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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 ,,,, 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.



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 (Xq13-21) 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 Xq12-21, 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 Xq13-21. 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 (Australia, 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 families 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

X-linked chronic granulomatous disease (X-CGD) Xp21.1
Properdin deficiency Xp11.23-21.1
Wiskott-Aldrich syndrome (WAS] Xp11

X-linked severe combined immunodeficiency
(X-SCID) Xq13-21.1

X-linked agammaglobulinemia (XLA) Xq22
X-linked hyper IgM (XHM) Xq24-27

X-linked lymphoproliferative disease (XLP) Xq26-27
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TABLE 1.1.

Inherited Immunodeficiencies: X-Linked

Disease Gene Defect Chromosomal
Location

1. Chronic granulomatous 90kD 8-subunit of Xp21.1
disease cytochrome b,

2. Properdin deficiency Properdin Xpl11.23-21.1

3. Wiskott-Aldrich ? Xpll
syndrome

4. X-linked severe combined ? Xql3-21
immunodeficiency

5. X-linked agammaglobulinemia ? Xq22

6. X-linked hyper IgM ? Xq24-q27
syndrome

7. X-linked lymphoproliferative ? Xq25-27
syndrome
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TABLE 1.2.

Inherited Immunodeficiencies: Autosomal Recessive

Disease Gene defect Chromosomal
Location
1. Chronic granulomatous 47kD subunit of 10
disease NADPH oxidase
67kD subunit of 1
NADPH oxidase
22kd o-subunit of 16
cytochrome b,
2. Severe combined Adenosine deaminase 20q13-ter
immunodeficiency Purine nucleoside 14q13.1
hothorylase
cell receptor deficiency ?
Interleukin 2 ?
MHC class II ?
(Bare lymphocyte syndrome)
3. Leucocyte adhesion CD18 21q22.3
deficiency
4. Ataxia telangiectasia ? 11923
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 ? 6p21
hypogammaglobulinemia
10. Di George syndrome ? 22ql1




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 embryogenesis in the female, 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 XL A (Conley et al., 1986) and X-SCID
(Puck et al., 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 Bg/ I and Bam HI

respectively. If Hpa Il 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 chromosomes), resulting in loss of the polymorphic 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
et al., 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 |

polymorphism is recognised by the probe M278. There is an Msp I site within

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

Msp 1 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 1 will reveal the same fragments as with Pst I/Hpa II, whereas
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digestion of the active X chromosome is characterised by loss of one of the
smaller Hpa II-Pst 1 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 PGKI1, 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 Xq13 (Brockdorff
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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 Xp11-21 (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 XL A, 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 XIr (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 XIr 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 XIr genes are localised further
proximally, make this less likely. At present it is thought possible that an Xir
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 Xir-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 scf mutation maps close to Xir-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. XIr-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.

30



TABLE 1.4

Techniques of positional cloning

. Chromosome analysis

. Family linkage studies

. Physical mapping by PFGE and hybrid cell lines
. Identification of CpG islands

. Yeast artificial chromosome analysis

. Conserved sequences

N O LG AW e

. 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 ez al., 1983); he
does not have X-SCID, which maps to Xq13-21, 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 © (expressed in centimorgans (cM)
where 1cM is equivalent to 1% recombination). Therefore, the higher the lod
score at low O 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 performed using families affected by each of the
XLIDs (see section 1.4, 1.5, 1.6) and the X-chromosomal locations are fairly
well defined. Genetic distances 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 of the genome (Drayna
and White, 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 combination with analysis of 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 fragments 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 inhomogeneous field (Schwartz ez al., 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 ('FIGE')
involves altering the direction of electric field by 180°, (Carle er 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. Another variation is contour-clamped homogeneous electric field
('CHEF') electrophoresis, in which multiple 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 SMb (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 pulse time increases it is usually necessary to reduce the voltage
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 'window' 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 (6-8bp), 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 + 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 partial 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 105-5 x 10%bp

(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

s€quences.

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 'contig' 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 Evolutionarily 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 disecase 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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