated in track 4 of figure 6.4 was gel-eluted, trimmed with Hindlll and Xbal and 

cloned into pUC18. Four clones were tested and all contained the expected sized insert 

(1.1 kb; see figure 6.3). Two of these, named Nl and N2, were further analysed. The 

inserts did not contain the recognition sites for BamHI, EcoRV, EcoRI, PstI or PvuII 

(not shown), as expected from restriction mapping data of the normal X chromosome 

region (Chapter 5, section 5.2.3). However, a single Haelll site was detected 

approximately 400 bp from one end of the insert (not shown). The orientation of this site 

with respect to the 1.1 kb fragment was not determined until the Xbal/Haelll 400 bp and 

Hindlll/Haelll 700 bp fragments were later subcloned from Nl and N2 and sequenced 

(see Chapter 7, section 7.2.1.1). This revealed that the 700 bp fragment is distal to the 400 

bp fragment and contains the X chromosome breakpoint.
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Figure 6.5 a) Preliminary restriction map of the chromosome 1 breakpoint region. 
Data proximal to the breakpoint position was obtained by restriction enzyme 
digestion of the der(l) clone Al, and data distal to the breakpoint position was 
determined by Southern analysis using the probe AP430. b) Pvull and c) Xbal 
restriction fragments spanning the chromosome 1 breakoint which were 
circularised and used as templates in inverse PCR reactions designed to allow the 
amplification and cloning of the normal chromosome 1 breakpoint region and DNA 
segments distal to the breakpoint position.



6.2.2 Amplification and cloning of the normal chromosome 1 breakpoint region

Examination of the preliminary restriction map of the genomic region around the 

chromosome 1 breakpoint obtained by probing genomic DNA with AP430 [figure 6.5(a)] 

indicated two suitable restriction fragments for circularisation and use as templates 

in inverse PCR experiments. These are the Pvull and Xbal restriction fragments. 

Although both fragments are approximately 2 kb in length, the Pvull fragment is the 

preferred template since it permits the amplification of a larger segment of 

chromosome 1 DNA distal to the chromosome breakpoint, approximately 1.5 kb 

compared to approximately 0.4 kb from the Xbal fragment (figure 6.5). However, Pvull 

generates blunt-ended DNA fragments which are known to ligate less efficiently than 

fragments with compatible single-stranded tails (Sambrook et al., 1989). Therefore, in 

case inverse PCR using the Pvull fragment as template was unsuccessful, the Xbal 

fragment was also used. The Pvull and Xbal restriction fragments both include a 

Pstl/PvuII segment of approximately 410 bp which is the distal portion of the probe 

AP430 and lies just proximal to the chromosome 1 breakpoint (see figure 6.5). The 

Pstl/PvuII segment was sequenced (described in Chapter 7, section 7.2.1.2). A pair of 

primers, 10A and 10B, and a nested pair of primers, 10C and 1OD, were designed 

from this sequence (figures 6.5 and 6.6). An SphI restriction site was identified from 

sequence data between the primers 1OA and 10B (figs 6.5 and 6.6). The nested primers 

and SphI site enabled the same modifications as used in the amplification of the der(l) 

junction fragment to be used here (see sections 6.1.2 and 6.2.1 ).

The conditions for circularisation of the Pvull and Xbal DNA fragments prior to 

inverse PCR were calculated as follows. Since the Pvull and Xbal fragments are both 

approximately 2 kb in length, the value ofj is the same for each. This is approximately 

4.7 x 10 13 ends/ml. Therefore the value of i for 90% circularisation (j/9) is 

approximately 5.2 x 10 12 ends/ml. This value for Xbal digested DNA is equivalent to 

approximately 1 ug / 90 ul assuming that the average Xbal fragment of human genomic 

DNA is 4 kb. Assuming a size of 2 kb for the average Pvull fragment in human
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4- 1pter
3' 1OD
GCAGGCGTGA

CTGCAGCAGC AGCAACAGCT CCCACTGGGC AAGTTCCTGG CGTCCGCACT 
Pstl

5'

TGAAGCGGAA 
ACTTCGCCTT CCTTCCTTGC AGGCCCATGG GGAAGCAGCC ACTCTTGGGA

3' 10B 5'
A GAAAACATCC AGAACGGCG 

GCATTTGTAT CTTTTGTAGG TCTTGCCGCA TGGGCCCGGA GCCCATGGGA

ATTTGGAGCC ATCCAATCCG ACTTCTTGGT GTATGTGCAT GTGTGTGTGC

ACACACGGGC ACACTTATCT GTGTGTAAAT GCATGCATAC CCGGCCTGGC
Sphl

TTTCCTTCAG TACATCCTCC TGCCTGCCGC AGCATGGTGG GCTCCAGAAC

5'

GC 
CACCATGGCT CTGGGCTTTG GGGTAGTAAG GCCTCAGGAA CGGACCAGGC

1OA 3' 5' 1OC 3'
CAGGTGAGCC TATCCTCT GTCTTC CTGGAGCCTT CCTG
CAGGTGAGCC TATCCTCTGG CCAGGTCTTC CTGGAGCCTT CCTGGAGGAA

CCCTTGTGTT CAGCTG
Pvull

1cen

Figure 6.6 DNA sequence from within AP430 showing the positions and sequences of 
the primers 1OA and 1OB and of the nested primers 10C and 10D used in the inverse 
PCR amplification of the normal chromosome 1 breakpoint region. An Sphl restriction 
site is indicated which was cut in some experiments to linearise the inverse PCR 
template prior to amplification.



genomic DNA, this value approximates to 1 ug / 175 ul. Both ligation reactions were 

performed using 1 ug restricted DNA in a total volume of 200 ul, therefore over 90% of 

target Xbal and PvuII restriction fragments would be expected to circularise. The 

source of DNA for these reactions was placental DNA from an anonymous normal 

female rather than from the t(X;l) patient, since a normal individual has two normal 

chromosome Is and therefore has twice as many templates for PCR amplification.

The PCR amplification conditions used with these primers were DNA denaturation 

at 94°C for 1 minute, primer annealing at 61 °C for 30 seconds, and primer extension at 

72°C for 3 minutes for a total of 30 cycles. These conditions are those which were found 

to produce an adequate yield of expected product and a low background of non-specific 

amplification, after testing several PCRs using different conditions. The products of 

several different experiments were run on an agarose gel and stained with ethidium 

bromide (figure 6.7). Track 2 contains the products of amplification from the Xbal cut 

and circularised template using the primers 10A and 10B. A band of approximately 

1.9 kb is visible, which is the expected size for the desired amplification product (see 

figure 6.5). The yield was around 100 ng in a 100 ul reaction. The gel-eluted product of 

this reaction, named Pp, was later used to screen bacterial colonies from different 

cloning experiments by colony hybridisation (see below and section 6.2.3). P(3 was also 

used as template in a further amplification using the nested primers 1OC and 1OD, and 

the yield of this PCR was over 2 ug of approximately 1.8 kb product in a lOOul reaction 

(>106 fold amplification of original template; tracks 4 and 5, figure 6.7). The size of 

PCR product using the nested primers is expected to be 95 bp smaller than using the 

primers 1OA and 1OB (see figure 6.6). The yield of amplified PCR product from the 

PvuII cut and circularised template was lower. Approximately 50 ng of a 1.8 kb 

fragment was amplified in a 100 ul reaction using the primers 1OA and 1OB (105 fold 

amplification; track 3, figure 6.7). This is the expected size (see figure 6.5). The 

fragment was gel-eluted and 5 ng was used as template in a further reaction using the 

nested primers 1OC and 1OD. A 50 ng yield of approximately 1.7 kb DNA fragment
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Figure 6.7 Ethidium bromide-stained products of five inverse PCRs whose 
products include the chromosome 1 breakpoint region. Tracks 1 and 7 are 
BstEII digested X. A full description of the reactions is given in the text. The 
sizes of the products are between 1.7 kb (track 6) and 1.9 kb (track 1).



was produced (track 6, figure 6.7). Thus although a 10-fold amplification was achieved 

in this reaction, use of the nested primers failed to increase the final yield of PCR 

product per 100 ul reaction from the PvuII cut and circularised template.

The 1.7 kb DNA fragment generated by inverse PCR using PvuII cut and 

circularised genomic DNA as template and using the nested primers 10C and 10D 

(see track 6; figure 6.7) was gel-eluted, and restricted with the endonucleases PvuII 

and Psti in order to trim the fragment ends ready for cloning. However, when the 

digested DNA was run on a gel, two bands of approximately 1 kb and 0.7 kb were 

observed instead of a single band of 1.7 kb (not shown). This indicated that another 

Psti site must be present within this fragment, and therefore that two cloning 

experiments would be necessary in order to clone the entire fragment [see figure 

6.8(a)]. Two ligation experiments were performed using this prepared DNA. Firstly, 

in order to clone the Psti fragment containing the chromosome 1 breakpoint, the DNA 

was ligated into pUClS DNA treated with Psti. Of six clones tested following 

transformation, one named 2ai contained a 700 bp insert (see figure 6.8). Digestion of 

2ai plasmid DNA with Xbal demonstrated that a recognition site for this enzyme is 

present within the plasmid's insert (not shown) as had been predicted from Southern 

analysis using the probe AP430 (Chapter 5, section 5.2.5; see figure 6.5). In the second 

experiment, in order to clone the Pstl/PvuII fragment, pUClS DNA was treated with 

Psti and Smal. Smal and PvuII both generate blunt-ended DNA fragments therefore 

the ends are compatible in cloning experiments. The PvuII end of the insert can be 

excised using EcoRI which cuts within the multiple cloning site but not within the 

insert. Following transformation, 97 white colonies were picked and a colony-blot was 

probed with P(5 (see above). Seventeen positively hybridising colonies were identified 

(not shown). Plasmid DNA was prepared from four of these and three (PPii, PPiii and 

PPiv) contained the expected insert of approximately 1 kb, following digestion with Psti 

and EcoRI (figure 6.8; the fourth contained a smaller insert and was discarded). The 

restriction mapping of the insert of PPii is described in Chapter 5, section 5.2.6. The
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Figure 6.8 Locations of cloned DNA segments from the inverse PCR amplified normal 
chromosome 1 breakpoint region, a) Clones derived from the Pvull cut and circularised 
template, b) Clones derived from the Xbal cut and circularised template.



sequencing of subclones of PPii and PPiii is described in Chapter 7, section 7.2.1.3.

The 1.8 kb DNA fragment generated by inverse PCR using Xbal cut and 

circularised genomic DNA as template and using the nested primers 10C and 10D 

(see tracks 4 and 5; figure 6.7) was gel-eluted, and restricted with Xbal. This generated 

two DNA fragments, an approximately 0.5 kb fragment extending from the primer 

1OD to the closest Xbal site distal to the chromosome 1 breakpoint position, and the other, 

an approximately 1.5 kb fragment extending from the primer 10C to the closest Xbal 

site proximal to the chromosome 1 breakpoint position (see figure 6.5). This DNA was 

ligated with pUCIS DNA restricted with Xbal and Smal. Some of the ends of the PCR 

product were assumed to be blunt-ended and therefore compatible with Smal (see 

section 6.3 for discussion on the cloning of PCR products. This end of the insert can be 

excised using EcoRI which cuts within the multiple cloning site but not in the insert. 

Following transformation, 90 white colonies were picked and a colony blot was probed 

with Pp (see above) and three positively hybridising clones, 1CMA, 1CMB and 1CMC 

were identified (not shown). They were found to contain 500 bp inserts excised by Xbal 

and EcoRI. This is the size of fragment expected to contain the chromosome 1 

breakpoint (see figure 6.8).

The DNA cloning experiments described above led to the isolation of four 

independent clones derived from the PvuII cut and circularised template (PPii; PPiii; 

PPiv; 2ai) and three from the Xbal cut and circularised template (1CMA; 1CMB; 

1CMC). The locations of these clones are indicated in figure 6.8 and the sequencing of 

the clones is described in Chapter 7, section 7.2.1.3.

Southern analysis of the X;l translocation was performed using the insert of PPii 

as a probe and is described in chapter 5, section 5.2.6. This analysis confirmed that the 

expected normal chromosome 1 fragment had been amplified and provided data on the 

preliminary characterisation of the der(X) junction fragments. PPii was additionally 

the probe used in an in situ hybridisation experiment which confirmed the genomic 

localisation of this DNA segment at the expected site, Ip34 (Chapter 5, section 5.2.7).
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The sequence appears by Southern analysis to be conserved in vertebrate species 

(Chapter 7, section 7.2.3).

6.2.3 Amplification and cloning of the der(X) junction fragment

So far in this chapter, the cloning of the X chromosome breakpoint region, the der(l) 

junction fragment and the chromosome 1 breakpoint regions have been described. The 

restriction mapping of these DNA segments is described in Chapter 5. Southern 

analysis using the probe PPii (described in Chapter 5, section 5.2.6) indicated that the 

translocation was probably a two breakpoint reciprocal rearrangement without 

significant deletion or insertion of sequence at the breakpoints. The Xbal junction 

fragment on the der(X) chromosome would therefore be a suitable segment for 

circularisation and inverse PCR (figure 6.9). A choice of PCR strategies was 

available for the amplification of the junction. Since the normal X chromosome and 

chromosome 1 segments either side of this breakpoint were already cloned, it would be 

possible to design inverse PCR primers from the DNA sequence of either chromosome. 

Alternatively, an orthodox PCR could be performed using a primer from the sequence 

of each chromosome. The strategy I chose was inverse PCR using primers from X 

chromosome sequence, because at the time of the experiment, this sequence was already 

available, and that from the chromosome 1 segments distal to the breakpoint had not yet 

been obtained.

The conditions for circularisation of the der(X) Xbal junction fragment were 

calculated as follows. The value of j for a 1.2 kb DNA fragment is 9.4 x 10 13 ends/ml. 

Therefore the value of i giving 90% circularisation (j/9) is 1.0 x 1013 ends/ml. This is 

equivalent to a DNA concentration of approximately lug / 45 ul assuming that the 

average length of Xbal fragment in human genomic DNA is 4 kb. Template for the 

inverse PCR of the der(X) was prepared by ligating 1 ug Xbal digested human genomic 

DNA in a 200 ul volume. This dilution is significantly greater than that calculated to 

produce 90% circularisation of the 1.2 kb junction fragment.
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Figure 6.9 Details of the der(X) Xbal junction fragment which was circularised for 
use as a template in an inverse PCR using the primers XOA and XOB. The locations 
of FF1I, FF1K and FF1L are indicated which are the cloned DNA segments from the 
amplified PCR product containing the der(X) translocation junction.
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3' XOB 5'
AG GAGTAGAATA AACGTCGG

AATCCGAATC CTCATCTTAT TTGCAGCCAT AAGTAAACTT TAAGAAACTT

TTTATTATTA TACTTTAAGT TTTGGGATAC ATGTGCAGAA CGTGCAGGTT

5' XOA 3'
GG TTTGCTGTAC CAATCCGT

TGTTACATA GGTATACACAT GCCATGGTGG TTTGCTGTAC CAATCCGTCA
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Figure 6.10 Normal X chromosome DNA sequence, approximately 200 to 400 bp 
proximal of the breakpoint position. The locations and sequences are shown of the 
primers XOA and XOB which were used in the inverse PCR amplification of the der(X) 
translocation junction. Accl and Ncol restriction sites are indicated which were used 
in some experiments to linearise the PCR template prior to amplification.



A pair of primers, XOA and XOB, were designed from X chromosome sequence 

approximately 300 bp proximal to the breakpoint (see figs 6.9 and 6.10). Figure 6.10 also 

illustrates the positions of AccI and Ncol restriction sites that lie between the primers. 

Initial PCR experiments were performed using Ncol linearised template. These 

experiments were unsuccessful. No bands were visible when the products of PCR were 

run on ethidium bromide stained gels (not shown). This result might be caused by the 

primers not working. Alternatively, it might be explained if there is a second Ncol site 

within the Xbal junction fragment, as it would cut between the 3' ends of the primers 

preventing amplification. The presence of such a site was not tested for, however, since 

inverse PCRs using AccI linearised template were more successful and indicated that 

there were no problems with the primers. The following conditions were used for PCR: 

denaturation at 94°C for 1 minute, primer annealing at 59°C for 40 seconds, and 

primer extension at 72°C for 1.5 minutes for a total of 30 cycles. These conditions are 

those which were found to produce an adequate yield of expected product and a low 

background of non-specific amplification, after testing several PCRs using different 

conditions. The products of two identical PCRs which were run on an agarose gel and 

stained with ethidium bromide are shown in figure 6.11. Two strongly staining DNA 

fragments were observed in addition to more weakly staining smaller fragments. 

The larger fragment is approximately 1.1 kb, the size expected for the der(X) junction. 

The amplification of the smaller fragment (approximately 0.9 kb) was not expected. 

Additionally, no band of approximately 1.5 kb corresponding to the expected 

amplification product of the normal X chromosome fragment was observed. In order to 

further clarify the identification of the products, the gel of PCR products was blotted and 

probed (figure 6.11) with the insert of Nl (see section 6.2.1; an X chromosome clone 

containing the breakpoint region). A strong hybridisation was observed to the 1.1 kb 

band suggesting that it was indeed the amplified junction fragment. A weaker 

hybridisation to the 0.9 kb fragment was also observed. The origin of this 

amplification product could not be explained at this stage and was not pursued further.
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Figure 6.11 a) Ethidium bromide-stained products of two identical inverse 
PCRs (tracks 2 and 3) which include the der(X) junction from the X;l 
translocation; and b) result of probing a Southern blot of the gel with the insert 
of Nl. Tracks 1 and 4 are BstEII digested ?i. A full description of the 
reactions is given in the text. The sizes of the two main amplified products 
are indicated.



However, sequence analysis of the X chromosome which was performed later and is 

described in Chapter 7 revealed the likely origin. A Kpnl LINE repetitive element was 

identified, the distal end of which lies between the primers XOA and XOB (see Chapter 

7, section 7.2.2.1). Thus a sequence very similar to XOA may be present on average 

every 100 kb in the human genome (Deininger and Daniel, 1986). For instance XOA is 

homologous at 17/20 nucleotides to the Kpnl LINE element which is 1 kb upstream from 

exon 1 of the human factor IX gene, if an adjustment to the alignment of the sequences 

is made in their comparison within the primer sequence (see Chapter 7, figure 7.10; 

Yoshitake et al., 1985). This finding clearly predicts that a higher than average 

background of non-specific PCR products is expected using the primers XOA and XOB. 

It also indicates the reason why some hybridisation was observed of the insert of Nl to 

the 0.9 kb PCR product (figure 6.11). Nl includes 521 bp of the Kpnl LINE element (see 

Chapter 7, section 7.2.2.1) and would therefore be expected to hybridise to any PCR 

product derived from another Kpnl LINE element.

The 1.1 kb fragment amplified as described above was gel-eluted and digested with 

Xbal. Two fragments were observed of approximately 0.7 kb and 0.4 kb (not shown). 

The 0.7 kb fragment was expected to represent the segment spanning the translocation 

junction from XOB to the Xbal site approximately 400 bp distal to the junction; and the 

0.4 kb fragment was expected to represent the segment from XOA to the Xbal site 

approximately 800 bp proximal to the junction (see figure 6.9). This DNA was ligated 

with Xbal/Smal cut pUC18 DNA. The ends of the PCR product were treated as if blunt- 

ended and therefore compatible for cloning with Smal (see section 6.3 for discussion on 

the cloning of PCR products). This end of the insert can then be excised using EcoRI 

which cuts within the multiple cloning site of pUC18. Following transformation, 100 

white colonies were picked, and three were positive when a colony-blot was probed with 

PP (see section 6.2). This probe represents chromosome 1 DNA and therefore 

distinguishes clones containing the junction fragment from those containing the 0.4 

kb X chromosome fragment. These clones were named FF1I, FF1K and FF1L (figure
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6.9), and their inserts were excised using Xbal and EcoRI. All were approximately 700 

bp in length (not shown). The sequencing of FF1I and FF1K is described in Chapter 7, 

section 7.2.1.4.

6.3 Discussion

This chapter describes the successful application of inverse PCR with respect to 

short chromosome walks and to cloning translocation junction fragments. The 

method is ideally suited to the task for the following reasons. The application of 

inverse PCR requires some detailed knowledge of the cutting sites of restriction 

endonucleases and requires DNA sequence information so that oligonucleotide 

primers can be designed (Ochman et al., 1988; Silver and Keerikatte, 1989; Triglia et 

al., 1988). Since the ultimate goal of this study was a full characterisation of the 

translocation structure at both these resolutions, the application of inverse PCR did not 

require any information further than was already needed in this respect. One 

limitation that it placed on the study was that such a characterisation was required for 

each amplification in turn so that to clone all the relevant DNA fragments, a cycle of 

restriction mapping, sequencing, PCR amplification and cloning was necessary. A 

further limitation was that only a relatively small region of DNA around the 

breakpoints was made available for cloning because of the size of amplification 

product (see section 6.1.2). This might make the identification of a restriction 

fragment suitable for an inverse PCR template difficult. Fortunately, in this study 

suitable restriction sites for a single enzyme were found. If they had not been, then 

different restriction sites at either end of the fragment could have been identified as 

sites for circularisation. The single-stranded ends could be infilled using Klenow for 

5' overhangs and the fragment circularised through blunt ended ligation. This 

strategy of ligating 'non-compatible' DNA ends in subcloning experiments is 

described in Chapter 2, section 2.11.1 and was used in Chapter 7, section 7.2.1.3. In the 

case of 3' overhangs, these can be trimmed using an enzyme with 3' to 5' exonuclease
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activity (Hemsley et al., 1989). It has been demonstrated here that inverse PCR can be 

performed successfully from a circularised blunt-ended PvuII fragment (section 

6.2.2).

Two modifications to the basic inverse PCR strategy were used in this study as 

described earlier in this chapter. Both produced significant improvements in yield of 

amplified product in certain circumstances. The first was the linearisation of the 

circular PCR template. This method was essentially as originally described by 

Triglia et al. (1988). However, Ochman et al. (1990) stated that this procedure is not 

necessary to promote efficient amplifications. In my hands, opening of the circular 

template prior to amplification consistently produced an increase in yield. The reason 

why this effect is produced is probably concerned with competition between primer- 

template and template-template annealing. When a linear DNA template is 

denatured, the complementary strands separate, and their concentration in solution is 

very low compared to the primer concentrations, thus primer-template hybridisation is 

favoured over that between complementary template strands. When a covalently 

closed circular DNA template is denatured, the complementary strands are unable to 

physically separate unless a single-stranded DNA nick is present, thus their effective 

concentration in solution will be significantly higher leading to an increased 

probability that they will reanneal, thus reducing the incidence of template-primer 

hybridisation and template amplification.

The other modification of the basic inverse PCR strategy was the use of nested 

primers. The use of such primers has the benefit of specific reamplification of the 

desired DNA segment only, from a possibly complex product of an initial PCR. 

Generally, the initial template concentration will be much higher in such an 

experiment too, thereby maximising the chances of a successful amplification of the 

desired DNA segment. The use of nested primers produced more than a tenfold 

increase in amplification yield in two experiments (amplification of the der(l) 

junction fragment and of the normal chromosome 1 fragment from the Xbal cut and
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circularised template; see figures 6.4 and. 6.7); however it did not significantly 

increase the yield in another (amplification of the normal chromosome 1 fragment 

from the PvuII cut and circularised template; see figure 6.7). Many factors probably 

influence the stage at which the exponential accumulation of PCR product ceases, the so 

called 'plateau effect' (Innis and Gelfand, 1990). These include utilisation of 

substrates, stability of reactants, end-product inhibition, competition for reactants by 

non-specific products or primer-dimer, and reannealing or incomplete denaturation 

of specific product at high concentration. It is evident that the final yield of product is 

highly dependent on the reaction conditions and the reactants used, such as the 

primers; therefore the use of some nested primers might not always increase the 

product yield. If an inverse PCR experiment failed to produce an adequate yield of the 

desired fragment following the usual investigation of conditions of reaction such as 

buffer composition and thermal cycling conditions, then the use of alternative primers 

or the linearisation of the circular template with alternative restriction enzymes would 

be recommended.

The cloning of PCR products described in this work was facilitated in many cases 

by trimming the fragment ends using restriction enzymes. An alternative approach is 

to include a restriction site within the primer sequence (Scharf et al., 1986). This 

method has the advantage that it is flexible and does not require restriction sites to be 

present within the amplified DNA. In the cloning of some PCR products described in 

this chapter, only one end of the DNA segment was trimmed and the other end was 

treated as if it was blunt-ended (for example the cloning of the der(X) junction 

fragment; section 6.2.3). However, these cloning experiments may have been 

somewhat fortuitous, since Taq polymerase has template-independent terminal 

transferase activity resulting in the addition of a single nucleotide at the 3' end of most 

fragments (Clarke, 1988; Mole et al., 1989). This makes the cloning of PCR products as 

blunt-ended fragments inefficient. Alternative means of overcoming this problem are 

to use a 3' to 5' exonuclease to remove the 3' overhang at the ends of the PCR product
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(Hemsley et al., 1989) or to exploit the presence of this overhang which is usually an 

adenosine by ligating with vector with a 3' thymidine overhang (Marchuk et al., 1990). 

In this chapter, the cloning of the junctions of an X;l translocation and of the DNA 

segments around the breakpoints from the normal X chromosome and chromosome 1 is 

described. This was achieved using a particular application of PCR, inverse PCR. 

The following chapter describes how these clones were sequenced, revealing features 

which may have played a role in producing the translocation.
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Chapter 7 DNA sequencing of the X:l translocation breakpoint regions and of the 
junction fragments

7.1 Introduction

In this chapter, the structure of the X;l translocation is described at the finest level 

of resolution - at the level of the DNA sequence. The sequencing of approximately 1.5 

kb DNA from around the X chromosome breakpoint and of approximately 3 kb DNA 

from around the chromosome 1 breakpoint is also described. These sequences are 

compared with each other and with sequences held in the EMBL database. The results 

of this analysis are discussed in relation to the possible mechanisms causing the 

translocation.

The cloning of DNA whose sequence is presented in this chapter was described in 

Chapter 6. These clones were comprehensively subcloned in order to assist sequencing 

(the reading of DNA sequence was found to be reliable up to approximately 400 bp from 

the sequencing primer).

In Chapter 4, the X;l translocation was shown to be paternally inherited (section 

4.2.5). It follows that the most appropriate normal chromosome sequences with which to 

compare the sequences of the translocation junction fragments would be those of the 

patient's father which rearranged to produce the translocation. This would mean that 

any differences found between the sequences of the normal and rearranged 

chromosomes could not be confused with normal polymorphic sequence variation. 

Such normal variation is thought to occurs on average every 1 kb on the X chromosome 

(Hofker et al.,1986). In practice, identifying which of the father's chromosome Is had 

rearranged and selectively cloning the relevant chromosome fragment would not be a 

straightforward procedure, except in the unlikely event of identifying an informative 

polymorphism within the fragment to be cloned. As a male has only one X chromosome 

one could clone the relevant portion of the father's X chromosome with confidence, 

however, at the time of the relevant cloning experiment, DNA from the father was not 

available therefore DNA from another source was used.
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The sequence described in this chapter is derived from the following sources. Both 

junction fragments were cloned and sequenced from lymphoblastoid cell line DNA of 

the t(X;l) patient (WLS). Sequence containing the breakpoint on the normal X was 

derived from two sources. The X chromosome clone Alfl is a subclone of the cosmid 

XJC-5 (see Chapter 5, section 5.2) which in turn was derived from a 49,XXXXY library 

(Bodrug et al., 1989). The remaining X chromosome clones sequenced were derived by 

inverse PCR of the normal X chromosome of the t(X;l) patient (Chapter 6, section 6.2.1). 

The normal chromosome I clones sequenced were derived by inverse PCR of DNA 

from an anonymous normal female (Chapter 6, section 6.2.2) therefore these clones 

may be derived from either of her chromosomes.

7.2 Results

7.2.1 Subcloning and sequencing

7.2.1.1 Subcloning and sequencing of the normal X chromosome fragments

The subcloning of the 560 bp Xbal/Hindlll DNA segment, Alfl, into pUClS (figure 

7.1), was described in Chapter 5, section 5.2.3. Alfl was also subcloned into 

pBluescribe and was sequenced using single and double stranded sequencing protocols 

(Chapter 2, section 2.15).

The 1 kb Hindlll/Xbal fragment adjacent to Alfl on its proximal side, and which 

contains the X chromosome translocation breakpoint (figure 7.1) was cloned from 

DNA whose amplification by inverse PCR was described in Chapter 6 (section 6.2.1). 

The template of this PCR was DNA from the t(X;l) patient and thus the sequence 

obtained represents her normal X chromosome. Two clones were isolated and named 

Nl and N2. The gel-eluted inserts of these clones were found to contain a single Haelll 

site and the fragments of 700 bp and 400 bp generated by restriction of the inserts of Nl 

and N2 were subcloned into M13mpl8 and M13mpl9 single-stranded sequencing 

vectors (see table 7.1 for full details of clones). Sequencing reactions were performed 

using the forward sequencing primer. The sequence obtained from all these subclones

98



tAlf!

N1 
N2

T6i 
t8i

t10i 
t12ii

Pstl 
Xbal

Xbal

Hindlll

translocation 
breakpoint

Haelll

Xbal

1 kb

X

Figure 7.1 Locations of cloned DNA segments around the breakpoint of the normal X 
chromosome. Arrows on single-stranded M13 clones indicate the direction of 
sequencing possible in these clones, and the arrow on the Alfl clone indicates the 
direction of sequencing this DNA segment using the forward sequencing primer. The 
dotted line indicates the extent of sequenced DNA.



X chromosome subclones

Subclone

6i

8i

9i

lOi

12ii

13i

Insert size

700 bp

700 bp

400 bp

400 bp

400 bp

1100 bp

Insert sites

Hindlll/Haelll

Hindlll/Haelll

Xbal/Haelll

Xbal/Haelll

Xbal/Haelll

Hindlll/Xbal

Vector

M13mpl9

M13mpl9

M13mpl8

M13mpl9

M13mpl9

M13mpl8

Vector sites

Hindlll/Hindll

Hindlll/Hindll

Xbal/Hindll

Xbal/Hindll

Xbal/Hindll

Hindlll/Xbal

Parent

Nl

N2

Nl

Nl

N2

Nl

Der(l) subclones

Subclone

2i

3i

4i

15i

15ii

15iii

16i

18i

18vi

19iii

Subclone

IUPa

IIEa

IIIEa

F5A

F3A

Insert size

320 bp

320 bp

320 bp

420 bp

300 bp

950 bp

300 bp

740 bp

1990 bp

740 bp

Insert size

500 bp

550 bp

550 bp

300 bp

220 bp

Insert sites

Hindlll/PstI

Hindlll/PstI

Hindlll/PstI

Pstl/PvuII

Pstl/PvuII

Pstl/PvuII

Pstl/PvuII

Hindlll/PvuII

Hindlll/PvuII

Hindlll/PvuII

Chromosome

Insert sites

BamHI*/PvuII

Pstl/BamHI*

Pstl/BamHI*

Pstl/SstI

Pstl/Xbal

Vector

M13mpl9

M13mpl8

M13mpl9

M13mpl8

M13mpl8

M13mpl8

M13mpl9

M13mpl8

M13mpl8

M13mpl9

1 subclones

Vector

pUClS

pUC18

pUC18

pUCIS

pUC18

Vector sites

Hindlll/PstI

Hindlll/PstI

Hindlll/PstI

Pstl/Smal

Pstl/Smal

Pstl/Smal

Pstl/Smal

Hindlll/Hindll

Hindlll/Hindll

Hindlll/Hindll

Vector sites

PstI*/SmaI

Pstl/EcoRI*

Pstl/EcoRI*

Pstl/SstI

Pstl/Xbal

Parent

Al

A4

A4

Al

Al

Al

Al

Al

Al

Al

Parent

PPiii

PPii

PPiii

PPiii

2ai

Table 7.1 Details of the subclones generated from the X chromosome, the der(l) 

chromosome and the normal chromosome 1, in order to assist DNA sequencing. An 

asterisk indicates that a cohesive end produced by the restriction enzyme was made 

blunt-ended.



is listed in the appendix and the consensus X chromosome sequence is listed in figure 

7.2. This consensus includes sequence derived from the cloned der(X) and der(l) 

junction fragments.

7.2.1.2 Subcloning and sequencing of the der(l) junction fragment

The amplification and cloning of the der(l) junction fragment was described in 

Chapter 6, section 6.2.1. Two clones, Al and A4, were isolated. These contain 

Hindlll/Xbal inserts of 2 kb including over 1.7 kb DNA of chromosome 1 origin (the 

restriction mapping of the insert of Al was described in Chapter 5, section 5.2.5; see 

figure 5.18). Several subclones of Al and A4 were generated by ligation of suitably 

restricted gel-eluted DNA fragments into M13mpl8 and M13mpl9 single-stranded 

sequencing vectors. Full details regarding the clones are provided in table 7.1. Their 

locations are illustrated in figure 7.3. Sequencing reactions were performed using the 

forward sequencing primer. The PvuII/PstI insert of clone 15iii is approximately 1 kb 

in length and therefore too large to be completely sequenced using the forward 

sequencing primer (figure 7.3). Restriction sites had not been identified which would 

allow the segment to be subcloned. Sequence at the distal end of the DNA fragment 

represented by clone 15iii was obtained by sequencing the clone 18vi using the primer 

1OA (see figure 7.3; 10A was designed for inverse PCR, see Chapter 6, section 6.2.3). 

The insert of clone 18vi is 1.8 kb in length and includes the DNA fragment cloned in 

15iii, although these clones contain the opposite DNA strands (figure 7.3). Sequence 

from this reaction was used to design a 16mer primer, 10E (figures 7.3 and 7.4). This 

primer was used to obtain further sequence of the insert of clone 18vi. The appendix 

includes a list of the sequence obtained from all these clones. The der(l) sequence in 

the immediate vicinity of the translocation junction is presented in section 7.2.1.5 

(figure 7.8), and the sequence at the junction is illustrated in figure 7.5.
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Xcen

TCTAGAGCCA GAAATACCAT TTGACCAAGC AATCCCATCA CTGGGTATAT AO:CAAAGGA >:X' 
Xbal
TTATAAATTA TTCTGTGCTT ATTTCAGCAC TATTCACAAT AGCAAAGACT TGAAACCAAC 120

CCAAATGCCC ATCAATGATA GACTGGATAA AGAAAATTTG GCACATATAC ACCATGGAAT 180

ACTATGCAGC AACAAAAAAG GATGAGTTTC ATGTCCTTTG CAGGGATGTG GATGAAGCTG 240

GAAAACATCA TTCTCAGCAA ACTAACATAG GAACAGAAAA TCAAACTCGG CATGTTCTCA 300

CTCATAAATC GGAGTTGAAC AACCAGAAGA CATGGATGCA GTGGAGCATC ACACACTGGG 360

GCCTTTTGGG TGTGTGGGGC TAGGGGAGTG ATAGCATTAG GGGAAATACC TAACATAGAT 420

GACGGATTGG TACAGCAAAC CACCATGGCA TGTGTATACC TATGTAACAA ACCTGCACGT 480

LINE — ,
TCTGCACATG TATCCCAAAA CTTAAAGTAT AATAATAAAA AGTTTCTTAA AGTTTACTTA 540

TGGCTGCAAA TAAGATGAGG ATTCGGATTC AGCATAAGTC ATATATTTTT AAAATATGTC 600

AGTTCTTGCC ATTGTGTTAG GGAAACCACC AAGTACACAT TTATACATTT TTGCTCAGCA 660

TTTTTCAGGA GATAATCTCA ATGATGATTC AAAGAAAAAA ATAATAAGTC ATAAGAATTT 720

TTATTTACTG ACTGCTTAGT CACAAAAGAC AGAACACCAT CTCTTGAAGT CTCAGACTTA 780

Breakpoint
GAACACTCTC TTCGATAGAT TTACCAGCAA AATTCGTGAT TCATGCCTGT ATAGTAATTG 840

CTTTTGTGAT GTTCATATTT TTATTTAACC AGATATTGGT TCTGTAGCTT ATGCATGATG 900

TTGGCTACTC TCGAAAGAAA TTTCATTTTA AATTAGTTAT GCCCCTTAGG AGAATAATGA 960

AACATTTGGG GAGAATTTTA TTATTGGGGG ATTGAAGCTA TATTTGGTTT AAGAAATACC 1020

f
TGCCAAATAA TGCTTTGACA ATTTTAAACA TAAGCTTTTG TAGGATTTCT ATATAGAATT 1080

Hindlll
TGATATGCTT TGGCCTTAAC TGGTGTTTTG AGGCCTGAGG TTTAGTTTTA AGTGGAATTG 1140

CCTTTTAAAA TGAGTAGCAG TAGGCATTAG CATAAGCGAT TTCAGGAGCT GTTTCTAGTG 1200

TGTTTAGATG CTAACATATG CAAAAATAAG TACATCTAGG GTAAACTTAA TAAATTATGT 1260

ATGTTTATTG ACTCATAGAT AATAGGTATA TCTCTTTAAA ATATCCTTTG TGAATCAGAC 1320

AATTCTCTTC CCGTTATGAT TTCTCTGTAA GACAGTACAT TCTACATGCG TTGGTCGTGG 1380

GTTTCATATA CATTGTTTCT CTGAGTTTCA AACAGATTGG TTTGTTTGCC AGTCCAAAAA 1440

AAAAAAAAAA ATCCTCCCTA TATTAAGAGA GTGCTTTGTC AGCTTTCCCC TGTGAATAAC 1500

AAAGTGAGGA TGTTCTCTTT AAAGGAATAA AACAAAAAAT CAGGGATAAA AGATTGCGCC 1560 

TGTTCTAGA 1569
Xbal

Xpter
Figure 7.2 Consensus sequence from the X chromosome surrounding the t(X;l) 
breakpoint position. The position of the three nucleotides (GAA) of junctional homology 
at the breakpoint position and the region of sequence with homology to a LINE 
(nucleotides 1 to 521) are indicated. The asterisk adjacent to the Hindlll site indicates a 
gap in the DNA sequence estimated to represent fewer than 20 nucleotides.
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Figure 7.3 Locations of cloned DNA segments from the der(l) junction. The dark 
line represents X chromosome DNA and the pale line represents chromosome 1 DNA. 
Arrows indicate the direction of sequencing permitted in these single-stranded M13 
clones. The positions of two oligonucleotides, 10A and 1OE, are indicated which were 
used to prime DNA sequencing of clone 18vi. The extent of sequenced DNA is 
indicated by a dotted line.



5'
3'GTCATACTCCCATCTT 5' 

AGGGGACAGTATGAGGGTAGAAGGGCTCTCA

940

10E
3 ' Chromosome 

sequence
1

970

Figure 7.4 Sequence of oligonucleotide primer 10E and position with respect to the 
consensus chromosome 1 sequence (see figure 7.7).

G A T C
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junction
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5'

Figure 7.5 DNA sequence across the der(l) junction determined by sequencing 
the clone single-stranded clone 4i. The trinucleotide (GAA) at the junction site 
is indicated, as is the PstI site which lies just proximal to the junction.



7.2.1.3 Subcloning and sequencing of DNA fragments from normal chromosome 1

The cloning of DNA segments from around the breakpoint position on chromosome 

1 was described in Chapter 6, section 6.2.2. This cloned region extends from 70 bp 

proximal to approximately 1.5 kb distal of the breakpoint position (figure 7.6). The 

clones 2ai, PPii, PPiii and PPiv are derived from one PCR reaction while the clones 

1CMA, 1CMB and 1CMC are derived from another. The positions of these cloned DNA 

segments are indicated in figure 7.6. Further subcloning of these clones facilitated 

sequencing which was performed using the double stranded protocol and using the 

forward and reverse sequencing primers. A summary of the details of all subclones is 

included in table 7.1 and their positions are illustrated in figure 7.6. The subclone 

IllPa was produced by digesting PPiii plasmid DNA with BamHI and PstI, thereby 

cutting the proximal BamHI/PstI portion from the clone. The cohesive ends were in­ 

filled using Klenow (Chapter 2, section 2.11.1) and the blunt ended molecule was 

circularised and used to transform competent bacteria. The subcloning of IIEa and 

IIIEa from PPii and PPiii respectively was similarly performed, this time removing 

the distal BamHI/PvuII fragments from the parental clones by digesting the plasmids 

with BamHI and EcoRI (EcoRI cuts within the multiple cloning site of pUCIS just 

outside the Pvull end of the insert - Pvull could not be used as the clones PPii and PPiii 

were produced by ligating the Pvull end of the insert into the Smal site of the pUCIS 

multiple cloning site; see Chapter 6, section 6.2.2). F5A is a Pstl/SstI subclone of PPiii 

generated by digesting PPiii plasmid DNA with SstI, circularising the fragment and 

using it to transform competent bacteria. F3A was subcloned from 2ai by the same 

method using Xbal.

The sequence obtained from the above clones is listed in the appendix. A complete 

list of the chromosome 1 consensus DNA sequence determined is provided in figure 

7.7. This includes sequence derived from the cloned der(X) and der(l) junction 

fragments.

Since the clones 2ai, PPii, PPiii, PPiv,lCMA, 1CMB and 1CMC are derived from

100



tPPii 
tPPiii 
tPPiv

tlllPa

tllEa 
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Figure 7.6 Locations of DNA segments cloned from inverse PCR amplified normal 
chromosome 1 around the t(X;l) chromosome 1 breakpoint position. All DNA segments 
are cloned into pUClS, and arrows indicate the direction of sequencing using the 
forward sequencing primer. The dotted line indicates the extent of sequenced DNA.



genomic DNA from a normal individual, some clones may represent one chromosome 

1 and some the other. No differences were observed in the sequences obtained from 

these clones. However, if differences had been observed, then they could either 

represent PCR errors (see section 7.2.4) or normal polymorphic differences in DNA 

sequence.

7.2.1.4 Sequencing of DNA at the der(X) junction

The description of the cloning of the der(X) junction fragment is in Chapter 6, 

(section 6.2.3). Three independent clones, FF1I, FF1K and FF1L, were isolated from a 

single inverse PCR amplification. The inserts of these clones are approximately 650 

bp in length and extend from 250 bp proximal of the translocation breakpoint to 400 bp 

distal of the breakpoint (figure 7.8). These clones were sequenced by double-stranded 

sequencing protocols using forward and reverse sequencing primers. A list of the 

sequences obtained from all these clones is included in the appendix. The der(X) 

sequence in the immediate vicinity of the translocation junction is presented in section

7.2.1.5 (figure 7.9).

7.2.1.5 DNA sequence at the translocation breakpoints

The DNA sequence at the translocation breakpoints is illustrated in figure 7.9. 

Comparison with the normal sequence reveals the structure of the rearrangement. 

Slight uncertainty in the precise structure is presented by three nucleotides, GAA, 

which are present at the junction of the der(l) and are present in the normal sequences 

from both chromosome 1 and the X chromosome. The finding of short nucleotide 

sequences of junctional homology has previously been observed at sequenced deletion 

breakpoints (Henthorn et al., 1990; Love et al., 1991; see discussion, section 7.3.2). The 

four nucleotides, CTTA, immediately proximal to the nucleotides of junctional 

homology on the X chromosome are deleted in the rearrangement. They are not present 

in the sequences of either derivative chromosome. The pair of nucleotides, GA,
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Icen

CAGCTGCTCC TCTGTTGGAG TGGACTCGCC AG^CC^AATG CCTGCCAGAC ACTCTGCCTG 60
PvuII
GGGCAGGGTG GGGCCAAGGC TGTGCCGCTT ACAACTCCAC TCCTCTAGGC CATTTGGGAA 120 

GTTTTCAGGC TCTTGTTCCT GAAGACAGAC AAGCTGACCT GAGGCCTGAG CCTTGAGGAG 180 

TAAGACACCT GACAGTAAGC TAGGGGACCT CCCGTCCCAT GCCCCCAACT CTCATGAAGC 240

ATCTTTAATA GTCTCTGAAG CACAATTTGC CCACCACAAA TAGTTCCTCT GCAGCTCAAC 300
PstI 

TGGTCACCGA ATGGGCTGGC AGCTGTGCCT CTCCAGAACC ACCCTCTCCC ATGACAGACA 360

GCGACTCCTT GATAAGTGTA TTTTGGTTGA CAGCCTTGAC AGCCTAATTC TCTCTGCTCT 420 

GAGTAAGCAA GTCTGACCAC ATGGCCCCAA AGAGTCGGAC AGGCCACCGC GATCACCCAC 480 

CACGTGCACT GGGTGGAGAG TCAGACGACG CCCCTCAGGA AGCCGCGCTA AGCACTTGGC 540 

GTGATGGAAT CATCACTGCA AGGAGCCATG TCCGCTTTCC TTTACAATCC CCTGGGTGGA 600

1— Alu
GACAGTTGTA CTTTTTTTTT TTGAGATGGA GTCTTGCTCT TTCACCAAGC TGGAGTGCAG 660

TGGCGCGACC TTGGCTCACT GCAACCTCTG GTTCAAGCGA TTTTCCTACC TCAGCCTCCT 720

GAGTAGCTGG GATTACAGGC ACGCGCCACC ACGCCCAGCT AATTTTTGTA GTTTTAGTAG 780

AGACGGGGTT TCACCATGTT GGCCAGGATG GTCTCGATCT CCTGACCTCG TGATCTGCCT 840

Alu _,
GCCTCAGCCT CCCAAAGTGC TGGGATTACA GGCGTGGCCA CCACACCCGG TCAACAGTTT 900

CCCTTTTAAT GACATCCATC TGTACAAGAA GGCTAGGTGA GGGGACAGTA TGAGGGTAGA 960

AGGGCTCTCA GGGCCCCTTC TGGGCACATG TATACCAGAC CCAGTGTGTT CTCAGGAAAG 1020

GGCAAGGTGG GGAGCTTTAG TCACCCCTAG GCTGTGAGCA TAGCAGAGAT TGGAAACCCC 1080

AAAACAGTCC CCAGGTTCCT CTCTGCTGGG AACTTGGACT TCCAGAAAGC ACACTGTCCA 1140

CTCGCTCCCA GCAAAGAACA TCTGGAACAC ACCAGGTGCT CACCCGAGGC AACATAACCA 1200

CAGGGGCTCA CAGCTGAACA CAAGGGTTCC TCCAGGAAGG CTCCAGGAAG ACCTGGCCAG 1260

PvuII
AGGATAGGCT CACCTGGCCT GGTCCGTTCC TGAGGCCTTA CTACCCCAAA GCCCAGAGCC 1320 

ATGGTGGTTC TGGAGCCCAC CATGCTGCGG CAGGCAGGAG GATGTACTGA AGGAAAGCCA 1380

,_ Z-DNA
GGCCGGGTAT GCATGCATTT ACACACAGAT AAGTGTGCCC GTGTGTGCAC ACACACATGC 1440

Z-DNA ,
ACATACACCA AGAAGTCGGA TTGGATGGCT CCAAATTCCC ATGGGCTCCG GGCCCATGCG 1500

GCAAGACCTA CAAAAGATAC AAATGCTCCC AAGAGTGGCT GCTTCCCCAT GGGCCTGCAA 1560

GGAAGGAAGG CGAAGTAGTG CGGACGCCAG GAACTTGCCC AGTGGGAGCT GTTGCTGCTG 1620
Breakpoint

CTGCAGAAAG AAGCAGGAAG GAGAAGAGAC TGGGCCCATG GCAGTCCCTT GCGTGTCTGC 1680

PstI
ACCAAGGGCT CTGGGCAGAG AGCCCGGCAG GTGCAGCACA GCTCTGTGGT GACAGGGGCC 174U

r- LAR
AGGCACTGCC TGAGTCCTTA CCTCGCACAT ACAGGTTCGC AGGGGCTGAG TAACGTGTG'? 1800



f
CTGCCGAGTT GGTACACACT CGTACTTGCC TTGGTCGGAT TCCTCACTGC TCTCTATCTG 1660

LAR —, *.
CAAGGCACCT GTGGGTACAC GAAGCGAGAG GTCAGACGGC CCATGTCGAG TGTGGCCTGG 1920

AACACGGTGA GAGGTCTCGA CAGCATCTGT GGCTGATGTT GACCAGATGT CGAAGCTCAT 1980

CCAGGCCACA CCCTGGCACC CCTGCTGCTT CCAGGAAGCT CTCCCTGAAG AGCCCAGTGG 2040

CCTCCTGTCT AGAACCAACG GTTGTGCTTT GGAGCACAAT CTCATGCTCC CCACAGTCCA 2100

Xbal
GCAAGACCCA CCTTTGCTCT GCCAGGGACT GTACCCCAAC CCCCAGCTCC ATTCAGTTTC 2160

TGCCACACTC TTGCCAGTAC TGGAGCCTAT TTCCCAATCA ACATCCCTGT TAGTGTTCCC 2220

GGCCCCGCAG CCCCACTAAG CCAGTCAGAG CCAGGTGTGG GAGCAGCCTG CAGACTGGCG 2280
PstI

GGCCTGGGAT TCACAAGCAC GCCATGCCCT CATCAGGCTG GAGCTTGAGA ATTTGCCGCC 2340

CACCAGGAAG GAATGGGTTT GCCCTGGGGG CCTGGTGCCC AGCAGCCTCT GCTCCCAGCA 2400

CCATCTTCCC CTCCTACTCC ACCCCCTCCC CGCCAGCCCC ACCCATTCCA GCTCCACTGC 2460

TCAGCTCAAG AGGCTAATGG AGGTTGGAGC TCTCACTCGG CCAGAGCCTG AGGGGCTGCT 2520

SstI
CTGGCCGCAG ACGGACAGAC AGGAGCCAGG ATGCCGGTGG GTAGCAAAAG GACCCTCAGA 2580

AAGGGTGGAG GAATCTTGGG CTTGAGGCCA GTTCTGACAG GTCCTGGCGG GGGAGGCGAA 2640

GGCAGAGCGG CAAGGTGGGG GTGGATCCAC TGGACTTGGC CGTCCCCTGG CCCCACCAAT 2700

BamHI
AAACACTTGA AAAAACTGCT TGTGAAAGCA CACTGGGCAA GCTGTCCGTG ACAGACACAC 2760

CCCCGGGCAC AGGCAGCACA CCCCTCCCTG GAACAATCCA ACAGACAATT ACACCCACAC 2820

AGGACGGTCC AACAGTTAAG AACCCCCACA GGACACAGTC GACAAAACCA CCTCCTGCAC 2880

AGAACAGCCA GCCTAACCTG ACAGCCTCCA CCTTCCCAGG GCCCAGGCTG ATGGACAATC 2940

ACACCCACAC AGGACATGGA CAGAAGCTGC CGGGCCCCCC CTGCCTGGAC TGGACAGGAG 3000

CCAGAGGAAG AGTTCCAAGT CATGCTCTCA CGGTTGGGGC CAAAGGGGTA CCACCCTGGG 3060

TCTGACCTAT AGCCACCTCA CTACCTGATG TCCCTCTTCC ACCATCTAAC CCAGGGCAGC 3120

AGGAGGGACT GGGAACCCAG GGGGCTGGCA GCTG 3154
PVUII

Figure 7.7 Consensus chromosome 1 sequence indicating the positions of restriction 
sites and features of note within the sequence. The nucleotides (GAA) of junctional 
homology at the t(X;l) breakpoint position are indicated. The positions of an Alu 
element, a stretch of potential Z-DNA and an exon of the LAR gene are also indicated. 
Asterisks indicate the presence of blocks in the sequencing gel and therefore represent a 
small but unknown number of nucleotides.
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Figure 7.8 Locations of der(X) junction containing clones FFII, FFIK and FFIL which 
extend from an Xbal site distal to the der(X) junction to an oligonucleotide primer, 1OB, 
proximal to the junction. The dark line represents X chromosome DNA and the pale line 
represents chromosome 1 DNA. The dotted line indicates the extent of sequenced DNA.

Xcen Xpter

AGAACACCATCTCTTGAAGTCTCAGACTTAjGA^CACTCTCTTCGATAGATTTACCAGCAA X 
AGAACACCATCTCTTGAAGTCTCAGA. j JCACTCTCTTCGATAGATTTACCAGCAA <Jer( 1 )

AGCTGTTGCTGCTGCTGCAGAAAGAAGEAG:
AGJ3AAbGAGAAGAGACTGGGCCCATGGCA&TC der(X) 

AGCTGTTGCTGCTGCTGCAGAAAGAAGCAGfiAAbGAGAAGAGACTGGGCCCATGGCAGTC 1

Icen 1 pter

Figure 7.9 Nucleotide sequence across and immediately surrounding the t(X;l) 
junctions and of the corresponding sequences from a normal X chromosome and 
chromosome 1. Three nucleotides (GAA) of junctional homology are boxed. The 
presence of this trinucleotide at three additional sites on the normal chromosome 1 
sequence and at two additional sites on the normal X chromosome sequence is 
indicated by underlining. Another trinucleotide (TGC) present four times on the 
normal chromosome 1 sequence is also underlined.



immediately proximal to the nucleotides of junctional homology on the normal 

chromosome 1 appear to have been duplicated. They are present in the sequences of both 

derivative chromosomes. Therefore, given the uncertainty of three nucleotides 

representing the nucleotides of junctional homology, a deletion of 4 to 7 nucleotides 

from the X chromosome and a duplication of 2 to 5 nucleotides from chromosome 1 are 

associated with the X;l translocation at the breakpoint site. The chromosome 1 DNA 

strand illustrated in figure 7.9 in the vicinity of the breakpoint is purine rich. The 25 

nucleotide region from 12 nucleotides proximal to the nucleotides of junctional 

homology to 10 nucleotides distal contains a single pyrimidine. This feature is not 

shared with the X chromosome sequence in the vicinity of the breakpoint. Within this 

purine rich region, the nucleotide sequence GAA, which represents the nucleotides of 

junctional homology, is present three more times. The same sequence is also present 

three times on the normal X chromosome sequence (including the site of junction 

homology) within the 60 bp DNA sequence illustrated in figure 7.9 surrounding the 

breakpoint. Immediately proximal to the purine rich region on the chromosome 1 

sequence three nucleotides, TGC, are repeated four times (figure 7.9).

7.2.2 Sequence analysis

In order to determine any possible significance of the DNA sequences surrounding 

the t(X;l) breakpoints, computer-aided sequence analysis was performed.

7.2.2.1 Analysis of the X chromosome sequence

The complete X chromosome sequence (1569 bp; figure 7.2) was compared with all 

sequences held in the EMBL database in June 1991. Highly significant similarity was 

found to several sequences which contain Kpnl LI repetitive elements. For example, 

86% homology (446 nucleotides out of 521) was observed between the proximal 521 bp of 

the X chromosome sequence and the equivalent portion of the Kpnl LI repetitive element 

which is approximately 1 kb upstream of exon 1 of the factor IX gene (nucleotides 1375-
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1926; Yoshitake et al., 1985; see figure 7.10). This finding indicated that a Kpnl LI 

repetitive element is present in the X chromosome test sequence. The region of the X 

chromosome sequence within which similarity was found is indicated in figure 7.11. 

The analysis suggests that the Kpnl LI repetitive element extends from beyond the 

proximal end of the sequenced DNA to within 210 bp of the translocation breakpoint. 

The proximal end of the Kpnl LI repetitive element may lie up to 5.5 kb proximal to the 

end of the sequenced DNA segment depending on whether or not it is a full length 

element (Fanning and Singer, 1987). Within the distal 1048 bp portion of the X 

chromosome sequence, only the consecutive run of 16 adenines (nucleotides 1436 to 

1451) was found to have significant homology to other known sequences which contain 

similar consecutive adenines. Homology was not observed to extend into the 

surrounding sequences.

No significant direct or inverted repeats were detected in the X chromosome 

sequence.

7.2.2.2 Analysis of the chromosome 1 sequence

The complete chromosome 1 sequence (3154 bp; figure 7.7) was compared with 

nucleic acid sequences contained in the EMBL database in June 1991. An Alu 

repetitive sequence was identified from nucleotide 623 to 892 which lies 750 bp proximal 

to the chromosome 1 breakpoint position (figure 7.7). Analysis also revealed a 100% 

match between a 113 bp segment of the cDNA sequence of the human leukocyte antigen 

related protein (LAR) and the chromosome 1 test sequence (nucleotides 1762 to 1868, 

figure 7.12; a compression was present in the sequencing gel within the sequence 

corresponding to this region, however the sequence matched perfectly on either side). 

Examination of the chromosome 1 test sequence revealed that sequences matching the 

consensus donor and acceptor splice sites are present at either end of the homologous 

region of DNA sequence (figure 7.13; Mount 1982). This finding together with the 

match to the LAR cDNA sequence indicates that the region represents an exon of the
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1 (X chromosome test sequence) 
I 
TCTAGAGCCAGAAATACCATTTGACCAAGCAATCCCATCACTGGGTATATACCCAAA

I I I I I I I I I I I I I I I I I I I I I I I II I MINI I I I I I I I I I I I M III 
TCTAGACCTAGAAATACCATCTGACCCAGCCATCCCATTATTGGGTATATACC AAA

I
1375 (F IX)

58 (X chromosome test sequence) 
I 
GGATTATAAATTATTCTG.......................TGCTTATTTCAGCACT

I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
GTATTATAAATCATGCTGCTATAAAGACACATGCACACGTATGTTTATTGCGGCACT 

I 
1431 (F IX)

92 (X chromosome test sequence) 
I 
ATTCACAATAGCAAAGACTTGAAACCAACCCAAATGCCCATCAATGATAGACTGGAT

II II M I M I M I I I II I I I I I M I I I I I I I I I IN I II I I I I I I M I II M 
TTTCACAATAGCAATGACTTGGAACCAACCCAAATGTCCAACAATGATAGACTGGAT 

I 
1488 (F IX)

149 (X chromosome test sequence) 
I
AAAGAAAATTTGGCACATATACACCATGGAATACTATGCAGCAACAAAAAAGG. ATG 

I I I I I I I I I I I M I I I I I I I I I I I I I I I I I I I Mill I I I I I I III 
TAAGAAAATGTGGCACATATACACCTAGGAATACTAGGCAGCCATAAAAAGAAAATG 

I 
1545 (F IX)

205 (X chromosome test sequence) 
I
AGTTTCATGTCCTTTGCAGGGATGTGGATGAAGCTGGAAAACATCATTCTCAGCAAA 

I I I I I I I I I I I M I I MM II I I II I M II MM M I II I I M I I I I M I 
AGTT.CATGTCCTTTGTAGGGCA.TGGATGAAGCTAGAAACCATCATTCTCAGCAAA 

I 
1602 (F IX)

262 (X chromosome test sequence)

I 
C TAAC ATAGGAAC AGAAAATC AAACTCGGC ATGTTC TC AC TC ATAAATCGGAGTTGA
III I I I Ml MM Mill I I M M I II I M II M M I Ml Ml 
CTATCGCAAGGACAAAAAACCAAACACCGCATGTTCTCACTCATAGGTGGGAACTGA

I
1657 (F IX)

319 (X chromosome test sequence)

I 
ACAACCAGAAGACATGGATGCAG....TGGAGCATCACACACTGGGGCCT TTGGGG

I I I I I I II M M II Ml I II II M M II I I II I I I M I I I I I 
AC AATGAGAAC AC TTGGAC AC AGGAAGGGGAAC ATC AC AC AC CGGGGC C TGTTGTGG

I
1714 (F IX)



371 (X chromosome test sequence)

TGTGTGGGGCTAGGGGAGTGATAGCATTAGGGGAAATACCTAACA.TAGATGACGGA
III INN II I I I I I I I I II I I I I I I I I I I I MINIM II MINI 

GGTGGGGGGCGAGGGGAGGGATAGCATTAGGGGATATACCTAATGCTAAATGACGAG
I
1771 (F IX)

427 (X chromosome test sequence)
J_____XOA_________
TT....GGTACAGCAAACCACCATGGCATGTGTATACCTATGTAACAAACCTGCACG
II II I I II I II MM II I II I I I I M I I I I I I I I I II I I II I I II II 
TTAATGGGTACAGCACACCAACATGGCACATGTATACATATGTAACAAACCTGCTCG

I
1828 (F IX)

480 (X chromosome test sequence)
I 
TTCTGCACATGTATCCCAAAACTTAAAGTATAATAATAAAAA.....GTTTCTTAAA
II I I II I I I I II II II I I I I I I I I M II I II I I I I II M I I I I I 
TTGTGCAC ATGTAC C CTAAAAC TTAAAGTATAATAATAAAAAAAAGATCATTC T AAA 

I 
1885 (F IX)

532 (X chromosome test sequence) 
I _______XOB________ 
GTTTAC TTATGGC TGC AAATAAGATGAGGATTCGGATTC AGCATAAGTCATATATTT
MM III I I II I I I I M III III 

ATTTATACAAGC C C TTAGAACAGTTAAAAATATC TTAC CAAAAGAAGAATAAAGTTG
I
1942 (F IX)

Figure 7.10 Alignment of X chromosome consensus sequence (nucleotides 1 to 588) 
with region of F IX gene sequence containing a Kpnl LI element. The positions of 
oligonucleotide primers, XOA and XOB, used in the inverse PCR amplification of the 
der(X) junction fragment are indicated (see Chapter 6, section 6.2.3). Primer XOA is 
homologous to the F IX sequence at 17 out of 20 nucleotides if an adjustment of 
alignment of the sequences is made within the primer sequence.
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Figure 7.11 Positions of features within the DNA sequence surrounding the t(X;l) 
chromosome 1 and X chromosome breakpoint positions revealed by sequence 
analysis. Other DNA sequenced between these regions is indicated by dotted lines.



1895 (chromosome 1 test sequence) 

I 
CTGACCTCTCGCTTCGTGTACCCACAGGTGCCTTGCAGATAGAGAGCAGTGAGGAATCCG

I II I I II II I I I I II II II I II I I II I I I I I M I M I I I I M I 
ACGGCCGCATCAAGCAGCTGCGTTCAGGTGCCTTGCAGATAGAGAGCAGTGAGGAATCCG

I
882 (LAR)

1835 (chromosome 1 test sequence) 
I

ACCAAGGCAAGTACGAGTGTGT* * * *ACCAACTCGGCAGGCACACGTTACTCAGCCCCTG 
I I I I I I I I M I I I I I I I I M M I I I I M I I M I I M I I I I M I I I I I I M I I I I I I

ACCAAGGCAAGTACGAGTGTGTGGCGACCAACTCGGCAGGCACACGTTACTCAGCCCCTG 

I 
942 (LAR)

1779 (chromosome 1 test sequence) 

I 
CGAACCTGTATGTGCGAGGTAAGGACTCAGGCAGTGCCTGGCCCCTGTCACCACAGAGCT

I I I M M I I M M I M I I I I I 1 III II III 
CGAACCTGTATGTGCGAGTGCGCCGCGTGGCTCCTCGTTTCTCCATCCCTCCCAGCAGCC 

I 
1002 (LAR)

Figure 7.12 Comparison of a portion of the chromosome 1 consensus DNA sequence 
with a portion of the cDNA sequence of the leukocyte antigen related protein (LAR). A 
perfect match was seen between nucleotides 906 to 1019 of the LAR sequence with 
nucleotides 1871 to 1762 of the consensus chromosome 1 sequence. Asterisks indicate 
where a block in the sequencing gel prevented reading of the chromosome 1 sequence. 
Comparison with the LAR sequence indicated that four nucleotides were unreadable.

1 pter
acceptor splice site

rp rp rn rp rn rp rp rp rp rn n~i /~i

CCCCCCCCCCCNT ' G

CTGACCTCTCGCTTCGTGTACCCACAGIGTGCCTTGCAGATAGAGAGCAGTGAG
intron exon

GAATCCGACCAAGGCAAGTACGAGTGTGTGCCGACCAACTCGGCAGGCACACGT

exon intron 3'
TACTCAGCCCCTGCGAACCTGTATGTGCGAGIGTAAGGACTCAGGCAGTGCCTG

CAG I GT AAGT

donor splice site —>
1cen

Figure 7.13 Genomic sequence around the LAR exon identified within the 
chromosome 1 consensus sequence (see figure 7.12). Potential exon/intron borders 
were identified by searching for homology of sequence with the consensus acceptor 
and donor splice sites (Mount, 1982; invariant nucleotides within these sites are 
underlined). The exon/intron borders indicate that the exon is between nucleotides 
909 and 1019 of the LAR sequence (see figure 7.12).



LAR gene. The exon is 122 bp distal to the t(X;l) chromosome 1 breakpoint (figure 7.11).

A 62 bp stretch of alternating purine/pyrimidine nucleotides was identified which 

is 188 bp proximal to the chromosome 1 breakpoint (nucleotides 1387 to 1448; figure 7.7). 

58 out of 62 bases match the alternating sequence (figure 7.14).

No significant direct or inverted repeats were identified in the chromosome 1 

sequence.

7.2.2.3 Search for recombination signals in the sequenced DNA from the X 

chromosome and chromosome 1

A search was made for specific short DNA sequences which are known to be 

signals for recombination. Heptamer and nonamer signals specify V(D)J 

recombination in immunoglobulin genes (consensus sequences CACAGTG and 

ACAAAAACC; Sakano et al., 1979; Max et al., 1979). Studies show that the nonamer 

signal is not always required for recombination especially if the process is 

illegitimate (Baer et al., 1988; Boehm et al., 1988). Searching of the complete DNA 

sequences from the X chromosome and chromosome 1, revealed that perfect matches to 

the heptamer and nonamer signals are not present. Searching the complete 

chromosome 1 sequence revealed that there are 17 sites where 6 out of 7 nucleotides 

match the heptamer consensus. The closest of these to the chromosome 1 breakpoint is 

32 bp proximal (nucleotides 1598-1604). A search of the complete X chromosome 

sequence detected six sites where 6 out of 7 nucleotides match the heptamer consensus. 

The closest of these to the X chromosome breakpoint is 164 bp proximal (nucleotides 610- 

616). Heptamer signals lie directly adjacent to the recombination sites in V(D)J 

recombination (Max et al., 1979). Therefore, the involvement of illegitimate V(D)J 

recombination can be ruled out in producing the X;l translocation.

A search was made for the presence of the octamer GCTGGTGG which is the Chi 

site around which Rec-promoted recombination in bacteriophageX is elevated (Smith et 

al., 1981). No perfect match was found in the complete X chromosome or chromosome 1
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1387 (chromosome 1 sequence) 1448
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GTATGCATGCATTTACACACAGATAAGTGTGCCCGTGTGTGCACACACACATGCACATACAC
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Figure 7.14 Alternating purine (GA; p) / pyrimidine (CT; y) DNA segment located 188 bp 
proximal to the chromosome 1 breakpoint. Four bases which do not match the alternating 
sequence shown underneath are underlined.
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Figure 7.15 Hybridisation of PPii to a 'zoo blot' of Bamffl (B) and PstI (P) DNA from 8 
vertebrate and 1 invertebrate species. Hybridisation signals are visible in all tracks 
except those of the reptile (containing a small quantity of DNA) and of Drosophila. The 
final wash prior to autoradiography was performed using 200 mM phosphate buffer at 
60°C. The principal bands in the human tracks (PstI, 2.0 kb; BamHI, 13 and 6 kb) are 
arrowed.



sequences. It is not known whether the Chi sites inXare the same sequence as sites that 

stimulate recombination in the human, however Chi sites enhance recombination up to 

10 kb away and therefore it is possible that an equivalent human signal has stimulated 

the X;l translocation but lies outside the sequenced chromosomal regions. 

Alternatively an unknown recombination signal may lie in the vicinity of the t(X;l) 

breakpoints.

A search for the presence of the topoisomerase I and II consensus sequences (5' 

A/C/T, C/G, A/T, T 3' and 5' A/G, N, T/C, N, N, C, N, N, G, T/C, N, G, G/T, T, N, T/C, 

N, T/C 3' respectively; Spitzner and Muller, 1988) did not reveal significant homology.

7.2.2.4 Comparison of DNA sequence from around the chromosome I breakpoint 

region with that from the X chromosome region

A computer comparison of the complete X chromosome sequence with the complete 

chromosome 1 sequence detected no significant homology.

The X chromosome breakpoint of the t(X;l) is within the DMD locus which is within 

a dark staining G-band, Xp21, while the translocation breakpoint on chromosome 1 

falls within a pale region of the chromosome following G-banding, at band Ip34 (see 

Chapter 5, figure 5.1). It is possible, however, that the DMD locus is within the pale sub- 

band Xp21.2 or that the chromosome 1 breakpoint is within the dark sub-band Ip34.2 (see 

Chapter 1, figures 1.2 and 1.4). A glance at the DNA sequences from the two breakpoint 

regions shows that they are very different in composition (figures 7.2 and 7.7). The GC 

content of the 3154 bp chromosome 1 sequence is 60% while that from the 1569 bp X 

chromosome sequence is 34%. The differences in composition of DNA from dark and 

pale G bands are discussed in section 7.3.1.

7.2.3 Investigation of evolutionary conservation of DNA from chromosome 1 around 

the breakpoint position

Sequence analysis indicated that the chromosome 1 breakpoint is within an intron
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of the LAR gene (section7.2.2.2), however, the first indication that the breakpoint might 

be within an expressed locus was through the hybridisation of the chromosome 1 probe 

PPii to a Southern blot which included mouse DNA (Chapter 5, figure 5.22). The probe 

was observed to cross-hybridise to a 7.5 kb BamHI restriction fragment. Cross-species 

hybridisation indicates evolutionary conservation of the sequence and implies that the 

DNA has functional significance and may represent part of a structural gene or a 

pseudogene. In order to investigate whether PPii might also hybridise to species which 

diverged from the human earlier in evolution than the mouse, PPii was hybridised to a 

'zoo-blot' containing DNA from several mammalian species, and representative 

species of reptile, bird, amphibian and insect (figure 7.15). Hybridisation signals 

were observed in all tracks except those containing DNA from the fruit fly, Drosophila 

melanogaster. Since sequence analysis revealed that PPii is within an intron of the 

LAR gene, the reason for conservation of DNA within PPii is unclear. One possibility 

could be that alternative splicing of the LAR transcript occurs, and that PPii does 

include an exon which is not included in the cDNA sequence held in the EMBL 

database. The 'zoo-blot' has not been probed with a DNA clone including the LAR exon. 

The clone 1CMA would be suitable for this purpose (see figures 7.6 and 7.11). This 

experiment would be expected to detect cross-species hybridisation similar to that 

detected using the probe PPii described above.

7.2.4 Estimation of the frequency of sequence errors caused by Taq Polymerase

The major disadvantage in using inverse PCR to clone the translocation 

breakpoints over traditional cloning techniques (see Chapter 6, section 6.1.1) is that the 

sequence data come from the products of amplification. It is recognised that during 

PCR, Taq Polymerase occasionally makes errors in DNA replication, usually A.T to 

G.C transitions, and that these errors are copied in subsequent rounds of amplification 

(Keohavong and Thilly, 1989; Belyavsky et al., 1989). The frequency of erroneous 

DNA replication is such that any cloned PCR product of around 1 kb is likely to include
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a change in DNA sequence compared to that of the DNA template. Thus sequence 

derived from a single cloned PCR product may include such errors (Karlovsky, 1990). 

Thermostable DNA polymerases of higher fidelity have now been isolated from 

Thermococcus litoralis and Pvrococcus furiosus (available from Stratagene). The use 

of these enzymes would therefore be preferred to that of Taq Polymerase when the PCR 

product is to be cloned and sequenced. The problem of sequencing PCR errors can be 

overcome in two ways. Firstly, methods have been described which allow the direct 

sequencing of PCR products without cloning. This can been performed using double- 

stranded PCR products (Wrischnik et al., 1987; Newton et al., 1988). Alternatively 

single-stranded PCR products can be generated, either by asymmetric PCR where 

primers are used at dissimilar concentrations or by performing a secondary 

amplification using only a single nested primer (Gyllensten and Erlich, 1988; 

McCabe, 1990). Since the number of template molecules for DNA amplification 

provided by a typical initial DNA template concentration of 100 ng per reaction is high 

(approximately 20,000), errors which are made even in early PCR cycles and clonally 

copied will be undetectable against a consensus DNA sequence. Secondly, DNA 

sequence from more than one cloned PCR product can be obtained and a consensus 

sequence determined. This was the method I used to ensure against sequence errors of 

both translocation junction fragments and of both normal chromosome fragments 

around the breakpoints. The full sequence determined in this work is given in the 

appendix which shows where sequence was confirmed from more than one clone. The 

chance that two clones derived from a single PCR amplification are clonally related 

may be as low as 1 in 20,000 assuming that all 20,000 template molecules represented in 

100 ng DNA are proportionally amplified. Thus two such clones are unlikely to 

contain the same errors. The sequencing of different clones of PCR products, 

permitted the frequency that PCR errors are present in the clones isolated in this work 

to be estimated. A total of six such errors were identified (one illustrated in figure 7.16) 

where a total of 5740 bp of sequence was available for comparison. Thus a PCR error is
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FF1I_____FF1K 1CMA 1CMB 

GATCGATCGATCGATC

Figure 7.16 DNA sequence from four clones illustrating a PCR error which 
is a T to C transition (arrowed) within the sequence of FF1I determined by 
comparison of the sequence with those of FF1K, 1CMA and 1CMB.

5 ' C T A T C G A A G A G A G T G T T C T A A G T C T G A G A C T T C A A 3 ' X

I I I ! I I I I I i I I ! I I I I E
5' TATCGAAGAGAGTGTTCCTG 3' JDERl 

5 ' CTATCGAAGAGAGTGTTCCTGCTTCTTTCTGCAGC 3' Der ( 1

! I I I I ! I 1 I I i I I I I i I I I I i 

6'CCCAGTCTCTTCTCCTTCCTGCTTCTTTCTGCAGC 3' 1

5'TCTCTTGAAGTCTCAGACTTAGAACACTCTCTTCG 3' X

I I 1 I I I I I i I I I I I ! I ! ! I 

5 ' CTCTTGAAGTCTCAGAAGGA 3' JDER 

5 ' T C T C T T G A A G T C T C A G A A G G A A G G A G A A G A G A C T G 3 ' D^r i .'-

|| I II i i I ! I I I I I i ! i i I I i I 

5 ' CTGCTGCAGAAAGAAGCAGGAAGGAGAAGAGAOTG 3 ' 1

Figure 7.17 Sequences of oligonucleotide primers JDERl and JDERX and positions 
with respect to the junctions of the der(l) and der(X) chromosomes respectively. The 
nucleotides deleted from JDERl and JDERX in the sequences of the primers 
DELJDER1 and DELJDERX respectively are underlined (see figure 7.19).



present in the cloned products on average every 957 bp or approximately every 1 kb 

which is in agreement with expectations. It should be noted that the DNA sequence 

which is derived from single cloned PCR products is likely to contain PCR errors at 

this frequency.

7.2.5 Verification of the sequence at the translocation junctions by PCR using primers 

homologous to the junctions

This experiment was performed in order to confirm the DNA sequence determined 

at the translocation breakpoints. The principle of the experiment was to perform a PCR 

amplification using one primer complementary to the DNA sequence determined at 

one of the translocation junctions and another primer at a known distance from the 

junction. If the predicted sequence at the junction was the true sequence then the primer 

would be able to anneal to template DNA derived from the t(X;l) patient and a product of 

the expected size would be amplified. A minor difference between the predicted and 

true sequences would be assumed to be sufficient to prevent DNA amplification. 

Separate reactions were performed for the der(X) and der(l) junctions.

A 20mer oligonucleotide PCR primer, JDERX, was designed from sequence 

determined at the der(X) junction (see figure 7.17). Four nucleotides at the 3' end of this 

primer are complementary to chromosome 1 sequence and the 16 nucleotides at the 5* 

end are complementary to X chromosome sequence. Another 20mer oligonucleotide 

PCR primer, JDER1, was similarly designed from sequence determined at the der(l) 

junction (see figure 7.17). Six nucleotides at the 3' end of this primer are 

complementary to chromosome 1 sequence while the 17 most 5' nucleotides are 

complementary to X chromosome sequence (three nucleotides, TTC, are of junctional 

homology and are complementary to DNA from both chromosomes; see section 7.2.1.5 

and figure 7.9).

The locations of primers with respect to the translocation junctions are illustrated 

in figure 7.18. Primers JDERX and 10F should amplify a 360 bp DNA segment from
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Figure 7.18 Strategy of PCR experiments to verify the DNA sequence at the der(l) (a) 
and der(X) (b) junctions. Dark lines represent X chromosome DNA and pale lines 
represent chromosome 1 DNA. The primers JDER1 and JDERX are homologous to 
DNA sequence determined at the der(l) and der(X) junctions respectively. The 
expected sizes of amplified PCR product from each chromosome are indicated.



the t(X;l) patient, and primers JDER1 and 10B a 160 bp product from the patient. 

Another pair of primers, X018 and XOB, were included in reactions as a positive 

control, predicted to amplify a 560 bp DNA segment from the normal X chromosome. 

This product would be expected whether the template DNA was from the t(X;l) patient or 

from a normal individual. The sites that XO18 and XOB anneal to on either side of the 

X chromosome breakpoint are indicated in figure 7.18. These locations predict that 

further amplification products would be expected from the t(X;l) patient's DNA. 

Primers 1OF and XOB in one experiment would be expected to amplify a 550 bp DNA 

segment representing the der(X) junction; while 10B and X018 in the other experiment 

would be expected to amplify a 460 bp DNA segment representing the der(l) junction 

(see figure 7.18). Thus the amplification of these fragments would indicate that the 

junction fragments are of the sizes predicted by sequence analysis.

Negative control reactions were included in the experimental design. In one 

reaction, a 19mer oligonucleotide primer DELJDERX was substituted for the primer 

JDERX. This primer is identical to JDERX except that it includes a deletion of the 

guanine which is six nucleotides from the 3' end of JDERX (see figure 7.17). The 

consequent change in homology to the predicted sequence of the der(X) is illustrated in 

figure 7.19. In another reaction, a 19mer oligonucleotide primer, DELJDER1, was 

substituted JDER1. This primer was identical to JDER1 except that it included a 

deletion of the thymine which is six nucleotides from the 3' end of JDER1 (see figure 

7.17). The consequent change in homology of this primer to the predicted sequence of 

the der(l) is illustrated in figure 7.19. The intention of including these deletions was to 

destabilise the annealing of the 3' ends of DELJDERX and DELJDER1 to the DNA 

template derived from the t(X;l) patient and thus prevent Taq DNA polymerase 

extension from these primers. Therefore if no product was observed in these reactions, 

this would indicate that although the sequences of DELJDERX and DELJDER1 are very 

similar to the predicted sequences of the translocation junctions, they are sufficiently 

dissimilar to the true sequence to prevent primer annealing and DNA amplification.
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5' TATCGAAGAGAGTGTCCTG 3' DELJDER1
I I I I I I I I I I I I I I I I 

5'AAATCTATCGAAGAGAGTGTTCCTGCTTC 3' Der(l)

B'CTCTTGAAGTCTCAAAGGA 3 '
I I I I I I I I I I I I ! I ! I 

5'ACCATCTCTTGAAGTCTCAGAAGGAAGGA

DELJDERX

Figure 7.19 Sequences of the oligonucleotide primers DELJDER1 and 
DELJDERX and comparison with the sequences at the junctions of the der(l) and 
der(X) chromosomes respectively.

8

560
460

360

160

Figure 7.20 Products of amplification from six PCRs designed to verify the 
sequence determined at the junctions of the der(l) and der(X) chromosomes. 
Tracks 1 and 8 are BstEII digested A. DNA. The description of the PCRs whose 
products are illustrated in tracks 2 to 7 is given in the text. The sizes of the principal 
products of amplification in tracks 2 to 4 are shown on the left of the figure and those 
of the principal products of amplification in tracks 5 to 7 are shown on the right.



A gel of the ethidium bromide-stained products of six PCR amplifications is 

illustrated in figure 7.20. An intense 560 bp band was observed in each track. This 

was the expected size of DNA segment from the normal X amplified between the control 

primers, X018 and XOB, which were included in each reaction. Tracks 2 and 3 

contain DNA products of amplification using primers X018, XOB, 10F and JDERX. In 

track 2 the template DNA was from a normal individual. No strongly staining band 

apart from the control 560 bp fragment is evident. In track 3 the template DNA was 

derived from the t(X;l) patient. Two strongly staining bands are visible, in addition to 

the 560 bp product derived from the patient's normal X chromosome. These correspond 

in size to the expected approximately 550 bp and 360 bp fragments which represent the 

der(X) junction amplified between 10F and XOB, and the product amplified between 

1OF and JDERX respectively (figure 7.18). The amplification of the 550 bp fragment 

confirms the size of this DNA fragment as predicted by DNA sequencing. The 

amplification of the 360 bp fragment indicates that the DNA sequence determined at the 

der(X) translocation junction must be close enough to the true sequence (if it is different 

at all) to permit stable binding of the primer JDERX and amplification of the fragment. 

The reaction illustrated in track 4 was identical to that of track 3 except that JDERX was 

replaced with DELJDERX. The 360 bp fragment did not amplify in this reaction which 

indicates that a very small change to the 3' sequence of the primer was sufficient to 

prevent stable primer binding and DNA amplification. This is despite the 

amplification of the 550 bp fragment which could additionally serve as a template for 

amplification by 1OF and DELJDERX (see figure 7.18). Thus this result further 

indicates that DNA sequence determined for the der(X) junction is probably the true 

sequence. Tracks 5 and 6 contain DNA products of amplification using primers XO18, 

XOB, JDER1 and 1OB. In track 5 the template DNA was from a normal individual. 

The 560 bp control product is the only strongly staining band. The reaction in track 6 

used the t(X;l) patient's DNA as the template. Two strongly staining bands are visible 

in addition to the control 560 bp band. These correspond in size to the expected
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fragments of approximately 460 bp and 160 bp which represent the der(l) junction 

amplified between the primers X018 and 10B and the product amplified between JDER1 

and 1OB respectively. The presence of the amplified 460 bp band confirms that this 

junction fragment is the size predicted from DNA sequencing. The presence of the 

amplified 160 bp band indicates that the determined DNA sequence at the der(l) 

translocation junction site is close enough to the true sequence to allow stable 

annealing of the oligonucleotide JDER1 and amplification of the 160 bp fragment. The 

reaction illustrated in track 7 is identical to that in track 6 except that JDER1 was 

replaced with DELJDER1. The effect was that the 160 bp fragment did not amplify. 

Thus the sequence of DELJDER1 must be sufficiently different from the true der(l) 

junction sequence to prevent stable annealing of this oligonucleotide and 

amplification of the 160 bp fragment. This is despite the amplification of the 460 bp 

DNA fragment which could serve as a template for amplification by the primers 

DELJDERX and 10B (see figure 7.18). Thus this result further indicates that DNA 

sequence determined for the der(l) junction is probably the true sequence.

Amplification of the 550 bp der(X) and 460 bp der(l) junction fragments provided a 

large quantity of template for amplification of the 360 bp fragment by the primers 

JDERX and 1OF, and of the 160 bp fragment by the primers JDER1 and 1OB respectively 

(see figure 7.18). However, it was also confirmed that the 360 bp and 160 bp 

amplification products were present after PCR using these primer pairs alone in the 

absence of the control primers XO18 and XOB (figure 7.21).

7.3 Discussion

7.3.1 Discussion of the findings from sequencing the X;l translocation

The main part of the work described in this thesis concerns the detailed analysis of 

a single constitutional translocation, and this chapter has described the investigation 

of this translocation at the finest level, that of the DNA sequence. Examination of the 

sequence at the breakpoints of this translocation and comparison with that at the
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360

160

Figure 7.21 Products of PCR amplification using the primers JDERX and 
1OF (tracks 1 and 2) and JDER1 and 10B (tracks 3 and 4). The template DNA 
was from a normal female in tracks 1 and 3 and from the t(X;l) patient in 
tracks 2 and 4. A DNA fragment of 360 bp is visible in track 2, and a fragment 
of 160 in track 4. These fragments are of the expected size (see figure 7.18). 
Track 5 is BstEII digested K DNA.



breakpoints of others is the most likely course to an understanding of the mechanisms 

producing these chromosomal rearrangements. However there are very few 

comparable studies in the literature. In this discussion, the results of the analysis of 

the t(X;l) are explored, the findings of similar investigations are discussed and the 

mechanisms involved in producing the rearrangements are considered. Although 

features of structural chromosome rearrangements studied at DNA sequence 

resolution can be compared, it is often not possible to draw firm conclusions owing to 

the small number of studies so far performed.

Figure 7.11 illustrates the positions of the following segments of DNA in relation to 

the breakpoints of the X;l translocation. The X chromosome breakpoint is 

approximately 10 kb distal to exon 7 of the dystrophin locus (see Chapter 5, section 

5.2.4). A LINE sequence has been identified which is 210 bp proximal to the X 

chromosome breakpoint. The chromosome 1 breakpoint is also within an intron of an 

expressed locus, that which codes for LAR. The breakpoint is 122 bp proximal to a 110 bp 

exon. A repetitive DNA element is also close (750 bp proximal) to the chromosome 1 

breakpoint, but it is an Alu sequence which is a SINE. A 62 bp stretch of potential Z- 

DNA is 188 bp proximal to the same breakpoint. There is a 1 kb single-copy DNA 

segment, PPii, which is 630 bp distal to the chromosome 1 breakpoint and which appears 

to be conserved in evolution although apparently does not contain an exon of the LAR 

gene.

The localisation of the gene for LAR has already been made by in situ 

hybridisation of a cDNA probe and is at Ip34-p32 (Disteche et al., 1989). This is 

consistent with the cytogenetic characterisation of the X;l translocation by 

Lindenbaum et al. (1979) and by Boyd and Buckle (1986) who determined the 

chromosome 1 breakpoint was at band Ip34. It is also consistent with the localisation by 

in situ hybridisation of a cloned DNA segment, PPii, which is adjacent to the X;l 

translocation breakpoint to the same band (described in Chapter 5, section 5.2.7). Thus 

all available evidence suggests that the chromosome 1 breakpoint of the X;l
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translocation is adjacent to an exon of the LAR gene. The cloning of genomic 

segments from the LAR gene and of its cDNA is described by Streuli et al. (1988). The 

cDNA sequence held in the EMBL database is 7762 bp in length and the putative exon 

adjacent to the t(X;l) breakpoint is from nucleotide 909 to 1019. Therefore the t(X;l) 

breakpoint is within the 5' portion of the gene. Since the orientation of the chromosome 

1 sequence around the t(X;l) breakpoint is known with respect to the centromere, the 

orientation of the LAR gene can be determined to be with the 5' end distal and the 3' end 

proximal to the chromosome 1 breakpoint (see figure 7.13). The mRNA of LAR codes 

for a protein of 1,897 amino acids which is approximately half the number found in 

dystrophin (3,685; Koenig et al., 1988). The protein encoded by LAR is thought to be a 

transmembrane protein with Immunoglobulin (Ig)-like and neural cell adhesion 

molecule (N-CAM)-like domains in the extracellular portion while the cytoplasmic 

region is homologous to the leukocyte common antigen (LCA). The putative exon 

adjacent to the t(X;l) chromosome 1 breakpoint corresponds to amino acids 164-200 as 

determined from Streuli et al. (1988). This is within the Ig-like domain of LAR.

The finding that the chromosome 1 breakpoint is within an expressed gene was 

unexpected given that genes are thought to represent approximately 5% of human 

genomic DNA (Singer and Berg, 1991). Therefore the possibility that DNA within 

expressed loci is prone to chromosomal rearrangement deserves consideration. This 

question will only be answered when further translocations have been sequenced. It is 

interesting that the autosomal breakpoint of the X;21 translocation, which is the only 

published human constitutional translocation that has been sequenced, is within the 

rRNA gene cluster on the short arm of this chromosome. However, this translocation 

was selected for study because of the autosomal breakpoint position being within this 

defined locus. The X;l and X;21 translocations were ascertained owing to their X 

chromosome breakpoint positions within the dystrophin locus, therefore, of the four 

breakpoints which are all within expressed loci, only the autosomal breakpoint position 

of the t(X;l) was unexpected. If expressed loci are a preferred target for translocations,
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then the reason for this is unclear given that most genes are not transcriptionally 

active during the later stages of spermatogenesis, which appears to be the most likely 

timing of the rearrangement (Erickson, 1990; see Chapter 8, section 8.1). On this point 

it is interesting to note that the rRNA genes which represent the nucleolar organising 

regions (NORs) on the short arms of human acrocentric chromosomes are active 

during pachytene, which is the stage of homologous chromosome pairing and chiasma 

formation (Evans et al., 1974). The association of NORs at pachytene has been 

suggested to play a role in the prevalence of Robertsonian translocations in the human 

(Ferguson-Smith, 1967; Krystal et al., 1981; Cheung et al., 1990).

The presence of an Alu sequence 750 bp proximal to the t(X;l) chromosome 1 

breakpoint does not appear to have significance with respect to the rearrangement, 

given that no Alu sequence is close to the X chromosome breakpoint and that Alu 

sequences are found on average in every 4 kb human DNA (Britten et al., 1988; 

approximately 4.5 kb DNA around the breakpoint regions has been sequenced in the 

study described here). There are several reported instances, however, where unequal 

recombination between Alu sequences has been identified as the cause of deletions 

(Ariga et al., 1990; Ottolenghi and Giglioni, 1982; Jagadeeswaran et al., 1982). A 

similar mechanism has been proposed for deletions causing growth hormone-1 

deficiency through unequal recombination between 594 bp and 454 bp homologous DNA 

segments that flank the disease locus (Vnencak-Jones and Phillips, 1990). Unequal 

recombination between highly similar sequence elements of at least 10 kb in length 

and which lie 1900 kb apart appears to be the major mechanism responsible for 

deletions of the STS locus resulting in X-linked ichthyosis (Yen et al., 1990). The 

identification of a LINE element 210 bp from the X chromosome breakpoint is unlikely 

by chance. LINEs are present approximately every 50-100 kb and represent 

approximately 4% of the human genome (Deininger and Daniels, 1986). A LINE was 

identified close to one of the breakpoints of a ring chromosome 21 (discussed in section 

7.3.2) but was not seen near the breakpoints of the X;21 translocation. The sequencing
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of further translocations and other chromosome rearrangements will establish 

whether the presence of LINEs at the breakpoints is a consistent feature.

The identification of a 62 bp stretch of alternating purine/pyrimidine (potential Z- 

DNA) 188 bp from the chromosome 1 breakpoint is one further finding whose 

significance is unclear. It has been suggested that alternating purine/pyrimidine 

tracts promote lymphoid tumour chromosome translocations which result from 

erroneous V(D)J recombinase activity (Boehm et al., 1989). Bacterial plasmids 

containing alternating purine/pyrimidine sequences have been found to be prone to 

deletion (Freund et al., 1989). Antibodies to Z-DNA bind to pale G-bands in the human, 

indicating a non-random distribution of these sequences, however their functional 

role is still unknown (Viegas-Pequignot et al., 1983). Proteins have been detected 

which bind to such regions (Fishel et al., 1988; Leith et al., 1988). These might cause 

local chromatin disruption and allow recombinase access.

The alternating purine/pyrimidine sequence detected close to the t(X;l) breakpoint 

includes a number of repeated CA dinucleotides (see figure 7.14). Five CA repeats is 

the longest uninterrupted run (nucleotides 1428-1437). The number of dinucleotide CA 

repeats in such runs has frequently been found to be polymorphic, especially when the 

number of repeats is large (for example Powell et al., 1991; Feener et al., 1991). 

Although the number of repeats present in the chromosome 1 sequence described here is 

smaller than in the above reports (the number of repeats reported by Powell et al. was 17 

on the chromosome sequenced), primers are currently being designed to test for the 

possibility of polymorphism in the number of CA repeats at this chromosome 1 locus.

Several differences are known to exist between the composition of DNA within 

dark and pale G-bands (Bernardi, 1989). These include GC content, the distribution of 

repetitive DNA elements and Z-DNA sequences, and the distribution of genes. For 

example, the GC content of dark G-bands is usually around 40-41% and that of pale G- 

bands in the range 46-52% (Gardiner et al., 1990). These values are calculated over 

compositionally homogenous segments of DNA, called isochores, which are around 500

1 15



kb in length (Bernardi, 1989). Therefore the GC content of the relatively short 

segments of DNA sequenced in this study from the X chromosome and chromosome 1 

may be different from that of the isochores within which they lie. The GC content of the 

DNA sequenced around the X chromosome breakpoint is 34% and that around the 

chromosome 1 breakpoint is 60% (section 7.2.2.4). The finding that the GC content is 

low in the X chromosome DNA and high in the chromosome 1 DNA is consistent with 

the assumption that the DMD locus is within a dark G-band and that the LAR locus is 

within a pale G-band (section 7.2.2.4). The majority of genes are located in isochores 

of the highest GC content (53% GC in man) although these represent only 3-5% of the 

genome (Bernardi and Bernardi, 1985). However the GC content of DNA from within a 

gene is not usually the same as that of the isochore within which the gene lies. 

Typically, a gene with a GC content of around 60% would be expected to lie within an 

isochore whose GC content is around 50% (Bernardi, 1989), therefore the high GC 

content (60%) observed around the chromosome 1 breakpoint of the t(X;l) would appear 

mainly to be due to the presence of the LAR gene at this site.

The distribution of repetitive DNA elements within the human genome is non- 

random. LINES are predominantly located in dark G-bands or isochores of low GC 

content and SINES within pale G-bands or isochores of high GC content (Singer, 1982; 

Soriano et al., 1983; Holmquist and Caston, 1986). The finding of a Kpnl LI element (a 

LINE) close to the X chromosome breakpoint and of an Alu sequence (a SINE) close to 

the chromosome 1 breakpoint is consistent with the assignment of these breakpoints to a 

dark and pale G-band respectively.

7.3.2 Comparison of the sequence of the t(X;l) with other chromosome rearrangements 

There is one published description of the sequence at the breakpoints of a 

constitutional translocation in man (Bodrug et al., 1987). This is another X;autosome 

translocation whose X chromosome breakpoint is within the DMD locus and which is 

associated with disease expression (Verellen-Dumoulin et al., 1984). The breakpoints
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were cloned before other DNA segments from the DMD locus had been isolated, 

following the observation that the chromosome 21 breakpoint was within a cluster of 

ribosomal RNA genes on the short arm of this chromosome (Ray et al, 1985). Sequence 

analysis revealed that deletions at both the X chromosome breakpoint (71 to 72 bp) and 

the chromosome 21 breakpoint (16 to 23 bp) were associated with the translocation. 

These deletions are larger than the 4 to 7 bp deletion and 2 to 5 bp duplication which have 

been found at the t(X;l) breakpoints described here. The most significant finding of 

sequence analysis of the t(X;21) was the presence of a trinucleotide (GGC) repeat at the 

chromosome 21 breakpoint. The number of repeats is polymorphic in the population 

and is between four and six. Within the deleted DNA from the X chromosome region, a 

tetranucleotide sequence CGGC was found which is homologous to the trinucleotide 

repeat sequence from chromosome 21. It was suggested that these sequences could be the 

recognition sites for an enzyme involved in the translocation process. Four repeated 

trinucleotides (TGC; see figure 7.9) have been found in this study close to the 

chromosome 1 breakpoint of the t(X;l), although no similar sequence is present on the X 

chromosome. Two of the nucleotides in this trinucleotide are homologous to the 

trinucleotide repeat found at the X;21 breakpoint. Another trinucleotide (GAA; see 

figure 7.9) has also been found to be present four times within the chromosome 1 

sequence and three times within the X chromosome sequence close to the t(X;l) 

breakpoints. It will be interesting to note whether this feature is present at the 

breakpoints of other translocations when they are sequenced. Alternating 

purine/pyrimidine sequences (potential Z-DNA) which often consist of dinucleotide 

CA repeats, have been observed near the breakpoints of translocations associated with 

lymphoid tumours and these translocations are thought to be caused by erroneous V(D)J 

recombinase activity (Boehm et al., 1989). The short trinucleotide repeats close to the 

X;21 and X;l breakpoints might promote the activity of another recombinase or 

represent the recognition signal of such an enzyme.

Apart from the X;21 translocation, the only other published sequences from
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mutations within the DMD locus are from two deletions and one point mutation (Love et 

al., 1991; Bulman et al., 1991). One of the deletions described by Love et al. (1991, 

patient GP, whose deletion encompasses exons 45 to 50) shares two features with the 

t(X;l). Three nucleotides of junctional homology are present at the deletion junction, 

and a 28 bp stretch of pyrimidine nucleotides is present 10 bp from the junction (the 

nucleotides of the opposite DNA strand will be purines). Henthorn et al. (1990) have 

reviewed studies on the sequence of 21 deletions within the p-globin gene cluster. 

Thirteen contain from 1 to 6 nucleotides of junctional homology which they report is 

more than would be expected by chance. Henthorn et al. devised a potential scheme for 

generating deletion junction sequences with junctional homology which is reproduced 

in figure 7.22(a). In figure 7.22(b), an analogous process that could have generated the 

structure of the X;l translocation is illustrated. The process involves chromosome 

breakage to produce single-stranded overhangs, degradation/deletion of some 

nucleotides, association of bases within the single-stranded overhangs that are of 

junctional homology and primed DNA synthesis and ligation to fill the single- 

stranded gaps and repair the derivative chromosome junctions. As well as providing 

an explanation for the presence of bases of junctional homology, this model 

accommodates the deletion/duplication of nucleotides which is associated with the 

translocation.

One further constitutional structural chromosome rearrangement that has been 

sequenced is a de novo ring chromosome 21 (r(21) (Wong et al., 1989). It is a complex 

rearrangement which involves a duplication of the centromere, proximal short arm 

and proximal long arm. The sequenced junction is formed by the fusion of two long 

arm breakpoints. The most significant finding of this investigation was that at one 

breakpoint a 17mer sequence and at the other breakpoint a 13mer sequence were 

identified which matched perfectly sequences 335 bp and 557 bp from the opposite 

breakpoints respectively. One feature of this rearrangement in common with the t(X;l) 

is that homology to a LINE repeat was observed close to one of the breakpoints. In the
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the X;l translocation described here. Further details are given in the text.



case of the r(21) this was 1 kb from one of the breakpoints while the distance from the 

LINE repeat to the X chromosome breakpoint of the t(X;l) was 210 bp.

The normal chromosome sequences compared with those of the derivative 

chromosomes in this chapter were not those of the father's chromosomes which 

rearranged to form the translocation (see section 7.1). Therefore the possibility that the 

deletion and/or duplication of a few nucleotides observed at the breakpoints of the 

derivative chromosomes were already present in the father's chromosomes before the 

translocation occurred cannot be ruled out. Such a deletion or duplication, if present, 

would represent a deletion/insertion polymorphism if it were also present in other 

individuals in the population. If it were not, then it might be considered to be a 

premutation in so far as the translocation is concerned. It would not be easy to test for 

the presence of the deletion and duplication in the father's chromosomes without 

cloning and sequencing the relevant DNA fragments. An additional difficulty would 

be encountered in identifying the relevant chromosome 1. The breakpoints of the X;21 

translocation sequenced by Bodrug et al. (1987) were found to be associated with 

deletions of nucleotides from both the X chromosome and chromosome 21. In this case 

the sequences of the derivative chromosomes were compared with the sequence of the 

father's X chromosome and RFLP analysis had shown that the origin of the 

translocation was paternal (Kean et al., 1986). Therefore the deletion of X chromosome 

nucleotides in this translocation was shown to be associated with the translocation 

event.

In this chapter, the DNA sequence of a constitutional X;autosome translocation has 

been described. Features around the breakpoints have been identified which may have 

played a role in promoting the rearrangement. This information, along with that from 

a few similar investigations, provides a basis for the aetiology of mammalian 

constitutional chromosome rearrangement.
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Chapter 8 General discussion and summary

The work described in Chapter 7 revealed features of the DNA sequence in the 

vicinity of the breakpoints of the t(X;l) which may have played a role in promoting the 

generation of the translocation. In this final chapter, the types of mechanism which 

may have caused the rearrangement are considered and the possible timing of the 

event is discussed.

8.1 The mechanisms involved in generating translocations

The process which produced the translocation described in this work must have 

involved two stages. Firstly, a breakage of the DNA strands and secondly, a rejoining 

or resolution stage. The first stage could be caused by damage or an enzymatic process 

while the second stage would have to be an enzymatic event. Therefore it would seem 

reasonable to consider two types of process. One is where the translocation is the result 

of erroneous repair to DNA damage. The other is where it is the result of a mistaken 

normal recombination mechanism. It would be difficult to examine the first of these 

possibilities, as damage may be expected to occur at any site and repair enzymes may 

be expected to repair damaged DNA of any sequence. However a recombinase may, 

and in some cases is known to, recognise specific signals in the DNA sequence. Two 

normal recombination processes that act on native chromosomes are meiotic 

recombination and V(D)J recombination which acts on the immunoglobulin genes of 

maturating lymphocytes (Whitehouse, 1973; Sakano et al., 1979). A possible timing for 

the translocation at meiosis would seem attractive, however there is evidence that cells 

with X;autosome translocations do not survive meiosis (see below). Meiotic 

recombination is known to be non-random as measured by chiasma distribution or 

comparison of physical and genetic chromosome maps (Laurie and Hulten, 1985; 

Steinmetz et al., 1987; Chakravarti, 1991), but it is not known whether specific DNA 

signals are involved such as the octomer Chi recombination hotspot signal in the 

bacteriophage A. and the 24 bp signal which stimulates homologous recombination in

121



yeast (Smith et al., 1981; Nickoloffet al., 1986). If the normal recombination process at 

meiosis frequenctly involves duplications and deletions as have been found at the X;l 

and X;21 translocations, then this would appear to be a significant source of 

polymorphic variation and mutation in the genome and seems improbable.

The involvement of erroneous V(D)J recombinase in the production of many 

translocations associated with haematopoietic malignancies is well documented 

(Boehm et al., 1988; Croce, 1987; Haluska et al., 1987). The recombinase appears to join 

mistakenly the J segment of an immunoglobulin gene to a proto-oncogene. Sequence 

analysis has identified sequences similar to the heptamer and nonamer signals 

recognised by V(D)J recombinase at the breakpoints adjacent to the proto-oncogene. 

These events are brought to attention since they result in disease, however, the same 

mechanism would be presumed to join the J segments of immunoglobulin genes to 

other sites in the genome. A recent study has found that V(D)J recombinase also may 

cause deletions in the HPRT gene in human foetal T-cells, since sequences similar to 

the heptamer and nonamer signals recognised by V(D)J recombinase were identified 

at the breakpoints (Fuscoe et al., personal communication). Thus it appears that V(D)J 

recombinase occasionally produces chromosome rearrangements not involving the 

immunoglobulin genes. However no involvement has yet been identified which is in a 

cell type other than the lymphocyte and therefore there is no evidence as yet that V(D)J 

recombinase could cause constitutional chromosome rearrangements.

The parental origin of the X chromosome involved in the X;l translocation is 

paternal (Chapter 4, section 4.2.5). A paternal origin is a feature common to all 13 

X;autosome translocations so far studied in this respect (Robinson et al., 1990; Verga et 

al., 1991). This finding suggests that the timing of the majority of these translocations 

is unlikely to be after zygote formation since a mechanism occurring after this stage 

would be expected to involve maternal and paternal chromosomes equally. Therefore 

the predominant stage for inherited X;autosome translocation would appear to be in the 

male germline. Meiotic studies on males with constitutional X;autosome
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translocations indicate that the cause of sterility in these individuals is spermatogenic 

arrest at meiosis I (Faed et al., 1982; Quack et al., 1988). This suggests that pre-meiotic 

cells carrying X;autosome translocations are unlikely to survive meiosis and 

therefore that the most likely timing of paternally inherited X;autosome translocations 

is after meiosis I. Chandley (1991) concludes that paternally inherited de novo 

X;autosome translocations almost certainly arise in the haploid spermatid or 

spermatozoan. The preferential paternal origin of X;autosome translocations that is 

observed may reflect the differences between the male and female meiotic processes 

(summarised in Chandley, 1991; Hulten et al., 1985). Alternatively, if the 

predominant cause of X;autosome translocations is radiation damage and mis-repair, 

then the position of the testis outside the body wall compared to that of the ovary which is 

shielded from the majority of external radiation could be the reason for the bias in 

parental origin. If this is the case, then since the commonest effects of radiation 

damage in mutagenesis experiments are deletions, unless the repair systems of 

translocations and deletions differ in efficiency, one might also expect deletions to 

have a biased paternal origin (Thacker, 1990). While there is some evidence that this 

may not hold for deletions causing DMD (see Chapter 4, section 4.3), the trend of 

relevant investigations is that point mutations and structural rearrangements are 

predominantly inherited from the father, and abnormalities of chromosome number 

from the mother (Chandley, 1991).

8.2 Summary and conclusions

The work described in this thesis concerns aspects of the analysis of DMD 

translocations, from the subcloning and characterisation of somatic cell hybrids 

retaining derivative chromosomes to the sequence analysis of an individual 

translocation. The characterisation of somatic cell hybrids constructed from DMD 

translocation patients enabled the mapping of the X chromosome breakpoints of seven 

translocations to be refined. This was performed by hybridisation of cDNA probes to
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Southern blots of DNA from the hybrids (Chapter 4). The detailed cytogenetic 

information on the human complements of these hybrids was used to compile a hybrid 

panel for the de novo chromosomal localisation of anonymous DNA probes. The 

mapping of eight DNA fragments using this panel is described in Chapter 3. A large 

part of the work described in this thesis is the cloning and sequencing of the junction 

fragments and breakpoint regions from a single translocation (Chapters 5, 6 and 7). A 

cloning strategy was adopted involving inverse PCR amplification of these DNA 

fragments. This was found to be fast and reliable (Chapter 6). Sequencing of the 

cloned fragments revealed the structure of the translocation. Computer aided analysis 

of DNA sequence surrounding the translocation breakpoints revealed a number of 

interesting findings whose relevance to the translocation is discussed in Chapter 7.

The identification and study of DMD-associated X;autosome translocations has 

made a highly significant contribution towards the cloning of the DMD gene and to the 

consequent progress in understanding of the disease pathogenesis (see Chapter 1). 

Translocations are a rare and special class of mutation which can cause DMD. 

Approximately two thirds of males with DMD/BMD have deletions or duplications 

within the dystrophin locus which are large enough to be detected by Southern analysis 

using cDNA fragments as probes or by multiplex PCR (for example, den Dunnen et al., 

1989; Abbs et al., 1991). The remaining mutations in males are presumed to be either 

deletions or duplications which are too small to be detected by these methods or point 

mutations. So far, however, only one point mutation has been described (Bulman et al., 

1991). The locations of the majority of deletions and duplications within the DMD locus 

are well studied and are not random (den Dunnen et al., 1989; Koenig et al., 1989; see 

Chapter 4). It appears that the distribution of translocation breakpoints differs from 

these (Chapter 4). The distribution of uncharacterised mutations, such as point 

mutations, within the DMD locus may be different from either of these. There are two 

main reasons why the study of the distribution of mutations is important. Firstly, there 

are important implications to the understanding of the aetiology of the mutations.
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Secondly, in clinical practice it is crucial to consider the likely location of the mutation 

(when it has not been identified) with respect to polymorphic markers. For instance, 

the presence of a point mutation hot-spot would have important consequences in genetic 

counselling. The way forward to a full understanding of how mutations affect the 

DMD locus is to study the distribution and DNA sequence of all classes of mutation. 

This ought to include the rare examples of X;autosome translocation. The 

mechanisms responsible for producing X;autosome translocations may be similar or 

the same as those which produce other chromosomal rearrangements. Therefore 

investigations into the causes of DMD-associated X;autosome translocations may have 

implications for the origins of these rearrangements too.

From the study of DMD-associated X;autosome translocations described in this 

thesis, several conclusions can be made. The distribution of translocation breakpoints 

within the DMD gene appears to be random and therefore differs from that of deletions 

and duplications in males which have been identified. The breakpoints of an X;l 

translocation which has been cloned and which disrupts the DMD locus are from a two- 

break translocation, not a three-break rearrangement as originally predicted from 

cytogenetic characterisation. At least two further breakpoints, independent of those 

which have been cloned, are therefore required to explain the cytogenetic observations. 

The cloned translocation is between two expressed loci, those coding for dystrophin and 

the leukocyte antigen related protein (LAR). Mapping by in situ hybridisation of a 

DNA probe from adjacent to the chromosome 1 breakpoint confirms the localisation of 

the chromosome 1 breakpoint at Ip34. This experiment also refines the localisation of 

the gene for LAR to the same band. The origin of the X;l translocation is paternal. 

This brings to 13 the number of X;autosome translocations with a paternal origin. The 

sequence at the translocation junctions indicates that a deletion of 4 to 7 nucleotides 

from the X chromosome and a duplication of 2 to 5 nucleotides from chromosome 1 are 

associated with the translocation. Three nucleotides of junctional homology (GAA) 

are present at the junctions of the der(X) and der(l) chromosomes. This trinucleotide is
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also present twice more close to the X chromosome breakpoint and three times more 

close to the chromosome 1 breakpoint. Another trinucleotide (TGC) is repeated four 

times close to the chromosome 1 breakpoint. An Alu sequence is located near to the 

chromosome 1 breakpoint and a Kpnl LINE element close to the X chromosome 

breakpoint. A stretch of alternating purine/pyrimidine nucleotides is also present 

close to the chromosome 1 breakpoint.

Due to the small number of studies of the sequence at constitutional translocation 

breakpoints, it is not yet possible to determine the full significance of the features 

described around the X;l translocation breakpoints or whether unknown 

recombination signals may be present within the sequence. The study described in 

this thesis will provide a useful reference for similar future investigations, and once 

these are performed, a clearer understanding of the aetiology of constitutional 

chromosome rearrangements should emerge.
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Appendix Full sequence of DNA around the X:l translocation

The appendix contains the full basic sequence from all the DNA fragments cloned 

from the X;l translocation patient and of the corresponding DNA fragments from 

normal chromosomes. Restriction sites are indicated which allow comparison of these 

sequences with the consensus X chromosome and consensus chromosome 1 sequences 

(Chapter 7, figures 7.2 and 7.7). The sequence across the junctions of the der(X) and 

der(l) chromosomes is also illustrated in Chapter 7, figure 7.9.
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	C 9i

TCT AGAGC CAGAA ATACC ATTTG ACCAA GCAAT CCCAT CACTG 12ii(N2) 
Xbal

CCATA TATGG GTTTC CTAAT ATTTA ATAAG ACACG AATAA AGTCG 9i(Nl)

GGTAT ATACC CAAAG GATTA TAAAT TATTC TGTGC TTATT TCAGC 12ii(N2)

TGATA AGTGT TATCG TTTCT GAACT TTGGT TGGGT TTACG GGTAG 9i(Nl)

ACTAT TCACA ATAGC AAAGA CTTGA AACCA ACCCA AATGC CCATC 12ii(N2)

TTACT ACCTG ACCTA TTTCT TTTAA ACCGT GTATA TGTGG TACCT 9i(Nl)

AATGA TAG AC TGGAT AAAGA AAATT TGGCA CAT AT ACACC ATGGA 12ii(N2)

TATGA TACGT CGTTG TTTTT TCCTA CTCAA AGTAC AGGAA ACGTC 9i(Nl)

ATACT ATGCA GCAAC AAAAA AGGAT GAGTT TCATG TCCTT TGCAG 12ii(N2)

CCTAC ACCTA CTTCG ACCTT TTGTA GTAAG AGTCG TTTGA TTGTA 9i(Nl)

GGATG TGGAT GAAGC TGGAA AACAT CATTC TCAGC AAACT AACAT 12ii(N2)

TCCTT GTCTT TTAGT TTGAG CCGTA CAAGA GTGAG TATTT AGCCT 9i(Nl)

AGGAA CAGAA AATCA AACTC GGCAT GTTCT CACTC ATAAA 12ii(N2)

CAACT TGTTG GTCTT CTGTA CCTAC GTCAC CTCGT AGTGT GTGAC 9i(Nl)

CCC 9i(Nl)

CT TTTGG GGTGT GTGGG GCTAG GGGAG TGATA GCATT AGGGG 6i(Nl)
CC TTTTG GGTGT GTGGG GCTAG GGGAG TGATA GCATT AGGGG 8 i ( N2 ) 

Haelll

AAATA CCTAA CATAG ATGAC GGATT GGTAC AGCAA ACCAC CATGG 6i(Nl)

AAATA CCTAA CATAG ATGAC GGATT GGTAC AGCAA ACCAC CATGG 8i(N2)

CATGT GTATA CCTAT GTAAC AAACC TGCAC GTTCT GCACA TGTAT 6i(Nl)
CATGT GTATA CCTAT GTAAC AAACC TGCAC GTTCT GCACA TGTAT 8i(N2)

CCCAA AACTT AAAGT ATAAT AATAA AAAGT TTCTT AAAGT TTACT 6i(Nl)
CCCAA AACTT AAAGT ATAAT AATAA AAAGT TTCTT AAAGT TTACT 8i(N2)

TATGG CTGCA AATAA GATGA GGATT C 6i(Nl)
TATGG CTGCA AATAA GATGA GGATT CGGAT TCAGC ATAAG TCATA 8 i ( N2 )

TATTT TTAAA ATATG TCAGT TCTTG CCATT GTGTT AGGGA AACCA 8 i ( N2 )

CCAAG TAG AC ATTTA TACAT TTTTG CTCAG CATTT TTCAG GAGAT 8i(N2)
	GTAAA AAGTC CTCTA l^

AATCT CAATG ATGAT TCAAA GAAAA AAATA ATAAC TCATA AGAAT 8i(N2)

TTAGA GTTAC TACTA AGTTT CTTTT TTTAT TATTG AGTAT TCTTA 13i(Nl)

TTTTA TTTAC TGACT GCTTA GTCAC AAAAG ACAGA ACACC ATCTC 8i(N2)

AAAAT AAATG ACTGA CGAAT CAGTG TTTTC TGTCT TGTGG TAGAG 13i(Nl)

TTGAA GTCTC AGACT TAGAA CACTC TCTTC GATAG ATTTA CCAGC 8i(N2)

AACTT CAGAG TCTGA ATCTT GTGAG AGAAG CTATC TAAAT GGTCG 13i(Nl)

AAAAT TCGTG ATTCA TGCCT GTATA GTAAT TGCTT TTGTG ATGTT 8i(N2)

TTTTA AGCAC TAAGT ACGGA CATAT CATTA ACGAA AACAC TACAA 13i(Nl)



CATAT TTT 8 i(N2)
GTATA AAAAT AAATT GGTCT ATAAC CAAGA CATCG AATAC GTACT 13i(Nl)

ACAAC CGATG AGAGG TTTCT TTAAA GTAAA ATTTA ATCAA TACGG 13i(Nl)

GGAAT CCTCT TATTA CTTTG TAAAC CCCTC TTAAA ATAAT AACCC l3i(Nl)

CCTAA CTTCG ATATA AACCA AATTC TTTAT GGACG GTTTA TTACG 13i(Nl)

AAACT GTTAA AATTT GTATT CGAA 13i(Nl)
	HindHI

TTGTAGGATT TCTATATAGA ATTTGATATG CTTTGGCCTT AACTGGTGTT TTGAGGCCTG Alfl 

AGGTTTAGTT TTAAGTGGAA TTGCCTTTTA AAATGAGTAG CAGTAGGCAT TAGCATAAGC Alfl 

GATTTCAGGA GCTGTTTCTA GTGTGTTTAG ATGCTAACAT ATGCAAAAAT AAGTACATCT Alfl 

AGGGTAAACT TAATAAATTA TGTATGTTTA TTGACTCATA GATAATAGGT ATATCTCTTT Alfl 

AAAATATCCT TTGTGAATCA GACAATTCTC TTCCCGTTAT GATTTCTCTG TAAGACAGTA Alfl 

CATTCTACAT GCGTTGGTCG TGGGTTTCAT ATACATTGTT TCTCTGAGTT TCAAACAGAT Alfl 

TGGTTTGTTT GCCAGTCCAA AAAAAAAAAA AAAATCCTCC CTATATTAAG AGAGTGCTTT Alfl 

GTCAGCTTTC CCCTGTGAAT AACAAAGTGA GGATGTTCTC TTTAAAGGAA TAAAACAAAA Alfl

AATCAGGGAT AAAAGATTGC GCCTGTTCTA GA Alfl
Xbal

Sequence of normal X chromosome clones.



CAG GAACT TGCCC AGTGG GAGCT GTTGC 1CMA+1CMB

TGCTG CTGCA GAAAG AAGCA GGAAG GAGAA GAGAC TGGGC CCATG 1CMA+1CMB 
PstI

GCAGT CCCTT GCGTG TCTGC ACCAA GGGCT CTGGG CAGAG AGCCC 1CMA+1CMB

GGCAG GTGCA GCACA GCTCT GTGGT GACAG GGGCC AGGCA CTGCC 1CMA+1CMB

TGAGT CCTTA CCTCG CACAT ACAGG TTCGC AGGGG CTGAG TAACG 1CMA+1CMB

TGTGC CTGCC GAGTT GGT****ACACA CTCGT ACTT 1CMA+1CMB

GG CTCAA CCAG**GTGTGT GAGCA TGAAC GGAAC CAGCC 1CMA+1CMB

TAAGG AGTGA CGAGA GATAG ACGTT CCGTG GACAC CCATG TGCTT 1CMA+1CMB

CGCTC TCCAG TC*****TGCCG GGTAC AGCTC ACACC GGACC TTGTG 1CMA+1CMB

CCACT CTCCA GAGCT GTCGT AGACA CCGAC TACAA CTGGT CTACA 1CMA+1CMB

GCTTC GAGTA GGTCC GGTGT GGGAC CGTGG GGACG ACGAA GGTCC 1CMA+1CMB

TTCGA GAGGG ACTTC TCGGG TCACC GGAGG ACAQA TCT 1CMA+1CMB
AGA TCTTG GTTGC F3A(2ai) 

Xbal

CAACA CGAAA CCTCG TGTTA GAGTA CGAGG GGTGT CAGGT CGTTC F3A(2ai)

TGGGT GGAAA CGAGA CGGTC CCTGA CATGG GGTTG GGGGT CGAGG F3A(2ai)

TAAGT CAAAG ACGGT GTGAG AACGG TCATG ACCTC GGATA AAGGG F3A(2ai)

TTAGT TGTAG GGACA ATCAC AAGGG CCGGG GCGTC GGGGT GATTC F3A(2ai)

GGTCA GTCTC GGTCC ACACC CTCGT CQGAC GTC F3A(2ai)
CTG CAGAC TGGCG GGCCT IIIEa(PPiii) 

PstI

GGGAT TCACA AGCAC GCCAT GCCCT CATCA GGCTG GAGCT TGAGA IIIEa(PPiii)

ATTTG CCGCC CACCA GGAAG GAATG GGTTT GCCCT GGGGG CCTGG IIIEa(PPiii)

TGGT CCTTC CTTAC CCAAA CGGGA CCCCC GGACC F5A(PPiii)

TGCCC AGCAG CCTCT GCTCC CAGCA CCATC TTCCC CTCCT ACTCC IIIEa(PPiii)

ACGGG TCGTC GGAGA CGAGG GTCGT GGTAG AAGGG GAGGA TGAGG F5A(PPiii)

ACCCC CTCCC CGCCA GCCCC ACCCA TTCCA GCTCC ACTCC TCAG IIIEa(PPiii)

TGGGG GAGGx xxxGT CGGGG TGGGT AAGGT CGAGG TGAGG AGTCG F5A(PPiii)
	AGG AGTCG IIIEa(PPiii)

GGCCA GGACG ATTTC ACGAA GCTGG GTGGT GCCGA GGACG TATTA F5A(PPiii)
GCCGA GGACG TATTA IIEa(PPii)

GGCCA GGACG ATTTC ACGAA GCTGG GTGGT GCCGA GGACG TATTA IIIEa(PPiii)

AGTTC TCCGA TTACC TCCAA CCTCG AG F5A(PPiii)

AGTTC TCCGA TTACC TCCAA CCTCG AGAGT GAGCC GGTCA CGGAC IIEa(PPii)

AGTTC TCCGA TTACC TCCAA CCTCG AGAGT GAGCC GGTCT CGGAC IIIEa(PPiii)
SstI

TCCCC GACGA GACCG GCGTC TGCCT GTCTG TCCTC GGTCC TAGCC IIEa(PPii)

TCCCC GACGA GACCG GCGTC TGCCT GTCTG TCCTC GGTCC TAGCC IIIEa(PPiii)



CCACC CATCG TTTTC CTGGG AGTCT TTCCC ACCTC CTTAG AACCC IIEa(PPii)
CCACC CATCG TTTTC CTGGG AGTCT TTCCC ACCTC CTTAG AACCC IIIEa(PPiii)

GAACT CCGGT CAAGA CTGTC CAGGA CCGCC CCCTC CGGTT CCGTC IIEa(PPii)
GAACT CCGGT CAAGA CTGTC CAGGA CCGCC CCCTC CGGTT CCGTC IIIEa(PPiii)

TCGCC GTTCC ACCCC CACCT AGG IIEa(PPii)
TCGCC GTTCC A BamHI IIIEa(PPiii)

	GGA TCCAC TGGAC TTGGC CG IHPa(PPiii)

TCCCC TGGCC CCACC AATAA ACACT TGAAA AAACT GCTTG TGAAA IHPa(PPiii)

GCACA CTGGG CAAGC TGTCC GTGAC AGACA CACCC CCGGG CACAG IUPa (PPiii)

GCAGC ACACC CCTCC CTGGA ACAAT CCAAC AGACA ATTAC ACCCA IHPa(PPiii)

CACAG GACGG TCCAA CAGTT AAGAA CCCCC ACAGG ACACA GTCGA IIIPa(PPiii)

CAAAA CCACC TCCTG CACAG AACAG CCAGC CTAAC CTGAC AGCCT IIIPa(PPiii)
TT GGTGG AGGAC GTGTC TTGTC GGTCG GATTG GACTG TCGGA IIIPa(PPiii)

CCACC TTCCC AGGG
GGTGG AAGGG TCCCG GGTCC GACTA CCTGT TAGTG TGGGT GTGTC IIIPa(PPiii)

CTGTA CCTGT CTTCG ACGGC CCGGG GGGGA CGGAC CTGAC CTGTC IHPa(PPiii)

CTCGG TCTCC TTCTC AAGGT TCAGT ACGAG AGTGC CAACC CCGGT IHPa(PPiii)

TTCCC CATGG TGGGA CCCAG ACTGG ATATC GGTGG AGTGA TGGAC IHPa(PPiii)

TACAG GGAGA AGGTG GTAGA TTGGG TCCCG TCGTC CTCCC TGACC IIIPa(PPiii)

CTTGG GTCCC CCGAC CGTCG AC IIIPa(PPiii)
	PvuII

Sequence of cloned normal chromosome 1 DNA segments.



	CAGCT GCTCC TCTGT TGGAG TGGAC TCGCC AGCCC CAATG 16i(Al) 
	PvuII CTG AGCGG TCGGG GTTAC 15ii(Al)

CCTGC CAGAC ACTCT GCCTG GGGCA GGGTG GGGCC AAGGC TGTGC 16i(Al)
GGACG GTCTG TGAGA CGGAC AAAGT CCCAC CCCGG TTCCG ACACG 15ii(Al)

CGCTT ACAAC TCCAC TCCTC TAGGC CATTT GGGAA GTTTT CAGGC 16i(Al)
GCGAA TGTTG AGGTG AGGAG ATCCG GTAAA CCCTT CAAAA GTCCG 15ii(Al)

TCTTG TTCCT GAAGA CAGAC AAGCT GACCT GAGGC CTGAG CCTTG 16i(Al)
AGAAC AAGGA CTTCT GTCTG TTCGA CTGGA CTCCG GACTC GGAAC 15ii(Al)

AGGAG TAAGA CACCT GACAG TAAGC TAGGG GACCT CCCGT CCCAT 16i(Al)
TCCTC ATTCT GTGGA CTGTC ATTCG ATCCC CTGGA GGGCA GGGTA 15ii(Al)

GCCCC CAACT CTCAT GAAGC ATCTT TAATA GTCTC TGAAG CACAA 16i(Al)
CGGGG GTTGA GAGTA CTTCG TAGAA ATTAT CAGAG ACTTC GTGTT 15ii(Al)

TTTGC CCACC ACAAA TAGTT CCTCT GCAG 16i(Al)
AAACG GGTGG TGTTT PstI 15ii(Al)

	CT GCAGC TCAAC TGGTC ACCGA 15iii(Al)

ATGGG CTGGC AGCTG TGCCT CTCCA GAACC ACCCT CTCCC ATGAC 15iii(Al)

AGACA GCGAC TCCTT GATAA GTGTA TTTTG GTTGA CAGCC TTGAC 15iii(Al)

AGCCT AATTC TCTCT GCTCT GAGTA AGCAA GTCTG ACCAC ATGGC 15iii(Al)

CCCAA AGAGT CGGAC AGGCC ACCGC GATCA CCCAC CACGT GCACT 15iii(Al)

GGGTG GAGAG TCAGA CGACG CCCCT CAGGA AGCCG CGCTA AGCAC 15iii(Al)

TTGGC GTGAT GGAAT CATCA CTGCA AGGAG CCATG TCCGC TTTCC 15iii(Al)
	CCTC GGTAC AGGCG AAAGG 18vi(Al)

TTTAC AATCC CCTGG GTGGA GACAG TTGTA CTTTT TTTTT TT 15iii(Al)
AAATG TTAGG GGACC CACCT CTGTC AACAT GAAAA AAAAA AACTC 18vi(Al)

TACCT CAGAA CGAGA AAGTG GTTCG ACCTC ACGTC ACCGC GCTGG 18vi(Al)

AACCG AGTGA CGTTG GAGAC CAAGT TCGCT AAAAG GATGG AGTCG 18vi(Al)

GAGGA CTCAT CGACC CTAAT GTCCG TGCGC GGTGG TGCGG GTCGA 18vi(Al)

TTAAA AACAT CAAAA TCATC TCTGC CCCAA AGTGG TACAA CCGGT 18vi(Al)

CCTAC CAGAG CTAGA GGACT GGAGC ACTAG ACGGA CGGAG TCGGA 18vi(Al)

GGGTT TCACG ACCCT AATGT CCGCA CCGGT GGTGT GGGCC AGTTG 18vi(Al)

TCAAA TTGAA AATTA CTGTA GGTAG ACATG TTCTT CCGAT CCACT 18vi(Al)

CCCCT GTCAT ACTCC CATCT TCCCG AGAGT CCCGG GGAAG ACCCG 18vi(Al)

TGTAC ATATG GTCTG GGTCA CACAA GAGTC CTTTC CCGTT CCACC 18vi(Al)



GGTCG AAATC AGTGG GGATC CGACA CTCGT ATCGT CTCTA ACCTT 18vi(Al)

TGGGG TTTTG TCAGG GGTCC AAGGA GAGAC GACCC TTGAA CCTGA 18vi(Al)

AGGTC TTTCG TGTGA CAGGT GAGCG AGGGT CGTTT CTTGT AGACC 18vi(Al)

TTGTG TGGTC CACGA GTGGG CTCCG TTGTA TTGGT GTCCC CGAGT 18vi(Al)

GTCGA C 18vi(Al)
CAGCT GAACA CAAGG GTTCC TCCAG GAAGG CTCCA GGAAG ACCTG 19iii(Al) 

PvuII

GCCAG AGGAT AGGCT CACCT GGCCT GGTCC GTTCC TGAGG CCTTA 19iii(Al)

CTACC CCAAA GCCCA GAGCC ATGGT GGTTC TGGAG CCCAC CATGC 19iii(Al)

TGCGG CAGGC AGGAG GATGT ACTGA AGGAA AGCCA GGCCG GGTAT 19iii(Al)
	CCATA 15i(Al)

GCATG CATTT ACACA CAGAT AAGTG TGCCC GTGTG TGCAC ACACA 19iii(Al)
CGTAC GTAAA TGTGT GTCTA TTCAC ACGGG CACAC ACGTG TGTGT 15i(Al)

CATGC ACATA CACCA AGAAG TCGGA TTGGA TGGCT CCAAA TTCCC 19iii(Al)
GTACG TGTAT GTGGT TCTTC AGCCT AACCT ACCGA GGTTT AAGGG 15i(Al)

AT 19iii(Al)
TACCC GAGGC CCGGG TACGC CGTTC TGGAT GTTTT CTATG TTTAC 15i(Al)

GAGGG TTCTC ACCGA CGAAG GGGTA CCCGG ACGTT CCTTC CTTCC 15i(Al)

GCTTC ATCAC GCCTG CGGTC CTTGA ACGGG TCACC CTCGA CAACG 15i(Al)

ACGAC GACGT C 15 i(Al) 
PstI

CTGC AGAAA GAAGC AGGAA CACTC TCTTC GATAG ATTTA CCAGC 2i(Al)
CTGC AGAAA GAAGC AGGAA CACTC TCTTC GATAG ATTTA CCAGC 4 i(A4) 

PstI
AAAAT TCGTG ATTCA TGCCT GTATA GTAAT TGCTT TTGTG ATGTT 2i(Al)
AAAAT TCTTG ATTCA TGCCT GTATA GTAAT TGCTT TTGTG ATGTT 4i(A4)

CATAT TTTTA TTTAA CCAGA TATTG GTTCT GTAGC TTA 2i(Al)
TT GGTCT ATAAC CAAGA CATCG AATAC GTACT 3 i(A4)

CATAT TTTTA TTTAA CCAGA TATTG GTTCT GTAGC TTATG CATGA 4 i(A4)

ACAAC CGATG AGAGG TTTCT TTAAA GTAAA ATTTA ATCAA TACGG 3i(A4)
TGTTG GCTAC TCTCG AAAGA AATTT 4i(A4)

GGAAT CCTCT TATTA CTTTG TAAAC CCCTC TTAAA ATAAT AACCC 3 i(A4)

CCTAA CTTCG ATATA AACCA AATTC TTTAT GGACG GTTTA TTACG 3i(A4)

AAACT GTTAA AATTT GTATT CGAA 3 i(A4)
	Hindlll

Sequence of cloned der(l) DNA segments from the t(X;l).



GGAT TCAGC ATAAG TCATA FF1I
GGAT TCAGC ATAAG TCATA FF1K

TATTT TTAAA ATATG TCAGT TCTTA CCATT GTGTT AGGGA AACCA FF1I
TATTT TTAAA ATATG TCAGT TCTTG CCATT GTGT AGGGA AACCA FF1K

CCAAG TACAC ATTTA TACAT TTTTG CTCAG CATTT TTCAG GAGAT FF1I
CCAAG TACAC ATTTA TACAT TTTTG CTCAG CATTT TTCAG GAGAT FF1K

AATCT CAATG ATGAT TCAAA GAAAA AAATA ATAAC TCATA AGAAT FF1I
AATCT CAATG ATGAT TCAAA GAAAA AAATA ATAAC TCATA AGAAT FF1K

TTTTA TTTAC TGACT GCTTA GTCAC AAAAG ACAGA ACACC ATCTC FF1I
TTTTA TTTAC TGACT GCTTA GTCAC AAAAG ACAGA ACACC ATCTC FF1K

TTGAA GTCTC AGAAG GAAGG AGAAG AGACT GGGCC CATGG CAGTC FF1I
TTGAA GTCTC AGAAG GAAGG AGAAG AGACT GGGCC CATGG CAGTC FF1K

GG CTCAA CCAG**GTGTGT GAGCA TGAAC GGAAC CAGCC FF1I 
GG CTCAA CCAG**GTGTGT GAGCA TGAAC GGAAC CAGCC FF1K

TGCTT FF1ITAAGG AGTGA CGAGA GATAG ACGTT CCGTG GACAC CCATG
TAAGG AGTGA CGAGA GATAG ACGTT CCGTG GACAC CCATG TGCTT FF1K

CGCTC TCCAG TC*****TGCCG GGTAC AGCTC ACACC GGACC TTGTG FF1I
CGCTC TCCAG TC*****TGCCG GGTAC AGCTC ACACC GGACC TTGTG FF1K

CCACT CTCCA GAGCT GTCGT AGACA CCGAC TACAA CTGGT CTACA FF1I
CCACT CTCCA GAGCT GTCGT AGACA CCGAC TACAA CTGGT CTACA FF1K

GCTTC GAGTA GGTCC GGTGT GGGAC CGTGG GGACG ACGAA GGTCC FF1I
GCTTC GAGTA GGTCC GGTGT GGGAC CGTGG GGACG ACGAA GGTCC FF1K

TCCGA GAGGG ACTTC TCGGG TCACC GGAGG ACAGA TCT
TTCGA GAGGG ACTTC TCGGG TCACC GGAGG ACAGA TCT

Xbal

FF1I 
FF1K

Sequence of cloned DNA fragments from the der(X) of the X;l translocation.




