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ABSTRACT

A large number of inherited immunodeficiencies are known to exist, including 

seven X-linked immunodeficiency syndromes. For some of these disorders the 

underlying mechanisms are well understood, but for the majority the molecular 

defects remain to be elucidated. Even where the underlying abnormality has 

been characterised, treatments often remain far from adequate, and many 

disorders are still fatal. Reliable methods of prenatal diagnosis and carrier 

detection are therefore essential for families at risk. In order to improve these 

methods and to develop improved forms of treatment, it is important to identify 

and characterise the genes responsible for these disorders. This study involves 

two of the X-linked immunodeficiencies, one which is well understood, and 

one for which there is no knowledge about the underlying defect.

X-linked chronic granulomatous disease (X-CGD) is caused by absence of the 

large subunit of phagocyte cytochrome b 245, which results in defective 

intracellular killing of ingested micro-organisms. The defective gene was 

isolated in 1986. In this study a sample of normal females and members of 

families known to carry X-CGD were analysed for the existence of restriction 

fragment length polymorphisms (RFLPs) detected by the X-CGD cDNA, which 

might allow first trimester prenatal diagnosis, previously not available. A new 

RFLP was identified, and, in combination with one previously described, will 

allow prenatal diagnosis by chorionic villus sample analysis in approximately 

45% of families. Two patients affected by X-CGD were found to carry 

deletions. One of these was detected only by altered band patterns on Southern 

blots hybridised with X-CGD cDNA. The other patient also exhibited McLeod 

red blood cell phenotype and possessed no X-CGD hybridising species at all. 

For both of these families prenatal diagnosis can be offered on the basis of 

these alterations.
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X-linked severe combined immunodeficiency (X-SCID) is characterised by 

severe defects in both cellular and humoral immunity, resulting in inevitable 

death within the first year of life in the absence of bone marrow 

transplantation. Nothing is known about the gene responsible for X-SCID or its 

protein product, but the approximate chromosomal localisation (Xql3-21) has 

been determined by family linkage analysis. The identification and 

characterisation of the X-SCID gene should lead to elucidation of the 

underlying molecular mechanism, and development of more rational forms of 

therapy, including somatic gene therapy. Data presented in this thesis represent 

the early stages of a long-term project aimed at isolating the X-SCID gene. A 

total of twelve single copy DNA probes, which map to Xql2-21, were used for 

long-range mapping by pulsed field gel electrophoresis. A short-range 1Mb 

map, including five probes in Xql2, has been constructed, which will not be 

relevant to X-SCID, but may be of value in isolation of other genes in the 

region. Preliminary data are presented for probes mapping to Xql3-21. A total 

of approximately 15Mb of DNA has been covered by non-overlapping Mlu I 

fragments, which emphasises the very large size of the region containing the 

gene.
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1. INTRODUCTION

1.1 INHERITED IMMUNODEFICIENCIES

The first description of an inherited immunodeficiency was that of X-linked 

agammaglobulinemia (XLA) (Bruton, 1952). Since then, a very large number 

of these disorders have been identified (Gelfand and Dosch, 1983; Rosen et al. , 

1984; WHO report, 1989). Each of these is individually very rare, and the true 

incidences are difficult to estimate, especially since some cases may not be 

recognised. In some countries (A ustralia, Japan, Spain, Sweden) 

immunodeficiency registers have been set up, and the incidence of symptomatic 

antibody deficiency is of the order of 1/11,000 live births and that of severe 

combined immunodeficiency (SCID) 1/70,000 live births (Hosking and 

Roberton, 1983). In many families the disorders arise as new mutations so 

there is no previous history of immunodeficiency. This often results in delay in 

recognition of the severest forms until one or more children have died from 

overwhelming infection.

The study of patients affected by these diseases contributes to understanding of 

the immune system and, as the defects underlying specific disorders are 

elucidated, more effective methods of diagnosis and therapy can be developed. 

However, although the molecular defects responsible for some of these 

disorders have already been defined, available treatment remains far from 

adequate, and many cases are still fatal. It is therefore of considerable 

importance not only to understand the mechanisms underlying these diseases, 

but also to develop effective methods of prenatal diagnosis and carrier detection 

for fam ilies at risk . There are also still a significant number of 

immunodeficiencies which remain very poorly understood, although in some of 

these it is already possible to perform prenatal prediction and carrier 

identification.
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The inheritance patterns of these immunodeficiencies are either X-linked or 

autosomal recessive. Approximately half of the severely affected children have 

diseases which show X-linked inheritance, and a total of seven distinct X-linked 

immunodeficiencies (XLIDs) have now been identified (Figure 1.1). A large 

number of disorders showing autosomal recessive inheritance have also been 

defined; a summary of the defined inherited immunodeficiencies is shown in 

Tables 1.1 (X-linked) and 1.2 (autosomal recessive) and a brief description of 

each of the X-linked diseases follows in section 1.4. Most immunodeficiencies 

involve abnormalities of the antigen-specific lymphoid immune system, but 

several affect non-specific immunity mediated by granulocytes, monocytes and 

components of the complement system.

This study involves two of the X-linked immunodeficiencies. X-linked chronic 

granulomatous disease (X-CGD) is a disorder of phagocyte function which is 

well understood and the gene has been isolated and characterised. However, 

treatment remains unsatisfactory in many cases and improved prenatal 

diagnosis has been developed as a result of this work. X-linked severe 

combined immunodeficiency (X-SCID) is a very poorly understood disorder 

involving defects of both cellular and humoral immunity, for which the chro

mosomal location has been defined but nothing is known about the affected 

gene or its protein product. The long term aim, of which this work is a part, is 

to isolate the gene which is defective in X-SCID, with a view not only to 

understanding the basis of the disease but also to improving treatment 

strategies. X-CGD and X-SCID will each be described in detail in sections 1.5 

and 1.6, respectively.
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Figure 1.1

Approximate chromosomal locations of X-linked immunodeficiencies

Xp
2 2 . 2
2 2 . 1

1 1 . 4

11 .2
11
12
13

V « r

X-linked chronic granulomatous disease (X-CGD) X p 21.1 
Properdin deficiency Xp 11.23-21.1 
Wiskott-Aldrich syndrome (WAS) Xp11

X-linked severe combined immunodeficiency 
(X-SC/D) Xq 13-21.1

21

22
23
24
25
26
27
28

X-linked agammaglobulinemia (XLA) Xq22

X-linked hyper IgM (XHM) Xq24-27

X-linked fymphopro/iferative disease (XLP) Xq26-27
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TABLE 1.1.

Inherited Immunodeficiencies: X-Linked

Disease Gene Defect Chromosomal
Location

1. Chronic granulomatous 
disease

90kD B-subunit of 
cytochrome b 245

Xp21.1

2. Properdin deficiency Properdin Xpl 1.23-21.1

3. Wiskott-Aldrich 
syndrome

? X pll

4. X-linked severe combined 
immunodeficiency

? Xql3-21

5. X-linked agammaglobulinemia ? Xq22

6. X-linked hyper IgM 
syndrome

? Xq24-q27

7. X-linked lymphoproliferative 
syndrome

? Xq25-27
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TABLE 1.2.

Inherited Immunodeficiencies: Autosomal Recessive

Disease Gene defect Chromosomal
Location

1. Chronic granulomatous 
disease

47kD subunit of 
NADPH oxidase 
67kD subunit of 
NADPH oxidase 
22kd a-subunit of 
cytochrome b 245

10

1

16

2. Severe combined 
immunodeficiency

Adenosine deaminase 
Purine nucleoside 
phosphorylase 

T cell receptor deficiency 
Interleukin 2 
MHC class II
(Bare lymphocyte syndrome)

20ql3-ter
14ql3.1

?
?
?

3. Leucocyte adhesion 
deficiency

CD18 21q22.3

4. Ataxia telangiectasia ? llq23

5. Chediak-Higashi syndrome ? ?

6. IgA deficiency ? 6p21

7. Ig subclass deficiency Heavy chain constant regions 14q23

8. Kappa light chain deficiency Kappa light chain 2pll

9. Common variable
hypogammaglobulinemia

? 6p21

10. Di George syndrome ? 22qll
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1.2 STRATEGIES FOR LOCALISING AND CHARACTERISING 

GENES RESPONSIBLE FOR X-LINKED DISEASES

There are a number of possible approaches to identifying the genes responsible 

for these disorders. In many situations, it is necessary to rely on methods which 

are indirect, because little is known about the product of the defective gene. 

The possible strategies are summarised in Table 1.3 and will be discussed 

individually below.

TABLE 1.3

Approaches to identifying genes responsible for X-linked diseases

1. X-chromosome inactivation analysis

2. Candidate genes

3. Mouse models of human diseases

4. 'Positional cloning'

1.2.1 X chromosome inactivation analysis

Analysis of patterns of X chromosome inactivation in different cell types can 

provide insight into the function of genes which are defective in some X-linked 

disorders. Early in em bryogenesis in the fem ale, one of the two X 

chromosomes in each cell becomes inactivated, or 'Lyonised' (Lyon, 1961). 

This inactivation is then faithfully transmitted to all progeny somatic cells. If 

the function of a gene which is located on the X chromosome is essential during 

ontogeny of a particular cell type, any defect in that gene will result in selective 

loss of cells which inactivate their normal X chromosome. This results in a 

non-random pattern of X chromosome inactivation in those tissues. If a variety 

of tissues show non-random X-inactivation the abnormal gene is likely to be
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expressed in all those lineages and may be a house-keeping gene. Limitation of 

non-randomness to a specific cell type implies a defect in a tissue specific gene; 

in such cases it may be possible to identify candidate genes by screening cDNA 

libraries with oligonucleotide probes derived from specific protein sequences, 

and studying expression of candidate genes in the affected cell series.

1.2.1.1 Methods of X-inactivation analysis

There are several techniques available for X chromosome inactivation analysis. 

The earliest method exploited differences in isoenzymes of glucose-6-phosphate 

dehydrogenase (G6PD) in G6PD heterozygotes (Fialkow, 1976) and was used 

in the analysis of the clonal origin of human tumours, but the usefulness of this 

method is limited by the low frequency of the polymorphism (<  1 %) in 

Caucasian females. A second method involves the production of somatic cell 

hybrids by fusion of human cells with hamster fibroblast or murine myeloma 

cell lines which are deficient in the enzyme hypoxanthine phosphoribosyl 

transferase (HPRT). Only hybrids containing an active X chromosome, which 

is expressing HPRT, will survive when grown in HAT (hypoxanthine- 

aminopterin-thymidine) medium. The active X chromosome can then be 

identified using any informative X chromosomal restriction fragment length 

polymorphism (RFLP) (see section 1.4.2). The disadvantage of this method is 

that at least 10-20 hybrids must be produced in order to ensure a random 

sample, and the procedure is time-consuming. This method has been used in 

analysis of X-inactivation patterns in XLA (Conley et al. , 1986) and X-SCID 

(Puck etal., 1987).

Methods developed more recently rely on differences in methylation patterns on 

the active and inactive X chromosomes. The first of these techniques 

(Vogelstein et al., 1985, 1987) exploited the existence of CpG rich regions 

containing multiple CCGG sites in the 5' ends of the phosphoglycerate kinase 

(PGK1) and HPRT genes, which are methylated in inactive X chromosomes
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and unmethylated in active X chromosomes. Both of these genes contain 

polymorphic sites at the 5' ends, which are recognised by Bgl I and Bam HI 

respectively. If Hpa II is used in conjunction with the polymorphic enzyme, it 

will only cleave the CCGG sites which are unmethylated (i.e. those on the 

active X chromosom es), resulting in loss of the polym orphic band 

corresponding to the active X chromosome. If X-inactivation is random, both 

allelic fragments are still seen, but there is approximately 50% reduction in 

intensity of both bands after Hpa II digestion. Conversely, if there is non- 

random X-inactivation, only one of the allelic fragments, that derived from the 

inactive X chromosome, will remain after Hpa II digestion. About 30% of 

females are informative for each of the polymorphisms, which means that about 

50% are not informative for this type of analysis. X-inactivation patterns have 

been found to be non-random using this technique in granulocytes, B cells and 

T cells (and, therefore, whole blood) in Wiskott-Aldrich syndrome (WAS) 

(Greer et al., 1989b; Fearon et al., 1988; Goodship et al., 1991a), B cells in 

XLA (Fearon et al., 1987) and B cells, T cells and some granulocytes in X- 

SCID (Goodship et al., 1988; Puck et al., 1987; Conley et al., 1988; Goodship 

etal., 1991).

The relatively low frequency of informative females for the above technique 

has now largely been overcome by the development of a similar assay which 

makes use of the highly polymorphic 26bp variable number tandem repeat 

(VNTR) sequence in the DXS255 locus (Boyd and Fraser, 1990). The 

heterozygosity rate for this polymorphism is over 90%. In this case a Pst I 

polymorphism is recognised by the probe M27B. There is an Msp I site within 

the Pst I fragment, which is 500bp distant from one of the Pst I sites. This 

Msp I site is methylated on active X chromosomes, and unmethylated or 

partially methylated on inactive X chromosomes. Hpa II will only digest at this 

site if it is unmethylated. Therefore digestion of the inactive X chromosome 

with Pst I /Msp I will reveal the same fragments as with Pst HHpa II, whereas
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digestion of the active X chromosome is characterised by loss of one of the 

smaller Hpa II-Pst I fragments. This method should provide the ability to 

perform X-inactivation analysis in a large majority of females.

It is becoming increasingly apparent that the patterns of X-inactivation in 

normal females vary widely from tissue to tissue, often deviating markedly 

from the expected 50:50 proportion (Brown et al. , 1990). This is likely to 

reflect small numbers of tissue-specific stem cells at the time of X-inactivation. 

Caution is therefore essential when interpreting the results of X-inactivation 

analyses. The pattern should not be defined as 'non-random' unless one allele is 

completely absent, and even then there is a small possibility that this could 

simply be due to complete skewing by chance. There are several reported cases 

of only one of a pair of female monozygotic twins manifesting Duchenne 

muscular dystrophy (DMD) (Burn et al. , 1986; Richards et al. , 1990; Lupski 

et al. , 1991), and one similar case of Hunter disease (Winchester et al. , 1990), 

while the other twin is simply an asymptomatic carrier. The manifesting 

carriers in these cases exhibit non-random X -inactivation with 

heterochromatisation of the normal X chromosome.

1.2.1.2 The 'X inactivation centre' (XIC)

A region of the X chromosome known to be essential for normal inactivation of 

one X chromosome to occur, has been localised to Xql3 by analysis of 

rearranged human X chromosomes (Brown et al., 1991a). The so-called X 

inactivation centre (XIC) lies between DXS132 and PGK1, two of the 

polymorphic markers closely linked to X-SCID (see section 1.6.7.2). A role 

for the XIC in the control of X-inactivation is also implied by the identification 

of the XIST (X inactivation specific transcripts) gene in the same region, which 

is only expressed from the inactive X chromosome (Brown et al., 1991b). A 

homologous gene in the mouse, Xist, has been mapped to the same region on 

the mouse X chromosome, which shows synteny with human Xql3 (Brockdorff

27



et al. , 1991). Another human gene which has been localised in the same region 

as the XIC is RPS4X, which codes for ribosomal protein S4, and has a 

counterpart on the Y chromosome, RPS4Y (Fisher et al., 1990). RPS4X has 

been found to escape inactivation, which has lead to the suggestion that 

haploinsufficiency of RPS4 might play a role in the aetiology of Turner's 

syndrome, in which phenotypic females possess only one X chromosome. The 

human XIC is positioned between the gene for the androgen receptor (AR) and 

that for PGK1, both of which are subject to inactivation.

1.2.2 Candidate genes

In diseases where there is some information about the tissue specificity of the 

defective gene, it may be possible to make informed guesses about the nature of 

the affected proteins. Any 'candidate' genes which are cloned on this basis can 

then be investigated for patterns of tissue expression, by northern blotting. In 

addition, material from patients affected by the disease in question can be 

analysed for alterations in gene expression or protein products, as well as by in 

situ hybridisation and possibly sequence analysis. Although there is some 

information about the tissue specificity of the genes defective in several of the 

XLIDs (see section 1.2.1), this approach has not been exploited so far for any 

of them.

In some instances the protein which is absent or defective is already known (eg. 

properdin deficiency). In such cases it may be possible to localise the defective 

gene using cDNA by hybridisation to somatic cell hybrids containing defined 

portions of the X chromosome, and by in situ hybridisation. These methods, in 

conjunction with family linkage studies (see section 1.4.1), have been used to 

localise the gene for properdin deficiency to Xpll-21 (Goundis et al. , 1989). 

However, in the cases of most of the other XLIDs the nature of the molecular 

defect is obscure, and alternative approaches have to be employed.
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1.2.3 Mouse models

The existence of syndromes in mice which are similar to human disorders may 

be of value in the search for human disease genes. Some areas of the mouse 

genome bear strong resemblance to regions of the human genome; these are 

known as 'syntenic' regions and they contain clusters of genes in the same 

relative distribution in the mouse and human genomes. If a mouse model is 

available for the human disease under study, and the gene for the mouse 

disease has been localised, this may provide a guide as to the likely position of 

the equivalent human gene, in addition to clues as to the likely nature of the 

protein product.

Several immunodeficiency syndromes have been identified in the mouse, two of 

which are X-linked. The Xid mutation affects B cell development and results in 

low levels of serum IgM and IgG3, and impaired humoral responses to poly

saccharide antigens. Superficially this syndrome resembles human XLA, and it 

maps to a similar location on the mouse X chromosome. However, the defect 

appears to involve a later stage of B cell development. A family of genes 

known as the Xlr (X-linked lymphocyte regulated) family has been identified in 

the mouse (reviewed in Garchon, 1991). This family consists of a large number 

of genomic sequences, most of which localise to the proximal half of the 

mouse X chromosome and one of which is expressed in mouse lymphoid cells. 

Initially, RFLP data and expression data in mature B cell lines suggested that 

an Xlr gene might be responsible for Xid (Cohen et al. , 1985a and b). 

However, mapping data, which place Xid distal to PGK1 on the distal half of 

the murine X chromosome, whereas two Xlr genes are localised further 

proximally, make this less likely. At present it is thought possible that an Xlr 

gene may be responsible for Wiskott-Aldrich syndrome, which maps to a 

region of the human X chromosome (Greer et al. , 1990) with homology to the 

mouse region containing X/r-1. However, a second murine syndrome, the
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scurfy (scf) mutation, has characteristics similar to WAS, with severe 

thrombocytopenia and anaemia (Lyon et al. , 1990) in addition to scaly skin and 

hypogonadism, although frequent infections do not appear to be a feature of 

this syndrome. The sc f mutation maps close to X/r-1 and there may be a 

relationship between the two loci, or they may be allelic forms, which would 

account for the similarities with WAS. Xlr-2 maps further distally, to a region 

homologous with human Xq26-qter, which may contain the gene responsible 

for X-linked lymphoproliferative syndrome (XLP) (Skare et al. ,1987 and

1989).

One other murine immunodeficiency syndrome has been described, and is 

proving to be of value as a host system for the study of the human immune 

system (McCune et al., 1988). This is the severe combined immunodeficient 

(scid) mouse, an autosomal recessive mutation which was recognised in CB17 

mice in 1983 (Bosma et al.). These mice lack any functional immune system, 

and the defect is thought to affect the final step of immunoglobulin and T cell 

receptor recombination (Malynn et al., 1988). The murine scid mutation maps 

to chromosome 16 and, as such, is not likely to represent a homologue of 

human X-SCID.

1.2.4 'Positional cloning'

'Positional cloning', or 'reverse genetics' refer to techniques for identifying 

disease genes without any prior knowledge of the function or nature of the 

protein product of the gene. These methods rely on knowledge of the approxi

mate chromosomal localisation of the genes. There are a number of possible 

approaches, summarised in Table 1.4, each of which will be discussed below.
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TABLE 1.4

Techniques of positional cloning

1. Chromosome analysis

2. Family linkage studies

3. Physical mapping by PFGE and hybrid cell lines

4. Identification of CpG islands

5. Yeast artificial chromosome analysis

6 . Conserved sequences

7. Patterns of tissue expression

1.2.4.1 Chromosome analysis: deletions and translocations

The existence of chromosomal deletions provides an immediate guide to the 

approximate location of a defective gene, and several disease genes have been 

isolated by utilising material from patients with deletions. These include DMD 

(Koenig et al. , 1987), X-linked chronic granulomatous disease (X-CGD) 

(Royer-Pokora et al. , 1986) and choroideremia (Cremers et al. , 1990). In the 

cases of DMD and X-CGD, two patients with very large deletions and complex 

clinical syndromes were utilised; one patient (BB) had DMD, X-CGD, McLeod 

syndrome, and retinitis pigmentosa (RP) (Francke et al. , 1985) and the other 

(NF) had DMD, X-CGD and McLeod syndrome (Koussef, 1981). Both had 

cytogenetically detectable deletions of Xp21. By using the phenol enhanced 

reassociation technique ('PERT'), a large number of DNA fragments were 

cloned from the region deleted in BB (Kunkel et al. , 1985). cDNA enriched for 

Xp21 sequences was prepared using RNA from cultured HL60-leukaemic cells 

subtractively hybridised with RNA from an EBV-transformed B cell line of 

NF. Using the Xp21 genomic clones in combination with the Xp21-enriched 

cDNA, the genes for both X-CGD and DMD were isolated. Until recently no 

deletions had been detected in patients affected by any of the other XLIDs, but
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an interstitial deletion of Xq25 has now been described in a family with X- 

linked lymphoproliferative syndrome (XLP) (Wyandt et al. , 1989; Sanger et 

al. , 1990), which should be of value in isolating the gene responsible for this 

disorder.

Chromosomal abnormalities other than straightforward deletions may also be of 

use in identifying disease genes. There are several cases described of females 

manifesting X-linked disorders. These include X-linked hypohidrotic 

ectodermal dysplasia (XED) (MacDermot et al. , 1990), Menke's syndrome 

(Verga et al., 1991) and DMD (Boyd et al. , 1986). All of these patients have 

X;autosome balanced translocations and the breakpoints in the X chromosome 

are thought to interrupt physically the genes reponsible for each disorder. 

When such a translocation exists, selective inactivation of the normal X 

chromosome occurs, by an unknown mechanism, resulting in expression of 

genes only from the translocated X chromosome. If the X chromosomal 

breakpoint interrupts a disease gene, a truncated protein is produced, and the 

affected female manifests the disease. By defining the breakpoints in these 

patients the location of these diseases can be mapped. Also, by linking probes 

which lie on opposite sides of the breakpoints, by pulsed field gel 

electrophoresis (section 1.2.4.3), or on yeast artificial chromosomes (YACs) 

(section 1.2.4.5), it may be possible to isolate the segments of DNA containing 

the defective genes.

Even where the breakpoint or deletion does not involve the disease gene under 

investigation it may be useful as a flanking marker. For example, a patient 

(NP) with a deletion involving Xq21 has choroideremia, cleft lip and palate, 

agenesis of the corpus callosum and mental retardation (Tabor et al. , 1983); he 

does not have X-SCID, which maps to Xql3-21, but his DNA is deleted for the 

anonymous DNA segment DXS447, which is the closest distal flanking marker 

to X-SCID. DNA from this patient may therefore be useful in defining the
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region containing the disease gene more precisely. It is obviously of 

considerable importance to search for patients with gene deletions or 

translocations in attempts to identify genes for XLIDs.

1.2.4.2 Family linkage studies

It is possible to localise single gene disorders to a chromosome or sub- 

chromosomal region by genetic linkage analysis. This exploits the existence of 

polymorphic markers, which are found throughout the human genome and can 

be detected using specific restriction enzymes. Variations in DNA sequence, 

which are of no functional significance, give rise to alterations in restriction 

enzyme sites; this results in variation in the size of fragments detected on 

hybridisation of enzyme-digested genomic DNA with single-copy DNA probes. 

These restriction fragment length polymorphisms (RFLPs) can be tracked 

through family pedigrees. The method depends on key family members 

(females in the case of X-linked diseases) being heterozygous for the poly

morphisms, so that the two chromosomes can be distinguished. If an RFLP 

tracks very closely with a disease (ie. does not show any meiotic recombination 

with the disease) it is said to be closely linked. By examining the linkage 

between any genetic disease and a number of RFLPs, the chromosomal 

localisation of the disease can be determined. The degree of linkage between a 

disease and a polymorphic probe is expressed in terms of recombination 

frequency; the 'logarithm of odds' (lod) score is an estimate of the likelihood of 

any given probe being linked to the disease at a defined genetic distance. The 

lod score is given as Z, and the distance as 0  (expressed in centimorgans (cM) 

where lcM is equivalent to 1% recombination). Therefore, the higher the lod 

score at low 0  values, the more likely it is that the two loci are very close. 

When markers have been identified which are very tightly linked to a disease, 

and also when flanking markers have been defined, it is possible to use these 

markers to track the affected gene in informative families and to provide 

prenatal prediction and carrier detection.
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Linkage studies have been perform ed using families affected by each o f the 

XLIDs (see section 1.4, 1.5, 1.6) and the X-chromosomal locations are fairly 

w ell defined. G enetic d istances defined by linkage studies do not always 

correlate well with physical distances when these can be determined. This is a 

result of varying recombination rates in different parts o f the genome (Drayna 

and W hite, 1985). For example, the region around Xq21-22 is very low in 

recombination, which gives rise to high lod scores for markers which are not 

necessarily physically close. Physical methods are therefore essential for more 

precise definitions of loci containing genes.

1.2.4.3 Long-range physical mapping

It has recently become possible to map relatively large chromosomal regions 

using the technique of pulsed field gel electrophoresis (PFGE). This can be 

used in com bination w ith analysis o f hybrid  cell lines containing defined 

portions of human chromosomes. Linkage analysis provides initial information 

about closely linked sequences which are useful in  generating  long range 

physical maps around disease loci.

1.2.4.3.1 The technique of PFGE

PFGE utilises alternation in the direction of the electric field applied to DNA 

molecules in agarose gels to achieve separation of very large fragm ents of 

DNA. Using conventional agarose gel electrophoresis, the maximum possible 

separation of DNA molecules is about 50kb; above this size range the pore size 

of the gel limits separation of DNA molecules, which show anomalously high 

electrophoretic mobilities (Fangman, 1978). By applying an electric field which 

intermittently changes direction, and therefore forces the DNA molecules to 

reorientate, much larger size ranges can be resolved. This is possible because 

the time taken for a DNA fragment to reorientate itself when the electric field 

changes direction is dependent on the size of the fragment. Small fragments
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reorientate more quickly than large ones, and therefore move faster in a net 

forward direction.

Several different forms of PFGE have been developed. The earliest form was 

pulsed field gradient gel electrophoresis, in which one homogeneous electric 

field was alternated  with an inhom ogeneous field  (Schw artz et a l. , 1983, 

Schwartz and Cantor, 1984) to separate yeast chromosomes. Orthogonal field 

alternation gel electrophoresis ('OFAGE') utilises two inhomogeneous electric 

fields (Carle and Olson, 1984). Field inversion gel electrophoresis ('F IG E ') 

involves altering the direction of electric field by 180°, (Carle et al., 1986); 

this requires a larger proportion of the switching cycle to be in the forward 

direction than the backward, in order to produce net forward migration of the 

DNA. A nother varia tion  is contour-clam ped hom ogeneous e lec tric  field 

( 'C H E F ')  electrophoresis, in which m ultiple electrodes in a hexagonal 

configuration are used, with a reorientation angle of 120° (Chu et al., 1986); 

this technique gives straight tracks, unlike OFAGE, and good resolution of 

large chromosomal DNAs, up to 5Mb (Vollrath and Davis, 1987). Tranverse 

alternating gel electrophoresis ('TAFE') makes use of a vertical electrophoresis 

apparatus, with the electric field being applied at angles through the thickness 

of the gel (Gardiner and Patterson, 1988).

The conditions for PFGE can be varied in several ways in order to optimise 

separation of molecules in different size ranges. Variables include voltage, 

pulse (or 'switch') time, temperature, percentage of agarose and length of run. 

In general, separation of very large (Mb ranges) DNA molecules requires long 

pulse times, low voltages, low agarose concentration and long run times. As 

the  p u lse  tim e in c re a se s  it  is u su a lly  n ec e ssa ry  to red u c e  the  v o lta g e  

reciprocally in order to maintain clear resolution of DNA fragments. For each 

set of running conditions there is a zone of limiting mobility, which defines a 

size above which fragments are not resolvable. There is also a 'w indow ' of
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optimal resolution. It is possible to obtain two windows of good resolution, 

either by applying two sets of running conditions sequentially, or by 

continuously varying the conditions ('ramping').

1.2.4.3.2 Generation of large DNA fragments for PFGE

It is necessary to prepare undegraded human genomic DNA of very high 

molecular weight for PFGE. This is achieved by embedding whole cells in 

agarose blocks prior to DNA preparation. This avoids the shearing forces 

which are applied to DNA during conventional preparation techniques. The 

DNA is then digested with so-called 'rare-cutting' restriction enzymes. These 

enzymes have relatively long recognition sequences (6 -8 bp), which contain one 

or more 5'-CpG-3' dinucleotides. CpG dinucleotides are relatively under-repre

sented in the human genome; the frequency of total C 4- G in bulk DNA is 

about 40%, whereas CpG dinucleotides only occur at about one fifth of the 

expected frequency (Brown and Bird, 1986). This means that the incidence of 

cutting sites for this group of enzymes is relatively low, resulting in the 

generation of large fragments of DNA. Some of the enzymes are also 

methylation sensitive, failing to digest if the site is methylated. Most (60-90%) 

of the CpGs are methylated at the cytosine residue (Bird, 1986); those CpGs 

which are associated with genes tend not to be methylated, so the majority of 

the rare-cutter sites are situated in these 'CpG-islands' (see section 1.2.5.3). 

There is also considerable variation in the degree of methylation in different 

parts of the X chromosome, between the active and inactive X chromosome 

(Lindsay et al. , 1985), and between different tissues and immortalised cell 

lines. This often leads to variations in the consistency of digestion of DNA, 

generation of partia l digestion products, and sometimes smears of 

heterogeneously sized fragments.
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1.2.4.3.3 Somatic cell hybrids/translocation and deletion cell lines/radiation 

hybrids

When attempts are being made to map large areas of a chromosome, cell lines 

containing defined portions of the relevant chromosome can be used for 

ordering probes. These may be lines prepared directly from patients who have 

deletions with breakpoints flanking the region of interest, or rodent-human 

somatic cell hybrid lines prepared from females with balanced X;autosome 

translocations. Wieacker et al. (1984) used a panel of somatic cell hybrids to 

order sixteen single copy DNA sequences on the X chromosome. A series of 

male-viable deletions and duplications were used by Cremers et al. (1988) to 

order fifty-two probes on proximal Xq. More recently Lafreniere et al. (1991) 

assigned sixty DNA markers to fifteen map intervals of the human X 

chromosome using a series of somatic cell hybrids and human lymphoblastoid 

cell lines from patients with chromosome rearrangements and deletions.

Several methods are also available for generating somatic cell hybrids 

containing non-selected fragments of human chromosomes. In chromosome- 

mediated gene transfer (CMGT), whole chromosomes enter recipient cells and 

chromosome fragments of varying sizes become incorporated into the recipient 

genome (Spandidos and Siminovitch, 1977). This method is associated with 

extensive genome rearrangements, even in small fragments, and is therefore 

relatively unreliable for mapping large areas. Irradiation and fusion gene 

transfer (IFGT) involves lethal irradiation of human lymphocytes followed by 

fusion with a recipient cell line. A modification of this technique utilises a 

human-rodent cell line containing only one human chromosome as irradiated 

donor, and avoids the complication of fragments of more than one chromosome 

being present in the hybrids. The hybrids are still complicated by the presence 

of multiple human fragments in recipient cell lines, which makes them suitable 

for high resolution mapping only over short distances of 106-5 x 106bp 

(Benham et al., 1989).
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Deletion and translocation cell lines, somatic cell hybrids and radiation hybrids 

are of value as an adjunct to PFGE in ordering probes and confirming or 

refuting evidence of physical linkage.

1.2.4.4 Identification of 'CpG' islands

As discussed above, most cytosine residues in the genome tend to be 

methylated. Exceptions to this are the CpG islands which are usually associated 

with the 5' ends, and sometimes the 3' ends, of transcribed genes. Most of the 

genes with which they are known to be associated are housekeeping genes, but 

it is also suggested that most mammalian genes, including those which are 

tissue specific, are likely to have CpG islands (Gardiner-Garden and Frommer, 

1987; Bird, 1986). The C + G content of CpG islands is about 65% and the 

CpG dinucleotide occurs at the expected frequency in islands. CpG islands 

make up about 1 % of the human genome. They are generally of the order of 1- 

2kb in length, situated at the 5' end of genes and often extend into the first few 

exons. Since the rare cutting restriction enzyme sites are often limited to 

unmethylated DNA, a large proportion of these sites tend to be in CpG islands. 

Clustering of rare-cutter sites in a small area of DNA, which may result in 

generation of small fragments of DNA when digested, suggests the existence of 

a CpG island. If such an island is detected by a probe which is known to be 

very tightly linked genetically to a disease, the area containing the CpG island 

may represent a candidate gene for that disease. Such areas can then be isolated 

and investigated further using YACs and searching for conserved and expressed 

sequences.

1.2.4.5 Yeast artificial chromosomes (YACs)

The recent development of yeast artificial chromosome (YAC) technology 

allows analysis of large tracts of human genomic DNA cloned into yeast 

vectors (Burke et al. , 1987). Previously, the use of cosmids restricted the size of 

DNA fragment which could be maintained in a phage vector to about 50kb,
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which meant that efforts at chromosome walking were extremely slow and 

frequently unclonable regions of DNA blocked mapping progress. Human YAC 

libraries are now available with an average insert size of about 500kb and there 

are intensive efforts in progress to construct YAC 'co n tig ' maps, of 

overlapping YAC clones, of the X chromosome (A. Monaco, Oxford; D. 

Bentley, London; personal communications). These libraries can be screened 

using probes which are known to be tightly linked to the disease gene under 

study and the positive YAC clones used to generate more probes in the region. 

New polymorphic probes can be used in further genetic linkage studies and also 

to complete the physical map of the area using PFGE. In this way the 

boundaries of the region containing the disease gene can be more and more 

tightly defined. In addition, any YACs which are positive on screening with 

tightly linked probes can be investigated for the presence of CpG islands, and 

possible candidate genes, using rare cutting restriction enzymes and PFGE.

1.2.4.6 Evolutionary conserved sequences

In attempts to identify disease genes by positional cloning it may be useful to 

screen genomic DNA from a number of different species, for sequences 

homologous to the candidate gene region. Although there has inevitably been 

some evolutionary sequence variation, expressed sequences often still retain a 

degree of homology between species, which can be detected by simple 

Southern blotting of digested genomic DNA ('zoo' blots). Any probes which 

are tightly linked to the disease and which also detect CpG islands can be used 

in this way. The presence of signal in multiple species provides strong evidence 

of gene sequences, which can then be analysed further for evidence of 

expression.

1.2.5.7 Patterns of tissue expression

Once a candidate gene region has been identified, it can be investigated for the 

presence of expressed sequences by northern analysis and by screening cDNA
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libraries. If information is available about the tissues in which the affected gene 

is expressed, then material from appropriate tissue sources can be screened in 

both these ways. X-inactivation studies can be used to determine tissue 

specificity in situations where the defective gene is essential for the normal 

development of the cell series, as in some of the XLIDs, and are thus 

invaluable in directing the further analysis of candidate genes.

1.3 PRENATAL DIAGNOSIS OF IMMUNODEFICIENCIES

A number of different methods are available for prenatal diagnosis and carrier 

detection of immunodeficiencies. These are summarised in Table 1.5 and 

discussed individually in the following sections.

TABLE 1.5

Methods for prenatal diagnosis of inherited immunodeficiencies

1. Gene tracking

2. Detection of defective gene product

3. Assessment of cellular dysfunction

4. Analysis of cell series

5. X chromosome inactivation analysis

1.3.1 Gene tracking- RFLP and deletion analysis

It is possible to track abnormal genes through families affected by diseases due 

to single gene defects if the chromosomal location is known (Pembrey, 1986). 

Gene tracking depends on close linkage having been established between a 

number of polymorphic DNA probes and the disease, and also on key females
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in the family being heterozygous for the RFLPs, in order to distinguish 

between two chromosomes of a pair. This method is especially useful where 

the underlying defect is unknown, as in the cases of most of the XLIDs. If a 

gene specific or cDNA probe is available, prediction is 100% accurate (with a 

few exceptions, where a very large gene allows intragenic recombination, such 

as DMD) whereas the use of closely linked probes involves a likelihood 

estimation which depends on the extent of the available linkage data and the 

number of recombinations which have been observed between the probe and 

the disease. Gene tracking has the advantage that it can be performed on 

chorionic villus samples (CVS's), taken in the first trimester of pregnancy. 

This method can be offered to most families for both prenatal diagnosis and 

carrier detection in most of the XLIDs, but so far the limited extent of available 

linkage information for the X-linked hyper-Immunoglobulin M (XHM) 

syndrome and XLP does not allow gene tracking for these two disorders.

In a small percentage of cases, a deletion affecting the relevant gene exists. 

Large deletions are detectable cytogenetically, as in the case of the patients 

used in the cloning of X-CGD and DMD. Smaller deletions may only be 

detectable as altered band patterns on Southern blots, and in these cases may 

only be seen using either gene specific probes or extremely tightly linked 

probes. If a deletion is detectable predictive testing can clearly be offered to the 

affected family on this basis.

1.3.2 Detection of defective gene product

In situations where the functional defect responsible for an immunodeficiency 

has been defined, direct measurement of the protein product of the affected 

gene is sometimes possible. In two of the autosomal recessive varieties of 

SCID, adenosine deaminase (ADA) deficiency, and purine nucleoside 

phosphorylase (PNP) deficiency, enzyme levels can be measured either in 

amniotic fluid or fetal blood (Perignon et al. , 1987) and more recently in
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CVS's (Dooley et al. ,1987). Similarly, cell surface proteins may also be 

directly detectable on fetal blood lymphocytes taken in the second trimester of 

pregnancy, using monoclonal antibodies and immunofluorescence. This method 

has been successfully applied to MHC class II deficiency (Durandy et a l., 

1987).

1.3.3 Assessment of cellular dysfunction

If the functional defect underlying an immunodeficiency is understood, a 

biological assay may be possible to diagnose the disorder. For example in 

chronic granulomatous disease (see section 1.5) the nitroblue tetrazolium 

(NBT) test, which assesses the ability of granulocytes to reduce the dye NBT, 

is accurate for prenatal diagnosis at 18 weeks gestation (Levinsky et al., 1983). 

In another disorder, ataxia te langiectasia , which is characterised by 

spontaneous and radiation induced chromosomal breakage as well as 

immunodeficiency, amniotic fibroblasts and fetal blood lymphocytes can be 

assayed for susceptibility to chromosomal damage (Shaham et al., 1982; 

Llerena et al., 1989).

1.3.4 Analysis of cell series

Lymphocyte subpopulations are defined by the presence of surface markers, 

which are detectable using monoclonal antibodies and fluorocytometric 

analysis. The ontogeny of lymphocyte subpopulations in normal fetal 

developm ent has been defined (Linch et a l.,  1982), so some 

immunodeficiencies can be diagnosed by absence of certain subpopulations 

from fetal blood taken in the second trimester of pregnancy. This technique is 

applicable to all forms of SCID, but it is essential that the cell series 

abnormality has previously been defined in an affected child from the family 

seeking prenatal diagnosis, since there is considerable variation  in 

subpopulations between different cases. It may sometimes be possible to 

perform prenatal exclusion of XLA if normal numbers of B cells are found in
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fetal blood, but variability of B cell numbers in the normal fetus precludes 

prenatal diagnosis.

1.3.5 X-chromosome inactivation studies

X chromosome inactivation analysis can be used to identify carriers of X-linked 

diseases in two ways. The methods described in section 1.2.3 may be used to 

identify females who exhibit non-random patterns of X-inactivation in certain 

cell series; for example female carriers of X-SCID show non-random X- 

inactivation in T cells (Puck et al., 1987; Goodship et al. , 1988), and carriers 

of XLA have non-random patterns in B cells (Conley et al., 1988a). If the 

probe used in the X-inactivation analysis is closely linked to the disease (eg. 

PGK1 and X-SCID; M27B and WAS), it is possible to perform prenatal 

predictive testing even in the absence of a surviving male (Goodship et al. , 

1989, 1991a and 1991b). This is possible because the linked allele associated 

with the selectively retained X-chromosome can be used as a marker to track 

the unaffected chromosome through the family.

In contrast, if the gene responsible for a disorder is not essential for the 

development of the affected cell series, carrier females show a random 

distribution of X-inactivation, which may be reflected in intermediate levels of 

detectable protein or cellular function. In X-CGD, carrier females demonstrate 

intermediate levels of NBT reduction (Levinsky et al. , 1983), and in properdin 

deficiency, serum levels of properdin in carriers are approximately 50% of 

normal. The demonstration of carrier status by either of the above methods in 

the mother of an apparently sporadic case provides proof that the disease is of 

the X-linked variety. This is vital for genetic counselling, where there is no 

previous family history.
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1.4 X-LINKED IMMUNODEFICIENCIES

1.4.1 X-linked (Bruton's) agammaglobulinemia (XLA)

XLA is a severe deficiency of humoral immunity, in which affected males lack 

immunoglobulins of all isotypes (Rosen et a l., 1984). This results in 

development of severe bacterial and viral infections when passive maternal 

immunity declines, after about six months of age. The use of regular 

intravenous imm unoglobulin replacem ent has im proved the outlook 

considerably for these children, but a significant risk of fatal viral infection still 

remains (Lederman and Winkelstein, 1985). The molecular basis of the defect 

has not been defined but there appears to be a block in B cell maturation. 

Normal numbers of pre-B cells are found in the bone marrow, but there is a 

complete absence of mature B cells in the circulation or in lymphoid tissues.

The gene responsible for XLA has been localised by several family linkage 

studies to Xq22 (Kwan et al., 1986; Malcolm et al., 1987; Mensink et al.,

1986). The most closely linked polymorphic DNA marker is DXS178, which 

so far shows no recombination with XLA in over 30 recombinations (Guioli et 

al. , 1989; Kwan et al., 1990) with a cumulative lod score of 14. Several other 

closely linked probes have been identified, including flanking markers, so gene 

tracking and accurate prenatal prediction is possible in most affected families. 

The current order of polymorphic probes in the region is cen-DXS3- 

[DXS178 ,XLA]-DXS94-DXS17-tel.

No patients have as yet been described with deletions, although there are 

several patients with cytogenetically detectable deletions close to the XLA 

locus, with various complex clinical syndromes including choroideremia, 

mental retardation, cleft palate, deafness, and congenital absence of the corpus 

callosum (Tabor et al., 1983).
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XLA was at one time thought to be complicated by genetic heterogeneity, one 

large pedigree apparently showing a high frequency of recombination with 

DXS17 (Mensink et al., 1986 and 1987a). However this discrepancy has now 

been shown to be a result of transmission of the XLA gene from a normal male 

who was an X chromosomal germ-line mosaic (Hendriks et al., 1989). In about 

one third of XLA pedigrees the m utation has arisen recently  and in 

approximately half of these families the defective gene appears to heve been 

introduced by a healthy male.

Support for the hypothesis that there is an intrinsic defect in B cell development 

is provided by the observation that obligate carriers of XLA demonstrate non 

random X chromosome inactivation in their B cells, whereas both T cells and 

granulocytes show a random pattern (Fearon et al., 1987; Conley et al., 1986, 

1988a). This also allows carrier detection in all at-risk females even if they are 

not informative for markers closely linked to XLA.

Several families have been described in which hypogammaglobulinemia 

coexists with isolated growth hormone deficiency in a number of males 

(Fleischer et a l., 1980; Sitz et a l., 1990). Mapping studies in one of these 

families have shown no recombination with DXS17 or DXS94 and in the same 

family non-random X-inactivation was demonstrated in carrier B cells (Conley 

et al., 1989). Although so far no cytogenetic abnormalities have been seen in 

these families it seems likely that the syndrome is caused by a mutation or 

small deletion in the same region as typical XLA.

1.4.2 Wiskott-Aldrich syndrome

W iskott-A ldrich syndrome (WAS) is an im m unodeficiency which is 

characterised also by severe eczema and thrombocytopenia. The most usual 

clinical presentation, in the first few months of life, is with bloody diarrhoea 

(Wiskott, 1937). Affected males also have an increased frequency of lympho-
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reticular malignancies, which are a major cause of early mortality. Until 

recently, most affected children died within the first decade of life without bone 

marrow transplantation (BMT), but the outlook has been improved by 

splenectomy and the use of intravenous immunoglobulin replacement therapy 

(G. Morgan, ICH; personal communication). The precise defect in WAS is 

unknown but there has been a suggestion that the surface molecule sialophorin, 

CD43, may be deficient or unstable on WAS lymphocytes (Greer et a l,  1989). 

CD43 binds intercellular adhesion molecule 1 (ICAM-1), and is probably a 

major adhesion molecule, thus explaining the immunodeficiency. However, the 

gene encoding CD43 maps to the short arm of chromosome 16, so an 

abnormality of this gene cannot explain the syndrome. T cells progressively 

decline in number and function. Immunoglobulin levels are often abnormal 

with high IgA and IgE, low IgM and normal or high IgG, and responses to 

polysaccharide antigens are deficient. Platelets are small and contain abnormal 

granules, and granulocytes show deficient adherence, but normal phagocytosis 

and intracellular killing (Ochs et al. , 1980).

The diversity of abnormalities in WAS implies involvement of several cell 

lineages and this is borne out by results of X-chromosome inactivation studies. 

A non-random pattern of X chromosome inactivation is found in granulocytes, 

T cells and B cells of obligate female carriers of WAS (Fearon et al., 1988; 

Greer et al. , 1989) implying that the gene is expressed in all of these lineages. 

This provides a method for carrier detection in at risk females, and since the 

probe M27B, which is used in X-inactivation analysis (see section 1.2.3), is 

very tightly linked to WAS (see below), it is possible to track the abnormal 

gene even in the absence of a surviving affected male (Goodship et al., 1991).

The gene responsible for WAS has been mapped by linkage analysis to 

Xpll.22-11.3 (Peacocke et al., 1987; Kwan et al., 1988 and 1991; de Saint 

Basile et a l., 1989; Greer et a l., 1989c and 1990). The current order of
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polymorphic markers in the region is tel-DXS7-TIMP~WAS-DXS255-DXS14- 

cen. The closest marker appears to be DXS255 (M27B) with a maximum lod 

score of Z = 8.59 at 1.2 cM distal to DXS255. Prenatal diagnosis and carrier 

detection is possible in most families at risk from WAS using these closely 

linked probes. M27B recognises the hypervariable locus DXS255 and is 

therefore informative in over 90% of females. In the absence of informative 

polymorphic markers prenatal prediction is possible by foetal blood sampling 

and examination of fetal platelet count and morphology, in the second trimester 

of pregnancy (Holmberg et al, , 1983), although recently one case of false 

negative prenatal exclusion by this method was reported (Lorenz et a l ,  1991).

A svndrotne which appears to he closely related to WAS is hereditary X-linked

thrombocytopenia, in which platelet size is reduced, as in WAS, and there is 

sometimes chronic eczema, but no immunodeficiency. This syndrome also 

maps to the proximal part of Xp (Donner et al., 1988) and may represent an 

attenuated form of the same disease, or a different mutation in the same gene. 

One family with WAS has been described in which the defective gene was 

introduced by a normal male with germ-line mosaicism (Arveiler et a l , 1990), 

as described for XLA.

1.4.3 X-linked hyper-immunoglobulin M syndrome (XHM) 

Immunodeficiency with hyperimmunoglobulinemia M is characterised by 

hypogammaglobulinemia, with raised levels of IgM, which may be monomeric 

in form , and sometimes elevated IgD. All other isotypes are markedly 

decreased. Clinically there are frequent or chronic infections and also an 

increased susceptibility to autoimmune haem atological disorders and 

lymphoreticular malignancies. B lymphocytes expressing surface IgM or IgD 

are normal or increased in number, but IgG and IgA producing B cells and 

plasma cells are absent from peripheral blood. T cell numbers and fiinctions are 

normal. The defect is thought to lie in the immunoglobulin heavy chain class
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switch mechanism. However X chromosome inactivation analysis of IgM, IgG 

and IgA-expressing B cells from two obligate female carriers of XHM showed 

random patterns (Hendriks et al., 1990). This implies that the intrinsic Ig heavy 

chain class switch mechanism in B cells must be intact and that the XHM gene 

must code for a factor that is transferred to B cells, perhaps produced by T 

cells. The gene for XHM has been mapped to Xq24-27 by linkage analysis of 

one large three generation family (Mensink et al. , 1987b), the closest marker 

so far being DXS42. At present there is insufficient linkage data to allow 

prenatal diagnosis, and random patterns of X inactivation exclude the 

possibility of carrier detection by this method.

1.4.4 X-linked lymphoproliferative (Duncan) syndrome (XLP)

XLP is characterised by development of a variety  of d ifferent 

immunodeficiencies following infection with EBV (Grierson and Purtilo, 

1987). Severe or even fatal infectious mononucleosis may occur, and may be 

followed by hypogammaglobulinemia, aplastic anaemia or the development of 

B cell lymphomas. A small percentage of affected males present with 

lymphoma or hypogammaglobulinemia as their initial manifestation of XLP, 

but the most common presentation is with severe acute EBV infection. Both 

cellular and humoral immunity are normal prior to EBV infection (Sullivan et 

al., 1983), but in males who survive acute EBV infection global cellular 

immune defects can be demonstrated, with deficient T cell, B cell and NK cell 

responses. The gene for XLP has been mapped to Xq25-27 by several linkage 

studies (Skare et al. , 1987 and 1989; Sylla et al., 1989). The most closely 

linked probes are DXS42 and DXS37. In addition there has been a recent 

report of a cytogenetically detectable deletion involving Xq25 in a family with 

XLP (Wyandt et al., 1989; Sanger et al., 1990), which should contribute to the 

identification, isolation and characterisation of the gene responsible for the 

syndrome.

There is some doubt as to whether XLP and XHM are actually distinct
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syndromes, and the linkage data map the two diseases to the same region. The 

family carrying the deletion of Xq25 have features of both syndromes, and 

10% of families with XLP also have high levels of IgM (Purtilo and Grierson, 

1991).

As in XHM, X chromosome inactivation patterns in T cells and B cells from 

obligate carriers of XLP are random (Conley et al., 1990), so carrier detection 

is not possible by this method.

1.4.5 Properdin deficiency

Properdin is a component of the alternative pathway of complement activation. 

It is the only complement protein mapping to the X chromosome. Deficiency of 

properdin results in marked susceptibility to infection with pyogenic organisms. 

Fulminant meningococcal septicemia is common, with fatality rates of 

approximately 75% (Sjoholm et al., 1982; Densen etal., 1987). Meningococ

cal vaccination of one properdin deficient man, with no history of 

meningococcal infection, resulted in production of anticapsular antibody which 

was similar in quantity and function to that in a normal individual (Densen et 

al., 1987). Presumably recruitment of the classical pathway of complement 

activation allowed conversion from non-bactericidal to bactericidal serum. 

Although the efficacy of vaccination in preventing meningococcal infection in 

properdin-deficient individuals was not proven, this may imply that 

immunisation with meningococcal and other polysaccharide vaccines is 

appropriate in these families.

The gene encoding properdin has been localised to Xpl 1.23-21.1 by linkage 

analysis (Goonewardena et al., 1988) and by somatic cell hybrid mapping and 

in situ hybridisation, using a genomic clone encoding part of the properdin 

gene (Goundis et al., 1989). So far no RFLP's involving the gene or structural 

gene defects have been demonstrated so prenatal diagnosis has not been
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possible using this approach. Female carriers can be identified by 

demonstration of serum properdin levels of approximately 50% of normal.

1.5. CHRONIC GRANULOMATOUS DISEASE

1.5.1 Clinical aspects

Chronic granulomatous disease (CGD) was first described as 'a  fatal 

granulomatous disease of childhood' by Berendes et al. in 1959, and is a 

disorder characterised by congenital deficiency of intracellular killing by 

phagocytes, resulting in increased susceptibility to bacterial and fungal infec

tions. Affected individuals suffer from recurrent severe, and sometimes chronic 

infections. The outlook has improved with early diagnosis and the use of 

prophylactic antibiotics, but death from fungal infections, particularly with 

aspergillus, is still a significant risk (Koch et al., 1986). Recently the use of 

gamma interferon has been evaluated as a prophylactic measure (Ezekowitz et 

al., 1988; Sechler et al., 1989; International CGD cooperative study, 1991) 

and in some forms of the disease appears to reduce the frequency of serious 

infections.

Diagnosis of CGD is confirmed by the NBT test, which assesses the ability of 

peripheral blood neutrophils to reduce the dye NBT (Newburger et al., 1979; 

Levinsky et al., 1983). Affected individuals exhibit levels of NBT reduction of 

0%, and carrier females of X-CGD 14-82% (Levinsky et al., 1983). Prenatal 

diagnosis is possible by fetal blood sampling and NBT testing at 18-22 weeks 

gestation.

The incidence of CGD is thought to be of the order of 1/100,000 live births. 

Identical clinical syndromes are inherited either as X-linked or autosomal 

recessive traits, and there are now known to be at least three different defects 

responsible for the autosomal recessive form of CGD. Approximately 70% of 

all cases of CGD are of the X-linked variety. Each of these forms of CGD will

50



be discussed below.

In all forms of CGD the observed abnormality is failure of a membrane 

associated NADPH oxidase to generate superoxide and other toxic oxygen 

metabolites (Curnutte et al. , 1974). This results in deficient killing of ingested 

microorganisms, although phagocytosis is normal. The NADPH oxidase is a 

multicomponent complex consisting of membrane-bound cytochrome b 245, 

which itself is a heterodimer, and at least two cytosolic components. A 

schematic representation of the oxidase system is shown in Figure 1.2. Defects 

in any of these components can be responsible for the syndrome of CGD, the 

commonest being absence of the 91kD glycoprotein component of cytochrome 

b 2 4 5  (gp91-phox), in the X-linked form.

1.5.2 Autosomal recessive CGD

Approximately 30% of cases of CGD are inherited as autosomal recessive 

traits. As indicated above, there are no clinical distinctions between the X- 

linked and autosomal recessive forms. Defects in three different proteins have 

now been identified which cause autosomal recessive CGD, and in all cases the 

genes have been isolated. Two of them affect the cytosolic protein components 

of the NADPH oxidase, while the third involves the small subunit of the 

membrane-bound cytochrome.

The commonest autosomal recessive defect is characterised by absence of a 

47kD cytosolic phosphoprotein (p41-phox), which was cloned in 1989 (Volpp 

et al.) and localised to chromosome 10. On activation of the superoxide system 

p47-phox becomes phosphorylated and is translocated from the cytosol to the 

inner surface of the plasma membrane where it is involved in the interaction 

between the cytochrome b 2 4 5  and the NADPH binding flavoprotein (see Figure 

1.2). Approximately 90% of autosomal recessive cases of CGD are probably
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Figure 1.2

S chem atic  re p re se n ta tio n  of the  com ponen ts o f the  NADPH oxidase 
system which have been found to be defective in CGD

haem

I_________________ I

cytochrome b -245

The two membrane bound components of the oxidase are the 91kD 6-subunit 
and 22kD a-subunit of cytochrome b 945. The two cytoplasmic components are 
the 47kD and 67kD proteins.
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caused by a defect in the p47-phox gene (Clark et al., 1989). In a study of three 

unrelated cases of this form of CGD, an identical underlying molecular lesion 

was found, consisting of a dinucleotide deletion at a GTGT tandem repeat at 

the first intron-exon junction (Casimir et a l., 1991). It was postulated that 

slippage of the DNA duplex at this site might be responsible for a high 

frequency of defects in this gene. Since then a number of other identical 

abnormalities have been found in patients with p47-phox deficiency (C. 

Casimir, UCH; personal communication)

The other cytosolic protein component of the oxidase system is a 67kD 

flavoprotein (p61-phox), the gene for which has also been isolated (Leto et al.,

1990) and localised to chromosome 1. This form of CGD is responsible for 

most of the remaining autosomal recessive cases (Clark et al., 1989).

A very rare form of CGD is characterised by autosomal recessive inheritance, 

but absence of the cytochrome b 2 4 5  spectrum (Curnutte and Babior, 1987). 

This is probably caused by a defect in the small 22kD subunit of the mem

brane-bound cytochrome (p22-phox). The gene coding for this subunit has been 

localised to chromosome 16 and was isolated in 1988 (Parkos et al.). An 

unusual feature of p2 2 -phox is constitutive expression of the gene, indicated by 

the presence of mRNA in all cell types (Parkos et al., 1988). However, the 

protein is only found in phagocytic cells, and it is postulated that gp9l-phox 

may be required for its stability. This is supported by the fact that p22-phox is 

also absent in patients with the X-linked form of CGD, whose primary defect is 

lack of gp9l-phox.
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1.5.3 X-linked chronic granulomatous disease

1.5.3.1 Nature of the X-CGD defect

The X-linked form of CGD accounts for about 70% of all cases and is caused 

by defects in the gene coding for gp91 -phox. It was recognised many years ago 

that granulocytes from patients with CGD were defective in their ability to 

generate superoxide free radicals (Curnutte et al. ,1974). Absence of the 

hemoprotein cytochrome b 2 4 5  was proposed as the defect in CGD by Segal et 

al. in 1978. Subsequently some patients were found to be cytochrome b 2 4 5  

positive (Borregaard et al., 1979) and it was then found that only those patients 

with an X-linked pattern of inheritance lacked the cytochrome spectrum (Segal 

et al., 1983). The gene responsible for X-CGD was localised to Xp21 by 

linkage analysis (Baehner et al., 1986) and also by identification of a boy with 

a complex syndrome including CGD, DMD, RP and McLeod syndrome, who 

has an interstitial deletion of Xp21 (Francke et al., 1985). The X-CGD gene 

was isolated in 1986 (Royer-Pokora et al.) using material from two patients 

with interstitial deletions of Xp21 (see section 1.2.5.1). The X-CGD gene 

transcript was found to be absent or structurally abnormal in patients with the 

disorder. Initially the polypeptide predicted by the sequence appeared to have 

no homology with either of the two subunits of cytochrome b 2 4 5  which are 

absent in X-CGD (Segal et al., 1987). However, subsequent sequence analysis 

of the B-subunit of cytochrome b 2 4 5  and comparison with the X-CGD gene 

sequence revealed complete homology (Teahan et al., 1987). Simultaneously, 

antibodies raised to a synthetic peptide derived from the cDNA sequence were 

found to detect a 90kD neutrophil protein which was absent in X-CGD patients 

(Dinauer et al., 1987). The X-CGD gene was thus confirmed as coding for the 

B-subunit of cytochrome b 245, subsequently designated gp9l-phox.

1.5.3.2 Gene defects in X-CGD

A number of different abnormalities of the X-CGD gene have been described. 

As mentioned above, several patients with large interstitial deletions of Xp21
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and complex clinical syndromes have been identified (Francke et al., 1985; 

Koussef, 1981; de Saint-Basile et al., 1988). Another patient with a smaller 

deletion detectable only by absence of hybridisation signal with X-CGD cDNA 

also has McLeod syndrome (Frey et al., 1988). A large number of patients 

have now been found to carry missense mutations affecting the X-CGD gene 

(Smith and Curnutte, 1991). Rare patients with X-CGD are positive for the 

spectrum of cytochrome b 2 4 5  and the defect in one of these patients has been 

shown to be a missense mutation causing a proline-histidine substitution at 

residue 415, which must render the cytochrome non-functional (Dinauer et al.,

1989).

1.5.3.3 Prenatal diagnosis and carrier detection

Prenatal diagnosis of all forms of CGD has been possible for some years using 

the NBT test (Newburger et al., 1979) on fetal blood samples taken in the 

second trimester of pregnancy. The method was improved by the introduction 

of the PMA (phorbol myristate acetate)-stimulated NBT test (Levinsky et al., 

1983), but still required fetal blood sampling and therefore second trimester 

abortion of affected fetuses. Carrier detection in X-CGD is also possible using 

the NBT test, since obligate carriers of X-CGD show random patterns of X 

chromosome inactivation and therefore exhibit intermediate levels of NBT 

reduction (Levinsky et a l., 1983). There has been one report of prenatal 

diagnosis of X-CGD using RFLP analysis with linked probes (Lindlof et al.,

1987). Once the gene responsible for X-CGD had been cloned the identification 

of RFLPs detected by the cDNA was the obvious aim for accurate first 

trimester prenatal diagnosis and carrier detection. Part of this study involves 

the search for such RFLPs (see Chapter 3). During the course of this work one 

RFLP was described (Battat and Francke, 1989) and in combination with 

another described in this study (Chapter 3), it is now possible to offer prenatal 

diagnosis by RFLP analysis to about 45 % of families at risk of X-CGD.
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In addition to the search for RFLPs in the X-CGD gene, another aim of this 

study was to identify any deletions involving the X-CGD gene, which would be 

of value in prenatal diagnosis for those families. Cell lines from such patients 

might potentially be useful as model systems for the development of somatic 

gene therapy for X-CGD, another long-term interest of this department.

1.6 SEVERE COMBINED IMMUNODEFICIENCY

1.6.1 Clinical aspects

Severe combined immunodeficiency (SCID) is a heterogeneous group of 

disorders which are clinically indistinguishable. All affected patients lack both 

humoral and cell-mediated immunity and present within the first few months of 

life with severe infections, diarrhoea, skin rashes and failure to thrive. In the 

absence of bone marrow transplantation (BMT) SCID is uniformly fatal before 

the age of two years. MHC-matched bone marrow transplants carry a success 

rate of nearly 100%, but fewer than 20% of children have a compatible sibling. 

Fetal liver transplantation has been tried for patients without an MHC-matched 

donor, but the survival rate was poor (O'Reilly et al. , 1983). Since then HLA 

haploidentical transplantation from a parent has become more common and is 

successful in approximately 55% of cases (Fischer etal. , 1990). Graft-versus- 

host disease (GVHD) is a major problem in patients with SCID but this has 

been partially overcome by T cell depletion of the donor marrow. The majority 

of deaths are caused by overwhelming infection, which in many cases was 

already present at the time of transplantation.

The overall incidence of SCID is estimated to be about 1/100,000 live births. 

The ratio of affected males to females is approximately 3:1, and at least half 

the cases result from an X-linked defect. There are an increasing number of 

defined disorders responsible for the syndrome of SCID, although there remain
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a considerable number of families in whom the defect cannot be defined. 

Approximately half of the autosomal recessive cases are due to ADA defi

ciency. Table 1.4 summarises the defects known to cause SCID. Each of these 

will be discussed individually, but there remain a significant number of 

children with SCID in whom the underlying defect cannot be determined.

Most affected children have profound lymphopenia (<  1000 lymphocytes/mm3) 

and in all types there is a profound deficiency of T cells. In some cases there is 

also a deficiency of B cells. Immunoglobulin levels are very low in most cases, 

although rarely are normal (the so-called 'Nezelof syndrome'). Levels of IgG, 

IgA and IgE are usually virtually undetectable, but IgM levels are more 

variable. There is little evidence of specific antibody formation. Delayed 

hypersensitivity reactions to cutaneous allergens are absent, as are proliferative 

responses to phytohemagglutinin (PHA). In the presence of normal T cells 

some SCID B cells show normal proliferative responses to B cell mitogens, and 

after BMT antibody production may be normal even when engraftment of T 

cells alone has occurred. This suggests that the defect responsible for the 

failure of maturation of B cells into Ig secreting cells may lie within the T cell. 

However, other evidence suggests that the defect may involve several cell types 

(see section 1.6.7).

TABLE 1.6

Disorders responsible for the SCID Syndrome

I. Autosomal recessive

Adenosine deaminase (ADA) deficiency 
Purine nucleoside phosphorylase (PNP; deficiency 
MHC class II deficiency (Bare lymphocyte syndrome) 
Interleukin 2 deficiency 
T cell receptor deficiency

II. X-linked SCID (X-SCID)
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1.6.2 Adenosine deaminase (ADA) deficiency

ADA is a house-keeping enzyme involved in the purine salvage pathway, 

responsible for deamination of adenosine and deoxyadenosine to form inosine 

and deoxyinosine. Deficiency of ADA causes approximately half the cases of 

autosomal recessive SCID and was first described in 1972 (Giblett et al.). 

Although ADA deficiency may be responsible for the classical syndrome of 

SCID it is now also becoming apparent that milder forms of the disease exist. 

Some children present later (3-8 years) with significant immunodeficiency 

(Levy et a l., 1988) and one individual has been described who lacks 

erythrocyte ADA but has normal immune function (Jenkins et al., 1976). In 

general, the severity of the immune deficiency correlates with the amount of 

residual ADA activity. Abnormalities in ADA deficiency are not confined to 

the immune system; bony and neurological abnormalities have also been 

described as well as renal, adrenal and platelet abnormalities (Hirschhorn,

1990). The significance of some of these in a setting of multiple infections is, 

however, not entirely clear.

The pathophysiology of ADA deficiency is thought to be related  to 

accumulation of both substrates (adenosine and deoxyadenosine) and 

metabolites (deoxy-ATP) in lymphoid cells, interfering with proliferation and 

function. This occurs particularly in T cells and the thymus, perhaps explaining 

the severe T cell defect.

The gene responsible for ADA deficiency was cloned and mapped to chro

mosome 20ql3 using a combination of human-rodent somatic cell hybrids 

(Mohandas et al., 1984), in situ hybridisation (Jhanwar et al., 1989) and gene 

dosage studies (Aitken et a l., 1978). The cDNA has been isolated and 

characterised (Orkin et al., 1983; Valerio et al., 1983) and the structure of the 

ADA gene defined (Valerio et al., 1985; Wiginton et a l., 1986). Nine RFLPs 

have been described at the ADA locus (Orkin et al., 1983; Tzall et al., 1989),
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but some of these are in considerable linkage disequilibrium , so three 

haplotypes account for over 90% of individuals. Most of the patients in whom 

the defect has been characterised have single base pair mutations resulting in 

amino acid substitutions (Akeson et al., 1987).

Prenatal diagnosis for ADA deficiency is possible by measurement of ADA 

levels in amniotic fluid cells (Hirschhorn, 1986), chorionic villus samples 

(Dooley et al., 1987; Perignon et al., 1987), and fetal blood erythrocytes 

(Morgan et al., 1987; Linch et al., 1984). The identification of the RFLPs will 

also allow prenatal diagnosis in appropriate families, but determination of 

enzyme levels in chorionic villus samples requires fewer cells and is applicable 

to all families. If the more common mutations responsible for ADA deficiency 

become defined rapid prenatal diagnosis using polymerase chain reaction (PCR) 

may become routine. Carriers of ADA deficiency usually demonstrate ADA 

levels of approximately 50% of normal, although there can be marked skewing 

towards the normal range.

Treatment of ADA deficiency by MHC-compatible BMT is very successful and 

haploidentical BMT is successful in about 55% of cases (Fischer et al., 1990). 

Another form of therapy which has been tried is direct administration of ADA, 

modified by the addition of polyethylene-glycol (PEG), to prolong survival and 

diminish immunogenicity of the ADA (Hershfield et a l., 1987; Levy et al.,

1988). Early results are encouraging but the long-term efficacy remains to be 

determined. ADA deficiency is an ideal candidate for somatic gene therapy 

(Kantoff et al., 1988), but there have been considerable difficulties in achieving 

expression of the ADA gene, using retroviral vectors, in hematopoietic stem 

cells (Ferrari et al., 1991). Recently somatic gene therapy using peripheral 

blood lymphocytes which have been manipulated by the introduction of the 

ADA gene, has been approved and attempted in the USA, and the results are 

awaited.
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1.6.3 Purine nucleoside phophorylase (PNP) deficiency

PNP is another enzyme involved in the purine salvage pathway, in this case 

responsible for conversion of deoxyinosine to hypoxanthine. PNP deficiency 

was first associated with T cell immunodeficiency in 1975 (Giblett). As in the 

case of ADA deficiency, clinical presentation may be delayed and is often 

associated with neurological abnormalities. Accumulation of toxic metabolites 

is again thought to be responsible for the immunological defect. The gene for 

PNP has been localised to chromosome 14ql3.1 (Francke etal., 1976; Remes 

et al., 1983) and the cDNA cloned (Goddard et al., 1983). Prenatal diagnosis 

has been performed by direct assay of PNP levels in amniotic fluid cells 

(Carapella de Luca et al., 1986), fetal blood and CVS's (Kleijer et al., 1989; 

Perignon et a l., 1987). The development of somatic gene therapy for PNP 

deficiency should also be a possibility in the future.

1.6.4 MHC class II deficiency

MHC class II deficiency is characterised by profoundly deficient cellular and 

humoral immune responses to foreign antigens in the presence of normal T and 

B cell numbers (Griscelli et al., 1989). The syndrome is caused by absence of 

MHC HLA class II (and sometimes class I) molecules on the surface of all 

bone marrow derived cells. This results in failure of normal antigen 

presentation to immunocompetent cells. The defect responsible for this 

syndrome is thought to lie in the regulation of expression of the MHC class II 

structural genes (Lisowska-Grospierre et al., 1985), and may involve a specific 

DNA binding protein, RF-X, which is missing from cells of affected patients 

(Reith et al., 1988). Prenatal diagnosis of MHC class II deficiency has been 

performed using membrane immunofluorescence on fetal lymphocytes and 

monocytes with anti-HLA class I and II monoclonal antibodies (Durandy et al., 

1987). Bone marrow transplantation has been successful in treating some pa

tients with this syndrome (Griscelli et al., 1989).
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1.6.5 Interleukin 2 (IL-2) deficiency

The interaction between induced IL-2 receptor on the T cell surface and 

endogenously produced IL-2 is essential for proliferation of activated T cells. 

Several patients have been described in whom the defect responsible for the 

syndrome of SCID is failure of production of interkeukin 2 (IL-2) (Weinberg 

and Parkman, 1990; Pahwa et al., 1989). In both of these cases the IL-2 gene 

was present but IL-2 mRNA was absent, suggesting either an intrinsic gene 

abnormality or a regulatory defect. In one patient treatment with recombinant 

IL-2, given intravenously, daily, resulted in marked improvement both in T cell 

function and clinical state (Pahwa et al. , 1989).

1.6.6 Congenital T cell receptor (TCR) immunodeficiency

A further variant of the SCID syndrome has been described in which the 

surface expression of the TCR is abnormal (Alarcon et al., 1990). T and B cell 

numbers are both normal in this variety of SCID. The T cell receptor is 

composed of at least seven polypeptide chains. Two of these form the antigen- 

specific heterodimer and the other five constitute the monomorphic components 

of CD3. In one case which has been characterised there was defective 

association of the CD3 zeta chain with the other chains of the complex, 

resulting in failure of maturation and transport of the complex to the cell 

surface. There may be other similar defects which could give rise to the same 

end result. The absence of TCR results in failure of T cell proliferation in 

response to specific antigens. There are both severe and mild phenotypes of 

TCR deficiency, which may coexist in the same family, and the severity of the 

clinical syndrome seems to correlate with levels of T cell proliferative 

responses to mitogens and antigens.
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1.6.7 SCID with absent immunoglobulin gene rearrangements but normal 

T cell receptor

One case of SCID has been described in which immunoglobulins were 

completely absent from serum, as were Ig+ lymphocytes from bone marrow 

(Thompson et al., 1990). Immunoglobulin heavy and light chain gene 

complexes in EBV-transformed B cell lines retained germ-line configuration. 

Mature T cells were present but reduced in number and T cell receptor 

com plexes were normal. This appeared to involve a defect in B cell 

differentiation, with a quantitative defect of T cells. Repeated attempts at bone 

marrow trasplantation failed, so it was suggested that the defect may reside in 

the bone marrow microenvironment.

1.6.8 X-linked severe combined immunodeficiency

Approximately 75% of patients with SCID are males, many of whom have no 

previous family history of the disease and represent new mutations. Some of 

these have autosomal recessive forms of the syndrome but, provided that the 

mothers are carriers, the majority can now be shown to have the X-linked form 

using X-inactivation studies (see section 1.5.7.3). Nothing is known about the 

specific defect in X-SCID, but there are several observations which throw some 

light on the cell types affected by the gene defect.

1.6.8.1 Possible nature of the defect in X-SCID

X-SCID is clinically similar to other forms of the syndrome. Consistent 

findings in all affected patients are complete absence of mature T cells and 

normal or elevated numbers of B cells. This is suggestive that the underlying 

defect may involve a block in early T cell differentiation. This is supported by 

the observation that B cells from some SCID patients exhibit normal responses 

to pokeweed mitogen or antigens in the presence of normal T cells (Buckley et 

al., 1976; Gelfand and Dosch, 1982). Also, following BMT, engraftment of 

donor T cells only has occurred in some patients, with antibody synthesis
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commencing apparently from host B cells (Buckley et al., 1986). However 

there are several other observations which suggest that the defect in X-SCID 

directly affects B cells, and possibly other lineages, in addition to T cells. B 

cells from X-SCID patients have been shown to exhibit impaired responses to 

cytokine stimuli such as IL-2 and IL-6, which normally induce in vitro pro

liferation and differentiation (Gougeon et a l., 1990). X chromosome 

inactivation studies in obligate carriers of X-SCID have consistently shown 

non-random patterns in T cells (Goodship et al., 1988; Puck et al. ,1987). 

Similar studies in B cells have shown varying results. Conley et al. (1988) 

observed non-random X-inactivation in B cells from all of nine obligate carriers 

of X-SCID. Goodship et al. (1991) found non-random X-inactivation in B cell 

lines from one obligate carrier of X-SCID; in other carriers there was 

preferential use of the non-mutant X chromosome, but some cell lines used the 

mutant as well as the non-mutant chromosome. The same study analysed X- 

inactivation patterns in granulocytes, which gave results similar to those in B 

cells, and fibroblasts, in which there was a tendency for the active X 

chromosome to be the non-mutant one, although totally non-random patterns 

were not seen. In two of the carriers non-random X-inactivation was seen in 

DNA prepared from whole peripheral blood. All of these observations suggest 

that the gene which is defective in X-SCID is expressed in a number of 

d iffe ren t cell lineages, and is therefore unlikely to code for a T cell 

differentiation antigen. It is possible that the defective gene may be involved in 

a metabolic pathway, analogous to ADA and PNP.

1.6.8.2 Chromosomal localisation of the gene for X-SCID

1.6.8.2.1 Historical background to mapping of genes in the region Xqll-21

At the start of this work (1988), genetic linkage data suggested that the gene 

responsible for X-SCID was situated in Xqll-12 (de Saint Basile et al., 1987). 

Since that time a great deal more mapping information relating to this region of 

the X chromosome has become available, and more probes, both polymorphic
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and non-polymorphic, as well as a number of other genes, have been localised 

to the area. As a result of some of these data, the X-SCID locus appears to lie 

more distal in X ql3-21 . This section is intended to sum m arise the 

developments involving Xqll-21 during the course of this work.

The first genetic map of the X chromosome was that of Drayna and White 

(1985), which ordered a series of twenty markers spanning the entire X 

chromosome, by multipoint linkage analysis in 38 families. This map acted as a 

starting point for more localised mapping efforts. Arveiler et al. (1987) mapped 

nine polymorphic markers in the Xqll-q22 region, using 44 normal families, 

and generated the following order of probes: cen-DXSl - DXS159 - DXYS1 - 

DXYS12 - DXS3 - [DXS94, DXS178] - DXS17. At approximately the same 

time the first linkage study of X-SCID (de Saint Basile et al., 1987) generated 

the following order in the region Xqll-22: cen - DXS1 - [X-SCID, DXS159] - 

DXYS1 - DXYS12 - DXS3 - tel, which placed X-SCID in Xqll-13. Another 

study published in 1988 (Mahtani et al.) involved both linkage analysis in 26 

families, and physical mapping of five polymorphic markers in somatic cell 

hybrids. This generated the order Xpll....DXS7 - TIMP - D X Zl(a satellite, 

cen) - DXS159 - PGKl....Xql3. A second linkage study in X-SCID families 

by Goodship et al. in 1989 ordered loci as follows:

cen - DXS1 - DXS106 - [DXS159, X-SCID, PGK1] - DXS72 - DXYS1 - tel. 

Puck et al., also in 1989, established the order: DXS159 - [PGK1, X-SCID] - 

DXS72 - DXS3. Since PGK1 is located in Xql3, the position of X-SCID 

became more likely to be further distal than was previously thought. Most 

recently an 18 locus linkage map of the pericentromeric region of the human X 

chromosome (Mahtani et al., 1991) generated the order cen - DXS159/DXS467 

- DXS106 - DXS132 - PGK1 - tel, reversing the relative positions of DXS159 

and DXS106, and introducing DXS132 as a new ordered polymorphic marker. 

Combining this linkage data with physical mapping by Lafreniere et al. (1991), 

a large number of other non-polymorphic probes have also been assigned to
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subregions of Xqll-21. Some of these have been incorporated into the physical 

map discussed in Chapter 6.

1.6.8.2.2 Other genes in Xqll-21

A number of other genes have been localised to X qll-21 , including those 

responsible for several diseases and also the X-inactivation centre (see section 

1.2.1.2). Disease genes which map to the area include XED (Zonana et al., 

1988a and b) and Menkes syndrome (Verga et al., 1991). Other genes in the 

region include the cell cycle control gene, CCG1 (Brown et al., 1989a), the 

androgen receptor (Brown et al., 1989b; Lubahn et al. 1988), mutations of 

which are responsible for X-linked androgen insensitivity (Meyer et al., 1975), 

phosphorylase kinase subunit a. (PHKA) (Francke et a l., 1989), deficiency of 

which causes a glycogen storage disease, and PGK1 (Michelson et al., 1985).

1.6.8.2.3 Current localisation of X-SCED

At a recent meeting evidence was presented that there are now four 

polymorphic probes which have shown no recombination with X-SCID in 25 

families (Puck et al., 1991). DXS325, DXS347 and DXS441, all of which map 

in the same physical interval as PGK1 (Lafreniere et al., 1991). The current 

order of probes in the region at the time of writing is as follows: cen-DXS159 - 

DXS106 - DXS132- [DXS325, DXS347, DXS441, PGK1,X-SCID] - DXS447- 

DXS72-tel. No recombinations have been seen with DXS72 but both DXS447 

and DXS72 are deleted in males with complex clinical syndromes including 

choroideremia, but no immunodeficiency, who have deletions of Xq21 (Tabor 

et al. 1983). Cumulative lod scores for the four probes which show no 

recombination so far are: DXS325:2.69; DXS347:8.89; DXS441:13.72; 

PGK1:8.12 (all at 0=0). The closest proximal flanking marker, DXS132 gives 

a lod score of 8.26 at 0=0.07, while the closest distal marker, DXS447 gives 

a lod score of 7.89 at 0= 0 .027  (Puck et a l., 1991). There are therefore a 

number of polymorphic markers which can be used for genetic counselling of
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families at risk.

1.6.8.3 Prenatal diagnosis and carrier detection of X-SCID

As indicated above, there are now enough polymorphic markers, including 

flanking markers, to be able to offer prenatal diagnosis and carrier detection to 

most families affected by X-SCID. However, until recently it has been 

impossible to distinguish families with the X-linked variety of SCID from non- 

X-linked forms (except in the cases of recognisable causes) when a sporadic 

case occurred in a male with no previous family history. Mothers who are 

obligate carriers of X-SCID are immunologically completely normal. However, 

the observation that X-inactivation is non-random in T cells of obligate carriers 

of X-SCID provides a method for identifying such carriers (Puck et al. , 1987 

and 1990; Goodship et al., 1988; Conley et al., 1990). It is of course still not 

possible to identify the type of a new mutation which has occurred in an 

affected male. The use of PGK1 in X-inactivation analysis of X-SCID carriers 

has the additional advantage of being closely linked to X-SCID, so that the 

abnormal chromosome can be identified even in the absence of a surviving 

affected male (Goodship et al., 1989).

Other methods of prenatal diagnosis of X-SCID are those applicable to all forms 

of SCID such as analysis of lymphocyte subpopulations from fetal blood using 

monoclonal antibodies and fluorocytometric analysis, although it is essential 

that the subpopulations have already been defined in a previous family member.

1.6.8.4 Long term aim of this project

Although X-SCID is a very rare disease and therefore globally relatively 

insignificant, it is devastating for families who carry the defective gene. The 

success rate of MHC-matched bone marrow transplantation is very high 

(Fischer et al., 1990) but very few affected children have compatible siblings.
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Haploidentical bone marrow transplantation carries a success rate of only about 

55 % and is associated with considerably more morbidity.

The isolation and characterisation of the gene responsible for X-SCID would be 

likely to lead to development of more rational forms of treatment (as for ADA 

deficiency and IL-2 deficiency). It is also a suitable disorder for development 

of somatic gene therapy, as is already under trial for ADA deficiency.

Because the nature of the defect in X-SCID is at present completely obscure, 

and there are no candidate genes or animal models, the approach to identifying 

the X-SCID gene must necessarily be a 'reverse genetic' or 'positional cloning' 

one. The chromosomal location of the gene is known approximately, although 

the region bounded by the flanking markers is very large (probably of the order 

of 15-20Mb). No patients have as yet been described who have deletions and 

manifest X-SCID. The initial approach to identifying this gene is therefore to 

define the extent of the region containing the gene and make a physical map of 

the area. Later approaches would be the identification of putative gene 

sequences by searching for CpG islands using probes known to be very tightly 

linked to the disease and screening YACs for expressed and conserved 

sequences.

Since there is such a high concentration of genes in this region of the X 

chromosome, any physical mapping information should be of long-term value 

in the fine mapping and eventual isolation of a number of different genes, in 

addition to a potential contribution to the identification of the gene responsible 

for X-SCID.
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2. MATERIALS AND METHODS

2.1. REAGENTS

Unless otherwise stated all reagents were obtained from Sigma.

2.2. TISSUE CULTURE

2.2.1 Cell culture

2.2.1.1 Epstein-Barr virus (EBV) transformed lymphoblastoid cell lines

Lymphoblastoid cell lines from normal females, patients with X-linked chronic 

granulomatous disease and a patient with an Xq interstitial deletions (NP) were 

grown in RPMI 1640 + HEPES (Gibco) containing 10% fetal calf serum 

(FCS) (Gibco), 2mM glutamine (Gibco), and 5^g/ml gentamicin (Cidomycin, 

Roussel) at 37°C in 5% C02. For counting, cells were centrifuged at 190xg for 

7 minutes at room tem perature, supernatant discarded, and the pellet 

resuspended in a small volume of fresh culture medium (l-5ml); cells were 

counted using a haemocytometer and microscope, and percentage viability 

assessed by Trypan blue exclusion. Cells were then resuspended in culture 

medium at final concentration of 2 x lOVml.

2.2.1.2 Fibroblast cell lines

Fibroblast lines (AnLy and Rag) were grown in the same culture medium and 

under the same conditions as lymphoblastoid cell lines. Prior to feeding, cells 

were loosened using 3-5 mis Trypsin-EDTA (Gibco). AnLy is a rodent/human 

hybrid cell line containing a human derivative X chromosome (Xql2-qter) as 

the only human material. It is derived from a female with a balanced X/9 

translocation, manifesting X-linked hypohidrotic ectodermal dysplasia. Rag is a 

murine fibroblast line and is the rodent parent of AnLy.
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2.2.2 Freezing cells

Stocks of cell lines were frozen as follows and stored in liquid nitrogen. Cell 

suspensions were centrifuged at 190xg for 10 minutes at room temperature, 

resuspended in a small volume of RPMI 1640 + 10% FCS and counted in 

Trypan blue (section 2.1.1). Minimum viability for freezing was 80%. Cells 

were then resuspended to 5 x 105 - 5 x 107cells/ml and equilibrated on ice for 5 

minutes. A solution of 20% dimethylsulphoxide (DMSO) (Merck) in RPMI 

1640 + 10% FCS was cooled on ice for 10 minutes prior to use. Equal 

volumes of cold 20% DMSO solution and cold cell suspension were mixed and 

dispensed into prelabelled freezing vials, 1ml per vial. Vials were placed at 

-70°C for 10-24 hours, then transferred to liquid nitrogen.

2.2.3 Thawing cells

Vials of frozen cells were removed from liquid nitrogen tanks, and held at 

37°C until thawed. Approximately 500/xl of culture medium (section 2.2.1.1) 

was added to each vial, and the entire contents then taken up and transferred to 

a universal container, topping up with more culture medium. This was 

centrifuged at 190xg at room temperature for 10 minutes, resuspended in 1ml 

culture medium per vial and cells counted in Trypan blue (section 2.2.1.1). 

Cells were resuspended to 2 x 105 cells/ml for culture.

2.3.DNA PREPARATION

2.3.1 From blood

DNA was prepared either from fresh peripheral blood or blood stored at -70°C, 

which had been collected into EDTA-containing plastic tubes. If necessary 

blood was thawed into 50ml conical centrifuge tubes (10ml per tube), then 

topped up to 50ml with ice-cold distilled water and mixed well to lyse red
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blood cells. This mixture was centrifuged at 800xg for 20 minutes at 4°C, and 

the supernatant discarded. 25ml ice-cold 0.1 % Nonidet P-40 (Merck) per tube 

were added to lyse cell membranes and each mixed on a vortex mixer until the 

pellet was well broken up. This was followed by a further 20 minutes 

centrifugation at 800xg, at 4°C, to recover the nuclear pellet. Pellets were then 

homogenised with 7ml filtered 6M guanidinium hydrochloride (Merck) and 

0.5ml 7.5M ammonium acetate to destroy non-covalent bonds. 0.5ml 20% 

sodium sarkosyl and 150/d Proteinase K (lOmg/ml) (Boehringer Mannheim) 

were added per tube and this mixture was incubated for 90 minutes at 60°C. At 

room temperature 17ml absolute ethanol were added per tube and DNA 

threads were spooled out using sealed Pasteur pipettes, without allowing the 

DNA to dry out. DNA was redissolved in 1ml TE (lOmM Tris-HCl, ImM 

EDTA, pH8.0) per tube, overnight, at 4°C, then reprecipitated by adding one 

tenth volume of 3M sodium acetate and 2 volumes of 100% ethanol, left at 

-20°C overnight and centrifuged at 8000xg for 10 minutes. It was then 

redissolved in TE overnight at 4°C. DNA was stored at 4°C in 1.5ml 

microtubes.

2.3.2 From cultured cell lines

DNA was prepared from EBV-transformed B cell lines and fibroblast cell lines 

by essentially the same method as from whole blood (section 2.3.1) Cells were 

first washed in phosphate buffered saline (PBS) (Dulbecco A, Oxoid), and the 

pellet homogenised with guanidinium chloride (usually approximately 1/10 of 

the quantities used for DNA preparation from blood). The method described in 

section 2.3.1. was then followed.

2.3.3 Estimation of DNA concentration

2.3.3.1 By spectrophotometry

The absorbance of a 1:50 dilu tion of DNA in TE was read on a 

spectrophotometer (Philips PU8620) at 260 and 280 nm; DNA concentration is
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determined at 260nm, 1 absorbance unit of optical density being equivalent to 

50/zg/ml for double stranded DNA in a cell with a 1cm path. The ratio of the 

two readings gives an indication of protein contamination, pure preparations 

giving a ratio of 1.8 or more.

2.3.3.2 By ethidium bromide fluorescence

The intensity of fluorescence of ethidium bromide molecules intercalated into 

DNA molecules is proportional to the mass of DNA present. It is therefore 

possible to estimate DNA concentration by comparing samples to a series of 

standards. A layer of Saran wrap (Dow) was placed on a UV transilluminator 

and a series of 10/xl drops of ethidium bromide (lOmg/ml) pipetted on to it. 1/zl 

samples of lambda DNA (NBL) at concentrations of 5, 10, 50, 100, and 

200/zg/ml were carefully mixed with each drop by pipetting up and down; a 1/zl 

sample of the unknown DNA was mixed with a separate drop and the intensity 

of fluorescence compared with the standards.

2.4. SOUTHERN BLOTTING

2.4.1 Restriction enzyme digestion of genomic DNA

Enzyme digest mixtures were set up containing approximately 5/zg genomic 

DNA, 1/10 final volume of the appropriate lOx concentrated restriction enzyme 

buffer (supplied by the manufacturer of the enzyme), 1/zl 1 mg/ml bovine serum 

albumin (BSA), 1/xl 0.1M spermidine (omitted for low salt requiring 

enzymes), H20  to final volume 20-50/zl, and restriction enzyme 10-20 Units. 

Digests were performed in 1.5 ml microtubes, restriction enzyme being the 

final component added to the digestion mixture. Digestion was allowed to 

proceed for 2-16 hours, depending on ease of complete digestion, at 

temperatures recommended by manufacturers for individual enzymes. On
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completion of digestion 1/10 volume of lOx concentrated loading buffer was 

added to each digest prior to loading on to gels.

2.4.2 Agarose gel electrophoresis

Size separation of digested DNA fragments was performed using 0.8% 

agarose (Seakem GTG, FMC) gels in lx  TAE (section 2.8), containing 

ethidium bromide at a dilution of 1:20,000. Electrophoresis buffer was lx  

TAE. Size standards (lambda DNA digested with Hind III) were included in 1 

or more tracks. Gels were usually run overnight at 10-25 mA. Gels were 

viewed on an ultraviolet transilluminator (UVP) and if satisfactory migration 

was confirmed, a ruler placed alongside the size standards and the gel 

photographed using a Polaroid camera.

2.4.3 Denaturing and neutralising gels

In order to facilitate efficient transfer of DNA fragments to nylon membrane, 

gels were denatured by shaking gently in 1.5M NaCl, 0.5M NaOH for 30 

minutes, repeating with fresh solution for a further 30 minutes. Denaturing 

solution was then replaced with neutralising solution (1.5M NaCl, 0.5M Tris 

base, ImM EDTA, pH 7.8) for 30 minutes, also renewed for a further 30 

minutes.

2.4.4 Blotting gels

Southern blotting was performed in a glass dish containing a platform of foam 

rubber approximately 1.5cm thick, around which was wrapped 2 sheets of 

Whatman 3MM chromatography paper at right angles to each other, care being 

taken not to trap any air bubbles between the layers. These were resting in a 

reservoir of 20x SSC (section 2.8). After neutralisation gels were laid carefully 

on the blotting apparatus, again avoiding trapping any air bubbles. Hybond N 

or Hybond N + (Amersham) nylon membrane was cut exactly to the size of the 

gels, soaked in 2x SSC and laid on top, followed by 2 layers of 3MM filter
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paper of identical size also soaked in 2x SSC. A layer of Saran wrap (Dow) was 

then placed around the edge of the 3MM to prevent short circuit of the salt 

solution during the blotting procedure. A stack of paper towels was placed on 

top of the blotting system, followed by a glass plate and a weight of about 

0.5kg. This was left at room temperature for 16-64 hours.

2.4.5 Fixing blots

When blotting was complete, the paper towels, cling film and 3MM were 

removed. The position of the wells was marked on the nylon filter in addition 

to an identifying mark for the filter, and the filter fixed as follows:

Hybond N: filters were rinsed in 2x SSC to remove any agarose, gently blotted 

dry on 3MM, then placed in an envelope of 3MM and baked in an oven for 2 

hours at 80°C.

Hybond N + : filters were either baked as above for Hybond N or alkali fixed 

by immersion in 0.4M NaOH for 10-15 minutes at room temperature, followed 

by two rinses in 2x SSC (to neutralise the alkali prior to hybridisation); they 

were then air dried.

All filters were either used immediately for hybridisation or stored dry at room 

temperature between sheets of tissue paper.

2.5 HYBRIDISATION PROCEDURES

2.5.1 Labelling probes

Genomic or cDNA probes were labelled by random priming (Feinberg and 

Vogelstein, 1984) as follows: 30-50ng of double stranded probe DNA in a 

volume of 30/d were boiled for 5 minutes to render the DNA single-stranded, 

and mixed with lO/il OLB (section 2.8) , 2/d BSA (lOmg/ml), 30-50/iCi fa-
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32P]-dCTP (Amersham) and 2.5 units Klenow fragment of DNA polymerase I 

(Gibco BRL). This mixture was left at room temperature for 4-16 hours. 200/d 

2x SSC were added to make up a final volume of 250/d.

2.5.2 Removal of unincorporated radiolabel using Sephadex G50 spin 

columns

In order to remove unincorporated radiolabelled nucleotides after random 

priming, centrifugation through Sephadex G50 (Pharmacia) columns was used. 

The base of a 1ml syringe barrel was plugged with siliconised glass wool; the 

barrel was then repeatedly filled with Sephadex G50 in 2x SSC, allowing 

settling, until almost completely filled. It was then placed inside a 15ml conical 

centrifuge tube and centrifuged at 300xg for 3 minutes at room temperature. 

250/d 2x SSC were added to the top of the column and the spin repeated. The 

column was transferred to a fresh 15ml conical centrifuge tube, the 250/d 

labelled probe added and centrifuged again under the same conditions. The 

eluant was collected and transferred to a 1.5ml microtube; 4/d of eluant were 

counted in a benchtop B-counter (Bioscan QC2000).

2.5.3 Counting labelled probe by 'spotting1

Probes were sometimes counted directly without removing unincorporated 

radiolabel and the percentage incorporation estimated as follows: 1/d aliquots 

of labelled probe were spotted on to four small Whatman ion exchange paper 

discs (DE81) and allowed to dry under a lamp. Two of the discs were washed 

three times in 5% sodium pyrophosphate for 5 minutes each, at room 

temperature, followed by one wash in distilled water and one in 100% ethanol 

for drying, each for 5 minutes. Filters were again dried under a lamp. All four 

filters were then counted in a scintillation counter (Betarack, LKB). The 

percentage incorporation was estim ated from the ratio  of counts in 

washed:unwashed filter papers. Incorporation was usually 80-100% but a 

minimum incorporation of 50% was regarded as acceptable.
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2.5.4 Prehybridisation

Filters were prehybridised at 65°C for a minimum of 3 hours in order to block 

any non-specific sites. Stored filters were dampened in 2x SSC before adding 

the following prehybridisation solution: 4x SSC, 1% SDS, lOx Denhardt's 

solution (section 2.8), 5%(w/v) dextran sulphate and 5/ig/ml sonicated salmon 

sperm DNA (boiled for 5 minutes before addition to prehybridisation mixture). 

Prehybridisation was performed in sealed polythene bags, great care being 

taken to expel any air bubbles at the time of sealing, which were gently agitated 

in a waterbath. A maximum of four filters was placed in each bag containing 

10ml prehybridisation mixture.

2.5.5 Hybridisation

After a minimum of 3 hours prehybridisation (but usually 5 hours or more), 

labelled probe was added. 107 counts per 10ml prehybridisation solution were 

boiled for 5 minutes to render the DNA single-stranded, then added to the bags 

using a micropipette. The solution was mixed carefully to ensure even 

distribution of label over the filters and replaced at 65°C for 16-60 hours.

2.5.6 Washing hybridised filters

After hybridisation filters were washed to remove unbound and non-specifically 

bound radioactivity. The stringency of the wash required varied between probes 

and details of individual final washing conditions are given in Appendix 1. All 

probes were washed three times in 3x SSC, 0.1% SDS at room temperature for 

20 minutes each, followed by a stringent wash at 65°C at the specified strength 

for a further 20 minutes. These washes were performed in closed plastic boxes. 

After the stringent wash a portable B monitor (Minimonitor) was used to 

confirm satisfactory removal of unbound radioactivity and if necessary a further 

wash performed. Excess moisture was allowed to evaporate from the filters, 

which were wrapped damp in Saran wrap.
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2.5.7. Preannealing probes with repetitive sequences

Some probes (see Appendix 1) contained repetitive sequences which resulted in 

non-specific hybridisation to genomic DNA and multiple bands or smears on 

autoradiographs. In order to overcome this problem these probes were pre

annealed with sonicated total human DNA.

2.5.7.1 Preparation of sonicated total human DNA

The source of sonicated total human DNA was leukaemic blood with a 

leucocyte count of 200,000 x 106 cells /ml. The preparation method was 

exactly as in section 2.3.1 except that 1ml of leukaemic blood was treated as 

for 10ml normal peripheral blood. The final concentration was adjusted to 

lOmg/ml and the DNA then sonicated to an average size of 500 base pairs as 

determined by running on a minigel, and comparison with size standards.

2.5.7.2 Method for pre-annealing

The required volume of probe was mixed with the following in the volume 

ratios indicated: probe 1.0

20x SSC 1.2

TE pH8 1.4

sonicated human DNA 1.2

This solution was boiled for 10 minutes, placed in a driblock (Techne) at 65°C 

for 45-90 minutes and added to the prehybridisation bag as above. The 

optimum time for preannealing was determined empirically.

2.5.8 Autoradiography

Wrapped filters were exposed to Kodak X-AR5 film using two intensifying 

screens (Lightning Plus, Cronex, Dupont) for 16 hours-7 days. Films were 

usually developed after 1-2 days and re-exposed for longer if necessary.
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2.5.9 Stripping filters

Filters which were probed sequentially with several probes were stripped 

between hybridisations by immersion in boiling lOmM Tris-HCl, pH8.0, and 

allowed to cool to room temperature while agitating gently. Complete stripping 

of signal was confirmed by autoradiography overnight.

2.6 PLASMID PREPARATION AND MANIPULATION OF PLASMID 

INSERTS

Probes were obtained from several different sources and were received as 

plasmid DNA, glycerol stocks, stab cultures or cultures on agar plates.

2.6.1 Transformation of E.coli by plasmid DNA

A single colony of E.coli strain HB101 was grown overnight in Luria Bertani 

medium (LB: section 2.8). 1.5ml of overnight growth was added to 50ml LB 

and grown at 37°C to a density of 5x 107 cells/ml (OD550 0.5), centrifuged at 

llOOxg for 10 minutes at 4°C, resuspended in 10ml lOmM NaCl, recentrifuged 

under the same conditions and resuspended in 20ml 0.1M CaCL^ This was left 

on ice for 20 minutes, then centrifuged again at llOOxg, 4°C for 10 minutes, 

resuspended in 4ml 0.1M CaC^, and left on ice for a further 15 minutes. 0.3ml 

of this suspension was mixed with 0.1-0.2/*g plasmid DNA, heat-shocked at 

37°C for 30 seconds, and left on ice for 90 minutes, shaking. After adding 4ml 

LB, the suspension was incubated at 37°C for 90 minutes and then plated out 

on LB plates containing appropriate antibiotic (ampicillin: 50 fig/ml and/or 

tetracycline: 12.5/xg/ml). Separate plates were set up using 50, 100, and 200/d 

transformed bacteria. Control plates were set up containing a) cells only and b) 

a different plasmid of known concentration (1 pg plasmid should produce 105 

transformants). A single colony was then picked, grown up in LB and either 

stored frozen or used to make plasmid DNA.
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2.6.2 Large scale isolation of plasmid DNA

2.6.2.1 Growth of bacteria with plasmid

A 10ml universal of LB + appropriate antibiotic (concentrations as for growth 

of transformed cells above) was inoculated with a single colony from a plate or 

a scrape from a glycerol stock and grown overnight, at 37°C, shaking at 

220rpm. 2.5ml of the overnight growth were added to 250ml LB +  antibiotic 

and grown overnight under the same conditions.

2.6.2.2 Harvesting and alkaline lysis of bacteria

The cells were harvested by centrifugation at 4000xg for 7 minutes at room 

temperature, then resuspended in 5ml Solution I (25mM Tris-HCl, pH8.0, 

50mM glucose, lOmM EDTA), to which 25mg lysozyme had been added, and 

incubated at room temperature for 10 minutes. This solution was transferred to 

30ml tubes, 10ml Solution II (0.2M NaOH, 1 %SDS) added, and mixed gently, 

then left on ice for 5 minutes. 7.5ml ice cold 5M potassium acetate pH4.8 

(made by mixing 60ml potassium acetate with 11.5ml glacial acetic acid and 

28.5ml H20) was added and the mixture vortexed and left on ice for 15-30 

minutes. After centrifugation at 6000xg for 30 minutes to pellet bacterial debris 

and cell DNA, the supernatant was transferred into a clean tube and 0.6x 

volumes (approximately 12ml) isopropanol added. This was mixed and left at 

room tem perature for 15-20 minutes. Plasm id DNA was recovered by 

centrifugation at 6000xg for 20 minutes.

2.6.2.3 Purification of closed circular DNA by cesium chloride (CsCl)- 

ethidium bromide gradient centrifugation

The pellet was resuspended in 10.85ml TE, pH8.0, to which 11.17g CsCl and 

175/d ethidium bromide (lOmg/ml) was added. This was loaded into Beckman 

Quick-seal ultracentrifuge tubes, any air gaps topped up with liquid paraffin 

and sealed using a heat-sealer (Beckman). Tubes were balanced to 0.5g, then 

centrifuged at 150,000xg for 40-60 hours at 20°C, in a Beckman 70.1 Ti rotor.
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Two bands of DNA were usually visible, the upper consisting of linear bacterial 

DNA and nicked circular DNA, the lower consisting of closed circular DNA. 

The lower band of DNA was collected by inserting a 21g needle attached to a 

2ml syringe just below the band (an airway was provided by inserting a second 

needle in the top of the tube) and transferred to a 5ml bijou tube. The ethidium 

bromide was extracted by adding an equal volume of isopropanol saturated with 

5M NaCl, shaking vigorously to mix, then allowing the 2 phases to separate by 

standing. The non-aqueous phase (containing ethidium bromide) was pipetted 

off, and discarded. The extraction was repeated until all the pink colour had 

disappeared from the aqueous solution (4-5 times), which was dialysed against 

several changes of distilled water for 4 hours, in order to remove excess salt.

2.6.2.4 Plasmid DNA precipitation and quantitation

DNA was precipitated as described in section 2.1, washed in 80% ethanol, 

recentrifuged at 8000xg for 10 minutes and the pellet drained and dried in a 

rotary evaporator (Savant). The pellet was resuspended in a small volume of 

TE, pH8.0 (100-250/xl, depending on the size of the pellet) and the DNA 

concentration estimated by spectrophotometry as described in section 2.2.3.1.

2.6.3 Confirmation of plasmid identity

To confirm that isolated plasmid DNAs were of the correct identity, small 

aliquots (1 fig) were digested with restriction enzymes corresponding to the 

insert sites used in plasmid construction (see Appendix 1), to cut out the insert. 

Fragments were separated by agarose gel electrophoresis and measured by 

comparison with lambda or pBR322 DNA standards. Further confirmation was 

provided by labelling either whole plasmid or insert DNA (see section 2.4.1) 

and hybridising to a filter carrying genomic DNA digested either with the re

striction enzyme used to isolate the probe originally, or the polymorphic 

enzyme. In both cases the sizes of hybridising bands can be predicted.
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2.6.4 Isolation and purification of plasmid insert.

Most of the probes used in this study consisted of small inserts, with a size 

ratios insert:vector of < 1, which gave good results only when isolated insert 

rather than whole plasmid was used for labelling. Once identity of the plasmid 

had been confirmed by a trial digest as above, a larger sample of plasmid 

DNA (usually about 20/xg) was digested and the fragments separated on a 1.5% 

low-melting point (LMP) agarose (Seaplaque, FMC) gel, run slowly overnight 

to ensure optimal separation of bands. The band of correct size was then 

carefully cut out of the gel, visualising it on a transilluminator, and weighed in 

a 15ml conical centrifuge tube. In some cases satisfactory results were obtained 

by diluting this agarose with a 3x volume of distilled water, boiling for 10 

minutes and using this for labelling directly. In other cases it was found 

necessary to isolate the insert from the agarose using the following method:

2.6.5 Glass powder isolation of DNA from agarose

The agarose band containing the insert was weighed, 2-3 volumes of Nal 

(section 2.8) added and incubated at 50°C for 5 minutes to dissolve the agarose. 

5/xl activated silica (section 2.8) were added (for less than 5jug DNA, a further 

1 fxl being added for each additional 0.5/xg DNA), the solution mixed and 

placed on ice for 5 minutes, then subjected to a 5 second (6000xg) pulse in a 

microcentrifuge (Microcentaur MSE). The Nal supernatant was discarded, and 

the DNA pellet washed three times in ice-cold ethanol wash solution (see 

section 2.8) as follows: 200-700/xl ethanol wash solution were added, the DNA 

resuspended by pipetting up and down vigorously, followed by a 5 second 

pulse in a microcentrifuge. This was repeated twice. The washed pellet was 

resuspended in TE (approximately 5-10pl/5/d activated silica), incubated at 

50°C for 2-3 minutes, pulsed in a microcentrifuge for 30 seconds and the 

supernatant, containing the DNA, transferred to a new microtube. Yield was 

assessed by the ethidium bromide fluorescence method (see section 2.3.3.2).
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2.6.6 Storage of plasmid-containing bacteria as glycerol stocks 

For long-term storage, transformed bacteria were stored at -70°C. 0.15ml 

sterile glycerol was mixed with 0.85ml fresh overnight culture, mixed and 

placed at -70°C. Bacteria were recovered by scratching the surface of the 

frozen stock with a sterile metal loop.

2.7 PULSED FIELD GEL ELECTROPHORESIS (PFGE)

2.7.1 Preparation of very high molecular weight genomic DNA in agarose 

blocks

In order to generate the very large restriction fragments necessary for long- 

range mapping of a large chromosomal region, it was essential to prepare 

genomic DNA of very high molecular weight. This was done largely according 

to a method supplied by Drs. Barlow and Lehrach (ICRF, London) as follows.

2.7.1.1 Harvesting cells from peripheral blood

Most of the mapping work was performed on leucocytes from a normal female. 

It is important to remove red blood cells from whole blood in order to minimise 

protein contamination. Peripheral blood leucocytes were separated from 

heparinised whole blood by mixing with an equal volume of Dextraven-110 

(Fisons) and leaving to stand at room temperature for 30-45 minutes; red blood 

cells settle faster than nucleated cells in dextran, so the supernatant was 

collected with a pipette into a clean universal container and topped up with PBS 

and centrifuged at 300xg for 10 minutes to wash the cells. This step was 

repeated once after tipping off the supernatant. The pellet was then resuspended 

in a small volume (l-2ml) of PBS, cells counted in 1% acetic acid and the 

concentration adjusted to approximately 14-17x 106 cells/ml (this gives a final 

concentration of 0.5-0.6x 106 cells/block).
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2.7.1.2 Harvesting cells from cultured cell lines

DNA from lymphoblastoid cell lines from patients with X-CGD was used to 

search for deletions in these patients. EBV lines were harvested at a stage of 

active cell division, about 24 hours after splitting, since overgrown cells tend to 

overproduce mitochondrial DNA and to degrade genomic DNA. In order to 

minimise degraded DNA and protein contamination cells were separated on 

Ficoll-Paque (Pharmacia). Cells were first centrifuged at 190xg for 7 minutes 

to remove old tissue culture medium, then resuspended in PBS, carefully 

layered on to Ficoll and centrifuged at 550xg for 20 minutes at room 

temperature. Dead cells and red blood cells settle to the bottom of the tube 

whereas live nucleated cells settle in the interface. Using a Pasteur pipette the 

cell-rich interface was carefully removed and transferred to a clean 50ml 

conical centrifuge tube, which was then filled up with sterile PBS and 

centrifuged at 300xg for 10 minutes to remove Ficoll. The supernatant was 

tipped off, cells reuspended by flicking and the wash step repeated, this time 

centrifuging at 140xg for 5 minutes. The supernatant was again tipped off and 

cells resuspended in a small volume of sterile PBS, counted, and the 

concentration adjusted to 14-17x 106 cells/ml.

2.7.1.3 Suspension of cells in agarose blocks

A l%(w/v) solution of Ultrapure low melting point agarose (InCert, FMC) in 

PBS was prepared and held at 42°C in a waterbath. Commercially available 

block formers (LKB) were used for making agarose blocks. Autoclave tape was 

used to seal the bases of the block formers, which were then placed on a glass 

plate and cooled on ice for about 30 minutes, in order to accelerate setting of 

the agarose and prevent settling of cells to the bottom of the blocks. The cell 

suspension (adjusted to the appropriate concentration) was also placed in the 

waterbath at 42°C to prevent the agarose from setting instantly on mixing. 

Equal volumes of cell suspension and agarose were then mixed in 1.5ml micro
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tubes. Aliquots of 70^1 were dispensed into the block formers. Blocks were then 

left at 4°C for about 45 minutes to set.

2.7.1.4 Protein digestion of DNA blocks

Blocks were tapped out of block formers on to clean Saran wrap, and 

transferred to 50ml conical centrifuge tubes (approximately 15 blocks/tube). To 

each tube 2.5ml of 2mg/ml Proteinase K, 1% SDS, 0.45M EDTA, pH8.0, 

were added. The caps were closed tightly, sealed with Parafilm (American 

National Can) and incubated at 50°C in a waterbath for 40-48 hours. The tubes 

were inverted occasionally to mix, ensuring that no blocks stuck to the sides of 

the tubes.

2.7.1.5 Removal of protein digestion buffer and storage of blocks

Each tube containing blocks and protein digestion mixture was filled up with 

sterile TE, pH8.0; the blocks settled to the bottom of the tube, allowing the TE 

and buffer to be decanted carefully, ensuring that no blocks were lost. This 

wash was repeated three times. In order to inactivate any residual Proteinase K 

the blocks were incubated with phenylmethylsulphonylfluoride (PMSF): each 

tube was filled with TE, pH8.0 + 40/ig/ml PMSF (freshly prepared by 

dissolving at 40mg/ml in isopropanol at 65°C), then incubated at 55°C for 20- 

30 minutes; this step was repeated once. The blocks were then washed once 

more in TE, pH8.0, and stored in 0.5M EDTA, pH8.0, at 4°C.

2.7.1.6 Assessment of blocks for degradation of DNA

Before using blocks in restriction digests one or two blocks from each batch 

were used in a control run to assess the extent of any DNA degradation which 

might have occurred. Blocks were removed from EDTA, washed three times in 

TE, pH8.0, then set up in a mock digest containing distilled water, bovine 

serum albumin and enzyme buffer in the same concentrations as for a true
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digest (see section 2.7.3). This was incubated overnight at 37°C and loaded on to 

a pulsed field gel (PFG) (see section 2.7.5) and run with conditions designed to 

separate up to 1 Megabase (Mb), to ensure that there was no significant 

degradation. If there was any degradation the protein digestion step was 

repeated and the blocks rechecked for degradation.

2.7.2 Standard markers for PFGE

Size markers used for PFGE were made from yeast chromosomes for larger 

size ranges (Saccharomyces cerevisiae for range 0.09-2.5Mb, obtained from Dr 

Don Williamson, NIMR, Mill Hill, Hansenula wingei for 1.0-3.0Mb, from Dr 

Peter Jones, MRC, Cambridge and Schizosaccharomycespombe for 3.0- 

5.7Mb) and lambda concatamers for smaller size ranges (50-400kb).

2.7.2.1 Preparation of yeast chromosome markers

Yeast chromosomes were prepared according to a method of Jones et al. 

(1989). A single yeast colony from a stored plate was grown overnight in 

lOmls YEPD medium (1% yeast extract (Difco), 2% peptone, 2% glucose) at 

30°C, then a further 90ml YEPD added and grown to late log phase (2.5 x 108 

cells/ml). This took approximately 15 hours for S.cerevisiae and H. wingei and 

about 40 hours for S. pombe. A 1/100 dilution was examined under the 

microscope for budding - less than 10% should be dividing in late log phase. 

Cells were divided into two 50ml conical centrifuge tubes and pelleted at 

1200xg for 3 minutes at 4°C. The supernatant was discarded and the pellet 

resuspended, then topped up with 50mM EDTA, pH7.5, repelleted under the 

same conditions and again resuspended after discarding the supernatant. A 

solution of 1 % LMP agarose (Seaplaque, FMC) in 50mM EDTA, pH7.5 was 

made and held at 42°C. Block formers were prepared as in section 2.7.2.3, but 

not placed on ice. A separate stock of block form ers was maintained 

specifically for making yeast blocks in order to prevent contamination of 

human genomic DNA blocks with yeast DNA. 6ml CPES (40mM citric acid,
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120mM N^HPC^, pH6.0, 1.2M sorbitol, 5mM dithiothreitol, 20mM EDTA) 

containing 40mg Zymolyase-20T was warmed to 42°C for 2 minutes and the 

yeast suspension also warmed for 2 minutes. Each tube of yeast cells 

(approximately 1.25 x 10l°) was mixed with 3ml CPES + Zymolyase and 5ml 

agarose, then 100/d aliquots pipetted into block formers. Blocks were allowed 

to set at room temperature, tapped out on to Saran wrap and transferred to a 

large conical flask. They were then incubated for 2-3 hours at 30°C in CPE 

(40mM citric acid, 120mM NajHPO^ pH6.0, 20mM EDTA) 1 ml/block, 

followed by an overnight incubation in 20ml Solution 3 (lOmM Tris-HCl, 

pH8.0, 0.45M EDTA, 1% SDS, lmg/ml Proteinase K). Blocks were stored in 

0.5M EDTA, pH8.0, and used directly for PFGE using 1/3-1/2 block per 

track.

2.7.2.2 Preparation of lambda concatamer markers

These were prepared according to the method of Anand (1987). Lambda DNA 

which had not previously been frozen was mixed to a final concentration of 

200/xg/ml with 3% Ficoll-Paque (5.7% Ficoll, 9% diatrizoate disodium) 

(Pharmacia) and 2x SSC. This was incubated at 37°C for 30 minutes, then at 

room temperature for 16 hours. 3-5/d per track were used as a standard. The 

solution was always pipetted with a widened Gilson pipette tip to minimise 

shearing forces.

2.7.3 Restriction enzyme digestion of DNA blocks

Blocks were prepared for enzyme digestion by washing four times in TE, 

pH8.0, each for 10-15 minutes. Digests were set up in 1.5ml microtubes. A 

to ta l volum e of 200/xl included 90/d H20, 20/d lOx enzyme buffer 

(commercially available buffers of appropriate composition for individual 

enzymes were used), 10/d lOmg/ml BSA (0.5mg/ml final concentration), 10/d

0 .1M spermidine (5mM final concentration) and 30-50 units restriction enzyme
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(NEB). All solutions were mixed by vortexing and the DNA block then added 

and mixed gently by inverting the tube several times, ensuring that the block 

was fully submerged. Digests were then incubated at the appropriate 

temperature overnight. Double digests were performed by adding both enzymes 

simultaneously if the buffer compositions were identical; if different buffer 

strengths were needed the enzyme digest requiring the weaker buffer was 

performed first, the blocks washed again in TE to remove buffer, and the 

second digest performed as for a single digest.

Appendix 2 contains a list of the enzymes used for PFGE with their recognition 

sites and incubation temperatures. All enzymes were obtained, with buffers, 

from New England Biolabs. After enzyme digestion blocks were cooled to 4°C 

for 1 hour before loading on to a gel, in order to facilitate handling.

2.7.4 PFGE apparatus

For all PFGE in this study a standard contour-clamped homogeneous electric 

field (CHEF) (LKB Pharmacia Pulsaphor) system was used. Cooling was 

provided by a thermostatic circulator (LKB Multitemp II or Techne RBS). The 

electric field was alternated using an LKB Pulsaphor or a Flowgen switch unit. 

The diameter of the CHEF electrode array is 28.5cm.

2.7.5 Loading and running gels

Gels were poured on perspex trays supplied for use with the Pulsaphor system. 

For separations of DNA fragments up to 3Mb, 1% agarose (Seakem GTG, 

FMC) gels were used, but for separation of larger fragments up to 6Mb 0.6% 

gels produced better resolution. Each gel consisted of 160ml agarose at above 

concentrations in 0.5x TBE (see section 2.8) without ethidium bromide since 

this interferes with the migration of large DNA fragments. Gel slots were 

formed using standard LKB slot formers. Gels were cooled at 4°C before 

loading. Digestion mixture was carefully pipetted off the blocks, which were
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loaded into gel slots using a clean scalpel blade and micropipette tip. Blocks 

were then sealed into place with warm 0.5% LMP agarose in 0.5x TBE. 

Running buffer for all runs was 2.5 litres of 0.5x TBE, precooled for several 

hours before starting the run. Conditions used for running individual gels are 

given in figure legends. On each gel two or more marker tracks were included; 

this was necessary because the tracks did not always run perfectly straight. For 

long runs of more than three days the buffer was renewed every three days.

2.7.6 Southern blotting of pulsed field gels (PFGs)

When runs were complete, gels were removed from the tray and immersed in a 

solution of ethidium bromide (300ml running buffer containing 0.5jug/ml 

ethidium bromide) for 15 minutes, then photographed using a Polaroid camera. 

Sometimes destaining for 30-60 minutes in either distilled water or running 

buffer was necessary for clear visualisation of the marker chromosomes. In 

order to achieve efficient transfer of large DNA molecules to nylon filter an 

acid depurination step to nick the DNA is necessary; Gels were immersed in 

250ml of 240mM HC1 and left on a rotating platform for 15-20 minutes. They 

were then denatured and neutralised exactly as for standard agarose gel 

electrophoresis (section 2.4.3). Southern blotting was also performed exactly as 

described in section 2.4.4 except that blotting was allowed to proceed for 40 

hours.

2.8. SOLUTIONS

1. Tris-EDTA (TE), pH8.0: lOmM Tris-HCl pH8 , ImM disodium EDTA,

autoclaved at 121°C for 15 minutes.

2. Denhardt's solution (100 X): 20g Ficoll 400 (Pharmacia Biosystems),

20g polyvinylpyrrolidone, 20g BSA (fraction V), and F^O to 

1 litre total. Filter and store at -20°C.
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3. Tris acetate buffer (TAE) (50 X): 0.2M Tris base, 1M glacial acetic

acid, 50mM disodium EDTA, pH8.0.

4. SSC (20 X): 3M NaCl, 0.3M sodium citrate.

5. OLB was made from the following solutions:

Solution O: 1.25M Tris-HCl, 0.125M MgC^ pH8.0 (store at 4°C) 

Solution A: 1ml Solution O, 18/cl 2-mercaptoethanol, and 5/d each 

of dATP, dTTP, dGTP, previously dissolved at 0.1M in TE 

(stored at -20°C).

Solution B: 2M HEPES pH6 . 6  (stored at 4°C).

Solution C: Hexanucleotides (Pharmacia) suspended in TE at 90 OD 

units/ml (stored at -20°C).

Solutions A, B, and C were mixed in a ratio of 10:25:15 and stored 

at -20°C.

6 . Sephadex G50: lOg Sephadex G50 (Pharmacia) + 100ml sterile

2x SSC. Incubate at 65°C for 3 hours, replacing the 

supernatant with new SSC during the incubation. Store at 

4°C.

7. LB (Luria-Bertani): lOg Bacto tryptone (Difco), 5g Bacto yeast extract

(Difco), lOg NaCl, and to 1 litre. Autoclave for 20 

minutes at 121°C.

8 . Tris-borate buffer (TBE) (lOx): 0.9M Tris base, 0.9M boric acid,

ImM EDTA pH8.0.
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9. Antibiotics:

Ampicillin: stock at 25mg/ml; sodium salt, filter-sterilised and 

stored at -20°C.

Tetracycline: stock 12.5mg/ml in ethanol/H^O (50% w/v), stored in 

the dark at -20°C 

Working dilutions were 1/1000 for each.

10. Activated silica (for isolation of DNA from agarose);

250ml glass powder was resuspended ih I^O  in a 500ml beaker and allowed to 

settle for 1 hour. The supernatant was removed and centrifuged at 10,000xg. 

The supernatant was then discarded and the pellet resuspended in 100-200ml 

H2 0. Nitric acid was added to a final volume of 50%, the mixture brought to 

boiling point and recentrifuged, then washed 4 times with H20  and the 

resulting glass stored as a 50% slurry in HjO.

11. Nal: 6 M Nal, 0.1M Na 2 S03, filtered through Whatman No 1

filter paper and stored in the dark at 4°C.

12. Ethanol wash solution; 50% ethanol, 10mm Tris-HCl, pH7.5,

0.1M NaCl. Stored at -20°C.
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3. RESULTS I: RESTRICTION FRAGMENT LENGTH 

POLYMORPHISMS IN THE X-CGD GENE

3.1. Search for RFLPs in the X-CGD gene

As discussed in the introduction, the gene responsible for X-CGD was cloned 

in 1986 (Royer-Pokora et al., 1986). At the start of this work in 1988 no 

RFLPs associated with the X-CGD gene had been identified, and prenatal 

diagnosis could only be performed by fetal blood sampling and NBT testing in 

the second trimester of pregnancy. In order to search for any RFLPs which 

might be useful for both prenatal diagnosis and carrier detection, we obtained 

an X-CGD cDNA probe, a 3.5kb Kpn I/Pst I fragment encoding most of the 

transcript of the B-subunit of cytochrome b 245, from S. Orkin (Boston). Four

teen X chromosomes (from seven normal females) were screened for RFLPs by 

hybridisation of enzyme-digested DNA with the X-CGD cDNA. A number of 

constant sized fragments were detected in all cases, with no evidence of 

polymorphic fragments after digestion with Taq I, Hind III, Msp I, EcoR I, 

Bgl I, Pst I, BamH I and Nco I. Representative results are illustrated for Pst I, 

Taq I and Hind III in Figure 3.1, which demonstrates no variation in fragment 

sizes detected by the X-CGD cDNA probe after digestion with these enzymes.

3.2. Two Nsi I RFLPs in the X-CGD gene.

During the course of these studies a two allele polymorphism in the X-CGD 

gene was reported by another group; this was detected with the restriction 

enzyme Nsi I (Battat and Francke, 1989). Allele frequencies of 0.72/0.28 were 

reported, which give a predicted heterozygote frequency of 40% in the popu

lation studied. In order to assess the usefulness of this RFLP in the UK 

population, DNA samples from the same seven normal females as above and
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Figure 3.1.

Absence of evidence of RFLPs in the X-CGD gene

Genomic DNA from normal females was digested with the enzymes indicated 
in each panel, separated on 0.8% agarose gels, transferred to nylon membrane, 
and hybridised with X-CGD cDNA. All tracks contain normal female genomic 
DNA. Blank tracks were left empty for orientation purposes. Band sizes are all 
in kb. S ize  s ta n d a rd s  w ere  lam bda  DNA d ig es te d  w ith  Hind III. 
Autoradiographs show no variation in band sizes detected between different 
females.
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members of eight families known to carry X-CGD were screened by Southern 

blotting and probing with the X-CGD DNA, after digestion with Nsi I. A typi

cal autoradiograph is shown in Figure 3.2, the RFLP described by Battat and 

Francke being represented by alleles B1 and B2 (band sizes 1.7 and 1.3kb, 

respectively). However, a second polymorphism was also detected, and is 

represented by alleles A1 and A2 (fragment sizes 2.9 and 2.5kb, respectively) 

in Figure 3.2. This RFLP had not previously been identified. In addition to the 

polymorphic bands, invariant fragments of 7.2, 6.2, 3.7 and 0.9kb were also 

seen. The bands representing the original RFLP (B1/B2) were quite difficult to 

visualise, requiring long exposure times for autoradiographs, but alleles A 1  and 

A2 were always very easily demonstrated, where present. The second RFLP 

had not been identified in the previous study, but it was demonstrated 

repeatedly in four different X-CGD families and two normal females. The 

allele frequencies for both RFLPs are shown in Table 3.1; in our population the 

predicted heterozygote frequency for polymorphism A is 30.8% (2 x 0.81 x 

0.19) while for polymorphism B the predicted frequency is 18% (2 x 0 .9 x  

0.1), rather lower than in the North American sample.

TABLE 3.1

Allele frequencies for Nsi I X-CGD polymorphisms

Allele Size No. of 
chromosomes

%

A1 2.9 6/32 19)
) 13 Female,

A2 2.5 26/32 81) 6  Male

B1 1.7 26/29 90)
) 12 Female,

B2 1.3 3/29 10) 5 Male
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Figure 3.2.

Two Nsi I RFLPs in the X-CGD gene
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Genomic DNA from normal females and males was digested with Nsi I, 
separated on 0.8% agarose gels, transferred to nylon membrane and hybridised 
with X-CGD cDNA. Tracks 1 ,2 ,3 ,4 ,6 ,8 ,9 ,10  and 11 contain female DNA; 
tracks 5 and 7 contain male DNA. All band sizes are in kb. Size standards were 
lambda DNA digested with Hind III. Two separate RFLPs are demonstrated, 
labelled A1/A2 and B1/B2.
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3.3. No linkage disequilibrium between the two RFLPs.

In order to determine whether or not there was any evidence of linkage 

disequilibrium between the two polymorphism s, the haplotypes of all 

individuals studied were analysed by assessing the presence of upper or lower 

band for each polymorphism; the results are shown in Table 3.2.

TABLE 3.2

Haplotype distribution of X-CGD polymorphisms

Haplotype Frequency (%) 
Observed Expected

A1,B1 2 0 17
A2,B1 69 73
A1,B2 0 1.9
A2,B2 1 0 8 . 1

Although the size of the sample is very small, there does not appear to be any 

suggestion of linkage disequilibrium, since the distribution of the four possible 

haplotypes does not deviate significantly from that predicted on the basis of the 

allele frequencies. The proportion of families to whom prenatal diagnosis can 

be offered is therefore about 44% (31% + 18% - 5% for those informative for 

both RFLPs). Of the eight families carrying X-CGD analysed in this study, 

four were found to be inform ative for polymorphism A and three for 

polymorphism B (one family was informative for both). One of the remaining 

two families was found to carry a deletion, which is discussed in the next 

chapter. The inheritance of both RFLPs showed a typical X-linked Mendelian 

pattern, which was demonstrable in three generations in four of the eight 

families studied and is illustrated in three families in Figure 3.3. In all three of 

these families, the allele associated with CGD has been inherited from the
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Figure 3.3.

Mendelian inheritance of the 2 Nsi I RFLPs and discrepancies between 
assessment of carrier status by NBT testing and RFLP analysis

a £83%

2 0 %

• a *
93%(̂) 6  ^ 07.
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1002  Z l >  2 8 %
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Three family trees are shown and confirm Mendelian inheritance of the RFLPs. 
Females are represented by circles and males by squares. F illed  squares 
indicate affected males. NBT results are given as percentages. Family (a) and 
fam ily  (b) a re  in fo rm a tiv e  fo r p o ly m o rp h ism  A and  fam ily  (c) fo r 
polymorphism B. The alleles detected in each individual are shown in the 
accompanying autoradiographs. Asterisks mark females where discrepancies 
were detected between assessment of carrier status by NBT testing and RFLP 
analysis. In all three families the X-CGD defect must have arisen as a result 
of germline mutation in the maternal grandfathers.
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maternal grandfather, so the disease must therefore have arisen as a new 

mutation in the germline of the grandfathers.

3.4. Comparison of carrier detection by NBT testing with RFLP analysis.

The prediction of carrier status based on RFLP analysis was compared with the 

previously used conventional method of NBT testing (see section 1.5.3.3). The 

'carrier range1 for PMA-stimulated NBT testing was established as 14-82%, as 

a result of random X-chromosome inactivation (see section 1.2.3 and 1.3.5), 

while normal individuals always show 100% NBT reduction and affected 

individuals 0% (Levinsky et al. , 1983). The results of NBT tests for most fe

males in the eight families studied were available from the records of the 

Clinical Immunology Laboratory, Hospital for Sick Children, Great Ormond 

St., London. In most cases there was agreement between the two methods, but 

three discrepancies were identified. In one family the grandmother of an 

affected child had been labelled a carrier on the basis of an NBT result of 83 % 

(ie. on the borderline between normal and carrier levels). The pedigree is 

shown in panel (b) of Figure 3.3; RFLP analysis clearly shows that the allele 

associated with the disease in this family is A l, which the grandmother does 

not possess, being homozygous for A2. The mother is heterozygous and also 

shows NBT reduction of 20 % which is much more convincing for carrier 

status. Similarly, the grandmother in the family represented in Figure 3.3(c) 

exhibits 78% NBT reduction, which is suggestive of carrier status. However, 

although she is heterozygous for polymorphism B, the allele associated with 

the disease (Bl) must have originated from the grandfather, as a result of 

mutation in his germline.

In a third family (Panel (a) in Figure 3.3) the sister 

of an affected male showed 93 % NBT reduction and had been labelled as 

normal on this basis (although strictly she should have had a result of 1 0 0 %). 

The disease in this family is associated with allele A l, which is carried by the
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Figure 3.4.

Confirmation of paternity in family (a) (Figure 3.3)

M F D

Genomic DNA from the sister of the affected boy in family (a) (Figure 3.3) and 
from both parents was digested with Hini I, separated on a 0.8% agarose gel, 
transferred to nylon membrane and hybridised with the minisatellite probe pA 
G3. M: mother; F: father; D: daughter. The daughter has inherited one allele 
from each parent, thereby confirming paternity.
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female in question. Since the father carries allele A2 it was important to 

confirm paternity; this was performed by hybridising Hini I-digested genomic 

DNA from the mother, father and daughter with the locus-specific minisatellite 

probe pXG3 (Wong et al., 1986), as illustrated in Figure 3.4. The daughter 

possesses one allele from each parent, confirming paternity with virtually 1 0 0 % 

certainty. Unfortunately she was not available for repeat NBT testing but 

clearly should be recounselled when possible.

3.5. DISCUSSION

Since X-CGD remains a life-threatening disease with unsatisfactory available 

treatment in many cases (see section 1.5), there is a need for reliable methods 

of early prenatal diagnosis and carrier detection for at-risk females. NBT 

testing provides a reliable diagnostic technique, but cannot be performed until 

the second trimester of pregnancy, necessitating late abortion of affected 

fetuses. As a method for carrier detection it is usually clearcut but does 

sometimes give ambiguous results. When the X-CGD cDNA became available 

the obvious strategy was to search for RFLPs in the gene, in order to develop 

first trimester prenatal diagnosis. Initially no RFLPs were found using the X- 

CGD cDNA probe with eight different restriction enzymes in this study. Other 

groups have reported no polymorphisms with a total of forty restriction 

enzymes; the rarity of polymorphisms affecting the X-CGD gene presumably 

reflects a high degree of evolutionary conservation of the gene. The recognition 

of the two Nsi I RFLPs now allows the possibility of first trimester prenatal 

diagnosis by chorionic villus sampling. When the first Nsi I RFLP was reported 

in the USA the absence of evidence of the second polymorphism in that study 

was in re trospect very surprising , especially  since in our population 

heterozygosity was more common for polymorphism A than polymorphism B. 

This presumably reflects differences in the genetic origins of the US and UK 

populations, although both populations were Caucasian. Subsequent to the
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recognition of the second Nsi I RFLP within the UK, the same polymorphism 

was reported from Switzerland (Muhlebach et al. , 1990).

As indicated above, the two polymorphisms do not appear to be in linkage 

disequilibrium, since the expected and observed haplotype distributions agree. 

If there had been evidence of skewing towards any particular haplotype(s) this 

would have indicated that certain combinations of alleles had been favoured 

during evolution and implied that the two polymorphisms could not be used 

independently in prediction of overall heterozygote frequency. Since the two 

polymorphisms do not appear to be in disequilibrium, the expected likelihood 

for any given female to be heterozygous for one or other of the polymorphisms 

is approximately 44% (the additive frequencies of each RFLP minus 5% 

representing those heterozygous for both). This means that approximately 44% 

of families in the UK should be informative for one or other RFLP and could 

therefore be offered first trimester prenatal diagnosis.

Since the probe used in the RFLP analysis is the X-CGD cDNA itself there is 

no element of uncertainty attached to the result, as there would be for closely 

linked probes. One case of prenatal diagnosis has been reported using the 

closely linked probes OTC and DXS84 (p754) (Lindlof et al., 1987). In that 

case the diagnosis was confirmed by analysis of fetal granulocytes by NBT 

testing after the pregnancy was terminated. Prenatal exclusion has been 

performed in one of the families analysed in this study, using polymorphism A 

in a female with a previous history of three late abortions following diagnosis 

of affected fetuses by fetal blood sampling and NBT testing at eighteen weeks 

gestation (H. Middleton-Price, ICH, London, personal communication).

Ideally first trimester prenatal diagnosis should be available to all families at 

risk but the chances of finding more RFLPs must be small, since so many
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enzymes have already been tested; however, there is a possibility that there may 

be some dinucleotide repeats within the genomic DNA in the region of the X- 

CGD gene, which could be detected by screening cosmids containing X-CGD 

genomic DNA for d(CA)n nucleotide repeats. These should increase the 

proportion of families who are informative for gene tracking. As far as we are 

aware, none have been reported as yet.

In most cases determination of carrier status by PMA-stimulated NBT testing is 

reliable, but, as indicated above, results may be equivocal. In the three families 

discussed above two false positives and one false negative results occurred, in 

each case the NBT result falling on the borderline. The reliability of the NBT 

test may be reduced with advancing age or for blood samples which are not 

absolutely fresh. Gene tracking by RFLP analysis is unambiguous and therefore 

preferable where possible.

The occurrence of new mutations causing lethal X-linked diseases is relatively 

common. If it is assumed that the incidence of X-linked disorders is constant, 

approximately 30% of cases are thought to arise as new mutations. This must 

be so, since in many instances the diseases are fatal in affected males and the 

gene frequency in the population would otherwise gradually diminish. The 

mutation responsible for the disease in all three of the families in Figure 3.3 

must have arisen in the second generation demonstrated, or could have been the 

result of grandpaternal germline mutation, since in each case the allele 

associated with CGD has originated in the grandfather. Several families with X- 

CGD have been analysed by Francke et al. (1990) and found to show evidence 

of introduction of the abnormal chromosome by asymptomatic grandpaternal 

germline mosaics. The introduction of abnormal X-linked genes into previously 

unaffected families by germline mosaicism in asymptomatic males is now being 

demonstrated with increasing frequency (Hendriks et al., 1989).
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4. RESULTS n: DELETIONS INVOLVING THE X-CGD GENE

The existence of large interstitial deletions involving the X-CGD gene in two 

patients was instrumental in the cloning of the X-CGD gene (Royer-Pokora et 

al., 1986). Several other patients have been reported with cytogenetically 

detectable deletions and a number of other patients with smaller deletions have 

now been recognised, although the most usual abnormalities in the X-CGD 

gene appear to be missense mutations (Smith and Cumutte, 1991).

4.1. Search for deletions in X-CGD patients

Early in the course of this study it was decided to search for evidence of 

deletions in patients with X-CGD, using PFGE. Detection of deletions in any 

families which are not informative for either of the RFLPs discussed in Chapter 

3 would allow prenatal diagnosis and carrier detection for those families. In 

addition, a long-term interest in this department is the possible development of 

techniques for somatic gene therapy of X-CGD, using introduction of the X- 

CGD gene into haemopoietic cells with the aid of retroviral vectors. A 

necessary prerequisite for this work would be a suitable cell line to use as an 

experimental model. A cell line from a patient deleted for the X-CGD gene 

would provide such a model.

4.1.1. Identification of a suitable restriction enzyme for use in the search 

for deletions.

Initially a test PFGE run was performed using normal female DNA, suspended 

in agarose blocks and digested with a variety  of relatively  rare-cutting 

restriction enzymes. These were run on a PFG designed to separate fragments 

up to approximately 800kb, Southern blotted and hybridised with X-CGD 

(Figure 4.1). The aim was to identify a restriction enzyme which generated a 

relatively small fragment recognised by X-CGD, of the order of 50-200kb. It 

was felt likely that any alteration in fragment size resulting from a small
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Figure 4.1

Assessment of band sizes generated by digestion of normal female DNA with 
a variety of ra re  cutting restriction enzymes and hybridisation with X- 
CGD(T).

LM -

Sa S s X Ba B Sf Sa S s X Ba B Sf 
•  ▼
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1 5 0 -
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High m o lecu la r  w eigh t genom ic  DN A in agarose  b lo ck s , from  EBV 
transformed B cell lines from two normal females (A and B) was digested with 
a variety of rare cutting restriction enzymes, separated by PFGE, transferred to 
nylon membrane and hybridised with X-CGD. PFGE conditions were 1 % 
agarose, 170V (6V/cm), switch time 40 seconds, run length 40 hours. Sa.Sal I; 
Ss: Sst I; X: Xho I; Ba: BamH I; B: BssH II; Sf: Sfi I. LM: limiting mobility. 
Size markers were Saccharomyces cerevisiae (YP148). Band sizes are in kb.
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deletion would be most easily seen in this range. Various fragment sizes were 

generated, as shown in Figure 4.1, and the most suitable enzyme selected for 

use in the X-CGD patients was Xho I, which generated a fragm ent of 

approximately 75kb.

4.1.2. Investigation of X-CGD patient cell lines for deletions.

EBV-transformed B cell lines were available from four patients with X-CGD. 

DNA prepared from these cell lines was suspended in agarose blocks, digested 

with Xho I and run on a PFG with conditions designed to separate up to 500kb. 

The Southern blot was hybridised with X-CGD (Figure 4.2a). Controls 

included DNA from EBV-transformed B cell lines from normal females and 

DNA from peripheral blood of normal females. The band of 75kb was again 

seen and since the tracks in the gel did not run exactly straight there was an 

impression of variation in band size between tracks. However, the pattern on 

the autoradiograph and that on the ethidium-stained gel appeared similar, so 

there was probably no true variation in band sizes. In order to confirm this the 

same filter was hybridised with another X-chromosome specific probe located 

in Xq22, p212 (DXS178), shown in Figure 4.2b. Exactly the same uneven 

pattern was seen across the autoradiograph, implying that there was no real 

variation in band sizes and therefore that none of the patients studied have a 

deletion detectable by this method.
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Figure 4.2

No evidence for gene deletions in four patients with X-CGD.
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High m o lecu la r  w eigh t genom ic  DNA in ag arose  b lo ck s , from  EBV- 
transform ed B cell lines from four patients with X-CG D (C l-4 )  and four 
normal fem ales (A), and four peripheral blood norm al controls (B) was 
digested with Xho I, separated by PFGE, transferred to nylon membrane and 
hybridised sequentially  with (a) X-CGD and (b) DXS178 (p2\ 2) .  PFGE 
conditions were 1% agarose, 160V (5.6V/cm), switch time 10 seconds, run 
length 40 hours. Size standards were lambda concatamers and Saccharomyces 
cerevisiae (YP148). Band sizes are in kb.
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4.2. PT Deletion

During the course of the RFLP analysis of the eight families known to carry X- 

CGD, one family which was not informative for either RFLP was found to 

carry a small deletion involving the X-CGD gene. The affected boy in this 

family was not amongst those analysed by PFGE and discussed in section 4.1.

4.2.1 Altered band patterns with Nsi I digestion of DNA from affected boy 

and carriers

Nsi I digests of genomic DNA from the affected boy (PT) and his carrier 

mother and sister revealed altered band patterns when compared with normal 

controls and other X-CGD families. Figure 4.3 shows Nsi I-digested genomic 

DNA from the family in question and a normal control, blotted and hybridised 

with the total X-CGD cDNA (X-CGD) and also two fragments of the cDNA, 

one from the 5' end of the gene (X-CGD5') and one from the 3' end (X- 

CGD3'). Plasmid DNA, containing the X-CGD cDNA, was digested with 

appropriate enzymes, which were selected using published X-CGD sequence 

information (Royer-Pokora et al. , 1986), and the correct sized bands were gel 

purified and used for labelling and hybridisation. A schematic representation of 

the three probes, including the restriction sites used to construct them is shown 

in Figure 4.4. Panel (b) of Figure 4.3 shows Nsi I-digested DNA hybridised 

with X-CGD; in the tracks containing normal DNA and DNA from the two 

carriers all the invariant bands which were described in Chapter 3 are present 

(in the control track both alleles of polymorphism A are present). In tracks 

containing DNA from the affected boy (PT) and the two carriers there is an 

additional band of approximately 11 kb, but PT lacks all the invariant bands 

except the faint 0.9kb fragment. In normal individuals hybridisation with X- 

CGD5' (Figure 4.3a) revealed only the invariant 7.2 and 0.9kb bands, and X- 

CGD3' (Figure 4.3c) detected only the constant 6.2kb band. In carriers of the 

deletion, X-CGD5' detected the extra llk b  band in addition to the 7.2 and 

0.9kb fragments, while PT only contained the altered llk b  and constant 0.9kb
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Figure 4.3.

Altered band patterns in PT and carriers of the X-CGD gene deletion, after 
Nsi I digestion
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(a)-(c) Genomic DNA from PT (D), two female carrier relatives (C) and a 
normal control (N), digested with Nsi I, separated on 0.8%  agarose gels, 
transferred to nylon membrane and hybridised sequentially with X-CGD5 (a), 
X-CGD (b), ana X-CGD3'(c). Size standards were lambda DNA digested with 
Hind III. All band sizes are in kb.

(d) Schematic representation of band sizes generated by Nsi I digestion of 
normal and PT DNA. All bands hybridise with X-CGD; bands indicated by an 
* are those which hybridise  with X -C G D 5 1, and bands m arked with ** 
hybridise with X -CG D 3'. Bands which cannot be ordered are enclosed in 
parentheses.
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Figure 4.4

Schematic map of X-CGD cDNA showing restriction enzyme sites used to 
generate the X-CGD5' and X-CGD3' probes.
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--------------------  3.5kb  ►
X-CGD cDNA
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band. No hybridising fragments at all were seen in PT on probing with X- 

CGD3'. This implies that the deletion in PT extends from somewhere within 

the 5' probe (ie. within the first 500bp of the X-CGD cDNA) to beyond the 3' 

end of the coding region of the gene and into the 3' untranslated region. When 

the X-CGD5' was used for hybridisation the relative intensities of several bands 

varied when compared with the signal obtained with X-CGD, although the 

same bands were detected. This phenomenon was seen repeatedly with other 

restriction enzymes (see below). A schematic map of the fragments obtained 

after Nsi I digestion and hybridisation with the three X-CGD probes is shown 

in Figure 4.3(d). Based on these results an estimate of the minimum size of the 

deletion is 9.7kb (ie. 7.2 + 3.5 + 2.5 + 1.3 + 6.2 - 11.0).

4.2.2. Confirmation of deletion with other enzymes.

Several other restriction enzymes and probes were used to confirm the 

existence of the deletion and to attempt to define its extent more exactly. Figure 

4.5 shows Kpn I digests of normal, carrier and PT DNA. Fragments of 16kb 

and 8 kb are seen in normals and carriers. An additional band of 29kb is seen in 

PT and carriers. The band patterns seen with X-CGD and X-CGD5' are 

identical although once again the intensity of the signal varies. With X-CGD 

the 16kb band is very strong and the 8 kb band weaker, whereas with X-CGD5' 

the relative intensities are reversed. Likewise the intensity of the altered 29kb 

band is stronger with X-CGD51 than X-CGD. Hybridisation with X-CGD3'

must be a different 16kb band from the one detected by X-CGD5' since the 8kb 

band must physically intervene. The band pattern and sizes obtained with Kpn I 

were confirmed by running a short PFG, which is shown in Figure 4.6.

Digestion with Eco RI resulted in a somewhat confusing pattern which is 

illustrated in Figure 4.7. In normals and carriers probed with X-CGD, band
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Figure 4.5

Kpn I digests of normal, deleted and carrier DNA
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(a)-(c) Genomic DNA from PT (D), one female carrier relative (C) and two 
normal controls (N) was digested with Kpn I, separated on 0.8% agarose gels, 
transferred to nylon membrane and hybridised sequentially with X-CGD5' (a), 
X-CGD (b), and X-CGD3' (c). Size standards were lambda DNA digested with 
Hind III. Band sizes are in kb.

(d) Schematic representation of band sizes generated by Kpn I digestion of 
normal and PT DNA. All bands hybridise with X-CGD; bands marked with an 
* hybrid ise  with X -C G D 5 1, and those indicated by ** hybrid ise  with X-
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Figure 4.6

PFGE separation of normal, deleted and carrier DNA digested with Kpn I

N N D D C  N N D D C

High molecular weight DNA in agarose blocks, from EBV-transformed B cell 
lines from normal females (N), and PT (D), and from female carrier relative 
peripheral blood (C) was digested with Kpn I, separated by PFGE, transferred 
to nylon membrane and hybridised sequentially with X -CG D 5'(a) and X- 
CGD3'(b). Conditions for PFGE were 1% agarose, 150V (5.3V/cm), 5 second 
switch time, run length 20 hours. Size standards were lambda concatamers and 
lambda DNA digested with Hind III. Band sizes are in kb.
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Figure 4.7

Eco RI digests of normal, deleted and carrier DNA

D C N N D C N N D C N N

- 10.0 -

a

Genomic DNA from PT(D), one female carrier relative (C) and two normal 
controls (N) digested with Eco RI, separated on 0.8% agarose gels, transferred 
to nylon membrane, and hybridised sequentially with X-CGD5' (a), X-CGD
(b), and X-CGD3' (c). Size standards were lambda DNA digested with Himi
III. All band sizes are in kb.
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sizes are 10, 4.3, 2.95, 2.85, 2.5 and 2.3kb. PT only possesses the 4.3, 2.85 

and 2.5kb bands. The 2.95kb band is detected by X-CGD31 and is absent in 

PT, consistent with previous data. However X-CGD5' only detects the 10, 4.3 

and 2.5kb bands and not the 2.85kb band as would have been predicted if the 

deletion starts somewhere within X-CGD5'. Since PT lacks the lOkb band 

which is detected by X-CGD5' it is reasonable to suppose that the deletion must 

start somewhere within X-CGD5' and that there must be some other 

explanation for the apparent anomaly. Digests were also performed with Pst I 

and Sst I and again revealed altered band patterns in PT which were consistent 

with the above interpretation of the deletion (data not shown).

Another probe which had been isolated from a cosmid at the 3' end of the X- 

CGD gene was obtained from A.Monaco (ICRF). This consisted of two 

separate but very close probes pert55(l) and pert55(2), both of which were 

known to lie within 30kb of the 3' end of the gene. Both of these were 

hybridised to Southern blots of normal and PT DNA and both were absent from 

PT (Figure 4.8). This confirms that the deletion extends at least 30kb beyond 

the 3' end of the gene.

4.2.3. Extent of the deletion in PT.

The suggestion that most of the X-CGD gene is deleted in this boy is supported 

by the observation that poly A+ mRNA isolated from an EBV-transformed B 

cell line established from PT does not contain any X-CGD hybridising 

transcripts on Northern blot analysis (RJ Levinsky, ICH, personal commu

nication). Also, the cytochrome b 2 4 5  spectrum is absent in neutrophils from PT 

(A. Segal, U niversity College London, personal com m unication). No 

cytogenetic data was available on PT but he is known not to exhibit any other 

clinical abnormalities. In particular he does not express the McLeod red cell 

phenotype, which has been associated with deletions in other reported cases 

(Francke et al., 1985; Koussef, 1981; Frey et al., 1988; de Saint Basile et al.,
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Figure 4.8

Multiple enzyme digests of normal, deleted and carrier DNA demonstrating 
absence of pert55 (1) and (2) in PT
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Genomic DNA from PT(D), one female carrier relative (C) and two normal 
controls (N) was digested with the enzymes indicated, separated on 0.8% 
agarose gels, transferred to nylon membrane and hybridised sequentially with 
p e r t5 5 ( l )  (A) and p e r t5 5 (2 )  (B). No signal is seen  in any o f  the tracks  
containing PT DNA. Hybridisation of the same filter with X-CGD5' revealed 
signal in all tracks including PT (data not shown).
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Figure 4.9

Demonstration that DXS84 (p754) is present in PT

Pstl  Hindlll

N N C N N

Genomic DNA from PT(D), two female carrier relatives (C) and two normal 
controls (N), digested with the enzymes indicated, separated on 0.8% agarose 
gels, transferred to nylon membrane and hybridised with DXS84. In each panel 
there are similar bands in all tracks.
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1988). The closest available linked probe which lies telomeric to X-CGD is 

p754 (DXS784). Figure 4.9 shows a Southern blot of Pst I and Hind III 

digested DNA from controls, carriers and PT and demonstrates no differences 

between normals and PT, confirming that the deletion does not extend as far as 

DXS784. There are no probes available which lie between X-CGD and 

ornithine transcarbamylase (OTC) on the centromeric side, so it was not 

possible to define the extent of the deletion in the direction of the centromere.

4.3. CM Deletion

Another patient with a larger deletion involving the X-CGD gene was also 

identified during this study. This patient was known to have the McLeod 

syndrome in addition to CGD and was therefore very likely to have a deletion. 

This was confirmed by hybridisation of digested genomic DNA from the 

patient (CM) with X-CGD and X-CGD51, as illustrated in Figure 4.10. No 

signal was seen in the CM track with either probe. The same filter was 

hybridised with pert55(l), which was also absent, and DXS132 (cpX23) as a 

control; DXS132 is located in X ql2 and was present in CM. Both of these 

results are also shown in Figure 4.10.

The other most closely linked probes on either side of X-CGD are OTC on the 

centromeric side, and DXS784 (p754) on the telomeric side; both of these 

probes were found to be present in CM (Figure 4.11). The deletion in CM 

therefore encompasses the whole of the X-CGD gene and extends at least as far 

as the locus for McLeod syndrome.
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Figure 4.10

CM is deleted for the entire X-CGD gene

N N D N N D N N D  N N D

<

a

Genomic DNA from CM and a normal control, digested with Pst I, separated 
on a 0 .8%  agarose ge l, tran sfe rred  to nylon m em brane, and hybrid ised  
sequentially with X-CGD (a), X-CGD5'(b), pert55(l) (c) and DXS132 (d). No 
signal is seen in the track containing CM DNA in (a), (b) or (c), but normal 
signal is present in (d).
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Figure 4.11

The deletion in CM does not extend as far as DXS784 or OTC

N D

i
I * ' :  ?

b

G enom ic DN A from  CM and a norm al con tro l was d igested  with Pst I, 
sep ara ted  on a 0 .8%  agaro se  ge l, tra n s fe rre d  to nylon  m em brane and 
hybridised with OTC (a) and DXS784 (p754) (b). Identical band patterns are 
seen in the normal and CM containing tracks.

N D
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4.4. Discussion

Several patients have previously been described who have large cytogenetically 

detectable deletions involving Xp21 and complex clinical syndromes. One of 

these patients (BB) has DMD, McLeod red cell phenotype, X-CGD, and RP 

(Francke et a l., 1985). Another (NF) has DMD, X-CGD, and McLeod 

syndrome (Koussef, 1981). Material from these two patients was used to isolate 

the genes for DMD and X-CGD by positional cloning (Royer-Pokora et al. , 

1986). At the start of this study only two other patients with deletions had been 

described; one of these, OM, has no cytogenetic abnormality but has McLeod 

red cell phenotype in addition to X-CGD and shows no signal on hybridisation 

with X-CGD(T) (Frey et al. , 1988) and the other, SB, has X-CGD, McLeod 

syndrome and RP (de Saint Basile et al., 1988). It is clearly important to 

identify patients who have deletions underlying their disease as the resulting 

altered band patterns seen on Southern blots provide a method of prenatal 

diagnosis. If the X-CGD gene is totally deleted (ie. there is no signal at all with 

X-CGD cDNA) female carriers should be identifiable by a reduction in gene 

dosage compared with normal controls; if the deletion is detectable only by 

alterations in band patterns on Southern blots, carriers will show both the 

normal and the altered bands, as in the family of PT. The major significance of 

the detection of the deletion in both PT and CM is therefore that these families 

can be offered prenatal diagnosis and carrier detection even though the female 

family members are uninformative for both RFLPs.

It was not possible to define the extent and exact size of the deletion in PT for 

various reasons. Attempts to demonstrate band shifts on PFGE failed because 

no convincing bands were ever demonstrated in tracks containing PT DNA, 

whether hybridised with X-CGD or X-CGD5'. This may imply that PT 

possesses only a small segment of the 5' end of the X-CGD gene, which for 

some reason does not hybridise to large fragments of DNA. The data obtained 

from conventional Southern blotting after digestion with a number of different
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enzymes suggested that the deletion extends from somewhere within the first 

500bp of the 5' end of the gene to beyond the 3' end of the gene and in to the 

3' untranslated region. The band patterns seen on hybridisation with the X- 

CGD and X-CGD51 probes in PT were almost always identical, supporting the 

above inference. However, there was one exception to this, in the case of 

Eco RI digestion. In both normals and in PT there is a 2.85kb band which is 

detected by X-CGD. This band is not detected by X-CGD5'. Another band, of 

lOkb, which is detected by X-CGD5', is deleted in PT. There is no logical 

explanation for this since PT lacks the lOkb band and therefore everything 

downstream of this, which should include any bands which are seen by X-CGD 

but not X-CGD5'. A possible explanation may relate to the observation that 

there are often marked variations in the intensity of the signal from the same 

bands when hybridised with X-CGD or X-CGD5'. For example, in Figure 4.1, 

the intensity of the llk b  and 0.9kb bands relative to the 7.2kb band is much 

greater with X-CGD5' than X-CGD. Similarly, after Eco RI digestion, the 

4.3kb band is relatively more intense with X-CGD5 1 than X-CGD, when 

compared with other bands. This presumably relates to the proportion of 

sequence within the probe which is specific to the band in question. If there is 

only a short section of complementary sequence the signal may be diminished 

when using the total cDNA because of a relatively lower concentration of 

specific sequence than in the 5' only probe. On Kpn I digestion the 16kb band 

is much stronger with X-CGD than with X-CGD5', but this is because there 

are two superimposed bands seen by X-CGD, one of which is also detected by 

X-CGD3'. This does not satisfactorily explain the apparent anomaly of the 

2.85kb band seen after Eco RI digestion since it is present with X-CGD but not 

X-CGD5'. With the available information it is not possible to explain the lack 

of hybridisation with X-CGD5' other than by postulating that for some reason 

the signal is so weak as not to be evident. The possibility of the 2.85kb band 

being due to plasmid contamination is unlikely as identical band patterns were 

seen on two separate gels and this band was not detected by X-CGD31.
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The hypothesis that PT is deleted for most of the X-CGD gene is supported by 

the lack of any X-CGD mRNA on Northern blots and the lack of the spectrum 

of cytochrome b 2 4 5  (although most patients affected by X-CGD lack the 

cytochrome b 2 4 5  spectrum). The presence of normal hybridisation signal with 

DXS784 and the fact that PT is known not to have either OTC deficiency or 

McLeod red cell phenotype narrows the extent of the deletion; the absence of 

signal with pert55 implies that the deletion extends at least 30kb beyond the 3' 

end of the gene. The size of the genomic DNA containing the X-CGD gene is 

about 30kb (Skalnik et al. , 1991), so the deletion must extend to 60kb or more. 

At the time that this work was performed, the deletion in PT was the smallest 

yet described; a schematic representation of Xp21 incorporating the loci for 

DMD, McLeod syndrome, X-CGD, RP, and OTC is shown in Figure 4.12 

with a summary of the deletions reported before this study, and including the 

two deletions described here.

The failure to detect any obvious deletions in other patients, using PFGE is 

perhaps not surprising in the light of the apparently low frequency of deletions 

observed in patients with this disease. In addition small intragenic deletions of 

the order of a few kilobases might well be missed by this technique and might 

be more reliably detected on conventional Southern blots.
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Figure 4.12

Schematic map of Xp21.

OTC RP X-CGD McL

t
OTC X-CGD 754

DMD
Telomere

BB

NF

OM/CM

SB

PT

The relative positions of X-CGD, ornithine transcarbamylase (OTC), retinitis 
pigmentosa (RP), McLeod red cell phenotype (McLeod) and Duchenne 
muscular dystrophy are shown, with sites of polymorphic probes indicated in 
italics. The extent of other large deletions is shown below. See text for refer
ences to each deletion.
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5. RESULTS m : HYBRID AND DELETION CELL LINE MAPPING

Several cell lines are available which are characterised by breakpoints in the 

region around the locus for X-linked severe combined immunodeficiency (X- 

SCID). These are potentially useful in efforts to identify and isolate the gene 

for X-SCID. One is a somatic cell hybrid line (AnLy) containing Xql3-qter as 

the only human material, on a mouse (Rag) background; this is derived from a 

female manifesting X-linked hypohidrotic ectodermal dysplasia (XED), who 

has a balanced X/9 translocation (Zonana et al., 1988a). The breakpoint in this 

translocation probably interrupts the gene for XED, which maps to Xql2-13 

(Zonana et al. , 1988b) just proximal to X-SCID. In the affected female the only 

cells which survive are those in which the normal X chromosome has been 

inactivated, presumably because inactivation of the translocated X chromosome 

is also associated with inactivation of chromosome 9 and is therefore lethal to 

those cells. Since she m anifests XED it is likely that the translocation 

breakpoint interrupts the XED gene. The other potentially useful line is an 

EBV-transformed B cell line derived from a boy (NP) with choroideremia, cleft 

lip and palate, agenesis of the corpus callosum and severe mental retardation, 

and has a deletion involving Xq21.1-21.33 (Tabor et al., 1983). This line is 

deleted for DXS72, which is closely linked to X-SCID (de Saint Basile et a l., 

1987; Puck et a l., 1991) but NP does not suffer from immunodeficiency. The 

breakpoint therefore provides a distal flanking marker for X-SCID.

5.1. Confirmation of cell line identities

Many of the probes to be used for pulsed field mapping of the region Xql2-21 

had already been localised to different subregions using these and other cell 

lines (Cremers et al. ,1988). In order to confirm that the cell lines we had 

obtained had not undergone any rearrangements and were indeed the correct 

lines, Southern blots were prepared after digesting DNA from each line with 

various restric tion  enzymes and hybridised with a num ber of probes.
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Figure 5.1

Confirmation of identity of AnLy and NP cell lines

>» o> J  
< 0 c CC <
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CO C  0Loc < z  z

a DXS132 b DXS131 c DXS72

Genomic DNA from the cell lines AnLy and NP, normal human control (N) 
and Rag (AnLy rodent parent) was digested with Pst I (a) and (b) or Taq I (c), 
separated on 0.8% agarose gels, transferred to nylon membrane and hybridised 
with the probes shown. DXS132 is absent from AnLy; DXS131 is present in 
both AnLy and NP; several Rag-specific bands are also seen in the tracks 
containing Rag and AnLy DNA; DXS72 is absent from NP.
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Representative results are shown in Figure 5.1, which confirms absence of 

DXS132 from AnLy and absence of DXS72 from NP, as would be predicted, 

and presence of DXS131 on both lines. Control tracks containing normal 

human DNA and Rag DNA are included in all cases. These results, in 

combination with a number of others which are not shown but are summarised 

in Table 5.1 imply that the identity of the cell lines was correct.

5 .2 . Localisation of unmapped probes in relation to AnLy and NP 

breakpoints

Several probes were obtained which had not been mapped on the cell lines. 

These were DXS55 and DXS91, which had been assigned to Xql3-21 in 

Human Gene Mapping (HGM) 9 (Davies et al., 1987) and were therefore 

po ten tia lly  of use in physical mapping o f the reg ion . DXS91 is also 

polymorphic and would also be useful for linkage analysis in X-SCID families. 

Southern blots with DNA from both cell lines were hybridised with DXS55 and 

DXS91 and the results are shown in Figure 5.2. Both probes are present in 

both AnLy and NP and were therefore initially assigned to the region between 

the two breakpoints. This has, however, since been revised for DXS91 in the 

light of further information from HGM10 (Mandel et al. , 1989) (see below).

5.3. Revision of localisation of DXS135

DXS135 is a polymorphic probe which was assigned to the region distal to the 

AnLy breakpoint by Cremers et al. (1988). In the course of confirming cell 

line identity and localisation of all the probes to be used for physical mapping, 

DXS135 was found to be absent from AnLy, as shown in Figure 5.3. In view 

of the discrepancy between this and the result published by Cremers et al. , the 

hybridisation was repeated several times using AnLy DNA obtained from F. 

Cremers (University of Nijmegen, Netherlands). The identity of DXS135 

(which had originally been obtained from the same source) was also checked by 

hybridising genomic DNA which had been digested with Eco RI/Pst I, used
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Figure 5.2

L o ca lisa tio n  o f DXS55 and  DXS91 r e la tiv e  to  th e  AnLy an d  NP 
breakpoints

S’ £  0. o >  - J  
CO coc < z  z oc <

L f F l  ■
*  ~ « 1 i

t

DXS55 DXS91

Genomic DNA from the cell lines AnLy and NP, normal human control (N) 
and Rag (rodent parent of AnLy) was digested with Pst I, separated on 0.8% 
agarose gels, transferred to nylon membrane and hybridised with DXS55 and 
D X S 91 . Both probes are shown to be p resen t in both o f the cell lines. Both

grobes also detect faint bands which are comm on to both Rag and human 
>NA.
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Figure 5.3

Reassignment of DXS135 to the region proximal to the AnLy breakpoint

>»
K <

Genomic DNA fron the cell lines AnLy and Rag, normal human control (N) 
and Rag (rodent parent of AnLy) was digested with Pst I, separated on an 0.8% 
agarose gel, transferred to nylon membrane and hybridised with DXS135. No 
human-specific band is present in the track containing AnLy DNA, although a 
Rag-specific band is seen.
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to prepare DXS135, and confirming the correct band size (400bp). On 

contacting Dr. F. Cremers, he was unable to substantiate his previous result 

and we concluded that it was an error. The assignment of DXS135 is therefore 

to Xql2-13, proximal to the AnLy breakpoint.

TABLE 5.1

Summary of hybrid and deletion cell line mapping

Probe Normal AnLy NP

DXS133 (cpX30) 
DXS153 (cX37.1)

+
+

- +
+

DXS159 (cpX289) + - +
DXS106 (cpX203) + - +
DXS132 (cpX23) + - +
DXS135 (cpX93) + - +

DXS131 (cpX21) 
DXS162 (cX48.7)

+ + +
+ + +

DXS55 (stlO) + + +
DXS325 (QST24) + + +
DXS347 (pRX87) + + +
DXS441 $RX214) + + +

PGK1 (pSPT-PGK) + + +

DXS447 (pRX404) + + .

DXS72 (pX65H7) + + -

*(DXS91(pXG17) + + +)*

AnLy

MNK

NP

AnLy, NP, and MNK indicate breakpoints in cell lines. 
* DXS91 was later reassigned to Xq24
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5.4 Discussion

Analysis of hybrid and deletion cell lines for presence or absence of probe 

sequences allows ordering of probes relative to each other. In combination with 

each other, cell lines can also be used to narrow the physical assignment of 

various disease genes. This has been perform ed for XED and for 

choroideremia, and the gene for choroideremia has now been isolated (Cremers 

et al., 1990). X-SCID is thought to lie in the interval between the AnLy 

breakpoint proximally, and the NP breakpoint distally, since the four probes 

which show no recombination with X-SCID lie in this interval. At present the 

proximal flanking probe is DXS132, which is absent from AnLy, and the NP 

breakpoint provides the distal flanking marker. Localisation of probes within 

this region implies that they may be useful in long range physical mapping of 

the area; the higher the density of probes in the region of interest, the more 

likely it is that physical linkage will be achieved. DXS55 is therefore of interest 

for physical mapping, in addition to those probes which had already been 

localised to the region. DXS91 was thought to lie in the same interval, on the 

basis of its assignment to X ql3 in HGM9 (Davies et a l., 1987) and its 

presence on AnLy; however, it has now been reassigned to Xq24 in HGM10 

(Mandel et al. , 1989) and therefore lies much too far distal to be of any 

relevance here.

DXS135 was also thought to lie distal to the AnLy breakpoint, but as a result of 

this study it has been reassigned to the interval proxim al to the AnLy 

breakpoint. In combination with PFGE mapping data discussed in the next 

chapter this makes DXS135 the closest proximal flanking probe to X-SCID. 

Unfortunately, although DXS135 is polymorphic, the allele distribution 

(0.98/0.02) is such that very few families are informative and it is therefore of 

very limited use in linkage studies.
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As the long range physical map of the region containing the gene responsible 

for X-SCID becomes more complete and as more linkage data becomes 

available, probes which are very tightly linked to X-SCID may be found to 

detect altered bands in the NP cell line, which will help to map the gene 

relative to the breakpoint.

Another approach which may be useful is the analysis of X chromosome 

irradiation hybrids (Benham et al., 1989) which contain small fragments of X 

chromosome of the order of l-10Mb in size; these are useful for fine mapping 

of closely linked probes which may be difficult to link physically using PFGE 

(see section 1 .2 .5.4).



6. RESULTS IV: PHYSICAL MAPPING BY PFGE 

IN THE REGION Xql2-21

6.1. Approach taken to mapping a large region of the X chromosome.

At the start of this work the gene for X-SCID had been localised to Xqll-13 by 

family linkage studies (de Saint Basile et al. , 1987), the flanking markers being 

DXS159 proximally and DXS72 distally (as defined by absence of DXS72 on 

the cell line NP). No recombination had been demonstrated with PGK1. The 

long term aim of this project is to identify, isolate and characterise the gene 

responsible for X-SCID. As an initial strategy to define the size of the region 

more accurately, and perhaps to identify any CpG islands associated with very 

closely linked probes, it was decided to attempt long range physical mapping 

by PFGE.

The size of the region containing the flanking markers is extremely large, of 

the order of 20Mb, based on cytogenetic estimates, and physical mapping with 

such a low density of probes is unlikely to be successful. The early part of the 

project therefore involved obtaining new probes which mapped to the region, 

both polymorphic and non-polymorphic, characterising them, and establishing 

optimal hybridisation conditions for them. Many of the probes which we 

obtained mapped to the region proximal to the AnLy breakpoint (Xql2) but 

close to DXS159. Only a small number of probes were available which mapped 

further distally. As the work has proceeded, further linkage information in new 

families and using additional polymorphic probes, has become available (Puck 

et al. , 1989, 1990) and it has become apparent that X-SCID is probably located 

further distally than was originally thought, in Xql3-21. Much of the physical 

mapping data presented here is therefore not directly relevant to X-SCID, but 

will be of value in the search for other more proximally located genes such as 

XED. Figure 6.1 demonstrates the approximate chromosomal locations of the
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Figure 6.1

X-chromosomal localisations of probes used for PFGE, and approximate 
positions of XED and X-SCID
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probes used in this study and their relationships to XED and X-SCID, and a 

summary of the characteristics of all the probes may be found in Appendix 1.

It was also necessary to determine optimal PFGE running conditions for 

separation of various size ranges of DNA, in particular for the very long runs 

to separate large fragments up to 5Mb. Even when apparently good conditions 

had been determined for clear separations in the large size ranges, there was 

considerable variation in the quality of separations despite identical conditions. 

This meant that only a proportion of the gels produced clear bands in these 

ranges. Similarly, even for shorter runs the quality and reproducibility of clear 

separation could not always be guaranteed (see section 6.4 for more discussion 

of PFGE). It was also found that for large DNA fragments, the number of 

sequential hybridisations of the same filter was limited to three or four. If two 

or more probes detected identically sized fragments after digestion with one or 

more restriction enzymes, and physical linkage was suspected, this was always 

confirmed by sequential hybridisation of the same filter and by repeating the 

same runs at least twice. In some of these instances further proof of linkage 

was obtained by double enzyme digestion. In some cases probes detected 

similar fragments which could not be distinguished but physical linkage was 

known to be impossible because of other data available from hybrid and 

deletion mapping.

Throughout the study normal human female peripheral blood was used as a 

source of DNA. A 4X cell line (LCL127) was available for use if low signal 

levels were a problem. However this was not found to be the case, and since 

the level of methylation of DNA in cell lines may differ from that in peripheral 

blood, it was thought to be more appropriate to restrict the analysis to one 

consistent source.
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6.2. Physical mapping by PFGE proximal to the AnLy breakpoint.

The probes which were known to map proximal to the AnLy translocation 

breakpoint and which were available to us were DXS159, DXS133, DXS153, 

DXS132, DXS106, and DXS135 (reassigned from its previous position distal to 

the breakpoint). Of these DXS133 is the only non-polymorphic probe, although 

DXS135 is informative in only about 3% of females, and therefore effectively 

non-polymorphic. All of these probes were used in physical mapping studies 

and, with the exception of DXS106, all produced clear consistent band sizes. 

On no occasion did hybridisation with DXS106 result in a convincing band, 

except once when the band was subsequently shown to be an artefact (see 

section 6.2.3). A summary of PFGE fragment sizes detected with these probes 

after digestion with a variety of rare cutting restriction enzymes is presented in 

Table 6.1. Bands linking various probes are indicated by common symbols in 

the table. Further discussion and illustration of each group of linked probes 

follows below.

6.2.1. Physical linkage of four probes on a common Mlu I fragment

The restriction enzyme Mlu I generates a large 2.9Mb fragment detected by 

four different probes, DXS159, DXS153, DXS132, and DXS135. This is 

illustrated in Figure 6.2. DXS159 and DXS153 were sequentially hybridised to 

the same filter, while DXS132 and DXS135 were hybridised to filters prepared 

from different parts of the same gel. Confirmation that the four probes do 

indeed detect the same sized Mlu I fragment was provided by hybridisation to 

other filters (see section 6 .2 .2 ).
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Figure 6.2

DXS159, DXS153, DXS132, and DXS135 detect sim ilar 2.9M b Mlu I 
fragments

DXS159 DXS153 DXS132 DXS135

SC SC SC

Normal female DNA in agarose blocks digested with Mlu I (duplicate tracks), 
separated by PFGE, transferred to nylon membrane and hybridised with the 
probes indicated. Conditions for PFGE were: 1% agarose, 50V (1.4V /cm ), 
switch time 1800 seconds, run length 140 hours. LM: lim iting m obility; size 
markers: Saccharomyces cerevisiae (SC) (YP148); band size in Mb. All four 
probes detect a similar 2.9Mb band. DXS159 and DXS153 were hybridised to 
the same filter. DXS132 and DXS135 were hybridised to filters made from a 
different part of the same gel.
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6.2.2. DXS133 detects different Mlu I fragments

The 2.9Mb band common to DXS159, DXS153, DXS132, and DXS135 is 

again demonstrated in Figure 6.3(a). In this case DXS135 and DXS153 

were hybridised to the same filter, as were DXS159 and DXS132. DXS133 

is shown in the same figure to detect two larger Mlu I fragments, one of 

3.3Mb and a 4.2Mb partial digestion product. These two large fragments 

are shown again, for confirmation, in Figure 6.3(b). At this point it is not 

possible to orientate DXS133 on the X chromosome with respect to the 

group of four linked probes.

6.2.3 A 3.9Mb Mlu I fragment detected by DXS106 is an artefact

As mentioned above (section 6.2), DXS106 could not be demonstrated on 

any clearly defined bands after digestion with any o f the restric tio n  

enzymes used in this study. At one point there appeared to be an exception 

to this, as illustrated  in F igure 6.4. This shows a large 3.9M b band 

detected by DXS106 after digestion with Mlu I. This band was extremely 

strong, appearing on the autoradiograph after only an overnight exposure, 

which was quite unusual. Another suspicious feature was the presence of 

strong hybridisation signal at the bottom of the filter, well below the the 

position of the smallest DNA fragments on the gel in question. When the 

same filter was hybridised with DXS55, exactly the same bands appeared, 

again very quickly. Initially it seemed that DXS106 and DXS55 could be 

linked physically on a 3.9Mb band. Since they lie on different sides of the 

AnLy breakpoint this would have been of considerable in terest, as the 

breakpoint is thought to interrupt the gene responsible for XED. But when 

DXS347 also produced the phenom enon, again w ith very  rapid 

development of signal, it became less likely. Further work with DXS55 

and DXS347 resulted in demonstration of genuine Mlu I bands of 950kb 

and 3.3Mb respectively (see section 6.3.1). When DXS106 was hybridised
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Figure 6.3(a)

DXS133 detects different Mlu I fragments from DXS159, DXS153, DXS132, 
and DXS135.

DXS135 DXS133 DXS153 DXS159 DXS132

Normal female genomic DNA in agarose blocks digested with Mlu I (duplicate 
tracks), separated by PFGE, transferred to nylon membrane, and hybridised with 
the probes indicatedf. Conditions for PFGE were 0.6% agarose, 50V (1.4V/cm), 
switch time 2000 seconds, run length 120 hours. LM: limiting mobility. Size 
markers: H. wingei and S. pombe. Band sizes in Mb. DXS133 detects a 3.5Mb 
fragment and a 4 . /Mb partial product, distinct from the 2.9Mb band detected by 
DXS159, DXS153, DXS132, and DXS135.
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Figure 6.3(b)

Confirmation of the two large Mlu I fragments detected by DXS133

DXS133

Normal female DNA in agarose blocks digested with Mlu I (duplicate tracks), 
separated by PFG E , transferred  to nylon m em brane and hybridised with 
DXS133. Conditions for PFGE were 0.6% agarose, 50V (1.4V/cm), switch time 
1800 seconds, run length 120 hours. LM: limiting mobility. Size markers 
H. wingei and S. pombe. Band sizes in Mb. The two bands of 3.5 and 4.7Mb 
seen in Figure 6.2(a) are again demonstrated.
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Figure 6.4

A 3.9Mb Mlu I band detected by DXS106, DXS55 and DXS347 - which is an 
artefact

*

- 3 .9

DXS55 DXS347 DXS106

Normal female genomic DNA in agarose blocks digested with Mlu I, separated 
by PFG E , transferred  to nylon m em brane and hybrid ised  w ith  the probes 
indicated. Conditions for PFGE were 0.6% agarose, 50V (1 .4V /cm ), switch 
time 2000 seconds, run length 120 hours. Size markers H. wingei and S. pombe. 
Band size in Mb. The 3.9Mb fragment demonstrated was thought to be due to

Elasmid contamination, as subsequent analyses revealed different band sizes for 
>XS55 and DXS347. The strong hybridisation signal at the bottom of the filter 
is well beyond the limit of DNA migration seen on ethidium bromide staining of 

the gel.
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to other Mlu I filters no convincing bands were ever seen. The strong signal seen 

at the bottom of the filter was thought to be caused by plasmid contamination, 

but no adequate explanation could be found for the apparent large band.

6.2.4. Linkage of two separate groups of probes on Nru I fragments.

Having established that DXS159, DXS153, DXS132 and DXS135 lie 

within 2.9Mb of each other and that DXS133 is separated from them by at 

least one Mlu I site, further digests were performed using other enzymes to 

generate smaller fragments and attempt to order them with respect to each 

other. Although DXS133 lies on a different Mlu I fragment from DXS159 

and DXS153, all these three probes share a common Nru I band of 500kb. 

which is demonstrated in Figure 6.5. Also shown are Nru l/M lu  I double 

digests hybridised with the same three probes. DXS133 detects an altered 

band of 150kb after double digestion, while DXS159 and DXS153 share a 

350kb altered band. This confirms that the two large Mlu I fragments are 

contiguous with each o ther (ie. there is only one Mlu I site between 

DXS133 and DXS159/DXS153). DXS132 and DXS135 were separated 

from DXS159 and DXS153 by detecting different Nru I bands, illustrated 

in Figure 6 . 6 (a) and (b). One band of 325kb and a 1.0Mb partial product 

are clearly shown in panel (a), although the two probes were hybridised to 

different parts of the same filter. Panel (b) shows identical bands seen 

when the two probes were hybridised to the same filte r although in this 

case the separation is not optimal for these band sizes. DXS159 is included 

for comparison in panel (a) and clearly detects a different band of 500kb. 

Using the information from Mlu I and Nru I the order of these 5 probes 

with respect to each other can be deduced to be DXS133- 

[DXS159,DXS153]-[DXS132,DXS135], although from this data alone the 

orientation on the X chromosome still cannot be inferred.
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Figure 6.5

Linkage of DXS133, DXS159 and DXS153 on a common Nru I fragment

DXS133 DXS159 DXS153

•  • •  •

•  t

N N/M N N/M N N/M

- 5 0 0

- 3 5 0

Q
—150

Normal female genomic DNA in agarose blocks digested with Nru I, separated 
by PFG E , tran sfe rred  to nylon m em brane and hybrid ised  with the probes 
indicated. Conditions for PFGE were: 1% agarose, 160V (5.7V /cm ), switch 
time 80 seconds, run length 40 hours. LM: limiting mobility. Size markers S. 
cerevisiae (YP148). N: Nru I, M: Mlu I. All band sizes in kb. All three probes 
detect a common 500kb Nru I fragment. DXS133 detects a 150kb Nru l/Mlu I 
band while DXS159 and DXS153 detect a 350kb double digest product.
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Figure 6.6

DXS132 and DXS135 detect common Nru I fragments which are different 
from those detected by DXS159, DXS153, and DXS133

DXS159 DXS132 DXS135 DXS132 DXS135

-1000

-  LM

— 1000

•  ^  ♦ -< 5 0 0

500-  • •  # * 0  •  •  •  - 32S

1

<
Na Nr Na Nr

Normal female genomic DNA in agarose blocks digested with Nru I, separated 
by PFGE, tran sfe rred  to nylon m em brane and hybrid ised  with the probes 
indicated. All band sizes are in kb.

(a) DXS132 and DXS135 detect similar fragments of 325kb and lOOOkb, while 
DXS159 is shown for comparison on a different 500kb fragment. DXS132 and 
DXS135 were hybridised to different parts o f the same filter. DXS159 was 
hybridised to the same part as DXS135. Conditions for PFGE were 1 % agarose, 
120V (4.3V/cm ), switch time 180 seconds, run length 66 hours. Size markers 
S. cerevisiae (YP148).

(b) DXS132 and DXS135 are shown again on sim ilar sized fragm ents for 
confirmation. PFGE conditions were 1% agarose, 120V (4.3V/cm), switch time 
240 seconds, run length 51 hours. Size markers S. cerevisiae (YP148). Nar I 
digests are also shown on the same gel, and generate different fragments with the 
two probes. Na: Nar I; Nr: Nru I.
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Figure 6.7

DXS133, DXS159, and DXS153 also detect similar Sac II fragments

DXS133 DXS159 DXS153 DXS132

I I %  « -  LM

- 5 0 0
- 4 2 0

- 2 8 0

Normal female genomic DNA in agarose blocks digested with Sac II, separated 
by PFGE, transferred to nylon membrane and hybridised with the probes shown. 
PFGE conditions were 1% agarose, 190V (6 .8v/cm ), switch time 50 seconds, 
run length 22 hours. Size markers S. cerevisiae (YP148). All band sizes are in 
kb. DXS133, DXS159, and DXS153 detect a similar sized 500kb band, with a 
280kb band also detected by DXS133 and DXS159. DXS132 is shown on a 
different 420kb fragment for comparison. The four panels shown are all different 
parts of the same filter.
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6.2.5. Sac II and Sfi I digestion confirm physical linkage of DXS133, DXS159 

and DXS153.

As further evidence of physical linkage of these three probes, band sizes 

common to DXS133, DXS159 and DXS153 were also seen after digestion with 

Sac II and Sfi I. The 500kb Sac II bands are shown in Figure 6.7, which also 

includes a panel hybridised with DXS132 demonstrating a 420kb band for 

comparison. DXS132 is thus separated from the group of three by a Sac II site. 

Figure 6 . 8  shows the same filter hybridised sequentially with DXS133, DXS159, 

and DXS153 and includes digests with Sac II, Sfi I and Nru I. The bands in the 

Sfi I tracks are rather blurred, but the pattern seen with all three probes is the 

same and was also seen on several other Sfi I filters. Taken in conjunction with 

the data from Nru I and Sac II the linkage of these three probes on Sfi I 

fragments is probably genuine.

6.2.6. Ordering of DXS135 and DXS132 using BssH  t!  digests.

DXS135 was separated from DXS132 as a result of hybridisation with BssH II 

digested DNA. DXS135 lies on a 200kb band and a 300kb partial, while 

DXS132 detects a 400kb band and a 560kb partial. These are shown in Figure 

6.9, where DXS159 is also shown hybridising to the same sized fragments as 

DXS132. Figure 6.10 shows DXS133, DXS159 and DXS153 hybridised with 

BssH II digested DNA; in this case all three probes detect the same 560kb partial 

product, but DXS133 detects a small 160kb band while DXS159 and DXS153 

detect a 400kb band. There is, therefore, a single BssH II site, which cuts 

incompletely, separating DXS133 from DXS159 and DXS153. Double digests 

using BssH II and Mlu I resulted in no alterations in the sizes of the fragments 

generated. This was unexpected, in the light of the Nru 1/Mlu I double digest 

results (Figure 6.5). The same Mlu I site would be expected to reduce the size of 

the BssH II fragments, as for the Nru I fragments. Several attempts were made 

to repeat this result, but unfortunately were hampered by technical problems, 

with failure of digestion by BssH II.
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Figure 6.8

DXS133, DXS159 and DXS153 detect similar fragments after digestion with
Sac II, Sfi I, and Nru I

DXS133 DXS153 DXSI59

• ' I l i i -
Sa Sf Nr Sa Sf Nr Sa Sf Nr

Normal female genomic DNA in agarose blocks digested with the enzymes indi
cated, separated by PFGE, transferred to nylon membrane and hybridised with 
the probes indicated. Conditions for PFGE were 1 % agarose, 140V (5V/cm), 
sw itch tim e 180 seconds, run length 65 hours. Size m arkers S. cerevisiae  
(YP148). All band sizes in kb. Sa: $ac II; Sf: Sfi I; Nr: Nru I. The three probes 
detect similar fragments with all three enzymes.
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Figure 6.9

Or dering of DXS159, DXS132 and DXS135 with BssH  II digests

DXS159 DXS132 DXS135

Normal female genomic DNA in agarose blocks digested with BssH II, separated 
by PFG E , transferred  to nylon m em brane and hybrid ised  w ith the probes 
indicated. PFGE conditions: 1% agarose, 120V (4 .3V /cm ), switch time 180 
seconds, run length 66 hours. Size markers S. cerevisiae  (YP148). All band 
sizes in kb. DXS159 and DXS132 detect similar bands of 400 and 560kb, while 
DXS135 detects different bands of 200 and 300kb.
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Figure 6.10

Ordering of DXS133 with respect to DXS159 and DXS153 by BssH  II 
digests.

DXS133 DXS159 DXS153
»

-560

-4 0 0

-160

Normal female genomic DNA in agarose blocks digested with BssH II, separated 
by PFGE, transferred  to nylon m em brane and hybridised with the probes 
indicated. Conditions for PFGE: 1% agarose, 160V (5V/cm), switch time 80 
seconds, run length 40 hours. Size m arkers S. cerevisiae (YP148). All band 
sizes are in kb. All three probes shown detect the same 560kb partial product; 
DXS133 detects a small band of 160kb, while DXS159 and DaS153 detect a 
small band of 400kb.
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The separation of DXS135 from DXS132, DXS153 and DXS159 on different 

BssH II fragments allows ordering of the five probes as follows DXS133- 

[DXS159,DXS153]-DXS132-DXS135, but the orientation on the X chromosome 

is still not possible on the basis of this data alone.

6.2.7. DXS133 and DXS159 are also linked on an Nae I  partia l digestion 

product.

Figure 6.11 shows DXS133 and DXS159 hybridised to Nae I digested DNA (the 

same filter). Both probes detect a 680kb partial product; DXS133 detects a small 

220kb band and DXS159 a 460kb band, so there must be a single, incompletely 

cutting, Nae I site between the two probes.

6.2.8. No evidence of physical linkage on Nar I fragments.

Although with most other enzymes tested there was linkage between several of 

these five probes, digestion with Nar I resulted in recognition of separate 

fragments by the four probes for which results were obtained, as shown in 

Figure 6.12.
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Figure 6.11

DXS133 and DXS159 are linked on an Nae I partial product

DXS159 DXS133

-6 8 0

•  .  - « o

00 - 2 2 0

Normal female genomic DNA in agarose blocks digested with Nae I, separated 
by PFG E, transferred  to nylon m em brane, and hybridised with the probes 
indicated. PFG E conditions: 1% agarose, 120V (4 .3V /cm ), switch time 180 
seconds, run length 60 hours. Size m arkers S. cerevisiae  (YP148). All band 
sizes are in kb. Both DXS133 and DXS159 detect a partial product of 680kb, but 
are separated on smaller bands of 220kb and 460kb respectively.

149



Figure 6.12

Separation of DXS133, DXS153, DXS132, and DXS135 on different Nar I 
fragments

2  W N V)w <o w w
1-H i-H
C f l  < / i  ( / )  C /3
*  x  X Xo  q  a  q

2 8 5 -
200-

- 3 2 5
^275

Normal female genomic DNA in agarose blocks digested with Nar I, separated 
by PFGE, transferred to nylon m em brane, and hybridised with the probes 
indicated. PFGE conditions: 1% agarose, 120V (4.3V/cm ), switch time 180 
seconds, run length 70 hours. Size m arkers S. cerevisiae (YP148). All band 
sizes are in kb. DXS133, DXS153 and DXS132 are definitely on different sized 
fragm ents; DXS132 and DXS135 may detect a common partial product of 
325kb, but the small DXS132 band is too small to measure on this separation.
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6.3. Physical mapping by PFGE distal to the AnLy breakpoint.

As indicated in section 6.1 it was only possible to obtain a small number of 

probes distal to the AnLy breakpoint in the early part of this study. A number 

of probes mapped to the right region but proved difficult to acquire. However, 

towards the end of the work, new linkage data became available which 

indicated that there were three polymorphic probes in addition to PGK1 which 

showed no recombination with X-SCID in 20 families in the US (Puck et al. , 

1990). These three probes (DXS325, DXS347, and DXS441) were obtained 

and also another (DXS447) which is absent from the NP cell line but lies 

proximal to DXS72, so is the new distal flanking marker for X-SCID. A total 

of seven probes, mapping to the in terval between the AnLy and NP 

breakpoints, which contains the locus for X-SCID, have been used in this 

study; details can be found in Appendix 1. The mapping data is very 

preliminary since only a small number of the available enzymes have been used 

so far. In addition to attempting to link these probes physically it will be 

important to identify any CpG islands which may be associated with them. A 

summary of the PFGE data in this region is presented in Table 6.2.
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TABLE 6.2

PFGE Mapping in Xql3-21 (distal to the AnLy breakpoint)

Probe BssR II Mlu I Nar I Nru I Sac n Sal I Sfi I

DXS55 400 950 490

DXS131 2 2 0

340
500 125

340
2 1 0

700
75
180
250

480
580
660

2 0 0

500
650

DXS162 750 485

DXS325 750 3.3Mb 280

DXS347 3.3Mb

DXS441 1.3Mb 3.3Mb 760

PGK1 180
300

1.0Mb
1.5Mb

2 1 0 275 175
300
400

440
715
800
925

150
2 2 0

275
325
440

N

DXS447 ?3.3Mb 150

DXS72 300 725
825

600

All band sizes are in kb, unless indicated as Mb.
NP: breakpoint in NP cell line (Tabor et al. , 1983).
MNK: breakpoint in Menke cell line (Verga et al. , 1991).
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6.3.1. Non-overlapping Mlu I fragments of 6 Mb

The probes within the interval between the two breakpoints detected several 

separate Mlu I fragments. One large 3.3Mb fragment was detected by DXS325, 

DXS347 and DXS441, none of which have so far shown any recombination 

with X-SCID. This is illustrated in Figure 6.13. PGK1, which has also shown 

no recombination with X-SCID, is located on a separate 1.0Mb Mlu I fragment 

and a 1.5Mb partial product, shown in Figure 6.14(a), which also includes a 

band detected by DXS131, but too small for size estimation. The 1.5Mb 

partial was only seen on one gel, but was present in all twelve tracks and 

therefore likely to be genuine. Subsequent digestions with Mlu I resulted in 

only the 1.0Mb band on hybridisation with PGK1 as shown in Figure 6.14(b). 

DXS447, which is located distal to the NP breakpoint, detects an Mlu I band of 

3.3Mb which is similar in size to that detected by DXS325, DXS347, and 

DXS441. However, these two bands must be different since PGK1 is known to 

lie distal to DXS325, DXS347 and DXS441, from recently published hybrid 

mapping data (Lafreniere et al. , 1991), and is therefore located between these 

probes and DXS447.

Different Mlu I bands were also detected by DXS131 (500kb), DXS162 

(750kb) and DXS55 (950kb), which are all illustrated in Figure 6.15. This 

figure also includes PGK1, showing a band which is similar in size to that 

detected by DXS55. This has not been followed up further but these two probes 

may be physically linked on the same Mlu I fragment. This could be confirmed 

by generating the 1.5Mb partial product again and/or by suitable double 

enzyme digests. The total area covered by non-overlapping Mlu I fragments 

between the AnLy and NP breakpoints is 6.05Mb (or 7.05Mb if PGK1 and 

DXS55 are on different fragments).
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Figure 6.13

(a) Physical linkage of DXS325, DXS347 and DXS441 on a 3.3Mb Mlu I 
fragment

(b) Demonstration of a large Mlu I fragment detected by DXS447

DXS347 DXS441 DXS325 DXS447

HW

Normal female genomic DNA in agarose blocks digested with Mlu I, separated 
by PFG E , transferred  to nylon m em brane, and hybridised with the probes 
indicated, Conditions for PFGE: 0.6% agarose, 50V (1.8V /cm ), switch time
(a) 2000 seconds, (b) 1800 seconds, run lengths 140 hours each. All band sizes 
are in Mb; LM: limiting mobility. Size markers H. wingei (HW) and S.pombe. 
The positions of S. pom be chromosomes are indicated on the right hand side of 
panel (a). DXS325, DXS347 and DXS441 all detect a 3.3M b Mlu I fragment, 
demonstrated on different parts of the same filter (Panel (a)). DXS447 detects a 
different large Mlu I band (Panel (b)) (see text for explanation).
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Figure 6.14 (a) and (b)

PGK1 detects a 1.0 and 1.5Mb partial Mlul band

PGK1  DXS131

1 5 0 0 -

1000-
- < 7 5 0

PGK1  DXS131

1000-

-  LM

- < 7 5 0

Normal female genomic DNA in agarose blocks digested with Mlu I, separated 
by PFGE, transferred to nylon membrane, and hybridised with PGKl and 
D X S131. PFG E conditions: 1% agarose, (a) 36V (1 .3V /cm ), (b) 50V 
(1.8V/cm), switch time (a) 1200 seconds, (b) 600 seconds, run lengths (a) 230 
hours, (b) 140 hours. LM: limiting mobility. Size markers S. cerevisiae and H. 
wingei. Band sizes all in kb.

(a) A clear 1.0Mb band and a fainter 1.5Mb partial product are seen with PG K l. 
Both of these were demonstrated in all 12 tracks on the same filter. A smaller 
band detected by DXS131 is shown for comparison.

(b) The 1.5Mb partial product is not seen on a different gel, but the 1.0Mb 
smaller band is consistently present, as is the smaller D X S lfl band.
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Figure 6.15

Other Mlu I fragments detected by probes distal to the AnLy breakpoint

DXS131 DXS162 PGKl DXS5 5

-  LM

*

• t -9 5 0
- 7 5 0
- 5 0 0

Normal female genomic DNA in agarose blocks digested with Mlu I, separated 
by PFGE, transferred to nylon membrane and hybridised with the probes 
indicated. Conditions for PFGE: 1% agarose, 50V (1.8V /cm ), switch time 
1800 seconds, run length 140 hours. LM: limiting mobility. Size markers S. 
cerevisiae and H. wingei. Band sizes all in kb. DXS131, DXS162 and PGKl 
all detect different sized fragments. DXS55 detects a 950kb fragment which 
may be the same as that detected by PGKl (see text).
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6.3.2. No other physical linkage as yet in this region

Other than the linkage demonstrated betweeen DXS325, DXS347 and DXS441 

on a 3.3Mb Mlu I fragment, no other evidence of physical linkage between 

these probes was found. Following BssYL II digestion, bands of different sizes 

were detected by DXS441, DXS325, DXS55, DXS131 and PGKl (data not 

shown). The results of Sfi I digestion are shown in Figure 6.16(a) and (b), 

which again demonstrates bands of various sizes detected by DXS325, 

DXS447, DXS72, and PGKl. The remainder of the data presented in Table 6.2 

is preliminary and not illustrated.

6.4. Discussion

6.4.1 Development of suitable conditions for PFGE

The PFGE mapping data presented in this section represent a summary of the 

useful information derived from a large number of individual runs. As 

indicated at the beginning of the chapter, the conditions for PFGE required a 

considerable amount of 'trouble-shooting' before satisfactory results were 

obtained. Early in the project, because the density of available probes in the 

region was very low, attempts were made to separate large DNA fragments 

digested with Mlu I and Not I. Run conditions were used which should 

theoretically have separated fragments of up to about 5Mb, with low voltages 

(1.3-1.6V/cm), long switch times (1200-3000 seconds), and long run times (up 

to ten days). As a general rule it is necessary to reduce the voltage reciprocally 

with the increase in switch time when attempting to separate very large 

fragments (Vollrath and Davis, 1987). Initially, agarose concentration was 1% 

(w/v) for all runs. Using these kinds of conditions, occasional gels generated 

well resolved yeast chromosome markers, and clearly defined bands on 

hybridisation of filters, but frequently the yeast markers were diffusely smeared 

and no bands were seen. Several alterations produced markedly improved 

results. If the run time was to be longer than three days, the buffer was 

changed every three days, and the agarose strength was reduced to 0 .6 % (w/v).
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Figure 6.16 (a) and (b)

Sfi I fragments detected by probes distal to the AnLy breakpoint

2  Q DXS325 DXS447 DXS72

b

Normal female genomic DNA in agarose blocks digested with Sfi I, separated 
by PFGE, transferred to nylon membrane and hybridised with the probes 
shown. PFGE conditions: 1% agarose, 120V, (4.3v/cm ), switch time (a) 200 
seconds, (b) 120 seconds, run lengths 60 hours. Size markers S. cerevisiae and 
H. wingei. LM: limiting mobility. All band sizes are in kb. All the probes 
indicated detect Sfi I bands of different sizes. Sfi I was the only restriction 
enzyme with which DXS72 detected reliable bands.
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The lower agarose concentration allows more rapid migration of the DNA 

through the gel, so the total length of the run could be reduced, allowing less 

time for degradation of large molecules. Using such conditions, large S.pombe 

chromosomes, up to nearly 5.7Mb, could be fairly reliably and reproducibly 

separated in six days. However, even after conditions had been standardised as 

far as possible, there were still occasional very poorly resolved gels. Shorter 

runs designed to separate fragments in the smaller size ranges were less 

unpredictable, although still not entirely reliable. Table 6.3 gives typical 

conditions for separating fragments in different size ranges, although slight 

variation in these will still result in similar separations.

Table 6.3

PFGE run conditions suitable for separation of different DNA fragment 
size ranges

Size of 
fragment

Voltage
(V)

Switch
time(sec)

% agarose 
(w/v)

Length 
of run(h)

2 0 -2 0 0 kb 170 5-10 1 20-40
100-700kb 170 70 1 40
500kb-lMb 120/170 120/90 1 60/40
l-2Mb 1 2 0 240-300 1 60
l-3Mb 50 1800 1 190
3-4.5Mb 50 2 0 0 0 0 . 6 144
3-6Mb 50 2,500-3000 0 . 6 144

In the early stages of the project it was not possible to predict the size ranges of 

bands detected by different probes. This meant that several gels were often re

quired, in order to obtain optimal separation in the correct size range, before 

the bands could reasonably accurately be measured. Even with good separation, 

the size estimates of bands on different gels was often rather variable. It was 

therefore essential only to compare bands on the same filters, and to repeat 

results on linked probes at least once, using at least two different gels.
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6.4.2 Discussion of mapping data

A summary of all the physical linkage data so far demonstrated for the probes 

used in this study is presented in Figure 6.17. As a result of the physical 

mapping data presented here it is possible to construct a short range map of the 

area in Xql2 including the DXS133, DXS159, DXS153, DXS132, and DXS135 

loci, covering about 1Mb in detail and shown in Figure 6.18. There is no 

convincing explanation for the lack of digestion by Mlu I in BssH ll/Mlu  I 

double digests probed with DXS133, DXS159 and DXS153, other than technical 

failure of that particular set of digests. This could be related to incorrect buffer 

concentrations, or lack of adequate time for digestion. Since it is not possible to 

construct an alternative map to explain the remainder of the data, it will be 

important to repeat this run and confirm digestion by Mlu I.

Taking into account data presented here, other data from linkage studies (Puck et 

a l, 1990), and hybrid mapping results (Lafreniere et al. , 1991), it is possible to 

order all five probes both with respect to each other and on the X chromosome. 

DXS133 and DXS159 were shown by Lafreniere et a l  (1991) to recognise the 

same 11 kb Xbal fragment; DXS153, which is on the same Nru I and BssH II 

fragments as DXS159, was not mentioned as present on the Xba I fragment 

although it was included in the study. Assuming that it is not on the same 

fragment, the order of these three must therefore be DXS133-DXS159-DXS153. 

When this is incorporated into the data from the PFGE mapping the order of all 

five becomes DXS133-DXS159-DXS153-DXS132-DXS135. From linkage 

studies (Puck et a l ,1990) it is known that DXS132 lies distal to DXS159; the 

orientation of this group of probes on the X chromosome is therefore with 

DXS133 at the centromeric end. DXS135 then becomes the closest proximal 

flanking marker to X-SCID. Recent linkage data (Puck et a l , 1990) also places 

DXS106 between DXS159 and DXS132, but, in the absence of any physical 

mapping data, it is not possible to determine the position of DXS106 in relation 

to DXS153.
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Figure 6.17

Summary of Physical Linkage in Xql2-21

(taking into account known hybrid mapping and genetic linkage data)

Probe  BssH II Mlu I Nae I Nru I Sac II Sfi I

DXS133

DXS159

DXS153

DXS132

DXS135

AnLy

DXS131

DXS162

DXS32S

DXS347

DXS441
MNK

DXS55

PGKl
NP

DXS447

AnLy, MNK, and NP indicate the positions of hybrid and deletion breakpoints. 
Solid vertical lines spanning more than one probe indicate physical linkage. 
Horizontal bars indicate partially digesting restriction sites.
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The overall order in this region at present is thus:

DXS133-DXS159-[DXS 153 ,DXS 106]-DXS 132-DXS135 

Although this is of limited interest with respect to X-SCID, this area is closer 

to the locus for XED and may well be useful in fine mapping around this locus. 

The available linkage data places XED between DXS 159 and PGKl (Zonana et 

al., 1988b). The gene is probably disrupted by the AnLy translocation 

breakpoint, which lies distal to DXS 135, but the distance is not yet known. It 

may be possible to link probes on opposite sides of the AnLy breakpoint by 

generating large DNA fragments and using long PFGE runs. The gene 

responsible for XED would be likely to be isolated in such a fragment. 

However, it may be necessary to generate more probes in the region, perhaps 

from YAC contigs, before it becomes possible to achieve physical linkage 

across the breakpoint.

The gene responsible for X-SCID has now been localised more distal than was 

previously thought, to Xql3-21. Four polymorphic probes have shown no 

recombination so far in twenty families (Puck et al. , 1991). By genetic linkage 

analysis the flanking markers have been narrowed to DXS 132 proximally and 

DXS447 distally, although these data place DXS 135 distal to DXS 132. These 

probes still flank a very large region, probably of the order of about 15Mb; 

physical mapping data presented here confirm that these probes alone are 

located on non-overlapping Mlu I fragments of about 13Mb and most of them 

are not linked. The region is thus extremely large, and, in order to develop a 

complete physical map of the area, it will be necessary to obtain more probes 

to increase the density. Two of the other probes used in this study, DXS 131 

and DXS 162, both of which lie distal to the AnLy breakpoint, have been 

positioned proximal to DXS325, DXS347 and DXS441 by hybrid mapping 

(Lafreniere et al. , 1991). The same study places DXS447 proximal to DXS72. 

A cell line from a female patient with Menkes syndrome and a balanced 

X;autosome translocation with a breakpoint in Xql3 has been used to order
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DXS325, DXS347, and DXS441 with respect to PGKl, which lies distally 

(Verga et al, 1991). Thus the order of probes distal to the AnLy breakpoint 

which have been used in this study is :

[DXS 131, DXS 162] - [DXS325, DXS347, DXS441 ] -PGK1-DXS447-DXS7 2 

This is compatible with the localisation of DXS325, DXS347, and DXS441 on 

the same 3.3Mb Mlu I fragment but no additional information can be added as 

a result of the physical mapping so far. Preliminary data from R.Lafreniere 

(Stanford University, USA; personal communication) suggest that DXS325 and 

DXS347 are linked on a common Eag I fragment of approximately 400kb, 

while DXS441 detects a separate but contiguous Eag I fragment of about 

500kb. The position of DXS55 may be close to PGKl if the Mlu I band proves 

to be common to both markers.

Several probes, particularly DXS 106 and DXS72, very rarely, if ever, 

hybridised to clearly defined fragments after digestion with most rare cutting 

restriction enzymes. DXS72 only detected clear bands after digestion with Sfi I 

and occasionally Nar I and Sal I, and definite bands were never seen with 

DXS 106. Heterogeneity of methylation in different parts of the X chromosome 

may result in some probes only hybridising to fragments generated by one or a 

few enzymes, depending on methylation sensitivity. Other enzymes produce 

smears of heterogeneously sized fragments. This could explain the difficulty in 

demonstrating bands with these two probes. However, given the map position 

of DXS 106, one would expect it to detect the same Mlu I fragment as DXS 159 

and DXS 132, and some smaller BssH II and Nru I fragments as well.

Repeated attempts were made during the course of this study to detect Not I 

fragments with most of these probes. No well-defined bands were obtained, 

autoradiographs showing either limiting mobility hybridisation or diffuse lower 

molecular weight smears. This was true even for separations of up to 5Mb, so 

presumably reflects a relative lack of Not I sites in this part of the X
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chromosome. A similar observation has been made for Xq22, in the region 

where the gene responsible for XLA is thought to lie (M O'Reilly, ICH, 

personal communication).

As mentioned above, the mapping data in the distal region are preliminary. 

More data could certainly be obtained with existing probes by using the same 

enzymes as previously and also employing other rare cutters such as Eag I and 

other more recently available enzymes such as Pac I, an eight-base cutter not 

specific for CpG islands.

In conclusion, the data presented here should contribute to the detailed mapping 

of this region of the X chromosome, particularly Xql2. However, in order to 

locate the gene responsible for X-SCID in Xql3-q21, it will be necessary not 

only to extend the PFGE mapping work, but also to employ other strategies, 

which will be discussed in the final chapter.



7. FINAL DISCUSSION AND FUTURE STRATEGIES

Although the XLIDs are rare, and therefore individually responsible for very 

sm all numbers of cases, most of them are associated with considerable 

morbidity, and often mortality, in affected families. In some conditions the 

m olecular basis o f the defect has been elucidated (eg. CGD, properdin 

deficiency, ADA and PNP deficiencies, IL-2 deficiency) and in a few this has 

led to more rational forms of treatment (eg. PEG-ADA (Hershfield et a l., 

1987; Levy et a l., 1988) , recom binant IL-2 (Pahwa et a l., 1989)) and 

im provem ents in outlook. H ow ever, even for diseases which are well 

understood, the prognosis is not necessarily good, as for CGD. It is therefore 

im portant to develop reliable methods o f prenatal diagnosis and carrier 

detection for all these diseases. Unfortunately, it will never be possible to 

eradicate them completely, as about 30% of cases arise as new mutations, with 

no previous family history. In these families the severest of the XLIDs, such as 

X-SCID, may not be recognised until one or more children have died from 

overwhelming infection. However, once a diagnosis has been made it is 

essential to be able to offer such families prenatal prediction and carrier 

determination for at risk females. It is also important to pursue the isolation of 

the affected genes, w hich should in turn lead to im provem ents in the 

understanding of molecular defects, and therefore to more rational forms of 

treatm ent for those cases which do arise. Since most of the XLIDs are 

potentially curable by bone marrow transplantation, they are suitable for the 

development of somatic gene therapy, as is already undergoing clinical trials in 

the US for ADA deficiency.

7.1 Prenatal diagnosis and mode of inheritance in X-CGD

X-linked chronic granulomatous disease is an example of an XLID which is 

now extremely well understood, but the elucidation of the mechanism has not 

led to development of a rational form of treatment. The outlook has been
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improved by the use of prophylactic antibiotics, but there is still a significant 

incidence of fatal fungal infections, particularly with aspergillus (Koch et al. , 

1986). Prenatal diagnosis has been possible in all forms of CGD for some time, 

by NBT testing of fetal blood samples (Levinsky et al. , 1983) but this has 

meant second trim ester abortion of affected fetuses. The isolation and 

characterisation of the gene responsible for X-CGD (Royer-Pokora et al. , 

1986) led to a search for RFLPs in the gene, which would potentially allow 

first trimester prenatal diagnosis by CVS analysis and carrier detection in at 

risk  females. Work is also in progress in this departm ent aimed at the 

development of somatic gene therapy for X-CGD.

Initially, even after an extensive search, both in this study and others, no 

RFLPs were identified in the X-CGD gene. When an Nsi I RFLP was 

eventually identified (Battat and Francke, 1989), analysis of eight families 

affected by X-CGD and seven normal females, led to the recognition of a 

second Nsi I RFLP in the X-CGD gene (Pelham et al., 1990). This appeared to 

be more polymorphic than the first, and was also much easier to visualise 

(Chapter 3). The apparent absence of the second RFLP in the sample of the US 

population studied by Battat and Francke presumably reflects a much lower 

degree of polymorphism in that population, due to differences in genetic 

background. Nonetheless, the existence of the two RFLPs, which do not appear 

to be in linkage disequilibrium, increases the proportion of families to whom 

prenatal diagnosis and carrier detection can be offered, to about 45%. The 

opportunity for first trimester prenatal prediction is a considerable improvement 

on the previous second trimester method, as the emotional and physical trauma 

of a second trimester abortion is avoided. It would be desirable to increase the 

informativeness of the available polymorphisms to much closer to 100%. The 

chances of finding any more RFLPs in the X-CGD gene are small, because 

such an extensive search has already been undertaken, and this must reflect the 

high degree of evolutionary conservation of the gene. However, it is likely that
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the genomic DNA will contain d(CA)n repeats, which could be detected by 

screening cosmids containing X-CGD genomic DNA. It is intended to 

undertake this study in this department in the near future.

The emergence of X-linked diseases in families with no previous history is 

thought to account for about 30% of cases. They may arise by new mutation in 

the affected boy or in his asymptomatic mother. Recently it has become 

apparent that a significant number of X-linked diseases are introduced by an 

asymptomatic maternal grandfather whose germline has undergone mutation 

and become mosaic for the abnormal gene. This has been shown to be the case 

in a number of XLA pedigrees (Hendriks et a l., 1989; Hendriks and 

Schuurman, 1991), Wiskott-Aldrich syndrome (Arveiler et al., 1987) and in 

two families affected by X-CGD (Francke et al., 1990). In this study, all three 

families in which three generations were available for analysis, exhibited the 

same mode of gene introduction. In two families (Figure 3.3b and c), the 

grandmothers of the affected boy(s) were found not to carry the allele 

associated with the X-CGD phenotype; in the third family (Figure 3.3a), 

although the grandmother was heterozygous, the abnormal allele has also 

originated from the maternal grandfather. When cases of CGD do arise 

apparently sporadically it is possible to establish whether the mother is a carrier 

of the X-linked variety by NBT testing. Sporadic cases of CGD which have 

arisen in girls have usually been assumed to be due to an autosomal recessive 

variety, although these could theoretically be caused by an X;autosome 

translocation, where the X-breakpoint disrupts the X-CGD gene. It is now 

possible to define the molecular defect in most cases of autosomal recessive 

CGD, so this possibility can be excluded.

The reliability of NBT testing for assessment of carrier status is called in to 

question to a certain extent by the results of this study. However, in all cases 

where there was disagreement with the prediction by RFLP analysis, the NBT
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result was on the borderline between carrier and normal status. In retrospect, all 

of these should have been repeated. Normal individuals always exhibit 100% 

NBT reduction, so a result of 93% (Figure 3.3a) should not have been recorded 

as normal. This female was subsequently found by RFLP analysis to be 

carrying the allele associated with the disease in that family. In two other 

families the grandmothers of affected boys, neither of whom were shown to be 

carriers by RFLP analysis, exhibited NBT results of 78% and 83%, at the 

upper end of the carrier range. One of these had previously been labelled a 

carrier on this basis. Neither of these tests was repeated, but it is possible that 

the 'normal' range for NBT results may become lower with advancing age. 

This hypothesis has not, as far as we are aware, been evaluated.

7.2 Deletions affecting the X-CGD gene

Very few gross chromosomal abnormalities have been observed so far in 

patients with XLIDs. A small number of patients with complex clinical 

syndromes, including X-CGD, who have cytogenetically detectable deletions of 

Xp21, have been identified (Figure 4.12). Recently one patient with XLP was 

shown to have a cytogenetically detectable deletion involving Xq25, but no 

patients affected by any of the other XLIDs have so far been found to have 

deletions. If any such patients are identified, they will become a valuable 

resource for the identification and isolation of the abnormal gene(s).

Two patients were found to have deletions involving the X-CGD gene during 

the course of this study. One of these (PT), has a deletion affecting most of the 

X-CGD gene but no other apparent abnormalities. The extent of this deletion 

has not been defined exactly, but it extends at least from within the first 500bp 

of the X-CGD cDNA, to beyond the 3' untranslated region, probably a further 

30kb. The genomic organisation of the X-CGD gene has now been published 

(Skalnik et al. , 1991) and the genomic DNA is about 30kb in size. The deletion 

in PT is therefore of the order of 60kb or more. The second deletion identified
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was in a boy (CM) with not only X-CGD, but also McLeod syndrome. He was 

found to be deleted for the entire X-CGD gene, and also the close probe 

pert55, but not for any other close markers. At the time of the study, the 

orientation of the X-CGD gene on the X chromosome was not known. If the 

deletion in CM had not encompassed the entire X-CGD gene, it would have 

been possible to infer the orientation of the gene, since the position of the 

McLeod locus relative to X-CGD was known. However, this was not the case, 

and the orientation of the X-CGD gene is now known to be 3' centromeric (A. 

Monaco, Oxford; personal communication). Material from CM may be useful 

in attempts to isolate the gene responsible for McLeod syndrome, if  the 

breakpoint is found to lie within the McLeod gene. An EBV-transformed 

lymphoblastoid cell line has been established from this patient and will be 

analysed with this aim in mind (A. Monaco, Oxford). Similarly, if the deletion 

breakpoint beyond the 3' end of the X-CGD gene in PT is closely related to the 

RP gene, material from PT may be useful in isolating this gene, which lies 

between OTC and X-CGD in Xp21 (Figure 4.12).

The detection of deletions is valuable clinically because affected families can be 

offered prenatal prediction and carrier detection based on altered or absent 

bands seen on conventional Southern blots, even when the family is not 

informative for either of the RFLPs. In cases where the entire X-CGD gene is 

deleted, carrier females can only be recognised by a reduction in gene dosage, 

whereas any altered bands, in families with partial gene deletions, will be 

present in addition to the normal bands.

7.3 Physical mapping in Xql2-21, with reference to X-SCID 

X-SCID is at the opposite end of the spectrum to X-CGD as far as knowledge 

of the underlying defect is concerned. Nothing is known about the nature or 

function of the defective gene. X-SCID is extremely rare, of the order of 

1 / 1 0 0 , 0 0 0  live births, but it remains universally fatal in the absence of bone

170



marrow transplantation. Isolation of the defective gene should lead to 

understanding of the underlying molecular defect. If the X-SCID gene product 

is a soluble protein, which may be so if the gene codes for a house-keeping 

enzyme analogous to ADA and PNP, development of a rational form of 

treatment similar to PEG-ADA in ADA deficiency may be possible. Similarly, 

because X-SCID is such a severe disease, and is curable by BMT, it is another 

ideal candidate for the development of somatic gene therapy.

The approximate chromosomal localisation of X-SCID has been determined by 

genetic linkage analysis (de Saint Basile et al. , 1987; Goodship et al. , 1989; 

Puck et al., 1989, 1991), and there are four polymorphic probes which have 

shown no recombination with X-SCID, as well as flanking probes. Prenatal 

diagnosis and carrier detection is therefore already available to most families 

affected by X-SCID.

There are no mouse models for X-SCID, and no 'candidate genes' have been 

identified. The tissue types in which the gene is known to be expressed are 

lymphocytes (both B and T cells), granulocytes and fibroblasts (Goodship et 

al., 1988 and 1991; Conley et al., 1988), and it may eventually turn out to be a 

house-keeping gene analogous to ADA and PNP. Because there is such a 

paucity of information about the nature of the defect in X-SCID, the approach 

to identifying the gene must rely heavily on its' chromosomal localisation.

As discussed in Chapter 6 , the X-SCID locus was thought to lie in Xql 1-13 at 

the start of this work, with DXS 159 as the closest proximal flanking marker, 

PGKl showing no recombination, and DXS72 the closest distal flanking 

marker. During the past three years, more genetic linkage data has emerged 

(Puck et al., 1989, 1991), which has placed X-SCID more distal in Xql3-21. 

Early in the study a number of probes were obtained, which map to X ql2, 

while only a small number were available which map further distal. This has
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resulted in much of the physical mapping data being related to X ql2, and 

therefore not of any relevance to X-SCID. However, there are several other 

genes in the region, notably XED, and the data should be of value in defining 

the region containing the gene for XED more closely.

The area containing the gene for X-SCID is at least 13Mb in size (as estimated 

by non-overlapping Mlu I fragments detected by probes in the region, and 

probably much larger. There are therefore a number of approaches which may 

be relevant to the eventual isolation of the gene.

7.4 Future strategies for isolating the X-SCID gene

7.4.1 Linkage analysis

At present, the region containing the X-SCID gene is so large that the chances 

of isolating the correct gene by techniques for locating CpG islands are very 

small. It is therefore important to narrow the boundaries of the region as much 

as possible. There are now four polymorphic probes which are closely linked 

and have shown no recombinations with X-SCID in twenty families (Puck et 

al., 1991). Three of these probes have not as yet been used for genetic linkage 

analysis in X-SCID families in the UK and France. This project will therefore 

be undertaken, in collaboration with A. Fischer and G. de Saint Basile, Paris. 

In addition to the families used in the original linkage studies (de Saint Basile et 

a l, 1987; Goodship et al., 1989), we now have access to several new X-SCID 

pedigrees, which have not as yet been exploited for linkage analysis using any 

of the linked probes. Some of these families were identified as carrying the X- 

linked form of SCID by X-inactivation analysis of T cells from mothers of 

'sporadic' male cases of SCID (S. Genet, ICH; personal communication). The 

probes to be used for linkage analysis will include DXS132, DXS325, 

DXS347, DXS441, PGKl, DXS447. The allele frequencies of these probes 

range from 0.45/0.55 for the most informative, to 0.06/0.94 for the least. A 

number of the families will almost certainly prove not to be informative for at
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least some of the probes. It may be possible to increase informativeness by 

screening for d(CA)n repeats, as discussed for X-CGD. This is likely to be 

successful for DXS325, DXS347, DXS441 and DXS447, all of which are large 

(>5kb) genomic probes, and require preannealing before hybridisation, 

suggesting the presence of repeat sequences. For smaller probes it may be 

possible to screen an X chromosome-specific cosmid library, isolate larger 

pieces of DNA, and screen these for repeat sequences. In addition to the probes 

already mentioned, there several other polymorphic probes which map to Xql3 

(DXS 128, DXS171, DXS399E and DXS227) (Mandel et a l , 1989), which 

should also be used for genetic linkage analysis.

7.4.2 Physical mapping using PFGE and hybrids

It should be possible to generate more information about the physical extent of 

the area containing the X-SCID gene by further physical mapping studies. The 

data obtained on most of the probes used in this study, which lie distal to the 

AnLy breakpoint, are preliminary, so further work on these probes is needed. 

In addition to the rare cutting restriction enzymes already employed, there are a 

number of newer eight-base cutters, such as Pac I, Pme I, and Sse I, whose 

recognition sequences do not contain any CpG dinucleotides and are therefore 

not associated with CpG islands. These may help to link probes in the region. 

Two other enzymes which may also be useful, although each contains two CpG 

dinucleotides in their recognition sequence, are the seven-base cutter, Rsr II, 

and the eight-base cutter, Asc I. It may also be useful to try enzymes which are 

not methylation sensitive, as this could be responsible for the difficulties in 

generating bands with some probes. The failure to generate any defined bands 

with Not I may be partially a result of methylation sensitivity, as well as rarity 

of cutting sites. Several other probes which map to X q l3 , could be 

incorporated into the physical map. These include DXS56, DXS 171, DXS227, 

DXS 128 and DXS399E (Mandel et a l,  1989). The presence of these probes on 

the AnLy and NP cell lines should first be checked to confirm that they lie
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within the region containing the gene. As an adjunct to PFGE mapping, it may 

also be possible to ascertain the relative positions of some of these probes by 

radiation hybrid mapping, using a panel of X-chromosome specific radiation 

hybrids available from P. Goodfellow, ICRF, London. Any hybrids containing 

one or more of the closely linked probes could also be used to generate new 

probes for more physical mapping (and linkage in the case of polymorphic 

sequences). As more genetic linkage data become available, the boundaries of 

the region may become tighter, and result in a smaller region to be mapped 

physically.

7.4.3 Screening YAC libraries

There are now a number of groups isolating YAC clones which map to the 

region Xql2-21 (A. Monaco, Oxford; D. Bentley, London), and YAC clones 

which are positive for PGKl have already been isolated (A. Monaco, personal 

communication). As the boundaries of the region containing the X-SCID gene 

become narrower, isolation of YAC clones which are positive for probes which 

are very tightly linked to X-SCID, will become important. These can then be 

used both to generate new polymorphic probes for use in genetic linkage 

studies, and also to generate new probes which may link existing probes and 

complete the physical map of the area. It should eventually be possible to 

generate a YAC contig map covering the whole region, using physical mapping 

data from PFGE and other hybrid mapping studies. Any YACs which are 

positive for very tightly linked probes can also be screened for CpG islands, 

which might indicate the presence of transcribed genes.

7.4.4 Search for transcribed regions

If any clones are identified in the correct region which contain CpG islands, it 

will then be important to screen these for conserved and transcribed sequences. 

'Zoo' blots can be performed using DNA from a number of other species, to 

look for sequences which have been conserved during evolution. Transcribed
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regions can be identified by performing Northern analysis and screening cDNA 

libraries from lymphoid cell lines. Even if a 'candidate' gene is identified, the 

definitive proof that it is responsible for X-SCID will depend on identification 

of abnormalities within the genomic DNA of affected individuals. These may 

be point mutations which could be identified using polymerase chain reaction 

(PCR), and single-strand conformational polymorphisms (SSCP), or possibly 

complete or partial gene deletions, identifiable by alterations in bands on 

PFGE, or complete absence of signal on Southern blots.

7.4.5 Search for deletions in X-SCID patients

No patients have so far been identified with X-SCID, who have chromosomal 

deletions. It is possible that X-SCID is rarely associated with deletions, but the 

incidence of deletions as causes of other X-linked diseases is about 10%. So 

far, material for cytogenetic analysis has not been obtained from patients with 

X-SCID before BMT. There are two avenues which can be followed to search 

for deletions. Firstly, any newly diagnosed patients should have cytogenetic 

analysis performed to look for gross chromosomal deletions, especially if there 

is evidence of any other syndrome in addition to SCID. This should include 

'sporadically' occurring male cases, who may have new mutations, and also 

sporadically occurring B cell positive females (with normal ADA and PNP 

levels), who could have an X;autosome translocation with the X chromosome 

breakpoint disrupting the X-SCID gene. Secondly, it is important to establish 

cell lines from patients who have already been treated by BMT. These may be 

skin fibroblast lines, set up from skin biopsies, for which ethical approval has 

been obtained, or EBV-transformed B cell lines. Previously it was not thought 

worthwhile to investigate B cell lines from patients who had received BMTs. 

However, it appears that X-SCID patients who have normal B cell numbers 

prior to BMT, frequently maintain their own B cells in a chimaeric population, 

with T cells of donor origin. This can be established by analysing separated B 

cells and T cells using minisatellite probes to distinguish donor and recipient
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cells. If recipient B cells are still present, these can be used to establish cell lines 

for deletion analysis.

Gross deletions may be detected by chromosomal analysis, but smaller 

deletions may only be detected by alterations in band sizes, or absence of 

bands, on PFGs, using very closely linked probes. Another technique which 

may be useful is fluorescence in situ hybridisation (FISH), which could be used 

to demonstrate complete absence of very closely linked probes if there was a 

deletion.

Since almost all of the disease genes which have been isolated using 'positional 

cloning' techniques (DMD, X-CGD, choroideremia (Koenig et al., 1987; 

Royer-Pokora et a l , 1986; Cremers et a l , 1990)) have relied on material from 

patients with gross chromosomal deletions, it is very important to pursue this 

line of investigation for X-SCID. As already emphasised, the region of the X 

chromosome containing the X-SCID gene is so large at present that other 

techniques are not likely to be productive, in the short term, in generating 

relevant 'candidate' genes.

7.5 Final conclusions

Although the XLIDS are a rare group of disorders, the severe clinical 

manifestations, and significant fatality rates justify the need for accurate 

methods of prenatal diagnosis and carrier detection. This need has partially 

been met for both of the diseases discussed here. For X-CGD, improvements 

may be achieved by finding more polymorphic regions in the X-CGD gene 

which will increase informativeness in key females. For X-SCID, prenatal 

prediction and carrier detection are already feasible in most families, but 

improvements will involve narrowing the boundaries of the region of Xql3-21 

which contain the gene, by further genetic linkage studies. This will reduce the 

percentage error rate associated with linkage analysis.
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The gene responsible for X-CGD has already been isolated and characterised, 

and this has led to the improvements in prenatal diagnosis, as well as the ability 

to screen patients for evidence of deletions, but has not directly resulted in any 

improvements to therapy. It is hoped that the eventual isolation of the gene 

responsible for X-SCID might lead to development of a rational form of 

treatment analogous to that for ADA deficiency. A number of different 

techniques, in addition to the physical mapping which is already in progress, 

will be employed in the attempt to isolate the X-SCID gene.
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APPENDIX 2

RARE-CUTTING RESTRICTION ENZYMES USED FOR PFGE

Enzyme Recognition site Temperature(°C)

BssK II G/CGCGC 50

Mlu I A/CGCGT 37

Nae I GCC/GGC 37

Nar I GG/CGCC 37

Not I GC/GGCCGC 37

Nru I TCG/CGA 37

Sac II CCGC/GG 37

Sail G/TCGAC 37

S fil GGCCNNNN/NGGCC 50

Xhol C/TCGAC 37
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RFLP and Deletion Analysis for X-Linked Chronic Granulomatous Disease Using 
the cDNA Probe: Potential for Improved Prenatal Diagnosis 

and Carrier Determination

By Alison Pelham, Marie-Anne J. O'Reilly, Sue Malcolm, Roland J. Levinsky, and Christine Kinnon

The molecular basis of X-linked chronic granulomatous 
disease (X-CGD) has recently been elucidated and the 
defective gene identified and isolated. Two restriction 
fragment-length polymorphisms have been identified using 
the X-CGD cDNA probe. W e have analyzed eight families 
with X-CGD and seven normal, unrelated females and have 
demonstrated that these polymorphisms are not in linkage 
disequilibrium. This should increase to approximately 50% 
the proportion of families to whom first-trimester prenatal

CH R O N I C  g ra n u lo m a to u s  d ise a se  (C G D )  is a rare, 
in h e r ite d  d iso rd er  o f  g ra n u lo c y te  fu n ctio n  th a t resu lts  

in recu rren t an d  ch r o n ic  b a c ter ia l an d  fu n g a l in fec tio n s  in 
a ffe c te d  in d iv id u a ls . In th e  m a jor ity  o f  fa m ilie s  (65%  to  
70% ), C G D  is in h e r ite d  as an X -lin k e d  tra it, th e  rem a in d er  
o f  fa m ilie s  sh o w in g  a u to so m a l recess iv e  in h e r ita n ce  p a ttern s . 
C a r r ie r  fe m a le s  in fa m ilie s  w ith  th e X -lin k e d  v a r ie ty  and  
a ffe c te d  m a les  are  id en tif ia b le  u sin g  th e  n itro b lu e  te tra -  
zo liu m  ( N B T )  red u ctio n  te st . T h is  test a ssa y s  a ctiv ity  o f  th e  
p h a g o c y te  N A D P H  o x id a se  sy s tem , w h ich  is d e fe c tiv e  in a ll 
form s o f  C G D . P ren a ta l d ia g n o s is  has u ntil r e cen tly  o n ly  
b een  p o ss ib le  by fe ta l b lood sa m p lin g  and  N B T  testin g  a t 18 
w e e k s  g e s ta t io n ,1 s in c e  th ere  h a s been no m eth od  a v a ila b le  
for th e  d e te c tio n  o f  th e  d iso rd er  at an ear lier  s ta g e . T h e  g en e  
for X -lin k e d  C G D  w as lo c a liz e d  to th e  short arm  o f  th e  X  
c h r o m o so m e  in 1 9 8 5 . T h is  fo llo w ed  id en tifica tio n  o f  a p a tien t  
w ith  an in ter s tit ia l d e le t io n  o f  X p21  w h o e x h ib ited  sy m p to m s  
o f  C G D , D u ch en n e  m u scu la r  d y strop h y  ( D M D ) .  re tin itis  
p ig m e n to sa , and the M cL e o d  red -ce ll p h e n o ty p e .: T h e  g e n e  
has r e c e n tly  been  iso la ted  by th e  use o f  so -c a lle d  “ reverse-  
g e n e t ic "  t e c h n iq u e s '1* and  c o d es  for th e  d ch a in  o f  c y 
to c h r o m e  b a c o m p o n en t o f  th e  N A D P H  o x id a se  
s y s te m .5,6 S e v er a l a d d itio n a l p a tien ts  h ave now  b een  d e 
scr ib ed  w h o  su ffer  from  C G D  and h ave c y to g e n e t ic a lly  
d e te c ta b le  d e le t io n s  o f  th e  X  c h r o m o s o m e ,, s and o n e p a tien t  
has b een  d e scr ib ed  w h o  h as C G D  and th e M cL eo d  p h en o 
ty p e  w ith  a d e le tio n  o n ly  d e te c ta b le  by a b se n c e  o f  h y b r id iz a 
tion  to  th e  X -C G D  c D N A .9

U s in g  th e  X -C G D  c D N A  a s  a prob e, a restr ic tion  fr a g 
m e n t- le n g th  p o ly m o rp h ism  (R F L P )  has recen tly  been  de-
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diagnosis can be offered. Unambiguous determination of 
carrier status in related females in informative families will 
also be possible. In addition, we have identified an appar
ently unique small deletion in the X-CGD gene in a family 
affected by this disease, members of which are not informa
tive for either polymorphism. This will allow prenatal 
diagnosis and carrier determination in this family.
© 1990 by The Am erican Society o f Hematology.

scr ib ed  u s in g  th e  restr ic tio n  e n z y m e  M r/I ,10 w h ich  sh ou ld  a id  
in a n ten a ta l d ia g n o s is  in in fo r m a tiv e  fa m ilie s . W e  h ave  
d e scr ib e d  a fu rth er  p o ly m o rp h ism , a lso  d e te c te d  u sin g  th e  
e n z y m e  M r/I, th a t d o es n ot a p p ea r  to  be in lin k a g e  d ise q u ilib 
riu m  w ith  th e  p o ly m o rp h ism  d escr ib e d  p r e v io u sly .1011 T h is  
sh o u ld  in c re a se  th e proportion  o f  fa m ilie s  to  w h om  a n ten a ta l  
d ia g n o s is  m a y  be o ffered  in th e  first tr im ester  o f  p regn an cy .  
In a d d itio n , th e  e sta b lish m e n t o f  carrier  s ta tu s  in re la ted  
fe m a le s  sh ou ld  be u n eq u iv o ca l in in fo r m a tiv e  fa m ilie s ,  
w h erea s  u se  o f  th e  phorbol m y r is ta te  a c e ta te  ( P M A )-  
s tim u la ted  N B T  red u ctio n  les t is not a lw a y s  n ecessa r ily  
c o n c lu s iv e , as w e sh ow  h ere  for tw o  fa m ilie s  a ffe c te d  by th is  
d ise a se . W c a lso  d escr ib e  a fam ily  w ith  X -lin k ed  C G D  w h o se  
m em b ers  are  not in fo rm a tiv e  for e ith e r  o f  the ab ov e  p o ly m o r
p h ism s but in w h om  w c have d e te c te d  a d e le tio n  w ith in  th e  
X -C G D  g en e . A n a ltered  b and p attern  w as revea led  on  
h y b r id iz a tio n  w ith  th e  X -C G D  c D N A  probe in a ffe c te d  and  
c a r r ie r -fa m ily  m em b ers. N o  o th er  c lin ica l or c y to g e n e t ic  
a b n o r m a lit ie s  w ere o b serv ed . P ren a ta l d ia g n o s is  and carrier  
d e te r m in a tio n  sh ou ld  be p o ssib le  for th is fa m ily  on the basis  
o f  the a ltered  band p attern .

MATERIALS AND METHODS

Southern blot analysis. H igh  m o lecu la r-w c ig h t genom ic  D N A  
w as e x tra c te d  from  w hole  p e rip h e ra l blood an d  d igested  w ith  
re s tr ic tio n  enzym es acco rd in g  to  m a n u fa c tu re r 's  rec o m m e n d a tio n s . 
D N A  fra g m e n ts  w ere size  se p a ra te d  by e lec tro p h o re sis  in 0 .8%  
a g a ro se  gels. T h e  gels w ere  d e n a tu re d , n e u tra liz e d , b lo tte d  on to  
H y b o n d  N  nylon filters (A m e rsh a m  In te rn a t io n a l , U K ) , and  h y b r id 
ized  a c co rd in g  to  m a n u fa c tu re r ’s in s tru c tio n s . D N A  probes w ere  
lab e led  to  h igh  specific  a c tiv ity  w ith  ’’P -d C T P  by ran d o m  p r im in g .11 
Fo llow ing  h y b r id iz a tio n , th e  filters w ere  w ashed  as follow s: 3 x S S C  
(0 .4 5  m o l/L  sod ium  c h lo rid e , 0 .045  m o l/L  sod ium  c it r a te ,  pH  7 .4) 
a n d  0 .1%  sod ium  dodecy l su lp h a te  (S D S )  a t  room  te m p e ra tu re  for 
20  m in u te s  th re e  tim es, follow ed by  o n e  w ash  w ith  3 x S S C  and  0.1%  
S D S  a t 6 5 °C  for 15 m in u te s . F ilte rs  w ere  a u to ra d io g ra p h e d  u sing  
K od ak  X -O M A T  film a n d  C ro n cx  (D u p o n t)  in ten sify in g  sc reen s  for 
b e tw een  16 h o u rs  an d  7 days . M o le c u la r  w e ig h t s ta n d a rd s  w ere  
la m b d a  D N A  re s tr ic te d  w ith  Hindlll.

DNA probes. T h e  p robes  used  w ere  a s  follows: X -C G D  c D N A , 
a 3 .5 -k b  Pstl-Kpnl f ra g m e n t o f  th e  X -C G D  c D N A  th a t  includes  th e  
m a jo r  p a r t  o f  th e  cod ing  reg ion  and  th e  3 ' u n tra n s la te d  reg ion  o f  th e  
s u b u n it  o f  c y to c h ro m e  b  ,4, ';  X -C G D 5 ', a  0 .5 -k b  P s t l-N c o l  f ra g 
m en t from  th e  5 ' end  o f  th e  X -C G D  c D N A ; X -C G D 3 ', a 1 .0-kb  
N h e l -K p n l  f ra g m e n t from  th e  3' e n d  o f  th e  X -C G D  c D N A ; 7 54 , a 
2 .3 -k b  HindUl f ra g m e n t m ap p in g  to  X p21 ( D X S 8 4 ) 1’ a n d  closely  
linked  to  X -C G D .7
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N BT reduction test. T h e  P M A -s tim u la te d  N B T  red u c tio n  tes t 
w as p e rfo rm ed  on p e rip h e ra l b lood  n e u tro p h ils  as  d e s c r ib e d . ' R e su lts  
a re  exp ressed  as p e rc e n tag e  o f  cells re d u c in g  N B T . N o rm a l in d iv id 
u a ls  d e m o n s tra te  close to  100%  re d u c tio n , w h ile  c a r r ie r s  show  va lues 
ra n g in g  from  14% to  82% , an d  a ffe c te d  in d iv id u a ls  g ive  no  red u c tio n .

RESULTS

N s il  RFLP. D ig es tio n  o f  g e n o m ic  D N A  w ith  N sil  an d  
p rob in g  w ith  th e  X -C G D  c D N A  p ro b e  r e v e a le d  in v a r ia n t  
h y b r id iz in g  fra g m en ts  o f  7 .2 ,6 .2 ,  3 .7  a n d  0 .9  k b . In  a d d itio n , 
tw o  pa irs o f  p o ly m o rp h ic  fr a g m e n ts  w ere  id e n tif ie d , o f  2 .9  
a n d  2 .5  kb an d  1.7 an d  1 .3  k b  (F ig  1 ). T h e  sm a ller  
p o ly m o rp h ic  b ands (1 .7  an d  1.3 k b , B1 an d  B 2 , r e sp e c tiv e ly )  
w ere  m u ch  m ore d ifficu lt to  v is u a l iz e  r e p r o d u c ib ly  th a n  th e  
la rg er  pa ir  (2 .9  and 2 .5  kb , A l  a n d  A 2 ,  r e sp e c t iv e ly ) .

T h e  freq u en c ies  w ith  w h ic h  th e  v a r io u s  a lle le s  o ccu rred  
w a s as sh ow n  in T a b le  1. N o  s ig n if ic a n t  d e v ia tio n  b e tw e e n  
th e  o b served  h a p lo typ e  d is tr ib u tio n  a n d  th a t e x p e c te d  on th e  
b a sis  o f  th e  a b ov e  a lle le  fr e q u e n c ie s  w a s  o b se r v e d , im p ly in g  
th a t th ere  is not stro n g  lin k a g e  d ise q u ilib r iu m  b e tw een  th e  
tw o  p o ly m o rp h ism s, a lth o u g h  th e  s iz e  o f  th e  s a m p le  is too  
s m a ll to be s ta t is t ic a lly  s ig n if ic a n t. T h e  p r e d ic te d  freq u e n c ie s  
for h e te r o z y g o te s  in th e w h ite  p o p u la tio n  b a se d  on th e  a lle le  
fr e q u en c ies  sh ow n  are  31 % for p o ly m o rp h ism  A  an d  18% for 
p o ly m o rp h ism  B. so a p p r o x im a te ly  50%  o f  fa m ilie s  m a y  be  
e x p ec te d  to be in form a tiv e  for o n e  or o th er  o f  th e se  p o ly m o r
p h ism s. O f  e ig h t fa m ilie s  know n to  ca rry  th e  X -lin k e d  C G D  
d e fe c t , four fam ilie s  w ere  fou n d  to  be in fo r m a tiv e  for 
p o ly m o rp h ism  A  and th ree  for p o ly m o rp h ism  B (o n e  fa m ily  
w as in fo rm a tiv e  for both  p o ly m o rp h ism s). F ig u re  2 A  and  B 
sh ow s rep resen ta tiv e  M en d e lia n  X -lin k e d  in h e r ita n ce  for

1 2 3 4 5 6

6.2 -

i A1 2.9

■A2 2.5

Table 1. Allele Frequencies for Two /Vs/I X-CGD Polymorphisms

Allele Size
No. of 

Chromosomes

A1 2.9 6/32 19
A2 2.5 26/32 81
B1 1.7 26/29 90
B2 1.3 3/29 10

13 females, 6 males 

12 females, 5 males

b oth  p o ly m o rp h ism s , w h ich  w a s  d e m o n s tr a b le  in  th r e e  g en er 
a tio n s  in fou r o f  e ig h t  fa m ilie s  a v a ila b le  for  s tu d y  (tw o  
fa m ilie s  for e a c h  p o ly m o rp h ism ). In o n e  fa m ily  th e  g ra n d 
m o th er  o f  an  a ffe c te d  ch ild  h a d  p rev io u sly  b e e n  la b e le d  a s  a  
p ro b ab le  carr ier  o f  th e  d ise a se  on  th e  b a s is  o f  a  P M A -  
s tim u la te d  N B T  red u ctio n  resu lt o f  83%  (w h ic h  fa lls  on  th e  
b o rd erlin e  b e tw e e n  norm al an d  carr ier  le v e ls );  h o w ever , 
R F L P  a n a ly s is  c le a r ly  d e m o n stra te d  th a t  sh e  d o es  not 
p o ssess  th e  a lle le  a sso c ia te d  w ith  th e d ise a se  in  th is  fa m ily  
(F ig  2 C ) . T h is  su g g e s ts  th a t  th e  m u ta tio n  m o st p rob ab ly  
a ro se  in  th e  s u b se q u e n t g en er a tio n . In a sec o n d  fa m ily  th e  
s is ter  o f  an  a ffe c te d  m a le  sh o w s  93%  N B T  r e d u ctio n  bu t is 
c le a r ly  a carr ier  b a sed  on R F L P  a n a ly s is  (F ig  2 A ) .  P a tern ity  
w as con firm ed  b y  h y b r id iz in g  / /m f l - d ig e s t e d  g e n o m ic  D N A  
from  th is  fa m ily  w ith  th e lo c u s -sp e c if ic  m in isa te llite  probe  
pA G 3u  (F . K a tz , u n p u b lish ed  o b se r v a t io n s ). D ia g n o sis  o f

1 0 0 % „  
Al Q

A 2 Q

5
i

"OA2

20%
A1.A2

Q 9 3 %  A
A1.A2 A1.A2

0%
Al

B 98%
B1 a

78% 
"O B I ,B2

100° / a 28%
B1

6 ioo% o
B1.B2 B1.B2

1 0%
B1

0%
B1

n  100%
B1.B2

Q-

1 0 0 %.

- O  83% 
A2

X  2°% S 5 JĈ A1,A2 LJ LJA2 LJ

1.7 B 1 -  M

1.3 8 2 -

Fig 1. /Vs/l-digested genom ic DNA from normal, unrelated 
individuals hybridized with the probe X-CGD, dem onstrating tw o  
separate pairs of polymorphic fragm ents (A1, A2 and B1. B2). 
Lanes 1 ,2 ,  and 4: males; lanes 3, 5, and 6; fem ales. All band sizes 
are in kilobases (kb).

Fig 2. (A and B) Family pedigrees dem onstrating Mendelian 
inheritance of (A) polymorphism A and (B) polymorphism B. (A and 
C) Pedigrees demonstrating the discrepancy betw een  carrier 
prediction based on NBT testing and RFLP analysis: The female 
marked with an arrow in panel A is a definite carrier of the affected  
X chrom osom e in spite of an NBT result of 93%. The female 
marked with an arrow in C does not p o ssess  the allele associated  
with th e  affected X chrom osom e in spite of an NBT result of 83%. 
Allele sizes are as in Fig 1. NBT results are expressed  as 
percentage of cells reducing NBT (normal value, 100%). Females 
marked with an asterisk in panels A and C indicate new  mutations.
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carrier  s ta tu s  sh o u ld , th ere fo re , be im p roved  by th e  u se  o f  
th e se  R F L P s  in in fo r m a tiv e  fa m ilie s .

Deletion within the X-CGD gene. O n e  fa m ily  in v e s t i
g a te d  in th is s tu d y , w h ich  w as in fo rm a tiv e  for n e ith er  o f  th e  
R F L P s , w a s  sh ow n  to  h a ve  a d e le t io n  in vo lv in g  th e  X -C G D  
g e n e , as revea led  by an  a ltered  band p a ttern  fo llo w in g  
h y b r id iza tio n  o f  g e n o m ic  D N A  w ith  th e X -C G D  c D N A  
probe. G e n o m ic  D N A  prepared  from  th e  b lood  o f  th e  
a ffe c te d  boy  (P T ) ,  d ig e s ted  w ith  th e e n z y m e  N sil and  
h y b rid ized  w ith  th e  X -C G D  probe, sh ow ed  th a t h e h ad  an  
a d d itio n a l h y b r id iz in g  fra g m en t o f  a p p r o x im a te ly  11 kb  and  
th a t h e  lack ed  the 7 .2 , 6 .2 , 3 .7 , 2 .9 /2 .S ,  and 1 .7 /1 .3  kb  
sp e c ie s  (F ig  3 A ). H is  s is ter  and m o th er , both  o f  w h o m  are  
carr iers  for th e  d ise a se  as d efin ed  by a lack  o f  P M A -  
s tim u la ted  N B T  red u ctio n  (27%  and 38% , r e sp e c t iv e ly ) ,  
both  p o ssess  all th e  h y b r id iz in g  sp ec ie s  by th is  a n a ly s is  a n d , 
in a d d itio n , th e  11 -k b  sp ecie s .

In n orm al in d iv id u a ls  h y b r id iza tio n  o f  M /T -d ig e s te d  D N A  
w ith  th e  X -C G D  5' p robe revea led  o n ly  th e c o n sta n t 7 .2  an d  
0 .9  kb b an d s, w h ile  th e  X -C G D  3' probe d e te c te d  o n ly  th e  
in var ian t 6 .2 -k b  fra g m en t (F ig  3 ). Both o f  th e  Nsil p o ly m o r 

p h ism s m u st th er e fo r e  lie  w ith in  th e c e n tra l portion  o f  the  
g en e . In carr iers  o f  th e  d e le t io n , th e  X -C G D  5' probe  
d e te c te d  the 11 -k b  band  in a d d itio n  to  th e  7 .2 -  an d  0 .9 -k b  
b a n d s found in n orm al in d iv id u a ls , im p ly in g  th a t th e  d e le tio n  
in vo lv es  th e  reg ion  e x te n d in g  d o w n str ea m  from  th e  5' end  o f  
th e  g en e  (F ig  3 A  and  B ). N o  h y b r id iz in g  sp e c ie s  w ere  
d e te c te d  in th e  a ffe c te d  b o y  u s in g  th e  X -C G D  3' probe. 
B a sed  on  th e a lte r e d  b a n d  p a ttern  o b served  a fte r  Nsil 
d ig e s tio n  (F ig  3 B ), th e  m in im u m  s iz e  o f  th e  d e le t io n  w as  
e stim a te d  to  be 9 .7  kb ( ie ,  7 .2  +  3 .5  +  2 .5  +  1.3 +  6 .2  -
11.0 ) .

U sin g  a v ar ie ty  o f  o th er  restr ic tio n  e n z y m e s , in c lu d in g  
E r o R I , / / / n d l l l ,  R s /I , S r t l ,  a n d  Kpnl (r e su lts  not s h o w n ), w e  
h ave con firm ed  th e  fin d in g s  o f  a lte r e d  b an d  p a ttern s  u sin g  
both  th e  X -C G D  an d  X - C G D  5' p rob es. D N A  from  th e  
a ffec ted  b o y  c o n s is te n tly  c o n ta in e d  id e n tic a lly  s ized  restr ic 
tion  fra g m en ts  on h y b r id iz a tio n  w ith  th e se  tw o  p ro b es  
(re su lts  not sh o w n ). N o  h y b r id iz in g  sp e c ie s  w ere  d e te c te d  in 
D N A  from  th e  a ffe c te d  b o y  u s in g  th e  X -C G D  3' p rob e in 
con ju n ctio n  w ith  any  o f  th e se  e n z y m e s  (r e su lts  n o t sh o w n ).  
F rom  th e se  s tu d ies  w e  c o n c lu d e  th a t th e  d e le t io n  m u st e x ten d

a

A B C D  A B C D  A B  C D

X-CGD 5' X-CGD

Nsil band sizes

* *
0.9 7.2

0.9 11.0

3.5

2.5

1.3

X-CGD 3'

6 .2 '

Normal

PT

Fig 3. (a) A/s/l-digested genom ic DNA from a
family affected  by X-CGD and one normal individ
ual, dem onstrating an altered band pattern in the  
affected male (PT) and tw o related carrier fem ales 
on hybridization with the X-CGD, X-CGD 5', and 
X-CGD 3' probes. A, Affected male (PT); B and C, 
related carrier fem ales; D, Normal unrelated fe 
male (heterozygous for polymorphism A). All band 
sizes are in kb. (b) Schem atic map of Nsil frag
m ents in normal and deleted (PT) DNA. All bands 
shown hybridize with X-CGD; an asterisk  indicates 
hybridization with X-CGD 5' and a +  indicates 
hybridization with X-CGD 3'. Bands for which the  
order has not been determined are enclosed in 
brackets.
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from  w ith in  th e  first 5 0 0  bp o f  th e  5' e n d  o f  th e  c D N A  p robe  
( ie ,  th e  reg io n  h y b r id iz in g  to  th e  X - C G D  5' p ro b e) to  b e y o n d  
th e  3' end  o f  th e  c o d in g  reg ion  a n d  in to  th e  3' u n tr a n sla te d  
reg ion  o f  th e  c D N A . H o w e v e r , w e  h a v e  b een  u n a b le  so  far  to  
d efin e  th e e x a c t  e x te n t o f  th e  d e le t io n  b ey o n d  th e  3' en d  o f  th e  
g e n e . T h is  in terp re ta tio n  o f  o u r r e su lts  is su p p o rted  b y  R N A  
h y b r id iza tio n  s tu d ies  th a t sh o w  th a t  p o ly A +  m e sse n g e r  
R N A  ( m R N A )  iso la ted  from  an  E p ste in -B a r r  v iru s (E B V )-  
tran sform ed  B -ce ll lin e  e s ta b lish e d  fr o m  th e p er ip h era l b loo d  
o f  th e  a ffe c te d  boy  d o es  n o t c o n ta in  a n y  C G D  h y b r id iz in g  
tran scr ip ts  (L e v in sk y  e t a l, u n p u b lish e d  o b se r v a tio n , F e b r u 
ary  1 9 9 0 ). T h e  sp ectru m  o f  c y to c h r o m e  b _ 245 is a lso  a b se n t in  
n eu trop h ils  from  the a ffe c te d  b oy  (A . S e g a l ,  p erso n a l c o m m u 
n ic a tio n ). N o  o th er  c lin ica l a b n o r m a lit ie s  e x is t  in th is  fa m ily .  
T h e  n ea rest flan k in g  g e n e t ic  d ise a se  m a rk ers ( th e  M c L e o d  
red -ce ll p h e n o ty p e  and  o rn ith in e  tr a n sc a r b a m y la se  [O T C ]  
d efic ien cy ; F ig  4 ) are  th e r e fo r e  n o t a ffe c te d  b y  th is  d e le tio n .  
U s in g  th e c lo se ly  lin k ed  p ro b e , 7 5 4 , w h ich  lie s  te lo m e r ic  to  
X -C G D , no d ifferen ces  w ere  o b se r v e d  b e tw e e n  th e  p a tte r n s  
o b ta in ed  in th e a ffe c te d  fa m ily  a n d  n o rm al in d iv id u a ls  
(r e su lts  n o t sh o w n ). N o  p ro b es w e r e  a v a ila b le  th a t m a p  
b etw een  th e  X -C G D  g e n e  an d  th e  lo c u s  for O T C  d e fic ie n c y ,  
so  w e  w ere u n a b le  to d e fin e  th e  e x te n t  o f  th e  d e le tio n  in  th e  
d irection  o f  th e  cen trom ere .

DISCUSSION

P ren a ta l d ia g n o s is  and e s ta b lis h m e n t  o f  carr ier  s ta tu s  in 
fa m ilie s  w ith  X -lin k ed  C G D  has u n til now  been  a ch ie v e d  
w ith  the u se o f  th e  N B T  re d u c tio n  te st  p erform ed  on fe ta l  
blood  sa m p les  at 16 to  18 w e ek s  g e s t a t io n .1 T h is  has m e a n t  
sec o n d -tr im e ste r  ab ortio n s for ca rr iers  o f  a ffe c te d  fe tu se s . In 
a d d itio n , as sh ow n  h ere, th e  r esu lts  o f  N B T  red u ctio n  te st in g  
for carrier  s ta tu s  m ay  not a lw a y s  be  u n e q u iv o c a l. P ren a ta l  
d ia g n o s is  has been  d escr ib e d  u s in g  R F L P  a n a ly s is  w ith  
c lo se ly  lin k ed  probes in o n e  c a s e ,15 bu t u n til r e c e n tly  no  
p o ly m o rp h ism  had been  d escr ib e d  w ith in  th e  X -C G D  g en e . 
T h e  find ing o f  R F L P s  d e te c te d  by th e  c D N A  c o r r esp o n d in g  
to  th e X -C G D  g en e  is th e r e fo r e  o f  m a jor  im p o rta n c e  for  
p o ten tia l ea r ly  pren ata l d ia g n o s is  a n d  h e n c e  fir s t-tr im e ste r  
a b ortio n s . T h e  R F L P  d e scr ib e d  b y  B a tta t  a n d  F r a n c k e 10 
o cc u r s  at a freq u en cy  o f  72%  to 28%  in th e ir  p o p u la tio n  and  
90%  to  10% in our p o p u la tio n , s u g g e s t in g  a fre q u e n c y  o f  
a p p r o x im a te ly  20% to  40%  h c te r o z y g o te s  in th e  w h ite  
p op u la tio n  o vera ll. In our e x p e r ie n c e  th e  p o ly m o rp h ism  th a t  
th e y  d escr ib ed  req u ires r e la t iv e ly  lo n g  a u to r a d io g r a p h ic  
exp osu re  t im es  (o f  th e  o rd er  o f  5 d a y s )  to  be d e te c te d . T h e  
polym orp h ism  w e have d escr ib ed  in th is  report an d  e ls e w h e r e 11
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see m s  to  o ccu r  at a fr e q u e n c y  o f  81%  to  19% in th e  
p o p u la tio n  w e in v e s tig a te d , p r e d ic t in g  a  h e te r o z y g o te  fre 
q u e n c y  o f  31% , an d  se e m s  to  r e q u ire  r e la t iv e ly  sh ort a u to r a 
d io g r a p h ic  exp osu re  t im e s  (1  to  2  d a y s ) . N o n e  o f  th e  
in d iv id u a ls  s tu d ie d  b y  B a tta t  a n d  F r a n c k e 10 a p p ea r  to  h ave  
b een  in fo rm a tiv e  for th is  p o ly m o r p h ism , w h ic h  p resu m a b ly  
reflec ts  a s lig h t d iffer e n c e  in  th e  g e n e t ic  m a k e u p  o f  th e  tw o  
p o p u la tio n s. A lth o u g h  th e  2 .9 - /2 .5 - k b  p o ly m o rp h ism  d e 
scr ib ed  by us see m s  to  b e m o re  e a s ily  d e te c ta b le , in lig h t o f  
th e  a b o v e  d iscrep a n cy  in th e  r e la t iv e  fr e q u e n c y  o f  th e se  
p o ly m o rp h ism s, it is n o t p o ss ib le  to  s a y  h o w  u se fu l it w ill be  
g lo b a lly . N o n e th e le s s , th e  e x is te n c e  o f  tw o  sep a r a te  R F L P s  
th a t a re  a p p aren tly  n ot in l in k a g e  d ise q u ilib r iu m  w ith  ea ch  
o th er  w ill cer ta in ly  in c re a se  th e  n u m b e r  o f  fa m ilie s  to  w h om  
p ren a ta l d ia g n o s is  c a n  be o ffe r e d  in th e  first tr im ester . In  
a d d itio n , w e  have id en tified  o n e  f e m a le  w h o  h a d  b een  la b e led  
as a carr ier  on th e  b a sis  o f  a n  N B T  r e d u c tio n  resu lt o f  83%  
bu t w h o  d o es not ca rry  th e  a ffe c te d  X  c h r o m o so m e  a cco rd in g  
to  th e  resu lts  o f  our R F L P  a n a ly s is  ( F ig  2 C ) . C o n v erse ly , a 
fe m a le  s ib lin g  o f  an a ffe c te d  m a le  (F ig  2 A )  is c le a r ly  a 
carr ier  b a sed  on R F L P  a n a ly s is , a lth o u g h  sh e  d em o n stra te s  
93%  N B T  red u ctio n . S in c e  th e  p ro b e  d e te c t in g  th e  p o ly m o r
p h ism  is c o n ta in ed  w ith in  th e  X - C G D  g e n e , d ia g n o s is  o f  
ca rr ier  s ta tu s  in in fo rm a tiv e  fa m il ie s  sh o u ld  in th e  fu tu re  
prove to  be u n eq u iv o ca l.

S e v er a l p a tien ts  h ave p r e v io u sly  b een  d escr ib ed  w ith  
d e le tio n s  a sso c ia te d  w ith  X - C G D . In m o st ca se s  th ese  
p a tie n ts  ex h ib it c o m p le x  sy n d r o m e s  (F ig  4 ) .  M a ter ia l from  
tw o  o f  th e se  p a tien ts  w as u sed  in c lo n in g  the g en e  for 
X - C G D .5 O n e p a tien t (B B ) has r e t in it is  p ig m en to sa , D M D ,  
C G D , an d  th e  M cL e o d  red -ce ll p h e n o ty p e 2; th e  o th er  p a tien t  
( N F )  has D M D , C G D , an d  M c L e o d  sy n d r o m e .16 B oth  o f  
th e se  p a tien ts  h ave c y to g e n e t ic a l ly  d e te c ta b le  d e le t io n s  in 
X p 2 1 . A  fem a le  w ith  m ild  m e n ta l re ta r d a tio n  and h e te r o z y 
g o s ity  for o rn ith in e  tr a n s c a r b a m y la se  d e f ic ie n c y  and C G D  
a lso  h as a c y to g e n e t ic a lly  d e te c ta b le  d e le t io n  w ith in  X p 2 1 .8 
A  fu rth er  p a tien t (O M ) has b e e n  d e s c r ib e d 9 w ith  C G D  and  
th e  M c L e o d  sy n d ro m e an d  w h o  h a s  no c y to g e n e t ic a lly  
d e te c ta b le  a b n o rm a lity  bu t h a s  a d e le t io n  o f  th e  en tire  
X -C G D  g en e  d e m o n stra te d  by a b se n c e  o f  a n y  h y b r id iza tio n  
w ith  th e X -C G D  c D N A  probe. T h e  p a tie n t (P T )  d escr ib ed  in 
th is  s tu d y  ap p ears to h a ve  a  s m a lle r  d e le t io n  th a n  a n y  o f  
th o se  d escr ib ed  p rev iou sly , p r o b a b ly  e x te n d in g  from  c lo se  to  
th e  5' en d  o f  th e g en e  to  b ey o n d  th e  3' u n tr a n sla te d  reg ion , 
and is not a sso c ia te d  w ith  a c o m p le x  syn d r o m e  or th e  
M c L e o d  red cell p h e n o ty p e , a lth o u g h  th e  p r e c ise  e x te n t o f  
th e d e le t io n  has not b een  d e fin ed . T h e  s iz e  o f  the X -C G D  
g e n e  h a s b een  e s t im a te d  to  b e  o f  th e  o rd er  o f  25  to  3 0  kb o f  
g e n o m ic  D N A ,17 and  w e  e s t im a te  a m in im u m  d e letio n  s iz e  o f  
9 .7  kb. A lth o u g h  th is  fa m ily  is  n o t in fo r m a tiv e  for e ith e r  o f  
th e  a b o v e  p o ly m o rp h ism s, a s  a r e su lt  o f  th is  d e le t io n  th ey  a lso  
m a y  b e o ffered  a n ten a ta l d ia g n o s is  a n d  ca rr ier  d e te c tio n .
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