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Addendum in response to examiner CES:

Figure 6.4. The line connecting II-7 should originate from the line connectingl-2 and I-3 and

then bend around the line connecting II-7 to her sibs. This f,rgure differs from that presented

in Appendix A4 to maintain confidentiality regarding non-paternity in the published

manuscript.

Figure 6.6. The line connectingll-7 to her parents should bend around the line connecting II-

7 to her sibs.

page 176 (63.2) & Fig. 6.10. A coÍìmon haplotype in two disparate regions is possessed by

all the affected males and not any of the unaffected males, hence the high lod score in both

regions. This observation has been made previously (Robledo et a|.,1996b)'

Figure 6.10. The haplotype of I-1 could be I,2,2,I,1,4,1,1,1,1,4,4,1,2,1and the haplotype of I-

2 ðould be2,6,3,2,2,3,3,2,3,2,2,1,2,I,213,2,1,1,1,1,2,3,1,3,4,2,3,1'3 so lhatll-2,II-3 andII-I2

are no longer double recombinants. Instead II-2, II-3, II-5 and II-12 are now single

recombinants.

page 181 (6.8.2) & Table 6.7. Haplotype analysis failed to resolve which of the two regions

is ihe most likely to harbour the disease gene. Multipoint analysis would not solve the

dilemma because the result would be sensitive to accuracy of the genetic background map in

each region and sensitive to interference in each region (which is not known). There is too

much missing data as key family members refused to take part in this study. Neither the

computer noi the investigator can distinguish between shared markers identical by state and

identical by descent.

Page 190 (6.9.2) Person II-8 should be II-9 throughout the first paragraph.

Pages 192-194 (6.9.4).

Given that alleles of DXS 1 53 and DXS424 have apparently been co-inherited by the affected

males, it is possible but unlikely that each region harbours an XLMR gene. The discovery of
an affected male with a different allele (ie a recombinant) will eliminate linkage to this

marker/XlMR gene. Investigation of enough males ("recombination events") would

presumably lead to the exclusion of any linkage to any part of the X chromosome, if the

linkage analysis is done under the assumption that there is only one XLMR gene segregating

in the family, when in fact there are 2 genes. Sample mix-up involving IV-7 was excluded by

examination of all markers, not just those shown in Fig. 6.12. All markers known to map to

these two regions of possible linkage were tested. The argument applied to IV-6 also can be

applied to IV-7, which would rule out both regions.

Figure 9.6 (9.5.2)
the breakpoint.

The FISH results of YAC WXD2446 could be explained by a deletion at



Summary

At the start of this project a number of groups were beginning to develop chromosome

specific microsatellite based genetic linkage maps. In this project AC dinucleotide repeat

markers were isolated from a bacteriophage library for application to the genetic

localisations of X-linked disease genes, particularly those responsible for non-specific

mental retardation (MRÐ. Of eleven novel microsatellite markers isolated and

characterised (Chapter 4), seven were genotyped through the CEPH families enabling

their incorporation into a PCR-based linkage map of the X chromosome. In addition, six

other pre-existing microsatellite markers were also genotyped through the CEPH

families, and included in the map (Chapter 5). The map consists of seventy-eight

markers, sixty-nine of which are PCR-based with an average heterozygosity of 667o.

The map spans 236 centimorgans, from the XG locus near Xpter to DXS52 near Xqter,

and the average spacing between the seventy-eight markers is 3.1 cM.

This map was then used to refine the localisation of the disease gene segregating in five

families affected with Xlinked mental retardation (Chapter 6). Three of these families

(MRXIg, MRX30 and MRX31) had males with non-specific mental retardation and the

other two families (W and O'H) had males with additional symptoms' The MRXL9 gene

has been localised to Xp22, within a 19 cM region between the loci DXS1043 and

DXSI052.The MRX30 gene has been localised to a28 cM region between the loci

DXSggT (Xq21.33) and DXS424 (Xq23). The MRX31 gene has been localised fo a 12

cM region between the loci DXSl t26 (Xpll.23) and DXS1124 (Xq13). These results

enabled carrier risk analyses to be offered to the females of these three families' Linkage

analysis of family W excluded the gene from most of the long arm of the X chromosome,

but revealed significant lod scores to two large regions mainly confined to the short arm,

in which rhe disease gene may lie. The first region is from Xqter to DXS1068 (Xp1 1.4)

and the second region lies between MAOA (Xpl1.a) and DXS1002 (xql3.3-q2L.l).

The linkage analysis of family O'H has shown significant lod scores to two relatively

small regions: the disease gene lies either between DXS1275 (Xq12) and DXS71L3

(Xq12-q13.1) or inXq23 between DXSI220 and DXS8067'

A large proportion of those families affected with non-specific X-linked mental

retardation have had the causative gene localised to regions that span the centromere. The

isolation and characterisation of genes, with expression in the brain, near this region
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would therefore generate candidate genes for these MRX loci. To this end' YACs were

identified using primers from one microsatellite marker (Dxs1125) which mapped to this

region. From these YACs, A/z-PCR products were generated to identify cosmids from

which an attempt was made to isolate exons. Five putative exons were trapped (Chapter

7). This approach was abandoned, however, because the trapped sequences were not

exons, and because of the recent generation of thousands of expressed sequence tags via

single-pass sequencing of gDNA by other investigators. lnstead, two candidate genes

(CR73E and DXS6673E) wete screened for mutations, by SSCA, using the DNA from

members of several families with X-linked mental retardation whose disease gene

localisations overlapped the positions of these two genes (Chapter 7)' Two

polymorphisms were discovered in the cR73E gene that enabled it to be eliminated as a

candidate for the MRXL2 familY.

The genetic map described in chapter 5 was also used in the linkage analysis of a family

with males affected with spastic paraplegia (Chapter 8). The results of this analysis led to

an investigation of a candidate gene: PLP. A point mutation, '¡707ç, was found in exon 6

of this gene that would lead to vp¡s236 to Ser amino acid substitution. A sporadic case

of a boy affected with myotubular myopathy was also investigated' The hypothesis was

made that the disease in this boy was X-linked and this led to the screening of the MTML

gene for any mutations. A C75T mutation was discovered in exon b. This would lead to

a Arg259 to Cys amino acid substitution. A third family was also investigated. This

family had males affected with wiskott-Aldrich syndrome. Mutation screening of the

W AS gene identified a G4o7 A transition in exon 4. This would lead to a Glyr25 to Arg

amino acid change. In all three cases, evidence is provided that strongly suggests the

mutations found can be held responsible for each disease phenotype, and as a

consequence, direct tests are now available to the members of these families' In addition'

the significance of genotype in relation to phenotype may prove useful in the prognosis

of affected males from other families with these diseases.

An alternative to the approach of finding disease genes as given in Chapter 7' is to

investigate the molecular basis of cytogenetic abnormalities. Chapter 9 describes the

preliminary physical mapping of two translocation breakpoints and one duplication event'

The first translocation occurs in Xp22 and may be responsible for the global
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developmental delay experienced by the female carrier. The second translocation occurs

in XqVl in a female suffering from manic depression. This region has also been

implicated, by linkage analysis, in the manic depression segregating within a Finnish

family. A third female is the mother of a boy who had symptoms of Borjeson-

Forssman-l.ehmann syndrome. She carries the same duplication as her son. The point at

which the duplication begins occurs in Xq26 and this region is included in the

localisation of this disease gene from linkage analysis of a family with this syndrome.

yACs have been selected from published and unpublished physical maps and used for

fluorescenc e in situ hybridisation to progressively narrow the regions within which these

two translocations and the point of duplication have occured. This work provides the

basis for the cloning of any genes involved in the manifestation of each of these three X-

linked disorders.
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1.1 Historical review of genetic mapping (1866-1987)

Linkage analysis determines the most likely order and genetic distance between two or

more loci given their pattern of inheritance through families. Mendel's experiments with

pea plants in the 19th century led to his formulation of two laws referring to the

inheritance of different alleles of the same trait and the inheritance of different traits.

These are the law of segregation and the law of independent assortment, respectively.

Linkage between, or the co-inheritance of, two or more traits is thus a violation of his

second law, and has been exploited to construct genetic maps. Bateson, in 1905, was the

first to report linkage between two loci: that of pollen shape and flower colour in

Inthyrus odoratus (sweet peas) (Smith, 1986). The idea that linear genetic maps could be

constructed was developed by Sturtevant in 1913 who went on to order 5 sex-linked

genes of Drosophila by observing the relative frequency of crossing-over between them

(Conneally and Rivas, 1980). The success of this approach was for many years limited

to laboratory species that could be easily bred and scored for mutations, such as

Escherichia coli, Sacchnronxyces cerevisiae, Drosophila melanagasta, Zea mays and Mus

musculus

The history of the development of human linkage analysis has been reviewed by Smith

(1986) and Dronamraju (1987). The first linkage between any two human loci was made

by Bell and Haldane (1937), who estimated the frequency of recombination between the

X-linked genes for haemophilia and colour-blindness. This red-green colour-blindness

marker remained the most useful Xlinked marker until the late 1950s, because of the

relatively high frequency of affected males. \n 1962, the far more polymorphic Xg blood

group system was discovered (Mann et al., 1962). Since then, many more markers such

as antigens, isozymes and restriction enzyme fragment length polymorphisms (RFLPs)

have been discovered and by 1979 about 360 of these types of markers had been mapped

by linkage analysis to human chromosomes (Shows and McAlpine, 1919). It was

Botstein and collegues (1980) who were the first to propose the construction of a linkage

map of the entire human genome through a systematic attempt to clone polymorphic DNA

sequences, specifically RFLPs, that were not necessarily associated with any gene. The

first such map, using 393 RFLPs, was published by Donis-Keller et al. in 1987.



1.2 The Human Genome Project

The Human Genome Project (HGP) was established in 1988 under the auspices of the

U.S. National Institutes of Health and the U.S. Department of Energy, with the aims of

reducing human suffering and the cost of health care and to provide a greater

understanding of human biology (Watson, l99O; Collins and Galas, 1993:' Guyer and

Collins, 1993, I9g5; Olson, 1993). To achieve these ends the specific objectives of the

current five-year plan (1/10/93-3019198) were to:

1) produce a genetic map, with a resolution of 2 to 5 cM, of the human genome by 1995;

2) produce physical maps of the human and mouse genomes with an STS every 100 kb

and 300 kb respectively, bY 1998;

3) increase the rate and reduce the costs of large scale DNA sequencing;

4) develop efficient methods for identifying and mapping genes;

5) sequence the genomes of the well characterised organisms: Escherichia coli,

Saccharumyces cerevisiae, Caerutrhnbditis elegans and Drosophilamelanogasta;

6) develop and improve databases and the software for analysing the data;

7) address the ethical, legal and social implications arising from the above'

The achievement of producing a genetic index map of the human genome, that is, a map

consisting of markers with heterozygosities of at least TOVo (so that at least half the

people studied for any two markers will be informative for both) and separated by 2-5

cM, has been made Possible bY:

1) the discovery of many widely distributed highly polymorphic (microsatellite) markers;

2) technological advances to analyse these markers, such as PCR and, more recently,

automated genotyPing;

3) the establishment of reference families so that all markers could be genotyped on the

same set of families and linkage analysis could be carried out using a single database;
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4) the development of computer algorithms and statistical methodology to determine the

order and distances between each by multipoint methods'

(Each of these four points will be discussed further in the next chapter)'

Genetic maps are essential for the positional, as distinct from functional, cloning of

disease genes and for genetic counselling. These maps will not only be useful for

mapping the genes responsible for monogenic disorders but also those involved in

polygenic and multifactorial diseases (Collins, 1992; Sefton and Goodfellow, 1992;

Kruglyak and Lander, 1995). They can also be integrated with physical maps

(constructed from cloned contiguous DNA segments) since primers used to amplify

genomic DNA for genotyping family members can also be used as STS markers on the

physical map.

The ultimate aim of the HGP is to determine the DNA sequence of the human genome

and reveal all the genes; a task that is expected to be completed early next century (Smith,

1ee3).

1.3 Aims of the Project

In accordance with the first goal of the HGP presented above, the aim of the project

presented in this thesis was to isolate microsatellite markers and to construct a high

resolution genetic map of the human X chromosome using these and pre-existing

microsatellite markers. Such a map would then be put to use in the fine mapping of X-

linked diseases. Once a disease gene has been regionally localised, linkage analysis can

be used for the determination of carrier status and to provide prenatal diagnosis. In

addition, regional localisation is the first step towards the positional cloning of the gene

involved via the investigation of candidate genes. Identification of the gene responsible

may lead to a direct diagnostic test and/or the implementation of preventative or palliative

therapy. These steps have been summarised in Figure 1'l'
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2.1 Hypervariable markers

RFLPs contributed greatly to the construction of the first comprehensive linkage map of

the human genome (Donis-Keller et a|.,1987). Although RFLPs are common (occuring

every 200-300 bp on average; Cooper et a1.,1985), they often have low heterozygosities

(an average of 4OVo; cited by Lathrop and Lalouel, 1991) because the molecular basis of

their polymorphism is usually just the presence or absence of a single restriction enzyme

site. This relatively low level of heterozygosity compared with later markers decreased

both the accuracy of inter-marker distance estimates and the support for marker order

during linkage map construction, when analysing a similar number of families. Also, the

detection of linkage between disease and marker loci is more difficult than would be the

case with markers of greater heterozygosity.

Although most RFLPs are biallelic, with a maximum theoretical heterozygosity of 507o,

some are multiallelic and have high heterozygosities. The first such hypervariable RFLP

was repofted by Wyman and White (1980). The cause of the hypervariability of some

RFLPs was a difference in the number of copies of a tandemly repetitive sequence. It was

Jeffreys et al. (1985) who went on to develop probes from these so called "minisatellites"

that could detect many unique hypervariable loci. These minisatellites are also calleC

"VNTRg", the acronym for "variable number of tandem repeats". The repeat unit can range

in length from about 9 to 100 base pairs (bp). Most of these minisatellites map near to the

telomeres of chromosomes and thus are not ideal for generating a linkage map consisting

of uniformly distributed loci (Donis-Keller et al., 1987 Nakamura et al., 1988; Royle er

aL.,1988; Rouyer etaI., 1990).

There is another group of markers based on a variable number of tandem repeats,

designated "microsatellites", whose repetitive units are smaller than the repeat unit of a

minisatellite; about I to 6 bp. Microsatellites are also often refered to as "simple sequence

repeats" (SSRs) or "short tandem repeats" (STRs). Tautz (1993) has sought to clarify the

sometimes confusing nomenclature regarding satellite sequences. Unlike RFLPs, the

polymorphic nature of microsatetlites is most often assayed via the use of the polymerase

chain reaction (PCR) technique and not by the use of restriction enzymes.

Although the existence and high abundance of polymorphic microsatellites in eukaryotic

genomes had been known since the early 1980s (Hamada et al., 1982; Tautz and Renz,
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l9B4; Gross and Garrard, 1986), it was not until the late 1980s that their variability was

recognised, enabling their application to linkage analysis of human populations (Litt and

Luty, 1989; Smeets etaI., 1989;Taulz,1989; Weberand May, 1989). By 1991 lo%o of

the approximately 3,000 polymorphic markers characterised had heterozygosites greater

than 5OVo ('Weissenbach, 1993). It has been the discovery and application of these highly

polymorphic loci that has enabled the rapid development of high resolution linkage maps'

The advantages of using microsatellites over most RFLP-based markers are numerable.

Firstly, they are likely to exhibit more polymorphism (Weber, 1990). This aspect is of

particular importance when considering the X chromosome because RFLPs, including

minisatellites, are relatively less frequent on the X compared to the autosomes (Coopet et

al., 1985; Hofker et aI., 1986; Dietz-Band et al., 1990; Hendrickx et al., 1993)' In

addition, as mentioned above, unlike minisatellites, the distribution of microsatellites in

the human genome is more uniform (Hamada et al., 1984; Willard et al., 1986; Nakamura

et al., 1988; Royle et a\.,1988; Barker et aI., 1989; Stallings et al., l99l; Hudson et aI',

l99Z; Weissenbach, lgg3). There have, however, been reports of regions sparsely

populated with microsatellites (for example, subtelomeric regions; Hazan et al-, 1992i,

'Weissenbach et al., lgg2). The apparent lack of microsatellites in these regions may be

artefäctual, and couid be explained by biases in subcloning and/or inflated recombination

rates. Clusters of AC repeats have also been noted and speculated upon (Coleman et aI' ,

r9e4).

Other advantages in using microsatellites relate to the Nobel prize winning PCR technique,

developed by Kary Mullis (Saiki et a1.,1985; Mullis and Faloona, 1987). This process

produces many copies of any given sequence from genomic DNA to levels that are

detectable by a number of methods. PCR is quicker, requires less DNA than the Southern

technique (Southern, lg75) required for RFLP analysis and is automatable. Minisatellites

up to l0 kilobases (kb) in length can be PCR amplified but such large alleles can only be

detected by Southern blotting of the PCR products (Jeffreys and Pena, 1993). PCR can be

routinely performed on picogram amounts of DNA and the products are designed to be

usually 100-300 bp in length to facilitate resolution of the size differences between alleles

and permit successful amplifrcation from degraded samples. Alleles of a given

microsatellite locus differ in multiples of the repeat unit, for example 2,3, or 4 bp for di-,

tri-, and tetra-nucleotide repeats respectively. This size difference is readily resolved using
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polyacrylamide gels. Methods by which several microsatellite loci can be analysed

simultaneously, a technique called "multiplexing", have also been developed (Church and

Kieffer-Higgins, 1988; Hazan et al., 1992).

Another advantage is that the primers flanking microsatellite markers can be made by any

laboratory with access to an oligonucleotide synthesiser or can be purchased commercially,

rather than having to rely on the investigator who characterised an RFLP to provide the

cloned probe. In summary, the utility of PCR-based microsatellite markers far exceeds that

of RFLP-based markers.

Most researchers initially concentrated on isolating and characterising poly(AC)

dinucleotide repeats as opposed to any other type of microsatellite. In humans the most

plentiful microsatellites, in order of decreasing frequency are: poly(A/T), poly (ACiTG),

poly(AAAT/TTTA), poly(AG/TC) and poly(ATÆA). Most poly(A) and poly(42-3N)

repeats, where N=T, G or C, are found within Alu repetitive sequences which makes it

difficult to design unique flanking primers (Economou et al., 1989; Weber et al., l99l;
Beckmann and Weber,1992).It has been estimated there are 50,000-100,000 poly(AC)n

repeat sequences, where "n" represents about 5 to 15 copies (10-30 bp), in the haploid

human genome (Hamada and Kakunga,19821' Tautz and Renz, 1984; Gross and Garrard,

1986). As a consequence, assuming a genome length of 3 x 109 bp, there should be a

repeat every 30-60 kb, on average. Dinucleotide repeats with less than 13 units are not

very polymorphic but the proportion of markers with a repeat length of 4O bp or more (that

is, n > 20) that have heterozygosities > 0.7 is 807o (Weber, 1990). It has been calculated

that a genetic map with a resolution of 0.3-0.5 cM could be achieved with about 12,000

microsatellite markers, although a great many more will have to isolated to attain this

degree of resolution (Weber, 1990).

Microsatellites not only differ in the length and number of their repeat units but also in their

structure (Weber, 1990). The most common type of repeat consists of an uninterrupted

stretch of repeat units, for example ACACACACACAC. Such a microsatellite has been

classified as a "perfect" repeat. "Imperfect" repeats have interruptions in the run of

repetitive units. The least frequent, "compound" repeats are conglomerations of two or

more types of repeat. Generally, the heterozygosity of any given microsatellite marker

correlates with increasing length of the uninterrupted repeat sequence (Weber, 1990). The
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polymorphic nature of microsatellites (the variation in copy number of the repeat unit) may

be generated by unequal exchange between sister chromatids and/or strand slippage during

DNA replication or repair (reviewed by tævinson and Gutman, 1987).

Recently, interest in trinucleotide repeats has grown because of their involvement in

neurological diseases (Richards and Sutherland., 1992 Riggins et al., 1992; Armour et al. ,

1994; Miwa, I994;Willems, Igg4), despite the fact that microsatellites with a repeat unit

greater than two are generally less frequent, occuring on average every 4O0 kb (Edwards e/

at.,lggl). The characterisation of such trinucleotide repeats has three potential benefits: 1)

the isolation of a polymorphic sequence; 2) the identification of a sequence which is

potentially unstable, that may account for any associated disease (Richards and Sutherland,

1994); and 3) the isolation of an associated gene. The search for trinucleotide repeats not

only contributes to the construction of a linkage map but also to the generation of a

transcriptional map of the genome. Similarly, gene-based linkage maps may also be

constructed using sequence polymorphisms within introns or the 3' untranslated regions of

heteronuclear or mRNAs (Poduslo et al., l99L; Sheffield et al. , 1992; Beier, 1993).

Tetrameric repeats have also been isolated and used in the construction of linkage maps

(Edwards et al., I99l; Armour et cl., 1994; Sheffietd et aI., 1995 UTAH marker

development group, 1995). The advantage of tetra- and trinucleotide repeat markers over

dinucleotide markers is that the alleles are easier to score because they are more easily

separated upon gel electrophoresis and are less susceptible to polymerase slippage during

the pCR. These types of markers may also be isolated from, and thus used to fill, the

"gaps" in dinucleotide linkage maps (Sheffield et al., 1995).

2.2 CFÌ}J reference pedigrees

A genetic map is constructed by following the pattern of inheritance from parents to

offspring of any given marker and relating it to the pattern of inheritance of other markers.

Markers that are linked will be inherited together more often than not, at a statistically

significant frequency. Unlinked markers are those that are either on different chromosomes

or syntenic but far enough apart such that there is a 50Vo chance of recombination between

them.
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A common set of reference families facilitated the construction of a genetic map of entire

chromosomes using markers characterised and genotyped by many different laboratories.

To this end, the Centre d'Etude du Polymorphisme Humain (CEPH) research institute was

established in 1984. Its function has been reviewed by Dausset et aI. (1990). CEPH

maintains and distributes to over 60 collaborating laboratories around the world, DNA

from EBV-transformed lymphoblastoid cell lines (LCLs) of each member of the 4O, three

generation, reference families. (The number of families has since been increased to 60).

These families are from the USA, France and Venezuela and most consist of all four

grandparents and an average of 8.5 children (Fig. 2.1). The linkage phase (that is, whether

particular alleles of different loci are on the same [cis] chromosomal homologue or

alternative [trarn) homologues) of alleles of heterozygous parents can often be inferred

from the grandparents and thus the grandparental origin ofthe alleles in the third generation

can be determined, permitting the unequivocal identification of recombinants if the marker

is fully informative. There are about 330 potentially informative X-chromosomal meioses

provided by the CEPH pedigrees. Collaborating laboratories submit marker genotype data

from all of the original (or "standard") 40 families at least, thus contributing to a single and

steadily increasing database.

2.3 Linkage mapping

A centimorgan (cM) is, by definition, the distance within which there is expected to be one

crossover every 100 meioses (that is, 1 cM is equivalent to a recombination frequency of

l7o). The recombination frequency or fraction (0) is the frequency of recombination

between two or more loci, as observed in offspring. The loci can be anonymous

polymorphic DNA sequences or one or both could be disease loci.

The relationship between recombination frequency and map distance (cM) is approximately

linear over short physical distances but, due to the possible occurence of multiple

crossovers, the recombination frequency underestimates map distance over longer

intervals. [n other words, the larger the physical distance between two loci the greater the

chance of multiple (undetected) crossovers occuring and therefore the true map distance

will be underestimated.
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Positive interference is the phenomenon whereby the presence of one chiasma (considered

to be the physical manifestation of a recombination event and in humans is most

conveniently observed cytologically in male meioses) inhibits the formation of another

"nearby". As a consequence, positive interference also leads to the underestimation of map

distances by recombination frequency. These two factors, multiple crossovers and

interference, preclude the summing of recombination fractions of adjacent intervals to give

the total recombination fraction across the whole region. Algebraically: 0t z = 0t2 + 0n -

2rr23, where r is the probability of recombination in both intervals (I-2 and 2-3)

simultaneously. With positive interference operating, r < 9tz x 9zt. The intensity of

interference can be investigated by calculating the coincidence ratio which is rnt l(0rz x

0z:). For small distances between loci, r = 0 and thus 0t 3 = 9tz + e23

These non-additive recombination fractions can be converted to additive map distances by

the use of an equation called a "map function". The choice of which map function to use

depends on the assumptions made regarding interference. Interference has been studied

primarily in Drosophila and mice (see for example Weeks et al., 1994), which provide

sarnple sizes suff,rcient to detect this phenomena, and hence the choice of which mapping

function to use for a human gene map is somewhat arbitrary. Nevertheless, choice of the

appropriate mapping function (that is, the true model of interference) can be important for

relating recombination frequency to map distance and thus for ordering loci correctly. As

the evidence for interference comes from the observations of those (rare) chromosomes

with multiple crossovers, it has been calculated that to detect this phenomenon in humans

more than 490 phase-known meioses, fully informative for 3 markers separated from each

other by a recombination fraction of 0.18, would be required (Lathrop and Lalouel, 1991).

A widely used map function devised by Kosambi (1944), using data from Drosophila is

based on the assumption that the level of interference decreases linearly from complete to

none as the recombination fraction between two loci increases. This map function seems to

fit empirical observations in Drosophila, but does not apply to large recombination

fractions in mice (cited by Conneally and Rivas, 1980). The mapping function developed

by Rao et al., (1977) was the first to be based on human (male) chiasmata data,

nevertheless, citing data from experiments with Drosophila, these authors considered that

the Kosambi mapping function (which is a special case of their "general" function) may be
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appropriate for human female meiosis and thus crossovers involving the X chromosome.

The Kosambi function is mathematically simple, but not realistic in the sense that

interference, in reality, could be species, sex and position specific. (The first and second

factors could be taken into account but the third factor makes any map function unrealistic).

The Kosambi function is also unrealistic when used for multipoint mapping of more than 3

loci (and as a consequence is described as being "not multilocus feasible"). This is because

when it is necessary to calculate the probability of every possible haplotype that may be

passed on by a phase unknown parent, negative probabilities (which are impossible in

reality) result (Ott, 1991). To overcome this problem other map functions have been

developed which ø¿ multilocus feasible but they have the disadvantage of assuming

interference is not complete at small recombination fractions and therefore they also are

unrealistic. Despite the reservations, the Kosambi map function is still predominantly used

for the construction of human (multiJocus) linkage maps. The formula is:

x cM = 25 ln[(l +20) I (t - 20)]

As the density of markers increases the choice of which function to use becomes a moot

point because at low recombination fractions (< 0.10) the equations show the

recombination fraction to be linearly proportional to the map distance (Conneally and

Rivas, 1980) because of the unlikely occurence of recombination between closely linked

loci.

Sex differences in recombination frequency exist and the often quoted sex-averaged (or

neuterized) autosomal length is 3,300 cM (Renwick,I97l), however more recent mapping

efforts give longer lengths, ranging from about 3,400 to 4,700 cM (NIH/CEPH

Collaborative Mapping Group, 1992; Weissenbach et al., 1992). There are very few

measures of map distance, as determined cytologically from the observations of female

meiotic chiasmata, for the human X chromosome because of the difficulty in obtaining

suitable ovarian tissue. An estimate of 225 cM is based on the length of the X chromosome

as seen at metaphase relative to the total estimated haploid autosomal length in females of

3,850 cM (Renwick, 1971). More recently, Morton (1991) cites the length of the X

chromosome as 22O cM although he does not correctly indicate the source of this estimate

(but it was probably calculated relative to the autosomal length of the genome). The

physical length of the X chromosome is about 160 Mb (Morton, 1991). (Physical
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measurements of distance, as opposed to genetic measures (0 or cM), are determined from

the sizes of DNA restriction fragments containing the loci of interest or the frequency of the

co-inheritance of markers following the shearing of the DNA, either mechanically or by the

use of X rays (Cox et aJ.,1990; Dear and Cook, 1993)).

Statisticat support for marker order and determination of the genetic distance between two

linked markers is dependent upon the number of informative meioses, that is, the number

of gametes (as revealed in the genotypes of the children of the CEPH pedigrees, for

example) that can be clearly scored as recombinant or non-recombinant. This number of

informative meioses is dependent on the size of the family studied, or the number of

families, and the heterozygosity of the markers used. In an ideal situation, where the phase

of a doubly heterozygous parent is known from the grandparental genotypes and the other

parent is doubly homozygous (that is, a phase-known double backcross mating) or if both

parents are double heterozygotes with distinct phase-known genotypes, the recombination

fraction between the two loci is simply the number of observed recombinants divided by

the total number of offspring. In human pedigrees however, because of the limitation

imposed by both the joint heterozygosity of the markers under question and the pedigree

structures, this situation is rarely encountered (hence the advantage of the CEPH pedigrees

and development of highly informative markers for constructing a genetic map) and so

recombinant offspring are not always obvious. Statistical analyses, most commonly

maximum likelihood estimation (MLE) methods, are then used to determine the distance

between two loci or to order loci on a map. Mapping the X chromosome is simplified

relative to the autosomes because the phase of the X chromosome in the mother can always

be deduced from the genotype of her father, who is hemizygous, thus facilitating the

identification of recombinant children in the third generation. Also, because the father is

hemizygous every mating involving a heterozygous mother is informative because this is

equivalent to a test cross where one parent is homozygous (in the autosomal situation).

There have been a number of direct and indirect methods applied to the estimation of

linkage (for a review see Ott, 1991). The likelihood test of Haldane and Smith (1947) is

the pre-cursor of the methods now used. [t involves comparing the likelihood (use of the

term "probability" is not technically correct: probability refers to events, likelihood refers to

parameters; Frlwards, 1939) of observing the pattern of inheritance of the alleles of two

loci (one of which may be a disease locus) at a given recombination fraction (0 < 0'5) with
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the likelihood of observing this same pattern assuming there is no linkage between each

locus (0 = 0.5).(Determining the linkage relationship between more than2loci will be

considered below). The log16 of this likelihood (L) ratio was used to permit statistical tests

of linkage and allow such "lod" Qog of the odds ratio) scores between families to be easily

summed (Smith, 1953). Mathematically the lod score can be represented as;

Z=logtofL(Oy L(0.5)l

For example in a family of 8 siblings where phase is known and 3 children are

recombinants (0) and 5 are non-recombinants (1-0) the relative likelihood of linkage, when

considering two loci, iS e3(1-e)5] l (ll2)8, which in terms of the lod score becomes

Z= log l2s + Qr + (1-0)sl

= 8 log(2) + 3 log(0) + 5 log(1-0)

(using equation 3.2 of Ott, 1991, when 0 t 0). Note that 3 recombinants out of 8

offspring gives a recombination fraction of 0.375, which when substituted into the above

formula gives the maximum lod score of 0.101. Using any other recombination fraction in

the formula gives a lower lod score.

When phase is not known every possible haplotype has to be considered:

Z=tos{(ll2 t0 3(1-e )sl+ t?[A s(1-e )3]) I (tlT [0.s3 (1 - 0.s¡s1 + tlz[o.ss(1-0's)3])]

(using equation 43 of Ott, 1991). The first term in the denominator and numerator relates

to the probability that the two alleles are in cis (and therefore 5 of the children are non-

recombinants) and the second term relates to the probability that they are in trans (and

therefore 3 of the children are non-recombinants). The division by 2is a consequence of

each of the two possible phases having a probability of occurence of I in2.
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The maximum likelihood estimate is that recombination fraction (0) which yields the

highest lod score. Morton (1955) proposed a test of significance of these lod scores,

resulting from two-point linkage analyses, and implemented a sequential test, whereby data

is progressively collected from independent families until, upon summing the lod scores,

certain critical values are exceeded. These critical lod score values are 3 and -2. If the lod

score is 3 or greater, the frequency of recombination is significantly less than 507o (that is,

independent assortment is disproved and linkage is demonstrated), whereas if the lod score

is -2 or less, the frequency of recombination is significantly greater than the recombination

fraction for which the lods were calculated. For scores between -2 and 3, conclusions

regarding linkage or otherwise are withheld, pending more data (that is, from the analysis

of more individuals of the same family, more families or more markers to render additional

parts of the family informative)'

The selection of 3 and -2, as cut-off points or critical values, are a consequence of

Mofton's desire to have a low frequency of Type I errors (accepting linkage between loci

when in reality there is none) and Type II errors (rejecting linkage when in reality the loci

øelinked), but still have the power of the test equal to 0.99. These two errors occur with a

probability of cr and B respectively. The significance level of the test is the probability of a

Type I error occuring (a). The power of the test is the probability that it conectly rejects

the null hypothesis of no linkage (0 = 0.5) when it is false, and is equal to 1-8. To

maximise the chances of arriving at the correct conclusion cr and B should be minimised,

but as the probability of making a Type I error is reduced, that is, making ct more

stringent, the probability of making a Type [I error is increased and hence the power of the

test is decreased. At the critical lod score for accepting linkage of 3 (odds of 1(Ð0:1 against

no linkage) cr is approximately equal to 0.001. At the critical lod score for rejecting linkage

of -2, p is approximately equal to 0.01. Clhere is some doubt regarding the theoretical

justif,rcation of using these critical values and Chotai (19S4) concludes that they are

unnecessarily stringent).

Specifically, the probability of any two autosomal loci selected at random being on the

same chromosome is about 57o, which is based on the relative lengths of the autosomes
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(Renwick, 1969; Elston and Lange, lg75). However, these two loci, when they are on the

same chromosome, also have to be within measurable distance (arbitrarily chosen as <

4O7o recombination). Taking these prior probabilities into account, the chance of any two

randomly chosen autosomal loci being linked is 27o (Renwick, 1969:' Elston and Lange,

lg75).If the significance level (cr) of the test is set at the usual 5Vo, given the relatively

low prior probability of linkage, such a test will yield more false positive than true results.

To avoid this, g is made more stringent (0.1%). This is achieved by using a lod score of 3

as the critical point for accepting linkage (equations 3.7 and 4.10 Ott, 1991)' For Morton's

required power of 99Vo, p is equal to l7o, hence the use of -2 as the critical lod scorefor

declaring no linkage. The lower lod score of 2 is used as the critical point for declaring

linkage between X-linked loci and this is a consequence of the fact that, from their pattern

of inheritance, the loci are known to be on the X (but they must still be within measurable

distance).

In multipoint linkage analysis (see below), one wishes to construct a map of more than 2

loci or position a locus (the "test" locus, which may be a disease gene) within an existing

map. Considering many loci increases the probability of a Type I error because of the

individual Type I errors associated with each comparison between the test locus and the

other loci. This effect is offset by the increased prior probability of linkage between the test

locus and one or more of the other loci (equation 4.16 Ott, 1991). As a consequence, the

critical lod score of 3 (or 2 for the X chromosome) applies to both two-point and

multipoint analyses.

Morton's (1955) sequential testing method (see above) was only applicable to nuclear

families (parents and offspring). This was because the difficulty of the calculations

required that larger pedigrees be divided into smaller more manageable units, but the lod

scores from each of these units could not be summed as the units were not statistically

independent. To facilitate the analysis of extended families, Elston and Stewart (1971)

devised an algorithm that "dissected" a pedigree. This algorithm was used in a computer

program developed by Ott (1974, 1976) called "LIPED" (likelihood in pedigrees). The

Elston-stewart algorithm is, however, not suited for maps of many loci because the

computing time required grows exponentially with the number of markers used. To

overcome this, Lander and Green (1987) devised an algorithm that permits computer time
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to increase linearly with the number of loci, which has made multipoint analyses feasible.

Calculating linkage between 3 or more loci simultaneously (multipoint analysis), as when

constructing a map of marker loci or positioning a disease locus within an existing map, is

more efhcient in determining distance and gene order, compared to two-point analysis.

This is because the more loci used in an analysis the more information is available, in the

sense that an incorrect order of 3 or more loci will require an unlikely number of

recombination events to account for it and there is a greater chance that individuals

uninformative for one marker will be informative for one of the others (this is especially

important if small families are used for map construction; l,athrop et aI., 1985). This

multipoint method evaluates the likelihood of a locus order given the genotypic data and

this is then compared with the likelihood of other locus orders, using the likelihood ratio

test. \When only a few loci are to be ordered, the maximum likelihood locus order can be

determined by comparing the likelihood of a// possible locus orders. The number of orders

that are possible equals nll2, where n is the number of loci and the division by 2 reflects

the fact that an order of ABCD is the same as DCBA. As the number of loci to be ordered

increases, the number of possible orders increases exponentially, which becomes

computationally difficult. The CRI-MAP program deals with this problem by using the

algorithm of Lander and Green (1937). Loci are added sequentially to a starter map first

constructed with a nucleus of two highly informative loci. More loci are added to the map

providing they can be positioned with odds of at least 1000:1 against any other location.

To assess the final map, support for local order is tested by inverting adjacent groups of

loci.

It was not until 1984 that computer programs which permitted the analysis of many more

than four loci simultaneously were available. The most commonly used computer

programs used to construct linkage maps are: MAP (Morton and Andrews, 1989), CRI-

MAP (Lander and Green, 1987), MAPMAKER (Lander et aI., 1987) and LINKAGE

(Lathrop et aI.,1984, 1985). All use the maximum likelihood method for ordering loci and

determining the distance between them, however they differ in the way the likelihood is

maximised and the assumptions regarding intederence. The MAP program uses a multiple

two-point analysis and assumes interference. The other three programs use multipoint

analysis and calculate adjacent recombination fractions assuming no interference during the

calculation of gamete probabilities (although MAPMAKER and CRI-MAP can then convert
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these recombination fractions to map distances using the Kosambi mapping function)

As linkage maps increase in density it will become increasingly difficult to order markers

with odds of >1000: 1 because of the rarity of recombination events between closely spaced

loci. Wang and Weber (1992) have calculated that 3 to 4 recombination events between

markers should be sufhcient to order them with odds of >10ü):1. There are two options to

increase the number of observed recombinations between closely linked loci: 1) investigate

additional markers and/or 2) genotype more individuals within existing families or use new

families. As regards the X chromosome, there are about 330 potentially informative X

chromosomal meioses provided by the 40 standard CEPH families. This number permits

the ordering of X linked loci that are separated by only 2.7 cM, assuming the X

chromosomeis 22O cM in length and using the formula and assumptions given by Ott

(1991, page 137).

As the resolution of genetic mapping using family data is limited to markers separated by

more than about I cM, to obtain a correctly ordered higher resolution map one needs to

resort to physical methods (Chakravarti et aI., 1991), although "linkage disequilibrium"

mapping may in the future also be used to refine the order of closely spaced markers

because this procedure analyses the recombination events within a whole population (that

has descended from a small founder population and remained relatively isolated) (Peterson

etaL, 1995).

2.4 Physical mapping

Apart from the goal of generating a 2-5 cM genetic map by 1995, the Human Genome

project aims to produce a physical map by 1998 that has a STS (sequence tagged site)

every 100 kb (Collins and Galas, 1993). Integration of the genetic and physical maps can

be achieved by using polymorphic STSs, of known ordet, to "seed" the construction of the

physical map.

High resolution physical mapping can be achieved by observing the co-segregation of

polymorphic markers following imadiation or mechanical shearing, known as "radiation

hybrid" and "happy" mapping respectively (Cox et aI., l99O; Dear and Cook, 1993)'

These methods are the physical analogues of meiotic (recombination) mapping and can be

analysed in the same manner. The limit to their resolution is dependent on the frequency of
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breakage and the statistical methods used to analyse the results. Natural examples of

chromosome breakage are revealed in patients with contiguous disease syndromes and the

characterisation of the deletions involved can also reveal marker orders (see for example

Philippe etal., 1993).

Alternatively, fluorescence in sil¿¿ hybridisation (FISH) of cloned probes to metaphase or

interphase chromosomes or to extended DNA strands ("fibre fish") can be used to locate

and order markers. The limit of resolution of each of these in situ methods is 1 Mb, 50 kb

and 20 kb respectively (Trask, I99l; Brandiff et al., I99l; Buckle and Kearney, 1994;

Haaf and'Ward, 1994).

Restriction maps of large regions of DNA can also be used to position loci relative to other

loci by observing the pattern of restriction fragments that contain these loci.

Finally, large regions of the genome (from about 100 kb up to about 1 Mb) can be cloned

and propagated using yeast vectors and subsequently analysed to determine which STS

markers they contain. In this manner contiguous sets of clones (for example a yeast

artif,rcial chromosome (YAC) "contig") can be established across the region of interest,

from which smaller more manageable segments of DNA (cloned into: bacterial artifical

chromosomes, cosmids, bacteriophage or plasmids) can be generated. A fÏrst generation

physical (YAC contig) map of the human genome has been generated by Cohen et al.

(1993). Almost complete YAC coverage of the X chromosome has recently been achieved

(Roest Crollius et aJ., 1996; Nagaraja et al., 1997)'

The generation of overlapping contigs will ultimately lead to the physical map with the

highest resolution; that is, the entire nucleotide sequence of the genome. The goal for

completion of this map is 2006 (Smith, 1993), but this depends upon further advances in

sequencin g technology.

2.5 Morbid anatomy of the human X chromosome

In 1980, Dr. Victor McKusick coined the term "morbid anatomy" to refer to the

assignment of disease loci to "specific" chromosomal sites, that is, the construction of a

disease map of the human genome (McKusick, 1980). Some diseases are allelic (that is,

clinically distinct conditions can arise from mutations in the same gene; Saugier-Veber er
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at., 1994; Chapter 8) and conversely some diseases are heterogenous (the same clinical

phenotype caused by mutations in different genes; Gedeon et aI.,l996b; Chapter 6) hence

the number of diseases (or clinically defined phenotypes) does not reflect the number

disease-gene loci. Historically the X chromosome has been well studied because of the

revelation of X-linked recessive diseases in hemizygous males that are carried by normal

females. As at 1990 about 100 disorders had been shown to be X-linked; which was the

highest disorder density of any chromosome (McKusick, 1990). In compatison, about 470

autosomal disorders had been allocated to their respective autosomes. As at 1992, the

genes responsible for 26 of the 100 known X-linked disorders had been cloned (Mandel er

01., 1992).

By 1994, the number of disorders localised to the X chromosome had increased by 507o,

and the number localised to autosomes had increased by 73Vo (McKusick, 1994). This

rapid rate of localisation was facilitated no doubt by the availability of high resolution

linkage maps and highly polymorphic PCR-based genetic markers, enabling more

information to be extracted from disease families.

2.6 Positional cloning

Most disease genes have been only regionally localised, because of the lack of any

information regarding their function. Identifïcation of genes through a knowledge of their

protein sequence, structure or function is referred to as "functional cloning". [n contrast,

"positional cloning" is the process whereby the disease gene is isolated and identifred

solely because it lies within the regional localisation of the disease locus or is disrupted by

some chromosomal abnormality. The "positional candidate" approach to cloning relies on

the investigation of one or more previously identified candidate genes that are known to lie

within the disease gene regional localisation.

The f,rrst gene to be isolated by positional cloning was that responsible for chronic

granulomatous disease in 1986, and by 1992the genes of 12 other inherited diseases had

been identified by this approach (Collins, 1992; Ballabio, 1993). Six of these genes are

located on the X chromosome. This bias of X-linked genes cloned by positional cloning is

because of the functional hemizygosity of this chromosome, the consequences of which

are the clinical detection of (hemizygous) males and those females with cytogenetic

abnormalities involving the X chromosome. The presence of obvious cytogenetic lesions
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makes identification of the associated genes relatively easy, as was the case for the genes

responsible for all 6 X-linked disorders.

ln most cases, however, there is no structural abnormality, nor independently isolated

candidate gene, known to lie within the same region as the disease locus, and therefore it

may be necessary to randomly clone genes from this region and screen them for mutations

in the affected members of the family under study. Knowledge of the tissue of expression,

the developmental stage of expression and the putative function of any genes isolated can

be used to prioritize them for subsequent mutation screening.

Although gene density varies greatly, the regions of greatest density may have one gene

every 20 kb (Kendall et al., 1990; Yyas et al., 1992; Coleman et al., 1994). As a

consequence it is advantageous to minimise the region to be searched, so as to minimise

the effort expended in isolating and characterising those genes present. Using high

resolution genetic maps is very often the only way to minimise the regional localisation of a

disease gene segregating within a family. These high resolution maps enable the

investigator to progressively "close in" on the actual site(s) of recombination. In addition,

with increasing resolution of genetic maps it may be possible, as has been done in studies

with rodents, to reveal the genes involved in polygenic and multifactorial disorders

(Collins, 1992; Guyer and Collins, 1993; Davies et al., 1994; Lander and Schork,1994;

Epplen et aI., 1995; Kruglyak and Lander, 1995).

2.7 ldentification of disease-causing genes

There are a number of methods to isolate genes from relatively small (<1 Mb) regions of

the genome (see for example Hochgeschwender and Brennan, l99I). In the absence of

any other information other than position, all such genes are candidates for causing the

disease that maps to the same region. These genes then have to be investigated for

mutations. Sub-microscopic deletions are relatively easy to detect but occur with a

frequency of only about 57o for each well-studied X-linked disease (Mandel et al., 1992).

Most diseases are caused by point mutations (within exons) and as a consequence a

relatively sensitive method will need to be employed to detect and characterise any

particular lesion. Such methods have been reviewed by Landegren (1992). Sequencing is

the ultimate means of revealing any differences between the DNA or cDNA of affected and

unaffected individuals. This procedure is tedious if there are many exons, unless one is
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sequencing a small cDNA. Prior to sequencing, more rapid, but less sensitive, screening

methods may help reduce the region to be sequenced. These often involve detecting mis-

matches between heteroduplex DNA strands (composed of wild-type and mutated

sequences) or rely on differences in the secondary structure adopted by wild-type and

mutated single-stranded DNA or RNA as revealed by single-stranded conformational

analysis (SSCA) (Grompe, 1993).

Once a difference has been found it has to be demonstrated that it is responsible for

manifestation of the disease. This can be done by combinations of the following:

1) population screening for the same variant, to exclude polymorphism;

2) demonstrating segregation of the variant with the disease within the family and in other

families with the same disease (however, different mutations in the same gene may cause

the same phenotype);

3) showing conservation of nucleic acid or amino acid sequence across species, at the site

of the variant;

4) identification of the same mutation in animal models of the disease;

5) generating transgenic animal models with the same mutation;

6) determining any effect on transcription;

7) assay for protein function;

8) molecular modelling of the protein structure.

2.8 Transcriptional mapping

Isolating and identifying genes responsible for diseases is one means by which a

transcriptional (or "functional") map of the genome is constructed. A more efficient and

comprehensive process is the isolation and sequencing of (partial) cDNA sequences (see

for example Hillier et al., 1996). The rate-limiting step in the construction of a

transcriptional map of the genome is not the isolation of these expressed sequence tags

(ESTs) but their subsequent genetic tocalisation and characterisation of the genes to which
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they belong

The physical mapping of the genome will facilitate the mapping of ESTs. Expressed

sequence tags have been regionally mapped primarily by FISH and PCR from cell hybrids

(see for example Parrish and Nelson, 1993) and, more recently, positioned with higher

precision viø PCR from mapped YACs (Schuler et al., 1996). A transcriptional map of the

genome will greatly assist positional cloning projects, because all transcripts that map

within the relevant region are candidates for being the disease gene (although some will be

better candidates than others).

There is some debate regarding the necessity of sequencing the entire (coding and non-

coding) genome when the "impoftant bits" can be found much more readily by cDNA

cloning (Chen et al., 1994). It is likely, however, that each of these approaches will serve

as catalysts for the other; with the analysis of many cDNAs ultimately requiring the

elucidation of their genomic organisation and, conversely, the analysis of "anonymous"

raw sequence data revealing genes by the application of exon-recognising computer

algorithms.
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3.1 Materials

3.1.1 Chemicals and compounds and their suppliers

Acrylamide (9.9Vo)

4OVo (w I v) Acrylamide: Bisacrylamide ( I 9: 1 ) solution

30Vo or AOVo (wlv) Acrylamide solution

Adenine

Agarose: NA grade

Agarose: [,ow Melting Point (LMP)

Ammonium acetate

Ammonium chloride

Ammonium hydroxide

Ammonium hydroxide; Conc. (32Vo wlw)

Ammonium persulphate

Ammonium sulphate

Ampicillin

lv-32P l¿RrP; 5o0o ci/mmol

Bactoagar

Bactotryptone

Benzyl penicillin

B i s(N,N-methylene-åls-acrylamide)

27o (wlv) Bis solution

Boric acid

Bromophenol blue

BSA (bovine serum albumin)

N-Butanol (butan-1 -ol)
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BioRad

BioRad

BioRad

Sigma

Pharmacia

Seaplaque (FMC)

Ajax

Ajax

Ajax

Merck

BDH

Ajax

Sigma

Sigma

Difco

CSL

BioRad

BioRad

BDH

Sigma

Amersham

Ajax

Ajax



Calcium chloride

Casein hydrolysate acid

Chl oroform (trichloromethane)

Chloroform (for purification of cycle sequencing products)

DAPI (diamidino phenylindole dihydrochloride)

¡6¿32pldCTP; 30CÐ Ci/mmol

¡çr3sSIdCTP; It77 Cilmmol

DEPC (diethylpyrocarbonate)

Deoxy- and dideoxy-nucleotide triphosphates

Dextran sulphate

N, N-dimethyl formamide

DMSO (dimethylsulphoxide)

DTT (dithiothreitol)

EDTA (ethylenediaminetetracetic acid; Na2EDTA.2H2O)

Ethanol (99.5Vo vlv)

Ethidium bromide

FCS (Fetal Calf Serum)

Formaldehyde 37Vo

Formamide (deionised before use)

Gaunidium thiocyanate

Gelatin

Gelslick

Glacial acetic acid

Glucose

Glutamine

Glycerol
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Sigma

Ajax

Ajax

Gibco

Aja*

Applied Biosystems

Amersham

Bresatec

Pharmacia

Pharmacia

Ajax

Ajax

BioRad

Ajax

Ajax

Sigma

CSL

Ajax

Fluka Chemika

ICN

AT Biochem

Ajax

Ajax

Trace Biosciences

Ajax



Hams F12 (+ L-glutamine; - NaHCO3)

Human placental DNA

Hydrogen chloride (367o wlw)

IPIG (i sopropylthio-p -D-galactosidase)

lsoamyl alchohol

Isopropanol

Kanamycin

N-lauroylsarcosine (S arkosyl)

LipofectACE

Magnesium chloride (MgClz. 6 HzO)

Magnesium sulphate

Maltose

MDE (2xgel solution)

MEM I (reduced serum medium)

pMe (B-mercaptoethanol)

NP-40 (Nonidet P-40)

Paraffin

PEG (polyethylene glycol) 3350 and 80CK)

PEG 6000

Phenol

Phenol: H2O:chloroform (68: 1 8: 14)

Phenol red

Phosphate Buffered Saline (-Mg,-Ca,-NaHCO3)

Potassium acetnte

Trace Biosciences

Sigma

Ajax

BRL

Ajax

Ajax

Boehringer Mannheim

Sigma

Gibco BRL

Ajax

Ajax

BDH

FMC

Gibco BRL

BDH

Sigma

Ajax

Sigma

BDH

Wako

Applied Biosystems

CSL

Trace Biosciences

Ajax

AjaxPotassium chloride

26



di-Potassium hydrogen orthophosphate (K2HPOa)

Potassium dihydrogen orthophosphate (KH2POa)

RNAsin

Salmon sperm DNA

Sigmacoate

SDS (sodium dodecyl sulphate)

Sodium acetate

Sodium bicarbonate

Sodium chloride

tri-Sodium citrate

di-Sodium hydrogen phosphate

Sodium hydroxide

Sodium phosphate

Sorbitoi

S permi di netri hydrochlori de

Sucrose

TEMED (N,N,N',N' -tetramethylethylenediamine)

Tetracycline

Tetrazole

Thiamine HCI

Trichloroacetic acid

Tris (hydroxymethyl aminomethane) base

Tris-HCl

Triton X 100

Tween 20 (polyoxyethylene (2) sorbitan mono-laurate)

Aja*

Ajax

Promega

Calbiochem

Sigma

Sigma

Astra pharmaceuticals

Ajax

BioRad

Sigma

Applied Biosystems

Sigma

Applied Biosystems

Boehringer Mannheim

Boehringer Mannheim

Ajax

Ajax

Ajax

May and Baker Aust.

Calbiochem Corp.

Aja*

Aja*

Ajax

Ajax

Sigma

Urea
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Urea (for DNA sequencing) BioRad

Yeast extract Gibco

Yeast nitrogenous base (with no amino acids) Difco

X- gal (5 -B romo-4chloro-3 -indoyl- p -D galactosidase) BRL

Xylene cyanol Serva

Zinc chloride Mallinckrodt Inc.

3.1.2 Solutions

All solutions were made with deionised water (dHzO). Solutions provided with kits are not

necessarily mentioned.

67o(wlv) acrylamidel'7 Mwea O.3Vowlv bisacrylamide,5.77o w/vacrylamide,427owlv

urea, 1 x TBE. This was filtered through 3mm Whatman chromatography paper.

2 x Alu-PCR mix: 100 mM KCl, 20 mM Tris-HCl, 3.0 mM MgCl2,0.02Vo (w/v) gelatin,

O.IVo (vlv) NP-40, 600 ¡rM of each dNTP, (pH 8.0)

10 x CAP buffer: 500 mM Tris-HCI, 10 mM MgCl2, I mM ZnCl2,10 mM spermidine.

Cell lysis buffer: 0.32}t4 sucrose, 10 mM Tris-HCl, 5 mM MgCl2, l7o vlv Triton X-100,

(pH7.s).

Denaturing solution: 1.5 M NaCl,0.5 M NaOH.

Dilution (AmpliTaq) buffer: 0.1 mM EDTA, 0.l5Vo (v/v) Tween 20, 0.l57o (vlv) NP-40,

25 mM Tris-HCl, (pH 8.8).

Filter denaturing solution: 0.5 M NaOH.

Filter neutralising solution: O.2M Tris-HCl, 2 x SSC, (pH 7.5).
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Gel denaturing solution:2.5 M NaCl,0.5 M NaOH

Gel neutralising solution: 1.5 M NaCl, 0.5 M Tris-HCl, (pH 7.5).

Hybridisation solution: 5 x SSPE, l7o wlv SDS, 507o v/v deionised formamide, 0.15 M

dextran sulphate.

Labelling mix: 1.5 ¡.rM each of dGTP, dATP, and dTTP. (To improve resolution, dGTP

was replaced with dcTGTP; Mizusawa et al., 1986).

5 x Ligation buffer: 250 mM Tris-HCl, 50 mM MgCl2, 5 mM DTT, 5 mM ATP,257o wlv

PEG 6000, (pH 7.6).

2 x [-nading buffer: 96Vo v/v deionized formamide, 10 mM EDTA, O.OSVo w/v

bromophenol blue, 0.057o w/v xylene cyanol, (pH 8.0).

10 x Loading buffer: l7o wlv SDS, 0.057o w/v bromophenol blue, 0.05% w/v xylene

cyanol, 50Vo vlv glycerol, 0.1 M EDTA.

M13 precipitation solution: 257o wlv PEG 6000, 2.5M NaCl.

MDE gel solution:37.57o (vlv) 2 x concentrated FMC solution; 0.6 x TBE.

Neutralising solution: 1.5 M NaCl, 0.5 M Tris-HCl, 1 mM EDTA, (pH7.2).

PBS (Phosphate Buffered Saline): 138 mM NaCl, 2.7 mM KCl, 8.1 mM

Na2HPOa.7H2O,l.2 mM KH2POa, (pH 7.4).

2 x PCR himix (as used by Kogan et aI., 1987): 33 mM (NFI+)zSO+, 133 mM Tris-HCl,

20 mM PME, 0.013 mM EDTA,0.34 mg/ml BSA, 2O7o vlv DMSO, 3 mM dATP, 3 mM

dGTP, 3 mM dCTP, 3 mM dTTP, (pH 8.8).

2 x PCR lomix: as above except all deoxynucleotide triphosphates at 0.4 mM

Phenol: buffered with Tris-HCl (pH 7.4), unless otherwise stated
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3 M Potassium acetate: 30 ml of 5 M Potassium acetate solution, 5.75 ml of glacial acetic

acid, (pH 4.3),per 50mI.

3 x Proteinase K buffer: 10 mM NaCl, 10 mM Tris-HCl, 10 mM Na2EDTA, (pH 8.0)

RNA denaturing solution: 10 ¡rl 5 x TBE, 9 ¡rl formaldehyde, 25 ¡rl deionised formamide.

(In making the TBE, a 5 x solution of borate/EDTA was treated with DEPC-dH2O to

which the appropriate amount of Tris-HCl was added, after autoclaving).

RNA loading dye: 1 mM EDTA, 500 ¡rl glycerol, 500 ¡rl DEPC-dH2O, O.OSVo wlv

bromophenol blue, O.OSVo w/v xylene cyanol.

RNAse denaturing solution: 4 M gaunidium thiocyanate; 25 mM sodium citrate, 0.1 M

þl|i4e, 0.57o (w/v) N-lauroylsarcosine, (pH 7.0). This working solution must be used

within l month.

5 x Sequencing reaction buffer: 35 mM MgCl2, 250 mM Tris-HCl (pH 8.0)

3 M Sodium acetate:24.6 g sodium acetate/lOO ml, pH to 5.2 with glacial acetic acid.

SM buffer: 50 mM Tris-HCl, 100 mM NaCl, 8 mM MgSO4, 0.0lVo v/v gelatin (pH 7.5).

20 x SSC: 3 M NaCl, 0.3 M tri-sodium citrate, pH to 7.0 with 36Vo HCI

57o SSCA (1:60) gel: O.OBVo w/v bisacrylamide, 4927o w/v acrylamide, 0.5 xTBE,5Vo

v/v glycerol. The resultant solution was treated as for 6Vo (wlv) acrylamidelT Murea.

107o SSCA (l:49) gel O.2Vo w/v bisacrylamide, 9.8Vo wlv acrylamide, I x TBE, lOTo vlv

glycerol. The resultant solution was treated as for 67o (wlv) acrylamide/7 M urea.

20 x SSPE: 3.6 M NaCl, O.2M NaH2POa.2H2O,0.O2 M EDTA.

50 x TAE: 2 M Tris base, 57.1 ml glacial acetic acid, 0.05 M EDTA (pH 8.0).

5 x TBE: 0.45 M Tris base,0.45 M Boric acid,0.01 M EDTA (pH 8.0).
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TE: 10mM Tris-HCl, lmM EDTA, (pH 8.0).

Termination mixes:

G - 20 ¡tM each of dGTP, dATP, dTTP, dCTP and 60 ¡rM ddGTP

A - 20 pM each of dGTP, dATP, dTTP, dCTP and 800 pM ddATP

T - 20 pM each of dGTP, dATP, dTTP, dCTP and 800 pM ddTTP

C -20 ¡,tl|l4each of dGTP, dATP, dTTP, dCTP and 400 pM ddCTP

(To improve resolution, dGTP was replaced with dcTGTP; Mizusawa et al., 1986).

TKM: 10 mM Tris-HCl, 10 mM KCl, 1 mM MgClz, (pH 7.5). Note: this was not treated

With DEPC.

TSB: LB broth, lOVo wlv PEG 3350, 5Vo vlv DMSO, 50 mM MgCl2.

Washing solution I: 2 x SSC, 1% wiv SDS.

Washing solution II: 0.1 x SSC, 0.17o w/v SDS.

X-gal: 50 mM (2Vo wlv) solution, using N,N,dimethyl-formamide as the diluent.

Yeast lysis solution: 0.9 M sorbitol, 0.1 M EDTA, 0.001 M pMe.

3.1.3 Kits

Exon trapping system (Gibco BRL).

fmol DNA Sequencing System (Promega).

Magic Prep PCR purification tubes (Promega).

mRNA Purification Kit (Pharmacia).

Multiprime/Megaprime DNA l-abelling kits (Amersham) for radioactively labelling DNA

probes.
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Prep-a-Gene (BioRad) for purification of PCR products.

PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) for

producing fluorescently labelled products from a PCR product template, prior to

sequencing.

PRISM Ready Reaction Dye himer Cycle Sequencng Kit (Applied Biosystems) for

producing fluorescently labelled products from a plasmid or M13 template, prior to

sequencing.

Qaigen tips, used to purify plasmid and cosmid DNA from cell lysates.

Qiaquick PCR product purification tubes (Qiagen).

RPM (Rapid Pure Minipreps) kit, used to purify cosmid DNA (BIO 101).

Taq DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems) for producing

fluorescently labelled products from a PCR product template, prior to sequencing (NB this

is superceded by the PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit).

Thermostable rTth reverse transcriptase RNA PCR Kit (Perkin-Elmer)

3.I.4 Media

3.1.4.1 Liquid media:

LB (Luria-Bertaini) broth; containing 5 g yeast extract, 10 g bactotryptone and 5 g NaCl

per liúe, pH to 7.5 with NaOH. This was supplemented with 5.6 mM [0.27o w/v] maltose

when cultunng E. coli. strain DL538.

2 xYT; containing 10 g yeast extract, 16 g bactotryptone and 5 g NaCl per litre. This was

used when generating single-stranded M13 DNA.

TB (Terrific Broth); containing 12 g bactotryptone, 24 g yeast extract, 4 ml glycerol per

900 ml, (pH 7.0). After autoclaving a sterile 100 ml solution of 10.17 M KH2PO4,0.72 M

K2HPOal was added.
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AHC broth containing; 6.7 g yeast nitrogenous base (w/o amino acids), 10 g casein

hydrolysate acid,2O mg adenine and 20 g glucose per litre, (pH 7.0). This was used for

culturing yeast.

COS-7 medium: 13 g DMEM, 100 ml FCS, 44 ml NaHCO3, 4 mM glutamine, 5 ml

benzyl penicillin, per litre, (pH 7.1).

Fl2 10.73 g Hams F12 powder (frace Biosciences), 14 ml NaHCO3, 100 ml FCS, I ml

benzyl penicillin, per litre, (pH7.2).

OMI: 1 sachet of MEM I, 28 ml NaHCO3, 50 ml FCS, 1 ml benzyl penicillin, 55 mM

l3ME, 1 ml phenol red, per litre, (pH 7.1)

3.1.4.2 Solid media:

LB containing 14 g of bacto-agar per litre of LB broth for bottom agar.

H agar containing 10 g bactotryptone, 8 g NaCl and 14 g bacto-agar perlitre.

PL agarose for plate lysates contained LB agarose supplemented with 16.6 mM (0.3Vo

w/v) glucose, 0.075 mM CaCl2 and 2 mM MgSOa.

M9 minimal medium was used when streaking DHSaF' and XLI-Blue strains and

contains 1 x M9 salt solution, 10 mM (O.2Vo w/v) glucose, 1 mM MgSO4, 0.1 mM CaCl2

and 1 mM thiamine-Hcl. (10 x M9 solution: 0.17 M Na2PO4, O.22 M KH2PO4, 0.19 M

NH4CI, 86 mM NaCl).

Top agarlagarose contained 7.5 g of agarlagarose per litre.

3.1.5 Antibiotics

Ampicillin (amp) was used at a final concentration of 50 or 100 ¡rg/ml in liquid and solid

media.

Benzyl penicillin was used at a final concentration of 150 ¡rg/ml when culturing eukaryotic

33



(mammalian) cells.

Kanamycin (kan) was used at a final concentration of 30 ¡rg/ml when culturing Lawrist 4-

cosmid containing bacteria.

Tetracycline (tet) was used at a final concentration of 12.5 ¡t"glml when culturing (non-

recombinant) XLI-Blue bacteria or yeast cells.

3.1.6 Bacterial strains

All strains were streaked from stocks kept at -70"C in LB + l57o v/v glycerol.

Escherichi.a coli DHSo,F' F'lendAI hsdRl7(rk-mk+) supE44 thi-l recAl gyrA(Nal\

TeIAIL(lacZYA-argflUlf9 (ø80dlat\Ilrc4M15); (Woodcock et al., 1989; Raleigh et aI.,

1989). This strain was culturedin2 x YT, and used to propagate M13 phage.

E. coli DL538: F-hsdR(rk-mk+) mrcA mrcB supE44 recDl009 sbcC2}l pro C600;

(Woodcock et al., 1989; Whittaker et a1.,1988). This strain was grown overnight in LB

broth supplemented with 5.6 mM (0.27o w/v) maltose. The bacteria were then pelleted by

centrifugation at 1000 x g for 15 min., 4'C. The pellet was resuspended in 0.4 x [LB

culture volumel of 10 mM MgSOa and stored for up to 3 weeks at 4"C. This strain was

used to propagate lanbda phage.

E. coli XLl-Blue: F'::TnlO proA+B+lacIQL(lacZ)Ml5/recAl endAl gyrA96(Nap¡ thi

hsdRl7(rk-mk+) supE44 relAl lac: (New England Biolabs INEBI 1990-1991 catalogue).

This strain was culturedin2 x YT or LB, and used to propagate M13 phage and for all

plasmid cloning. [t was purchased from Stratagene.

3.1,.7 Vectors

M13mpl8 RFI DNA (NEB) was used for subcloning (AC)n-positive lambdn clones and

for the production of (AC)n-positive single-stranded Ml3 DNA for sequencing.

pSPL3 plasmid vector for trapping exons from cosmids (see Kits).
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pBluescript SKII vector (Stratagene) for cloning exon trapped PCR products.

3.1.8 Enzymes

All enzymes were used according to the manufacturer's instructions, unless indicated

otherwise.

AmpliTaq DNA polymerase (Perkin-Elmer Cetus) was used for sequencing and used at a

concentration of 8 units/¡zl.

CAP (Calf intestinal alkaline phosphatase) was purchased from Boehringer-

Mannheim.

DNA polymerase I (Klenow fragment) was supplied in the Multiprime and Megaprime

DNA Labelling kits from Amersham.

DNAse I (Boehringer Mannheim)

Lysozyme (Boehringer Mannheim).

Lyticase (Sigma).

Polynucleotide kinase (Pharmacia)

Proteinase K (Sigma).

Restriction enzymes (NEB or Progen).

SuperScript II RNase H- reverse transcriptase (Gibco BRL).

RNase A (Boehringer Mannheim).

T4 DNA ligase (Promega or Bresatec).

Taq polymerase (Boehringer Mannheim) was used for PCR other than for sequencing.
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3.1.9 DNA size markers

EcoRl restricted bacteriophage SPP-1 (Bresatec).

Hpall restricted pUC I 9 (B resatec).

DRlgest III (Pharmacia)

3.1.10 Libraries

The X chromosome library (LAOXNLOI; see also below) had been constructed (by the

supplier) by inserting Sau3A partially digested human DNA fragments into the BamHl site

of the lnmbdú derivative; Charon 35: lsbhllul"lacï srl lacZ [polycloning sitel srl]v3

LWLL13 KH54 nin5 shndlllhí' srlhÍ". (ATCC product sheet; Sambrook et al., 1989

page2.29). This library was used to isolate (AC)n microsatellite sequences.

Clontech cDNA libraries used were: adult and fetal brain (a 1:1:1 mix of l,gt10, l"gtl1 and

),"ZAPII libraries); adult and fetal kidney (a l:1 mix of l,gtl0 libraries); placenta ( Àgt1 1).

3.1.11 Miscellaneous

GeneScreen plus DuPont

poly ACÆG probe Pharmacia

Hybond Nylon membranes Amersham
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3.2 Methods

Most of the protocols given below are those routinely used in the Department of

Cytogenetics and Molecular Genetics at the WCH and follow, or are based on, those

presented in Molecular Cloning - A Inboratory Manunl (Sambrook et al., 1989), Current

Protocols in Molecular Biology (Ausubel et aI., 1994) and Current Protocols in Human

Genetics (Dracopoli etal., 1994).

All work mentioned in this and subsequent chapters was performed by the candidate unless

specifically indicated otherwise.

3.2. 1 Propagation of bacteriophage

3.2.I.1 Propagation of lanhda (Charon 35)

(Sambrook etal.,1989, page 2.118)

Charon 35 lambdn bacteriophage, from the library LAOXNLO1, were screened for (AC)n

sequences.

To investigate (by hybridisation - see below) or isolate single phage clones, phage titres

were determined by spotting dilutions onto a freshly poured PL plate containing DL538

bacteria, embedded in the agarose, and counting the number of plaques after an overnight

incubation. To achieve well separated plaques within the lawn of bacteria, on a 15 cm

diameter plate, about 20,000 plaque-forming units (pfu) were used to inoculate 300 ¡zl of

DL538 (ODooo at least 0.3). After 20 min. incubation at37"C this mix was added to 7 ml

of top PL agarose at a temperature no greater than 45'C and poured onto pre-dried and pre-

warmed 15 cm PL agarose plates. Incubation was for about 16 hours at3T"C.Individual

clones were picked from the PL plates using sterile pasteur pipettes. The agarose/phage

plug was deposited into 500 ¡rl of SM buffer containing chloroform (0.37o v/v) and stored

at4"C.

If necessary, to isolate pure phage clones, more than one round of purification was

performed. An aliquot of Charon 35 stored in SM was used to infect 100 pl of DL538.

This was then poured onto a pre-dried and pre-warmed, 9 cm diameter, PL agarose plate
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and incubated overnight at37"C.

3.2.I.2Isolation of Inmbda DNA.

To obtain sufficient (AC)n-positive lambda DNA for sub-cloning into M13, the plate lysate

method was used (based on Sambrook et al., 1989, page 2.118). To achieve confluent

lysis of the lawn of bacteria, 75,000 to 125,000 pfu were used to inoculate 300 pl of

DL538. After 2O min. incubation at 37"C this mix was added to 7 ml of top PL agarose at a

temperature no greater than 45'C and poured onto pre-dried and pre-warmed 15 cm PL

agarose plates. At least two plates were used per clone.Incubation was for about 16 hours

at37"C or until confluent lysis had occured, after which 20 ml of SM buffer was poured

onto each plate and left overnight at4'C. Next day the SM was decanted into a 50 ml tube,

to which DNase | (l ¡tglml) and RNase A (10 ltglml) were added. lncubation was at 37'C

for 60 min., after which NaCl (0.0584 g/ml) was added and dissolved. Then PEG 8000

(IO7o wlv) was added and dissolved, by shaking at 37"C. Tubes were put on ice for

several hours or 4'C overnight to precipitate the phage. The phage were pelleted by

centrifugation at I7,4OO x g, 4"C, for 10 min. The supernatant was gently removed and

the pellet resuspended in 500 plTE and transferred to a 1.5 ml eppendorf tube. A quick

spin was used to pellet any remaining debris. 5 pl of lOVo (wlv) SDS was added to the

supernatant and incubated at 68'C for 5 min. Then 10 pl of 5 M NaCl was added followed

by phenol:chloroform:isoamyl-alcohol (25:V1:1) extraction (see below) and precipitation of

the DNA with ammonium acetate. The DNA was recovered by centrifugation at 12,000 x g

for 15 min., 4"C, followed by washing inTOVo (v/v) ethanol. After drying, the pellet was

dissolved in TE.

3.2.1.3 Propagation of M13 bacteriophage

(Sambrook et al., 1989, page 4.22)

The same procedure as described above was used to propagate (AC)n-positive M13 phage,

except that the host strain was either DH5crF' or XLl-Blue, an incubation time for

adsorbtion was not required and LB plates were used. The bacteria had been grown

overnight and could be stored at4"C for up to several days, prior to infection.

M13 plaques were picked and stored at4"C in 500 ¡zl of SM buffer (chloroform was not
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added). Again, if necessary, a couple of rounds of purification were done to isolate pure

Ml3 clones.

3.2.I.4Isolation of M13 DNA

To obtain single-stranded M13 DNA for sequencing the following method was used

(based on Sambrook et aI., 1989 page 4.29). Of an overnight host culture 2OO pl was

inoculated into 2 ml of 2 x YT. To this was added 0.1 x volume of the SM stock of a

particular clone. This was incubated for at least 8 hours at37"C, shaking. The culture was

then divided into 2 x I.5 ml tubes and centrifuged at 15,900 x g for 5 min. The supernatant

was decanted and centrifuged again to remove residual bacteria. (A glycerol stock was

made using the first bacterial pellet by resuspending it and then adding SOVo (vlv) glycerol

and storing at -20"C). To the I ml (approx.) of cell-free supernatant, 300 ¡rl of M13

precipitation solution was added. This was mixed and left at4"C overnight or 15 min. at

room temperature. The phage were pelleted using 15,900 x g for 5 min. All of the

supernatant was removed and the pellet resuspended in 100 pl of TE. Phenol (50 7,rl) was

added and the solution voftexed for 30 sec., then kept at room temperature for 1 min., and

vortexed again for 30 sec. This was then centrifuged for 1 min. and the aqueous layer

transferred to a new tube. To this was added 50 ¡rl of chloroform:isoamyl-alcohol (24:l),

followed by vortexing for 30 sec. and centrifugation for I min. The aqueous layer was

removed to a tube containing a 3CÐ pl solution of a 25:l ratio of absolute ethanol:3 M

sodium actetàte (pH 5.2). This was mixed and left at room temperature for 15 min., before

centrifuging at 12,000 x g for 10 min., 4'C. All supernatant was removed and the pellet

washed in 7O7o (v/v) ethanol. The pellet was then dried at room temperature and

resuspended in 30 yl of dH2O.

3.2.2Plaque-lifting

PlaqueJifting/blotting, to screen for (AC)n-positive lambda or M13 phage, was based on

the Benton and Davis (1977) protocol in Blotting and hybridisation protocols for Hybond

membranes (Amersham). Plaque-lift filters (Hybond N or N+, Amersham), were placed

onto the plates and permitted to soak through with moisture. The orientation of the filter

was recorded by stabbing the filter, and underlying media, with a needle at three points

around the circumference. After removing from plates, the filters were layed, for 2 min.,
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onto 3mm Whatman paper soaked in denaturing solution, followed by 2 min. on Whatman

soaked in neutralising solution, then rinsed in 2 x SSC. After drying, often by using a

microwave oven set on 'high' for 40 secs, Hybond N (but not N+) fìlters were exposed to

UV radiation using either 1) a light-box and assuming a wavelength of 312 nm, for 3 min.

or 2) a BioRad GS Gene Linker UV chamber, to cross-link the DNA.

3.2.3 Southern Blotting

Electrophoresis of cut or uncut DNA, or RNA, was performed by adding IOTo (vlv) of 10

x loading buffer to the nucleic acid solution, and running (at usually no more than 100 V)

through a O.8Vo or 27o (w/volume of 1 x TBE) agarose gel. The appropriate DNA size

markers were also loaded. After staining in a solution of 0.5 pglml ethidium bromide (or

incorporating the ethidium bromide into the melted agarose at0.25 pglml), a photograph of

the UV fluorescing gel and scale permitted the determination of the size and quality of the

DNA/RNA. An estimate of the quantity of DNA could be obtained by loading several serial

dilutions of the sample and comparing the fluorescence with that of the size marker (of

known quantity).

Gels were blotted using either one of two methods (based on the methods of Sambrook er

al., (1989, page 9.38) or Reed and Mann (1985) respectively):

1) Soaking the gel in gel denaturing solution for 30 min., and replacing with gel

neutralising solution for 30 min. Avoiding air bubbles, the gel was then placed face down

on a transfer tray containing 10 x SSC and overlayed with Genescreen Plus (DuPont) or

Hybond N+, cut to size. On top of this was placed 4 sheets of 3mm Whatman paper and

then a wad of paper towels. Transfer of the DNA to the filter occured overnight. In the

morning the positions of the wells were marked on the filter, which was then placed in

filter denaturing solution for 1 min. and then f,ilter neutralising solution for I min. The

filter was then air or oven (65'C) dried.

2) Soaking the gel in 0.4 M NaOH for 2O min. The rest of the procedure was as described

above except that the transfer tray contained 0.4 M NaOH.
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3.2.4 Radio-labelling DNA

DNA was labelled using the reagents and protocols supplied with the Multi- or Mega-prime

kits (Amersham), except for the following: 1) when labelling the poly(AC) probe

(Pharmacia), the random hexanucleotide mix could be omitted and 2) when (Megaprime)

labelling DNA embedded in LMP agarose slices, the agarose was first melted, an

appropriate aliquot removed and added to the labelling reaction, and incubation was for 30

min. rather than the usual 10 min. All reactions were stopped by boiling for 5 min.

3.2.5 Pre-reassociation of DNA

To block high copy number repeat sequences, when probing cosmid grids, radio-labelled

probes were pre-reassociated. This procedure was based on that given by Sealey et al.

(1985). In a final volume of 125 ¡rl, the following components were mixed: 25 ng of

Megaprimelabelled probe (ie entire labelling reaction), 25 ¡tl of 20 x SSC, and 337.5 ¡.rg

of sheared human placental DNA. This was then incubated at 100"C for 10 min., put on

ice for 1 min., and then incubated at 65"C for 120 min.

3.2.6 Hybridisation

Plaque-lifts, Southern blot filters or cosmid grids to be radioactively probed were placed in

plastic bags or HybaidrM bottles and soaked in 5 x SSPE for about 15 min. at 42"C. This

solution was replaced with hybridisation solution, air bubbles removed, and pre-

hybridised for about 60 min., while shaking/rotating at 42"C. When probing plaque-lifts of

poly(AC)-positive phage, there were no more than 10 f,ilters per bag and, to avoid blocking

of AC repeats, salmon spenn DNA was not a component of the hybridisation solution.

The labelled probe (3-2.4) was denatured by boiling for 10 min. and then added to the

baglbottle of filters. Hybridisation occured overnight at42"C, with shaking/rotating.

V/ashing of the filters (Sambrook et al., 1989, page 9.54) was performed at 65'C, usually

with three changes of wash solution I, or wash solution II if more stringent conditions

were required. Each wash duration was about 15 min. After washing, the moist filters,

sandwiched between plastic, were exposed for the appropriate time to X-OmatK XK-1

Kodak diagnostic film. Exposures were usually done at -70"C with intensifying screens,
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although room temperature exposures resulted in higher resolution, which was preferred

when exposing sequencing gels (see 3.2.12.1).

Filters were stripped of radioactive probe by shaking at 42"C for 30 min. in 0.4 M NaOH,

then replacing this denaturing solution with [0.2 M Tris-HCl (pH 7.5), 0.1 x SSC,0.l x

SDS]. Alternatively, Hybond (but not GeneScreen) filters were added to a boiling solution

of O.|Vo (w/v) SDS, simmered for 20 min., and left to cool to room temperature before

drying.

3.2.7 DNA extraction and purification

3 .2.7 . I Phenol/chl oroform extracti ons and DNA precipitati on

(Based on Sambrook et al., 1989 page E.3)

Unless otherwise stated, the phenol used was buffered with Tris-HCl (pH 7.5) and

"chloroform" refers to a V1;1 solution of chloroform: isoamyl -alcohol.

When purifying DNA the solutions were usually treated by adding an equal volume of

phenol, vortexing, then centrifuging for about I min., 16,500 x g, room temperature. The

supernatant was removed and treated with an equal volume of a 1:1 phenol:chloroform mix

as for the phenol alone. The supernatant of this step was similarly treated with an equal

volume of chloroform.

DNA was precipitated from the supernatant by adding 0.1 x volume of 3 M Na-acetate (pH

5.2) or 0.33 x volume of 7.5 M ammonium acetate, followed by 2 volumes (DNA solution

+ acetate solution) of cold ethanol and incubation at -70"C for 30 min., or -20"C overnight.

The solution was then centrifuged for 15 min., 16,500 x g.The pellets were washed with

7O7o ethanol, briefly re-centrifuged and dried (in air or under vacuum). The DNA was

resuspended in TE or dH2O.

3.2.7.2 Phage DNA (see 3.2.I.2 and 3.2.1.4).
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3.2.7.3 YAC/Yeast DNA

For glycerol stocks, yeast colonies were grown in 10 ml AHC/tet at 30"C for 48 hrs,

centrifuged at 1,000 x g,4"C for 15 min. The pellets were resuspended and2 ml of f2OVo

(v/v) glycerol, SOVo (viv) AHC/tetl was added. These stocks were stored at -70'C.

Total yeast DNA was prepared using the method of Sherman et al., (1986), with some

modifications:

Yeast cells were grown for 48-72 hrs, shaking, 30"C in 100 ml of AHC/tet. The culture

was then centrifuged at 4,500 x g,4"C, for 5 min. The pellet was resuspended in 3 ml of

yeast lysis solution. To this was added 100 ¡rl of lyticase (at 5 mgiml), followed by a

37"C,60 min. incubation. The centrifugation was repeated. The pellet was resuspended in

a 5 ml solution of [50 mM Tris-HCl (pH 7.4),20 mM EDTA]. To this was added 500 ¡"rl

of lOVo (w/v) SDS followed by a65"C,30 min. incubation. The next addition was 1.5 ml

of 5 M potassium acetate. The solution was then incubated on ice for 60 min., followed by

centrifuging at 12,000 x g, 4"C, for 10 min. The supernatant was transferred to a new

tube, then 2 volumes of room temperature ethanol were added and the solution mixed, then

centrifuged at 4,500 x g. room temperature, for 15 min. The pellet was dried and

resuspended in 3 ml of TE. This solution was re-centrifuged at 12,000 x g for 15 min. The

supernatant was transferred to a new tube and 150 ¡rl RNase (at I mg/ml) was added,

followed by a 37"C,30 min. incubation. One volume of isopropanol was added and the

solution mixed gently. This was centrifuged at 12,000 x g, room temperature, for 15 min.

The pellet was dried and resuspended in 200 ¡rl TE.

To this DNA solution, 100 ¡rl 3 x proteinase K buffer,4 ¡rl proteinase K (at l0 mg/ml) and

2 ¡t"l lOVo (w/v) SDS were added followed by an incubation at37"C for 30 min. After this,

a phenol/chloroform extraction was done (3.2.7.1) followed by sodium acetate

precipitation. The pellet was resuspended in 100 ¡rl of TE.

A simpler method was employed to prepare YAC DNA for FISH. Yeast cells were grown

overnight in 10 ml AHC/tet at 30'C. Next day, I ml of this was used to inoculate 150 ml
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AHC/tet. This was grown overnight 30'C, then spun at 4,500 x g for 5 min. The pellet

was resuspended in 3 ml [0.9 M sorbitol, 0.1 M EDTA]. A few grains of lyticase were

added and the solution incubated for 60 min. at 37"C. This was again centrifuged as

above. 'l'he pellet was resuspended in 5 ml [50 mM Tris-HCl, 20 mM EDTAI, to which

0.5 ml of lOVo (w/v) SDS was added. Following incubation at 65'C for 30 min., 1.5 ml 5

M KAcetate was added and incubation occured for 60 min., on ice. This was then

centrifuged at 12,000 x g for 10 min. To the supernatant 2 volumes of room temperature

ethanol was added and mixed, followed by centrifugation at 3,000 x g for 15 min. The

pellet was dried and resuspended in 3 ml TE, by vortexing and incubation at 3'7"C,

followed by centrifugation at 12,000 x g for 15 min. To the supernatant, 150 ¡rl of RNAse

(at 1 mg/ml) was added and incubation occured at 37"C for 60 min. One volume of

isopropanol was added and mixed, then the solution was spun at 12,000 x g for 30 min.

The pellet was dried and resuspended in 0.5 ml TE.

3.2.7.4 Peripheral lymphocyte DNA

For linkage analyses of Xlinked diseases, lymphocyte DNA was extracted from whole

blood samples from family members.

This method was modified from that given by \Myman and V/hite (1980) and DNA

extraction was carried out by Jean Spence. Blood samples were collected in 10 rnl EDTA

tubes and stored at -2O"C. Upon thawing, 20 ml of cell lysis buffer was mixed with the 10

ml of blood in a 50 ml tube, then left on ice for 30 min. The tubes were centrifuged at

2,600 x g,4"C for 15 min. 20 ml of the supernatant was removed by aspiration. Cell lysis

buffer (20 ml) was again added and the centrifugation repeated. The supernatant was

removed and 3.25 ml of 3 x proteinase K buffer, 500 ¡,rl of lOTo (w/v) SDS and 200 ¡rl of

proteinase K (at 10 mg/ml) were added and mixed with the pellet. This solution was then

mixed overnight at37"C. Phenol (5 ml) was then mixed into the solution for 15 min., at

room temperature. This was followed by centrifugation at2,60} x g, l5"C for 10 min. The

supernatant was transferred to a new tube and the volume made up to 10 ml with phenol

and mixed for l0 min. at room temperature. This was then centrifuged at 2,600 x g for 10

min., the supernatant transferred to a new tube and made up to l0 ml with chloroform. The

solution was mixed and re-centrifuged. DNA was precipitated by mixing with 300 ¡rl of 3
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M sodium acetate (pH 5.2) and adding cold ethanol to l0 ml. After mixing, the tubes were

centrifuged and the DNA pellets washed with 7O7o ethanol, transferred to a 1.5 ml tube,

centrifuged briefly at 16,500 x g, then air dried. The pellet was dissolved in 100 ¡rl of TE

and quantitated spectrophotometrically.

3.2.7.5 PCR products

PCR products were purified using the reagents and protocols of the Prep-a-Gene (BioRad)

or Qiaquick (Qiagen) PCR purification kits. If necessary the products from several separate

reactions were precipitated with 0.1 x volume of 3M NaAcetate (pH 5.2) and2 volumes of

ethanol and then the resuspended precipitate was cleaned up using Qiaquick tubes.

3.2.7.6 Cosmid DNA

Qiagen tip 100s were used to purify cosmid DNA (to be sub-cloned into the exon trapping

vector pSPL3) from 150 ml TB/kan overnight cultures, according to the protocol supplied.

A second method involved centrifuging the overnight culture at 4,420 x g for 10 min.,

4'C. The pellet was resuspended in 1.2 ml of [50 mM glucose, 50 mM Tris-HCl, 20 mM

EDTA, pH 8.01. To this was added l2O ¡t'l of lysozyme (at 40 mg/ml), mixed and

incubated at room temperature for 4 min., then I min. on ice. Then 2.4 ml of freshly made

t0.2M NaOH; I7o (wlv) SDSI was mixed in and incubated on ice for 5 min. To this was

added 1.8 ml of ice cold 3M potassium acetate (pH 4.3; see Solutions), which was mixed

in by inverting and then incubated on ice for 10 min. Following centrifugation at27pOO x

g for 10 min. the supernatant was removed and 2 x volumes of ethanol were added. After a

5 min. incubation at room temperature, the tubes were spun at 11,500 x g.The pellet was

washed in TOVo ethanol, vacuum dried, then resuspended in 200 ¡rl of TE10. 10 ¡rl of

RNase (at 1 mg/ml) was added and incubation occured for 30 min., at 37"C. This was

followed by a t hour incubation at 37"C with [100 pl of 3 x proteinase K buffer; l0 ¡rl of

IOVo (wlv) SDS; 2 ¡rl of proteinase K (at 10 mg/ml)]. An equal volume of phenol was then

added and mixed. Following a 5 min. centrifugation, the top layer was removed and mixed

with an equal volume of chloroform. Again, following centrifugation the top layer was

removed, to which 0.1 x the volume of 3 M sodium acetate (pH 5.2) was added and2
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volumes of ethanol. The nucleic acid was precipitated by incubating at -70'C for 30 min.

Following a 15 min. centrifugation at 17,560 x g, the pellet was washed with 7O7o

ethanol, vacuum dried and resuspended in 100 ¡rl of TE.

To remove any contaminating RNA, which could interfere with FISH, the resuspended

cosmid DNA was further processed using the reagents and protocol of a RPM kit.

3.2.8 Restriction digests

Most restriction digests were performed overnight using 4 x the recommended amount of

enzyme for a one hour digest. To avoid inhibition by glycerol, the amount of enzyme

added did not exceed 0.1 x the volume of the reaction. Reactions were stopped by freezing

or addition of 10 x loading buffer.

3 .2.9 D ephosphorylati on

To prevent re-circularisation of M13 or plasmid vector, cut with a single enzyme, during

ligation, the 5' ends were dephosphorylated using calf intestinal alkaline phosphatase

(CAP) according to the protocol from Boehringer Mannheim. One unit of CAP was used

per 5O pmol of vector termini, in a reaction that was incubated for 60 min. at37"C. After

the incubation the reaction was incubated at 65"C for 30 min., to inactivate the enzyme,

followed by a phenol/chloroform extraction and precipitation with sodium acetate.

A dephosphorylated vector control was used in a ligation reaction to assess the efficiency

of dephosphorylation.

3.2.10 Ligations

Usually three ligation reactions of three different (ng) ratios (0.1:1, 1:1, 10:1) of

vector:insert DNA were performedper sample to be transformed, to increase the chance of

success. The reactions were incubated 16'C overnight. The eff,rciency of the ligation was

assessed by ligating SPP-I marker DNA, then running the reaction through a O.\Vo (w/v)

agarose gel to view the results. Attempted ligation of dephosphorylated M13 vector alone

was used as a dephosphorylation control.
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3 .2. I I Transfecti ons/Transformati ons

3.2.11.[ Transformation of recombinant Ml3 DNA

Microsatellite-positive lnmbdn clones were "shotgun" sub-cloned into M13. Two unequal

aliquots from each M13 ligation reaction were added to Tris-HCl (pH 7.5), to a final

volume of 50 pl. To this ice-cold ligation mix was added 300 ¡À of ice-cold competent

bacteria. Incubation on ice was for 10 to 30 min. before plating-out onto 15 cm plates, as

described previously except that the top agar contained 0.05 mM glucose,4 mM X-gal and

I mM IPIG.

Transformation of 1 ng of uncut M13 and dephosphorylated/ligated Ml3 were used as

competent cell and phosphatase controls respectively.

Cells were made competent using the method of Chung et al., (1989). Bacteria were

grown to an OD666 of 0.3, pelleted (1,000 x g for 15 min. at4"C) and resuspended in 0.1

x culture volume of ice-cold TSB. The cells were ready to use after a 10 min. incubation

on ice. The competent cells could be frozen in liquid nitrogen and stored at -70"C for future

use.

3.2.11.2 Transfection of recombinant pSPL3 (Exon Trapping)

Cosmids containing DNA from Xq12-q13 were shot-gun sub-cloned into the exon

trapping vector pSPL3, then transfected as follows.

COS-7 eukaryotic cells, purchased from ATCC and passaged by Sharon Lane, were

grown to 607o-707o confluence by incubating at37'C, in COS-7 medium and flushing the

(75 cmz) flasks with CO2. They were then transfected, using LipofectACE and I ¡rg of the

cosmid/pSPl3 DNA.

Transfection was performed according to the protocol from Gibco-BRL: LipofectACE (30

¡rl) was added to 500 ¡rl of OMI, gently mixed and left at room temperature for 5 min. To I

pg of the DNA to be transfected, 500 ¡rl of OMI was also added. The lipofectACE/OMI

mix was added to the DNA/OMI mix, mixed and left at room temperature for 10 min., after
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which 4 ml of OMI was added. The COS-7 medium was decanted from theTOVo confluent

COS cells and replaced with 10 ml of OMI. The cells were gassed with COz and incubated

at 37'C for 5 min. The OMI was then poured off and the 5 ml DNA/lipofectACE solution

was added and the cells incubated overnight, as described above. The OMI was then

replaced with 10 ml of COS-7 medium.

3.2.12 DNA Sequencing

3.2.12.1 Single-stranded Ml3 DNA

Sequencing of (AC)n-positive M13 clones was by the dideoxy sequencing reaction,

according to the protocol supplied by Perkin-Elmer Cetus, using reagents purchased from

Pharmacia (except AmpliTaq). Up to IO pl of M13 single-stranded template solution

(3.2.14) was added to I x reaction buffer and 5 ng of primer (M13 -20, IÑ4l3 -40, or a

human repeat-specific primer). This mixture was heated for 2 min. at 70'C and cooled to

room temperature. Then 2 pl of labelling mix, O.5 pl (5 pci) ¡ç¿32tldCTP and 2 units of

AmpliTaq were added and incubated at 45'C, for 5 min. Of this labelling reaction, 4 pl

was transfened to each of four termination mixes: G, A, T and C. These were incubated at

70"C for 5 min. and then cooled to room temperature, after which 4 ¡À of 2 x loading

buffer was added. The termination mixes were heated for 2 min. at 90"C before loading

3.5 ¡A onto a 6Vo (wlv) polyacrylamide/7 M urea,52 cm x2I cm gel with wedge spacers

and 0.25 mm shark's teeth.

The gels were made using BioRad Sequencing Cell equipment. Before pouring the gel,

plates were washed with detergent and rinsed with 1007o ethanol. After drying, sigmacoate

or gelslick was applied to the back plate to prevent the gel sticking. An acrylamide plug in

the base was formed by mixing 30 ml of the acrylamide/urea solution with TEMED and

1.1 M ammonium persulphate in the ratio 142'.1:1. This was allowed to set (15 min.)

before pouring the bulk of the gel using the same reagents but in the ratio 1000:1:1.

Shark's teeth (inverted to form a level edge) were inserted and the gel left to set for at least

2 hours. Gels were pre-electrophoresed (and as a consequence heated) for about 30 min.

before loading any samples.

The termination mixes were loaded in the order: GATC and run into the gel at 800 V. The

voltage was then increased to a level that kept the gel at a temperature of 50'C, usually
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2,000 V. After electrophoresis the gels were blotted onto 3mm Whatman paper and dried

under vacuum at 80"C using a BioRad gel-dryer (model 583). For the best resolution

autoradiographic exposures were done at room temperature.

To resolve sequencing products larger than about 4O0 bp an 80 cm x 2l cm, 47o (w/v)

polyacrylamidelT M urea gel was used.

3 .2. 12.2 Dou ble-stranded lanbdn DN A

Lambda DNA was sequenced using the fmol DNA Sequencing System protocol and

reagents except for the polynucleotide kinase (from Pharmacia) and the sequencing enzyme

(from Perkin-Elmer Cetus).

Firstly, one primer was end-labelled by mixing 80 ng of this primer with 30 ¡"rCi

[y32pl¿RfP and 5 units of polynucleotide kinase plus buffer in a final reaction volume of

10 ¡r,1. This was incubated at37"C for 30 min., then the reaction stopped by incubating at

95'C for 2 min.

Of this labelling reaction, 1.5 pl was added to (approx.) 500 ng of kmbda DNA, buffer

and 8 units of AmpliTaq, in a final volume of 17 ¡rl. After mixing, 4 ¡rl of this mix was

added to each of 4 PCR tubes. Each tube contained one of the 4 (G, A, T or C) dideoxy

nucleotides ina2 ¡rl solution.

Each tube was then placed in a pre-heated PCR machine and subjected to the following:

95"C 2 min., then [95"C 30 secs, 70'C 30 secsl x 30. When completed 3¡tl of fmol

loading buffer was added, heated at7O"C for 2 min. and 3¡rl loaded onto a 67o sequencing

gel as described above (3.2.12.1).

3.2.12.3 PCR products

Cycle sequencing was used to sequence double-stranded PCR products using the reagents

and conditions specified in the: Taq DyeDeoxy Terminator Cycle Sequencing Kir protocol
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(Applied Biosystems). The labelled products were then separated and analysed by an

Applied Biosytems Model 373A DNA sequencer, according to the methods in the 3734

DNA Sequencing System User's Manual I/92.

Briefly, 100 ng of PCR product was added to 9.5 ¡rl of the reaction premix and 20 ng of

primer. The final volume of 2O ¡rl was overlayed with paraffin. This mix was then

subjected to the following thermal cycles: [96'C 30 sec.; 50'C 15 sec.; 60'C 4 min.] x 25.

The reaction volume was then increased to 100 pl and the labelled products were extracted

twice using 100 ¡.r,1 phenol:H2O:chloroform (68:18:14; ABI). The products were then

precipiøted using t5 ¡t"l of 2 M sodium acetate (pH a.5) and 300 ¡r,l of 100% ethanol.

Following centrifugation for 15 min. at room temperature the pellets were washed in'7OVo

ethanol, vacuum dried and then stored (in the dark) at -20"C.

The purifying of the PCR products was subsequently simplified, based on the ABI PRISM

þe Terminntor Cycle Sequencing Ready Reaction Kir (Revision A; August 1995)

protocol. The 20 pl reaction volume was added to 2 p"l of 3 M sodium acetate (pH 5.2)

and 50 ¡rl of 95Vo ethanol, mixed, and incubated on ice for 10 min, followed by

centrifugation at 17,560 x g, for 30 min. The pellet was washed with 7O7o etbanol, re-

centrifuged for 15 min, then vacuum dried.

Denaturing acrylamide gels, used for resolving fluorescently labelled dideoxy-terminated

PCR fragments in conjunction with the software of the ABI 3734 DNA sequencer, were

made, according to the protocol supplied, by mixing 40 g of urea, 12 ml of 4O7o (wlv)

acrylamide:bisacrylamide (19: l), 20 ml dHzO and 8 ml of 10 x TBE (pH 8.3). After

dissolving with the aid of hot running water, the volume was made up to 80 ml with dH2O

and the solution was filtered through a Nalgene O.2 pm filter unit. After cooling to room

temperature, 350 ¡.rl of freshly made I}Vo (wlv) potassium persulphate was added and

mixed, followed by 45 ¡.rl of TEMED. This solution was then poured between two plates,

using a syringe. These plates had been prepared by cleaning with a non-fluorescing

detergent (Alconox), rinsing with water, separated by 0.4 mm spacers, taped around the

50



edges and clamped. After pouring in the acrylamide solution, a plastic strip was applied to

the top edge (where the shark's teeth were to be positioned) and the gel left to set for at

least 2 hours. After setting, the clamps and tape were removed and the plates again

cleaned, and the teeth inserted.

The PCR product to be sequenced (3.2.7.5) was resuspended in 3 ¡rl of a 5:1 solution of

formamide:50 mM EDTA (pH 8.0), heated at 90'C for 2 min. and then loaded onto the

gel. The gel was run for 12 hours using I x TBE, diluted from a 3 mm Whatman-filtered

10 x TBE stock.

3.2.12.4 Cloned PCR products

Exon-trapped PCR products cloned into Bluescript were subjected to forward and reverse

double-strand sequencing using the reagents, including the M13 forward (-2I) and reverse

primers, and slightly modified protocol of the PRISM dye-primer cycle sequencing kit:

To two PCR tubes, one containing dideoxy-ATP and the other containing dideoxy-CTP,

was added 200 ng of template. To two other tubes, one containing dideoxy-GTP and the

other containing dideoxy-TTP, 4O0 ng of template was added. In addition to the dideoxy

nucleotide triphosphates all tubes contained dNTPs, buffer, primer and enzyme (pre-mixed

by the supplier). The thermal cycling program was: 95"C 30 secs then [55'C 30 secs,70'C

1 min.l x 15, then [95"C 30 secs, 70"C I min.] x 15.

The reactions from each of the four tubes were pooled and added to a tube containing 3 ¡rl

of 2 M sodium acetate (pH a.5) and 1ü) ¡t"l of lO0To ethanol. The tube was left at room

temperature for 15 min. before centrifuging at 16,500 x g, room temperature, for l5 min.

The pellet was washed with 7O7o ethanol, re-centrifuged for 5 min., and vacuum dried for

3 min. Dried pellets were stored (in the dark) at -20"C.

The gel and running conditions used were the same as those given in3.2.12.3

3.2.I3 Sequence analysis

To avoid characterising poly(AC) microsatellite markers previously isolated by other

laboratories the sequences flanking each repeat were subjected to a FASTA search of
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GenBank (Pearson and Lipman, 1988; Pearson, 1990).

The BLASTN program (email address: blast@ncbi.nlm.nih.gov) was used to search for

sequence homology between exon trapped products and anything on the database (Altschul

et al., 1990).

The BLASTX program (Gish and States, 1993) was used to search for any sequence

homology between predicted amino acid sequence and any protein sequence on the

database.

3 .2.14 Ol i gonucleotide Synthesis and Purifi cation

Where possible, the design of primers used the suggestions of Lowe et al., (1990).

Briefly, the primers should: 1) be 4O-60Vo in GC content; 2) not span a segment greater

than 300 bp; 3) be at least 18 bp in length (24bp prefened);4) not contain runs of identical

bases;5) possess a GC, CC or CG pair at their 3'end;6) not contain four contiguous

base-pairs of inter-strand nor intra-strand complementârity.

Primers were synthesized using either: 1) an Applied Biosystems Model 391 PCR-MATE

EP DNA synthesizer according to the protocol in the Applied Biosystems User Manual of

May 1989 or 2) a Beckman 1000 DNA synthesizer.

After synthesis, primers were cleaved from their columns and deprotected according to the

procedure recommended in the Applied Biosystems User Manual (May 1989). The column

was connected to a I ml syringe which was used to bathe the bound oligonucleotide in

327o wlw NHaOH for 2O min. at room temperature, after which the solution was expelled

and replaced. This was done three times. The expelled NH¿OH was made up to 3 ml by

the addition of more NH4OH. This solution was incubated at 55'C overnight or TO"Cfor 2

hours. This procedure was slightly modified during the course of the project in that only I

ml of NHaOH was used, with periodic flushing of the same solution through the column

using the attached syringe. In addition, 55"C was the preferred incubation temperature

because of the tendency of the vapour pressure to explode tubes incubated at 70"C, unless

the volume per tube was reduced.
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Purification was by the n-butanol method of Sawadogo and van Dyke (1991). To the

NHaOH solution, cooled to room temperature, a l0 x volume of n-butanol was added.

This was vortexed for 15 sec., then centrifuged for 45 min. at 2,600 x g, room

temperature. The supernatant was discarded and the pellet resuspended in a volume of

dH2O equal to the original NH+OH volume (l ml). A 10 x volume of n-butanol was again

added and processed as before. The pellet was air dried and resuspended in dH2O. The

concentration of the primers was determined spectrophotometrically (assuming an ODzoo

of 1 : 3O ¡tglml) and adjusted to I pgll^. The primers were stored at -20"C.

3.2.15 PCR conditions

All PCRs were done using a Perkin-Elmer Cetus DNA Thermal Cycler (model480).

3.2.I5.1 Microsatellites

For the amplification of most microsatellite repeats, from anonymous blood bank, CEPH

or family DNA samples, the following reagents were used per I0 pl reaction volume: 100

ng of genomic DNA sample,5 Iù 2 x PCR himix, 150 ng (=25 pmol) of each primer and

0.5 units of Taq polymerase. For radioactively labelled products 0.5 pI (5 ¡zCi) of

¡ç¿32PldCTP was included. MgCl2 was also added, but its concentration for each pair of

primers had to be optimised, although most worked at a final concentration of 6.0 mM.

Liquid paraffin was added to each tube and the PCR performed using the thermal cycling

program given below. Where possible, taking into consideration PCR product sizes,

thermal cycling conditions and MgCl2 requirements, multiplexing was performed whereby

up to four pairs of primers were added to each tube to simultaneously amplify four

different loci.

A subsequent discovery made by Kathy Friend was that the PCR also worked using a 7.5

fold lower concentration of deoxynucleotide triphosphates (as routinely used for SSCA).

The advantages of this "lomix" relative to the "himix" mentioned above are that: it is less

expensive; most reactions work using 1.5 mM MgCl2 and the thermal cycling program

given below; and autoradiographic results from radioactively labelled products are available

sooner because of the shorter exposure times required (whether this is because of a higher
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specific activity of the PCR product andior a greater product yield has not been

determined). The shorter exposure times enable half the amount of ¡cr32e1dCTP (that is,

2.5 pCi per tube) to be used. Although most primers work under these conditions, some

do not in the sense that no product is seen or the presence of many non-specific products

make it difhcult to identify the desired polymorphism and reduce the opportunities for

multiplexing.

The thermal cycling program most often used was: Í94'C 1 min., 60"C 1.5 min.,l2'C 1.5

minl x 10 cycles, then [94"C 1 min., 55'C 1.5 min.,72"C 1.5 min.] x 25 cycles, then

72'C IO min. This program is referred to as cycling option A in 4.3 .4. Other regimes were

used and are given in 4.3.4.

Optimisation of MgCl2 concentration, when using the himix, was made by performing the

PCR with final MgCl2 concentrations that varied in 1.0 mM increments usually from 3.0 to

9.0 mM. The reaction products were then electrophoresed through a 1.57o w/v agarose gel

along with the pUC19 size marker and stained with ethidium bromide. The MgCl2

concentration that resulted in the most intensely fluorescing product was used in

subsequent reactions. Other thermal cycling options were investigated if option A failed to

yield any product. Improvements in the quality of radio-labelled PCR product (that is,

increases in the intensity of the radioactive signal and reduction of non-specific

background) could often be achieved by using MgCl2 concentrations 0.5 mM more or less

than that determined initially.

3.2.15.2 A/z-PCR

For probing cosmid grids, human-specific products were generated from YACs using

inter-Alu ("AIu-Alu") or Alu-bubble PCRs. The latter technique was developed by Munroe

et al. (1994) and involves cutting the YAC/yeast DNA and ligating the bubble-adaptor to

the restriction fragments. The purpose of the "bubble" in the adaptor is to ensure that f,rrst

strand synthesis begins from the (human-specihc) Alu primer, and not from the

oligonucleotides ligated to the ends of the restriction fragments. This technique was

designed to overcome the problem of large inter-Alu distances not amenable to PCR

amplification, and thus increase the number of human specific products that could be

54



obtained from relatively Alu-poor regions of the genome

The AIu primers used, in conjunction with the bubble primer, were ALu 1,2,3, 4, 5 and 6.

Various combinations of pairs of these primers were used in conjunction with the bubble

primer to determine which "set" gave the optimum results in terms of the number of PCR

products and their yield per reaction.

AIu pimers 1 to 6 constitute part of the Alu consensus sequence and their sequences (5'-

3') are:

ATU I: TGA GCC GAG ATC GCG CCA CTG CAC TCC AGC CTG GG

(includes 3' portion of primer TC-65 from Nelson et aI., 1989).

AIuZ: AAG TCG CGG CCG CTT GCA GTG AGC CGA GAT

(5' portion of primer TC-65 from Nelson et al., 1989).

Alu 3; CGA CCT CGA GAT CTY RGC TCA CTG CAA [Y=T or C; R=A or G]

(primer 517 from Nelson et aI., 1989).

AIU 4: GGA TTA CAG GCG TGA GCC AC

(includes 3'portion of primer 278from Nelson etaI., 1989).

AIU 5: GAT CGC GCC ACT GCA CTC

(Alu -3' primer of Tagle and Collins,1992).

AIU 6: CAC TGC ACT CCA GCC TGG GCG AC

(primer 433 from Chumakov et aI., 1992).

The following procedure is based on the method by Munroe et al. (1994). Firstly, the

bubble oligonucleotides were annealed by mixing: 16.5 ¡,rg (l nmol) of bubble-top primer,

I7.5 ¡.tg (1 nmol) bubble-bottom primer, 222 1tI of [3 x SSC, 20 mM Tris-HCl, pH 8.01,

dH2O to 333 ¡rl. This was boiled for 10 min., then cooled slowly to room temperature. Of

this annealing mixture, 16 ¡.r,1 (= 48 pmol of annealed primer) was ligated to 1 ¡rg of YAC

restriction digest using 4.5 units of ligase in a 100 pl overnight reaction at 16"C.

The 100 ¡tl Alu-bubble PCR consisted of: l0 ¡.rl of the ligation reaction, 50 ¡rl of 2 x Alu-

PCR mix, I pM of Not 1-A primer, 1 pM Alu primer x, I ¡rM Alu pnmer y and 5 units of
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Ta4 polymerase. Note: x and y represent 2 of the 6 AIu pnmers. The reaction for inter-Alu

PCR was the same except that, instead of the ligation reaction, 100 ng of total yeast DNA

(uncut) was used and the Not 1-A primer was omitted.

The thermal cycling program was: 94'C, 3 min. then [94'C 15 sec., 72"C 90 sec.] x 30

then'72"C,5 min.

3.2.15.3 Colony PCR

For PCR from the pSPL3 exon trapping vector present within XLlBlue colonies, bacteria

were picked using a sterile pipetman tip and inoculated into a PCR tube containing

paraff,rn. Prior to adding the PCR reagents, the tubes were incubated at 100'C for 10 min.

The reaction was then performed using the following, in a 50 ¡,rl volume: 5 ¡rl of 10 x

Boehringer buffer, 1 ¡rl of 10 mM dNTPs, 20 pmol (150 ng) of primer SA5, 20 pmol (125

ng) of primer SD5 and 1.25 units of Taq polymerase. The thermal cycling program was:

f94'C 30 secs,60"C 30 secs,72'C 2 min.l x 30.

3.2.16 Electrophoresis

3.2.16.1Agarose gel

Most agarose gels were made with and run in 1 x TBE buffer, usually at no more than 100

V. Low Melting Point (LMP) agarose gels, used for purifying DNA fragments, were made

with and run in I x TAE buffer, at 50 V. The electrophoresis apparatus was placed in a

4'C fridge while in operation to keep the buffer cool, thus reducing the chance of the gel

melting.

3.2.16.2 Sequencing gels

The gels and running conditions used for DNA sequencing of M13 or PCR products

(cloned or uncloned) are given in the appropriate sections above.
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3.2.16.3 Resolving microsatellite alleles

The gels used to resolve microsatellite alleles, for genotyping, were 42 cm x 50 cm, 0.4

rnrn thick 5Vo (wlv) polyacrylamidel7 M urea. In other respects these gels were similar to

that used for M13 sequencing (3.2.12.I) except, the urea used was of poorer (cheaper)

quality and wells (rather than shark's teeth) were prefened.

To each 10 pl PCR,30 pl of 2 x loading buffer was added. These were then heated for 5

min. at 95"C and 5 ¡,rl was electrophoresed through the 57o gel at 900 V, until the sample

had run in, and then the voltage was increased to 2,000. When the run was finished, after

about 3 to 4 hours, the gels were blotted and dried as described in 3.2.12.1.

Autoradiographs were exposed at -70"C with intensifying screens.

3.2.16.4 Non-denaturing (SSCA) gels

To reveal any conformational differences between PCR products from affected and

unaffected individuals, non-denaturing gels were used. The gel running equipment used

was the same as that used for microsatellite analysis (3.2.16.3).

The conditions for polyacrylamide gel electrophoresis were based on those used by

Kauppinen et al. (1995). Briefly, 3 pl of the PCR was diluted 1:5 in l7o (wlv) SDS/10

mM EDTA followed by a 1:1 dilution (3 ¡.r,1 + 3 ¡r,l) in 957o (vlv) formamidel}O mM EDTA

containing O.O57o (w/v) bromophenol blue and O.OSVo (w/v) xylene cyanol and mixed.

(This dilution process was subsequently altered by simply adding 10 ¡zl of 2 x loading

buffer to the l0 ¡rl PCR). After heating the samples at 100"C for 3 min. they were placed

on ice and then 3 prl were loaded onto a 5Vo (wlv) bis/acyrlamide (1:60), 57o (vlv) glycerol

gel (38 cm x 50 cm x 0.4 mm) and electrophoresis was done using 0.5 x TBE and 600 V

at room temperature for 20 hours. An alternative gel used for the analysis of each PCR

sample (based on the experience of Savov et al., 1992), consisted of lÙVo (wlv)

bis/acrylamide (1:49) and IlVo (v/v) glycerol and was run at 600 V for about 30 hours in I

x TBE. After electrophoresis the gels were blotted onto filter paper and dried under

vacuum. Autoradiography was most often overnight at -7O"C, with an intensifying screen.
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On occasion, to increase the chance of detecting any mutation, a MDE ("mutation detection

enhancement") gel was used. The gel solution consisted of [37.5Vo of 2 x concentrated

MDE solution (purchased from FMC), 0.6 x TBEI. The running conditions were as for the

IOVo acrylamide gels, except that the buffer was 0.6 x TBE.

3.2.L7 Fluorescence in situ hybridisation (FISH)

FISH was performed by Elizabeth Baker, Helen Eyre and Paul Yu usinglnnbda,Y/'C

and cosmid DNA (Callen et aI-, 1990). These probes were hybridised to metaphase

chromosomes from females. In order to facilitate identification of the X chromosome the

metaphase spreads were also hybridised with an X peri-centromeric alphoid repeat (tRX;

Choo etal., 1987).

3.2.18 RNA Isolation

V/here appropriate, to destroy any RNases, solutions (and bottles) were made (or treated)

with 0.27o v/v DEPC, incubated at 37'C for several hours and then autoclaved. Where

possible, all solutions and manipulations were keplperformed at4"C, to reduce any RNase

activity.

3.2.18.1 RNA isolation from cultured eukaryotic cells

After transfection, with recombinant pSPL3, and incubation for 48 hours (3.2.11.2), the

COS-7 cells were rinsed twice with 10 ml of PBS and then scraped off the bottom of the

flask using a scraper, in the presence of 10 ml of ice cold PBS. The resuspended cell/PBS

solution was transferred to a 10 ml tube and centrifuged at 300 x g,4"C, for 8 min. All the

supernatant was removed and the cell pellet resuspended in 3@ ¡.r,1 of ice cold TKM, then

left on ice for 5 min. Then 15 ¡.r,1 of NP40 was added and mixed, then left on ice for 5

min. Centrifugation was at 450 x g for 5 min. After transferring the supernatant to a 1.5 ml

tube, 20 ¡tl of 57o (w/v) SDS and 300 ¡,rl of phenol were added and mixed. Following

centrifugation at 16,500 x g for 5 min., the supernatant was added to 150 ¡rl of phenol and

150 ¡rl chloroform, mixed then re-centrifuged for 3 min. To the supernatant 12 ¡r,l of 5 M

NaCl and 750 ¡"rl of IOOVo ethanol were added, followed by vortexing and incubation at
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-70'C for 30 min. This was followed by centrifuging at 14,000 x g,4"C, for 30 min. The

pellet was washed using 500 ¡rl of ice coldTOTo ethanol, centrifuged 14,000 x g, 4'C, for

5 min., and then air dried for 15 min. The RNA was resuspended in 50 to 100 ¡rl of

DEPC-treated H20.

Usually 100 to 150 ¡rg of total RNA was obtained from this procedure, as determined

spectrophotometrically (assuming an OD266 of I : 4O ¡tglml). The RNA was stored at

-7O'C. To assess the integrity of the RNA 2 Fg was electrophoresed through a I7o (w/v)

agarose gel.

3.2.I8.2 RNA isolation from fresh tissue

With the aim of proving that exon trapped products were expressed, RNA was isolated

from the following regions of the brain of a normal infant basal ganglia, brain stem,

cerebellum, frontal lobe and occipital lobe. RNA was isolated from 1 g of each region

according to the "single-step RNA isolation" protocol of Chomczynski and Sacchi (1987)

as given in Current Protocols in Molecular Biology (section 4.2.4), with some minor

differences, including: the frozen tissue was hrst crushed to a powder, using a pre-cooled

moftar and pestle and frequent application of liquid nitrogen, before adding the RNase

denaturing solution. The mortar and pestle had been previously washed with RNase

denaturing solution, rinsed with DEPc-treated water, then heat treated for 4 hours at 160-

180'C to inactivate any RNases.

After crushing 1 g of tissue, the powder was mixed with 10 ml of RNase denaturing

solution and transferred to a 50 ml tube and mixed thoroughly with I ml of 2 M sodium

acetate (pH a.5). After this, 10 ml of water-saturated phenol was added and shaken

followed by 2 ml of chloroform:isoamyl (49:I) then shaken again. This was incubated on

ice for 15 min., then poured into 30 ml autoclaved glass test tubes and centrifuged at

10,900 x g,4"C, for 20 min. To the supernatant was added I volume of isopropanol. The

sample was incubated at -2O"C for 30 min., then spun again at 10,900 x g,4"C, for 10

min. The pellet was dissolved in 300 ¡.rl of RNase denaturing solution, transferred to a 1.5
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pg

ml tube, precipitated with 1 volume of isopropanol for 30 min. at -20"C, then centrifuged

at 16,500 x g, room temperature, l0 min. The pellet was washed in 7O7o ethanol,

incubated at room temperature for 15 min., re-centrifuged at 16,500 x E, room

temperature, for 15 min. and dried under vacuum. The RNA was dissolved in 200 pl of

DEPC-H20 and stored at -7O"C.

The yield of total RNA from 1 g of tissue using this method was usually greater than 500

3.2.19 cDNA synthesis

3.2.19.I Reverse transcription of exon trapped products

To generate cDNA from pSPl3-transcribed message isolated from transfected COS-7

cells, 2 pg of RNA and 20 pmol (138 ng) of SA2 primer were combined. This was

incubated at 7O"C for 5 min., followed by I min. on ice. Then 4 ¡r"l of Superscript II

buffer, 2 ¡t"l of 0.1 M DTT and I ¡r,l of l0 ml'{ dNTP stock solution were added. This was

incubated at 42"C for 2 min., prior to adding 1 ¡.rl of a 0.1 dilution of RNasin and 200

units of reverse transcriptase. The final volume was 20 lt"l.Incubation was continued at

42"Cfor 60 min. The cDNA was stored at -20"C.

First round PCR (100 ¡rl reaction):

Reverse transcription reaction (10 ¡rl), 10 ¡rl of l0 x Boehringer buffer (supplied with the

polymerase), 2 Wl of l0 mM dNTP stock solution, 90 pmol (621 ng) primer SA2, 100

pmol (650 ng) primer SD6 were combined and, after heating the tubes at94"C for 5 min.,

2.5 units of Taq polymerase were added. The thermal cycling program was: 94'C 5 min.

(hot start) then [94'C 1 min., 60"C I min.,72"C 5 min.] x 6.

To prevent the amplification of false-positive (vector-only) products 4O units of BsrXI

restriction enzyme were added to the PCR and incubated overnight at 55'C. In the morning
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10 more units were added and the incubation continued for 60 min.

Second round PCR (100 ¡.tl reaction):

Bs/Xl-treated lst PCR (10 ¡rl), 10 ¡rl of 10 x Boehringer buffer, 2 ¡t"l of 10 mM dNTP

stock, 100 pmol (725 ng) of primer SA4, 100 pmol (695 ng) of primer SD2 were

combined and, after heating the tubes at 94"C for 5 min., 2.5 units of Taq polymerase

were added. The thermal cycling program was: 94oC 5 min. (hot start) then [94'C I min.,

60'C 1 min.,72"C3 min.l x 30.

Of this PCR, 10 ¡rl was electrophoresed through a 2.Q7o (w/v) agarose gel. The PCR

products were purified from the reactions using phenol/chloroform extraction and

precipitated using sodium acetate and ethanol (3.2.7.I).

3.2.19.2 Reverse transcription of RNA isolated from fresh tissue (performed by Dr Jozef

Gecz).

To remove DNA contamination of mRNA the following procedure was carried out: 17 pl

mRNA (6 pg), 2 ¡rl BRL 10 x buffer and I ¡r,l DNase I (- I unit) were mixed and

incubated at37"C for 30 min. The DNase was inactivated by heating at 70'C for 10 min.

The RNA was reverse transcribed using the protocol supplied with the SuperScript II

RNAse H- reverse transcriptase (BRL):

I ¡rg mRNA (or 10-15 pg of total RNA)

2 ¡rl primer (random and/or dT)

dH2O to24 1t"l

This was incubated at70"C for 10 min., then mixed with:

8 ¡rl 5 x lst strand buffer

4 ¡rl 0.1 M DTT

2 p"l of 10 mM dNTPs
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This was incubated at 37"C for 2 min., before adding 2 ¡tl of reverse transcriptase then

continuing the incubation for 60 min. The reaction was terminated by incubating at 95'C

for 5 min.

3.2.19.3 rTthPCR

This technique enables the reverse transcription reaction to occur at 7O"C, due to the

reverse transcriptase activity of Thermus thermophilus DNA polymerase in the presence of

Mn** ions, thus facilitating the denaturing of any secondary structure of the RNA. The

reagents of the rTth kit, supplied by Perkin-Elmer, were used which included a positive

cDNA control (Interleukin exon primer #152). The following protocol was used:

10.4 ¡rl dH2O, 2 ¡tl of 10 x RT buffer, 1 pl (130 ng; 15 pmol) of gene-specific primer, 2

pl RNA, were mixed and incubated for 5 min. at 70"C, then:

2 y"l MnCþ, 1.6 ¡rl 10 mM dNTPs, I ¡t"l (2.5 units) rTth polymerase, were added and

incubated for 30 min. at 70"C.

Then the PCR was performed by adding:

65 ¡rl dH2O, 8 ¡"rl 10 x chelating buffer, 6 ¡rl MgClz, I Wl (130 ng; 15 pmol) of second

gene-specific primer, and using the following thermal cycles: [94"C 30 sec.,60'C 30 sec.,

72"C2 min.lx 37.

Following the PCR, the sample was electrophoresed through a2Vo (wlv) agarose gel.

3.2.2O Northern blotting

The procedure used was based on that of Goda and Minton (1995)

The gel teeth, tank and pouring tray were soaked in L%o (w/v) SDS overnight to minimise

RNAse contamination, and rinsed twice with DEPc-treated dH2O. The IVo agarose gel

was made with 1 x TBE (from a 5 x borate/EDTA DEPC-treated solution, to which Tris-

HCI was added), 5 mM guanidium isothiocyanate and 0.2 ¡t"glml ethidium bromide. The

gel tank was also soaked in 1 M NaOH for 5 min. then rinsed with DEPC-dH2O.
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To each l5 pg sample of total RNA was added 3.5 x volume of RNA denaturing solution.

To this was added 10 pl of RNA loading dye. The samples were run at 60 V for 2.5

hours. The gel was blotted to Hybond N+ overnight, using a l0 x SSPE transfer solution.

The Hybond filter was treated, prehybridised, probed and washed as described previously

for Southern blots (3.2.3, 3.2-4, 3.2.6).

3.2.21 Linkage Analysis

Two-point linkage analyses were done to regionally localise disease genes segregating

within families. Multipoint analyses were done (by Dr Helen Kozman) to generate a

genetic map of the X chromosome or to position a disease locus relative to a subset of

mapped loci.

The markers used in one or more of the linkage analyses, and their references, are given in

Table 3.1.

3.2.21.1 Two-point linkage analysis

To rapidly localise a disease gene, two-point linkage analysis between the disease locus

and each marker was performed using the MLINK program of the LINKAGE package,

version 5.1 (Lathrop and Lalouel, 1984). The alleles were "down-coded" to facilitate

multipoint LINKMAP analysis so that a maximum of 4 alleles, each allocated a frequency

of O.25, were used in the analysis. In addition, unless indicated, the disease was

considered to be inherited as an X-linked recessive trait. The disease gene frequency was

arbitrarily chosen as 0.ü)01. Two-point lod scores are presented in the table format

recommended by the Committee on Methods of Linkage Analysis and Reporting

(Conneally et al., 1985). The regional localisation of the disease gene was delimited by

those markers showing recombination with the disease locus that flanked those markers

demonstrating close linkage.

3.2.21.2 Multipoint linkage analysis using single (disease) family data

Upon close linkage to one or more markers, multipoint linkage analysis may then be done

to reduce the localisation of the disease gene (using the lod-l principle) and/or provide
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greater statistical support for its localisation to the region if no single marker within the

regional localisation is fully informative. Multipoint analysis was performed using the

LINKMAP program of the LINKAGE program package, version 5.1 (Lathrop et al.,

1984). The order and distances between the markers used were those given in the

comprehensive map of the X chromosome (Chapter 5; 5.4.1), unless stated otherwise.

Due to computer memory limitations, usually no more than 5 loci (4 markers plus the

disease locus) could be analysed simultaneously. To incorporate more loci into the

multipoint map additional analyses were performed by sliding this 4-marker-window along

the map, one marker at a time.

3.2.21.3 Multipoint linkage analysis using CEPH data

Multipoint linkage analyses, using genotypic data from the CEPH families, were

performed by Dr. Helen Kozman using CRIMAP version 2.4 on a Sun SPARC station

IPC (Lander and Green, 1987: Green et aI., 1990; Kozman et al., 1993). Briefly, the

CRIMAP-BUILD option was used to construct a framework map, beginning with a

nucleus of two highly informative markers. Additional markers were sequentially added if
the interval supporl was at least 3 (that is, odds of at least l00O:l against any altemative

position). A comprehensive map was generated by inserting the remaining markers into the

framework map using the pairwise linkage analysis algorithm of CRIMAP-ALL.

Support for local order was investigated using the FLIPS¿ option. This algorithm was

used to determine the odds against inversion of adjacent pairs of markers, sliding one locus

at a time along the chromosome.

The CHROMPIC option reveals the grandparental origin of alleles and thus any

recombinants and was used to flag potential genotyping errors and to construct meiotic

breakpoint maps (5.4.4). Genotyping errors were suspected if a double recombination

event occured within 15 cM of any of the markers used in the map. On encountering such

events, autoradiographs were re-read and if necessary the genotyping was repeated to

eliminate the possibility of sample mix-up. Errors suspected in the genotyping of markers

developed by other laboratories were dealt with by removing these genotypes from the

analysis. Similarly, the marker genotypes of individuals exhibiting mutations (4.4.2.3)

were not included in the analysis.
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Table 3.1 Microsatellite Markers Used in the Linkage Analyses
(Xpter to Xcen)

[.ocus Marker Cytogenetic local i sation Reference

DXS1060

DXS996

DXS237

KAL

DXS85

DXS1043

DXS1224

DXS16

DXS987

DXS2O7

DXS999

DXS443

DXS365

DXS1O52

DXS274

DXS989

DXS451

DYS

DXS992

DXS997

DYS

DXS538

DXS1063

MAOA

DXSlOO3

PFC

DXSI126

AT-AS2

DXS99I

AFM205f2

AFÌvf2l2xe5

GMGX9AC

KAUAC)

L782

AFNfl26zd2

AFM311vf5

pSE3.2L

AFM120xa9

pPAaB(AC)

AFNl234yf12

RX324

RX314

AFM163yh2

mpA274

AFM135xe7

kQST-80

3'Dys MS

AFM184xg5

AFN{2I7xa5

5'Dys II

pXL27B

AFM238yc11

MAOA

AFlvl2Txf5

PFC(AC)

EAD

ITCA

AFMl5xf6

Xp22.32

Xp22.32

Xp22.32

Xp22.32

Xp22.3I

Xp22.3l

Xp22.3l

Xp22.3l

Xp22.3t-22.2

Xp22.2

Xp22.2

Xp22.t3

Xp22.I3

Xp22.r3

Xp22.l3

Xp22.r3

Xp22.I3

Xp2l.2-21.1

Xp2I.3-21.1

XpZl.3-21.t

Xp2l.t

Xp2I.l-lt.2l
Xp1l.4

Xpl1.4-11.3

XptI.3-11.23

XpIl.3-1L23

XpIl.23

Xpll.22-ll.2I
Xpll.2l

Weissenbach et a1.,I992

Weissenbach et aI., t992

Gedeon etal.,1992

Bouloux etal., I99l

Chang etal., 1994

Gyapay etaI.,1994

Gyapay etal., 1994

Chang etal., 1994

Weissenbach et aI., 1992

Oudet etal., 1992b

Weissenbach et aI., 1992

Browne etal.,l992a

Browne etal.,l992a

Rowe etal., 1994

Rowe etal., 1994

Weissenbach et al., 1992

Browne etal., I992a

Oudet etaI., I99O

Weissenbach et aI., 1992

Weissenbach et al., 1992

Feener etal., l99l

Browne etal., I99l

Weissenbach et al., 1992

Black etal., l99l

Weissenbach et al., 1992

Coleman etal.,l99l

Donnelly etal., 1994b

Cox etal., 1992

Weissenbach et al., 1992



Table 3.1 Microsatellite Markers Used in the Linkage Analyses (cont'd)
(Xcen to Xqter)

[.ocus Marker Cytogenetic localisation Reference

AR

PGK1Pl

DXS1125

DXS1275

DXS81 1 1

DXS453

DXS983

DXS7113

DXS6673E

DXS559

DXS1124

DXS566

DXS986

DXS995

DXSlOO2

DXS3

DXS99O

DXS458

DXS454

DXS1153

DXS1120

DXS456

DXS1072

DXS1O59

DXS8O81

DXSI22O

DXS424

DXS8064

DXS8067

DXSlOOl

AR(CAG)

PGII5

ÆAD

AFM261zh5

AFMa099wb9

Mfd66

AFM078zal

47M

(GA)n

HX28

45AD

HX6O

AFM116xg1

AFlvÍ2A7zg5

AFM?Agvhs

p19.2

AFM136yc7

Mfd79

Mfd72

2IAD

GAD

XG3OB

AFM276wa5

AFM203yd8

AFMcOl3xd5

AFM302xc9

XTSA

AFMb319ya5

AFMb33lyc9

AFM248we5

XqII.2-t2

XqI2

XqlZ

Xql2

Xqt2

Xq12-13.1

Xql2-t3.t

Xq13.1

Xql3.1

Xql3.1

Xq13

Xq13.3

Xq2t.l

Xq2t.t

Xq2I.2-21.31

Xq2t.33

Xq2l.33

Xq2I.33

Xq22.33

Xq22.l

Xq22.3

Xq22.3-23

Xq23

Xq23

Xq23

Xq23

Xq23

Xq23

Xq23

Xq24

Donnelly etal., 1994b

Browne et al., I992b

Donnelly etal., 1994b

Gyapay etaI., 1994

Dib etal., 1996

Weber etal., I99O

Weissenbach et al., 1992

GDB

van der Maarel et al., 1996

Roustan etal., 1992

Donnelly etal., I994b

Porteous etal., 1992

Weissenbach et al., 1992

Weissenbach et al., 1992

Weissenbach et al., 1992

Stanier etaL, l99l
Weissenbach et aI., 1992

Weber etal., 1990

Weber etal., 1990

Donnelly etaL, I994b

Donnelly etal., 1994b

Lufy etal., I99O

Gyapay etal., 1994

Gyapay etal., 1994

Dib etal., 1996

Dib etal., 1996

Lufy etal., l99O

Dib etal., 1996

Dib etal., 1,996

Weissenbach et al., 1992



Table 3.1 Microsatellite Markers Used in the Linkage Analyses (cont'd)
(Xcen to Xqter)

[,ocus Marker Cytogenetic localisation Reference

DXS8059

DXS1212

DXS425

DXS1114

HPRT

DXS1O2

DXS984

DXS292

DXS2q7

DXS548

DXS1123

GABRA3

DXS15

DXS11O8

Xq24

Xq24

Xq25

Xq26.t

Xq26.l

Xq26.3

Xq27.l

Xq27.2

Xq27.3

Xq27.3

Xq28

Xq28

Xq28

Xq28

AFMb3O3xd1

AFM280vf5

XL9OA3

HUMHPRT

cX38.1

AFMl05xc5

VK14AC

VK23AC

4IAD

MGD3+Ll2

p39

sDF-2

DlbetaI., 1996

Gyapay etal., 1994

Luty etaI., I99O

Weber C etal., 1993

Edwards etaI.,I99l

Gedeon etal., 1992

Weissenbach et al., 1992

Richards etal., l99lb

Richards etaL, l99tb

Verkerk etal., l99I

Donnelly etal., 1994b

Hicks etal., I99I

Wehnert etal., 1993

Freije etal., 1992

Marker order and cytogenetic localisations were taken from Fig. 5.1 or obtained from the consensus

map of Nelson et al. (1995), or from the genetic map of Dib et al., (1996).
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4.1 Summary

Eleven microsatellite markers were isolated from a human X chromosome-specific lambda

library and characterised. Seven new polymorphic markers were genotyped through the

forty CEPH families, enabling their incorporation into an entirely PCR-based genetic map

of the X chromosome (Chapter 5), as the basis for mapping X-linked disorders. In

addition, six polymorphic microsatellites characterised by others were also genotyped

through the CEPH families for the purpose of incorporation into the map. During the

genotyping, a number of mutations were found. The published version of the work

presented in this chapter (Donnelly et aI., 1994b) is given in appendix 4.1.
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4.2 lntroduction

A polymorphism is described as a Mendelian trait that has two or more alleles, with the

most common allele having a population frequency of less than 957o (Ott, l99l).

Construction of a genetic map requires polymorphic markers which are usually anonymous

single-copy neutral segments of DNA. Such segments upon characterisation are allocated a

"D" number by the Genome Data Base (GDB) (Williamson et al., 1991). For example, X-

linked DNA segments are designated "DXS#" where D refers to a segment of DNA, X

refers to the segment being Xlinked and S referring to it being a single copy. Variations of

this prefix occur to designate DNA segments that belong to a family of loci (DXF#) or are

alphoid repeat sequences (DXZ#). Coding sequences are designated by the suffix E

(DXS#E) or an acronym of the name of the gene to which they belong (for example, AR

for the androgen receptor gene).

As mentioned in Chapter 2, microsatellites are now the preferred markers for genetic

mapping because of their high heterozygosity, ease of analysis and ubiquity. These

characteristics have also made them useful in other fields such as population genetics,

forensic science and paternity testing. In addition, the specific detection and isolation of

trinucleotide microsatellites may also have direct diagnostic benefits where they are the

basis for unstable triplet repeat disorders (Richards and Sutherland,1994).

PolyAC repeat markers with more than 13 units are usually polymorphic and the greater

the length of a repeat the greater the instability, although most are composed of less than26

units (Weber, 1990). The length variation between alleles of a given microsatellite is

thought to be generated by slipped strand mispairing during replication or unequal

crossover between sister chromatids (Levinson and Gutman, 1987; Schlotterer and Tautz,

tee2).

The ability of alternating purine/pyrimidine sequences, such as polyAC repeats, to adopt a

Z-DNA conformation in virro (Nordheim and Rich, 1983), has led to suggestions that

these sequences may serve some function in vivo, by influencing transcription rates of

adjacent genes or promoting recombination (fautz and Renz, 1984; Miller et aI., 1985).

Other evidence cited in support of a function is: polyCT repeats are involved in the

regulation of heat shock genes in Drosophila melanogasta (Lu et al., 1993); the degree of

conservation between primates, in terms of repeat structure and position, is higher than
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expected given accepted times of divergence (Deka et al., 1994); and proteins that bind to

microsatellite sequences have been discovered (Yee et al., l99l; Aharoni et al., 1993;

Richards et al., 1993). An alternative point of view, however, is that microsatellites exist,

and are so widespread, because they are under no selective pressure. In summary, in some

cases microsatellites may serve a specific function but in the absence of such evidence they

may merely represent DNA of no known function.
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4.3 Materials and Methods

Only brief accounts of the methods used are given below. For more detail refer to the

relevant Chapter 3 sections cited.

4. 3. I Identification of poly(AC)-containin g lanhda phage

A latnbda bacteriophage library (LAOXNLOI) was purchased from American Type

Culture Collection (ATCC). It had been constructed from flow-sorted chromosomes from

cell line 1635, the cells of which possess five X chromosomes. Contaminating autosomal

fragments are present at a level of lOTo (Luty et al., 1990).

The library was plated-out (3.2.1.1) and plaqueJift filters (3.2.2) probed with a

radioactively labelled polyAC sequence (3.2.4; 3.2.6). PolyAC-positive lambdn phage

were picked, purified, propagated and their DNA isolated as described in 3.2.L1 and

3.2.1.2.

4.3.2 Shot-gun sub-cloning into M13 phage

An aliquot of DNA from individual latnbda clones was cut with the restriction enzymes:

AIul, HaeIII, RsaI and Sau3A, in separate reactions. These digests were electrophoresed

and Southern blotted. The filters were probed with the polyAC sequence to determine

which restriction fragment(s) contained an AC repeat. The restriction enzyme that resulted

in polyAC-positive fragments of about 500 bp or less were used to cut the remaining phage

DNA.

M13mp18 DNA was digested with an enzyme that generated the appropriate site for

insertion of the ctlr lambdn DNA. In the case of Sau3A, BamHl was used to produce the

complementary (staggered) cloning site. For the other three enzymes Smal was used to

generate blunt ends. Three ligation reactions of three different ratios of Ml3:inseft DNA

were performed, to increase the chance of successful ligations. The recombinant Ml3s

were transformed as described in3.2.11.1. PolyAC-positive Ml3 clones were selected as

was done for the lambdn clones. M13 phage were propagated (3.2.1.3), screened for AC

repeats (as for lambdn;4.3.I) and the DNA isolated (3.2.1.4).
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4.3.3 Sequencing

4.3.3.1 Ml3 Sequencing

Single-stranded DNA, from polyAC-positive M13 clones, was sequenced (3.2.12.1) and

where possible, primers flanking the repeat sequence were designed (3.2.14).

A GenBank database (FASTA; 3.2.13) search was performed to ensure that none of the

polymorphi c microsatel I ites had been previously i sol ated.

The AC (or complementary TG) repeats were categorised as: perfect, imperfect or

compound (Weber, 1990).

4.3.3.2 l^ambda DNA sequencing

The lambda DNA of clone 21 was sequenced using the fmol DNA Sequencing System

protocol (3.2.12.2).

The radiolabelled products were loaded onto a 6Vo sequencing gel as described in

3.2.12.1.

4.3.4 PCR conditions

Most PCRs used in this chapter used the "himix" reagents (3.1.2) and the appropriate

MgCl2 concentration. For the amplif,rcation of most repeats thermal cycling option A was

sufficient, however other thermal cycling programs needed to be implemented in a few

cases. These thermal cycling options are:

A. {94"C I min., 60"C 1.5 min.,72"C 1.5 min} x 10 cycles, then {94"C I min., 55'C

1.5 min., 72"C 1.5 min) x 25 cycles, then72"C 10 min.

B. {55"C 2 min.,72"C 3 min.,94"C 2 min} x 25 cycles, then 55"C 2 min., then 72"C lO

mln

C. {50"C 2 min.,72"C 3 min., 94"C 2 min} x 25 cycles, then 55'C 2 min., then 72"C LO

mln.
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D. Amplification of the androgen receptor (GGN)n repeat (ARz), where N=T or C,

required the reaction components and thermal cycling (annealing temperature of 60'C) of

Riggins et al. (1992), except that 150 ng of each primer,5 pCi ¡ç¿32PldCTP, and 0.5 units

Taq polymerase were used in a reaction volume of 10 pl. The forward and reverse primers

used for the amplification of the AR(CAG) and AR(GGN) repeats were designed by Dr

Rob Richards ('WCH) from the sequence given in Tilley et al. (1989), and are:

AR(CAG) 5'-TCCAGAATCTGTTCCAGAGCGTGC-3' and

5' -GCTGTGAAGGTTGCTGTTCCTCAT-3'

AR(GGN) 5'-ACAGCCGAAGAAGGCCAGTTGTAT-3' and

5' -CAGGTGCGGTGAAGTCGCTTTCCT-3'

These two repeats are within exon 1 of the AR gene and are separated by 1.1 kb (Lubahn

et al. 1989;Tilley et al. 1989).

4.3.5 CEPH genotyping

Microsatellite alleles were amplified from the DNA (3.2.15.1) of each of the 40 CEPH

mothers (see note below) and 40 fathers. The alleles were detected as described in

3.2.t6.3.

The observed heterozygosity of the newly characterised microsatellite markers and markers

previously characterised in the Department of Cytogenetics and Molecular Genetics was

calculated from the mothers' genotypes, according to the formula:

# heterozygotes
#(homozygotes + heterozygotes)

It is often claimed that the standard CEPH collection of families consists of 40 unrelated

mothers, however, mother l04lÙ2 is a daughter of 7O2lO2 and so her genotype depends on

the genotypes of her parents (lO2lO2 and l02l}l), which are in turn dependent on the allele

frequencies. So, because the chance of lMlO2 being a homozygote or heterozygote is not

independent of the genotype of 102102 (who has been incorporated into the calculation) she

was omitted from the heterozygosity calculation.
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The expected heterozygosity of any marker was calculated using the formula :

1-)(pn2)

where p¡ is the frequency of the nth (I, 2,....n) allele. Allele frequencies were calculated

from the 113 X chromosomes of the 74 unrelated CEPH parents, assuming Hardy-

Weinberg equilibrium. Again the alleles of the CEPH mother lMlO2 and those of the

CEPH fathers; 1375101, l329ll0\ I3292lOl,I3293l0l and 13294101 were not included

because they are related to people (parents or sisters) whose genotypes were already

included in the calculation.

Statistical comparisons between observed and expected heterozygosities were performed

using Chi-square analysis with Yates' correction factor:

(lobserved heterozygosity-expectedl - 0.5)2
expected heterozy gosity

(1 d.f.)

Allele sizes were determined relative to the product amplified from the M13 clone from

which the sequence was derived. The allele sizes given in Table 4.4 were derived from the

references cited.

Whole CEPH families were genotyped for the markers in Tables 4.3 and 4.4 if the mother

was heterozygous. This data was then used in construction of the genetic map (by Dr

Helen Kozman; Chapter 5).

4.3.6 Characterisation of mutations

Sexing of DNA samples was done by usng primers that amplified an X-specific

amelogenin sequence as well as an amelogenin-like Y-specific sequence (Nakahori et al.,

1991).

Mutation rates were calculated by dividing the number of mutated alleles by the total

number of X chromosomes in which it would be possible to detect such events, that is,

chromosomes of individuals whose parents had also been genotyped.
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Phase analysis was used to determine the parental and/or allelic origin of the mutations in

those cases where this data was not obvious. This involved determining the alleles of the

locus in question and that of the closest known informative flanking loci in each individual

possessing the mutation and their siblings or children. The most common haplotype in the

family concerned was considered as the non-recombinant phase, thus establishing the most

probable chromosomal origin of the mutated allele. In most cases the genetic distance from

the mutated locus to the nearest informative flanking loci was < 10 cM, hence the chance of

an undetected double crossover occuring was negligible.
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4.4 Results

4.4.1 Isolation and characterisation of microsatellite markers

Initially, 264 poly(AC)-containing Charon 35 (kmbdn) phage plaques were picked from

l0 x 15 cm plates onto which the X library, LAOXNLOI, had been plated. DNA

preparations were done for 72 of these phage plaques. Forty eight of these 72 clones,

when cut with restriction enzymes, yielded an AC-positive fragment of about 500 bp or

less. The stage in development that each of these 48 clones reached is given in Table 4.1.

The overall success rate at each step relative to the original number of 72 clones is given in

Table 4.2. Of the 48 lambda clones, 34 were were successfully subcloned into M13mp18,

in the sense that AC-positive M13 phage resulted. Sequence ladders were produced from

28 of these 34 M13 clones. The quality of the sequencing results enabled both primers

flanking the repeat sequence to be designed in 15 cases (see for example Fig.4.1). Eleven

of these 15 repeats could be amplified from genomic DNA by PCR, however only 7 were

polymorphic (see for example Fig. 4.2).

Most of those clones given in Table 4.1 that did not progress to the sequencing stage fall

into three categories. Firstly there are the O-like clones (O, P, Q and S) for which relatively

low yields of lambdn DNA were obtained, as judged from ethidium bromide stained

agarose gels and hybridisation of capillary blots with the poly(AC) probe. No attempt was

made to sub-clone this DNA into M13.

Secondly, the B-like clones (8, C, L,12,13, 15, 17,39,43 and 50) were lambdn clones

whose AC repeat was not successfully sub-cloned into Ml3

The third category is that of the H-like clones (H, X, 11,25, 27 and 69). These were

subcloned into M13 but plaque purif,rcation or amplification of the M13 DNA was difftcult.

Specifically, plaques that, because of the number of rounds of purihcation, were expected

to be AC-positive were not, or sometimes no plaques were produced at all. Attempts at

generating M13 DNA for sequencing yielded no DNA as determined by the lack of

ethidium bromide fluorescence or no AC-positive DNA as revealed by the failure to

hybridise with the polyAC probe to capillary blot filters. Single-stranded M13 DNA w¿s

prepared from clone X but upon sequencing only a compacted band (no readable ladder) at

the top of the sequencing gel was observed.
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Table 4.1 Stage to which AC markers have been developed

¡, Enzyme Subcloned Transformed Ml3 Sequenced Primers
clone used into M13 into E.coli ss template designed

FR

Comments

A

B

C

D

E

F

G

H

I

K

L

M

o
P

a
R

S

T

w
X

l1

T2

13

15

S

R

R

S

S

R

H

R

A

H

A

H

S

S

A

H

A

A

R

R

H

H

R

H

+ + + + ++

+

+

+

+

Cryptic repeat; not
polymorphic
No AC+ve M13 clones

No AC+ve M13 clones

No consensus sequence
obtained
PolymorphicGc) l 7(IG) 1 8

Same sequence as 41

Polymorphic (AC)zl

M13 refractory to
amplification
(GT)zs; no PCR product

(TG)ts; no PCR product

No AC+ve M13 clones

(AC)zz too close to
cloning site
l-ow lnmbdaDNAyield
I-nw lamhda DNA yield

l-nw InmbdaDNAyield

(AC)ts but sequence
mostly unreadable
l-nw lnmbdaDNAyield

No repeat seen

(TG)z t; not polymorphic

No sequence obtained

Ml3 refractory to
amplification
No AC+ve M13 clones

No AC+ve M13 clones

No AC+ve M13 clones

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+++

++++

+

+

+

+

+

+

+

+

+

+

+

+

+

+

++

+ stage completed; - stage not completed; A, AIul.H Haelll; R Rs¿I; S Søø34; ss single stranded;

F forward primer; R reverse primer.



Table 4.1 Stage to which AC markers have been developed (cont'd)

i,, Enzyme Subcloned Transformed Ml3 Sequenced Primers
clone used into M13 into E.coli ss template designed

FR

Comments

t6

I7

20

2I

25

26

27

28

29

3I

32

39

4I

42

43

45

46

47

48

49

50

52

67

69

H

H

H

H

H

H

H

H

S

H

S

H

S

S

S

S

S

S

S

S

H

S

S

S

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

++ + ++

++

cryptic repeat; not
polymorphic
No AC+ve M13 clones

(ACþzt butsequence
wreadable
ÇG)zz; polymorphic but
cryptic alleles; cf Pxstzs
Poor template preparation

(TG)z¿; polymorphic

Poor template preparation

(TG)ls butsequence
unreadable
Not polymorphic

No repeat seen

(TG)rz(TGG)s but no
PCR product
No AC+ve Ml3 clones

(C4Y)z+; polymorphic

(GT)zo; no product

No AC+ve M13 clones

(TG)oTT(IG)tz;
polymorphic
(GT)zs; polymorphic

Sequence fainlunreadable

Sequence unreadable due
to cross-banding
(GT)zt; sequence 3' of
repeat is AT-rich
No AC+ve M13 clones

No repeat seen

(GT) t zT(GT)¿; sequence
3' of repeat is AT-rich
M13 refractory to
amplification

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

++

++

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+ stage completed; - stage not completed; A Alul;H Haelll; R RsaI; S S¿ø34; ss single stranded;

F forward primer; R reverse primer.



Table 4.2 Development of AC repeat markers isolated from a flow-sorted X
Iambdø library

Stage of development Numbers
obtained

Vo rccoverla

1. AC-positive Inmbda clones cut with restriction enzymes

2. Clones yielding AC-positive restriction fragments <500 bp

3. AC-positive M13 subclones

4. AC-positive M13 clones successfully sequenced

5. Sequence suitable to design púmers flanking the repeat

6. PCR product obtained

7. Polymorphic markers

72

Æ

34

28

15

11

7

66.7

47.2

38.8

20.8

15.3

9.7

a. relative to step 1
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Figure 4.1 Examples of the results of dideoxy sequencing of microsatellite-containing M l3

phage. The order of loading is given immediately above each sequence.
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CEPH pedigree 102

ú r
t ;l -lll!D

¡

t
allele

4.................. :Ç
rD

atD

b. t ¡ s3t

Figure 4.2 Autoradiograph showing the polymorphic nature of marker 26

(locus DXSI t26). The most intense band(s) in each track is considered to be the

allele. For example, the mother l02lOZ has the genotype ab and her daughter,l02lO3,

is ac. The fainter "stutter" bands associated with each allele are typical of dinucleotide

repeats and are thought to result from2 base-pair strand slippage during the PCR

(Hauge and Litt, 1993; Murray et a[.,1993).
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Of those clones that underwent sequencing, the clarity of the sequencing results from

clones R, X (see above), 20,28, 47, 48 and 67 was not adequate to design one or both

primers flanking the repeat. Twenty eight clones were successfully sequenced in that a

readable ladder was produced. No repeat sequence was seen in the sequence from clones

T, 31 and 52.|n a number of cases the repeat was too far from the M13 sequencing primer

to enable a reverse primer to be designed so a new forward primer was made to use as a

sequencing primer and thus "walk" the sequence. Using this method the sequence flanking

the repeat of clone F was revealed to be the same as that previously shown for clone 41.

Also, using new forward primers on clones 49 and 67 revealed that the sequence beyond

the repeat was not suitable for designing a reverse primer because it was AT-rich.

Instability of a few of the M13 clones seemed to occur. Apaft from the H-like clones

mentioned above, there were problems of instability with clones D, E and M. The forward

primer of clone D failed to work on a new M13 template preparation of this clone. Using

the forward M13 sequencing primer on this new template revealed that the sequences

flanking the repeat bore no resemblance to the sequence initially revealed (and used to

design the forward primer). The repeat from the new template preparation is also slightly

different from the original, but still distinctive. This phenomenon of sequence differences

between clones that were expected to be identical was also encountered for clones E and

M. The repeat of clone M was too close to the cloning site to design a forward primer.

Primers flanking the repeat sequences were designed for clones A, E, G, I, K, W, 16,21,

26,29,32, 41, 42, 45 and 46. No PCR product from genomic DNA was produced using

the primers designed from clones I, K, 32 and 42.In the case of the latter 2 markers this

was probably due to the fact that there was an (overlooked) .laz3A restriction site between

the repeat and one of the flanking primers, hence these two clones are most likely

chimaeric.

The sequences surrounding those 11 repeats that can be amplified from genomic DNA are

given in Figure 4.3. However 4 of these (4, \ry, 16 and 29) are not polymorphic (based

on CEPH genotyping - see below).
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Figure 4.3 Sequencing results of markers that can be amplified by PCR.

The following are sequences (5'-3') derived from the M13 clones containing markers

suitable for STSs, that is those markers that could be amplified by PCR. Repeat sequences

with n > 4 (including runs of mononucleotides) are bracketed and in bold (except in the

case of marker A, for the sake of simplicity). Where possible, the repeat sequences are

classified according to Weber (1990). The sequences used for PCR primers are

underlined. Bases that could not be identified with confidence are indicated in lower case

or by 4 "N".

Figure 4.3.1 Marker \ù/

CTGAACAGGA A\T{CAGAGTGAGCTGGGCTTGACCAGGACACATGG CAATGGA G

fuqJAAGCAGATGTGAGATGCTTATAGTGGTACTTGIGT IZ I GGT gTgGcATGTAAAT

GCAGAGGIA]sGcTCTGAAATT CATC

TCTGCf GAGAGAGGAGGTAGCTACTGTTCTATCGAGAGAATACCTGATAATACC

The repeat is perfect.

Figure 4.3.2MarkerE (DXSI 126)

A GTCGGGGCC,CGCGTAACCGTGCCCTGCCCCACCTCTCCGTGCCCCGGTG CC

TGTGACG CTGTCCACGGCACTAAGGCGCTTTAAGAAAGGGCGCGCGCGATCA

GTGTGTGTGCGTGTGATGTGAGGAGAGCGGTGTGGAGGTTGTGTCCTTGAAA

GTGTGTGTTCTTTGGTTTAGCGTTCAAGTTT CTAG fu{AGGT GCGT GTCGTCT G G

TGTGTAGTGTGTGTGATACGATATTTTG GGATTTTGTG GCTGCATGTTTTAG GT

ACACTTGAAMGATCTATATTTTGTGCTATGGC ICT I X tT G I Y

The sequence underlined above was then used to make a sequencing primer to reveal the

repeat sequence and additional 3' sequence to enable the design of the reverse primer:

G GGATA CTCTGTGCG CGATTCTT-TGTG CGTCCG ATTGTTTTCTCAGTGACA CCG

TGTGGATATTTGTGAATCCTTATTATGTGTGRGGCTTGGCCTAT GGGCTGTG [T

C I T Z[ T GI I SATTTCGTTTGTGTTTGAGAGGGAATGGTCTTCgCATCTCCGTG



Curiously, the sequence between the forward sequencing primer and the repeat of this

second sequence bears little resemblance to that in the first sequence (see Discussion);

nevertheless a PCR product is obtained using the underlined primers. The size of the PCR

product from the Ml3 clone used for sequencing is based on the sum of the bases

comprising the PCR primers and the intervening sequence given in the second sequence

above. Comparison with other PCR products of known size conftrmed this estimate of

product size. The repeat is classified as "compound".

Figure 4.3.3 Marker 16

T GG gCTGCAGATACCAGAGGGAAGTGTG [T GC]ZGGCTGCGGCTGCGGCTGCG

GCTGCGGCGGCTGCGGCTGC [G T]z+CAAGGGGAGATTGTTGGGGAGCGGGCG

AGGCCCATCCCTGCTTGGGTCTCCCTACCGCTCCTCCTG[C ]zACCCCTTTATT-TC

TCTCTCCCTTCCACTCCTTTCCTCTCTCGGCCAGTATCCGGATCCGGAGTC

Note that the sequence between the [TGC] and [GT] repeats also has a repetitive sffucture

IGGCTGC] hence this is a cryptic repeat, as is A (Fig. 4.3.10). It does not qualify under

Weber's rules to be designated as a compound repeat because the unintemrpted repeat unit

copy number (n) of IGGCTGC] is less than 5.

Figure 4.3.4 Marker 46 (DXSI125)

CCTCTGGGCCCCACAAGTCAGGGGCAGTGCAGCTCAGCCACCAGCCAGCAGC

CCTGCCCTAGGCTCTAGATAGGACTCT fuq"\GCTCCCcATGCTTTAG GGAGGTGA

GCTTTCAGGTTcCAGGcCAúA\T\ [G T ]Z STTGTCTGTCTGTCTTACATCCTAGCAGTA

GAGCACTCCCAGAGCCATGATCTCTTTCATCGGGCGGTTAAGGTCAACTTTCAC

CGCTTCGCCTTCACGGCT gGCGCAGTTCTTTGGATGTACTGCT gGT GTGTcCAGT

TTCG

The repeat is classified as perfect.



Figure 4.3.5 Marker 45 (DXSI124)

CCTGGTAAGGCCCAGCTCCATAAGCAGACTGCCTGTGAGAAGCCTCTGTTTACC

T CAGAT GGAGTCCTGG gCACCTT CCTCCTTTGGCCCACTATGCCTTTCTCCTAAC

CACTTACTTGGTAAGAGAAIT G]oTTlT Gl t TTAATGAAATATTTcÇÇCICAAIAIIII

GCT-T CAGGTAAAAaCTTTCAGATAATACAGATAATGGTTCCCCTCATATCCCTATA

CTCAGTGAC

The repeat is classified as imperfect.

Figure 4.3.6 Marker 2l (DXSI153)

CCTGAGGATGGCTTGAAGGTG [T GIZ I ATGTGAGTGTTCCTGGT gGGCAAGCTA

ATT CCGAAG gTTGCAAAACACCCTGAGACCCT GG GTGTATTGT GT GATGT GAGT

{ GGTACCCGAGCTCGAATTC gTAATCATGG }

The sequence bounded by the curly brackets is homologous to that within the DXS178

locus (GenBank accession no.X65235). Note also that the forward primer includes part of

the perfect [fGlzz repeat in its sequence. In an attempt to overcome the cryptic allele

problem by using another primer, additional sequence 5' to the forward primer was

obtained by sequencing the lambda template from which the M13 subclone was generated,

using the reverse primer:

GACGGGAGGACTGAGAAGCAGCTGTGCTAGG GAC

lTGlzz

The new forward primer is underlined and the old primer (at least that part of the sequence

which most closely resembles it) is crossed-out.

Figure 4.3.7 Marker G (DXS I120)

GAACTCAATCTA\rA,A]-t AClzt

GATGGTTATCTTTCCCCTGAAT fuA\TA\T\CTGAATGGTTTGA IT IS GACCGTGGCAGT

CCGATCCCAAACG GATGTTCAGGTCATAAG CCTAGATTCAGTGTG CCGTCTGG

The repeat is perfect.



Figure 4.3.8 Marker 26 (DX51122)

CTGGGTTGCTGTTGAAGTTTTCCCATCTGTACACTGAAAGGASTGCACCAGGT-T

TT [T G]z +TTTGGTCATGGAGCTCCTATTCAGGATTGGCTCTTGAATTTTTGCGGGC

CGAGCTCGAATTCGCAATCATGTCATAGCTGTTTC

The repeat is perfect.

Figure 4.3.9 Marker 4l (DX51123)

CCcTGCCTA\TA {TGTTCGCAAGCCCATTCCTATTTCCAGAGAGTTCACAGACTCC

ATTCCTGGTTCTGTATTCCTGGG gA IC A]Z +TTTGTATGATTCCTGTATGCTTAAG

GAAGCATGGGCTATAGGGG

The repeat is perfect.

Figure 4.3.IO Marker A

CICA GITTTGTCTAI

Ale [C A]z lTA ls [CAì: [TA]+[C A]¡ [TA]¡ [CA]+[TAl+[C

Alz [TAì+[C A]r [TA]¡ [CA]z [TA]¿[CA]z FAIoAAAATTCATTCTGTCCCCCTAGAGA

ACCTGACTAATACATACAT [A GI I ZATTAAATATAGTTAGC

A PCR product is obtained when using the middle and last primers only

This is a cryptic repeat flanked by two perfect repeats.

Figure 4.3.1I Marker 29

CAGTTCCTTGTACAcCCAGGTCCTGTAGTTGAAGCTGTGTGTTGGAAG TCTGCA

ATCTGACATTTTAGATGCAGTTTTACCTCTAGCTTTATCCCTGCACATC [G T I a [T

G J I ZATCTTACTATTCACACTGCACATTTTcCTGAGTCTGGAGCAT.| CACT.TACCAA

AA

This is a compound repeat.



The repeats of clones A and 16 are complex (Figs 4.3. 10 and 4.3.3). It was hypothesised

that by amplifying the (IG) 17 component of the repeat of clone A that a suitable marker for

genetic mapping would be defined. However, despite varying the annealing temperature

and PCR buffer components, no PCR product could be produced. Primers flanking the

more complex 120 bp portion of the repeat were made to investigate if this portion was

polymorphic but only 1 female of 26 genotyped possessed two alleles (a heterozygosity of

3.87o), that differed in size by about 2 bp. As a consequence, the (complex) repeat

sequence of A is not polymorphic according to the def,rnition that a marker is polymorphic

only when its most common allele has a population frequency of less than 95To (Ott,

teer).

4.4.2 CEPH genotyping

Generally, based on the structure and length for markers identifred in this study (Table 4.3)

and markers identified by others, but now genotyped through the CEPH families (Iable

4.4), the observed heterozygosities of the repeats are in accordance with Weber's (1990)

observations. These observations were that the longer the run of uninterrupted

dinucleotides the greater the heterozygosity of the repeat. The notable exceptions being

those repeats with a lower-than-anticipated heterozygosity (DXSLl53, DXSLI22 and

DXS23n and one repeat (3'Dys MS) with a higher-than-anticipated heterozygosity. The

length of the repeat sequences of these loci, given in Tables 4.3 and 4.4, gènerally

corresponds to that of the most common allele. The "anticipated heterozygosity" was not

based on the repeat length of one of the less common alleles, which could have accounted

for the unanticipated results. Chi square analysis shows however that there is no

significant difference between the observed heterozygosities (in females) and the expected

heterozygosities (determined from sex pooled allele frequencies) of DX}1122, DXS237

and 3'Dys MS (Xzt p>0.5, >0.9, >0.5 respectively).
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Table 4.3 Characteristics of seven new polymorphic AC repeat markers (Xpter to Xqter) and three non'polymorphic STS loci

D No.
(Accession No.)

M13 repeat
5'-3'

lMeClzl
(mM) tal

Thcrmal
cycle 1u¡

7o Heterozygosity
Obs Exp

Primer 5'-3'
(forward/reverse)

TTGACCAGGACACATGGCAATGG AGA
TGACTACTGAGGGCAGTTCTGAGTGT

CTGAATTCCATTTAGTTG GTTCTG G
TCGCCCGCTCCCCAACAATCT

No. of
alleles

CEPH
Product size (bp)

(predominant allele)

230-252
(244)

2ß:246,248

122-138
(128)

130: 126,128

tt2-126
(1 18)

ll8:118,120

134-160
(136)

150: 136, (140)

t22-t34
(130,132)

132: 130, 130

106-1 16
(1 10)

110: ll0, 112

168-180
(r72)

172: 172,174

168

184

DXS] 126
(Lztr79)

DXSl ]25
(L21178)

DXS] ]24
(Lzrt77)

DXS] 153
(L21 r80)

DXS] 120
(L21174)

DXSl ]22
(L2|,'7s)

DXS] 123
(L2tt'76)

(TC)rz(TG)ta TTCTAGAAAGGTGCGTGTCGTCTGG
GACCATTCCCTCTCAAACACAAACG

(GT)zs CTTTAGGGAGGTGAGCTTTCAGGTT
G GAGTGCTCTACTGCTAG GATGTAA

(TG)ETT(TG)IT GCCTTTCTCCTAACCACTTACTTGG
CCTGAAGCATATATTGAGGG

(TG)zz
CTGAGGATGGCTTGAAGGT
CATCACACAATACACCCAGGGTCT

(AC)z
GGATTCTAAGACCCCTCTCACACCA
CCATTCAGTTTTATTCAGGGGAAAG

(TG)zq
TACACTGAAAGGACTG CACCAGGT
CAAGAGCCAATCCTGAATAGGAGC

(CA)z+
TGCCTAAATGTTCGCAAGCCCATTC
A CAAACAGCTGCCTCCTAGAAACCC

6.5 A

4.5 C

8.0 A

6.0 A

5.5 B

5.5 A

8.0 A

STS loci

1.5 A

4.0 A

8.5 A

6.0 A

67

79

54

86

72

38

68

51

77

54

46

74

JJ

67

8

9

13

8

7

7

6

w (GT)l

l6 (d)

A (al 2GTCTATCTCCCATATGTATCTCC C
CTCTAGGGGGACAGAATGAATTTT

4 r20

29 G) (G'I)a(TG)tz
116ACCTCTAG CTTTATCCCTGCACATC

TGGTAAGTGAATGCTCCAGACTCAG

a Concentration of the MgClz used in the PCR when using "himix". Altemativell,, the 7 polylnorphic markers could be amplified using 1.5 mM MgClz and thermal cycle A,
rvhen using "lomix" (see 3.2.15.1).
b Thermal cycling conditions are given in 4.3.4.
cAllelesgivenarethosepossesseãbyttreparentsof theCEPHpedigreel33t(01 father,02mother).FormarkerDXSII53,l33ll02possessesacrypticallele(140)'See
4.4.2.1 for further details.
d Complex repeats. See Figure 4.3 for their structure.
e Not physically nor genetically mapped.



Table 4.4 Previously characterised X-Linked microsatellites (Xpter to Xqter) now genotyped in the CEPH families

Repeat
structure (a)

(GT)z:

(CA)zs

(CA)aTA(CA)r

(CAG)rs

(GGN)z:

(CA)r+

Ea Heterozygosity
Obs Exp

Product size (bp) tat
(predominant allele)

CEPH
Genotvne lel

I33Il0l:1331102Marker

GMGX9AC

-5'Dys-II

3'Dys MS

AR(CAG)

AR(GGN)

PGII5

References

Gedeon et a1.,1992

Feener et al.,1991

Oudet et al.,1990, I99I
Beggs and Kunkel, 1990
Tilley et aI.,1989

Tilley et a1.,1989

Browne et al.,l992b

lMgcl2l
(mM) tut

6.0

7.5

7.5

7.5 or 2.0

2.0

7.5

Thermal
cycle 1c1

A

A

A

AorD

D

A

No. of
alleles[¡cus

DXS237

DMD

,4rR (Ð

PGKLPl

51

77

38

77

&

28

52

72

36

87

62

40

8

10

5

t7

10

4

1s3-167 (16r)

214-236 (2r4)

121-139 (r3s)

u4309 (27e)

r63-2t1 (184)

te8-2v(202)

161 : 161, 161

214:214,214

137:127,135

2ß8 :279,291

187 : 184,184

198 :202,202

a As given in the references cited.
b Alternatively, DXS237, and PGKlPlcan be amplified using 1.5 mM MgClz thermal cycle A and "lomix". AR(CAG) cannot be amplified using "lomix".

The other markers have not been tried using the "lomix" conditions.
c Thermal cycling conditions are given in4.3.4.
d Sizes of the moit frequent allelei of the markers GMGXSAC, PGK/5, 5'Dys-II, and 3'Dys MS were assumed to be the same as those given in the cited references.

AR(CAG) and AR(GGN) allele sizes were determined from a size standard (a gift from Dr V/. Tilley).
e Alleles given are those possessed by the parents of the CEPH pedigree 1331 (01 father, 02 mother).
f Primers used were thosé cited in the references given for each marker, except those for AR(CAG) and AR(GGN), which were designed by Dr R. Richards from the sequence

given in Tilley et al. (1989), see 4.3.4. The combined heterozygosity of AR(CAG) and AR(GGN) is 957o.



4.4.2.1 Cryptic alleles

There ls a significant difference between the observed and expected heterozygosities of

DXS1I53 (X2t, p<0.01). Although 13 alleles were seen for this marker it was noted

during the CEPH typing that some daughters who were expected to be heterozygotes, on

the basis of parental genotypes, only exhibited one allele or the second allele was much

fainter. These alleles always amplified from the DNA of (hemizygous) males and were

designated as "cryptic" because of their failure to amplify efficiently (from the DNA of

females) in the presence of another allele.

These cryptic alleles were noted in 5 of the 18 families that had heterozygous mothers. An

example of this phenomenon is given in Figure 4.4.\n this pedigree (13291) the paternal

allele is not seen in any of the 3 daughters. The same phenomenon occurs in 4 other

families (35,45,1418 and l42l) but involves alleles of different sizes.

As a consequence it was hypothesised that some of the mothers originally scored as

homozygotes were in fact heterozygotes with a cryptic allele. This was confirmed by

ampiifying the Di{A frorn the sons of apparently homozygous mcthers to revea! any alleles

not amplified from the mother's DNA. In this manner, 15 mothers were shown to be

cryptic heterozygotes. This is a lower estimate because in some families the mothers will

not be detectable as heterozygotes if they have not passed on their cryptic allele to any of

their sons. Taking into account these additional 15 mothers there is no longer any

significant difference between observed and expected heterozygosities for this marker.

The non-amplifrcation of alleles is consistent with repeated PCRs from DNA of the

relevant individuals. Different PCR conditions have been used in an attempt to enhance the

amplification of the cryptic alleles from selected individuals but to no avail.

The molecular basis for this phenomenon of preferential amplification of one allele

compared with another is not known. It may be due to a polymorphism in one of the

primer target sites causing differential binding of the primer. An attempt was made to

investigate this problem further. As the repeat sequence was very close to the cloning site

there was no choice in regard to selection of the forward primer sequence, so to obtain

90



CEPH pedigree 1329I

locus DXS1153
(marker 21)

allele

d.......

!
Þ

I¡

!l

I
tT

I

Figure 4.4 CF,PIH^ pedigree showing the phenomenon of cryptic alleles associated with

marker 21 (locus DXS I 153). By looking at the most intense band(s) in each track

(indicated by the letters representing the different alleles), it can be seen that the

daughters (5, 6 and 9) have apparently not inherited their father's allele (allowing for

the curvature of the image). tn addition, the paternal grandmother (11) does not show

the allele possessed by her son (the allele b band is not as dense as the allele c band).

The many faint "stutter bands" in each track are typical of dinucleotide repeats and are

thought to be the result of 2 base-pair strand slippage during the PCR (Hauge and Litt,

1993; Murray et al.,1993).



more sequence preceeding the M13 cloning site the original larnbda clone was sequenced

using the reverse PCR primer. The sequence revealed using this approach did not coincide

exactly with that derived from the Ml3 clone (Fig. a.3.6); there appeared to be an insertion

of two bases and a deletion of another two relative to the sequence from Ml3. Using a new

forward primer, designed from this new sequence information (Fig. 4.3.6), in conjunction

with the reverse primer resulted in a very poor yield of PCR product and therefore this

approach did not resolve the cryptic allele problem. Shifting the reverse primer target site

was not attempted.

Before encountering this cryptic allele phenomenon, a sequence database search using the

FASTA program revealed that29 of the l32bp of sequence flanking the repeat of clone 21

had almost complete homology to part of the DXS178 locus, which also contains a

microsatellite (GenBank accession no. X65235). This was the minimum region of

homology because, as can be seen in Figure 4.3.6, it encompasses the last29 bases of the

readable sequence derived from the M13 clone. As the other 103 bases flanking the (TG)

repeat were not within this region of homology and that the orientation of the microsatellite

sequence associated with DXS178 was inverted (that is, AC rather than TG) it was

concluded that they were not the same marker and so a DXS number (DX51153) was

obtained from GDB and the locus genetically mapped (Chapter 5).

4.4.2.2 Androgen receptor repeats

The androgen receptor gene (AR) contains two microsatellites within exon 1: a CAG

repeat, and a GGN (N=T or C) repeat. The heterozygosity of the CAG repeat is77Vo.To

increase the informativeness of the CEPH families for the AR locus, those families whose

mothers were heterozygous for AR(GGN) but homozygous for AR(CAG) were also

genotyped (for the GGN repeat). Alone, the GGN repeat has a heterozygosity of 677o but

as the two repeats (CAG and GGN) are separated by only 1.1 kb they can be considered as

one locus that has a (combined) heterozygosity of 957o.

Difficulty was encountered in amplifying the larger alleles of CEPH individuals

heterozygous for the AR(GGN) repeat using those PCR conditions used successfully to

amplify the AR(CAG) alleles. Using thermal cycling option D (4.3.4) permitted both

alleles of a heterozygote to be amplifred (although not in the same reaction).
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4.4.2.3 Mutations

Nine mutations were observed and these are given in Table 4.5 and shown in Figure 4.5.

Where it was not obvious, the parental origins of these mutant alleles were determined by

phase analysis (Iable 4.5; Fig. 4.6). This involved determining the most likely haplotype

of the marker under question and two of the closest informative flanking markers available.

From this information the most likely chromosomal origin of the mutation was determined

and as a consequence the magnitude and sign of the change. There is no suggestion of any

bias as to: 1) the parental origin of the mutation events nor2) the direction of any changes

in size. However the number of mutations observed (9) was too small for more detailed

analysis.

DNA samples from the males 23lÙl, l375lO8 and 1418/08 possessed two alleles for the

markers DXS237, AR and DXSL123 respectively (Table 4.5). Using primers that amplify

an X-specific amelogenin sequence as well as an amelogenin-like Y-specific sequence

enabled these samples to be sexed and showed that they were in fact from males, and not

mis-labelled samples from females. Supporting this conclusion is that if the sample from

1418/08 and l375l08 was a mis-labelled sample from a female it would have had to be

heterozygous for markers other than DXSL123, but was not. The proposition that these

samples had been contaminated with the DNA from other males has been discounted

because of the unlikely possibility the contaminating male had the same genotype for all bar

one of the markers for which these males have been typed. Similarly the possibility that

these markers reside in an uncharacterised pseudoautosomal region was rejected because

the majority of males are not heterozygotes.

The heterozygous father 23lOI has the same genotype for marker DXS237 as his wife.

One of his daughters (23105) is a homozygote so it is known that he has passed on this

particular allele (#4). Phase analysis, using the principal of crossover minimisation, has

shown that he has not passed on the second allele (#6) to any of his other three

heterozygous daughters (Fig. 4.6.5).

Considering these 9 mutations and the total number of alleles scored by the candidate upon

the genotyping of 13 polymorphic markers through the CEPH families, the overall

mutation rate per gamete per locus is 0.015% (L7l357lllI3). Cfhe two males with two

93



alleles are not included in this calculation because their mutations are post-zygotic (or

artifactual - see Discussion) and thus don't contribute to the "per gamete" rates which is the

conventional way of expressing these results). This figure of 357I alleles does not include

those alleles that could not be unequivocally excluded as new mutations, that is, those

alleles of individuals whose parents had not been genotyped.
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Table 4.5 Mutations

CEPH
family individual(sex)

[.ocus Mutation Parental

origin
Mutation
rateToa

1349

t375

1408

884

1418

03 (Ð

08 (M)

14 (F)

02 (Ð

08 (M)

01 (M)

04 (M)

06 (M)

0l (M)

paternal

maternal -0.67

23

35

2t

6

AR (cAG)

AR (CAG)

AR (CAG)

DXS1123

DXS1123

DXS237

DXSl ]20

DXS1125

DXSI125

increase of 1 repeat unit

decrease of 3 repeat unitsb

decrease of 13 repeat units

decrease of I repeat unit

two alleles

two alleles

increase of I repeat unitb

increase of 1 repeatunitb

paternal

maternal 0.24

maternal

matemal
0.45

increase or decrease of I unit

a (Number of mutations/number of X chromosomes) x 100.

b As determined from phase analysis, see Figure 4.6 CIhe most common haplotype \ryas

considered as the non-recombinant phase from which the type and origin of the mutation

were determined).

NA=Not applicable.
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Figure 4.5 Autoradiograph showing the mutations referred to in Table 4.5. The locus is shown above each set of PCR products. The

lanes with the mutated alleles are flanked by the alleles of the father (01) and mother (02), except in the case of 2310I, which is

flanked by the spouse's and a son's alleles (not clearly reproduced in the photo). In addition, 884/08 is included to show thart884102

does possess an allele not carried by either parent (not clearly reproduced in the photograph).
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Figure 4.ó Phase analysis to determine the allelic origins of the mutations referrecl to in Table 4.5.

The most likely parental phases are shown. The distances (cM) between the loci were taken from

Table 5.1. Alleles differ in size by multiples of the repeat unit; the lower the allele number the

greater the length of the repeat. NA=not available.

CEPHpedþee 1375

Isus allele(s)

2, I

10, 10

6,7

2,3

6,12

4,7

*

t,3
to,t2

7,7

NA

NA

NA

AI-A.S2
(0.4cM)
AR
(2.4 cM)
DXST125

2

6

4

4,3

8,12

6,7

l0

7

2

ó

4

2

6

4

1,3

lo,t2

1,2

10, 6

7,4

1,2

10,6

7,4

72,15+

3

7

Figure 4.6.1 Phase analysis to determine the allelic origin of the mutated ,4R allele (x)

possessedby 1375/08.



I¡cue ollele(s)

DXS297 1

(4.8 cM)
DXS1123 4

CEPH pedigree 884

1,3

4,5

2

4

I

4

1, 1

4,4

t,2

4, 5*

1, I

4,4

l, I

4,4

l, I
4,4

1,2

4,4

t,2
4,5

1,2

4,5 4,4

1, I 2 )

5

2

5

I

4

2

55

Figure 4.6.2 Phase analysis to determine parental origin of the mutated DXSI l23 allele (")

possessed by 884102. Markers distal to DXSI t23 were either uninformative or had not

been genotyped.
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CEPH pedigree 35

I¡cug allele(s)

DXS458 1

(r2.2cM)
DXSr120
(2.9 cM)
DXS45ó

x<

3

6

1,2

3,7

6, 1

NA

24

6

3

6

1,2

6, 1

1,2

3,3

6,6

1,7

3,3

6,6

l, I

??

6,6

1, 1

3,7

6, 1

3

6

Figure 4.6.3 Phase analysis to determine the maternal allele origin of the DXS¡I20

mutation possessedby 351M. Alleles for markers DXS4\B and, DXSX456were

taken from the CEPH database.
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DXS112-5

7

6

1
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1,2
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7,8

ó,ó

l,t

I

6

10

5

2

NA

NA

NA

10

4*

2

7,lo

6,5

1,2

NA

NA

1,2NA

Figure 4.ó.4 Phase analysis to determine the altelic origin of the mutated maternal

DXS|I25 allele (*) possessed by 21106. The alleles for the marker DXS453 werc

taken from the CEPH dahbase.



CEPH pedigree23
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I

4,6*

2

* 2,3
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4,4

2, 1

1,2

4,6

2,t

1,2

4,6

2,t

-t

6

1
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Figure 4.6.5 Phase analysis to determine whether or not the heterozygous father 23101

has passed on DXS237 allele #6 (*) as well as allele #4.Thealleles for the markers

DXS278 and DXS43 \ /ere taken from the CEPH database.



4.5 Discussion

4.5.1 Isolation of microsatellite markers

From 72 AC positive lambda clones, 7 new polymorphic PCR based markers were

characterised (Tables 4.2 and 4.3). This success rate (IO7o from72 AC positive clones) in

obtaining new markers for mapping the X chromosome was lower than anticipated. In

hindsight, the propensity for re-arrangement of at least some of the M13 clones was

underestimated. Different template preparations of the same clone could have been

sequenced to reveal a "consensus" sequence before primers were made, to eliminate those

clones that appeared to be unstable. To investigate the phenomenon of clone instability

further, PCR products (using M13 forward and reverse primers) from different template

preparations of the clones D (suspected of being unstable, see 4.4.1), F, K, 32, 42 and 49

were compared (data not shown). Variable results were obtained between the different

template preparations of the clones D, F, K, 42 and 49. Only the preparations of clone 32

gave consistent PCR results in terms of product size and yield.

Four of the eleven PCR products were not polymorphic (Iable 4.2). The structure of the

repeats of 3 of these 4 was consistent with this observation. The unusual structure of the

cryptic repeats of clones A and 16 made them intrinsically interesting despite the fact that it

was realised that they were unlikely to be useful for genetic mapping. The non-

polymorphic nature of the repeat of clone 29 is probably due to its compound structure,

although the possibility existed that this repeat was merely one of the smaller alleles of a

polymorphic marker. The repeat of clone W was expected to be highly polymorphic given

that it has a perfect structure and is 21 units in length. There does not seem to be anything

unusual in the sequence surrounding this repeat (Fig. a.3.1) that could account for this

lack of variability within the CEPH parents.

A relatively low microsatellite recovery rate of 2OVo was also experienced by Hazan et al.

(1992) who used methods similar to those described herein. One third of their AC-positive

tambdn clones did not yield AC-positive M13 subclones. They thought the cause may be

Z-DNA related and recommended the use of a sbcC, recB, recJ host strain to reduce the

frequency of M13 rearrangement.
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The failure to generate PCR products from clones 1,K,32 and 42 could be explained by a

chimaeric nature of the M13. Restriction enzyme sites between one of the primers and the

repeat sequence were overlooked in clones 32 and 42, tberefore the Ml3 sequenced could

be the result of the co-ligation of non-contiguous restriction fragments. There was

insuffltcient sequence between the repeat and the reconstituted restriction sites to design a

second primer. For clone K the same explanation could apply although, if so, the co-

ligating fragments must have been blunt-ended.

Although the repeats of clones A, W, 16 and 29 were not polymorphic and thus cannot be

used to construct a genetic map they can be used as sequence tagged sites (STSs) in

physical mapping. The size and structure of the repeat of clone A is similar to an

evolutionary conserved repeat within intron 1 of the factor IX gene (Sarkar et al., 1991;

Jacobson et al., I993). These types of repeats are part of a class referred to as "cryptic

repeats" because no single tandem repeat predominates. The factor IX repeat of Sarkar ¿r

al. (1991) was polymorphic (in Caucasians but not South Koreans) due to the

insertion/deletion of additional repetitive units 2+26 bp in length. Linkage equilibrium

between these various alleles and polymorphisms on opposite sides of the repeat led these

authors to conclude that these types of repeats are hot-spots for recombination, possibly

via their potential to form Z-DNA. The mechanism of generation of these types of repeats

may therefore be due predominantly to recombination or sister chromatid exchange rather

than polymerase slippage.

The sequence surrounding the repeat of DXSl 122 (Fig.4.3.8), which, based on its length

and perfect structure was anticipated to be highly polymorphic, is not remarkable in terms

of the presence of sequence structures which may inhibit the mechanism(s) generating

length variation (reviewed by Levinson and Gutman, 1937). Of course sequences further

away than those given in Figure 4.3.8 may be involved. Alternatively, random genetic drift

could have resulted in the loss of some alleles and the consequent low heterozygosity or,

as with coding trinucleotide repeats, there may be some selective pressure maintaining a

low mutation rate at this locus. Curiously, following genetic mapping (Chapter 5) a

marker, DXS994, isolated by Weissenbach et al. (1992) was shown to have a regional

localisation that coincides with that of DXSL122 and also has a heterozygosity of only

337o, and a repeat copy number, as obtained from GenBank, of 19 units. The repeat copy

number range for DXS994 was not available, so it is not known whether 19 copies
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represents a relatively large rare allele, of a typically much smaller (and consequently less

polymorphic) microsatellite, or whether 19 copies is the most frequent allele (which would

suggest that, as for DXSLl22, some other mechanism other than length, is inhibiting the

potential variability at this locus). The sequence flanking the repeat of DXS994 is not the

same as that of DXSI 122, so they are not the same marker.

4.5.2 Cryptic alleles

The term "cryptic alleles" (4.4.2.1) was coined by the candidate to distinguish them from

previously reported "null alleles", which are characterised by a consistent absence of

product (Phillips et al., l99l:' Weber et al., l99l; Callen et al., 1993; Gyapay et aI.,

tee4).

The reproducible nature of the results with the marker DXSLI53 is evidence against the

interpretation that this marker is intrinsically of low informativeness and that the profusion

of alleles seen during genotyping are the consequence of in vitro mutation events during

the PCR. The fact that usually no more than 1 or 2 alleles are seen in samples from males

and females respectively can also be used as evidence against this hypothesis.

This marker, DXSI153, resembles IL9 (Weber et al., 1991) and 5'Dys MS (Oudet et al.,

l99I) in the sense that they also have alleles that amplify poorly or not at all. It also

resembles the marker L5.62 of Koorey et aI. (1993) in that in both cases one of the primers

encompasses part of the repeat sequence and some alleles are amplified poorly. Koorey et

al. (1993) solved their problem, which was due to a polymorphism in the primer site, by

selecting a different site, but this failed to correct the problem for DXSI153 (see Results).

Koorey et aI. (1993) report that sites adjacent to repeats may themselves be of a (less

obvious or "cryptic") repetitive nature and as a consequence hypermutable and therefore

best avoided as sites for primers.

The reverse primer of DXS1153 has the potential to form a hairpin structure via the

sequence ...ACCCTGGGT..., but the consistent failure to amplify cryptic alleles from the

same DNA sample and the fact that other alleles are routinely amplified argues against this

being the cause of the difficulties.
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As a consequence of the amplification problems, DXSL 153 can only be confidently used in

linkage analyses when the parents have different alleles so that the occurence of

(apparently) homozygous daughters can be attributed to the presence of a cryptic allele.

A map from the 5th X chromosome workshop (Willard et al., 1994) has positioned

DXSL153 near to the locus DXS178, with which it has some homology (Fig. 4.3.6).

Thus the TG repeat of DXS1153 may be a previously uncharacterised microsatellite at

DXS178. Given that the region of homology is within the sequence designated as

DXS178, a reason as to why the unique sequence immediately flanking the repeat of

DXSL153 did not show up in the FASTA homology search could be that the M13 clone

sequenced may have multiple inserts. [n other words, if the lambdn clone 21 does contain

the locus DXS178, in addition to DXS1153 (there were three AC-positive HaelII

restriction fragments derived from this lambda clone), upon shotgun sub-cloning, 2 non-

contiguous restriction fragments could have coJigated to form the M13 sub-clone, with

one of those fragments being part of the previously characterised region of DXS178

adjacent to an AC repeat designated A01I80CA by De Weers et aI. (1992). If this is so,

one would expect the Haelll restriction enzyme site (5'GG"CC3') to be reconstituted at the

junction between the non-homologous and homologous regions, which did not occur (Fig.

4.3.6), although the co-ligation could have been between two sheared DNA fragments

(that is, fragments not necessarily terminating in GG or CC). An alternative explanation

may be that the homologous sequence could be from a duplicated region and that the

DXS1153 lambda and M13 clones contain some or all of this duplication. The former co-

ligation hypothesis would be supported if a PCR product could be generated from Inmhda

clone 2l using primers that flank the AC repeat 401180C4. This has not been attempted.

4.5.3 Androgen receptor repeats

The difficulty in amplifying larger alleles, as for individuals heterozygous for AR(GGN),

has also been reported as occuring for the CCG repeat of FRAXA (Yu et aI., 1992) and for

the 5'Dys MSA marker of the dystrophin gene (Oudet et al., 1991). Oudet and collegues

suggest this may be caused by the variation in the stability of a stem-loop structure between

different alleles of the MSA repeat. The AR(GGN) and FRAXA repeats are GC-rich and

the difficulty in amplifying long stretches may be caused by rapid renaturation and/or the

formation of secondary structure following base-pairing between intra-strand cytosine and
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guanosine bases inhibiting: l) primer access and2) the progress of the polymerase.

Kennedy's disease, otherwise known as spino-bulbar muscular atrophy (SBMA; MIM

313200), is one of several diseases known to be caused by or associated with an

expanding trinucleotide repeat (for brief reviews see Miwa, 1994; Richards and

Sutherland, 1994). SBMA is primarily a motor neuron disease resulting in muscle

weakness, although other symptoms may be present. [t is caused by an expansion of the

(CAG)n repeat, in exon 1 of the androgen receptor gene, that codes for an NH2-terminal

poly-glutamine tract (Biancalana et al., 1992). The androgen receptor is a DNA-binding

protein that, upon activation by an androgen, regulates transcription from a number of

target genes. Exon 1 specifically encodes that part of the protein that is involved in this

final trans-activation step (Simental et al., 1991). It has been hypothesised that the (CAG)n

expansion may result in a loss of androgen sensitivity and in a gain of motor neuron

toxicity (Mhatre etal., 1993).

As an aside, by convention, the nucleotide sequence of a microsatellite should begin with

the letter that comes first in alphabetical order, for example AC repeat rather than CA repeat

(Jin et al., 1994); however, as the androgen receptor repeats are protein coding sequences,

for clarity they are written in their sense form, that is CAG rather than AGC and GGN

rather than CCN.

The number of CAG repeats in those suffering from the SBMA ranges from 4O to 62,

which does not overlap with the range of alleles within the normal population (La Spada er

al., 1992). rü/ith more observations however, the range of the normal copy number and/or

that of the abnormal copy number may change. As presented herein (Table 4.4), l7 alleles

ranging from 6 to 29 repeats were observed in the 40 CEPH families, which are assumed

to be composed of normal individuals with respect to the androgen receptor gene. La

Spada et al. (1992) recorded the normal range in the population they studied as from 13 to

30 repeat units. The smallest CAG repeat (n=6) in the CEPH population was possessed by

a single individual who was a new mutant (table 4.5); if this result is due to an in vitro

event (see below) and thus disregarded, the normal range now extends from 9 to 30 repeat

units.
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One question that arises is; how small can the CAG repeat be before disease symptoms

arise (if at all)? Precise deletion of the CAG tract has been observed to have no effect on

the trans-activating function of the receptor (Mhatre et aL, 1993). Surprisingly however, a

deletion leaving 12 copies of the CAG repeat has been shown to enhance the detrimental

effects of an amino acid substitution in exon 5, to result in partial androgen insensitivity

(McPhaul etal., I99l).

No disease is known to be associated with the other, imperfect, trinucleotide repeat

(GGN), where N is C, G or T, also in exon I of the androgen receptor gene. This repeat

codes for poly-glycine. The repeat copy number in the CEPH population ranges from 16 to

32, with the most frequent being 23 (Table 4.4). Patterson et al. (1994) repoft the range as

from 12 to 31 units, from an unspecified population.

4.5.4 Mutations

PCR of DNA samples from some individuals revealed alleles not present in either parent.

These are given in Table 4.5. Pipetting effor was eliminated as a source of these apparent

mutations by repeating the PCR from any available DNA stock tubes. Also, sample mix-up

nor PCR artifacts cannot be invoked to explain the 9 mutations because all the samples

have been genotyped for many other markers and re-typed for those under question. The

three AR (CAG) mutations have been confirmed by Weeks et aI. (1995).

A bias in the parental origin and direction of the change in size of mutated microsatellites

has been noted previously (Weber and Wong, 1993). Mutations occuring predominantly in

the male germline were reported, but may simply reflect the greater number of cell

divisions between the zygote and sperm (Weber and Wong, 1993). The mutation rates

given in Table 4.5 are also minimum estimates, in that mutation events would not be

detected if they produced alleles that: 1) did not violate Mendelian inheritance and 2)

escaped the error checking procedures during map construction (Chapter 5).

The mutation rate of O.2O7o (mutations per gamete) found in this study is twice as great as

that reported by Weissenbach et al. (1992) and Gyapay et al. (1994) who together, at the

Genethon institute in Paris, have typed 2066 microsatellite markers throughout the human
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genome. Other observations of the mutation rates of microsatellite markers range from

O.OO2Vo to 1.57o, although these figures do not distinguish between in vivo and in vitro

events (Kwiatowski et al., 1992; Beckmann et aI., 1993; Mahtani and Willard, 1993;

Mclnnis et al., 1993; Petrukhin et al., 1993; V/eber and Wong, 1993; Banchs et al.,

1994). The in vivo (gerrnline) microsatellite mutation rate has been estimated as less than

0.Ol%o, whereas the in vitro cell line mutation rate is 10 to 100 times greater (Banchs et aI. ,

ree4).

The calculated mutation rates can be influenced by: 1) the type of markers used (for

example tetranucleotide repeats have a relatively high mutation rate compared to

dinucleotide repeats; Weber and Wong, 1993); 2) their heterozygosities (that is, their

relative instability); 3) the number of markers genotyped; 4) care in genotyping; and 5)

whether any distinction is made between in vivo and in vitro events. Determination of the

mutation rate is important because (undetected) mutation events (that is, mutation to

another allele already segregating within the family being genotyped) will limit the

resolution of any linkage map.

Clonal evolution of an initially mosaic cell population has been reported (Migeon et aI.,

1988). As a consequence, the mutation rates cited in Table 4.5 may reflect the incidence of

either in vivo somatic mutations or those that occur during cell culturing. Assuming the

latter, the cells harbouring these mutations either co-exist with those cells possessing the

expected (Mendelian) alleles or come to dominate the cell culture. The possibility of

culturing aftifacts is supported by the observations of Weber and Wong (1993) and Banchs

et al. (1994). For example, of 31 cases of mutation observed in DNA from cell cultures

(11 of these involved DNA samples exhibiting 3 alleles) only in l2 cases was the mutation

shown to be present also in the corresponding untransformed lymphocyte samples (none

of these confirmations involved 3 alleles (Weber and Wong, 1993)). B-lymphocytes are

used to generate the LCLs distributed by CEPH because it is thought that they maintain a

relatively stable karyotype over many generations (Neitzel, 1986). Perhaps another cell

type may be more stable at the molecular level. Given that mutations may lead to

suspicions of sample mix-up, non-paternity and errors in linkage analyses it is appropriate

that DNA from untransformed cells be used whenever possible.
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4.6 Conclusion

To conclude, 11 new microsatellites were isolated and characterised. Seven of these were

polymorphic. Together with 6 others they were genotyped through the CEPH families for

subsequent incorporation into a PCR-based genetic map of the X chromosome (Chapter

5), for application to mapping X-linked disorders (Chapters 6 and 8). In addition,

information was gained relating to the frequency of mutation events that can be expected

when typing such markers, which has a bearing on genetic map construction. These

markers were then made available, through primer sequences in GenBank and genotypes

in the CEPH database, to the rest of the scientific community, for the construction of

genetic and physical maps of the X chromosome and for localisation of X-linked disease

genes. The published version (Donnelly et al., I994b) of the work presented in this

chapter is given in appendix 4.1.
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Chapter 5

A Genetic Map of the X Chromosome



Table of Contents

5.1 Summary

5.2 Introduction

5.3 Materials and Methods

5.3.1Construction of the genetic map

5.3.2 Physical mapping

5.3.3 Phase analysis

5.4 Results

5.4.1 Genetic map of the X chromosome

5.4.2 Physical mapping data

5.4.3 Marker heterozygosity

5.4.4 Meiotic breakpoint map

5.5 Discussion

5.5.1 Chromosome arm lengths

5.5.2 Distribution of new markers

5.5.3 Physical mapping data

5.5.4 Recombination across the dystrophin locus

5.5.5 Recombination across the centromere

5.5.6 Comparisons with other maps

5.5.6.1 The order of loci

5.5.6.2 The distances between loci

5.5.6.3 Factors contributing to differences between maps

5.5.7 Meiotic breakpoint map

5.6 Conclusion

Page

110

111

113

113

rl4
rl4
115

115

115

115

t22

134

134

134

t34

135

136

r37

r37

139

r40

TM

148



5.1 Summary

The polymorphic markers described in the previous chapter were incorporated into a

genetic map of the X chromosome along with a number of pre-existing PCR and RFLP-

based loci. At completion, the map consisted of 78 markers, including 69 that are

represented by PCR-based microsatellites. It spans a distance of 236 centimorgans, from

the X G locus near Xpter to DXS52 near Xqter. These two extreme loci encompass almost

I00Vo of the sex-limited portion of the X chromosome (that is, the pseudoautosomal

regions at the p and q termini are not included). The framework map consists of 30 loci

whose order is supported by odds of at least 10(Ð:1 against any alternative order. The

average distance between these uniquely placed loci is 8.1 cM. The remaining 48 other

markers were positioned with odds of less than 1000:1. Considering all 78 loci, the

average spacing is 3.1 cM. The average heterozygosity of the PCR-based markers is 66Vo.

This map of highly polymorphic markers was constructed to expedite the mapping by

linkage of X-linked disease loci (Chapters 6 and 8). It also can be used to ref,rne the

existing localisations of disease loci, and thus potentially increase the accuracy of genetic

diagnoses based on linked markers. Ultimately, by facilitating the regional localisation of

disease genes the positional cloning of these genes may be achieved. The published

version (Donnelly et aI., I994b) of the map presented in this chapter is given in appendix

4.1.
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5.2 Introduction

Prior to starting this project a whole human genome genetic map, based on RFLP markers,

had been published by Donis-Keller et al. (1987). Soon after starting this project two other

whole genome maps were published by the NIH/CEPH Collaborative Mapping Group

(1992) and Weissenbach et aI. (1992). The NIHiCEPH map was constructed primarily

from RFLP and VNTR markers but the Weissenbach map was composed of only

microsatellite, PcR-based, markers. The advantage of the X chromosome map presented

in this chapter is that it integrated most of the X-linked loci of the Weissenbach map with

some pre-existing, pre-dominantly RFLP, loci (at which, in some cases, microsatellites

have subsequently been found) which thus served to relate any new markers to well

known ones. After publication of the genetic map of the X chromosome, other whole

genome maps were published by Matise et aI. (1994), Buetow et aL. (1994), Gyapay et aI.

(1994), Spurr et al. (1994) and Dib et aI. (1996). Those genetic linkage maps specifically

of the entire X chromosome (except the pseudoautosomal regions) have been constructed

by Drayna et al. (1984), Drayna and White (1985) (both of which used RFLP-based

markers), Donnelly et al. (1994b; this Chapter) and, most recently and comprehensively,

Fain et al. (1995).

There are two levels of statistical support for positioning a locus on a map: global and

interval (Keats et aI., I99I). Global support is a measure (expressed in lod scores) of the

evidence that a locus belongs to a map. Interval support is a measure of the evidence that a

locus belongs to a particular interval on the map. Loci that have an interval support lod

score of > 3.0 are "framework" loci. A map of framework loci is a framework map. Such

a map is considered to be highly reliable in terms of locus order. In comparison, a

"comprehensive" map comprises the loci of a framework map in addition to any other

syntenic loci. These additional loci are placed in their most likely position with less

confidence (lod < 3.0), than is the case with framework loci. This is because fewer

recombination events are known to have occured between these and the framework loci

because the markers: l) are less informative; 2)have only been genotyped on a subset of

the CEPH families; or 3) map very close to one or more existing framework loci.

Apart from providing the order of markers that can be used in the localisation of disease

genes, the construction of the maps themselves can reveal interesting biological

phenomena, such as: the variation in the frequency of recombination along chromosomes
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and differences in recombination between the sexes; the relationship between genetic

distance and physical distance; variations in the distribution of markers; and the frequency

of mutational events. In addition, PCR-based genetic maps can be easily integrated with

physical maps since the primers used for genotyping are also applicable as STSs in contig

assembly.
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5.3 Materials and Methods

Only brief accounts of the methods used are given below, further details are given in the

Chapter 3 sections indicated.

5.3.1 Construction of the genetic map

The genetic map, incorporating markers characterised and genotyped by the candidate

(Chapter 4), was computed by Dr Helen Kozman as described in 3-2.23.3. A total of 78

loci were used to build the map. Analysis was restricted to those markers which had their

microsatellite genotypes determined on the CEPH families or those markers with

characterised microsatellites useful for disease mapping but only present on the CEPH

database as RFLP genotypes. Twenty of the microsatellite markers used in the analysis

were genotyped in the Department of Cytogenetics and Molecular Genetics (WCH). The

remainder were extracted from contributions made by other CEPH collaborators to the

CEPH database (version 5.0), except for the markers isolated and characterised by

Weissenbach et al. (1992) which appear in version 6.0.

Suspected genotyping errors in markers obtained from the CEPH database were detected

using the CHROMPICS option of CRI-MAP. These were displayed as two or more

apparent crossovers within a small chromosomal region (less than 15 cM). Since they were

very likely due to genotyping error they were dealt with by removing the suspect genotype

from the analysis. The marker genotypes of individuals with new mutations (Chapter 4;

4.4.2.3) were also omitted from the analysis. Suspected genotyping errors in markers

submitted to the CEPH database from the Department of Cytogenetics and Molecular

Genetics were genotyped again and corrected or omitted from the analysis.

Genotypes for several markers had previously been incorporated into multipoint linkage

maps of specific regions. These markers were: DXS292 and DXS297 (Richards et al.,

1991b), FRAXACL and FRAXAC2 (Richards et aI., L99la) and ALAS2 (Cox et al.,

1992).

Following construction of the map, the data generated were analysed by the candidate.
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5.3.2 Physical mapping

Fluorescence in s.itu hybridisation (FISH) of Intnbdn clones, isolated by the candidate, was

performed as described in 3.2.17 by Liz Baker, Helen Eyre or Paul Yu, Department of

Cytogenetics and Molecular Genetics (WCH).

FISH to a metaphase spread from an individual expressing the fragile X E site, was

performed by Paul Yu using the lnrnbdn clone DNA containing microsatellite DXSL123

(3.2.17), in order to determine its orientation relative to this site (Mulley et al., 1995:,

appendix 4.2). The FRAXE site was induced as given in Sutherland and Baker (1992).

5.3.3 Phase analysis

Meiotic breakpoint maps of 8 CEPH families were constructed, by the candidate, from the

CHROMPICS output (generated by Dr Helen Kozman) of the CRI-MAP program

(3.2.23.3). These are the largest CEPH families and were used in the construction of the

Genethon genetic maps (\ù/eissenbach et aJ., 1992; Gyapay et al., 1994; Drb et al., 1996).
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5.4 Results

5.4.1 Genetic map of the X chromosome

The genetic map locations and distances of all 30 framework markers are given in Figure

5.1. The idiogram shown in this figure is a composite of the Giemsa staining pattern at the

550 and 850 band resolution for metaphase chromosomes (ISCN, 1995). The order of

these markers is supported by odds of at least 1000:1 against any alternative order. This

framework map extends from the XG locus near Xpter to DXS52 near Xqter. The average

distance between the uniquely placed framework loci is 8.1 cM. An additional43 other loci

were positioned against this background map, but with odds of less than 10C0:1.

ConsideringallTs loci comprising the comprehensive map (Fig.5.1 and Table 5.1), the

total distance spanned is236 cM and the average inter-locus spacing is 3.1 cM, however

the markers are not evenly distributed. There is one interval greater than 15 cM (19.5 cM

between XG and DXS278) and there are 18 groupings of 2 or more markers with no

recombination between them. The local support for order of each locus in the

comprehensive map is given as odds against inversion with adjacent loci in Table 5.1.

Genetically, the short (p) arm is slightly longer than the long (q) arm (I2l cM versus ll4
cM).

5.4.2 Physical mapping data

Fifty of the 78 loci used in the map have been physically mapped. The cytogenetic

localisations of markers were taken from Nelson et al. (1995). The cytogenetic

localisations of 7 of those markers isolated and characterised by the candidate (DX91123,

DXSII24, DXSLl25, DXSL126, A, V/ and 16) had, priorto the Nelson etaI. (1995)

publication, been determined by FISH and are shown in Figure 5.1. Microsatellite

DXS1123 is distal to the fragile X E site in Xq28.

5.4.3 Marker heterozygosity

The average heterozygosity of the PCR-based markers in the map is 66Vo ranging from

337o for DXS1I22 and DXS994 to 957o for the androgen receptor (AR) locus. Of the 30

RFLP and PCR-based framework markers 13 are index markers, that is, they have

heterozy gosities of at least 7 O7o.
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Table 5.1
Distance (cM) between loci in the comprehensive genetic map together

with odds against inversion with adjacent loci and approximate cytogenetic
localisation (Xpter to Xqter)

Locus cM Odds (:1) Cytogenetic localisation

XGJ

DXS278*

DXS996

DXS237

DXS143T

DXS85

DXS 16

DXS987

DXS207

DXS43

DXS999

DXS443

DXS4lX

DXSq89

DXS451

DXS28

DMD (3'DYS MS)

DXS985

DXS992

DXS997

DXS164*

DMD (NM72-73)

DXS84

p22.33

19.5

7.7

0.5

2.5

9.9

8.4

t.7

0.0

0.0

2.7

0.0

LO.2

6.3

0.0

3.9

1.1

0.9

0.0

4.7

1.6

6.8

o.7

0.0

1011

rcz

1.0

103

106

rc1

4.0

1.0

1.0

105

1.0

5.0

20.o

1.0

2.O

1.0

1.0

1.0

103

103

rcl

Tú

1.0

p22.32

p22.32

p22.32-q3l

p22.31

p22.31

p22.31-q22.2

p22.2

p22.2

p22.2

p22.13

p22.13

p22.13

p22.r3

p21.3

p21.3-q2l.l

p21.3-q2l.t

p21.3-q2l.t



Table 5.L (cont'd)

[,ocus cM Odds (:1) Cytogenetic localisation

DMD (s'DYS-il)

DXS538

DXS1068

DXS993

DXS228

DXST

MAOA

DXSlOO3

PFC

DXS426

DXSL126

SYPX

DXS255*

ALAS2

DXS991

DXZ]*

AR

PGKlPl

DXS1125

DXSlOOO

DXS983(DXS453)

DXS] 124

PGKl

pl1.4

pll.4

p11.4-q3

pl l.3

prt.3-q23

prl.3-q23

pIl.23

pII.23

pll.23

pll.2l

pLI.2l

CEN

qll.2-ql2

qtz

qrz

pll.4

ql2-q13.1

p2l.l
0.0

1.6

9.8

t.2

0.0

0.0

7.9

5.2

0.0

1.2

0.0

1.0

3.6

0.0

0.0

0.4

0.0

2.4

0.0

4.5

0.3

0.0

2.6

1.0

rc4

1014

103

1.0

1.0

rct4

4.0

1.0

rc4

1.0

rc4

105

1.0

1.0

105

1.0

103

1.0

rú
1.0

1.0

108

q 13.3



Table 5.1 (cont'd)

[,ocus cM Odds (:1) Cytogenetic localisation

DXS986

DXS995

DXSlOO2

DXYSl

DXS3

DXS99O

DXS458

DXS454

DXSI153

DXS11qs(DXSsTI)

DXSI l2O

DXS456

DXS424

DXSlOOI

DXS425

DXSL122

DXS994

HPRT

DXS3OO

DXS294

DXSl02

DXSq84

DXS292

q2l.l

q2l.l

q21.2-q2l.3l

q2l.3t

q21.33

q21.33

q21.33

q21.33

q22.1

q22.3

q22.3

q22.3

q23

q24

q25

q25-q.26.1

q26.1

q26.2

q26.3

q26.3

q27.1

q27.2

0.0

0.0

3.5

4.5

o.7

5.4

2.9

7.2

2.1

0.0

2.9

7.8

to.2

2.O

6.3

5.0

0.0

0.0

4.1

1.1

2.9

14.9

4.5

1.0

1.0

103

105

1.0

108

rú

1014

1.0

1.0

tú

rc12

rcrz

rcz

108

101

1.0

1.0

108

rcz

105

1011

109



Table 5.1 (cont'd)

[.ocus cM Odds(:1) Cytogeneticlocalisation

DXS297

DXS998

FRAXAC 1

FRAXAC2

DXS296

DXST123

DXS52

DXSl5

F8C

3.6

0.0

0.0

1.2

0.0

10.3

0.8

0.0

3.0

1.0

1.0

108

1.0

rc24

101

1.0

q27.3

q27.3

q27.3

q27.3

q28

q28

q28

q28

q28

f Locus associated with serological polymorphism.
* Locus associated with RFLP.

All other loci have microsatellite PcR-based markers.

Markers associated with genes or pseudogenes (PGKlPl) are shown in plain text.

In relation to marker order, this Table is an updated version of that appearing in

Donnelly et at., (1994b). Where marker order was not resolved by linkage (ie 1:1 odds),

the order now given is consistent with the physical order given by the consensus map

of Nelson et at. (1995). Note that the position of DXS1000 is not in accordance with

that of Nelson etaI. (1995), refer to 5.5.6.1.



5.4.4 Meiotic breakpoint map

To expedite the genetic mapping of newly isolated markers that have been assigned to a

position on the X chromosome by physical or preliminary genetic mapping, and to

investigate the frequency and distribution of recombination along the X chromosome,

meiotic recombination maps can be constructed. Phase analysis, using the CHROMPIC

option of CRI-MAP, permitted the determination of the most likely grandparental origin of

alleles and thus the crossover points along the X chromosomes of the children of the 8

largest standard CEPH families (Fig. 5.2).

At the level of resolution provided by the map, there were 168 recombination events in the

maternally-inherited X chromosomes of the 94 CEPH children shown in Fig. 5.2. This

gives an average of 1.8 recombination eventsper chromosome. The number of crossovers

per chromosome ranges from 0 to 5, with the most frequent being 2 (367o) (Iable 5.2;

Fig. 5.3). The other frequencies of the recombination events are given in Table 5.2. The

maximum number of crossovers (5) occured in individual L4l3lM. The smallest interval in

which a double crossover has occured is at most 7.4 cM between DXS1003 and DXS255

in person I3321O7. This is assuming that the genotyping of locus PFC (the only

informative or typed marker of the four within this region) is correct and that the

observations are not the result of a mutation event.

122



Figure 5.2 Meiotic breakpoint maps of 8 of the CEPH pedigrees, generated using

CHROMPIC. The idiograms beneath each child represent the X chromosome inherited

from the mother (02). The order of the loci is the same as that given in Table 5.1- Those

markers genotyped by the candidate are indicated (*). The genotypes of the other

markers were obtained from the CEPH database (version 6). Enor checking of

telomeric recombination events and double recombination events occuring within

relatively short distances has not been performed.
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FC
DXS426

,Ðxslt2ó
SYP
DXS255
ALAS2
DXS99t
D]cI

*AII
*PGKIPI
xDxsrlã
DXS1000
DXS9B3

*DXS I I 24
PGKI
DXSÍn6
DXS995
DXSI0û2
DXYSI
DXS3
DXS990
DXS458
DXS454

,DXSil53
DXSI105

*DXSu20
DXS456
DXS424
DXS t00l
DXS4ã

*Ðxsll22
DXS94
IIPRT
DXS300
DXS2S4
DXSJ02
DXSf}84
DXS2V2
DXS2e7
DXS998
FRAXACl
FRAXAC2
DXS296

,Ðxs I r 23
DXS52
DXS15
FEC

No. of 2 52 0

ffi
ffi
ffi

ffi

ffi
ffi
ffi

ffiffi
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CEPH pedigree 1416

XG
DXS2?8
DXS99ó

*DXS237
DXSl43
DXS85
DXSI6
DXS987
Lrxs207
DXS43
DXS999
DXS,l43
DXS4I
DXS9Ít9
DXS45r
DXS2a

*DMD 3'
DXS985
DXSW2
DXS997
DXS164

XDMD 5'
DXS538
DXSl068
DXS993
DXS22¡
DXST
MAOA
DXSl003
PFC
DXS426

*DXSll
SYP
DXS255
ALAS2
DXS99l
DXZ|

XAR
*ÞGKIPl
*DXS1125
DXSt000
DXS983

*DXSll24
FGKI
DXS9Bó
DXS995
DXS1002
DXYSI
DXS3
DXS990
DXS458
DX.S¿54

xDxs1153
DXS I IO5

xDxs1l20
DXS456
DXS42r'.
DXSIOOI
DXS425

t)xst122
DXS994
IIPRT
DXS300
DXS294
DXSlû2
DXS984
DXS2q2
DXS29'?
DXS99B
FRAXACI

DXS296
xDxsl 123
DXS52
DXSI5
F8C

No. of
@880VdS

30 2 3 3 a
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Table 5.2

Recombination events within the 8 largest CEPH families

Number of recombination
events per chromosome

Number of
chromosomes

Frequency
(vo)

0
I
2
3
4
5

24
1

34
I

3

7
5
I

13.8
25.5
36.2
18.1
5.3
1.1

Total 94 100

Note: these figures were derived from the pedigrees in Fig. 5.2.
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5. 5 Discussion

5.5.1 Chromosome arm lengths

Despite the disparate cytogenetic lengths of the arms of the sub-metacentric X chromosome

as seen at metaphase, and as shown in Figure 5.1, genetically, the short arm is slightly

longer than the long arm (I2I cM versus 114 cM). This observation of roughly equivalent

lengths was also made by Drayna and White (1985) but is in disagreement with the oft

quoted lengths of Morton (1991), which are: 87 cM for the shoft arm and 133 cM for the

long arm. The most recent genetic map of the X chromosome has the short arm at 87 cM

and the long arm 103 cM in length (Fain et aI., 1995).If the shoft arm is truly genetically

shorter than the long arm, the discrepancy between maps may be explained by: 1)

genotyping effors; 2) a difference in the distribution of markers within each arm; or 3) as

about equal numbers of loci were investigated on each arm (38 versus 39) and given that

the short arm is physically smaller, the higher density of short arm markers investigated

may have revealed a greater proportion of recombination events.

5.5.2 Distribution of new markers

Ten of the l1 new microsatellite markers described in the last Chapter (Table 4.3), were

either physically and/or genetically mapped. Eight of these (Iable 5.1; Fig. 5. 1) mapped to

Xq. The physical length of each of the arms of the X chromosome have been calculated as

102 Mb for Xq and62 Mb for Xp, a ratio of 1:1.6 (Morton, 1991). Therefore one would

expect that, upon the random isolation of 10 markers from a library of X loci, on average,

4 of these would lie on the p arm and 6 on the q arm. The actual results are not

significantly different from the expected (X1z p<0.50). Skewed localisations of randomly

isolated markers have been reported and could be due either to actual differences in the

distribution of markers along chromosomes or to some bias in the methods used to isolate

them (Dracopoli e/ al., 1988; Hazan et al., 1992; Kwiatkowski et al., 1992; Weissenbach

et al. , 1992; Buetow et al., 1993).

5.5.3 Physical mapping data

Most of the 78 loci used in the map have been physically mapped. The cytogenetic
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localisations of the markers were taken from the consensus map of Nelson et al. (1995).

This consensus map also includes the cytogenetic data of those markers characterised by

the candidate.

The marker DXSL123 was of particular interest as it genetically mapped near to the fragile

X E site in Xq28, and as mentioned above, was subsequently shown to be distal, by FISH

analysis (Mulley et al., 1995; appendix A.2). At the time the FRAXE site was thought to

be involved in the manifestation of a mild form of inherited non-syndromal mental

retardation. Since then the FRAXE site has been cloned (Knight et al., 1993) and the

associated gene identified (Gecz et al., 1996; Gu Y et al., 1996).

5.5.4 Recombination across the dystrophin locus

Duchenne muscular dystrophy is the most common lethal X-linked disorder, having an

incidence of 1/3500 male births. A multitude of often uncharacterised lesions within the

dystrophin gene can result in either the Duchenne or Becker forms of muscular dystrophy

(MIM 310200; Koenig et aI., 1989) thus linkage analysis, as distinct from a mutation

screening approach, is required for genetic counselling in about 4O7o of cases. The gene

spans about 2.3 Mb in Xp2l (Koenig et al., 1987; Den Dunnen et al., 1989). Previous

calculations of the genetic risk to individuals with relatives suffering from Duchenne or

Becker muscular dystrophies were often based on recombination frequencies observed in

disease manifesting families themselves (for example Chen et al., 1989). By genotyping

the 5'Dys-tl and 3'Dys MS microsatellites, which lie at the ends dystrophin gene, in the

CEPH population and incorporating them by multipoint analysis into a high density map it

was expected that a more precise and statistically robust estimate of the recombination

frequency/genetic distance across this region may be obtained. Assuming the genome

average recombination rate applies to this region, one would expect a genetic distance of

2.4 cM (1 cM/Mb) however the genetic distance observed in the CEPH families was 14.7

cM (fable 5.1). This gives an average of 6.1 cM/Mb, six times greaterthan the genome

average. This relatively high ratio is the same as a previous estimate of 6 cM/Mb

(confidence interval: 4.1-24.4 cM) by Abbs ¿r al. (1990). These authors also used the

CEPH families but relied on relatively low informative RFLP loci that were distal to 3'Dys

MS (ie DXS4l) and lay between this locus and 5'Dys-ll (DXS503-DXS164-DXSI42).
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Oudet et aL (I992a) genotyped 5'Dys-II and 3'Dys MS and several intragenic markers,

using the CEPH population, also to determine the recombination frequency across the

gene. They only typed 5'Dys-II and 3'Dys MS in families not informative for adjacent

markers. They, however, anived at the smaller ratio of 4 cM/Mb across the dystrophin

gene.

Whatever the actual figure is, it is clear that recombination across the dystrophin gene

occurs with a relatively high frequency, which makes the use of flanking and intragenic

markers essential for carrier determination in those families where the specific mutation is

unknown. In contrast, the possibility of intragenic recombination is considered negligible

for most genetic disorders which can be diagnosed by linkage wing flanking markers

only.

5.5.5 Recombination across the centromere

A reduced frequency of chiasmata near the centromeres of human chromosomes has been

reported. These observations have been confirmed by comparisons between genetic and

physical maps (Murray et al., 1994). The locus that represents the X centromere is DXZI.

This is composed of about 5,000 copies of a 2 kb repeat that is itself made of 12

monomers, each about 171 bp in length. As expected, this locus is polymorphic and, from

observations of 29 X chromosomes, it ranges from about 1,400 to 3,700 kb in size

(Mahtani and Willard, 1990). According to Mahtani and Willard (1988) the physical

distance from DXST (Xpl1.a) b PGKI (Xql3.3) has been estimated at 4O Mb, although

no evidence for this figure is given. The genetic distance across this region is only 26.5 cM

(Iable 5.1). If the assumption is made that on average 1 Mb = I cM, one would expect a

genetic distance of 40 cM, hence it appears that there is a lower than expected frequency of

recombination occuring near the X centromere, although there may be variations at a finer

level of resolution. Evidence for such variation has been provided by Weeks et al., (1995)

who defìned two regions of reduced recombination: around DXZI and around PGKI

(from DXS44I to DXS995).

Until the distance between the centromere and unique flanking sequences has been spanned

by YAC contigs, no firm conclusion regarding the relationship between physical and

genetic distances can be made.
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5.5.6 Comparisons with other maps

Many genetic maps of sub-chromosomal regions of the X chromosome exist. These are

most often constructed using a small number of markers genotyped in the families

suffering from diseases that map to these regions. The features of: 1) the often low

heterozygosity of the markers (until recently mainly RFLP-based), 2) the small sizes of the

families, and 3) the small number families associated with rare disorders, combine to result

in relatively few informative meioses and hence relatively low statistical support for marker

distance and order. Groups that have published maps of the whole X chromosome, either

exclusively or as part of a whole-genome effort are given in Table 5.3. The X chromosome

Workshop consensus maps by Schlessinger etal. (1993), Willard etal. (1994) and Nelson

et al. (1995) are not included because they are compilations of many of those maps given

in Table 5.3, including the map presented in this thesis, which was incorporated into the

report of 'Willard et aI. (1994). These maps are based on the CEPH reference panel (or its

precursor) although the number of families genotyped for any given marker does vary.

5.5.6.1 The order of loci

There are two significant discrepencies between the order of loci cornmon to the map

presented in rhis thesis (fable 5.1) and the maps cited in Table 5.3. Both discrepencies are

with the Fain et at. (1995) map. Firstly, Fain et al. (1995) have the DMD 3' locus

positioned proximal and not disøl to DXS997. The order presented in Table 5.1 is

however consistent with the consensus physical map of Nelson et al. (1995). Secondly,

Fain etal. (1995) have DXS1000in Xp (and not Xq) between DXS255 and DXS991.

This position is in accordance with that given by Nelson et aI. (1995) and therefore the

position of DXS1000 as given in Table 5.1 can be considered as incorrect, but the regional

localisation as shown in the comprehensive map (Fig.5.1) does overlap that of DXS255

and DXS991. \ùy'eissenbach et al. (1992), Matise et aI. (1994) and Gyapay et al. (1994)

also included DXS1000 in their maps and similarly the position of this locus in these maps

ranged from that given by Fain et al. (1995) to that presented in Table 5.1. The other

differences that have occured between the order of loci given in Table 5.1 and those maps

cited in Table 5.3 are a consequence of the relatively low confidence with which the

markers concerned have been positioned, that is with odds of less than 1000:1.
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Table 5.3 Comparison of methods and results between published genetic maps of the X chromosome (in order of publication)

Reference

Drayna et a\.,1984

Drayna and White, 1985

Donis-Keller et al., 1987

NIH/CEPH CMG, 1992

Weissenbach et al., 1992

Donnelly et a1.,1994
(this thesis)

Matise et a|.,1994

Buetow et a1.,1994

Gyapay et aL,1994

Aldred et a|.,1994

Murray et al., 1994

Fun et a\.,1995

XG-DXS15

XG-DXS52

DXS278-DXS52

DXS2O7-DXS52

205TF2-DXS998

XG-DXS52

205TF2-DXS52

DXS143-DXS]5

DXS]233-DXSl ]93

DXSI43-DXS]5

DXYS21g-DXS]5

DXYSl4-DXS] I08

Minimum map
length (cM)

Terminal loci
(pter-qter)

No. of loci
used

No. of loci in
common with
Donnellv et al.h\

No. of CEPH
families

qenotvnerì

Predominant
marker type

RFLP

RFLP

RFLP

RFLP

SSR

SSR

SSR

SSR

SSR

SSR

SSR

SSR

Map function

unknown

unknown

Kosambi

Kosambi

Kosambi

Kosambi

Kosambi

Kosambi

Kosambi

unknown

unknown

Kosambi

Computer
program

ILINK

(direct counting)

CRI-MAP &
MAPMAKER

CRI-MAP

LINKAGE

CRI-MAP

MultiMap

CRI-MAP

LINKAGE

CRI-MAP

CRI-MAP

CRI-MAP

215

185

t93

208

170

236

177

210

168

214

224

190

9

2t

t6

71

25

78

57

32

80

38

34

243

5

8

6

25

23

42

25

22

26

18

6',7

23

38

23

V

8

V

V

V

8

V

l5

V

(a) the loci in common may not be represented by the same type of ma¡ker, that is, RFLPs used in earlier maps may have been made obsolete by SSRs found at the same

locus.
(b) V= variable. In these instances the data used for most or all of the markers used in the map construction were obtained from the CEPH database and the number of
families genotyped can vary between markers, from 8 to about 60.
RFLP = restriction fragment length polymorphism. SSR = simple sequence repeat (microsatellite).



The maps produced by NIH/CEPH Collaborative Mapping Group (1992), Matise et al.

(1994) and Aldred et al. (1994) are presented in a framework and comprehensive format as

is done in Figure 5.1. The regional localisations of loci given in Figure 5.1 are within,

span or overlap the regional localisations given in these other three maps. [n other words,

in no case does a marker given in Table 5.1 reside wholly outside the regional localisations

of the same markers in the other three maps and vice versa.

Where possible, physical mapping data were used to order adjacent loci with high odds of

inversion (that is 1:1), as indicated in Table 5.1. The only discrepancy between the genetic

map and known physical mapping data are the relative positions of DXS237 and DXS278.

The consensus map of Schlessinger et al. (1993) and V/illard et al. (1994) have DXS278

positioned proximal, not distal, to DXS237. (DXS278 has been omitted from the more

recent consensus map of Nelson et al., t995). The odds against inversion of these loci are

not 1000:1 but are still relatively high (100:1), nevertheless it is possible that the genetic

map, being statistically based, is inaccurate. An alternative explanation exists for the

discrepency: DXS278 is part of a repeated DNA family, now designated as DXF30

(Knowlton et aI., 1989; Ballabio et al., 1990; Li et al., r99o; Meitinger et al., 1990;

Johnson et al., 1991). Copies of this family do flank DXS237: DXF3}S I and .!4 (CRI-

s232a and d respectively) are distal and DXF30S2, s3, 55 and só (cRI-S232b, c, e, Ð

are proximal (Petit et al., 7990; Wapenaar et aI., 1992). Thus the genotyping data used to

position DXS278 in this thesis may in fact belong to one of the distal DXF30 loci.

5.5.6.2 The distances between loci

For genetic risk analyses it is necessary to be certain that the loci chosen to provide the risk

assessment do in fact flank the disease locus. In this context, an accurate figure for the

genetic distance between loci is not as important as the locus order. The order of loci can

be confirmed by physical mapping but genetic distances cannot. Inaccurate genetic

distances between correctly ordered flanking Ioci may result in an over- or under-estimate

of the risk involved in inheriting an intervening disease gene. However, relatively large

errors in map genetic distance have little effect on estimates of double crossover rates (the

diagnostic error rate using flanking markers) compared with the effect on estimates of

single crossover rates (the diagnostic emor rate determined when using a single non-

intragenic linked marker).
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As for the dystrophin region given above, one can compare the genetic distances between

markers elsewhere on the map given in Figure 5.1 with those of the other published maps

given in Table 5.3. Differences in distances do exist but only those discrepancies chosen

arbitrarily as greater than 5 cM will be highlighted and are given in Table 5.4. It is not

known what map function was used by Drayna and White (1985) to convert recombination

fractions to centimorgans, but the Kosambi function is assumed. The maps of Drayna et aL

(1934) and Weissenbach et aJ. (1992) only give recombination fractions between loci.

These values were converted to centimorgans using the Kosambi map function.

Some of the distance disparities given in Table 5.4 can be explained by the failure to

position one or both loci of a pair with high odds within their respective maps, that is,

relatively large confidence intervals apply. Reasons as to why inter-loci distances and loci

orders can vary between maps will be discussed below.

The 30 cM distance between the XG locus (whose alleles are distinguished using a

serological assay) and the next framework marker, DXSL43, is too great compared to

previous repofts. For example Johnson et aI. (199I) have it positioned, by integration of

its physical location with a genetic map, about 9.5 cM distal to DXSl43, whereas Yates et

ol. (1987) have the distance as 18 cM (although their map was constructed using the CEPH

data of Drayna and White (1985) as well as that from disease families).

5.5.6.3 Factors contributing to differences between maps

Despite the differences between the map given in this chapter and others, at the time this

map was constructed it was the most comprehensive map of the X chromosome available,

and was used as the basis for the linkage analyses presented in Chapters 6 and 8.

Differences in lengths between maps given in Table 5.3 could be attributed to differences

in the: 1) terminal markers used; 2) choice of internal markers used; 3) methods of map

construction; 4) numbers of informative meioses; 5) mapping functions used; 6) error rates

and 7) numbers of internal markers used. Each of these points will be dealt with in more

detail.
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Table 5.4

I)iscrepencies of > 5* cM between loci given in Table 5.1 and those in

other maps

I¡ci Distance (to nearest 0.5 cM)
Table 5.1 Other (reference)

DXST - DXYS1

DXS143^ - DXS43*
DXS43* - DXS4I
DXYSI - HPRT
HPRT - DXSIs*
DXS15* - F8C*

XG - DXS143
DXYSI^ - HPRT
HPRT - DXSl5X

DXS2O7 - DXST

DXS990* _ DXS1l05t^

DXS9q)* - HPRT

DXS456 - DXS425

DXS996-DXS2O7
DXS3-DXS456
DXS456-DXS425

DXS443-DXS41

>38 (Draynr et aJ., L98+¡a

15 (Donis-K eller et al., 19SÐb

14 (Drayna and White 198S¡c
31
34

64 NITUCEPH CMG, 1992)

8 (V/eissenbach et aJ., 1992)

44 (Matise et aI., 1994)

29 (Buetow et al., 1994)

17.5 (Munay et aJ., 1994)
10.5
4I

5 (Fain etal., 1995)

7
43
53

7

5

5

20
t3
57
43

0

30
57
43

32.5

51.5

t7.5

52

20

23
2t
20

10

* The figure of 5 cM is arbitrary. It was chosen so show that genetic distances can vary

considerably between maps.

a: Drayna etaI. (1984) gave recombination fractions with 9OVo corfidence limits.

Distances (Kosambi cM) separating markers in common between the two maps

fell within these confidence limits except for the pair given.

b: Donis-Keller et al. (1937) included the loci of Drayna et aL. (1984).

c: Drayna and White (1935) did not specify the mapping function used.

Kosambi was assumed.

Loci indicated with x were not uniquely positioned, as shown in Fig- 5.1-

Loci indicated with ^ were not uniquely positioned in the other map under consideration.



1) All of the maps span about the same physical length of the X chromosome, from or near

the XG locus to DXS52|DXS15, hence the differences in lengths cannot be attributed to

variation in the choice of telomeric loci.

2) The markers used are of course limited by the dataset available. Those maps given in

Table 5.3 published prior to 1992 relied heavily on markers of low heterozygosity,

predominantly RFLPs. The ordering and distances between such markers is thus

determined by relatively few recombination events, and the statistical support can be

relatively low. In addition, double recombination events could go undetected because of

the scarcity of informative meioses. Maps using highly informative PCR-based markers

are less susceptible to these problems. However, these high resolution maps can vary in

their final length, even if they differ in only a few of the (internal) markers used in their

construction, because of the varying amounts of information associated with each marker

and the inter-relationship with the data provided by sunounding markers. As map

construction in the future draws on the same database one would expect differences due to

marker heterogeneity to disappear because the numbers of markers to choose from will be

great and only those with the greatest heterozygosity will be used. The physical locations

of the markers used in the map may also affect map length in that, given most

recombination events occur within the sub-telomeric regions, the greater the marker density

in these regions the less likely double recombination events will be overlooked. So maps

that use markers that happen to be located in these regions will be longer than those that do

not. Conversely recombination in pericentric regions is relatively rare hence increasing

marker density in these regions will have no effect on detecting non-existent crossovers.

3) The choice of algorithm used to construct a map may affect the outcome given the same

dataset.

4) The numbers of informative meioses depends on the heterozygosities of the markers

used and the numbers of families genotyped. The numbers of CEPH families used, when

known, in the construction of each map is given in Table 5.3. The fact that many of the

markers generated by Weissenbach et al. (1992) could not be positioned into the

framework map (that is with odds of 1000:1 against any other position), despite the fact

that they are highly polymorphic (average heterozygosity of 68Vo), is solely because they

were typed in only 8 of the 40 to 60 CEPH families. Many of the other markers, including
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all those genotyped in the Department of Cytogenetics and Molecular Genetics were

genotyped on 40 CEPH families.

5) Mapping functions are models of the phenomenon of interference and they are used to

conveft recombination frequencies (0) into genetic distances (cM). They have been

discussed in Chapter 2 (2.3). Using an inappropriate function may result in inconect loci

orders and distances. For example, a mapping function that assumes no inteference may

permit the juxtaposition of multiple crossovers that in reality are separated by a substantial

physical distance. Most of the maps cited in Table 5.3 are known to have been constructed

using the Kosambi function, so any differences between these maps cannot be attributed to

the choice of map function. Also, as stated in Chapter 2 (2.3), as marker density increases

the choice of mapping function used becomes inelevant because the recombination

frequency is equivalent to the genetic distance. Of concern is the claim that the Kosambi

function and some others are not "multi-locus feasible", that is, they cannot be used to

generate the probabilities of the gamete (haplotype) frequencies for more than 3 loci

simultaneously (Weeks et al., 1994). Calculation of these gamete probabilities is in turn

required for the calculation of the expected recombination frequencies (Ott, l99l).

Conversely, Lathrop et al. (1935) claim it is reasonable to assume, when multipoint

mapping, that no interference is operating.

Under independence (no interference), the probability of a double recombination event

occuring is equal to the product of the recombination fractions of the two intervals under

consìderation that is, Oab0bc. The coeffìcient of coincidence (c) is a measure of the

deviation from independence due to interference (I). Mathematically;

c= (Oab +Obc- Oac)

20abObc

andl=1-c

Estimates of c have a large standard error so distinguishing c < 1 from c = 1 (no

interference) can be difficult. As a consequence, it has been determined that to test for

interference would require 800 offspring from phase-known triple backcross parents (Ott

1991, page 123). Evidence for positive inteference along human chromosomes has been

presented by Kwaitkowski et aL. (1993) and Weber JL et al. (1993).
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6) As maps of higher resolution are sought the less accurate they may become in terms of

local marker order and especially inter-marker distances. This is because as the marker

density increases the genotyping error rate approaches the recombination frequency

between markers, leading to support for incorrect loci order and a "blow-out" in map

length (Buetow, l99I; l,asher et al., l99l; Lincoln and Lander, 1992). This map inflation

per interval has been estimated as twice the error rate for each marker/locus (Buetow,

I99I; Lasher et al., I99L). Genotyping errors have been estimated to occur with a

frequency of about 0.04 to l.O7o, (and specifically for the CEPH data: lVo) (Buetow,

I99l; Shields et al., l99l1' Buetow et aI., 1993; Mclnnis et al., 1993). So, for example,

assuming an error rate of O.l7o and a map of 78 markers (= 78-1 intervals), as used in this

thesis, the expected inflation is (2 x O.l x77) 15 cM.

Apparent double recombination events occuring within relatively short distances are

generally suspected to be the result of genotyping errors, but this assumption may have to

be reconsidered given that such an event has been observed occuring within 700 kb of the

Xq pseudoautosomal region (Rappold et al., 1994).

Errors can arise at a number of steps: mislabelling of DNA samples; pipetting errors;

autoradiograph reading effors; transcription errors. Another irony is that markers of the

highest heterozygosity are preferred in map construction, yet this great degree of

polymorphism is a consequence of the relatively high instability of these markers. Alleles

mutating to lengths of other alleles segregating within a pedigree will produce a pseudo-

recombination event.

Such human and biological errors are not a problem if they are revealed by the apparent

non-Mendelian inheritance of alleles. However, if they are not detected they can result in

apparent increases in recombination frequencies between the marker involved and flanking

markers. This effect may affect the model of interference (the mapping function) one

wishes to use for subsequent mapping programs. Errors resulting in apparent decreases in

map length, by masking a true recombination, are also possible but would be very much

rarer events because (true) recombination events are themselves relatively rare events.

Methods can be used to combat these errors. One involves flagging either double

recombination events that occur within relatively small regions (or double cross-overs
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involving single markers) or parents that appear to transmit recombinant chromosomes to

most of their children, using for example the CHROMPIC option of CRI-MAP. Such

highlighted occurences can be investigated in more detail by re-reading autoradiographs or

re-genotyping the suspect individual.

An alternative procedure is to successively withdraw each marker from the map and

observe how much, if at all, the map length decreases (Buetow et al., 1993; Mclnnis et aI. ,

1993). For a true map interval of x cM the calculated map length is [x + 2r'l cM, where r is

the percentage enor rate of a marker in the interval (see above). In this way, by removing

each locus and comparing the new map length with the original, those loci that contribute

to the map inflation most can be identified. The marker genotypes of the loci that are

responsible for the inflation are investigated further or omitted from the final map

construction. Of course there exists the possibility that those genotypings removed may

reflect true recombination events (if so, the modified data may be later misinterpreted as

evidence for positive interference, or a lack of evidence for negative interference). Gene

conversion, the replacement of a segment of DNA with that copied from another locus or

allele (see for example Collier et aI., 1993), is another process that may be misconstrued as

a genotyping error because it mimics a double recombination event over a very small

region. The conversion of one microsatellite allele to another has been estimated to occur

with a frequency of 0.0003/meiosis (Weber JL et aJ., 1993).

Similarly, another approach is to apply an "error filter" which is an equation or computer

algorithm that reduces the apparent recombination values by an amount dependent on the

estimated enor rate (Shields et al., l99I; NIH/CEPH Collaborative Mapping Group,

r9e2).

The most common expected locus order error is the permutation of groups of 2 or more

loci (Buetow and Chakravati, 1987). This can be investigated using the FLIPS option of

CRI-MAP to invert groups of loci and assess the support for the various orders. Multiple

pairwise analysis is less sensitive to errors and can also be used to check the local order of

a multipoint map (Buetow, 1991).

145



7) As the numbers of markers used in map construction increases one would expect map

lengths to increase as map resolution improves, until all recombination events, within the

family groups studied, are identifîed. Conversely to point (6), as marker density increases

genotyping errors, causing false recombinants, are more readily detected, enabling the data

to be corrected or discarded.

5.5.7 Meiotic breakpoint map

The 8 families used to construct the map were the ones also used by Weissenbach et al.

(1992), Gyapay et al. (1994) and Dib et al. (1996; who also used 12 other CEPH families)

for the construction of their maps (although the new X chromosome markers characterised

by Gyapay et al. (1994) and Dib et aI. (1996) were reported subsequent to the analysis

shown in this thesis and their locations are not presented herein).

Once a broad localisation of a new marker has been made, more efficient fine scale

positioning can be achieved by genotyping only those CEPH children that are

recombinants within that interval (Fain et al., 1989; Elsner et al., 1995; Cox et aI., 1996).

For example, a hypothetical marker, x, is known (either from preliminary physical or

linkage mapping) to lie within a2O cM interval. Recombination within this interval will, on

average, only be exhibited in about 207o of the CEPH grandchildren. Therefore only these

2O7o need to be genotyped to position this hypothetical marker more accurately, providing

their mothers are heterozygous for the marker alleles. Specifically, say marker x is known

to be betweenDXSIl25 and DXSLI53 in Xq. From the CEPH pedigrees in Figure 5.2

the maternally inherited X chromosomes of only 20 of the 94 children can provide

information to refine the position. A non-recombinant chromosome from each sibship is

also typed for marker x, as is the mother. Fain et al. (1995) have recently put this principle

into practice by constructing a comprehensive map of the human X chromosome.

The frequency of recombination can also be investigated. Drayna and White (1985)

determined the frequency and distribution of crossovers in 105 X chromosomes. They

observed an average of 1.5 recombination events per chromosome, with l47o of

chromosomes showing no recombination, 357o (the largest category) experiencing 2

crossovers and I7o experiencing 4 crossovers. Drayna and White (1985) also noted a

significant deviation between the observed and expected distribution of events and
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concluded that recombination points may be non-random. The average number of human

X chromosome chiasmata observed in 27 oocytes during diakinesis I, was 2.76 per

bivalent (Jagiello et al., 1976). A comparison, between families, of crossover frequencies

near the centromere of the X chromosome has also been performed (Mahtani and \ü/illard,

1e88).

An average of 1.8 crossovers per X chromosome was observed in the 8 CEPH families

(Table 5.2;Fig.5.3). This number was also observed by Fain et al. (1995). Given that, by

def,rnition, one crossover is expected within a distance of 1 Morgan (100 cM), then the X

chromosome by this measure is equal to 180 cM. The autosomal length of the female

genome has been calculated as 3,900 cM (Renwick, I97I) and the X is considered to be

5.17o of the total genome (Heslop-Harrison et al., 1989), therefore this figure of 3,900 cM

represents 94.9Vo of the total female genome. It follows that the X should be equal to 2I0

cM in length, which is similar to the 180 cM predicted from the average number of

crossovers seen in the 8 largest CEPH families and to the genetic length of 236 cM (Table

s.l).

Disregarding the pseudoautosomal regions, which were not analysed, the 168

recombination events revealed in Figure 5.2 may not be the true number because of: 1) the

distances between the markers of the map 2) many of these markers have not been typed

or are uninformative; 3) not all the children have been genotyped to the same extent (see for

example l332l09); and 4) typing errors and mutations may generate spurious

recombination events. Typing errors may have occured for example in the scoring of the

alleles of: DXS278 in person 884/10; DXS996 in 1416lo6; and XG in 1332106, I332ll2

and 1347lO9 (see Fig. 5.2). All these loci occur near the Xp pseudoautosomal boundary

and as telomeres experience relatively frequent recombination events these observations do

not necessarily reflect genotyping errors.
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5.6 Conclusion

One of the advantages of the high resolution genetic map presented above is that it

integrated most of the microsatellite markers of Weissenbach et al. (1992) and some pre-

existing loci (which had been converted to a PCR format). As a consequence, the markers

of the Weissenbach map can be related to those markers used in previous disease gene

mapping efforts (which relied on RFLPs and VNTRs). When originally constructed, this

map (Donnelly et aI., 1994b; appendix A.l) was put to use in the localisation of a number

of X-linked disease genes, to be described in Chapters 6 and 8. Subsequently, a more

detailed map of the X chromosome was published by Fain etal. (1995).
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for

X-linked Mental Retardation
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6.1 Summary

The genetic map of the X chromosome presented in Chapter 5 was applied to the regional

localisation of the X-linked mental retardation disease genes segregating in five families.

Three of these families (MRX19, MRX30 and MRX31) had males with non-specific

mental retardation and the other two families (V/ and O'H) had males with additional

symptoms. The MRXL9 gene has been localised toXp22, within a 19 cM region between

DXS1043 andDXSL052.The MRX30 gene has been localised to a 28 cM region between

DXS990 (Xq21.33) and DXS424 (Xq23). The MRX3I gene has been localised to a 12

cM region between DXS1126 (Xp11.23) and DXSI 124 (Xql3). These results have

enabled carrier risk analyses to be offered to the females of these three families. Linkage

analysis of family 'W excluded most of the long arm of the X chromosome, but revealed

significant lod scores to two large regions mainly confined to the short arm, in which the

disease gene may lie. The first region is from Xqter to DXSI068 (Xp11.4) and the second

region lies between MAOA (Xpl1.a) and DXSI002 (Xql3.3-q2l.l). The linkage analysis

of family O'H has shown significant lod scores to two relatively small regions: the disease

gene lies either between DXS1275 (Xqlz) and DXS7113 (XqI2-q13.1) or in Xq23

between DXS1220 and DX58067.

The analyses of the three families affected with non-specific mental retardation have been

published and are given in the appendix; MRXl9 (Donnelly et al., I994a; appendix A.3),

MRX30 and MRX31 (Donnelly etaI.,I996b; appendix 4.4).
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6.2 lntroduction

The identification of X-linked disorders has usually been relatively easy because of their

characteristic pattern of inheritance. [t is the hemizygosity of males that reveals rare

recessive disorders that if autosomal would be masked by expression from the wildtype

allele. As at 1992, approximately 200 X-linked gene loci (not all of which are responsible

for diseases) and 23A0 autosomal gene loci had been described (McKusick, 1992).It has

been estimated that there are about 70,000 genes in the human genome (Fields et al., 1994)

and assuming an even distribution there should be about 3,500 genes on the X

chromosome. Therefore only a relatively small number of Xlinked gene loci have a

known function or are associated with a recognisable phenotype.

Genes for X-linked disorders can be rapidly localised within families of sufficient size

given the rapid improvement of the genetic linkage rnap (Chapter 5). Mapping has in the

past been restricted by the scarcity of markers and their low heterozygosity. Generally,

given that the average spacing of markers along the comprehensive map of the X

chromosome presented in Chapter 5 is 3 cM, it is the number of potentially informative

meioses and the chance occurence of recombination events that determine the extent of the

regional localisation of the disease locus under investigation. Generally, the rarer the

disease, the fewer the families and the larger the interval to which it is likely to be mapped,

simply because of the lack of informative meioses. By chance, however, a disease gene

could be localised to a relatively small region (for example 1 cM) from the observation of

very few informative offspring. A lod score of 2 or more (indicating statistically significant

linkage between an X-linked gene and a marker) requires the equivalent of at least 7 fully

informative (phase known) meioses, that is 7 children, of known phenotype, who can be

unambiguously scored as being non-recombinant with respect to the marker locus

concerned (Ott, 1991 equation 3.2).

Genetic heterogeneity of clinically similar disorders and the presence of phenocopies can

complicate genetic mapping. A phenocopy is a person in a family whose phenotype is the

same as that of other affected members of that family, but this phenotype is not caused by

the mutation segregating within that family (instead, for example, environmental factors

may be responsible). Genetic heterogeneity refers to mutations in different genes that cause

the same phenotype in affected individuals from different families. For example, past
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experience has shown that non-specific Xlinked mental retardation is a genetically

heterogeneous disease because the regional localisations of the disease loci in some

families do not overlap the regional localisations of the disease loci in others (Mulley et al. ,

1992). This precludes the combined linkage analysis of families, which, when one is

dealing with a genetically homogeneous disease, can be used to boost statistical evidence

for linkage to a particular marker(s) and reduce the regional localisation of the disease

gene, even to the point where positional cloning may be possible.

As a consequence of the hemizygosity of males, the selection pressure acting to eliminate

severe X-linked recessive diseases is greater than for autosomal recessive diseases.

Different families with the same Xlinked disorder are therefore likely to have different

mutations (in the same gene). This may lead to variable phenotypes (allelic heterogeneity),

and the expected variety of mutations will complicate procedures for routine mutation

screening. There are other interesting aspects to the study of the X chromosome: the

phenomenon of X inactivation; the presence of the pseudoautosomal regions; and its

evolutionary conservation which has facilitated gene mapping because genes Xlinked in

one species are most likely to be Xlinked in another (Ohno's Law; see for example De

Kok et aJ., 1995).

Xlinked mental retardation (XLMR) is the most common cause of retardation in males.

The frequency of XLMR has been estimated at 1/600 males, with the fragile X A
(FRAXA) syndrome accounting for about Il57O0 (Herbst and Miller, 1980; Sutherland

and Hecht, 1985; reviewed by Glass, 1991, Kerr etal., l99l and Morton etal., 1997).

Mental retardation is the primary characteristic of 98 of the 147 known X-linked diseases

that feature this affliction (this figure includes those families with non-specific mental

retardation - see below) (for reviews see Schwartz, 1993 and Lttbs etaJ., 1996).

Non-syndromal (or non-specific) forms of X-linked mental retardation (designated

"MRX") have no other known abnormalities in common between the affected individuals,

whereas syndromal forms of mental retardation ("MRXS") do involve characteristic

secondary neurological, biochemical and/or morphological defects. If a statistically

significant lod score (2or greater) is obtained with a particular MRX locus, a progressive

number is assigned to that disease gene by the Human Gene Mapping Nomenclature

Committee, for example MRXI, MRX2 etc, where each MRX number represents the
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analysis of one family (Mulley et aI., 1992), but does not necessarily imply the

involvement of a different gene. As at 1995, there were about 4O families afflicted with

MRX that were large enough to enable sub-localisation of the disease gene by linkage

analysis to one or more X-linked markers (Gedeon et al., 1996b; appendix 4.5). The

known regional localisations of the disease gene(s) segregating in a large proportion of

these M RX families spans the centromere with the remainder spread along the rest of the X

chromosome (Gedeon et aI., I996b). The genetic heterogeneity of this homogeneous

clinical entity precludes the combined linkage analysis of families whose MRX genes have

overlapping localisations because it cannot be assumed the same gene is involved.

The sections to follow describe the genetic mapping of five XLMR mental retardation loci,

including MRX19, MRX30 and,MRX3L
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6.3 Materials and Methods

Only brief accounts of the methods used are given below, further details are given in the

Chapter 3 sections indicated.

6.3.1 DNA extraction

DNA was usually extracted from lymphocytes of the family members by Jean Spence

(3.2.7.4). Altematively, extracted DNA was sent from laboratories affiliated with the

clinicians who had clinically characterised the families concerned and were responsible for

genetic counselling.

6.3.2 PCR

Amplification of microsatellites and the subsequent genotypic analysis of the PCR products

were performed as described in 3.2.15.1, most often using the "lomix" conditions.

Multiplexing was performed when permitted by compatible l|v4gCl2 concentrations, low

non-specific background and product sizes.

Primer sequences were obtained either from the references given in Table 3.1 or, in the

case of those characterised by Weissenbach et aI. (1992), from the Genome Data Base

(GDB).

6.3.3 Linkage analyses

To rapidly localise a disease gene, two-point linkage analysis between the disease locus

and each marker was performed using MLINK as describedin3.2.2I.I.

To refine the localisation of a disease gene additional two-point analyses were performed

using informative markers from the region of interest and where necessary, to increase the

number of informative meioses, multipoint linkage analysis was done using LINKMAP as

described in 3.2.2I.2.
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Risk analysis was performed using MLINK of the LINKAGE program (version 5.1). The

distances between the flanking informative markers used in the analyses were taken from

Table 5.1.

6.3 .4 Haplotype analysi s

Haplotypes were constructed to reveal in whom recombination between marker loci and the

disease gene had occured. The haplotype of a carrier female could be readily determined if
her father had also been genotyped. As a consequence recombination events, as revealed in

her male children could easily be determined if she was heterozygous for the loci

concerned. If the father had not been genotyped, her haplotype was determined on the

basis of minimising the number of recombination events, using the data from other

members of the pedigree.

More specific materials and methods are presented in the sub-sections dealing with each of

the five XLMR families as appropriate.
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6.4 Mapping of MRXI9

6.4.1 Materials and Methods

6.4.1.1 The family

The MRX(9 pedigree is shown in Figure 6.1. Clinical assessment and previous mapping

studies were performed by Prof. David Danks and Dr K. Choo and colleagues at the

Murdoch Institute in Melbourne. The six affected males are moderately retarded (IQ 35-50)

and have no physical, karyotypic nor other neurological abnormalities. [n addition, there

are three mildly retarded (IQ 50-70) females, including I-2 in Figure 6.1 who had not been

assessed, but was described as "dull" by other family members.

6.4.I.2 Linkage analysis

The DNA samples, fromthe people indicated in Figure 6.1, were initially screened using

17 polymorphic microsatellite markers spanning the X chromosome, followed by another

7 markers from the region of interest.

Two-point linkage analyses between the disease locus and each marker were first

performed assuming X-linked recesssive inheritance (that is, no penetrance in female

carriers) and then, because there are mildly affected women in the family, repeated using a

penetrance of 0.8 infemales, as used byArvelier etal. (1988). All females were scored as

unaffected for the first linkage run but II-2 and III-2 were scored as affected for the second

run

Multipoint (six-point) analysis using the LINKMAP program was used to position

MRXl9 into the background map. No penetrance in females was assumed (as for the first

two-point run described above). The background map was constructed from the CEPH

database by Dr Helen Kozman as previously described (3.2.2I.3), and is as follows (with

distances in cM): DXS996-1.8-KAL-7.9-DXSI043-11.7-(DX5987, DXS207)-3.5-

DXS999-O.t-DXS443-2.ï-DXS365-0.8-DX51052-0.8-DXS274-9.6-DX5989. The

KAL, DXSL043, DXS365, DXSI052 and DXS2T4loci are not present in the map given

in Chapter 5. The genotyping data required for the inclusion of DXSL043, DXS365,

DXS1052 and, DXS274 came from version 7 of the CEPH database, whereas the positions

of the KAL and DXSI052loci were estimated, by the candidate, from the data of Zhang et

al. (1993) and Rowe et al. (1994) respectively.
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The lod-l method was applied to the multipoint lod score to determine the (approximate)

907o support interval for the location of the gene (Conneally et al., 1935). The lod-l

method is routinely used for the estimation of support intervals from two-point lod scores,

but the significance level when applied to multipoint lod scores is unclear (Keats et aI.,

1989; Terwilliger and Ott , 1994 plzI). The gOVo support interval for MRXIS can

therefore only be regarded as a crude approximation designed to indicate the most likely

interval for the selection of candidate loci.

An earlier version of this analysis appears in Donnelly et aI. (1994a; appendix 4.3). The

analysis presented below differs in that additional microsatellite markers are used that were

not available at the time of preparation of the paper and, as a consequence, minor inter-

marker genetic distances differences have arisen between the maps derived from the

multipoint analyses.

Risk analysis for potential female carriers in this family was performed using a

heterozygote penetrance of 0.8 and scoring Il-2 and III-2 as affected. This illustrates the

clinical value of the disease gene localisation.
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6.4.2 Results

Of the 24 marker genotypings for individual II-2, 14 were incompatible with I-3 being her

biological father. This required the inclusion of the infened father (I-1) shown in Figure

6.1.

Two-point lod scores between the disease locus and the 24 markers used to screen the

MRX family are given in Table 6.1. No recombination occured between the MRXIS locus

and the loci DXS987, DXS207 and DXS999 to result in the significant lod scores of 3.58,

3.58 and 3.28 respectively. Higher lod scores were obtained when the symptomatic

females, Il-2 and ltl-2, werc scored as affected and penetrance was considered to be 0.8

(Table 6.1).

Pedigree inspection (Fig. 6.2) of the affected and carrier members of the family allowed

identification of the flanking recombinants. III-7 and II-8 are recombinant for DXS1043

andII-2 exhibits recombination with the proximal locus represented by marker DX\1052.

Therefore, the MRXL9 gene is located within the 19 cM region flanked by the loci

DXSL043 (Xp22.31) and DXS1052 (Xp22.13).

Only genotyping data for the most informative markers of the background map were used

in the multipoint analysis, because of computer memory limiøtions. The markers used and

the distances (cM) between them were: DXS1043-11.7-DXS207-3.5-DXS999-2.9-

DXS365-0.8-DX51052. The multipoint lod score peaks at DXS207 and DXS999 with a

value of 3.58 (Fig. 6.3). The lod-1 (9OVo) support interval gives a 15 cM region (Fig. 6.3)

in which there is a high probability of finding the gene. This distance is only slightly less

than the 19 cM between the 2 flanking loci, DXSI043 and DXSL052, determined by

examination of the closest crossover points.

Upon mapping the disease gene to Xp22, the female (lII-6) requested a risk analysis be

performed to determine her likely carrier status. Haplotype analysis, constructed on the

basis of crossover minimisation, (Fig. 6.2) indicated that she had not received the same

chromosomal segment between (and including) the loci DXS207 and DXS1052 as her

mildly affected sister (III-2) and her affected brothers (III-7 and III-8). However there is

the possibility of an undetected double-crossover occurring between any two markers

within the interval DXS1043-DX51052. Such an event could have transfemed the disease
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gene to the low risk haplotype. The largest distance separating any two loci within this

interval is 12 cM between DXS1043 and DXS987/207. Hence the maximum chance of a

double crossover occuring is (0.l2lZ¡2 or O36Vo (assuming no interference and I cW=lVo

recombination). As a consequence there is a99.647o chance that III-6 is a non-canier. A

slightly higher risk (0.77o) of being a carrier was obtained using the LINKAGE program,

(assuming O.ïVo penetrance and scoring II-2 and III-2 as affected). This was because only

the loci DXS1043 and DXSL052 were used in the analysis and as 19 cM separates these

two loci there is a greater chance of a double crossover going undetected.
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Table 6.1 Two-point analysis between MRXL9 and marker Loci
(Xpter to Xqter)

I-ocus

0

0.00 0.01 0.05 0.1 O.2 0.3 0.4 Zmax0 max

DXS996
KAL
DXS1043

DXS987

DXS207

DXS999

DXS443

DXS365

DXS1052

-4.45

-r.81
-o.47

0.61

3.52

4.60
3.52

4.60
3.22

4.30
t.9r
2.62

1.89

2.83

1.23

2.31

1.53

0.34
0.04
0.47

-3.84
-o.47

-0.47

0.48

-2.74
-2.37
-3.61

-2.59

-3.89
-3.80

-5.89

-Í.79
-0.51

o.74
t.75
3.30

4.3t
3.30

4.31

3.00

4.00
1.80

2.46

1.79

2.66

r.72
2.73

2.Ot

0.90

0.60

o.7t
-t.23
0.72

0.73

t.o4
-0.74

-o.M
-1.62

-0.67

-1.86
-1.78

-2.57

-0J6
-0.03

1.09

2.Or

3.00

3.92

3.00

3.92

2.70

3.62

r.66
2.25

1.65

2.43

r.75
2.66

2.O4

r.o2
o.73

1.04

-0.27

1.06

r.o7
1. t6
0.01

0.2r
-0.85

0.01

- 1.05

-o.97

-1.29

0.03

0.29

1.15

1.87

2.36
3.07

2.36

3.O7

2.05

2.77

r.34
1,80

r.34
r.94
t.49
2.17

r.74
0.92
0.66

1.06

o.4r
1.10

1.09

t.o7
0.53

o.62

-o.22

o.44
-0.34

-0.29

-0.29

o.26
0.32
0.88

1.38

1.61

2.lt
t.6r
2.II
t.33
1.81

0.96
t.29
0.96
r.39
1.04

r.46
1.23

0.65

0.44
o.79
0.53

0.85

0.81

0.81

0.59
o.62
o.o2

o.47
-0.05

0.04
0.04

DXS274
DXS989
DYS (3'Dys MS)

DYS (5'Dys-II)
DXS1068

PFC

AR
DXS1125

DXS454
DXS1153

DXS425

HPRT
DXSl02
DXS984
DXS297

-oo

-oo

_oo

_co

3.58

4.67
3.58

4.67

3.28

4.37
r.94
2.66

1.91

2.88

-co

-oo

-oo

-oo

_oo

-oo

-co

-oo

-oo

_oo

-oo

-oo

-æ

-æ

-oo

_oo

-oo

o.2r
0.22

0.46

o.7t
0.78

1.03

0.78

1.03

0.57
0.77

0.52
0.69
0.52
0.75

0.49
o.66

0.62
0.30
a.r7
o.4t
0.37
o.46
0.41

0.45

0.39
0.4t
0.07

0.30
0.05

0.08

0.08

3.58

4.67
3.58

4.67

3.28

4.37

t.94
2.66

1.91

2.88

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

For markers in the interval DXSIO43-DXSl052,lod scores were determined assuming no

penetranæ (ie XJinked recessive inheritance) in heterozygotes (upper line) and 0.8

penetrance in heterozygotes (lower line).

For the remainder, lod scores represent exclusions and were determined assuming X-linked
reces si ve i nheritance.
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6.5 Mapping of MRX30

6.5.1 Materials and Methods

6.5.1.1 The family

The 4 generation MRX30 pedigree, is shown in Figure 6.4. This family was clinically

investigated by Dr Michael Partington and Dr Anna Ryan, of the Royal Children's

Hospital, Brisbane, when III-2 asked for genetic counselling because of the mental

retardation present in several males in her family. The following clinical descriptions and

family history were provided by Dr Partington:

The brother (III-I) of lll-2 had been born at term after a normal pregnancy with a

spontaneous veftex (head first) delivery. The birth weight was 3.26 kg. Feeding was

difficult and he thrived poorly. He was slow to pass his developmental milestones and

significant delay was recognised by age 2 years. He repeated kindergarten and had special

schooling: his IQ was measured at 63 (mildly retarded). He was described as restless and

hyperactive. After school he spent time in a sheltered workshop and then got episodic,

casual employment in the open work force; he lived at home with his mother. On

examination at age 31 years his height (167 cm) was at the lower limit of normal and his

head circumference (52 cm) some 2.5 standard deviations below the mean. No physical

abnormalities were found; his ear length was 60 mm and mean testicular volume l8 ml.

The clinical histories of III4 and III-9 were very similar though with less feeding

difficulties. The certificates admitting II-3 to institutional care as a teenager in 1944 told the

same story, but in addition, there had been physical violence towards his mother. Physical

examination of II-3 and III-9 showed no abnormalities.

The overall clinical picture was of mild intellectual handicap with heights and head

circumferences below average but mostly within normal limits (refer to Donnelly et al.,

1996b; appendix 4.4).
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6.5.2 Results

Of 24 marker genotypings infened for individual Il-7 ,6 were incompatible with t-l being

her biological father. This required the inclusion of the inferred father (I-3) shown in

Figure 6.4.

Two-point linkage analysis (Iable 6.2) of the data from the MRX30 family indicated that

the locus most likely resides within a 28 cM region between the loci DXS990 (Xq21.33)

and DXS42a (Xq23). None of the markers within this region were fully informative,

which prevented the achievement of a significant lod score by two-point analysis.

Multipoint analysis, however, yielded a significant multipoint lod score of 2.78 (Fig. 6.5),

by incorporating informative markers from different parts of the pedigree into a single lod

score. This is also the theoretical maximum from a two-point analysis and is consistent

with the observation that every meiosis was informative for at least one of the markers

within the linkage map used. Haplotyping revealed that recombination between the disease

locus and the proximal (DXS990) and distal (DXS424)loci was exhibited in the female

carier II-5 and her son III-4, respectively (Fig. 6.6).

MLINK risk analysis using the informative flanking markers DXS990 and DXS424

resulted in a <lVo chance of II-9 being a carrier. The chance of III-2 and III-3 being

carriers is 6Vo, using the informative flanking markers DXS990 and DXS425. The risk of

III-7 being a carrier was l7o, using the flanking markers DXS990 and DXS424. 'fhis

information was conveyed to these women via the clinicians.
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Table 6.2 Two-point analysis between MRX30 and marker loci
(Xpter to Xqter)

0

eZ
l-ocus 0.00 0.01 0.05 0.1 0.2 0.3 O-4 max max

DXS996
DXS85
DXS999
DXS365
DXS989
DXS451
DYS(5')
DXS1068
MAOA
DXSlOO3
DXS986
DXS99O
DXS458
DXS454
DXSI l20
DXS456
DXS424'
DXS425
HPRT
DXS984
DXS1123
DXS11O8

-oo

-oo
-co
-co
-co
-co
-oo
-oo

-oo
-oo

o.76
-æ
l 51
r.@
1.88
1.85
-oo
-oo
-co
-oo
-oo
-co

-7.53
-5.84
-3.67
-3.23
-3.49
-3.45
-3.30
-2.73
-3.40
-4.40
o.75
0.74
r.49
r.62
1.85
t.82
o.45
-r.25
-3.16
-3.10
-7.48
-3.9r

-4.tr
-3.t3
-r.69
-1.77
-2.03

-r.66
-4.04
-1.89

-2.70
-2.03
-o.94
-t.t6
-1.38
-1.27
-1. l5
-0.78
-1.19
-r.45
0.65
r.36
1.30
1.40
1.54
1.55
1.10

-o.27
-r.06
-r.02
-2.61
-1.08

-1.40
-1.03
-0.35
-0.Ø
-0.75
-0.&
-0.52
-o.29
-0.53
-0.65
0.52
1.19
1.03
1.1 I
r.l7
r.20
o.99

-0.03
-0.44
-0.40
-r.27
-o.q

-0.73
-0.53
-0.15
-0.39
-0.40
-0.33
-o.21
-0.07
-o.21
-o.26
0.35
0.86
o.72
0.77
0.76
0.80
o.7l
0.05

-0.14
-0.11
-0.59
-o.t2

-0.31
-0.21
-0.07
-0.20
-Q.T7
-0.13
-0.05
0.01

-0.05
-0.06
0.18
0.45
0.38
0.40
0.32
0.36
0.37
0.05
-0.01
0.01

-0.20
-o.o2

-0.06
o.76
1.36
1.51
r.64
r.88
1.85
l.l0

0.4
0.0
0.1
0.0
0.0
0.0
0.0
0.1

-r.94
-t.82
- 1.35
-r.87
-2.32
o.7r
1.27
r.4l
1.53
1.72
r.70
o.99
-0.55
-r.71
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6.6 Mapping of MRX3l

6.6.1 Materials and Methods

6.6.1.1 The family

The 4 generation MRX3l pedigree is shown in Figure 6.7. This family was also clinically

assessed by Dr Michael Partington and Dr Anna Ryan in response to the parents' concern

about the slow development of 3 of their sons (IV-1, 2 and 4). The family history showed

that there was a similarly affected maternal cousin (IV-10) and great maternal uncle (II-7)

suggesting X linkage. The following clinical descriptions and family history were provided

by Dr Partington:

All 3 brothers and their cousin (IV-10) were born without assistance at or near term after

normal pregnancies: birth weight ranged from 3.L to 3.94 kg. There were no feeding

diff,rculties. IV-1 and2 both passed their gross motor milestones at the right times but were

slow to start speaking: global developmental delay was recognised at 4 years in IV-1 and2

years in IV-2. By clinical observation and the mother's reports, both seemed to have

moderate (IQ 35-50) intellectual handicap. IV-4 and IV-10 were said to be hypotonic as

young children. IV-10 had been assessed at 6 years of age and was said to have an IQ "in

the range &to74';[V-4 seemed at the same level or a bit below. On examination no major

abnormalities were found. IV-l had large ears (length 65 mm) and a facial appearance

suggesting the fragile X syndrome.IY-2 had a strabismus (squint) and wore glasses. Both

these boys had a diastema (gap) between the upper central incisors, but so did their

unaffected brother (IV-3). IV-10 had a single palmar crease on one hand and mild

macrostomia (large mouth). The physical measurements of the 5 affected males are given

in Donnelly etaI. (1996b;' appendix 4.4).

II-7 had worked on a dairy farm for most of his adult life. He was illiterate and had lived

with his mother and then in a nursing home. On examination he could carry on a simple

conversation; no physical abnormalities were found.
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6.6.2 Results

Two-point linkage analysis of the data from the MRX3I family (Fig. 6.7) showed that the

localisation encompasses 12 cM from DXS1126 (XplI.23) to DXSI124 (Xq13).

Signif,rcant lod scores were obtained with the loci DXS991 (Zmax=2.06), AR

(Zmax=3.44), PGKIPI (Zmax=2.06) and DXS453 (Zmax=3.31), all at recombination

fractions of zero (Table 6.3). Recombination of the disease locus with the proximal locus

(DX51126) and the distal locus (DX51124) was exhibited in the unaffected males IV-3

and IV-11 respectively (Fig. 6.8).

MLINK risk analysis using the informative flanking markers DXSL126 and DXS986

resulted ina<lVo chance of III-4 and III-6 being carriers and a lZVo chance of III-7 being

a carrier. This information was conveyed to these women viathe clinician.
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Table 6.3 Two-point analysis between MRX3l and marker loci
(Xpter to Xqter)

0

l.ocus 0.00 0.01 0.05 0.1 o.2 0.3 0.4
ZO

mÐ( max

DXS237
DXS16
DXS999
DXS365
DXS989
DXS451
DXS992
DYS(5')
DXS1068
MAOA
DXSlOO3
PFC
DXS1126
ALAS2
DXS99I
AR
PGKlPl
DXS1125
DXS453
DXSl124
DXS986
DXSlOO2
DXS454
DXSl12O
DXS456
DXS424
DXS425
HPRT
DXS984
DXS297
DXS1123
DXS11O8

-2.24
-6.32
-5.59
-4.09
-6.89
-3.79
-6.42
-6.59
-6.30
-o.34
-0.61
0.62
r.39
r.43
2.02
3.38
2.O2
0.83
3.26
-r.s4
-0.10
0.62

-1.38
1.47

-0.84
-2.18
-4.60
-5.87
-4.O9
-4.94
0.60

-0.39

-0.88
-3.53
-2.87
-2.O9
-3.49
-1.80
-3.05
-3.2r
-2.93
0.31
0.60
1.16
1.88
t.32
1.88
3.16
1.88
0.80
3.04

-0.83
0.49
1.16

-0.r2
r.42

-o.r7
-0.86
-1.96
-3.10
-2.07
-2.82
0.48
o.2t

-0.36
-2.34
-1.77
-1.30
-2.12
-1.03
-1.7r
-1.86
-1.61
0.52
0.96
1.25
1.91
1.18
r.69
2.86
1.69
0.74
2.76
-0.52

1.25
0.30
1.34
o.o7

-0.36
-0.95
-1.95
-1.27
-1.91
o.34
0.38

0.05
-r.21
-o.77
-o.57
-0.89
-0.39
-0.56
-0.69
-0.48
0.60
1.05
1.10
r.63
0.88
r.29
2.23
t.29
o.57
2.15
-0.23
0.61
1.10
o.52
t.r2
0.22
o.o2

-0.15
-0.90
-0.57
-t.o2
0. l3
0.43

0.16
-0.60
-0.31
-0.21
-0.32
-0.13
-0.09
-0.18
-0.03
0.50
0.84
0.77
1.1s
0.56
0.85
t.52
0.85
0.35
t.47

-0.09
o.42
o.77
0.47
0.81
o.22
o.t2
0.1 1

-0.39
-o.25
-0.53
o.o2
o.34

0. l3
-o.23
-o.o7
-0.04
-0.06
-o.o2
0.07
o.o2
0.10
0.30
0.48
0.38
0.58
0.24
0.40
0.76
0.40
0.15
0.73

-o.o2
0.18
0.38
0.29
0.44
0.13
0.10
0.13
-0.t2
-0.09
-o.2r
-0.00
0.19

I.9I
r.45
2.06
3.4
2.06
0.83
3.31
-o.o2

-oo
-oo
-oo
-oo
-oo
-co
-oo
-oo

-oo
-oo
-æ
-oo
-oo
1.45
2.06
3.44
2.06
0.83
3.31
-oo
-oo
-oo
-oo

t.47
-oo
-oo
-æ
-oo
-oo

-oo
0.63
-oo

0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.4

0.63
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6.7 Mapping of the XLMR gene affecting the W family

6.7.1 Materials and Methods

6.7.I.1 The family

The 3 generation W family, is shown in Figure 6.9. This family was clinically investigated

by Dr Martin Delatycki of the Victorian Clinical Genetics Services at the Royal Children's

Hospital.

Clinical examination of the 6 affected males revealed mild intellectual disability, mildly

coarse features, normal stature, normal head circumference, clinodactyly (curved fingers)

and symmetrical brachydactyly (short digits). The unaffected male III-7 did not have the

same appearance and his development was normal. The mothers of the affected males were

normal in appearance and intelligence.

Amplification of the trinucleotide repeat at the FRAXA locus (Xq27.3) of II-12 was

investigated by karyotyping and PCR, by the staff at the Royal Children's Hospital: no

abnormality was detected.
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6.7.2 Results

The results of the two-point linkage analysis between the disease locus and loci spanning

the X chromosome are given in Table 6.4. A significant lod score of 2.4I was obtained

with loci from two regions of the chromosome. The disease locus is therefore located

somewhere between Xpter to DXS1068 (Xp11.4) or between MAOA (Xpll.4-11.3) and

DXS1002 (XqI3.3-21.1), two very large regions that span >91 cM and 29 cM

respectively. The locus has been excluded from most of the long arm of the X, distal to

(and including) DXS1002 (DX5456, inXq22.3-q23, was not fully informative).

The haplotypes of the two regions are given in Figure 6.10.
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Table 6.4 Two-point analysis between the family W XLMR gene and marker
loci (Xpter to Xqter)

e

I-ocus 0.00 0.01 0.05 0.1 0.2 0.3 O.4 Zmax 0 max

DXSl060
DXS996
KAL
DXS1O43

DXST224
DXS365

DXS451

DXS997
DYS (5'Dys-II)
DXS1068

MAOA
DXSlOO3

DXS991

DXS1125

DXSlOO2

DXS995

DXS99O

DXSI l2O

DXS456
DXS424
DXS425

HPRT
DXS984
DXS1123

DXS15

_oo

-co

2.41

2.4r
1.51

2.4r
2.4t
2.4r
2.41

2.4r
2.4t
2.4t
2.4r
2.41

2.37

2.37

2.37

2.37

2.37

2.37

2.37

2.37

2.37

o.37

-2.80
2.37

2.37

r.48
o.37

-0.51

-0.51

-2.51

0.89

-3.62

-5.61

-6.50
-2.80
-2.80
-5.61

2.2r
2.2t
2.21

2.21

2.2r
2.2t
2.2t
2.21

2.21

0.93

-1.44

2.2t
2.21

1.39

0.93

o.r2
0.r2

-1.16

0.81

-r.63
-2.9t
-3.72

-1.44

-r.44
-2.91

2.OO

2.OO

2.OO

2.OO

2.00

2.OO

2.OO

2.00

2.OO

1.05

-0.89

2.OO

2.OO

r.28
r.o4
o.32

o.32

-0.63

0.72

-0.87

-r.82
-2.54

-0.89

-0.89

-t.82

1.54

r.54
t.54
1.54

r.54
r.54
t.54
r.54
t.54
0.96

-0.39

t.54
t.54
r.o2
0.94
0.42

0.42

-0.18
0.52

-0.27

-0.85

-1.39

-0.39

-0.39

-0.87

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

0.72
-0.15

1.03

1.03

o.73

0.66

0.36
0.36
-0.01

0.30
0.08

-0.38
-0.74

-0.15

-0.15

-0.44

o.49

0.49

0.49

o.49

o.49

o.49

o.49

0.49

o.49

0.40
-0.04

0.49

0.49

0.40

0.31

0.22

0.22

0.o4
0.09

-0.04
-0.13
-0.31

-0.04
-0.04
-0.2t

2.41

2.4r
2.4t
2.41

2.4r
2.4r
2.41

2.41

2.4r
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6.8 Mapping of the XLMR gene affecting the O,H family

6.8.1 Materials and Methods

6.8.1.1 Thefamily

A very small portion of the 5 generation O'H family, is shown in Figure 6.11. The family

was first investigated by Dr John Ferguson in 1987 and for this study follow-up clinical

investigations \ryere performed by Dr Michael Partington and Dr Gillian Turner of the

Royal Children's Hospital, Queensland.

The affected males shown in Figure 6.11 were microcephalic and mild to moderately

retarded, except for V-6 who, although mildly retarded, is physically different from the

other affected males. IV-7 is also retarded but this is, according to his mother (III-9),

believed to be due to a head injury acquired at7 years of age, after developing normally.

6.8.1.2 Linkage analysis

Lod scores are sensitive to the population frequencies of the alleles used in linkage

analyses (Freimer et al., 1993). To determine population allele frequencies for the loci

DXS453, DXS7113 and DXS424 they were amplif,ied and genotyped from the DNA of

unrelated females. Forty alleles were scored for the locus DXS453, q alleles for the locus

DXS7113 and76 alleles for the locus DXS424.
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6.8.2 Results

Initial two-point lod scores excluded most of the X chromosome except for two relatively

small regions on the long arm. If the affection status of the male V-6 is considered to be

unknown (he is physically dis-similar to his affected relatives, see 6.8.1.1) the only

positive lod scores, at zero recombination fraction, are 1.79, I.O, and 1.79 with DXS453

(Xql2), DXS7113 (Xq12-q13.1) and DXS424 (Xq23) respectively (Table 6.5). If V-6 is

considered not to carry the XLMR gene there is no tight linkage with any of the markers

used, at zero recombination fraction (data not shown), that is, the gene is excluded from

the X chromosome, at least at the level of resolution investigated. If V-6 is considered to

carry the XLMR gene the lod scores for DXS453, DXS7ll-1 and DXS424 increase to

2.1,0, I.3O and 2.10 respectively (second line in Table 6.5).

In an attempt to resolve which region is truly linked to the XLMR gene, fufther

investigations were performed using: 1) additional family members not available at the time

of the initial screen of the X chromosome (refer to Fig. 6.11); 2) population allele

frequencies for DXS453 , DXSTl13 andDXS424 (Table 6.6), and 3) genotypic datafrom

additional loci near the two regions of interest. The linkage results using this data are

shown in Table 6.7. A recombination event revealed in V-9 excluded DXSTll3 from

being tightly linked to the disease gene, but the lod scores for both DXS453 and DXS424

had increased to significant levels (2.55 and 2.I4 respectively). As this additional

information still did not indicate which region was most likely to contain the XLMR gene,

haplotypes of the family members were constructed (Fig. 6.12), but these also failed to

resolve the dilemma.
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Table 6.5 Two-point analysis between the family O'H XLMR gene and marker
loci (Xpter to Xqter)t

A

[-ocus 0.00 0.01 0.05 0.1 0.2 0.3 0.4 Zmax 0 max

DXS996
DXSl6
DXS999
DXS365
DXS989
DXS451

DXS992
DYS (5'DysJI)
DXS1068
MAOA
DXSlOO3

DXS991

ALAS2
DXS1125

DXS1275

DXS453

-oo

-co

-oo

-oo

-oo

-oo

-oo

-oo

-æ
_oo

-co

-co

-oo

-co

_oo

t.79
2.ro
1.00

1.30

-oo

_oo

-oo

-oo

-oo

-oo

-oo

_oo

-co

-oo

r.79
2.10

-oo

_oo

-oo

_oo

-co

-oo

-co

-oo

-co

-2.33

-5.20
-2.86

-6.25

-4.48

-4.34
-3.90
-2.O4

-5.r2
-0.69
-1.31

-0.58

-o.54

-0.54
- 1.03

1.77

2.07
0.99
1.29

-1.97

-1.08
0.10

-10.81

-3.06
-0.79

-3.18
-1.60
0.10
-0.79

r.77
2.07

-3.r4
-0.63

-3.86
-7.91

-0.94

-5.73

-3.78
-o.82

-4.40

-o.42

-2.50
-r.46
-3.28

-t.82
n .r-l

-r.87
-o.70

-2.90
-0.03

-0.61

0.04

0.08

0.08

-0.34

1.65

r.93
0.96

1.24

0.22

0.10

0.66

-6.03

-1.09

0.40

-r.20
-0.33

0.66

0.40

1.65

1.93

-1.72

0.55

- 1.83

-4.30

-0.28

-2.98

-t.74
-o.24

-2.20

o.23

-r.43
-0.88

-2.05

-0.80
-1.42

- 1.06

-0.20

- 1.93

0.2t
-0.33

0.22

0.27

o.27

-0.08

r.48
r.74
0.88

I.I4
0.55

o.4
0.77

-4.06

-0.37

0.73

-0.46

0.10

0.77

0.73

1.48

t.74
-1.13

0.87

- 1.03
a -7'f

-0.04
- 1.86

-0.93

-0.07

-r.28

0.61

-0.53

-0.38

-1.00

0.01

-0.69

-0.38

0.16

-1.00

0.33

-0.12

0.25

0.30

0.30

0.07

1.09

1.30

0.67

0.87

0.60

0.51

0.67

-2.17

0.t4
0.78

0.09

0.33

0.67

0.78

1.09

1.30

-0.59

0.89

-0.37

- 1.35

0.12

-0.87

-0.27

-0.03

-0.50

0.58

-0.r7
-0.17

-0.53

0.26

-o.34

-0.11

o.22

-0.53

0.28

-0.06

0.16

0.19

0.19

0.08

0.69

0.83

0.42

o.57

0.42

0.35

0.45

- 1.13

0.25

0.58

0.22

0.29

0.45

0.58

0.69

0.83

-0.32

0.64
-0.10
-0.65

0.14

-o.41

-0.03

-0.04
-0. r8

0.35

-0.02

-0.06

-0.25

0.23

-0.14

-0.01

0.r4
-0.23

0.16

-0.03

0.06

0.08

0.08

0.04

0.31

0.39

0.19

0.27

0.18

0.15

0.2r
-0.45

0.18

0.29

0.17

0.f6
0.2r
0.29

0.31

0.39

-0.14

0.32

-0.01
,0.24

0.09

-0.16

0.04

-0.03
-0.05

1.79

2.to
0.00

0.00

t.79 0.00

2.lo 0.00

1.00 0.00

1.30 0.00

DXS559
DXS1124
DXS986
DXS995
DXS99O

DXS454
DXS112O

DXS456
DXS1O72

DXS1059
DXS424

DXS7113

DXSI212
DXSlOOl
DXS425
HPRT
DXS1O2

DXS292
DXS297
DXS1123

DXSI lOS

f Using genotypes of only those people indicated with * in Fig. 6.1 1.

The lod scores were calculated with the affection status of V-6 classed as unknown, except those

given in the second line for the loci DXS45 3, DXS7l 13 and DXS424, where V-6 was classed as

affected.



Table 6.6 Population allele frequencies

locus allele number observed frequencY

DXS453/983

DXSTI13

DXS424

5
1

22
4
1

7

1*
2
3-
4
5
6

o.125
o.o25
0.55
0.1
o.o25
0.175

38
6

16
5
4
3
2
2

t-

4
5

t-
2*
3
4
5
6
7
8

1

2
3

t6
10
2
1

11

o.4
o.25
0.05
o.o25
o.275

0.5
0.08
o.2r
0.06
0.05
0.04
0.03
0.03

* allele possesed by unaffected male IV-2'

- allele possesed by affected male IV-9.



Table 6.7 Two-point analysis between the family O'H XLMR gene and
additional marker loci, using population allele frequencies*

(Xpter to Xqter)

e

Locus 0.00 0.01 0.05 0.1 0.2 0.3 0.4 Zmax 0 max

DXS1275

DXS8111
DXS453

DXS7113

DXS559

DXS1059

DXS8O81

DXS1220

DXS424

DXS8064
DXS8067

DXS8059

DXS1212

-2.20
-2.59

2.58

2.87

0.00

-2.50

-0.72

-1.31

-o.67

2.lr
2.41

-0.19
-t.26
-4.46

-2.47

-0.81

-0.78

2.54
2.8r
0.65

-0.06

-0.29

-0.06
2.35

2.6t
0.83

0.05

0.06

0.36
1.82

2.02

0.78

0.40

0.87

0.45

0.85

t.27
1.48

1.07

0.40

-0.20

-0.29

0.1 1

0.34
1.19

r.33
0.53

o.37

0.66
0.34
0.63

0.80
0.95

0.73

o.28

0.02
-0.15

-co

-oo

2.55

2.85

-oo

-oo

-oo

-oo

-oo

2.r4
2.44

-co

-oo

-oo

-oo

0.07

0.18

0.5s
0.63

0.25

0.20

2.55 0.00

2.85 0.00

2.14 0.00
2.44 0.00

0.47

-0.08

0.50

1.96

2.23

0.93

-0.06

-1.86

-1.15

0.81

0.30

0.82

1.74

2.00

1.18

0.30

-0.91

-0.65

0.35

0.17

0.33

0.36
0.44

0.34
0.11

0.06

-0.07

Lod scores were calculated using additional members from the family (ie using x and # in

Fig.6.11).
The affection status of V-6 was classed as unknown, except for the second line for the loci

DXS453 and DXS424,where he was classed as affected.
*Lod scores for loci DXS453, DXS7113 andDXS424 were obtained using population

allele frequencies (Iable 6.6).

The order of loci was deduced from Nelson et aL. (1995) and Dib et al. (1996).
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6.9 Discussion

6.9.t MRXLq

MRXL9 has now been mapped to Xp22, flanked by the DXSI043 and DXSL052 loci.

Eight other MRX localisations overlap that of MRXL9 (Table 6.8; Fig. 6.13). The non-

overlapping MRX2 and MRX37 localisations indicate that there are at least 2 genes

responsible for non-specific mental retardation in Xp22. Given that there are two

individuals (III-7 and II-8) in the MRXL9 famrly that are recombinant with the locus

DXS1043, there is the potential to reducethe distal localisation of MRXL9 further, using

informative microsatellite markers between DXS1043 and DX,l987/207, so that one of

these individuals is no longer a recombinant. This is reflected in the multipoint lod-1 (907o)

support interval (Fig. 6.3) which shows that the region within which the disease gene most

likely resides begins about 2.5 cM proximal to DXS1043.

Three of the 4 carner females from the MRXI9 family are mildly affected. The MRX2,

MRX2l, MRX24, MRX36 and MRX37 families, which span or overlap MRXL9, also

have affected female caniers. Heterozygote manifestation of retardation is not confined to

these MRX families, but has also been observed in familes whose disease genes map to

other regions of the X chromosome (Hane et al., 1996). Observations of the number of

those families with affected females may be biased however, because such families may be

more easily ascertained due to the relatively increased proportion of affected members.

The manifestation of symptoms in some of the carrier females in families in which a raÍe

disease allele is inherited can be most readily explained by skewed lyonisation (X

inactivation; reviewed by Belmont, 1996). Lyonisation is the process whereby one of the

two X chromosomes is inactivated early in development (reviewed by McBurney, 1993;

Tan et al., 1993). Detrimental effects may occur if there is a high proportion of cells, in

any given tissue, in which the X chromosome with the defective gene remains active. The

skewing of X inactivation, so that the structurally or genetically defective X remains active,

has been reported and is typical of, but not unique to, cases involving balanced X-

autosome translocations (Mattei et al., 1982; Verellen-Dumoulin et al., 1984; Nisen et al.,

1986; Tihy et al., 1994).
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Table 6.8 Regional localisations of ttre MRX loci (where known)

MRX localisation (XPter to Xqter Reference

I
2
3
4
5

6

7
8
9

10
1l
L2
l3
t4
15
t6
t7
18
t9
20
2l
22
23
24
25
26
n
28

29

30
3l
32
JJ
34
35

36b
)t
38

3gc
40
4l

DXy26-DXSI125
DXS999-DXSI065
DXS3(X-qter
DXS255-DXYSl
OTC-DXS95
DXS369a
DXST-DXS3
MAOA-DXS454
DXS164-DXS159
DXS28-DXS228
DXS164-DXS7
DXS1238-AI-AS2
DXS85-DXS456
PFC-DXS135
DXS1@DXS988
DXS52qter
DXS255-DXS106
DXS538-DXS1126
DXS1043-DXSl052
DXS1068-DXS454
oter-DXS7
bxss+pxvst
DXSl220-DXS424
DXS278-DXS207
DXS297-qter
MAOB-DXS454
DXS4ZA-DXS102
DXS11l3qter
DXS987-DXS1068
DXS990-DXS424
DXSll26-DXStl24
DXS1053-DXSI I l0
DXS365.MAOB
DXS989-DMD
DXS178-HPRT
DXS996-DYSII
DXS1223-DXSI224
DXS1226-DXS1238
DXS6673E
(not available)
DXS52-qter
Xq28

Gedeon etal-, I996b
Hu etal., 1994
Gedeon etal., I99l
Hu etal., 1994
Samanns etal., l99l
Kondo etal., l99l
Jedele etaI., l99O
SchwarE etaI., 1992
Willems etaI., 1993
Gedeon etal.,l996b
Gedeon etal.,l996b
Gedeon etal.,l996b
Ken etaI., 1992
Gendrot et aJ., lgg4; Gedeon et al',1996b
Ravnaud etal., 1996
Móraine etal., 1994
Gedeon etaI., 1996b
Gedeon et aI., 1994
Donnelly et aI., 1994a (this thesis)

I ez.zaiti et al., 1995
Kozak etal., 1993
Passos-Beuno et aI-, 1993
Gress etal.. 1996
Maríiiez et aI., 1995
Nordstrom etal',1992
Robledo etal-,1996a
Gedeon etal.,l996a
Holinski-F ed¡et et aI., 1996

Hane etal-, 1996

Donnelly et al., 1996b (this thesis)

Donnelly etal., f996b (this thesis)

Hane etal., 1995
Holinski-Fed er et al., 1996
Raeymaekers et al, 1996
Cu XX et aL.. 1996

Claes et al., 1996
Bar-David etal-, 1996 -
Schutz et al., 1996

van der Maarel etal., 1996

Hamel et al.,
Knight etal., 993

996
1FRAXE

aFlanking recombinant markers are unpublished or unknown. The loci with which maximum

lod scores were obtained are given'

bt ocalisation is dependent on the model used. The maximum region is shown here'

c The MRxdesignation should only be applied to families where linkage between the disease

gene and Xlinked markers has been demonstrated with a lod score of > 2'o (Mulley et al''

lggz),and not to sporadic cases with translocations, as has happened here'
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Figure 6.13 Genetic map showing the regional localisation of the MRXL9 gene. The Xp loci

used in the linkage analysis are shown in bold. A new comprehensive map was constructed

using all the markers between and including DXS996 and DXS989, except for the loci: KAL

and DXS1052 (see6.4.1.2). The position of DXSI065 was taken from Hu et al. (1994).

This new map was positioned between the flanking Xp loci ( DXS237 and DXS28) of the map

given in Chapter 5. Framework markers are shown on the left hand side. Fully informative loci

with no recombinants are indicated (*). The regional localisations of the MRX genes from I other

families are shown, as are the localisations of the genes responsible for Coffin-Lowry Syndrome

(CLS) and Partington Syndrome (PRTS).



Skewing of X inactivation could be due to 3 factors:

1) Chance. Given that X inactivation occurs early in embryonic development, the X

inactivation pattern of those cells that ultimately populate a particular tissue is a

consequence of the number of precursor cells and thcir pattern of X inactivation. Disease

symptoms can arise if all or most cells of a tissue are derived, by chance, from precursors

in which the X chromosome that remained active contained the defective gene. Chance may

account for the skewed inactivation of the X in about lOVo of normal females, as observed

by Harris et aI. (1992) and Gibbons et aI. (1992). Variations in the tissue patterns of X

inactivation may also explain intrafamilial variation in the phenotypes of carriers.

2) Selective (non-random) inactivation of the X carrying the normal allele. Which parental

X chromosome is inactivated may be determined by genetic factors that control the

process, that is, there is "X inactivation" allelic variation in the population (Naumova et aI. ,

ree6).

3) Cell selection. This process would normally protect carrier females from symptoms.

However, selection against cells with an X chromosome with a major defect (in terms of

cell survival) can still result in symptoms of an X-linked recessive disease if the X that

remains active has a minor gene defect (see for example Nisen et al., 1986). Alternatively,

a gene defect may imbue a cell with a proliferative advantage (ie this mutation would be

described as "dominant"). Those cells in which the mutated X remains active would

outgrow those that do not. This process may apply to those carier females who exhibit

symptoms of adrenoleukodystrophy (Migeon et al., l98l).

Despite the fact that the MRX2 family was considered to have non-specific retardation, and

hence assigned the MRX notation (Arvelier et al., 1988), most of the affected males have

additional features in common: short stature, highly arched palates and macro-orchidism or

testicular volumes in the upper normal range (Proops etaI.,1983). (It was not specifically

mentioned, however, that these features were not present in the mentally normal males of

the pedigree, so they may be familial traits (albeit unusual in terms of population statistics

unrelated to the MRX gene). If the gene involved is the same as that in MRXI9 these

additional symptoms may be explained by allelic heterogeneity or the involvement of other

genes possibly via a microdeletion or some form of position effect.
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There are two syndromal forms of mental retardation that have also been confined toXp22

(Fig.6.13). Partington syndrome (PRTS orMRXSI; MIM 309510) has the additional

neurological features of dysarthria,ataxia and seizures @artington etal.,1988). The locus

has been mapped to Xp22.l-21.3 between DXS365 and DXS28 (Gedeon et al., 1994b).

The second form is Coffin-Lowry syndrome (CLS; MIM 303600), characterised by facial

and digital abnormalities and progressive skeletal malformation (Hunter et al., 1982;

Young, 1988). CLS has been mapped to a 3.4 cM region between the loci DXS7161 and

DXS365, which fits within the overlap of MRX2 and MRXIS (Bird et al., 1995). The

CLS cDNA (Rsk-2) has recently been identified (Irivier et al., 1996) and is thus a

candidate for also being responsible for MRXL9. This possibility has not yet been

investigated because the genomic structure of Rsk-2 has not yet been elucidated.

6.9.2 MRX30 and MRX3I

Inspection of the MRX30 pedigree (Fig. 6.a) prior to collection of blood samples revealed

that the MRX gene might be unmappable, in the sense that a significant lod score would be

unattainable, because of the small size of the family. To obtain a significant lod score from

this family the meioses leading toll-2,II-3, II-5 and II-7 needed to be informative. II-2,

II-3, II-5 and II-7 all received the MRX gene, hence their chromosomal segment within the

immediate vicinity of the MRX gene would be derived from the same homologue, which

would preclude inference of heterozygosity for I-1 for tightly linked markers. This would

remain the case if II-8 was a carrier, however, given that she had three normal sons it was

considered likely that she received the wildtype MRX-containing segment from the

alternative homologue and therefore it was hoped that the marker genotypes of II-8 could

be used to reveal any marker heterozygosity in I-1. This was in fact the case and II-8 was

crucial for the successful mapping of MRX30 even though her carrier status was

unknown.

The Xq MRX30 localisation overlaps those of MRX8, 13, 20, 23, 26 and 35 (Table 6.8;

Fig. 6.14). The MRX3L localisation spans the centromere and overlaps most of the

remaining MRXloci.
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The striped localisations highlight the existence of non-overlapping MRX genes'
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6.9.3 Family W

Unfortunately, the very large regions in which the disease locus may be found makes it

pointless to offer pre-natal or carrier risk analysis to any females from this family whose

carrier status is unknown. This is because the chance of recombination within these two

regions is considerable. In addition, there is no p arm terminal locus known to have

undergone recombination with the disease locus. The only way that the regional

localisations could be reduced would be to genotype other distantly related males from the

pedigree (if any exist), in the hope of encountering an informative recombination event.

The carrier status of the females (not yet genotyped) could be predicted by assaying which

of the grandmaternal (l-2) haplotypes each has inherited for the two potential MRX-

containing regions of the chromosome, providing these regions have remained intact. For

example, if female III-3 had the same grandmaternal haplotype as the unaffected male III-7

for the two high risk regions of the X chromosome, then it can be stated that she is

unlikely to be a carrier. On the other hand, if she has the same haplotype as the affected

males, for both high risk regions, it can be concluded she is a carrier. If however, she has

inherited a chromosome that has undergone recombination within the two high risk regions

then it would not be possible to determine her carrier status because the MRX gene may be

within the region of recombination. Haplotypes of the two regions are given in Figure

6.10.

6.9.4 Family O'H

Given the size of this family, and therefore the potential for a large number of

recombination events, it was hoped that the disease gene would be localised to a relatively

small region. This is in fact the case, but unfortunately to two relatively small regions. The

significant lod score obtained with one of these two regions is an example of false close

linkage, and demonstrates that a lod score of 2 is not sufficient evidence to conclude tight

linkage to a particular locus unless the remainder of the X chromosome has been excluded

(this has also been demonstrated by Robledo etal., 1996b).

Much genotypic information is missing from the family (Fig.6.11) and thus it is not

always possible to track the inheritance, between and within branches, of the alleles

inherited by the affected males (that is, the alleles may be identical by state and not by
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descent). If the disease gene was being inherited with a rare allele, this would boost the lod

score and conversely if the disease gene was inherited with a common allele the lod scores

would decrease (recall that routinely for two-point analyses, alleles are arbitrarily assigned

equal frequencies; 3.2.21.1). So, to get a more accurate lod score, given the absence of

DNA from key family members, population allele frequencies were determined for the loci

DXS453, DXS7113 and DXS424 (Table 6.6) and used in a second two-point linkage run

(Iable 6.7). Inheriting a rare allele for any of these 3 loci would provide evidence that this

allele was derived from the female at the top of the pedigree (I-2), that is, the allele is likely

to be identical-by-descent and unlikely to have entered the pedigree from a married-in

individual. Unfortunately, for all three loci, the affected males had the most common allele

segregating in the general population. Genotyping additional family members and

additional markers also failed to provide evidence supporting one region over the other.

Haplotyping of the two candidate regions was done in the hope of revealing: 1) an

unaffected mde with a high risk haplotype flanking either DXS453 or DXS424 or 2) an

affected individual with a low risk haplotype flanking either DXS453 or DXS424.

However, it is diff,rcult to identify putative recombination events involving the regions

around DXS453 and DXS424 because the DNA from most of the carrier females of the

family was unavailable for genotyping.

To explain the presence of an unaffected male with a flanking high risk haplotype, either a

double recombination event has removed the disease gene from the high risk haplotype or,

as is more likely, no double recombination event has occured and the disease gene lies

elsewhere. To explain the presence of an affected male with a flanking low risk haplotype,

either a double recombination event has added the disease gene to the low risk haplotype

or, as is more likely, the disease gene is located elsewhere. Applying this argument to the

O'H family; the affected male IV-6 has a low risk haplotype flanking DXS424. The

probability of a double recombination event (that transfers the putative XLMR gene to this

haplotype) within this relatively small region is at least 1 in 870 (0.025 x 0.04ó; see map

below). Therefore it is more likely that his mother (III-6) is homozygous for DXS424 and

that IV-6 does not have a recombinant haplotype. On this basis it is the Xq12 region that is

truly linked to the XLMR gene.
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The male IV-7 is mentally retarded but this is thought to be due to a head injury and so he

is not considered to carry the disease gene. He, however, apparently has the same

haplotypes for both regions as his affected brothers and carrier sister. For him not to carry

the disease gene a double recombination event is likely to have occured over a relatively

small region, either in Xq12 or Xq23 (his mother (III-9) is unlikely to be homozygous for

most of the loci haplotyped so her being homozygous cannot be used to explain away his

apparently high risk haplotypes). If IV-7 does not carry the disease gene, the double

recombination event (and hence the XLMR gene) is perhaps more likely to occur further

away from the centromere (where the recombination frequency is relatively low, on

average), that is, inXq23 rather than Xq12. The Xq23 localisation overlaps the coincident

localisations of MRX30 and MRX23. Affected males of all three families have

microcephaly. The phenotype of affected males of the MRX30 family is given in 7.5.1.1

and Donnelly et aI. (1996b; appendix 4.4). The MRX23 family has been clinically

assessed by Lehrke (1974; Family 1) and Howard-Peebles and Roberts (1984). A

defective gene common to all three families may explain the similar phenotypes.

Altematively IV-7 does carry the disease gene and his mother's claim that he developed

normally until his accident (6.8.1.1) is incorrect.

The genetic distances (cM) for the two regions have been obtained or estimated from the

genetic maps of Fain et al. (1995) and Dib et al. (1996) are as follows:

DXS1275- r.7 - DXS453 - 0.9 - DXS1124

and

DXS1220 - 2.5 - DXS424 - 4.6 - DXS8067 - 2.9 -DX51001

From Nelson et al., (1995) the physical distances (Mb) are estimated as:

DXS1275 - 2.0 - DXS453 - 1.0 - DXS7113 - 2.0 - DXSS59

and

DXS1059 - 3.0- DXS424 - 3.0- DXS1212 -2.O- DXS1001

Another scenario is that neither region is the true site of the XLMR gene because the male

V-6 (who is physically different from the other affected males) may not carry the XLMR

gene segregating within his family and therefore this gene lies elsewhere on the X

chromosome, although this is unlikely given the number of loci (and their relative genetic

distances) investigated (Table 6.5).
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6.9.5 Overview

From a consideration of the MRX localisations given in Figure 6.13, there are at least 8

distinct loci (striped in Fig.6.14) responsible for non-specific retardation on the X

chromosome lf FRAXE mental retardation is included. The other 7 regions from pter to

qter can be represented by MRX24, MRX2, MRX10, MRXI, MRX23, MRX27 and

MRX3. This degree of genetic heterogeneity strongly argues against the combination of

data from MRxfamilies with overlapping regional localisations for the purpose of refining

regional localisations.

'Whether the overlapping regional localisations of 2 or more MRX loci truly reflects the

involvement of the same gene will only be resolved upon cloning of candidate genes and

the subsequent screening for mutations in the affected individuals. It has been estimated

that 20,000 genes may be involved in brain development and function (Adams et al.,

1991). Given that the X chromosome is 5Vo of the genome (Morton, 1991) and assuming

an equal distribution of these loci one can expect 1,000 X-linked genes to be involved in

brain function.

What constitutes a candidate gene for MRX is a problem raised by the lack of any known

biochemical abnormalities in those affected. More extensive clinical reassessment of the

affected members of the families may reveal abnormalities other than mental retardation,

when compared with their normal relatives. The identification of interfamilial similarity in

such secondary symptoms may be used to justify the pooling of linkage data and perhaps

lead to a reduction in the gene localisation. The gene (FMR2) associated with FRAXE

mental retardation (which can also be considered a non-specific form of mental retardation)

has been isolated (Gecz et al., 1996; Gu Y et al., 1996), and the characterisation of this

gene may help to predict the type of genes responsible for the M RX disorders'

Currently, efforts are underway to position X-linked ESTs and those that map within

regions of interest then become candidates (Parrish and Nelson,1993; Durkin et al., 1994;

Mazzarella and Srivastava, 1994). Expression in the brain may be a more stringent

criterion to select candidate genes that map within the regional MRX localisations (see for

example Gecz et al., 1994 Colleaux et aI., 1996; van der Maarel et al., 1996). Other

candidate genes may be identified from the use of breakpoint maps constructed from the
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cytogenetic and molecular genetic analyses of mentally retarded male or female patients

with deletions, duplications, X/Y or X/autosome translocations (although the retarded

phenotype may be a consequence of the pleiotropic effects due to the loss (or gain) of a

number of genes rather than to the specific loss of a single gene).

For example, people with deletions of or within Xp22 often have contiguous gene

syndromes that sometimes include mental retardation (Ballabio et al., 1989; Ballabio and

Andria, 1992; Schaefer et at.,1993). PCR analysis of the DNA of patients with deletions

in this region and suffering from mental retardation have shown that the putative locus lies

between DXS1145 (near the pseudoautosomal boundary) and the more proximal

DXS1130 (distal to DXS237) (Herrell etaI., 1995). This region is encompassed by the

localisations of MRX2l, MRX24 and MRX3ó. There are however males with apparent

deletions of this region that are not retarded (Schaefer et al., 1993). More recently, STS

PCR screening of MRX males has revealed a miclodeletion in Xp21.3-p22.1between the

loci DXS6764 and DXS7|88, in one individual (Billuart et al., 1996); this expanse is

encompassed by MRX2, 10, 13,21, 29, 32., 33,36 and -38. Characterisation of

cytogenetically visible deletions in the Xq21 region using markers, and then conelating the

extent of these deletions with the phenotypes of the patients from which the cells where

obtained, has narrowed a locus responsible for mental retardation to a region bounded by

DXS26 and, DXS121 (Bach et al., L992; Philippe et al., 1995). May and collegues claim,

however, that the locus is more distal, between DXS233 and CHM (May et aI., 1995).

The occurence of cytogenetically visible deletions in viable males implies that relatively few

genes are within these regions (such as Xp22.3 and Xq21.3), which may simplify the

isolation and identification of the genes responsible for particular phenotypes.

Another example is that of a mentally retarded female possessing an X/autosome

translocation [t(X;13Xq13;q34)], with the X breakpoint occuring between the loci CCGI

and DXS3 48 (van der Maarel et al., 1994), a region spanned by many of the

pericentromeric MRX loci. Her retardation may be a consequence of the disruption of a

gene involved in brain function, either on the X or chromosome 13. The XJinked gene

disrupted by the break is curently under investigation (van der Maarel et al., 1994; 1996),

and has been screened for mutations in a number of families with XLMR (Chapter 7).
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It has been observed that the presence of small supernumerary ring X chromosomes, that

have lost the XIST gene and thus escape inactivation, may increase the risk of mental

retardation in those (usually females) possessing them (van Dyke et al., I99l; Dennis ¿r

aI., 1993; Migeon et al., 1994; V/olff et al., 1994; Jani et al., 1995). Characterisation of

the genes present on these rings, which consist of centromeric heterochromatin and

presumably functional pericentromeric euchromatin may lead to the identification of

candidate genes for those MRX localisations that span the centromere. If a gene canied by

ring chromosomes ls responsible for the retardation of the carriers of these chromosomes,

the phenotype is likely to be due to increased dosage (that is, two functional copies of the

gene).

Ultimately, the characterisation of the loci involved in mental function will require the

screening of candidate genes for mutations. With this in mind, Mandel (1994) has

proposed the establishment (which has yet to be implemented) of a repository for

lymphoblastoid cell lines (LCLs) from at least one affected member of each MRX family,

so that DNA and RNA will be available to any researcher who wishes to screen a candidate

sequence for mutations. Although finding a mutation in one MRX family need not mean

that the same lesion will be found in other co-localising MRX families, because, as

mentioned above, of the consequences of the relatively brief propagation of any particular

X-linked mutation that reduces the reproductive fitness of males and because of the large

number of genes on the X chromosome which are likely to be expressed in neural tissue

and therefore represent candidates for MRX.
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6.10 Conclusion

Five loci responsible for mental retardation have been regionally localised to the X

chromosome. These investigations have enabled carrier status to be predicted by linkage

using flanking markers and may prove useful in the future for prenatal diagnosis. To

increase the confidence of any risk assessment, and to naffow the regions within which

any candidate genes must lie, would require the genotyping of additional family members

and/or (informative) markers (between those markers that define the closest recombination

points known and those markers that show no recombination). The investigations of the 3

families affected with non-specific mental retardation have been published (Donnelly et al.,

1994a,1996b; appendix 4.3, 4.4).

The linkage analyses have also contributed to the "morbid anatomy" of the X chromosome.

It is now known that there are at least 8 loci responsible for non-specific mental retardation

that are distributed along most of the X chromosome, but the only gene to be discovered to

date has been the FMR2 gene, found at the FRAXE locus in Xq28 (Gecz et al., 1996; Gl

Y etal., 1996).
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7.1 Summary

To begin isolating and characterising genes that may be responsible for one or more of the

MRX loci that span the centromere of the X chromosome, YACs positive for the

microsatellite marker DXSL125 (mapping to Xq12-q13) were obtained from the Washington

University School of Medicine YAC library. Alu-PCR was performed to generate human

specific sequences from total yeaslYAC DNA. These PCR products were then used to probe

an X chromosome-specific cosmid grid obtained from the Imperial Cancer Research Fund.

Cosmids that mapped, by FISH, to the same region as the YACs were then sub-cloned into

the exon trapping vector; pSPL3. The trapped putative exons were sub-cloned into bluescript,

sequenced and used to probe Southern blots of YAC, cosmid and human genomic DNA.

Those probes that hybridised to the appropriate YACs and cosmids and to human genomic

DNA were investigated further. PCR amplification was attempted from brain cDNA to

demonstrate that the trapped products were expressed in neural tissue. Failure to generate

consistent evidence that these exon trapped products were expressed led instead to the

investigation, by SSCA, of two strong candidate genes for XLMR (CR73E and DXS6673Ð.

Neither of these genes exhibited XlMR-family specific genetic variation, a finding which

would have been suggestive of the presence of a deleterious mutation.
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7.2 lntroduction

The purpose of the work presented in this chapter was to extend the gene localisation studies

for XLMR to the identification and characterisation of potential candidate genes for X-linked

mental retardation (XLMR).

To identify genes responsible for genetic diseases, in the absence of any cytogenetically

detectable abnormality, it will be necessary to screen genes, that lie within the regions defined

by linkage analyses, for mutations in the affected members of the pedigrees concerned

(Mandel, 1994). Candidate genes will be prioritised on the basis of tissue expression. Genes

expressed in neural tissue represent strong candidates for causing XLMR, but for this

positional cloning approach to succeed a transcriptional (or functional) map of the relevant

region needs to be generated. Such a rnap would show the relative positions of any genes, or

at least ESTs (expressed sequence tags). Construction of such maps initially proceeded at a

relatively slow pace primarily because many of the thousands of ESTs isolated were slow to

be physically or genetically mapped (Davies, 1993). For example, of about 20,000 ESTs in

GDB in early 1994, only 18 were known to be X-linked (Parrish and Nelson, 1993;

Mazzarella and Srivastava,1994). Attempts are being made to rapidly improve this situation

as shown by the recent mappingof over 16.000 genes by using the PCR technique to amplify

known ESTs from radiation hybrid panels and physically mapped YACs (Schuler et al.,

tee6).

There are currently many methods to identify and isolate exons and genes from genomic

DNA. These methods have been reviewed by Hochgeschwender (1992), Lovett (1994) and

Brennan and Hochgeschwender (1995). Briefly, the procedures can be grouped into three

categories: hybridisation-based, structure/function-based, and sequence-based techniques

(Collins, 1992).

Hybridisation-based techniques involve:

1) the identification of evolutionary conserved sequences using zoo blots (Monaco et al.,

1e86);

2) the identification of expressed sequences using Northern blots;
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3) the detection of splice sites (Melmer and Buchwald, 1992);

4) the isolation of human-specific pre-processed (hn)RNA from somatic cell hybrids using

A/ø-PCR (Corbo et aJ., I99O);

5) the use of genomic DNA to select cDNA clones ("direct selection") (Lovett et aI., l99I;

Parimoo et al., I99l);

6) subtractive hybridisation of cDNAs from somatic cell hybrids (Jones et al., 1992).

Structure-based techniques involve the isolation of genes on the basis ofthe presence of gene

associated features such as:

1) unmethylated CpG islands ("island rescue") (Lindsay and Bird, 1987; Valdes et al., 1994);

2) splice sites ("exon trapping" or "exon amplification") (Duyk et al., l99O; Buckler et al.,

l99I; Hamaguchi et aJ., 1992).

Sequence-based techniques are similar in that they rely on neural-net computer programs to

identify gene-associated features, such as open reading frames, codon usage or splice site

signals, from raw sequence data (Uberbacher and Mural, 1991; Hutchinson and Hayden,

1992; Snyder and Stormo, 1993). Alternatively, a different sequencing approach is the

single-pass sequencing of cDNAs to generate random ESTs, followed by their physical

mapping using FISH or PCR from somatic cell/radiation hybrids or YACs (Adams et al.,

l99l; Khan et al., I99I; V/ilcox et al., I99l Berry et aL, 1995; Hillier et aI., 1996). This

latter technique and those involving direct selection and exon trapping are the methods

predominantly used to initially isolate putative expressed sequences. Each technique cited

above has its advantages and disadvantages and a combined approach is most often necessary

to facilitate the identification of any particular gene.

Exon trapping was the procedure used herein. This method does not rely on the expression of

the genes trapped and thus is not affected by the developmental stage of expression, the tissue

of expression nor the level of expression. [t does rely on the presence of splice sites flanking

the exon, and as a consequence terminal (5' and 3') exons are not selected. Exons from genes

that have less than three exons are therefore not detected. Once a putative exon is trapped its
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expression needs to be confirmed and the remaining exons of the gene need to be found.

Proving expression is achieved by showing that the sequence is present in: l) cDNA from

tissue or libraries and2) RNA (Nofthern blots). Isolating the whole gene may be achieved by

probing the appropriate cDNA libraries with the trapped exon and/or using the RACE

technique and cDNA to obtain additional sequence flanking the exon.

The exon trapping technique (Fig. 7.1) involves ligating cloned DNA into the exon trapping

vector (Buckler et al., I99l; Church et al., 1994). This vector contains a splice donor and

acceptor site, from the Human Immunodef,rciency Virus (HIV), that flank the cloning site.

Following transfection into eukaryotic cells, transcription proceeds from an SV4O promoter.

After transcription, if an exon is within the DNA inserted into the vector, splicing occurs

between the vector splice donor site and the exon splice acceptor site and vice versa. The

result is a hybrid (exon with flanking vector sequences) mRNA. These hybrids can be

selected using vector primers and the PCR products cloned into plasmids for amplification

and subsequent analysis.

The two XLMR candidate genes investigated were CR73E and DXS6673E. Both were

isolated and characterised by other researchers and shown to map to regions of the X

chromosome that are spanned by the regional localisations of a number of XLMR genes.

CR73E is strongly expressed in the brain and is therefore a good XLMR candidate gene.

DXS6673E is an excellent candidate gene for XLMR because it is also strongly expressed in

the brain and was found to be disrupted by a balanced X;13 translocation in a rnentally

retarded female (van der Maarel et al., 1996). Females with cytogenetic abnormalities

involving the X chromosome often survive the phenotypic consequences, whereas their male

counterparts do not. Hence they are a valuable resource for the cloning of X-linked genes that

are affected by the defects in chromosomal structure (Collins, 1995).
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7.3 Materials and Methods

Only brief accounts of the methods used are given below, further details are given in the

Chapter 3 sections indicated.

7.3.1 Selection of clones from Xq13-q12

7.3.1.I YAC/Yeast DNA preparation

YAC clones were screened with the primers of the microsatellite DXSI 125 (Chapter 4) by the

staff of the \ù/ashington University School of Medicine (WUSM; Burke et aL, 1987).

Positive clones were sent as stabs. Total yeast DNA was prepared using the method

described in3.2.7.3. The presence of microsatellite DXSL125 in all YACs was confirmed

by PCR analysis.

FISH was performed, by Liz Baker or Helen Eyre (WCH), to determine the integrity and

cytogenetic localisation of each Y AC (3.2.I7).

7.3.1.2 Alu-PCR

To generate human-specific products from YACs, inter-Alu or Alu-bttbble PCRs were used

(3.2.I5-2). The latter modification was employed because of the failure to generate inter-Alu

PCR products from the YACs: i43F5, i7F10 and i76H1O. Alu repeats are present, on

average, every 4 kb in the human genome (Moyzis et aI., 1989).

The inter-A/ø primer pair used to PCR from YAC i318412 were AIu 5 and 6. The Alu

primers used on the other 3 YACs, in conjunction with the bubble primer, were AIu 1,2,3,

4,5 and 6. Various combinations of pairs of these primers were used in conjunction with the

bubble primer to determine which "set" gave the optimum results in terms of the number of

PCR products and their yield per react\on. For example, PCR from RsaI restricted YAC

i76H10 using AIu primers 4 and 6, in the same reaction with the bubble primers, resulted in

more PCR products than that when primers 1 and 2 were used.
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7.3.I.3 Cosmid grids

An X chromosome-specific cosmid grid (in duplicate) was obtained from the ICRF (Lehrach

et al., 1990; Nizetic et al., I99I). The grid (ICRF library no. 104) contained 20,736 spots of

cosmid DNA (equivalent to a 4 to 5 fold covefage of the X chromosome).

Radioactive probing was based on the protocol accompanying the grid. The grids were pre-

hybridised at42oC using hybridisation solution with denatured sheared salmon sperm DNA

(at a final concentration of 100 ¡r,g/ml). 50 ng of each precipitated Ala-PCR was labelled

using the Megaprime kit reagents in separate 50 ¡.r,1 reactions. After incubation for 10 min. at

3'7oC, the reaction was stopped by heating at 100oC for 5 min. Each probe was then pre-

reassociated to block high copy number repeat sequences (3.2.5).

Cosmid vector (50 ng of lawrist 4) was also labelled but with [G35S]dCTP rather than with

¡ç¿32PldCTP (without blocking). The purpose of this was to generate a relatively faint

uniform radioactive background so that the x/y co-ordinates of any 32P-positive spots could

be readily determined.

The Alu and lawrist probes were pooled, added to 15 ml of fresh hybridisation solution (with

salmon sperm DNA), and then added to the grids. Hybridisation occured overnight. Washing

of the filters was as previously described (3.2.6). Prior to probing the grids withthe Alu-

PCR products, they were probed with the cosmid vector alone to ensure that any positives

subsequently revealed by the labelled AIø-PCR products were not due to inconsistencies in

the amount of DNA spotted onto the grid. This lawrist 4 vector was supplied by ICRF. The

autoradiographic results and the co-ordinates of l0 separate strong positive signals were sent

to ICRF who sent back 10 cosmid stabs.

7.3.1.4 Cosmid DNA preparation

Qiagen tip 100s were used to purify the cosmid DNA from 150 ml LB/kan overnight cultures

(3.2.7.6). FISH was performed by Liz Baker or Helen Eyre to confirm the integrity and
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cytogenetic localisation of each cosmid (3.2.I7).

Restriction fragment and repeat-sequence fingerprinting were done to determine if any of the

cosmids were identical. Fingerprinting was performed by hybridising 50 ng of radiolabelled

total human DNA to a Southern blot of the restriction digests.

7.3.2 Exon trapping

Exon trapping was carried out using the protocol supplied by Gibco-BRL. This protocol

specifically refers to the use of the vector: pSPLI (Buckler et aI., l99l), however the vector

used herein was pSPL3 (a gift from Dr A. Buckler). This pSPL3 vector is an improved

derivative of pSPLI (Church et aI., 1994). It was transformed into XLlBlue bacteria to

generate sufficient DNA for cloning the cosmids.

7.3.2.1 Cosmid digests

The cosmids were cut with BgIII and, then BamHL Phenol/chloroform/isoamyl extraction

was used to purify the restriction fragments. DNA was precipitated with 0.1 x volume of 3 M

potassium acetate (pH 5.2) and 2 x volume of ethanol, followed by incubation at -70oC for

3O min.

7 .3.2.2 Cosmid-pSPL3 ligations

Individual cosmid digests were then ligated into the dephosphorylated BamHI site of pSPL3,

and incubated overnight at 16oC. A 1:l ratio (50 ng each) of both vector and insert was

usually used in a 10 ¡rl reaction with I unit of T4 ligase. Half of the ligated DNA was

transformed into XLlBlue cells. An aliqout ( O0 ¡rl) of the transformation mixture was plated

out to assess the eff,iciency of ligation and transformation. Another 4O0 ¡rl was inoculated into

20 ml LB/amp, grown overnight and the plasmid DNA purified using Qiagen tip 5.
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BamHl digests were done to linearise 5ü) ng of this plasmid DNA which was then run

through a O.87o (w/v), ethidium bromide containing, agarose gel to confirm that inserts had

been ligated into the vector.

7.3.2.3 Transfection of COS-7 cells and RNA isolation

Transfection and RNA isolation from COS-7 cells was performed according to the protocol

from Gibco-BRL (3.2.11.2). Each cosmid preparation was used to transfect a separate flask

of cells. In addition two control flasks were used: l) one flask of cells was transfected with

100 ng of a positive control supplied by Gibco-BRL (this control consisted of pSPLI with a

insert containing a 66 bp exon from fhe tau gene); 2) the other flask of cells was transfected

with 1 pg of pSPL3 vector only (no insert).

7.3.2.4 cDNA synthesis and PCR

Following isolation of RNA from the COS-7 cells the RNA was reverse transcribed, before

being assayed for the presence of any trapped products. The procedures followed for reverse

transcription (3.2.19.1) and the subsequent PCR, were a combination of the protocols

supplied by Gibco-BRL and Dr Buckler.

7 .3.2.5 Cloning of the trapped products

The cDNA PCR products were then cut simultaneously with SalI and BgllÍ,

dephosphorylated (to avoid ligation of multiple inserts). extracted with phenol/chloroform,

precipitated with sodium acetate/ethanol and resuspended in 20 ¡rl of dH2O.

These PCR products (100-250 ng) were then ligated into 100 ng of SalllBglII cut bluescript

plasmid vector and transformed into XLlBlue bacteria. Half of the transformation was plated

onto 19 mm diameter LB/amp plates, previously covered with a solution o1 4O y"l27o (wlv)

Xgal, 30 ¡rl 100 mM IPTG and 400 ¡rl LB, for blue/white selection of transformants
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About 15 white colonies were picked from each plate. Each plate contained the exon trapped

products from one cosmid. So in total, about 75 colonies (5 cosmids x 15 colonies) were

picked to be analysed. A colony was picked with a sterile pipetman tip, streaked "into the

square" of a second (gridded) plate and inoculated into a PCR tube containing a drop of

paraffin, for subsequent colony PCR.

7.3.2.6 Colony PCR

Colony PCR (3.2.15.3), using primers SA5 and SD5, was performed and the products from

each cosmid experiment were size classed, with the assumption being that products of the

same size were of the same sequence. One colony from most of the different size classes was

chosen for sequencing. These colonies were picked from the gridded plates, and grown

overnight in 20 ml LB/amp. Plasmid DNA was prepared using Qiagen tip 5.

7.3.3 Characterisation of trapped products

Southern blots of BglIllBamHI digests of cosmids, YACs and total human DNA were

probed with putative exons to confirm that they map back to original DNA source and

hybridised to restriction fragments of the expected size. The PCR products used as probes

were generated from the bluescript plasmid templates using primers (SA5 and SD5) that

immediately flank the insert. The products were purified from the reaction using Qiaquick

spin columns and labelled using the Megaprime kit.

7 .3.3.1 Plasmid sequencing

Forward and reverse double strand sequencing was done using the reagents, including the

Ml3 forward (-21) and reverse primers, and protocol of the PRISM dye-primer cycle

sequencing kit (3.2.12.4). The sequence generated from the M13 -21 primer was the "sense"

sequence, that is, the 5'-3' orientation of the putative exon as it would have been in the

pSPL3 vector.
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7 .3.3.2 Sequence analysis

The BLASTN program (3.2.13) was used to search for nucleotide sequence homology

between the trapped products and any DNA sequence on the GenBank database. The critical

p value indicating significant homology was taken to be <10-5 (Altschul et al., 1990; Church

etal., 1994).

Similarly, the BLASTX program (3.2.13) was used to search for any sequence homology

between the predicted amino acid sequence of the trapped products and any protein sequence

on the database. The critical p value indicating signif,rcant homology was again taken to be

<10-5 (Altschul etaJ.,l99O; Church etal., 1994).

To reveal any open (uninterrupted) reading frames (ORFs) within the sequences the Applied

Biosytems SeqEd (version 1.0.3) software was used.

The sequence of splice sites of exon trapped products were compared to the consensus splice

donor and acceptor sequences reported by Fichant (1992).

7.3.3.3 PCR product sequencing

PCR products from genomic DNA were generated, purified and sequenced as described

previously (3.2.7 .5, 3.2.12.3).

7.3.3.4 cDNA libraries

The primers of the putative exons, and a positive control (TR;7.3.3.8), were used to screen

the following commercially produced human cDNA phage libraries:

Adult and fetal brain (a 1:1:1 mix of Clontech l.gtlO, lgtl 1 and Stratagene ),,ZAPII libraries);

Adult and fetal kidney (a 1:1 mix of Clontech Àgtl1);

Lung (source unknown);

Placenta (Clontech ; l"gt1 1 )
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7.3.3.5 Total RNA isolation

RNA isolation from fresh tissue was performed as described in 3.2.18.2.

7.3.3.6 PolyA+ RNA isolation

The mRNA fraction of total RNA was purified using oligo(dT)-cellulose columns according

to the protocol supplied (mRNA purification kit; Pharmacia).

The following total RNA samples were pooled to isolate the mRNA:

basal ganglia I20 ¡t"g;

cerebellum 471.5 1t"g;

frontal lobe 471.5 pg;

occipital lobe 187 pg

equivalent amounts of total RNA from each region were not used because the amount of

RNA from basal ganglia and occipital lobe were limiting.

The yield of mRNA obtained using this method was 1 I.7 ttg (IVo recovery from total RNA).

7 -3.3.7 DNAse treatment

DNA contamination of mRNA was removed as described in 3.2.19.2.

7 .3.3.8 cDNA synthesis

RNA was reverse transcribed as describedin3.2-19.2.

To assess the integrity of the cDNA, inter-exon primers were used from the:

Transferrin receptor (IR) gene (McClelland, 1984):

5, GGAT fuAT\GCGGTTCTTGGTACCAG 3'

5' TGGAAGTAGCACGGAAGAAGTCTC 3'

The PCR product size is 5l2bp (from cDNA only)

or the
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Esterase D (ESD) gene (Lee and Lee, 1986; GenBank accession no. M13450)

5' GGAGCTTCCCCAACTCATAAATGCC 3'

5' GCATGATGTCTGATGTGGTCAGTAA 3'

The PCR product size is 453 bp (from cDNA only).

7 .3.3.9 l"gtl1 cDNA library screening

A lambda gtl1 phage fetal brain cDNA (Clontech) library was amplified (Scott Whitmore,

WCH) and divided into 100 sub-pools. These sub-pools were then pooled into 40 aliquots,

which were stored at 4oC. These aliquots were screened by PCR using the putative exon

primers, in a25 ¡rl reaction.

7.3.3.10 r?r/¿ PCR

This technique enables the reverse transcription reaction to occur at 7OoC, facilitating the

denaturing of any secondary structure of the RNA. The forward and reverse primers of the

putative exons D2425.39 and D0814.43 were used, as described in3.2.I9.3, in an attempt to

reverse transcribe a mix of total RNA from: frontal lobe, occipital lobe, brain tumour,

bladder, Hela cells, and rhabdomyosarcoma.

7 .3.3.1 1 Northern blotting

Northern blotting was performed in an attempt to reveal any transcripts associated with two

of the putative exons, as this would be considered proof of their expression. The procedure is

described in 3.2.20, using 15 ¡rg of total RNA from cerebellum, frontal lobe, lymphoblastoid

and rhabdomyosarcoma tissue.

7.3.4 MRX candidate genes: CR73E and DXS6673E

The CR73E cDNA fullJength 1669 bp sequence was kindly provided by Dr Philippe Berta

and Philippe Jay of the Centre National De La Recherche Scientifique (CNRS), in France.

They discovered that the monoexonic gene maps to Xpl1.2-p11.1 (radioactive in situ
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hybridisation) and that it is strongly expressed in fetal and adult brain and hybridises to a 4 kb

transcript.

The WCH has access to the DNA from members of nine XLMR families where the disease

gene spans the cytogentic localisation of CR73E. The families with non-syndromal mental

retardation are MRXI, 12, 13, 17, 18 and 31 (see Fig.6.13 and Table 6.8). The 3

syndromal mental retardation families investigated were ones affected with: Sutherland-Haan

syndrome (SHS; MIM 30947O; Gedeon et aI.,I996d); XLMR with macrocephaly (Turner er

a1.,1994); and Wilson-Turner syndrome (WTS; MIM 309585; Gedeon etal., 1996e).

The XLMR candidate gene DXS6673E (EMBL accession no. X95808) was isolated and

characterised by van der Maarel et al. (1996). The gene maps to Xql3.1 and was disrupted in

the 5' UTR of a mentally retarded female and thus may be a candidate for MRXL3, MRX3l

or WTS (whose disease gene regional localisations were determined at the WCH and they

encompass DXS6673Ð. The mRNA ORF is 4O74 bp in length and the gene contains 25

exons. The ORF extends from within exon 2 to within exon 25.

7.3.4.1 PCR

PCR was performed using the "lomix" reagents and the following thermal cycles:

[ 95oC, 30 secs; AT, 30 secs;72oC I min.] x 35

where AT is the appropriate annealing temperature for the primer pair used. The annealing

temperature that usually worked was calculated according to the formula:

4oCl[G or Cl + 2oCl[A or Tl

The 5 primer pairs used for the amplification of CR73E (Table 7.1) were designed from the

cDNA sequence provided by Dr Berta and Philippe Jay (unpublished data). To avoid the

possibility of any cross-hybridisation, a BLASTN search (3.2.I3) was performed to ensure

that the primers were not likely to amplify any other sequence.
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Table T.L Primers used to amptify thre CR73E ORF for SSCA

Primer
set

Primers
Reverse

Product
size (bp)Forward

1 ATCGAGTACCGGACTGGCTG GCAGACGGCAGAGCGTATGC 281'

2 TCCTTACTACTTCCTGCTGG CTCCCGAATfuAACTTGTAGG 343

3 TCATCTGCATGGCCTGGACC CTGGCTGCATGCCCATTCTG 379

4 AGGCTGCTGCCAACTGGATC TCAGGCACTTCTTGAGGTCC 336

5 CAACCCA\T{TTGTCTGCTTCC ATATGCCTCTTTCCCAGTCC 3I9

Sequence of the gene provided by Phillipe Jay (CNRS). The primers sets were designed so

that they overlapped.



Twenty-five pairs of primers were used to amplify the ORF of DXS6673E and were kindly

provided by Dr van der Maarel of the Max-Planck Institut fur Molekulare Genetik (MPIMG)

in Berlin. Their sequences are given in Table 7.2. They were also subjected to a BLASTN

search.

A polymorphic microsatellite within exon I of the DXS6673E gene (primers 736 and737;

van der Maarel et aI., 1996) was genotyped through the MRXL3, MRX3I and WTS families

to determine if recombinants were present. Note that the MRXL3 and WTS families have

been genotyped for non-recombinant markers flanking the DXS6673E gene Q{err et al.,

1992 and Gedeon et al., I996e respectively)

7.3.4.2 SSCA

To detect any sequence variants both MDE and I0Vo (w/v) acrylamide gels were used, as

described in 3.2.16.4.

The DNA from one affected male from each of the families mentioned above was subjected to

SSCA. The DNA from two unrelated unaffected males was used as normal controls.

7.3.4.3 Sequencing

PCR products were generated and sequenced as described in 3.2.7 .5 and 3.2.12.3.
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Table 7.2 Primers used to amplify thie DXS6673E ORF for SSCA

Exon Primers
No. Forward/Reverse

t263 GGAATTCAGGCTAAGACCACC
CCAGCAACTCAGTCTC'CTCCA

2
968

12&
E70

TTGATACCCCTGCTGGCCTG
CTCTAGTAGCCCCTCAGGTG

CTG CTGGGGCAAATTCCTGTT
CACCCTCTCCCAGCCCTG

TTCTTCCCCAGGAATGGAGG
GTCCTTCCCAGAGCTAAGGG

CTGGCCAGGGTGTCAGTTTTC
GGACCTTTTCCACACCCAGAAC

CTGT.TGGTCAGGGGATGGTTG
CACAAGTCATCTTGGTGCCC

GGCCGGGCGCTCTGCAGT
CTCATACTCCTGCCCAGATC

CATTGATCCTGGAGGAGGGG
GAGGGGCAGGTCAGGGCTG

CCGGGCCAACAAGGGACTG
AACCCAAGGAACCACACCCC

A\AT fu \AT\GTGAAGC'GACAJA'ATCC
GGGAGTATGGGAGGTAGAGAG

CCCTCTCTCTTTCTCTTTTCC
TTCTCCAACCCTCTTTATGTT

GCTGCACACATCTTGCCCCT
GACAGTCTGGTCGTGTGGC

GAAGGGGTCCTTCCACTTGG
CTGGCTGGGAGTTATAGTGTC

CT CTTACCCTTGGGTATCTGTGT
GCTCCCCACTGCCCTCTTTC

GGGGA\rA\r{G A\rA,r\GGGCCCAAC
AGGATTAGGAGAGTCCAGGC

tu\r{TGGAGAG CTAGT CCCTTG
TGCCCCGACCTTGCCCAAAT

1265
7266,

tt99
1232

3

4

5

1277
1233

t200
920

1234
r235

T2OT
r236

1238
t237

6

7

I

9

10

1l

12

l3

l4

1203
1239

IzQ
l%t

1242
t243

t2M
124

1245
tz6
1223
r205

1247
1248

Primers provided by Dr van der Maarel (MPIMG).



Table 7.2 Primers used to amplify thle DXS6673E ORF for sscA
(cont'd).

Exon Primers
No. Forward/ReYerse

15

16

t7

r8

t9

20

2I

22

23

M9
1206

AGGAGGGTACGGCGGTTGG
GGCAGCCCTAGGACTCTGG

AGATGTGACCAGTCCAGCAG
T GAT GAGAGTAAGGC'GAAAGG

CAACTGCTGGTGTGGTTCTTG
GGGCAGAGACATGCTGGTAG

CTGA,A-A.GCTTGTGAGGGTGC
CCTGATGGCACA\Tq\T\TGCTACC

GGAGGGCTGCAGGGTTGAG
CCTTTGGGCCTCCATTCTTC

CTCTGGCCTTACCTCTGCCA

ATGGA\T\CTAú\GTGÁúq\T\TTCCCCAT
CCTGCTGTGGT AAGAGTGACAG

CTTTCT'TCTAGGACCTACAGTC
GATGGTGGATTGGAAGAATGG

GGTTGGGTTTGGGTAACCAC
GAGAGTTGCATGTGTTCCTC

TTTTGGGCTGCAGACAGCTG
TGGGTTATGGCAGGGCATGG

TGTGGGCTCATGGAGCCTGTG
ATCCCTCGGGTCCCCATGC

TGGTACTGATCTTCTGTCCTG
TGGCCACAGGACAGACATTG

t207
t250

t25l
1208

t209
1252

1253
rn8

1279
1254

24

25

t255
r256

1257
t258

1262
918

1214
9M

1259
I2l5

1260
t26l

Primers provided by Dr van der Maarel (MPIMG)



7.4 Results

7.4.1 Selection of YAC clones that map to Xq12-ql3

Primers of the microsatellite marker DXSI125 were used to select YACs from the

Washington University School of Medicine YAC library. This microsatellite was isolated by

the candidate (Table 4.3) and maps near the centromere (Fig. 5.1), which is spanned by most

of the MRX loci (Fig. 6.13). Five YACs were positive for this marker (Table 7.3). Upon

receipt of these YACs, and following preparation of DNA, the presence of microsatellite

DXS1125 in each was conf,rrmed by PCR analysis. FISH was performed to determine the

integrity and cytogenetic localisation of each YAC. YAC clone i8445 was shown to be

chimaeric and was not used in any subsequent steps (Table7.3).

7.4.2 Selection of cosmid clones that map to Xq12-q13

Alu-PCR products from these YACs were used to select cosmid clones from the ICRF

gridded library. Ten of the clones that hybridised strongly to the pre-reassociated Alz-PCR

products were chosen, however, 4 were shown by FISH to map elsewhere in the genome

and one other could not be localised (Iable 7.4). None of the clones were positive for the

marker DXS1125. Restriction analysis and repeat-sequence fingerprinting indicated that, of

the X-specific cosmids, J0434 and Plll0 had some overlapping sequence (Fig.7.2). The

PCR product of DXSI 125 itself was not used to probe the cosmid grids because the presence

of the AC repeat would be expected to severely reduce the specificity of the hybridisation.

7.4.3 Exon trapping

Each of the remaining five cosmid clones were cut with Bglll and BamHI, then separately

shotgun subcloned into the BamHI site of the exon trapping vector pSPL3. The plasmid

DNA, containing a range of insert sizes, from the transformed bacteria was isolated and used

to transfect eukaryotic COS-7 cells (1 flask of cells/ "cosmid"). The RNA from these cells

was isolated and reverse transcribed.

217



Table 7.3 Y^C clones positive for microsatellite DXSII2S

WUSMa clone size (kþb FISH results

i3t8At2

i43F5

i7F10

176HrO

i84A5

zffi
230

175

285

Æo

Xql3

Xq13

Xq13

Xq13

Xq13+15pter

a Washington University School of Medicine.
b Information provided by WUSM.



Table 7.4 Cosmid clones selected using YAC inter-Alu sequences

ICRFcl04aclone FISH results

Att54

BOT44

D0814

DVt25

JM34

w34
l\42219

N0110

Pl110

Plt28

Xq13

lOqZA

Xql2-ql3

Xql2

Xq13

8q24.3

22q13

Tpter

Xql3

no specific signal

a Imperial Cancer Research Fund cosmid reference library #l0y'..
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Figure 7.2 Fingerprinting of cosmids.

The autoradiograph shows BamHIlBglII cosmid digests

probed with total human DNA. The negative control is a

cosmid that maps to Xq27 . lts purpose was to reveal any

cross-hybridising vector fragments.



Exon trapped products were amplified by PCR, using primers that flank the vector splice

donor and vector splice acceptor sites (Fig. ?.1). The trapped products from each reaction

were precipiøted and cut simultaneously with S¿lI and Bgtll to enable cloning into the 'S¿lI

and BglII sites of bluescript. Fourteen to 20 white colonies from each transformation were

picked onto fresh plates and also subjected to PCR. Each set of colonies picked represent the

products trapped from one of the cosmids. The inserts within the plasmids were amplified by

pCR and run on an agarose gel. Based on a comparison of the sizes, the PCR products could

be grouped into size classes (table 7.5). It was assumed that PCR products of the same size

were of the same sequence so only one representative from most of the size classes was

chosen to be investigated further.

7.4.4 Sequence analysis

Plasmid DNA from each of the representative colonies was amplified and sequenced. Results

are given in Tables 7.6 and 7.7. Assuming PCR products of the same size were the same

sequence, a high proportion of clones derived from cosmids J0434 and Pl110 were of the

same sequence. This is not surprising given the similar fingerprints of these two cosmids

(Fig. 7.2).

In addition, to test the assumption that PCR products of the same size were of the same

sequence, additional PCR products from Table 7 .5 were sequenced: AI154.17 , D08I4.4,

D0g14.45, D2425.4, D2425.46, JM34.5, JM34.13 and Pl110.6 all possessed the same

sequence as the exon trapped product representative of their size class (marked with an

asterisk).

Sequences trapped from the HIY taf intron within the pSPL3 vector also comprised a

relatively high proportion of clones. The sequence of 41154.8 contains part of the pSPL3

sequence from nt699 to nt848 (designated herein as "HIV 1") and joined to this is another

part of the pSPL3 sequence from nt304ó to nt3094 (designated as "HIV 2a").It appears as if

the "correct" splice sites of the vector have been ignored and cryptic splice sites recognised

instead as shown in Figure 7.3. As a consequence, the BslXI half sites were never joined and

thus this artifact was not eliminated after the first round PCR (3.2. 19.1).
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Tabte 7.5 Exon trapped products - size classingT of colony PCR results

cosmid .colony (grid position)

ALI54

D0814

D24:25

JM34

PI110

'l*,.4,.5
.2*,.11,.12,.15,.16

.3*,.r7,.19

.6,.9,.1 0x,. 1 3,.r8'20

.8*

.39*, .40,.45,.48,.49,.51

.43*,.44,.46,.47

.41,.42

.50*

.3*

.39x,.42

.4r*,.44,.45,.48,.50,.5 1

.43x,.46,.55,.56,.47

.49

.52,.53

.r*,.2,.3,.5,.6,.7 ,.8,.9,.10,.1 1,.r2,.13,.r4,.15,.16,. r7 ,.18,.19,.20

.4*

.r* ,.3,.4,.5 ,.7 .,9,.14,,15

.2*,.6,.8,. IO,. 12.,13

.11

tFor example, Al 154.1 was the colony grown at agü grid position #1. It contains a trapped

product from the experiment using restriction fragments from cosmid Al 154. The trapped

product was the same size as the products present in colonies grown at grid positons #4 and

#5, as determined by comparing the PCR products on an agarose gel.

* sequencing of clone attempted, see Table 7.6.



Table 7.6 Exon trapped products - sequencing results

cosmid.colony comments

A1154.1

At154.2

A1154.3*

A1154.8

A1154.10

D0814.39

DO&I4.43x

D0814.50

D%t25.3*

D2425.4t

D2425.39*

D2425.43*

IO434.r

J0434.4

Pl1l0.l

Ptllo.2

13 bp trapped product; not investigated further

does not detect band in genomic DNA (ie gDNA -ve)

no homology to database sequenoes; ORF -ve; gDNA +ve

HIV 1 sequence (pSPL3 nt699-848) + HIV 2a (pSPL3 nt3K-3094)

HIV 3 sequence (pSPL3 ntl32+1439)

suspected repeat sequence; gDNA -ve

no homology to database sequences; ORF +3; gDNA +ve

no sequence data

no homology to database sequences; ORF -ve; gDNA +ve

HIV 3

no homology to database sequences; ORF -ve; gDNA +ve

no homology to database sequences; ORF +1; gDNA +ve

ORF +2 and +3; gDNA -ve; same sequence as Pl 1 10.2; suspected repeat

HIV 2b sequence (pSPL3 nr3072-3094)

no sequence data

same sequence as JO434.I; suspected repeat

x Putative exon based on the presence of specific hybridisation to Southern blotted total

human DNA (gDNA). Primers made.

ORF +ve = open (unintemrpted) reading frame.

HfV = human immunodeficiency virus/pSPl3 vector sequence.



Table 7.7 Sequences (5'-3') of putative exons

A1154.3

CAGGTCTCCAAGAGAGAAGAACTGCAGMGAGCTCTGCCTCATGAAGATATGATG

TGGGGGCTGGAA GGTGGC CCAGCACLCAAAGCAGGTCCACCATGANCTC A G

D081.4.43

AA CGT TCC TGC CAG CTG GC'G CAG CTG CAT GTN ACC TCT CTG CTGN CTG

ACG CCA CCC ACA CCC CAG CAG ACT CAG CTN TCA GCT TTA TTC TTT GTG

ACA GTG AGA CCT GGG ACG ATG ATA TGT GTG TGT CGA G

D2425.3

TGGCACAACTACAAGACAGGAACTI'AGA'AGAAGTAACTGAATGCCTACTCTAGGC

CAGGTCCTTGCTAGGACTGAACATGTGTTTGTCGAC'CTGTGGCTAAGTCT CAGCTG

AGGCCGACCAGCACCACCAGACGTCATCCCGTTGTGGACTTCTACCTCCACACCA

GATGGCTTCTTCCCACCAGTCAAACEAGGGTCTCCCTGATCTNTNGNAAT

D2425.39

G AGTTTCAGCATAAGCTAGCAGCAGCCTG gCTTG GAG GACTGCTTGGCCTTTAGA

CACCTACATCCGCTCTGCCCGGTCTGTGCAAGGAGCTCGGAGGCAGCAGCCATT

TTCCCTGCATACCAGGAGAGGCAGGTGATGGCAGGAGAGGAGGGAGGCCCAGA

GAGG

D2425.43

C:TATAC GGC AAA ATT AAG GAC TGC AGC CTG GAG fuA { fuqÙ{ GTT CCT TCC

CAC TGT TGC TTG ACT GAG CTG CCA TGG GCA ATG CCA GGA GGT GCA TGG

GTG TCG GTG AAT AGG ACA GAG AGA CCT GCA GAG TGC AAT TCC AAC CCT

GCC ACT ATT CGC TGT GTA ACC TTG G

Primer sites are underlined. Terminal nucleotides that are conserved at splice sites are

outlined.

The open reading frames of D0814.43 andDV125.43 are indicated by grouping bases into

codons.

Stop codons are present in all 3 reading frames of the other 3 sequences.

Identity of bases in lower case are uncertain. N = unknown.
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Figure 7.3 Diagram showing the trapping of vector (HIV) sequences through the

recognition of cryptic splice sites.



Similarly 327o of trapped products from the colonies represented by 41154.10 andD2425.4l

were composed entirely of another portion of the vector sequence (pSPL3 ntl324-I439;

designated as "HIV 3"). In this instance the correct vector splice donor and acceptor sites

were recognised but joined to cryptic acceptor and donor sites.

The sequence of D0814.39 was 8I7o identical over 82 bases to a sequence within the 3'UTR

of the insulinlike growth factor | (IGF-L) gene (GenBank accession no. X57025; nt1854-

1936). Highly significant scores (<tO-s; were also obtained with 37 other loci, which raised

the suspicion that this was a repetitive element. However, no human specif,rc band, nor DNA

smear, could be detected upon hybridisation of the PCR product from this clone to restricted

genomic DNA. Also no bands unique to the YACs used to isolate the cosmids were present,

(although cosmid D0814 itself did give a positive signal). The type of repeat is not known.

Similarly the identical sequences of J0434.1 and Pl110.2 had very significant scores with 5

loci on the GenBank database. The greatest homology was 83%o over 67 bases with the

human retinoblastoma susceptibility gene (GenBank accession no. L11910), but no band in

restricted human DNA was observed.

Only the sequences from 5 clones (D0814.43, AI154.3,D2425.3,DV+25.39 andD2425.43)

were considered to be that of putative exons. The sequences are given in Table 7.7. This

assessment was based on the detection of single bands upon probing a Southern blot of

restricted human, cosmid and YAC DNA with the PCR amplified insert. Open reading frames

(ORFs), +3 or +1, were present in the sequences from clones D0814.43 and D2425.43

respectively. There was no ORF in the sequence from clones 41154.3, D2425.3 and

D2425.39. Sequencing of the PCR products, from genomic DNA, of 41154.3, D2425.3

andD2425.39 confirmed the presence of the stop codons. These clones were, nevertheless,

investigated fufther because they could be penultimate exons, that is, the 3'UTR may be

interrupted by an intron so that the terminal 3' exon, as well as part of the penultimate exon,

may not code for any amino acids.

A comparison can be made between the exon splice site sequences of the sequences given in

Table 7.7 and the consensus splice site sequences. Proceeding from the last 3 nucleotides of

the exon into the intron, the 5' (acceptor) splice site consensus is (A/C)AG:GT(G/A).
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Proceeding from the last 14 nucleotides of the intron into the exon, the 3' (donor) splice site

consensus is (T/C)1ONC.AG:G. The most highly conserved bases are outlined. Using these

consensus sequences, the 5' splice site consensus is maintained by the putative exon

D2425.39 and the 3' splice site consensus is maintained by D0814.43, 1^1154.3 and

D2425.43 (Table 7.7). Neither the 5' nor 3' splice site consensus sequences are present in

D2425.3.

Similarly a comparison with those sequences given in Table 7.8 shows that the consensus is

most strongly maintained in the trapped product from colony JM34.4 (which was designated

"HfV 2b" because it is part of the sequence HIV 2a mentioned in relation to 41154.8).

The majority of trapped products from cosmids J0434 and D0814 probably contained the

sequence present in the clones JM34.1 and Pl110.2. Despite the apparent frequency with

which this sequence was trapped, the 5' and 3' "exon" splice site sequences do not conform

to the consensus sequence (Table 7.8).

The 3' and especially 5' splice sites of the HIV 3 trapped product do conform well to the

consensus sequence, which may explain the relatively high frequency with which this

sequence was trapped (about l87o of all colonies picked and 327o of colonies from cosmids

A1 154. 10 and D2425.41).

7 .4.5 Characterisation of expression

7 .4.5.1 cDNA library PCR

In an effort to confirm that these 5 putative exons (Table 7 .7) were in fact expressed, primers

were designed and attempts made to amplify these sequences from cDNA phage libraries, and

from several tissues at different stages of development (Table7.9). PCR products, of the

expected size, were obtained using primers from the sequences of clones 41154.3 and

D2425.39. Clone 41154.3 was of particular interest because its apparent expression in the

brain made it a stronger candidate than D2425.39 for being involved in X-linked mental

retardation.
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Table 7.8 Ftanking sequences of other inserts showing consensus splice site

nucleotides (outlined)

cosmid.colony flanking bases
5'-3',

sequence length (bp)

A1154.1

^1154.2
A1154.g*

A1154.101D2425.41

D0814.39

J0434.1|P1110.2

J0434.4

13

78

.CAG I5O + 49

116

85

67

24

* A1 154.8 has resulted from the splicing together of disparate vector GilV) sequences.



Table 7.9 cDNA PCR results from phage libraries

cosmid.colony (PCR product size)

gDNA

cDNA library

adult+fetal adult+feal lung
brain kidney

placenta

ALI54.3 (98 bp)

D0814.43 (101 bp)

w425.3 (1e8 bp)

v242s.39 (151 bp)

D2425.43 (163 bp)

TR control (512 bp)

+

+

++

+

+

+

+

++ + +

Results are only from viewing agarose gels (ie not blotted and probed).

gDNA = genomic DNA (positive control). fR = ffansferrin receptor cDNA.

+ PCR product (of the expected size) obtained.



This presence in cDNA libraries was, however, not considered sufficient evidence for

expression because of the possibility of genomic DNA contamination, especially since the

sequences of both AlI54.3 andD2425.39 had stop codons (ie no ORFs). The absence of the

other three sequences within these commercially purchased libraries does not necessarily

mean that they are not exons; they could be expressed at a low level or in other tissues or at

other stages of development.

PCR from a commercial phage library (7.3.3.9) failed to demonstrate the presence of the

putative exons.

7.4.5.2 RT-PCR

To gather additional evidence for expression, PCR amplification of RNA isolated from infant

brain tissue was also performed. The results are given in Table 7.10 and show that, apart

from brain stem, the RNA appeared to be contaminated with genomic DNA because of the

generation of PCR products in the control reactions from which the reverse transcriptase had

been omitted.

In an attempt to eliminate this genomic DNA contamination, of the total RNA sampìes,

mRNA was isolated. The results shown in Table 7.11 show that apparently, given the

absence of any visible product when reverse transcriptase was omitted from the reaction, at

least three of the f,rve exons are expressed in brain (the primers of D0814.43 seemed to be

contaminated). However, a control for genomic contamination (microsatellite DXS1125), did

show that genomic DNA was still present (unless this microsatellite was located in the UTR

of a gene). In addition, a number (4) of RT-PCR products were generated using primers for

D2/+25.3. Three of these products were also generated from genomic DNA (data not shown),

which raised the suspicion that the PCR products were derived from the amplification of

(contaminating) genomic DNA and not cDNA. Although, assuming DNA contamination is

the explanation, why the exon-trapped sequences were not also amplified in the reactions

without reverse transcriptase is not known. Similarly, given the contamination of the primers

of D0814.43, why were there not products generated in all the reactions (with and without

reverse transcriptase)?
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Table 7.10 cDNA PCR results using RNA from infant brain tissue

brain regi

cerebellum occipital
lobe

-controls-no DNA gDNA

(+)

basal
ganglia

reverse transcriptase +

A1154.3

D0814.43

D2425.3

D2425.39

D2425.43

brain
stem

+

frontal
lobe

+ +

+

+

+

+

++

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+ (+) + (+)++
++
+

++
+ (+)

++ ++
++

+

ESD control + + +

The brain stem RNA was mRNA prepared by Dr Jozef Gecz. The remaining samples were total RNA.

Results are from viewing agarose gels.

+ correct product size; (+) relatively low yield.

ESD = esterase D.

(+)

++



Table 7.11 cDNA PCR results using pooled infant brain nRNA samples

reverse transcriptase +

oligo(dT) primed random oligo primed controls-
no DNA gDNA+

Art54.3

D0814.43

D2425.3

DV+25.39

D24:25.43

ESD control

microsatellite

(DXSl r2s)

+

+

+

+(+)

(+)

+ + +

+

+

(+)

+

+

+

(+)

+

+

Results from viewing agarose gels.

+ correct product size; (+) relatively low yield.



Given that the contaminating genomic DNA had not been wholly eliminated by isolating

mRNA by oligo(dT) column purification, it was decided to treat the pooled mRNA sample

with DNase I. The results of the RT-PCR of this sample (and that of a cerebellum/placental

RNA mix) are given in Table 7.12. Absence of the microsatellite control PCR product

indicated that the DNAse treatment had been successful and that the microsatellite was not

transcribed). RT-PCR products were generated using the primers for D2425.39, AII54.3

and D0814.43, although there is some doubt regarding the reliability of the results of these

last two because of the relatively low yield and the possibility of primer contamination

respectively.

RT-PCR using the reagents of the rTthktt and "exon"-specific primers, rather than oligo(dT)

or random priming, to generate the cDNA was also attempted. Apart from the control

reaction, no RT-PCR products \ryere generated using the primers for D2425.39 and

D0814.43. \

7 .4.5.3 Northern blotting

Conclusive evidence proving thatD2425.39 and/or D0814.43 were indeed expressed could

be obtained if larger products were detected upon hybridisation of these putative exons to a

Northern blot. A blot was made that contained total RNA from the following tissues:

cerebellum, frontal lobe, lymphoblast and rhabdomyosarcoma (muscle and connective tissue

tumour). The control probe (ESD), which detects a I.3-1.4 kb message, did hybridise to the

blot (Fig. 7.4) but no signal was detected when the PCR products of D2425.39 and

D08 14.43 were hybridised.
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Table 7.12 cDNA PCR results using DNase treated pooled mRNA samples

reverse transcriptase +

cerebellum & placenta controls-
+ - no DNA gDNA

brain mix

Att54.3

DO&14.43

D2/+25.3

D?/+25.39

D2425.43

+

+

+

+

+

(+)

+

+

(+)

E^SD control

microsatellite

(DXS112s)

The brain mix consists of pooled DNase I treated infant brain mRNA from the following

regions: basal ganglia, cerebellum, frontal lobe and occipital lobe. This mRNA was reverse

transcribed using random oligo priming.

The cerebellum and placenhl mRNA mix was prepared by Dr Jozef Gerz.

Results from viewing agarose gels.

+ conect product size; (+) relatively low yield.

+ +

+
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7.4.6 CR73E

Database searching, to determine whether or not the primers designed from the CR73E

sequence would amplify any other sequence, led to the discovery that the forward primer of

primer set 3 was 95Vo homologous to a small (complementåry) sequence of "exon xl" on

chromosome 9 (GenBank accession no. M19696). This region of homology did not extend

beyond the primer sequence. The reverse primer of primer set 3 was not homologous to any

published sequence. The size of the PCR product obtained from these two primers was as

expected from the CR73E sequence.

SSCA using CR73E primer sets I and 5 revealed two variants (Table 7.13). The locus

amplified by primer set t has been designated A and the locus amplified by primer set 5 has

been designated B. Each of these loci has two SSC variants: A1 and A2 and B1 and 82. Both

A and B SSC variants were seen to segregate in the MRXL2 family. The B variantwas also

seen in the MRX3L family. Genotyping the members of these families for these

polymorphisms revealed three recombinants, II-7, III-2 and lll-12, in the MRXL2 family

(Fig. 7.5). The carrier III-2 is a recombinant because she must have inherited the A2 and B2

alleles from her mother (assuming there was no intragenic recombination). The male lll-I2

died sometime after twenty years of age and had he been mentally retarded it would have been

observed earlier in development. The presence of this recombinant eliminates CR73E from

being a candidate gene for the MRXL2 family.

Sequencing of the PCR products from members of the MRXL2 family (II-3, II-5 and III-5)

and MRX31 family (IV-3 and IV-4) showed that the Ã2 variant is a silent point mutation

(G347 
^) 

and that the 81 variant is also a silent point mutation (Cl32Zl) (Table 7.13). The

B 1 base change is the same in both families.

From the SSCA banding pattern there were no obvious recombinants between the B allele

and the MRX31 gene (data not shown), however, it was difficult to distinguish

homozygotes from heterozygotes. III-10 has two sons, one affected (IV-10) and one

unaffected (IV-l1) (Fig.6.7). Both of these boys, and their mother, have the 82 allele. If

their mother was a heterozygote, then IV-1 I would be a recombinant. Sequencing of the PCR

product generated by primer set 5 of the carrier mother showed that she was a homozygote

(there was no C/T double peak at nucleotide 1322). As a consequence CR73E has not been

excluded as a candidate gene for the MRX3l family.
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Tabte 7.13 CR73.E sequence variants

SSCA Population
band frequency

locus A variants:

minor
maJor
amino acid

locus B variants:

mlnor
major
amino acid

A
333 AAG CTG GTA CTG CTG GGA CTG ATT ATG
25K L V L L G L I M

T
131 1 CTG AGG ACT CAC GCC CCC TGC GGG
35IL R T H A P C V/

A2
A1

B2
B1

lSVo
827o

207o
8O%o

Sequences were determined from MRXL2 family members II-3, II-5 and III-5 (both loci) and

MRX3l family members IV-3 and [V4 (locus B only).

The population frequencies were determined from the observation of 45 (locus A) and 4O

(locus B) X chromosomes.
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The population frequencies of the alleles of the A and B loci were determined by SSCA of

the PCR products generated from the DNA of 4O to 45 unrelated males (fable 7.13). Both

A2 and B2 occur at a frequency of about 2OVo in the normal population. In addition, of 10

unrelated males from the MRXL2 and MRX31 families and the general population that

possesed the rarer B2 allele, 8 also possessed the rarer A2 allele indicating linkage

disequilibrium.

7.4.t DXS6673E

Results of using the DXS6673E primer sequences in a BLASTN search revealed that exon 5

reverse primer 920 (located within exon 5, that it, it is not intronic) has 95Vo homology to a

sequence within the mouse hexokinase gene (GenBank accession no. L16949). This

homology does not extend beyond the primer sequence. Exon 12 forward pimer 1245

(located within an intron) has 877o homology to a locus on chromosome 6 (GenBank

accession no. U53588).

A polymorphic microsatellite within exon I of the DXS6673E gene was genotyped through

the MRX3l family to determine if recombinants were present, and if so, exclude DXS6673E

as a candidate. DXS6673E lies between DXS453 (which shows no recombination with the

MRX3l gene) and DXSLl24 (which is recombinant with the MRX3l gene) (see Table 6.3;

Fig. 6.3). No recombination was observed between DXS6673E and the MRX3l gene, and

thus DX,ló6738 was not excluded as a candidate gene nor was the regional localisation of the

MRX3l gene narrowed. The MRXl3 and WTS families had previously been genotyped for

(non-recombinant) markers flanking the DXS6673E gene and thus linkage analysis was

unlikely to exclude DXS6673E as a candidate in these families. Nevertheless the

microsatellite was genotyped through these families and, as expected, no recombinants were

observed.

SSCA of the 24 coding exons of the DXS6673E gene failed to reveal any sequence variants

and therefore it has not been excluded as the disease gene for the three families tested,

although the probability that it is the causative gene in each of these families has been

reduced, given the sensitivity of this screening method.
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7.5 Discussion

7.5.1 Exon trapping

Of the 10 cosmids selected wing AIu PCR products from YACs, 4 mapped to regions other

than the expected Xq12-ql3 (Iable 7.4). These 4 cosmids appeared to have been true

positives perhaps because they contain repeat sequences that hybridised to repeats within the

inter-Alu sequences used to probe the cosmid grids (ie the repeat sequences within the probes

were insufficiently blocked). This however does not explain why these particular cosmids,

and not a great many more, were false positives. An alternative explanation is that the

blocking was efficient but only for high copy number repeats, thus enabling any lower copy

number repeats, with a more restricted distribution, to hybridise.

The sizes of the putative exons (table 7 .9) are consistent with sizes of most other internal

exons (20-300 bp; Hawkins, 1988). Given that exons are restricted in their size range, it may

have been a mistake to assume that alt clones in a particular size class (fable7.5) contained

the same sequence, and as a consequence true exons may have gone unrecognised. However,

sequencing of other PCR products from the same size class (7.4.4) indicated that they were

identical.

With about 70,000 genes in a 3 x t09 bp genome, there is expected to be I gene every 40 kb,

on average. Previous experiments have given trapping rates of 2-3 exons per 4O kb of cosmid

DNA (Church etaI., 1994 Nisson and'Watkins, 1994). From fingerprinting, there wete 4

distinct cosmids used in this experiment (J0434 and Pl110 overlapped; Fig. 7.2) therefore 8

exons were expected. The failure to trap the expected number of exons could be due to one or

more of the following reasons.

l) The cosmids are relatively gene or exon poor. (Genes are not evenly distributed over the X

chromosome, see for example Nagaraja et al., 1997).

2) The exons were in the incorrect (antisense) orientation within the pSPL3 vector.

3) The exons hadBglll and/or BamHl sites, and therefore they would have been disrupted

during the cloning process prior to insertion into the vector. Based on the expected frequency

with which these restriction sites occur in the genome (each occurs every 4O96 bp on

average), about one in every 20 exons of 100 bp would be disrupted. One splice site would
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have remained however, so chimaeric vector/insert trapped products may have been expected.

Panial BgtIIlBamHI digests, or using other enzyme digests to cut the pSPL3 vector and

cosmids, may have reduced this potential problem.

4) The exons had BslXI sites (same frequency as above), in which case they would have

been eliminated after the first round PCR, following reverse transcription.

5) The bacterial host used can influence the success of the trapping experiment (Dr A.

Buckler, personal communication), although Yaspo et al. (1995) have successfully used

XLl-blue cells.

6) The predominance of the trapped HIV sequences, when using cosmids 41154 and D2425,

may have saturated the system, reducing the PCR amplification and detection of any other

trapped products.

The trapping of HIV artifacts has been reported to occur with a frequency ranging from 5 to

257o (Nisson and Watkins, 1994; Hutton et al., 1995). The trapping of the HIV I and 2

sequences are examples of cryptic splice site recognition.

The 3' and especially 5' splice sites of the HIV 3 trapped product do conform well to the

consensus sequence. Why HIV 3 was predominantly trapped (about 32Vo of colonies) during

the experiments with the cosmids 41154 and,D2425 is unknown. Perhaps any true splice

sites within the restriction fragments cloned into the pSPL3 vector were recognised with far

less efficiency. Alternatively, perhaps there were many non-recombinant pSPL3 vectors in

which the HIV 3 splice sites did not have to compete with the sites present within any inserts.

The trapping of HIV 3 in the future will not be a problem because a new generation vector

(pSPL3b) has had this sequence removed (Burn etal., 1995).

In general, many of the trapped products, apart from the HIV 3 sequence, appear to have

been trapped through the recognition of cryptic splice sites, either the 3',5' or both. This

may reflect a lack of consensual splice sites within the cosmids used, perhaps due to a paucity

of genes. Screening transformed colonies with the products trapped from the pSPL3 vector

alone, prior to colony PCR, may be used to eliminate many clones from consideration.

The attempts to prove that the trapped products were expressed resulted in inconsistent

results. Firstly, the results from screening the phage libraries (Table 7.9) did not concur with
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those from RT-PCR of the brain mix mRNA (Table 7.11) in that PCR products appeared

from the latter that were not generated from the former. This could be explained by the phage

libraries being unrepresentative of the true RNA population.

Also, the amplification of microsatellite DXSL125 from reactions without reverse

transcriptase (Table 7.11) indicated that contaminating genomic DNA was present. Given this

fact, it would have been expected that the putative exons would also have been amplified in

the absence of any cDNA, which was not the case.

Treating the mRNA with DNase resulted in the failure to (re-)generate the PCR products of

DV+25.3 and,D2425.43 (cf Tables 7.lI and7.l2). Does this imply that they were originally

generated from contaminating DNA and if so, as stated above, why were there no products

generated in the reactions without reverse transcriptase? Conversely the 2425.39 PCR.

product was generated after DNAse treatment and not before.

The failure to detect any signal from D242.5.39 or DO814.43 upon hybridisation to the

Northern blot is not surprising, even if they were true exons. The labelled probes were only

about 100 bp in length and in addition Northern blotting is relatively insensitive compared to

RT-PCR (Ma et at., 1994). Alternatively the genes may not have been expressed in the

tissues used for the blot.

Given the inconsistent, results and the failure to prove conclusively that any of the trapped

products belonged to genes, this approach was abandoned. A second attempt to trap exons

was not performed because vast number of ESTs are now being generated by single-pass

sequencing and mapped. This whole genome approach represents a far more efficient method

for the identification of candidate genes.

7.5.2 CR73E and DXS6673E

Dr P. Berta (personal communication) discovered CR73E to be monoexonic, expressed in the

brain, and to have homology with serotonin and dopamine receptors. The predicted

polypeptide has 373 amino acids and hydrophobicity analysis revealed the presence of 7

transmembrane domains. The fact that the gene is monoexonic greatly simplified mutation
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screening of the XLMR families because it meant that it wasn't necessary to elucidate any

intron/exon boundaries. The identification of polymorphisms within CR73E may allow

linkage analysis to determine whether this gene is a candidate for other families and other

diseases that map to Xpl1.

The function of the DXS6673E gene remains unknown. It is highly conserved, expressed

strongly in brain and encodes a 1358 amino acid polypeptide that may span membranes (van

der Maarel et al., 1996).It is possible that DXS6673E is not responsible for the translocation

patient's phenotype and that instead the locus on chromosome 13 (13q31) may be involved,

although the translocation does occur in the 5'UTR in exon 1 of the DXS6673E gene.

The SSCA technique is not IO07o efficient at detecting sequence changes under one set of gel

and electrophoresis conditions. The efficiency is also dependent on the DNA fragment size

and possibly the DNA sequence of the fragment and the type and position of the mutation in

the fragment (Hayashi and Yandell, 1993; Sheffield et al., 1993). For this reason, and that

neither the untranslated regions nor the regulatory regions of either of these genes were

investigated, both remain candidates for those families not excluded by linkage.

Although the work described in this chapter was unsuccessful, the positional candiciate

approach to cloning a gene for XLMR has proved successful in the past. For example,

Gibbons et aI. (1995) describe the cloning of the gene responsible for XJinked mental

retardation with a-thalassaemia (ATR-X) syndrome. Linkage analysis using several families

defined critical region for the disease gene. YACs from this region were used to select

candidate genes in the form of cDNA clones. These clones where then hybridised to patient

genomic DNA. One clone was shown to be deleted in one individual. This clone was used to

isolate other cDNA clones, enabling a contig to be constructed. SSCA using these clones

revealed additional mutations in other ATR-X patients.
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7.6 Conclusion

The experiments described above revealed that splicing artifacts were a major problem,

although most of these should be eliminated by using the new pSPL3 vector (pSPL3b). Not

only was the trapping of putative exons diff,rcult, but so were the attempts to prove that these

putative exons were expressed. In relation to this it was essential that DNase I treatment of

RNA was performed to eliminate DNA contamination.

Additional techniques that could have been employed to help prove that the trapped products

were expressed include: 1) the hybridisation to zoo blots and 2) use of the RACE technique in

an attempt to generate sequence extending 3' and 5' from that of the known sequence. This

latter procedure would have the advantage of revealing sequences that flank exons and thus

any genomic DNA contamination of RNA would no longer be of concern because the PCR

product sizes could be distinguished.

Despite the lack of success of the candidate in terms of trapping true exons, the exon trapping

technique hns proved valuable in the isolation of exons from genomic clones. The oDNA

selection technique may prove to be more productive for the isolation of cDNAs; once having

selected a cDNA clone using a genomic target, it should be relatively easy to prove that the

clone is truly an expressed sequence because of the likelihood that two or more exons will be

trapped that span an intron. One of the disadvantages of this technique is, however, that the

gene encoded by the genomic target may not be expressed in the tissue(s) used to construct

the cDNA library. The single-pass sequencing and mapping of ESTs is, however, a more

efficient approach for selecting large numbers of candidate sequences that can be investigated

apropos those diseases that have been mapped to relatively large regions, and it will be the

investigation of these ESTs that will form the basis for the identifrcation of disease genes by

the positional candidate approach.

With this in mind, the investigation of two XLMR candidate genes was undertaken. CR73E

was considered a good candidate because of its expression in fetal brain. DXS6673E was

considered an excellent candidate because it was discovered to be disrupted in a mentally

retarded female by van der Maarel et al., (1996). Unfortunately neither CR73E nor

DXS6673E could be shown to be responsible for the disease in any of the XLMR families

tested.
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At this time additional patients possessing chromosomal abnormalities involving the X

chromosome were examined as potential resources for positional cloning projects. The

mapping of the breakpoints using reagents now available because of the progress of the

Human Genome Project will ultimately lead to the cloning of additional candidate genes for

XLMR (Chapter 9).
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8.1 Summary

Comprehensive genetic maps have enabled the genetic localisation of many genes

responsible for X-linked disorders. Many of the genes now being "tÃgged", isolated and

characterised are candidates for these various X-linked diseases. Regularly, connections

are found between a candidate gene and a disease which opens the way for the

determination of the molecular defect in all families affected with that particular disorder.

Linkage analysis of a family having males affected with spasticity of the legs localised the

defective gene to Xq2l, which excluded the candidate gene Ll in Xq28, and led to the

investigation of a candidate gene (PLP). A point mutation, f7o7c, was identified within

the PLP gene (Donnelly et al., 1996a; appendix 4.6). Another family had a boy affected

with myopathic features. This family was too small for linkage analysis to be of any

benefit, neveftheless investigation of a prime candidate gene (MfMl) led to the

identification of a point mutation, C775t (Donnelly et al., 1997; appendix 4.7). This had

important implications for genetic counselling. A third family had previously been

diagnosed as having males affected with V/iskott-Aldrich syndrome. The recent

identification of the gene responsible for this disease led to the identification of the

mutation (C+oz4¡ carried by this family. This finding has not been published because the

same mutation in another individual has been reported elsewhere.

The identification of molecular defects, to provide direct diagnosis for other family

members, and to examine the range of mutations with a view to assessing the implications

for prognosis, is now realistic for an ever increasing number of genetic disorders.
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8.2 X-linked spastic ParaPlegia

8.2.I Introduction

Many X-linked disorders feature some degree of spasticity but there are families in which it

appears as the dominant characteristic. These X-linked forms of hereditary spastic

paraplegia (SPG) have been classified as complicated (MIM 3129ffi) or uncomplicated (or

pure) (MIM 3l2gZO) (McKusick, I992) and feature a slowly progressive spasticity of the

lower limbs.

Apart from spasticity, complicated forms can exhibit both inter- and intra-familial

variability in other neurological disturbances, such as; cerebellar ataxia (uncoordinated

movement), sensory loss, nystagmus (erking movements of the eyes), optic atrophy and

mental retardation (Bonneau et aI., 1993). One complicated form has been mapped to

Xq2g, and it was subsequently postulated that it could be allelic to the gene responsible for

MASA (mental retardation, aphasia, shuffling gait and adducted thumbs) syndrome

(Kenwrick et al., 1986; Winter et al.,l9S9). This was confirmed by the identification of

mutations in the Ll genefor both SPG and MASA (Jouet et aI., 1994). Two other families

suffering from the complicated form have however revealed linkage of the gene(s)

involved to Xql3-q21.1 (Goldblatt et al., 1989; Bonneau et al., 1993). This localisation

overlaps that determined from two other pedigrees with members suffering from

uncomplicated paraplegia, which gave a localisation toXq2l-q22 (Keppen et al', 1987;Le'

Merrer et a1.,1939). Yet a third family with uncomplicated paraplegia does not show

linkage of the gene to this region (Kruse et al., l99I). In short, many X-linked diseases

have spasticity as a symptom although there are clearly two broad regions of interest: Xq28

and Xq13-22 (designated as the sPGl and SPG2loci respectively).

The clinical differences between the complicated and uncomplicated forms linked to Xq21,

and within the complicated classification itself, could be explained by genetic

heterogeneity, but given that they are all closely linked to DXYSI, allelic heterogeneity

within a single gene and/or the involvement of other nearby genes (a contiguous gene

syndrome) could account for the variations in phenotype'

Recently, the genetic lesion responsible for causing the complicated form of spastic

paraplegia reported by Bonneau et al. (1993) was identified. Linkage analysis of this

241



family showed close linkage of the disease gene to a polymorphism in the proteolipid

protein (PLP) gene and the researchers concluded that this was a candidate. Sequencing of

the seven exons of this gene from an affected male revealed a base change in a highly

conserved region, that co-segregated with all the affected individuals in the pedigree

(Saugier-Veber et al., 1994). Screening for this base change in 100 normal females

indicated that it is not a polymorphism. The PLP gene had previously been identified as

responsible for Pelizaeus-Merzbacher Disease (PMD; MIM 312080). PMD and

complicated spastic paraplegia do share some symptoms but are otherwise clinically

distinct.
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8.2.2 Materials and Methods

8.2.2.1 The family

Dr Alison Colley of the Newcastle Western Suburbs Hospital in New South Wales was

counselling a family, characterised by Dr Denis Crimmins, in which affected individuals

were suffering from spastic paraplegia, that is, paralysis of the lower extremities. In

addition, one of these affected males had nystagmus (erking movements of the eyes). The

pattern of inheritance was indicative of an Xlinked gene.

8.2.2.2 Linkage analysis

The pedigree is shown in Figure 8.1. DNA, extracted from peripheral lymphocytes of the

members indicated, was sent from the clinician (Dr Colley) in Newcastle. The PCR

conditions have been described in 3.2.15.1. The references for the markers used can be

found in Table 3.1.

Two-point analyses were performed as described in3.3.21.1.

8.2.2.3 Mutation screening using SSCA

The 7 exons (and parts of the flanking introns) of the PLP gene were amplified from the

DNA of a carrier (II-5), an affected (III-23) and a normal (III-4) member of the family, and

subjected to single-strand conformational analysis (SSCA). The PCR primers used are

given in Table 8.1, and were either designed from the genomic sequence of the PLP gene

(GenBank accession nos M15026 to M15032) or were the same as those used by Dr

Pascale Saugier-Veber (personal communication) of the Service de Genetique, Hopital des

Enfants Malades, France.

The thermal cycling program was option A and the "lomix" PCR reagents were used

(3.2.rs.t).

The conditions for the polyacrylamide gel electrophoresis are described. in 3.2.16.4. Both

57o and lOVo (wlv) non-denaturing gels were used to screen allT exons for mutations.
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Tabte 8.1 Primers used to amplify the exons of the PLP gene

Exon Primers
Reverse

Product
size (bp)Forward

1 AGCAGGCCTGTCCCTTTAAG CCCGAACCCCAAú{GTTGGAA
AGGTTTCCAGGACATCTTCA GCTTTCTGATTGACAGCCAA

2 TGAGCACAGGCTCCTGGCAGA GCCAGTGAGGGCTTCATGTC
CAMGGATTGTGTTTCTTTG TGCTAGTTACTAAGGTACTG

284
271

2M
220

3 CCGGCGCAGTCAGGCAGATC
ACCTCACTTATGTCGGGAAA

ACGAGGCCACAGACTCGCGC
TTGCCGCAGATGGTGGTCTT

244
220

4 ACTCCAGGATCTCCCAGTTT GCAATAGACTGGCAGGTGGT 189

TGGTGTTTGCCTGCTCTGCT ACCACCCTCCTTACACTAAG 216

5 AGAGATGGAú\GA\GGGCTCT ATTGAAGCTCCATGGGTGTAA 236

6 ACACTGGAGCATATTACTGC AAGGATGGAAGCAGTCTACC 227

7 CCTCATTCCCfuA.AGC'GATTGAGG AGATGGGAGACGCAGCATTGT AGG 226

NB exons L to 4 have two sets of primers which generate (overlapping) PCR products. When

selecting primer sites, the size of the PCR product was taken into consideration because

SSCA sensitivity is dependent on fragment size (Sheff,reld etaI., 1993).



SSCA of PLP exon 6 PCR products from the DNA of unrelated males and the entire

family was performed using a lOTo (w/v) acrylamide gel.

8.2.2.4 Sequencing of PCR products

Two 100 ¡"ll PCRs per sample were used to generate exon 6 products from the DNA of the

carrier (II-5), the affected (IlI-23) and the normal (III4) members of the family. Only 100

ng of template DNA was used per l0O pl reaction to minimise the amount of genomic

DNA co-purified with the PCR products when using Qiaquick PCR purification tubes.

Forward and reverse sequencing of about 50-100 ng of the exon 6 PCR product was done

using the gene-specific primers (Iable 8.1) and the reagents and protocol of the Taq Dye-

Deoxy Terminator Cycle Sequencing kit (3.2.I2.3).

The sequences obtained were compared to the published sequence given by Diehl et al.

(1e86).

8.2.2.5 Restriction enzyme digestion

To generate a sufficient quantity of exon 6 PCR product for agarose gel analysis following

MnII restriction enzyme digestion, 100 ¡rl reactions were used. These had 10 fold the

components of the 10 ¡.r,1 reactions used for generating radiolabelled products for SSCA,

with the exception that the 32P was omitted and 300 ng (not 1 ¡rg) of genomic DNA was

used. Prior to digestion, the PCR products were purified using Qiaquick PCR product

purification tubes. Of the resultant DNA solution, 16.8 ¡rl was used in a 2O ¡.tl reaction,

along with 0.5 ¡t"l (2.5 units) of MnlL After an overnight incubation, the reaction was

electrophoresed through aZVo (wlv) agarose gel containing ethidium bromide.
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8.2.3 Results

8.2.3.1 Linkage analyses

Given the genetic heterogeneity of diseases that feature spastic paraplegia the family (Fig.

8.1) was screened with markers along the whole of the X chromosome. Initially, two-

point lod score analysis was performed using data obtained from a subset of the

individuals from the pedigree (Fig.8.1; Table 8.2). Nevertheless, linkage analysis

revealed a cluster of markers in XqI2-q21 that resulted in low, but positive, lod scores

(0.84 at 0=0.0 with markers DXSLl25, DXSL124 and DXS986; Table 8.2). In the

absence of a suggestion of linkage to the short arm and the distal long arm of the X

chromosome (fable 8.2) additional samples (# in Fig. 8.1) were collected and genotyped

only for the loci between and including AR and DXS424 (Table 8.3).

Statistically significant two-point lod scores were obtained with the loci DXSll25,

DXS983, DXSll24, DXS566, DXS1002 and DXS3 in the proximal region of the long

arm (fable 8.3). In addition, flanking recombinants indicate that the disease locus is

located somewhere within the 47 cM separating the AR locus in Xq12 and DXS424 in

Xq23.

8.2.3.2 SSCA

SSCA was performed using the PCR products of the 7 PLP exons (Table 8.1) from the

DNA of a carrier (II-5), an affected (III-23) and a normal (III4) member of the family. A

difference in the banding pattern of the PCR products containing PLP exon 6 was

observed between these three individuals (Fig. S.2). This difference was only seen using

the I\Vo polyacrylamide gel, not the 57o gel. Figure 8.2 shows that the carrier (II-5)

sample consists of PCR products that adopt the same conformation (that is, run at the same

level) as those seen in samples from both the normal and affected males.

SSCA using DNA from the other members of the family showed that the exon 6 PCR

products from affected males migrated differently from those of unaffected males (Fig.

8.3). However, unlike the carrier sample shown in Figure 8.2, it was not possible to

confidently distinguish two bands in the obligate canier females, because of the small

degree of separation.
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Table 8.2 Two-point analysis between the gene for spastic paraplegia and
marker loci* (Xpter to Xqter)

e

[-ocus 0.00 0.01 0.05 0.1 0.2 0.3 O.4 Zmax0 max

DXS237
DXS987
DXS989
DYS (5'Dys-II)
DXS538

DXSI063
DXSlOO3

AR
DXS1125

DXS1I24
DXS986
DXS424
DX5425
DXS984
DX.S292

DXS297
DXS1123

GABRA3

-æ

-oo

-oo

-oo

-oo

-æ

-co

-oo

0.84
0.84
0.84

-oo

-æ

-oo

-oo

-oo

-o.o2

-oo

-1.18

-0.96
-2.60
-2.@
-2.&
-2.89
-1. t8
-t.21
o.82
0.82

0.82

-1.27

-0.99

-t.14
-0.94

-2.89

-0.o2

-0.96

-0.52

-0.30
-1.25

-r.29
-r.29
-t.52
-o.52

-o.54

o.76
o.76
0.76
-o.54

-o.37

-0.48

-o.32

-1.52

-0.01

-0.30

-0.28

-0.06
-0.7r
-o.76

-o.75

-0.96
-o.28

-o.28

o.67
o.67
0.67

-0.28

-0.15

-o.23

-0.11

-0.96

-0.00
-0.06

-0.09
0.10

-o.25

-0.30

-o.28
-o.4
-0.09
-0.06
0.48

0.48

0.48

-0.06

-o.o2

-0.04

-0.00

-0.4
0.00
0.10

-0.o2

o.r2
-0.06
-0.10
-0.07
-0.19
-0.02

-0.01

o.27

o.27

0.27

0.01

0.01

0.0r
0.00

-0.19

0.01

o.t2

0.01

0.08

0.01

-o.o2

0.00
-0.06
0.01

o.o2
0.09

0.09

0.09

o.o2

0.01

o.o2
-0.01

-0.06

0.00
0.08

o.o2

0.84

0.84

0.84

o.o2

0.40

0.00

0.00

0.00

o.q

xusing the genotyping data from individuals specified (*) in Fig. 8.1. The order of loci was

taken from Fig. 5. 1, except that of GABRA3 (Nelson et al., 1995).



Table 8.3 Two-point analysis between the_ge_n-e- 
-for ,spastic paraplegia and

maiker loci (ÁR to DXS424 *

A

Locus 0.00 0.01 0.05 0.1 O'2 0'3 O'4 Zmax Omax

AR
DXS1125

DX5983
DXS1124
DXS566
DXS986
DXSlOO2

DXS3
DXS424

-æ

3.6r
2.83

2.73

3.37

t.67
3.74

2.47

-æ

o.45

3.56
2.79
2.68

3.32

t.64
3.68

2.43

0.16

1.00

3.32

2.63

2.45

3.1 I
t.52
3.47

2.27

o.74

1.11

3.O2
)a)
2.16

2.83

r.36
3.18

2.06
0.90

1.01

2.36

r.94
r.55
2.22

1.03

2.56

1.61

0.88

0.75

t.63
r.40
o.94
t.54
0.67
1.84

1.10

0.69

o.4l
0.84
0.76
0.38

0.77
o.29
1.00

0.53

0.40

1.1 I
3.6r
2.83

2.73

3.37

t.67
3.74

2.47

0.90

0.10

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.10

*using the genotyping data from all the individuals specified (*#) in

loci was taken from Fig. 5.1, except that of DXS566 (Nelson eral.,

Fig. S.1. The order of
199s).
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To help determine whether or not this conformational difference reflected a polymorphism

(either exonic or intronic) or a disease-causing mutation, SSCA was performed using the

DNA of 100 unrelated males. DNA from females was not used because of the difficulty in

distinguishing the banding patterns of heterozygotes from homozygotes. None of these

100 samples adopted the same conformation as that given by the PCR products from

affected males (data not shown).

8.2.3.3 Sequencing

To determine the DNA sequence difference causing the conformational change, the exon 6

PCR products from the affected male (Ill-23) and the unaffected male (III-4) were

sequenced using the intronic primers given in Table 8.1. Comparison of the sequences

revealed a base transition, of T7Ú to C (Fig. 8.4), as seen in the affected male sample

relative to the unaffected male sample and to the published sequence.

8.2.3.4 Restriction enzyme digestion

This base change creates a MnII restriction enzyme site (CCTC"(N') (Fig. 8.5). From a

consideration of the sequence amplified by the primers flanking exon 6, digestion with this

enzyme should result in two fragments (47 and 180 bp) from the PCR products from non-

carriers of the base change and three fragments (47, 30 and 150 bp) if the change is

present. This restriction site change cosegregates with the obligate carrier and affected

members of the family (Fig. 3.6) and was not present in the 120 X chromosomes of 60

unrelated females (data not shown). In addition, 6 other females of the family (III-12, III-

16,III-24,IV-5, IV-10 and IV-13) who were not obligate carriers of the disease locus

(because they have no affected sons or aren't daughters of affected males) have been

shown to possess this base change (Fig. 8.6) and are therefore at risk of having affected

SONS
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Wildtype pfi¿232 Ql¡233 Met234 Jþ¡235 pþs236 þ{i5237 l-su238

Figure 8.4 Part of the PLP exon 6 DNA sequence from the PCR product flom the

affected male lll-23. The base change is arrowed.
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Figure g.6 Results of the Mnil digest of the PLP exon6 PCR products (where DNA was available).

NB. DNA from III-20 was received after the linkage analyses reported in Tables 8.2 and 8'3'
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8.3 Myotubular myopathy

S.3.L Introduction

There are three modes of inheritance of the rare disorder of myotubular myopathy (MTM):

X-linked recesssive (MIM ¡10400); autosomal dominant (MIM 160150) and possibly

autosomal recessive (MIM 255200) (Wallgren-Pettersson et aI., 1995). The X-linked form

of the disease (XLMTM) exhibits the most severe phenotype, which includes

polyhydramnios (excessive amniotic fluid), severe neonatal hypotonia and general muscle

weakness often resulting in respiratory failure and perinatal death of those males affected.

Carrier females have no overt clinical symptoms but may exhibit abnormal muscle

histology (Wallgren-Pettersson et al., 1995). Clinical suspicion of XLMTM can be

confirmed by muscle biopsy which would reveal hypotrophic immature muscle fibres,

with central nuclei (hence the often used alternative name of "centronuclear myopatþ"),

resembling fetal myotubes (Heckmatt et aI., 1985). The autosomal forms of myopathy

have not yet been genetically mapped and until recently it was thought there may be two X-

linked loci: one in Xq28 and another, reported by Samson et al. (1995), excluded from

Xq26-Xqter. The XLMTM gene in Xq28 has recently been identified (MTMI:L,aporte et

al., 1996).It has now been shown that the family described by Samson et aI. (1995) does

carry a MTMI mutation and the original exclusion from the Xq28 locus was due to

misinterpretation of biopsy data (Guiraud-Chaumeil et aI., submitted, J-L Mandel,

personal communication).

Differential diagnosis of MTM can be problematic when dealing with sporadic cases,

although the autosomal cases can be distinguished from the X-linked cases by a later age of

onset and milder phenotype. There is, however, the possibility of misdiagnosis of

congenital myotonic dystrophy or other congenital myopathies (Wallgren-Pettersson et al. ,

1994; l99s).
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8.3.2 Materials and Methods

8.3.2.1 The family

The family is shown in Figure 8.7. The neurological examination of the proband was

performed by Dr James Manson (Department of Neurology, Women's and Children's

Hospital, Adelaide). The following cliriical details are from Dr Manson's report:

The affected male was born at term aftær a normal pregnancy, labour and delivery, with

Apgar scores (assessment of the condition of the infant in relation to heart rate, muscle tone

etc) of 4 at t minute and 6 at 5 minutes, birth weight 3665 g,length 53 cm and head

circumference 35 cm. The mother had noted reduced fetal movement compared to her

previous pregnancies. Poverty of movement, hypotonia and poor cry were present from

birth. However, the child fed adequately and thrived. Examination at 3 months of age

demonstrated persistence of generalised muscle weakness, including facial weakness with

bilateral ptosis (drooping eyelids), ophthalmoplegia (paralysis of the eye muscles)

involving veftical and horizontal gaze, and truncal and limb hypotonia. Muscle biopsy

revealed the features of centronuclear myopathy with marked variability in fibre size, type I

fibre atrophy (or hypotrophy), and increased numbers of central nuclei. When last

reviewed at 3 years of age, it was noted that he had crawled between 9 and 10 months of

age and had walked independently from 1 year. Generalised weakness persisted however,

with ptosis, ophthalmoplegia involving vertical and horizontal gaze and a strongly positive

Gowers' sign (oscillation of the iris when exposed to light). He could walk 900 m and

though he could walk rapidly, he could not run. He was able to feed himself with a spoon

and fork. Hypotonia persisted with significant head lag on being pulled to sit. The calves

were tight. There was no evidence of progression of muscle weakness. Growth was

normal and intelligence appeared to be within normal limits. In summary, the boy had a

relatively mild myopathic phenotype.
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8.3.2.2 Mutation screening using SSCA

The five published exons (and parts of the flanking introns) of the MTMI gene (GenBank

accession no. U4û24) were amplified from the DNA of the mother (III-4), the proband

(tv-l) and his unaffected brother (IV-2), and subjected to single-strand conformational

analysis (SSCA), using MDE and lOTo gels, as described in 3.2.16.4. The PCR primers

used are given by Laporte et al., (1996). The PCR conditions used are given in 3.2.15.1.

8.3.2.3 Sequencing of PCR products

This was performed as describedin8.2.2.4.

The sequences obtained were compared to the published sequence given by l-aporte et aI

(lee6).

8.3.2.4Introduction of restriction enzyme site and digestion

Using the experience of Haliassos et aI. (1989), a Cfol restriction site was introduced into

the PCR product of the wildtype exon b allele by using the following forward primer (in

conjunction with the reverse primer used by Laporte et aI., 1996);

5'-AGAAAATAAGACGGTCATTGcG-3' (the mismatch base is in small font size). The

thermal cycling conditions were: [95'C 60 secs; 60"C 60 secs; 72'C 60 secs] x 35. The

PCR products were generated and purified as described in 8.2.2.5. One ¡rg of PCR

product was incubated overnight with l0 units of CfoI according to the manufacturer's

(Boerhinger Mannheim) instructions.
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8.3.3 Results

The family (Fig. 8.7) was too small to demonstrate linkage to any particular autosomal or

X-linked locus, thus mutation screening represented the best chance of establishing the

molecular defect and hence the mode of inheritance. Given the recent identification of the

MTMI gene in Xq28 with mutations associated with myotubular myopathy (Laporte et al. ,

1996) it was decided to screen this gene for a possible mutation. The 5 published MTMI

exons (there are 15; J-L Mandel, personal communication) were amplified by PCR from

the genomic DNA of the mother (III4), the affected male (IV-1) and his unaffected brother

GV-2).These PCR products were then subjected to SSCA.

8.3.3.1 SSCA

Variation of the exon b PCR products from these three samples was seen (Fig. 8.8), using

a IOTo acrylamide gel. The band shift, seen with the sample from the affected male and his

mother, was not observed upon analysis of the PCR products from from other members of

the family (where DNA was available) nor from the DNA of 47 unrelated males and 56

unrelated females (data not shown), a total of 159 X chromosomes.

8.3.3.2 Sequencing

Sequencing of the three family samples revealed a base transition, o¡ ç775 to T, as seen in

the DNA from the mother (III-4) and her affected son (IV-1) relative to the unaffected male

(IV-2) and to the published sequence (Fig. 8.9).

8.3.3.3 Restriction enzyme digestion

To confirm the presence of this base change, a restriction enzyme (CfoI) site was

introduced into the PCR product of the wildtype allele (Fig. 8.10). The results of

incubating the exon b PCR products from the proband, his mother and unaffected brother

with this enzyme were as expected, given the sequencing results (Fig.8.11). Given these

results, DNA samples from additional members of the pedigree were analysed by this

method for any base change. No other family members, from whom DNA was obtained,

were shown to cany the base change (Fig. 8.12), (which was consistent with the SSCA
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results). As a consequence, either the proband's mother (III4) carries a new mutation

(acquired early after fertilisation or from a lone mutated gamete) or one of her parents is a

gonadal mosaic (the parental allele mutated could be determined by haplotype analysis).

The father (I-2) of the carrier (III-4) was not available for study but the possibility that he

carries ¡¡" ç775 to T base transition as a neutral variant can be excluded by its absence in

his other two daughters (III-2 and III-3), assuming he is the biological father of all three

women.
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Wildtype Ie257 !¿1258 Argzss Cyszoo $s¡261 Ql¡262

Figure 8.9 Part of the sequence of MTMI exon b from the affected rnale (IV-l)

showing the mutated base.

ô CAGTCAGTTGTGTGTT



MTM]
wildtype gene

T*

.AGAAAATAAGACGGTCATTGTGC...
TC TTTT ATT CTGCCAGTAACACG...

forward primer AGAAAATAAGACGGTCATTGcG >

AGAAAATAAGACGGTCA
PCR Product TCTTT T ATTCTGCCAGT

+ GGTCGCATTTACGTCACCG reverse primer

............. CCAGCGTAAATGCAGTGGC
GGTCGCATTTACGTCACCG....

........ CCAGCGTAAATGCAGTGGC

........ GGTCGCATTTACGTCACCG

PCR

Cfol site

Figure 8.10 Procedure used to introduce a CfoI restriction site into the wildtype MTMI exon b PCR products.

x base substitution



Figure 8.lI MTML exon b PCR products cut with CfoI
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8.4 \iliskott-Aldrich sYndrome

8.4.1 Introduction

Wiskott-Aldrich syndrome (MIM 301m0) is an X-linked recessive disease characterised

by eczema (skin inflammation), thrombocytopenia (abnormal platelets and lymphocytes)

and immunodeficiency (Aldrich et aI., 1954; Rosen et al., 1995). It occurs with a

frequency of 4 per million male live births (Perrl, et aI., 1980). Female carriers rarely

exhibit symptoms due to non-random X inactivation in haematopoietic cells (Wengler er

at., lgg5). There have, however, been reports of affected females which has led various

authors to suggest that a defective autosomal locus may also lead to the WAS phenotype

(Conley et at;1992; Kondoh et a1.,1995; Rocca et al.,1996). The X-linked form exhibits

wide clinical variability, with symptoms ranging from mild to severe. Severely affected

males die within the first decade of life due to infection, haemorrhaging or lymphoreticular

malignancy, unless treated successfully with bone marrow transplantation (Peny et aI.,

1980; Sullivan et al., 1994). The relatively mild disease: XJinked thrombocytopenia

(XLT; MIM 313900) has recently been shown to be allelic to üAS (Derry et al., 1995a;

Kolluri et al., 1995). The WAS gene was mapped to Xpll (Kwan et al., 1991) and

positionally cloned by Derry et aL. (1994).
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8.4.2 Materials and Methods

8.4.2.1 The family

The affected male (IV-1) shown in Figure 8.13 was clinically diagnosed as suffering from

Wiskott-Aldrich syndrome by Dr Chris Pearson (Flinders Medical Centre, Adelaide). At 8

weeks of age he had a runny nose and oral thrush, with discharge from the ears due to

otitis externa (inflammation of the outer ear passage). By 3 to 4 months eczema had

appeared with some areas infected. He also presented with thrombocytopenia (low

numbers of platelets), small platelets and minor (but not diagnostic) abnormalities of

immune function tests.

The boy's uncle (tV-2) died at 3 to 4 months of age. He had eczema, ear infections,

osteomyelitis (inflammation of the interior of the bone) and failed to thrive. The other uncle

(IV-3) died at 12 months. He had similar symptoms as his brother but also: anaemia

(requiring transfusion), pneumonia and asthma.

8.4.2.2 Mutation screening using SSCA

The primers used for amplification of the 12 exons of the V/AS gene (GenBank accession

no. U19927) are given by Kwan et al. (1995). The thermal cycling conditions were:

t95"C 30 secs; 58'C 30 secs; 72"C 60 secsl x 35. SSCA was performed as described

previously (3.2.16.4) using both MDE and IOTo (w/v) acrylamide non-denaturing

sequencing gels.

8.4.2.3 Sequencing of PCR products

PCR products were generated, purified and sequenced as described in8.2.2.4.

Sequences were compared to the WAS sequence published by Kwan et aI. (1995).

8.4.2.4 Restriction enzyme digestion

Restriction enzyme digestion of 2 pg of PCR product (generated and purified as described

in 8.2.2.5) was performed in a volume of 30 ¡r,1, according to the manufacturer's

instructions. The restriction fragments were separated on a27o (w/v) agarose gel.
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Figure 8.13 The family affected with V/iskott-Aldrich syndrome.

* 6

IV

I
o

*



8.4.3 Results

8.4.3.1 SSCA

The IVAS gene was screened for mutations by amplifying its 12 exons by PCR from the

genomic DNA of the affected male (IV-1), his mother (III-2) and his unaffected father (III-

1). These PCR products were then subjected to SSCA'

A conformational difference was detected with the exon 4 PCR products from the affected

male and his mother, compared to that of the unaffected father (Fig. 8.14), but only using

an MDE gel and not a lOTo gel. Further analysis revealed that the allele carried by the

proband was also carried by his grandmother (as expected from her obligate carrier status),

but was not seen upon analysis of the DNA from other members of the family (where

DNA was available nor from 99 X chromosomes from 35 unrelated males and32 unrelated

females (data not shown).

8.4.3.2 Sequencing

Sequencing of the exon 4 PCR products from the proband and his parents revealed a base

transition, G47 to A, in the affected male relative to the sequence from his unaffected

father and to the published sequence (Fig. S.l5). The raw sequence data of the mother's

DNA showed a double (G/A) peak at this position, as expected.

8 -4.3.3 Restriction enzyme digestion

This base change should eliminate an AciI restriction enzyme site (5'G"CGG3'; Fig.

S.16). This was confirmed by incubating the exon 4 PCR products of the proband (IV-1),

his mother (III-2) and his father (III-1) with this enzyme (Fig. 8.17). These results are

consistent with the SSCA data (Fig. 8.18). This mutation is predicted to result in a Gly to

Arg substitution at codon 125.
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Wildtype Asptzt Cystzz Gln123 frl$2a Glytzs lsu126 fls¡127

Figure 8.15 Part of the sequence of WAS exon 4 from the affected male V-l ,

showing the mutated base.
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2L4bp PCR Product

AciI AciI eciT.*

25bp-
16bP 

-34bP 

-
139bp

Figure 8.16 Expected restriction fragments from the PCR product of a wildtype ITAS

exon 4 allele, following digestion with AciI. * site eliminated in carriers.

(Note that the first intronic AciI site may be polymorphic because it was observed by

the candidate and reported by Derry et al.,(1995a), but was not present in the sequence

reported by Kwan et al., (1995)).

WAS exon 4



Figure 8.17 WAS exon 4 PCR products cut with AciI.
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Figure 8.18 Results of the SSCA and, for IV4, IV-5 and V-l only, Acil restriction enzyme

digestion of the IVAS exon 4 PCR products.



8.5 Discussion

8.5.1 X-linked spastic paraplegia

During the course of the linkage analyses presented in8.2.3.1, a mutation segregating with

the affected members of a family suffering from spastic paraplegia (Bonneau et al., 1993)

was found within the third exon of the PLP gene, which maps to Xq22.2, between DXS3

and DXS424 (Saugier-Veber et al., 1994; Nelson et aJ.,1995). Given that the localisation

of the disease gene in the family presented herein was between the AR (Xql2) and

DXS424 (Xq23) loci the PLP gene became a prime candidate for the disease causing gene.

1¡" 1707 16 C mutation discovered within the PLP gene would result in the change of

amino acid Ph436 to Ser (Fig. S.a). According to one PLP model (Popot et aI., l99I),

this residue lies within the fourth transmembrane alpha-helix (helix D) (and is not one of

the 35 amino acids deleted, as a consequence of alternative splicing, in the isoform: DM-

20). Given that a hydrophobic amino acid (phenylalanine) is replaced by a hydrophilic

amino acid (serine) there is the potential to disrupt this alpha-helix and/or its interaction

with other molecules, such as inositol hexakisphosphate, which binds to PLP in vitro

(Yamaguchi et al., 1996).

This is the first mutation within exon 6 of the human PLP gene to be reported in

association with the spastic paraplegia phenotype and the second to be found in exon 6 of

the human PLP gene. The f,rrst mutation @ G7+z to C transversion) was discovered in the

DNA of a boy suffering from PMD (Pratt et al., I995a). The jimpy(msd) ¡¡suse also has

a mutation within this exon (Gencic et aI., 1990). All three mutations would result in the

substitutions of amino acids within the fourth alpha-helix of the protein, according to the

model cited above. Different mutations affecting different PLP functions may explain why

one of the mutations in the human gene causes PMD and the other spastic paraplegia. The

remainder of the PLP mutations so far reported have been in other exons and most human

PLP mtftations so far detected have been different (Kaye et aI., 1994; Pratt et al., I995b).

To date, only two other PLP mutations have been associated with SPG2 (Kobayashi et al. ,

1994; Saugier-Veber et al., 1994), and both, unlike the mutation repofted here, are

expected to result in amino acid substitutions within hydrophilic domains of the protein
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(Popot et aI., l99I). The other 38 known mutations, within the protein coding exons 2 to

7, have been associated with the more severe phenotype exhibited in PMD (Hodes and

Dlouhy, 1995 ; Kay e et al., 1994; Pratt et aI., 1 995 b).

Additional evidence in support of the exon 6 base change being responsible for the disease

in the family described herein could be obtained from histopathological observations of an

abnormal amount and/or appearance of CNS myelin of affected males or perhaps from the

creation of a similarly affected transgenic mouse with an identical mutation.

Proteolipid protein constitutes 5OVo of the protein of adult central nervous system (CNS)

myelin (F;ng et aI., 1963). Myelin is an extension of the plasma membrane of

oligodendrocytes that enwraps the axons of neurons (Peters et aI., l97O). PLP is thought

to be required for oligodendrocyte maturation and survival and for maintaining myelin

structure (Duncan, 1990; Boison et al., 1995). The amino acid sequence of this protein is

highly conserved: for example, the human, rat and mouse sequences are identical (Macklin

et al., 1987; Schliess and Stoffel, l99l; Kitagawa et aI., 1993). Heterologous in vitro

experiments investigating the consequences of the jimpy(msd) mutation have shown that

the defective PLP accumulates within the rough endoplasmic reticulum which,

extrapolating to oligodendrocytes, is thought to result in hypomyelination and early cell

death (Gow et al., 1994). The relatively mild spastic paraplegia phenotype compared to

that exhibited by those affected with PMD may be explained by the former exhibiting

dysmyelination (disruption of the myelin structure and as a consequence reduced

conduction velocities) and the latter hypomyelination. The loss of oligodendrocytes,

perhaps due to the progressive accumulation of toxic mis-folded PLP, may explain the

progressiv¿ nature of the paraparesis seen in the affected members of the family shown in

Figure 8.1, but does not account for the specificity of these symptoms. A role for PLP in

the peripheral nervous system has been proposed to account for the symptoms of some

PMD patients (Kaye etaI., 1994).

Phenotypic diversity associated with allelic heterogeneity has been noted previously

(Suthers and Davies,1992 Romeo and McKusick, 1994) and given that spastic paraplegia

(both complicated and uncomplicated) and PMD have now been shown to be allelic

disorders, other families with symptoms of spasticity that map to Xq2l-q22 (Keppen et

al., 1987; Goldblatt et al., 1989; Le Merrer et aI., 1989) should be investigated for
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mutations in the PLP gene

8.5.2 Myotubular myopathy

The MTML C775 to T base change would result in an Arg to Cys substitution at codon

259. This residue has been conserved in the predicted homologous proteins of both

Saccharomyces cerevisiae and Caenorhnbditis elegarn (Laporte et al., 1996). Given that a

non-conservative (in terms of structure and evolution) amino acid substitution has occured

this mutation potentially has functional significance for the putative protein (myotubularin).

At the time the manuscript (appendix 4.7) describing the Ú75 n T change was submitted

for publication, this was the second mutation within exon b of the MTMI gene to be

reported in association with myotubular myopathy. The first mutation, a deletion (4C763-

7&), is expected to cause a frameshift and a truncated protein (Laporte et al., 1996).

Subsequently, the tu " ç775 to T base change has been observed in another mildly

affected individual (J-L Mandel, personal communication).

Phenotypic confirmation of the carrier status of the boy's mother may be obtained if she

has pathological muscle histology (although her carrier status cannot be excluded if she

does not have any abnormal muscle phenotype). Given that some phenotypic heterogeneity

has been reported in association with XLMTM (Wallgren-Pettersson et al., 1995) (whether

this is due to allelic heterogeneity and/or genetic heterogeneity is, as yet, undetermined) the

identification of the particular mutation reported herein will contribute to a database

showing the correlation between specific MTMI gene mutations and the resultant

phenotypes. (the mutation reported herein is associated with a relatively mild myopathic

phenotype). Such knowledge will assist in the prognosis of any other sporadic males from

other families.

8.5.3 Wiskott-Aldrich syndrome

The G4074 change is the 35th WAS gene missense mutation to be reported in association

with either Wiskott-Aldrich syndrome or X-linked thrombocytopenia (Human Gene

Mutation Database, January lW7). Most mutations are found within the first 4 exons
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suggesting that these encode for functionally important domarns

Evidence that the WAS mutation reported above is deleterious, and not just a neutral

variant, includes:

a) The conformational change was not observed in unaffected males of the family, nor in

99 unrelated X chromosomes;

b) The base change would result in an amino acid change. Although charged and basic

arginine is replacing non-polar glycine, this change is thought to be relatively conservative

because both are hydrophilic and the residue lies in a hydrophilic portion of a generally

hydrophilic protein (Derry et aI., 1994). Therefore the change is unlikely to be involved in

disrupting the structure of the molecule, but may disrupt its interaction with other

molecules.

c) This amino acid residue has, however, been conserved in the predicted homologous

protein of mice (Derrl, et al., 1995b), which is evidence that it does serve a critical

function.

d) This amino acid is also considered part of the putative "WASP homology 1 domain"

(WHl). This domain has been evolutionarily conserved among proteins involved in

cytoskeletal organisation (Symons et aI., 1996).

e) This same mutation has also been observed in the DNA of a boy with a severe form of

WAS (Zhu etal., 1995).

The function of the 502 amino acid WAS protein (WASP) is not known, but is generally

considered to have multiple functions (Featherston,I99T). The protein does bind, invitro,

to domains of cytoplasmic tyrosine kinases involved in lymphoid cell signaling pathways

(Cory et aI., 1996), and thus it may be involved in signal transduction. As mentioned

above, V/ASP may instead, or also, be involved in maintaining the cytoskeletal architecture

of T cells (Molina et al., 1992; Symons et al., 1996). Another suggestion has been made

that, because of the presence of a leucine zipper-like motif, the protein has a role as a

transcription factor (Schindelhauer et aI., 1996). Its function, or the importance of its

function, does seem to vary in different cell types, given that most mutations affect

megakaryocytes (from which platelets are derived), thus producing the relatively mild

phenotype associated with XLT, whereas other mutations also affect the function of

immune response cells, thus giving rise to more severe symptoms.
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In general however, it has proven difficult to elucidate any positive genotype/phenotype

correlations, that is, one cannot predict with confidence the disease symptoms that will

arise from a particular WAS mutation because some mutations can cause either XLT or

WAS in different families (Kolluri et aI., 1995 De Saint Basile et al., 1996; Greer et aI. ,

1996; Schindelhauer et al., 1996). Most patients with XLT have conservative missense

mutations, whereas both attenuated and severe forms of WAS are associated with

nonsense, frameshift or missense mutations (Derry et aI., I995a; Ytlla et al., 1995; De

Saint Basile et al., 1996; Greer et al., 1996; SchindelhaveÍ et al., 1996). Apart from

interfamilial variability, there is also intrafamilial variability (Sullivan et al., 1994;

SchindelhaueÍ et al., 1996), which also suggests that other genes, environmental factors

anüor additional (undetected) W,4S mutations affect the phenotype.
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8.6 Conclusion

A point mutation within the PLP gene has been found to cosegregate with the affected and

carrier members of a family suffering from progressive spasticity of the legs. Given the

non-conservative nature of the predicted amino acid substitution, the highly conserved

sequence of the protein, the detrimental effects of two previously reported mutations within

the same exon and the absence of this base changein22O unrelated X chromosomes, this

mutation is unlikely to be a rare, selectively neutral, variant or polymorphism.

Identification of the mutation has allowed the identification of female carriers, and will

permit the future determination of the carrier status of other males and females of the family

if they wish to avail themselves of this direct test. The published manuscript of this work

appears in the appendix (4.6; Donnelly etal., 1996a).

The MTMI exon b mutation is also unlikely to be a rare neutral variant because of the non-

conservative nature of the predicted amino acid substitution, the phenotypic consequences

of the same and other mutations in the MTMI gene, the absence of this base change in 159

unrelated X chromosomes, and the fact that the mother is a new mutant (or has inherited

the base change from a gonadal mosiac parent). The identification of this mutation has

shown that the disease in the family studied is the form associated with MTMI in Xq28, as

distinct from any other X-linked or autosomal myotubular myopathy. Future prenatal

diagnosis can now be offered to the carrier mother, should she request it. Other potential

female carriers from the family have been assessed for carrier status and found to be non-

carriers. The manuscript (in press) of this work appears in the appendix (A.7; Donnelly et

al., 1997).

The WAS mutation reported herein is unlikely to be a rare neutral variant given the absence

of this base change in 99 unrelated X chromosomes, its predicted (evolutionary conserved)

amino acid substitution, and the existence of an affected boy with the same mutation.

Prenatal diagnosis of future pregnancies is now available to the mother of the proband, and

the carrier status of the proband's sisters and any other, as yet untested, females of the

extended family can be easily determined.
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9.1 Summary

A female with global developmental delay, another with mental retardation and manic-

depression and a third who was the mother of a boy with features of Borjeson-Forssman-

Lehmann Syndrome were characterised cytogenetically. The hrst two females had X;

autosome translocations and the third had a duplication of the distal portion of the q arm of

the X chromosome. Genes identified at or near these X chromosome alterations are

candidates for disorders which affect the central nervous system. The X chromosome

breakpoints were determined by FISH, primarily using YACs. The first female has an X;6

(p22.2;ql4) breakpoint that most likely lies between DXS1317 and DXS999. The second

female has an X;12 (q%t;q14) breakpoint that most likely lies between DXS8059 and

DXS1212. The third female possesses a duplication of the X chromosome that begins

between DXS1062 (Xq26.2) and DXS29a (Xq26.3) and extends into Xq28. This

targetted approach to gene identification represents an alternative to the positional candidate

approach used in Chapter 7.
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9.2 Introduction

Visible cytogenetic abnormalities such as translocations and deletions have greatly

faciliøted the localisation and ultimately the identification (positional cloning) of many

genes. Of 42 genes identified by positional cloning up until 1995, the cloning process in

26 cases had been greatly assisted by the presence of cytogenetic abnormalities (Collins,

1995). V/ith the currently available STS- and YAC-based physical maps it is relatively

easy to accurately position the breakpoints of any chromosomal rearrangement.

X chromosome rearrangements have been particularly useful for mapping and identifying

X-linked genes because carrier females either bear affected males or themselves suffer

phenotypic consequences and thus undergo clinical and cytogenetic investigation. This

chapter presents the preliminary molecular investigations of the cytogenetic abnormalities

possessed by three such females. It is hypothesised that these abnormalities are associated

with the disease phenotype in the affected females or their male offspring. Characterisation

of these molecular defects will lead to the identification of the disease genes and may help

elucidate the mechanisms of the translocations and duplication events by examination of

the DNA sequence near the breakpoints.

To explain the existence of females with symptoms attributable to apparently balanced

translocations involving the X chromosome one or more of the following scenarios can be

envisaged:

1) Mosaicism of the abnormality. The clinical consequences will depend on the proportion

of cells that contain the abnormality.

2) An X chromosome gene is disrupted by the translocation. Those cells in which the

normal X is inactivated will be functionally nullisomic for that gene, or monosomic if that

gene is one that escapes inactivation.

3) An autosomal gene is disrupted by the translocation. All cells will then be functionally

monosomic for that gene.

4) Spreading of inactivation from the derived X into the autosome (that is, the normal X

remains active). This will result in functional monosomy of those autosomal genes that

become inactivated, if the translocation is balanced. The extent of spreading may vary
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between cells and hence the phenotype may also vary.

5) The normal X remains active. This means the cell will be functionally disomic for those

X genes translocated to the autosome (Schmidt and Du Sart, 1992; Hatchwell et aI.,

1ee6).

6) Position effects. This refers to the up- or down-regulation of expression of genes

because of the juxtaposition of regulatory sequences of other genes (Milot et al., 1996).

7) The consequences of (2) to (6) may depend on the cell type and the genes involved.

Some cells may not be able to mature or survive, whereas other cell types will, that is, the

phenotypic consequences will depend on which part of the X and how much of the X is

translocated, and similarly for the autosome. The pattern of cell survival will be reflected

in the pattern of X inactivation. Inactivation will be skewed in those cell types which

cannot tolerate the consequences of the translocation.

A review of 122 females with balanced X; autosome translocations showed that in 77Vo of

cases it is the translocated X that remains active (Schmidt and Du Sart,I92). The other

23Vo of females had some proportion of lymphocytes and/or fibroblasts that were

functionally disomic for that part of the X chromosome on the derived autosome because

the normal X was early replicating (that is, active) and those cases with the greatest

proportion of cells with an active normal X were translocations involvingXpZ2 or Xq28.

In other words, functional disomy for regions of Xp22 or Xq28 is often compatible with

cell survival and persistence.

Reports of females with partial duplications of the X chromosome reveal that in almost all

cases it is the X with the duplication that is inactivated (Aughton et al., 1993), which

would account for their lack of disease symptoms. However, these same duplications

result in affected male offspring when compatible with life (Schmidt et al., 1991). The

phenotype of the males can be explained by disomy for those genes duplicated and/or

disruption of the gene by one of the breakpoints, especially if the phenotype is similar to

that of a gene independently found to map to the same location.
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9.3 Materials and Methods

Only brief accounts of the methods used are given below, further details are given in the

Chapter 3 sections indicated.

9.3.1 Clinical material and cytogenetic analyses

Cytogenetic analyses were performed by staff of the Cytogenetics Unit of the Department

of Cytogenetics and Molecular Genetics, Women's and Children's Hospital (V/CH),

unless indicated otherwise.

9.3.1.1 Case S

Patient S is a female who was born on 3015194. A tentative diagnosis of partial Aicardi

syndrome (Aicardi et a1.,1965) was made based on her infantile spasms and her global

developmental delay. Cytogenetic analysis revealed that she had the karyotype:

ß,X,t(X;6)(p22.31;ql4). The translocation was balanced at the level of light microscopy.

No mosaicism was evident in cultured leucocytes. X inactivation was random.

9.3.1.2 Case M.

Patient M is a female who was born on 619178. She was diagnosed as being mentally

retarded and having bipolar disorder (BP; Manic-depression; MIM 309200) by Dr

Eskavari (WCH). Cytogenetic analysis revealed that she had the karyotype:

Æ,X,t(X;12)(q24;qI5). The translocation was balanced at the level of light microscopy.

No mosaicism was evident in the cultured leucocytes. X inactivation was skewed, with

lNTo of cells having a late replicating normal X (ie inactivated).

9.3.1.3 Case B

Case B is a female who is the mother of a male born in 1974. This boy was brought to the

attention of the Department of Cytogenetics and Molecular Genetics by Drs Ming and

Zackai of the Children's Hospital of Philadelphia (CHP). They suspected he was suffering

from Borjeson-Forssman-læhmann Syndrome (BFLS; MIM 301900; Borjeson et al.,

1962). He had a history of early hypotonia and poor feeding. Chromosome analysis

(CHP) showed a duplication of Xq27. Features consistent with BFLS were: profound
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developmental delay, neonatal hypotonia, short stature, bilateral cryptorchidism with a

small penis, deep set eyes and obesity. In addition he had one kidney, conductive hearing

loss and hypertelorism. The patient died from surgical complications and no tissue was

kept for cytogenetic or molecular genetic analysis. Chromosome analysis of the

phenotypically normal mother showed that she also carried the duplication. It is unknown

if she is mosaic for the duplication. X inactivation was skewed; the duplicated X was late-

replicating (ie inactivated) in 25125 metaphases.

9.3.2 Selection of YAC and cosmid clones

Cosmid clones mapping toXp223 were selected, by the candidate, from the physical map

given by Wapenaar et al. (1994). YAC clones mapping to Xp22 were selected from the

physical map given by Ferrero et aI. (1995). Both cosmid and YAC clones were kindly

provided by Dr Brunella Franco of the Telethon lnstitute of Genetics and Medicine in

Milan,Italy.

CEPH YAC clones mapping to Xq24 were selected from a physical map available from

the Whitehead Institute web site (http://www-genome.wi.mit.edu/cig-

binicontig/phys_map; Hudson et al., 1995). These clones were purchased from Genome

Systems Inc. The Washington University School of Medicine (WUSM) YAC clones

(designated WXD...) mapping to Xq24 were selected from a physical map kindly

provided by Dr Ramaiah Nagaraja (V/USM Center for Genetics in Medicine). Details of

the YACs and STSs on this map are available from web site

http://genome.wustl.edu/cgm/cgm.html. They were purchased from ATCC.

CEPH YAC clones mapping toXq26 were also selected from the physical map available at

the Whitehead Institute web site (http://www-genome.wi.mit.edu/cig-

bin/contig/phys_map; Hudson et al., 1995). These clones were purchased from Genome

Systems Inc. WUSM YAC clones mapping to Xq26 were selected from the physical map

of Pilia et aI. (1996). They were purchased from ATCC. Clones: D2425,4D-8 (DXS98),

VK16 (DXS293), VK21 (DXS296),910H1 and 49.8 (DXS295 and DXS29ó) had been

previously used for investigations unrelated to those reported herein.

9.3.3 YAC and cosmid DNA preparation

YAC DNA was prepared, by the candidate, as described in 3.2.7.3. Cosmid DNA was
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prepared as described in 3.2.7 .6.

9.3.4 FTSH

Fluorescence in si/u hybridisation to metaphase spreads, from shoft term leucocyte

cultures (for cases S and M) and lymphoblastoid cells (for case B), was performed by Liz

Baker and Helen Eyre (WCH) using YAC, cosmid, lambda or plasmid DNA as described

in 3.2.17.

9.4 Results

9.4.1Xp22 breakpoint

The tentative diagnosis of Aicardi syndrome (AIC) for this female led the candidate to

select cosmid clones from the putative AIC critical region in Xp22.31. Figure 9.1 shows

the break diagrammatically and, as an example, the FISH of cosmid U9184 is shown in

Figure 9.2.The cosmid clones hybridised distal to the breakpoint. This result led to the

selection of YAC clones that were expected to flank the breakpoint. Flanking YAC clones

were obtained and the breakpoint was progressively approached by several rounds of

YAC selection and hybridisation. Table 9.1 shows the cosmids and YACs used for FISH

and their position relative to the breakpoint. Figure 9.3 shows the physical map of the

region and the position of each YAC relative to the breakpoint, which is in Xp22.2

(between DXS1195 and DXS999) and notXp22.31. YAC 434e8 has been tentatively

assigned a position distal to the breakpoint but the hybridisation signal:noise ratio was

poor.
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Figure 9.2 Metaphase, from case S, showing FISH with probe cU9lB4.

A: Chromosomes stained with DAPI for chromosome identification. The normal X

chromosome is indicated by the large arrowhead. The derivative X chromosome is indicated

by the large arrow. The normal 6 chromosome is indicated by the small arrowhead. The

derivative 6 chromosome is indicated by the small anow.

B: The same metaphase as above counter-stained with propidium iodide. Fluorescent signal

from hybridisation of the probe cU9lB4, which hybridises distal to theXp22 breakpoint, is

indicated by the arrows.
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Table 9.1 Probes used for FISH to define the xp22 breakpoint

probe

(Xpter-cen)

FISH result No. of cells scored

cU9IB4

c62}J3

y926d3

y618f6

y984d10

y896f9

y434e8

y47flo

y718b8

y96ùa5

y81ldl1

y693dl

y95496

poor signal

no signal

proximal

proximal

proximal

proximal

distal 10

disal 10

distal 10

signal on 6q & l0q

disal l0

disal 10

distal (but poor signal) 4

5

10

10

l0

c=cosmidiy=YAC.
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9.4.2XqVl breakpoint

This breakpoint is shown diagrammatically in Figure 9.4. CEPH YACs from Xq24 that

were expected to flank the break were selected (Table 9.2). An example of the FISH is

given in Figure 9.5 for YAC 896c5. Again, rounds of selection and hybridisation were

performed to close in on the breakpoint. This proceeded until it was shown that the

breakpoint occured within a gap in the CEPH YAC map, between markers DXS1001 and

DXS12I2 (Fig 9.6) a region of at least 3 Mb (personal communication with Dr David

Schlessinger). This gap has been mostly filled by Dr Schlessinger's group at the WUSM

(unpublished data). The results from the YACs selected from this map are also given in

Figure 9.6. From PCR analysis, the distal YAC 949fI1 contains the locus DX58059, as

do YACs WXD6788 aîd WXD2446, both of which map proximal to the break. PCR

analysis also confirmed that DXS1212 is present in949fl1 and WXD2446.
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Table 9.2 YACs used for FISH to define the Xq24 breakpoint

probe

(cen-Xqter)

FISH result No. cells scored

y923d3

y874Ð

y7O594

yWXDS

yWÐ28r''

YWW
yWXD6788

yWXD6792

yWXD?Æ

y94%Ir

y779c2

y8O3g7

y89tíc5

proximal

proximal

proximal

proximal

proximal

proximal

proximal

proximal

proximal

distal

distal

disal

disal

5

10

10

l0

10

6

4

6

5

10

10

10

20



Figure 9.5 Metaphase, from case M, showing FISH with probe y896c5

A: Chromosomes stained with DAPI for chromosome identification. The normal X

chromosome is indicated by the large arrowhead. The derivative X chromosome is indicated

by the large arrow. The normal 12 chromosome is indicated by the small arrowhead. The

derivative 12 chromosome is indicated by the small arrow'

B: The same metaphase as above counter-stained with propidium iodide. Fluorescent signal

from hybridisation of the probe y896c5, which hybridises distal to the Xq24 breakpoint, is

indicated by the arrows.
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9.4.3 Xq26-q28 duplication

The duplication is shown diagrammatically in Figure 9.7. (The extra material present in the

long arm of the X chromosome was shown to be derived from the X by hybridisation with

a total X paint). As an example, Figure 9.8 shows the duplication of probe 4D-8. The

plasmid and YAC probes used for FISH are given in Table 9.3, with results of whether

they have been duplicated or not. A physical map of the YAC clones used for FISH is

given in Figure 9.9. At this stage of the investigation, YAC WXD4O4 (which contains the

DXS294 locus; Xq26.3) is the most centromeric probe to be shown to have been

duplicated. The most telomeric YAC which is not duplicated is WXD191 (which contains

the locus DXS1062; Xq26.2).
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Figure 9.8 Metaphase, from case B, showing FISH with probe 4D-8'

A: Chromosomes stained with DAPI for chromosome identif,rcation. The normal X

chromosome is indicated by an arrowhead. The abnormat X is indicated by an arrow.

B: The same metaphase as above counter-stained with propidium iodide. Fluorescent signal

from hybridisation of the probe 4D-8 is indicated by the arrows. Duplication is evident on the

abnormal X chromosome.
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Table 9.3 Probes used for FISH to define the Xq26 point and extent of
duplication

probe

(Xpter-Xqter)

FISH result No. of cells scored

p22.3

qlz

q13

qA

q24

q25

q26.2

q26.1-q26.2

q26.2

q26.3

q26.3

q26.3

q27.1

q27.1

q27

q27.3

q28

q28

c62H3

cD24:25

y910H1

y874f9

y896c5

y767e3

y802f8

yWXD371

yW)(D2191

yWXD|O4

yWXD311

yWXD754

y905e1O

y857cl

p4D-8

ì,"vK47

},VK21

y49.8

not duplicated

not duplicated

not duplicated

not duplicated

not duplicated

not duplicated

signal on 6q & 8q

not duplicated

not duplicated

duplicated

duplicated

duplicated

duplicated

duplicated

duplicated

duplicated

duplicated

duplicated

2

10

10

11

6

t7

10

l0

10

l0

5

5

10

15

2

5

7

c = cosmid; ),, = lamMa; p - plasmid; y = YAC.
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9.5 Discussion

9.5.1Xp22 breakpoint

Aicardi syndrome (MIM 304050) is a male-lethal disorder that features mental retardation,

infantile spasms, agenesis of the corpus callosum and chororetinal lacunae (Aicardi et al. ,

1965). A few AIC patients have gross cytogenetic abnormalities involving Xp22

(reviewed by Ballabio and Andria, 1992). The AIC phenotype overlaps that of two other

disorders, Goltz syndrome (also known as focal dermal hypoplasia (FDH; MIM 305600))

and microphthalmia with linear skin defects (MLS; MIM 309801), which has led to the

suggestion that the same gene(s) may be involved (Lindsay et al., 1994; Ballabio, 1995).

Cytogenetic observations of deletions and translocations involving Xp22 has enabled the

MLS critical region to be positioned to a 900 kb region between DXS85 and DXSI135 in

Xp22.31 (Schaefer et al., 1993; Wapenaar et al., 1993; 1994). Given that the MLS region

has been defined and that the MLS gene(s) may also be involved in AIC, cosmids flanking

the MLS critical region ('Wapenaar et al., 1994) were used for FISH against the

chromosome spreads of female S. However these cosmids (U9184 and U62H3) mapped

distal to the breakpoint. This suggests that although her phenotype shares some

characteristics with AIC the AIC gene(s) is not involved. Nevertheless, any gene found at

the breakpoint still represents a candidate for one or more of the MRX families whose

disease gene localisations span this point(MRXI3, 19, 21,32 and 36; Table 6.10; Fig.

6.1s).

The next step was to use YACs that were expected to flank the breakpoint. These YACs

were chosen from the map of Ferrero et al. (1.995) and the region of the breakpoint was

progressively narrowed. These YAC FISH results have shown that the break is inXp22.2

and not p22.31(as originally suggested by karyotype analysis) and that the breakpoint lies

between YACs 896f9 (containing locus DXSl3lD and 96Oa5 (containing locus

DXS999).

9.5.2Xq24 breakpoint

YAC WXD2446 (which contains internal deletions) was expected to span the break

because it overlaps (data from the WUSM map and confirmed by PCR) a YAC that maps

proximal (WXD6788) and a YAC that maps distal (949f11). This inconsistency could be

explained by the possibility that both YACs 949fIl and WXD2Æ do in fact span the
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break but only by a small amount of sequence. Additional YACs are to undergo FISH to

clarify this situation.

The female with the translocation has been diagnosed with bipolar disorder (BP; MIM

309200) and mental retardation. A number of linkage analyses have implicated distal Xq

as harboring genes that may contribute to BP (reviewed by Risch and Botstein, 1996).

One of these studies reported linkage to Xq24-q27.1 (PeI <arinen et al., 1995). These

authors performed linkage analyses using different modes of inheritance and different

diagnostic categories. Using a particular set of diagnostic criteria and assuming one major

locus was involved this study resulted in significant and suggestive lod scores for loci

between DXS100I and DXS292. As shown in Figure 9.6, DXSL001 lies proximal to the

breakpoint in female M and thus it is possible that any gene disrupted by the break may

also be responsible for the disease in the family reported by Pekkarinen et aJ. (1995).

9.5.3 Xq26-q28 duplication

As shown in Figure 9.10, BFLS has been determined by linkage analysis to lie between

DXS425 (Xq25) and DXSL05 (Xq27.1) (or possibly DXS294 (Xq26.3) if one of the

females of the family is considered a carrier) (Gedeon et al., 1996c).

The symptoms affecting the boy could be due to a duplication of the BFLS gene(s) and/or

disruption or loss of the gene(s) as a consequence of the event that also led to the

duplication. The absence of any symptoms in the mother can be explained by inactivation

of the duplicated chromosome. The fact that her cultured lymphoblasts exhibit skewed X

inactivation is evidence that activity of the duplicated chromosome is incompatible with cell

survival or persistance (in vitro at least) and thus it is puzzling that her son was born at all.

(fhere has been a previous report of a duplication from Xq26.3 to qter in a dysmorphic

and developmentally delayed female where the duplicated X remained active in all cells

studied (Magenis et al., 1984)). Given that the duplication encompasses up to 25 Mb, it

would be expected that many genes would be duplicated and, as a consequence, that the

transcription level of those expressed would be doubled. Conversely a male, only

exhibiting haemophilia, possessing a 7 Mb deletion between DXS730 (Xq26.3) and

DXS1200 (Xq27.3) has been reported (Gebbia et al., 1996). The position of DXS730 is

shown in Figures 9.9 and 9.10. In addition, another report of a male-viable deletion

extends this region telomerically another 5 Mb to the FRAXA locus (Quan et al., 1995).
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This is evidence that there are no genes in this 11 Mb region that are essential for viability

and thus increased dosage of these genes may also be of little consequence, although the

duplication possessed by female B extends about 2 Mb beyond FRAXA to DXS295 at

least (data from YAC 49.8), which is in Xq28; a band that has regions of high gene

content (see for example De Sario et aI., 1996).

Given the FISH results the point of duplication lies somewhere between DXS1062 and

DXS294.If the distal limit of BFLS is taken to be DXS294 (Gedeon et al., 1996c) and if
the boy does have BFLS, (as distinct from being a phenocopy) and that the duplication is

responsible for generating the symptoms, then the most optimistic estimate of the critical

region for BFLS is, at this stage, between DXS1062 and DXS294, a distance of 540 kb

(Hliaetal., 1996).

In addition, the deletion patient reported by Gebbia et al. (1996) does not have BFLS,

therefore if BFLS is the result of gene knockout the gene is likely to lie proximal to

DXS730 (Figs 9.9, 9.10).

There are three other syndromal disorders that map to this region: Pettigrew syndrome

(Huang et al., 1991; Pettigrew et al., I99l), Gustavson syndrome (Gustavson et al.,

1993; Malmgren et aI., 1993) and X-linked recessive pan hypopituitarism (XHP) (Phelan

et al., I97l; Lagerstrom-Fermer et al., 1997). Gustavson syndrome has some features in

common with Pettigrew syndrome (mental retardation, spasticity and seizures) and some

with BFLS (mental retardation, large ears and optic abnormalities) and it has been

proposed that Gustavson syndrome may be a contiguous gene syndrome that has one or

more genes in common with these other two syndromes (Gustavson ¿/ al., 1993). The

regional localisations of the genes of each of these syndromes are shown in Figure 9.10,

and their relative positions does lend support to the "contiguous gene syndrome"

hypothesis.

Recently, linkage and haplotype analysis of a family with males affected with X-linked

recessive panhypopituitarism (XPH) showed the gene to be most likely between DXS425

(Xq25) and DXS998 (Xq,27); a localisation which overlaps that of BFLS, as shown in

Fig. 9.10 (Lagerstrom-Fermer et al., 1997). The XPH clinical phenotype also overlaps

that of BFLS; both feature shoft stature, genital abnormalities and mental retardation. Two

of the affected males of the family were heteozygous for alleles of the DXSL)2 locus.
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Quantitative analyses confirmed an extra dosage of one of the Dxs102 alleles in carrier

females. The same results have been observed for two other unspecified loci' From this

evidence Lagerstrom-Fermer et al. (1997) have suggested that this family has a duplicated

segment of the x chromosome that spans at least 4 cM' Therefore the phenotypic features

shared by BFLS and XpH may be exprained by duplication of the same gene(s)' The only

other disease which has symptoms similar to BFLS is wilson-Turner syndrome' which

maps to Xql1.3-Xq21'3 (V/ils on etal'' l99t; Gedeon etal'' 1996e)'

9.6 Conclusion

onceYACsspanningthetwobreakpointsandpointofduplicationhavebeenfoundthey

canbesubclonedintocosmidorlambdaphage.Thesesmallerclonescanthenbe

assembled into contigs and used for further FISH' to home in on the molecular lesions'

Alternatively, STSs from the YACs could be used to screen bacterial artificial chromosome

(BAC) or P1 artificial chromosome (PAC) gridded libraries' clones that span these points

of disruption can be used in exon trapping and/or cDNA selection experiments to find

candidate genes. Those genes associated with the xq24 breakpoint or the xq26

duplication then become candidates for the disease genes in those families affected with

BFLS or BP disorder respectively. Any gene associated with the xp22'2 breakpoint can

be investigated in those MRX families whose disease genes overlap this region'
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Chapter 10

Conclusion



The Human Genome Project has advanced greatly since the implementation of the first 5

year plan in 1990 (Jordan, 1992; Collins and Galas, 1993). Its progess can be

summarised as proceeding from genetic maps to physical maps to transcriptional maps.

The ultimate aim is to sequence the entire genome and in the process identify all genes.

This knowledge will be used to improve the health of individuals and society as a whole

by providing therapies and preventative strategies.

With the generation of comprehensive linkage maps of the whole genome, linkage analysis

of single gene disorders is now a routine procedure. The polymorphic markers used for

linkage analyses have been used to select and characterise clones which are assembled to

form physical maps. Upon these physical maps are being positioned ESTs, thus creating

transcriptional maps. Most of the few hundred thousand ESTs representing perhaps half

of the 70,000 human genes are expected to be assigned to their cognate genes and mapped

using human-rodent radiation hybrids within the next few years (Berry et al., 1995;

Gerhold and Caskey, 1996). These ESTs then become candidates for disease genes

regionally localised by linkage analysis. At the moment the isolation of genes from seed

ESTs is being pursued by individual investigators interested in a particular phenotype, but

in the future it is likely that large scale centralised concerted efforts will be made to isolate

whoie genes from ihese ESTs. Soon one will be able to identify all ESTs present within a

defined genomic region by searching a database (Schuler et al., 1996) or using that region

to probe gridded cDNAs (L.ee et al., 1995). Already transcriptional maps are being

published and described as being "body" maps or "human gene anatomy" maps as the

tissue and developmental patterns of expression of ESTs are determined (see for example

Adams et al., 1995). The specific function(s) of the vast majority of the genes being

discovered remains unknown and the pre-eminence of "classical" (or "forward") genetics,

whereby one proceeds from phenotype to identification of the gene and its mutation, is

likely to progressively give way to the pursuit of "reverse" genetics, whereby the function

of an anonymous gene is determined by the directed mutation of this gene, its transference

to a cell or organism, and the observation of any phenotypic consequences.

The work presented in this thesis has paralleled the progress of the Human Genome

Project in miniature. It began with the generation of a microsatellite linkage map of the X

chromosome (Chapters 4 and 5). This map was then used for linkage analyses which led

to the regional localisation of five disease genes responsible for mental retardation

(Chapter 6) and one for spastic paraplegia (in which the molecular defect was
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subsequently identified; Chapter 8). With the aim of identifying genes involved in mental

retardation, an attempt was made to isolate candidate genes from a region spanned by

many of the MRX localisations, followed by the investigation of two genes which were

good candidates for XLMR (Chapter 7). The mapping of disease genes presented in this

thesis has been of direct benefit to potential carriers in these families to whom genetic risks

could be communicated for the first time. The detection of mutations in other Xlinked

disease genes segregating in three other families (Chapter 8) allowed the application of a

direct test to these families for the first time.

Despite the rapid progress of the HGP, it is still a daunting task to identify the genes

responsible for simple Mendelian disorders, let alone those involved in complex traits. The

frequency of Xlinked non-specific mental retardation has been estimated at about 1/1000

males (Ken et al., 1991) and thus represents a significant burden on society and the

families concerned. Finding and prioritising candidate MRX genes, is going to be

particularly difficult because the regions defined by linkage analyses are often large, and

within which a great many suitable candidates are likely to lie. The characterisation of

cytogenetic abnormalities such as translocations, duplications and deletions is a means of

targetted isolation of candidate genes, as exemplified by the positional cloning of FMR2

(Gecz et ai., í996; Gu Y et al., 1996) and another MRX candidate gene: DXS6673E (van

der Maarel et aI., 1996). It is with this in mind that the characterisation of three cytogenetic

abnormalities, associated with the development and/or functioning of the brain, has begun

(Chapter 9) in our laboratory as the basis for the future characterisation of candidate genes

for X-linked disorders.
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Summary

V/e report a novel mutation, R259C, in exon b of the MTMI gene which is unusual in that it

is associated with a relatively mild phenotype.

ABSTRACT

The genetic basis of the relatively mild myopathic symptoms exhibited in a male was

investigated. Mutation screening of a candidate gene, MTMI, represented a chance of

establishing the molecular defect and the mode of inheritance. SSCA detected variation of

the exon b PCR products from the proband and his mother, compared to that observed upon

analysis of the PCR products from other members of the family and 159 unrelated X

chromosomes. Sequencing revealed a C775 to T transition, in the proband and his mother,

but not in his unaffected brother. To confirm the presence of this base change, a Cfol site

was introduced into the PCRproduct of the wildtype allele by using the forward primer 5'-

AGAAAATAAGACGGTCATTGcG-3' (mismatch base in small font) with the exon b

reverse primer as used by Laporte et al (1996). Analysis of DNA from other members of the

family using this method revealed that either the proband's mother carries a new mutation or

one of the proband's grandparents is a gonadal mosaic. This mutation would result in a

Arg259Cys substitution. This is the first missense mutation within exon b of the MTML gene

to be reported in association with myotubular myopatþ.
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Myotubular myopatþ is a rare congenital myopatþ which can be inherited in a Xlinked

recessive (MIM 310400), autosomal dominant (MIM 160150) and possibly autosomal

recessive (MIM 255200) fashion (V/allgren-Pettersson eI al., 1995). The XJinked form of

the disorder (XLMTM) can be especially severe with polyhydramnios and reduced fetal

movements noted antenatally, severe neonatal hypotonia, and generalised muscle weakness

(including ptosis and weakness of the external ocular muscles) often resulting in respiratory

failure and neonatal death in affected males. Female carriers of XLMTM have no overt

clinical symptoms but may exhibit abnormal muscle histology (V/allgren-Pettersson et a1.,

1995). The X-linked form appears heterogenous with one locus in Xq28 (MTMI) (Laporte et

aI.,1996) and another excluded fromXq2í-Xqter (Samson et a1.,1995). Neither the two X-

linked forms nor isolated X-linked and autosomal cases can be distinguished clinically or by

muscle histology (V/allgren-Pettersson et al, 1995). Recently, Laporte et al. (1996)

demonstrated that the MTMI gene in Xq28 is a putative tyrosine phosphatase and identified

mutations in this gene in 7 out of 60 families with XLMTM. V/e report a novel mutation in

MTML which is unusual in that it is associated with a relatively mild phenotype

J



The male proband was born at term after a normal pregnancy, labour and delivery with Apgar

scores 4 at I minute and 6 at 5 minutes, birth weight 36659, length 53cm and head

circumference 35cm. The mother had noted reduced fetal movement compared to her

previous two pregnancies. Poverty of movement, hypotonia and poor cry were present from

birth. However, he fed adequately and thrived. Examination at 3 months of age

demonstrated persistence of generalised muscle weakness, including facial weakness with

bilateral ptosis, opthalmoplegia involving vertical and horizontal gaze, and truncal and limb

hypotonia. Muscle biopsy revealed the features of centronuclear myopatþ with marked

variability in fibre size, type I fibre atrophy (or hypotrophy), and increased numbers of central

nuclei. 'When last reviewed at 3 years of age, it was noted that he had crawled between 9 and

10 months of age and had walked independently from I year. Generalised weakness persisted

however, with ptosis, opthalmoplegia involving vertical an horizontal gaze and a strongly

positive Gowers' sign. He could walk 900m and though he could walk rapidly, he could not

run. He was able to feed himself with a spoon and fork. Hypotonia persisted with significant

head lag on being pulled to sit. The calves were tight. There was no evidence of progression

of muscle weakness. Growth was normal and intelligence appeared to be within normal

limits.
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The family was too small to demonstrate linkage to any particular autosomal or XJinked

locus, thus mutation screening of the MTMI gene in Xq28 (Laporte et al., 1996; GenBank

Acc. No. U46024) represented a chance of establishing the molecular defect and hence the

mode of inheritance. Five exons of the MTMI gene exons were amplified by PCR (using

primers specified by Laporte et a1.,1996) GenBank accession No. U46024 from the genomic

DNA of the affected male, his mother and his unaffected brother. Single-strand conformation

analysis (SSCA) detected variation of the exon b PCR products from the affected male and

his mother, compared to that observed upon analysis of the PCR products from other

members of the family and 159 X chromosomes from 47 unrelated males and 56 unrelated

females.

Sequencing revealed a base transition, C77s to T, in the affected male and his mother, but not

in his unaffected brother as compared with published sequence (Laporte et al., 1996). This

missense mutation did not create or destroy a restriction site. To confirm the presence of this

base change, aCfoI site was introduced into the PCR product of the wildtype allele (Fig.1A)

by using the forward primer 5'-AGAAAATAAGACGGTCATTGcG-3' (mismatch base in

small font) with the exon b reverse primer of Laporte et al. (1996). Analysis of lymphocyte

DNA from other members of the family using this method revealed that no others, including

the proband's grandmother, carried the base change (Fig.lB). Either the proband's mother

(III-4) carries a new mutation or one of the proband's maternal grandparents is a gonadal

mosaic. The proband's maternal grandfather (II-2) was unavailable for study; however the

possibility that he carries the C77s to T base transition as a neutral variant can be excluded by

its absence in two daughters (aunts of the proband) who are III-2 and III-3 in the pedigree

(Fig.1B)
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This mutation would result in an Arg to Cys substitution at codon 259. This amino acid

residue has been conserved in the predicted homologous proteins of both Saccharomyces

cerevisiae and Caenorhabditis elegans (Laporte et al, t996). Given that a non-conservative

(in terms of structure and evolution) amino acid substitution has occurred this mutation

potentially has functional significance for the putative protein (myotubularin). This is the

first missense mutation within exon b of the MTML gene to be reported in association with

myotubular myopatþ. Another mutation in exon b, a deletion (4C763-764), has been

reported and is expected to cause a frameshift and a truncated protein (Laporte et aI.,1996)

The identification of this mutation has shown that the disease in the family studied is the form

associated with MTML in Xq28, as distinct from any other X-linked or autosomal myotubular

myopathy. Precise genetic counselling can now be offered to the family on this basis. The

females in the family (including the sister of the proband) who were at risk of canying this

mutation (llI-2,III-3 and IV-3) are now excluded as carriers, (Fig.lB) and the option of

prenatal diagnosis of future pregnancies is now available to the mother of the proband.

FIGURE CAPTION

Fig. 1 A: MTMI exon b PCR products digested with CfoI. The affected male has a

161bp uncut PCR product, non-carrier individuals have a 139 bp restriction fragment and a

22bp fragment (not visible) and the female carrier has fragments of 139 bp and22 bp (not

visible) and 161 bp (uncut mutated allele).

B: The family studied, with results of mutation analysis + carrier, - noncarrier of

6
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Addendum in response to examiner NL

page X. .,Idiogram,'is preferable to "ideogram". Medical dictionaries and the International

System for Cytogenetic Nomenclature lCyto Cell Genet 2Ip309, (1978)] mention idiogram as

a"graphíc representation of a karyotype"'

Figures g.11 and g.17. A possible explanation is that the faint intensity of the band of lower

mãl"crrla. weight seen in the "mother" trackin both photos could be explained by exhaustion

of the primers Lefore the last cycle of the PCR. If so, during the last cycle, renaturation of the

denatrued strands will result in 3 types of PCR products: wildtype/wildtype: wildtype/mutant;

mutant/mutant. only the wildtype/wildtype product, representing about Il3 of all the PCR

products, will be a substrate for the restriction enzyme. This could be investigated by

reducing the number of cycles, or increasing the concentration of primers, and digesting the

PCR products.

Figure g.13. Only those members of the family known by the candidate to be recorded as

deceased were shown as such. Those members not shown as deceased are not necessarily

still alive.

Amendments

Page 1, paral: Drosophlia melanogastgz

P age 2, para 6: Dros ophlìa melanogastgr

Page 7 , para 3: "to be isolated"
P age 9, para 3'. "occurlence"
P age 32, para 4'. "Qþgett"
Page 33, para I: w/o : without
P age 45, para 3'. "occurled"
Page 46, para 6: "incubated at 16"

Page 49,lst line: "3MM'Whatman"
Figure 4.3.2: "Discussion" should be replaced by "possibly due to M13 rearrangement - see

Results page 82"
Page i06, para 4: "individual who was a new mutant" should be replaced by "individual who

had a new mutation".
Page I37,parul: "numbor of families"
Figures 6.4 and 6.6: The line connecting II-7 should originate from the line connectinpl-2

and I-3 and then bend around the line corurecting II-7 to her sibs. I "

Figure 6.10. The haplotype of I-2 can be re-drawn so that II-2,II-3 andlI-72 are no longer

double recombinants. I

Instead I-2,II-3,II-5 and II-12 are now single recombinants.

Page 190, para l: Person II-8 should be II-9.
Figure 8.13: Only those members of the family known by the candidate to be recorded as

deceased were shown as such. Hence those members not shown as deceased are not

necessarily still alive.
Page289,para2'. "the mother is a new mutant" should be replaced by "the mother has a new

mutation"
Appendix 7, page 5, para 2'. "is a gonadal mosaic" should be replaced by "has gonadal

mosaicism".




