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ABSTRACT

Charcot Marie Tooth disease is the commonest of the inherited peripheral 

neuropathies, with an incidence of 1/2500. The most frequent form of 

inheritance is one of autosomal dominance. The majority of families showing 

this m ode of inheritance have shown linkage to probes from the pericentric 

region of chromosome 17 although genetic heterogeneity does exist, with some 

families showing linkage to chromosome 1 probes.

Eight large families, six of whom had previously shown linkage to probes 

from the pericentric region of chromosome 17 were examined with probes 

from the short arm of chromosome 17. Two-point and multi-point linkage 

analyses were used further to localise the genetic location of the disease gene 

to the 12cM region between probes pl0.41 and EW503 on 17pl 1.2-12. Multi

point analysis gave a maximum lod score of 9.97 for the interval between these 

two probes. Cross-overs still remained, in different families, between the 

disease locus and both flanking probes.

Following the identification of sub-microscopic duplication of part of 17pll.2 

in patients with CM Tla from two other groups, the families in our study 

group were analyzed for evidence of this duplication. The duplication was 

detected in all eight families, as well as in twenty-seven smaller families 

previously too small for conventional linkage analysis and numerous sporadic 

cases.

The region of duplication seems consistent in the eight families studied in 

detail, including probes VAW409R3 (D17S122), VAW412R3 (D17S125) and 

pEW401 (D17S61), a region thought to be approximately 1Mb. Cross-overs 

still exist within the duplicated region, with probes VAW409R3 and pEW401 

(VAW412R3 being uninformative), although there is complete concordance of 

the duplication with the disease phenotype.

N o duplication of this region was seen in individuals with CMT2.
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1.1 CHARCOT-MARIE-TOOTH DISEASE

Peroneal muscular atrophy was first clearly described by Charcot and Marie, 

and Tooth in 1886, although earlier similar cases had been documented. This 

neuropathy was characterised by a denervation process which resulted in a 

slow progressive weakness and muscle atrophy. The lower limbs were 

primarily affected and this included involvement of the peroneal muscle, foot 

deformity and some sensory loss. A familial tendency was noted. Charcot 

and Marie proposed a myelopathological basis for the disease, whilst Tooth 

favoured a peripheral nerve disturbance.

Much confusion arose following these original descriptions. Gombault and 

Mallet described a patient in 1889 with hypertrophic neuropathy and club foot. 

In 1893, Dejerine and Sottas showed similar changes in a brother and sister, 

with a severe progressive sensory and motor neuropathy and thickened 

peripheral nerves. The presence of nerve hypertrophy became synonymous 

with Dejerine - Sottas disease, and it was not until the 1950"s that it was 

realized that hypertrophic neuropathy is a non - specific consequence of a 

chronic segmental demyehnation and remyelinadon which is seen in a wide 

variety of inherited and acquired disorders. Roussy and Levy added to the 

confusion with their description in the 1920's of cases similar to those 

described by Charcot, Marie and Tooth but with an additional static tremor of 

the hands (Harding and Thomas, 1980 a.).

The classification of peroneal muscular atrophy and related disorders became 

much clearer with the introduction of nerve conduction studies in the mid - 

1950's. Severe slowing of motor nerve conduction was found in some patients 

with peroneal muscular atrophy whilst other cases failed to show this. Dyck 

and Lambert (1968 a.) found that this phenomenon was consistent within 

families. They were also able to correlate the changes in conduction with 

nerve biopsy findings. They were thus able to define two major groups based 

on physiological and pathological criteria. The first group comprised cases 

with severely reduced motor nerve conduction velocities and segmental
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demyelination sometimes associated with hypertrophic changes. This group 

was further subdivided into the hypertrophic Charcot-Marie-Tooth disease 

Type 1 (CMTl) and Dejerine-Sottas type neuropathy. The second major group 

showed neural degenerations with only slight, if any, reduction in nerve 

conduction velocities and little evidence of segmental demyelination. Within 

this group fell the neuronal form of Charcot-Marie-Tooth Type 2 (CMT2), 

hereditary spastic paraplegia and spinocerebellar degeneration with peroneal 

m uscular atrophy (Harding and Thomas, 1980 a.) . Thomas et al. (1974) 

introduced the term hereditary motor and sensory neuropathy (HMSN) for a 

group of peroneal atrophies including the Charcot-Marie-Tooth and Dejerine- 

Sottas disorders. This term was later expanded to include CMTl as HMSN I, 

CMT 2 as HMSN H, and Dejerine-Sottas disease as HMSN m.

Dyck and Lambert (1968 a.) concluded that Roussy-Levy syndrome is an 

expression of the gene for type 1 Charcot-Marie-Tooth disease since it is found 

in patients with other family members showing more classical features of 

CMT. There is no clear distinction in the clinical features of both conditions, 

more a continuous spectrum of clinical findings. The neurophysiological and 

histological features of the two disorders are identical.

Hence, CMT disease may be divided into two types on the criteria of motor 

nerve conduction velocities and pathological evidence of demyelination and 

remyelination giving rise to "onion bulb" formations and axonal degeneration. 

Following the study of 228 affected individuals by Harding and Thomas (1980 

a.) the separation of CMT 1 and 2 was evident in that individuals affected with 

type 1 had median motor nerve conduction velocities less than 38 metres per 

second. The division of CMT disease into two types allowed for observations 

to be m ade on the clinical features of each (Harding and Thomas, 1980 a.). 

About two - thirds of individuals with CMT 1 have onset of symptoms in the 

first decade. In about 60% of cases the initial lower limb weakness is followed 

by involvement of the upper limbs. Total tendon areflexia was found in about 

60% of the patients examined, with almost 90% lacking the "ankle jerk" reflex.
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Distal sensory loss was reported in over half the cases, pes cavus in nearly 

three - quarters and scoliosis in 14% of individuals. The progression of the 

disease is slow but while about 30% developing marked weakness of the 

ankles and feet few experience severe difficulty in getting around. Indeed, 

one fifth of the affected relatives of the index patients in the study by Harding 

and Thomas (1980 a.) were asymptomatic. There appears to be no correlation 

of the severity of the disease and the degree of reduction in motor nerve 

conduction velocity.

Motor nerve conduction velocities are normal or only slightly reduced in 

individuals with CMT 2. The abnormalities of sensory nerve conduction are 

less obvious than those seen in type 1 CMT. The neuropathy is one of axonal 

origin and not demyelination as shown in CMT 1. generally, the condition is 

less severe and with a later age of onset than CMT 1. Harding and Thomas 

(1980 a.) showed the peak age of onset in type 2 patients to be in the second 

decade with a significant number not developing symptoms until later, 

sometimes not until the seventh decade. It is less common than in CMT 1 for 

the weakness to progress to involve the upper limbs cind the upper limb 

reflexes are usually preserved.

For both CMTl and CMT2 the most common pattern of inheritance is one of 

autosomal dominance and all the families included in the linkage analysis 

portion of this study show this pattern of inheritance. However, alternative 

modes of inheritance have also been reported.

In 1888 Herringham  described a family which raised the possibility of an X- 

linked form of the disease. Allan reported another family in 1939 which also 

suggested the existence of an X-linked form (reviewed Vance, 1991). This was 

doubted by some investigators, and further examination of the Herringham 

pedigree showed male-to-male transmission. Further expansion, by Rozear et 

al. (1987), of the N orth Carolina family first described by Allan, showed 

evidence of linkage to markers from the pericentric region of the X
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chromosome. The phenotypic expression of the X-linked from of CMT is 

similar to the autosomal dominant form (Dyck et al. 1968a) Affected males in 

this family showed slow NCVs and "onion bulb" formation of sural nerve 

biopsy. Some heterozygous females were asymptomatic with normal NCVs, 

whilst others had slowed NCVs and severe manifestations of the disease.

Other families have been reported with X-linked CMT including a German 

family with atrophy and weakness, tendon areflexia and reduced NCVs 

compatible with a demyelinating neuropathy. Males were more severely 

affected than females (reviewed in Rozear et al. 1987). Another family, 

described by Phillips et al. (1985), was thought to have X-linked dominant 

CMT with males more severely affected than females and slow NCVs in men 

but borderline in women. Fischbeck et al. (1986) reported two families with 

an X-linked mode of inheritance. In one of these families, males were severely 

affected in childhood and obligate heterozygous females were normal 

clinically, including their NCVs. The neuropathy appeared to be axonal, not 

demyelinating. The second family was similar to that described by Rozear et 

al. (1987) with heterozygous females showing variable degree of severity of 

symptoms. Most of the families reported, with the exception of that of 

Fischbeck et al. (1986) were consistent with X-linked dominant inheritance and 

within most of these families the disease appears to be demyelinating. It has 

been suggested that the X-linked dominant and recessive forms are due to 

variable expression of the same gene, rather than separate genetic entities 

(Vance, 1991).

H arding and Thomas (1980 b. and c.) have reported several families with 

autosomal recessive forms of the disease. Within these families, there are 

several features which support recessive inheritance; symptom-free parents of 

affected individuals, the presence of multiple affected siblings, and increased 

consanguinity. Nerve conduction velocity studies suggest that autosomal 

recessive forms exist of both CMT 1 and 2. These families cannot be 

distinguished from those with autosomal dominant inheritance by clinical
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presentation or electrophysiological findings (Loprest et ah 1992).

1.2 ANATOMY OF NEURONES

All axons in the peripheral nervous system (PNS) and central nervous system 

(CNS) are sheathed in accessory cells. Structurally, three types of nerve fibres 

occur; one is enclosed in a sheath of fatty substance, myelin, and an outer 

membraneous sheath called the neurolemma (sheath of Schwann) and is 

known as myelinated or medullated fibre. A second type has no myelin 

sheath but does have a neurolemma and is referred to as non-myelinated or 

non-medullated fibre. Most non-myelinated fibres belong to the autonomic 

nervous system, which is concerned with visceral activity. A third type of 

neuronal process lacks a neurolemma. All fibres within the central nervous 

system and the optic and auditory nerves fall into this last category.

The myelin sheath is formed by the specialized glial cells - Schwann cells in 

the peripheral nerves and oligodendrocytes in the central nervous system. The 

myelin sheath is divided into segments corresponding to the territories of the 

individual glial cells. In the myelinated PNS of mammals, the segments range 

from 200 to over 2,000pm in length. The segments join at nodes (nodes of 

Ranvier).

The myelin sheath forms a highly resistive covering which isolates the 

internodal axonal membrane from extracellular electrical influences. The 

nodes of Ranvier are the site of electrical excitation. Local currents generated 

at one node of Ranvier pass through the cytoplasm of the axon to the next 

node. Because of the insulation afforded by the myelin, most of this current 

leaves at the next node, depolarising it to the point that it also becomes excited 

and begins to generate enough current to excite the next node, and so on.

Through the action of these local currents, the nerve impulse moves down the 

fibre, with the site of active excitation jumping from one node to the next. 

This is termed saltatory conduction and allows for the rapid conduction of
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nerve impulses - an impulse is conducted about ten times more rapidly than 

in the absence of myelin. This means that for a given conduction velocity, 

myelination reduces the size of fibre required. Secondly, since excitation only 

occurs at the nodes of Ranvier, less energy is spent in conduction of the action 

potential, since it is only at the nodes that an "energy debt" is generated that 

m ust be repaid during the resting period (Ritchie, 1984).

Ontogenetically, Schwann cells are thought to be of ectodermal origin, 

migrating from the neural crest into the PNS during development. As axons 

emerge from the CNS and enter the PNS, they are followed by migrating 

Schwann cells. Schwann cell proliferation continues until each axon lies within 

a furrow along the long axis of the Schwann cell. As the Schwann cell grows 

it wraps itself around the axon. The processes of the Schwann cell that are 

spiralled around the axon extrude their cytoplasm to form compact myelin 

(Raine, 1984). This process is represented in Figure 1.1

Unlike most cells in the body, the terminally differentiated nerve cells caimot 

reproduce by mitosis to replace any that are destroyed. The nerve fibres are 

outgrowths of the cell body of the neurone. If a fibre's connection with the 

cell body is interrupted, the distal fragment ceases to function and 

degenerates. The fibre m ay regenerate and restore function, provided it has 

a neurolemma. Since the nerve fibres within the central nervous system lack 

a neurolemma, they are incapable of regeneration to restore function.

When a fibre with a neurolemma is damaged, the distal fragment disintegrates 

and the debris removed by phagocytic cells. The Schwann cells of the 

neurolemma proliferate, forming strands and a pathway along the course of 

the degenerated portion of the fibre. The distal tip of the viable portion of the 

fibre begins to extend bud-like processes and one of these extends into the 

tube-like pathw ay formed by the strands of Schwann cells. The process 

continues to grow until it reaches the peripheral destination. Non-myelinated 

fibres regenerate more rapidly than those which m ust form a myelin sheath.
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SCHWANN CELL
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EXTRACELLULAR

SPACE

NUCLEUS

Figure 1.1: Schematic representation of PNS myelination showing the process 

of specialization of the Schwann cell cytoplasm and compaction.

(From Raine, 1984)
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The ability of nervous tissue to re-create internodes of myelin following their 

destruction and removal has been well documented (Raine, 1984). Regardless 

of the demyelinating event, the peripheral nervous system (PNS) has the 

ability to remyelinate all affected fibres within a few weeks. Schwann cells 

undergo rapid division, and the daughter cells migrate to positions along the 

naked nerve fibre. However, even when re-myelination is complete, axons of 

reduced diameter and thinner-than-normal PNS myelin sheaths are still 

evident over all the re-myelinated segments.

1.3 MYELIN

Myelin, like other plasma membranes, is made up of lipids, carbohydrates in 

the form of glycolipids and glycoproteins, and a smaller amount of protein

Table 1.1: Composition of human PNS myelin

Water 35-45% total volume

Total protein 28.7% dry weight

Total lipid 71.3% dry weight

Of which cholesterol 23.0%

galactolipid 22.1 %

phospholipid 54.9%

(From Norton and Gammer, 1984)

The lipid matrix of myelin, like that of other membranes, is a bilayer of 

phospholipids and glycolipids. The lipids appear to be distributed 

asymmetrically across the bilayer. There is about twice as much cholesterol 

in the outer leaflet than in the inner leaflet of the bilayer. Most of the 

cereboside (the major galactolipid) is also found in the outer leaflet. The inner 

half of the bilayer is comprised mainly of phospholipid.
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MAG
Ext,

MBP

Cyt MBP

Figure 1.2: Diagrammatic representation of the molecular organisation in PNS 

myelin. (Pq) major glycoprotein; (MBP) myelin basic protein; (MAG) myelin 
associated protein.

(From Braun, 1984)
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The major protein components of the compact myelin sheath include myelin 

basic protein (MBP) and myelin-associated glycoprotein (MAG), which are 

present in both the central and peripheral nervous systems. Two other 

proteins are known which are specific to the two parts of the nervous system: 

proteolipid protein is found only in the central nervous system; and protein 

zero (Pq) which is only found in the peripheral nervous system (Braun, 1984).

The arrangement of these proteins across the lipid bilayer is shown in Figure 

1.2. The major structural protein, Pq, is a glycoprotein with a molecular weight 

of about 28,000-30,000 and accounts for 50-60% of the protein in the PNS. 

Immunocytochemical studies have shown that Pq is specific to peripheral 

myelin and is distributed throughout the myelin lipid bilayer. The myelin 

basic protein (MBP) is identical in both the PNS and CNS with a molecular 

weight of 18,500. It is thought to exist in heterodimer units and accounts for 

40-50% of the total protein. It is an extrinsic protein with one or more 

domains in contact, to a limited extent, with the hydrophobic interior of the 

bilayer. The P2 basic protein is a minor component (usually less than 2% of 

the total protein) and is also of this extrinsic type. The myelin associated 

glycoprotein (MAG) constitutes less than 1% of the total protein. It is thought 

to be a transbilayer protein with most of its bulk exposed to the exterior leaflet 

of the bilayer (Braun, 1984; Lees and Brostoff, 1984)

1.4 GENE MAPPING APPROACHES

The forty-four autosomes and two sex chromosomes which make up the 

hum an genome carry between them almost all the genetic information needed 

for complete development and functioning of all the cells within the human 

body. The hum an genome contains 2.8 X 10̂  base pairs of DNA, although less 

than 3% of this codes for "unique" gene sequences. The rest consists of non

coding regions.

Early studies of hum an genetic diseases involved systematic searches of 

tissues, cells and body fluids from affected individuals until a consistent

26



biochemical finding was observed. Whilst this approach provided the solution 

to many diseases, including the thalassaemias, other inherited disorders 

involved symptoms too complex to allow the direct deduction of the 

underlying biochemical defect.

The early 1980's saw the introduction of an alternative approach that allowed 

the cloning of the gene by virtue of its chromosomal location. Since this 

method bypassed the initial need for knowledge of the basic defect of the 

disease, but rather allowed this question to be answered after the gene had 

been cloned, it became known as "reverse genetics" or "positional cloning". 

The chromosomal localization of a disease locus is the first step in the isolation 

and characterization of genes and the defects involved in genetic disorders.

1.4.1 Cytogenetic abnormalities

The identification of a visible cytogenetic abnormality present in affected 

individuals can indicate the chromosomal location of candidate genes. Genes 

known to map near the region of abnormality must be considered as 

candidates. This is especially so if the functional protein could be involved in 

the disease process.

The disease locus for Duchenne muscular dystrophy was initially localized to 

the short arm of the X chromosome (Xp21) by the detection of structural 

abnormalities involving this region.

1.4.2 As applied to CMTl

No cytological abnormality or chromosomal rearrangement had been observed 

in any patients with CMTl to suggest a chromosomal location for the disease 

locus.

1.4.3 Murine homology

The use of m an/m ouse syntenic regions represents a powerful tool in the 

identification of candidate genes for hum an diseases. The cloning of the gene
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for Neurofibromatosis type (1 NFl), or von Recklinghausen disease serves as 

a good example of this comparative m apping strategy. The disease locus was 

initially mapped to the long arm of chromosome 17 by genetic linkage analysis 

in affected families (Barker et al. 1987a; Seizinger et al. 1987). Cytogenetic 

abnormalities were also important in isolating the N Fl gene. Two 

translocation breakpoints were mapped to 17qll.2. Comparative m apping 

identified the human homologue for the mouse ectropic viral integration site-2 

gene (Evi-2). This murine gene was localized to the syntenic region on mouse 

chromosome 11 and had been implicated in leukaemogenesis (Buchberg et al. 

1990). The human homologue was found to map to the interval between the 

two translocation breakpoints described earlier (O'Connell, 1990). However, 

molecular analysis failed to reveal any m utation in NFl patients. Examination 

of further transcribed sequences in the region isolated a gene which was 

finally confirmed as the NFl gene by the detection of several apparent disease- 

causing mutations (Wallace et al.1990; Cawthon et al.1990)

1.4.4 Murine homology for CMTl

The Trembler mouse mutation (Tr) has been suggested as an animal model for 

CMTl disease (Vance, 1991). This autosomal dominant trait was first described 

by Falconer in 1951. The m utation manifests as a Schwarm cell defect (Aguayo 

et al. 1977) and affected animals suffer from a hypomyelinating neuropathy 

and continuing Schwann cell proliferation with onion bulb formation in older 

animals. The animals move awkwardly and suffer from tremors and transient 

seizures. The Tr mutation m aps to mouse chromosome 11, near a region that 

is syntenic to hum an chromosome 17 (Buchberg et al. 1989).

Analysis of the protein components of myelin isolated from trembler mouse 

sciatic nerve shows Pq and MBP are virtually absent from trembler myelin 

(Hogan and Greenfield, 1984).
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Suter et al. (1992a) showed that the Tr mouse carries a point mutation in the 

peripheral myelin protein-22 (PMP-22) gene on mouse chromosome 11. PMP- 

22 was initially identified as a growth arrest specific (GAS-3) gene expressed 

in serum starved mouse 3T3 fibroblasts (Schneider et al. 1988). A transcript 

(CD25), homologous to the gas-3 gene and primarily expressed in Schwann 

cells, was also identified by differential screening of rat cDNA libraries made 

from crushed rat sciatic nerve versus contralateral, non-injured sciatic nerves 

(Spreyer et al. 1991).

PMP-22 and gas-3 share 98% amino acid homology over the complete protein 

sequence (Snipes et al. 1992). The rat homologue was shown to encode a 

myelin protein (PMP-22/SRI3) expressed in rat peripheral nerve (Welcher et 

al. 1991). This 160 amino acid protein has been shown to be expressed at a 

high level in the peripheral nervous system, accounting for up to 0.2% of the 

total mRNA. The transcript was most abundant in intact sciatic nerve and was 

very low in other tissues including the central nervous system, suggesting a 

high level of tissue specificity in the rat (Spreyer et al. 1991). Immuno- 

histochemical analysis (Welcher et al. 1991) demonstrated that PMP-22 was 

associated with the myelin sheath and correlates temporally with the formation 

of myelin when compared to the expression of MBP (Snipes et al. 1992).

Temporal changes in the relative abundance of the mRNA in sciatic nerve 

were analyzed using Northern blots following two types of injury: firstly, 

crush injury, which leads to Wallerian degeneration in the distal nerve 

segment prior to regeneration of axons from the proximal stum p into the distal 

portion; and secondly, transection of nerve and permanent separation of both 

portions to prevent axonal growth into the degenerating distal portion.

In the proximal portions of both crushed and transected sciatic nerves only 

minor changes in the abundance of mRNA were observed for at least four 

weeks after the injury (Spreyer et al. 1991). The distal segments of nerve 

behaved very differently. Following both types of injury, the transcript levels
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rapidly decreased within two days in the case of a crush injury and one week 

following transection. In the regenerating distal portion of crushed nerve, the 

transcript levels were shown to increase during the second week after the 

injury, reaching control values of normal nerve within six weeks. Conversely, 

in the distal portion of transected nerve, where no axonal regeneration 

occurred, the mRNA levels did not return to the normal levels.

The pattern of expression of PMP-22 in the distal nerve stump following sciatic 

nerve crush injury was comparable to the expression of other PNS myelin 

proteins Pq and MBP (Snipes et a l 1992).

Spreyer et a l (1991) showed that the re-expression of the transcript in crushed 

peripheral nerve was closely related to axonal regeneration. Anastomosis of 

a permanently denervated distal stump to its non-degenerated proximal nerve 

segment lead to re-expression of mRNA in the distal stump portions which 

had received regenerating axons. These results suggested that Schwann cells 

associated with axons express high levels of the transcript, and that 

interruption of this relationship leads to a down-regulation in expression in 

proliferating Schwann cells following nerve injury in vivo. Restoration of 

Schwann cell-axon contact in regenerating nerve was thought to re-establish 

the elevated levels of transcription to those of non-injured nerve.

Having established PMP-22 as a putative myelin protein, its expression was 

compared with other myelin proteins (Snipes et al 1992). The pattern of PMP- 

22 expression in the PNS during development was found to be essentially 

identical to other PNS proteins such as Pq and MBP. In the immediate post

natal period PMP-22 mRNA is expressed at low levels (10% of the adult 

maximum), but rapidly increases over the first three post-natal weeks when 

it reaches near maximal levels.

The localisation of PMP-22 mRNA within the myelin sheath to the perinuclear 

region of the Schwann cells lead to the hypothesis that it is an integral
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membrane protein (Snipes et al. 1992). This pattern of perinuclear localisation 

is also seen in the PNS protein Pq and the CNS PLP. This is compared to the 

diffuse cytoplasmic localisation seen with MBP mRNA. These patterns of 

mRNA expression are considered to demonstrate the fact that both Pq and PLP 

are integral membrane proteins which must undergo intracellular processing 

through the rough endoplasmic reticulum and Golgi apparatus as opposed to 

the soluble MBPs which are synthesised on free ribosomes. Lamperth et al. 

(1990) have shown directly Pq mRNA processing using mRNA hybridisation 

at the ultrastructural level to demonstrate that Pq mRNA is localised to the 

rough endoplasmic reticulum. Snipes et al. (1992) also showed imuno- 

histochemically that PMP-22 was not highly expressed in the Schwann cell 

cytoplasm and was excluded from the cytoplasmic invaginations into the 

myelin sheath.

Additional evidence that PMP-22 is an integral membrane protein was 

provided by analysis of its amino acid sequence which reveals four 

hydrophobic domains thought to function as transmembrane spanning regions 

and also a consensus site for N-linked glycosylation. PLP (which is restricted 

to the central nervous system) was also predicted to be an integral membrane 

protein with four membrane-associated zones (Pham-Dinh, 1991). Mutations 

in PLP had been identified as the primary defect in hereditary conditions 

affecting the myelination of the central nervous system in mouse, dog and 

man (reviewed in Pham-Dinh, 1991).

The Trembler mouse showed a point mutation, substituting an aspartic acid 

residue for a glycine at position 150, in a putative membrane-associated 

domain of the PMP-22 protein (Suter et al. 1992a). This exchange introduces 

a charged amino residue in the fourth putative transmembrane-spanning 

domain and is likely to affect the structure and functioning of the protein.

The predicted effect of a m utation in the PMP-22 protein is consistent with the
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Tr m ouse phenotype: the PMP-22 protein is expressed predominantly by the 

Schwann cells of the peripheral nervous system and not within the central 

nervous system, the Tr mutation is manifested as a Schwann cell defect of the 

peripheral nervous system with no known consequence in the central nervous 

system. Secondly, the PMP-22 protein is localized in the compact myelin 

sheath, consistent with the hypomyelination of peripheral nervous system 

axons seen in Tr mutants. Thirdly, since PMP-22 mRNA expression has been 

implicated in cellular growth arrest, the abnormality of PMP-22 could account 

for the persistent Schwann cell proliferation seen in Tr mice.

Trembler-J (Tr )̂ is a spontaneous mutation that arose independently from 

Trembler. Tr and Tr̂  were thought to be allelic since the two disorders were 

phenotypically so similar and they both showed linkage to the same marker 

(vestigial tail). Histologically both Tr and TP are characterized by a decrease 

in axon myelination and an increase in the number of Schwann cells. 

However, there are marked differences between the two. Whereas expression 

of the Tr allele is truly dominant, that of TP is semi-dominant, perhaps 

showing a dosage effect. Mice homozygous for the Tr̂  mutation show the 

most severe peripheral myelin deficiency and die at 17 or 18 days. Mice 

homozygous for the Tr mutation are longer-lived (Henry and Sidman, 1988). 

Mice heterozygous for these mutations also show marked differences. T r/+  

mice have a more severe progression of symptoms with age than Tr^/+ mice. 

This is especially apparent in the "onion bulb" structures, showing repeated 

cycles of demyelination and remyelination which are much more prominent 

in the T r/ + animals.

The putative primary defect in Titmice has been identified as a point mutation 

at nucleotide position 190 - from thymine to cytosine - which translates into 

an exchange of proline for leucine at residue 16 (Suter et ah 1992b).

The two independent non-conservative mutations in the PMP-22 gene, 

associated with the Tr and TP phenotypes, suggests a role for the PMP-22 gene
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hereditary peripheral neuropathies in mice and possibly in humans.

1.4.5 Linkage approach

For the majority of genetic diseases in man, gross chromosomal 

rearrangements are not found as markers for the position of the disease gene. 

In these cases gene localization may be achieved through linkage analysis with 

known genetic markers. The description of the localization of the gene for 

cystic fibrosis (CF) illustrates that it is possible to identify a disease locus 

solely on the basis of linkage analysis. No gross chromosomal rearrangements 

had been observed in affected individuals and no biochemical data was 

available to assist in the localization of the gene. The high frequency of CF 

made it possible to collect sufficient affected families for linkage analysis. The 

first linkage to CF was detected with an enzyme marker PON (Eiberg et al. 

1985), but the chromosomal location of CF resulted from linkage to an 

arbitrary RFLP marker D7S15 (Tsui et al. 1985). This marker was mapped to 

chromosome 7 using a somatic cell hybrid (Knowlton et al. 1985). Two further 

closely linked probes were then described, MET (White et al. 1985) and D7S8 

(Wainwright et al. 1985). These markers were shown to flank the CF gene. A 

variety of m ethods were used to generate probes within the region defined by 

MET and D7S8. The CF gene was eventually cloned through a series of 

chromosome walking and jumping experiments, detection of cross-species 

hybridization and screening cDNA libraries made from tissues affected in CF 

patients.

1.4.6 Linkage approach for CMT

Autosomal dom inant CMT disease is the most frequent form of the disease, 

with a prevalence estimated at 36/100,000 (Skre, 1974). The genetic basis for 

autosomal dom inant CMT 1 has been extensively investigated in recent years. 

In 1978 Heimler et al. reported a single family with a dominant hereditary 

neuropathy that appeared to be segregating together with the dominant nevoid 

basal cell carcinoma syndrome. Previous evidence suggested linkage of the 

nevoid basal cell carcinoma to the Rh blood group locus on chromosome 1 and
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therefore, it was suggested that the locus for CMT disease could also be on 

chromosome 1. This lead to the publication of a number of papers showing 

linkage of the CMT disease locus to chromosome 1. Bird et ah (1982) 

presented two families comprising 3 and 4 generations, with a total of 23 

affected individuals informative for the Duffy blood group locus known to be 

on the long arm  of chromosome 1 (lq21 - q25). The maximum lod score 

obtained was 2.297 at a recombination fraction of 0.10. In the same year 

(Guiloff et al. (1982) obtained a slightly positive maximum lod score of 0.890 

at a recombination fraction of 0.01 with the Duffy blood group locus in a study 

of four families with 22 affected individuals. A study of a single large kindred 

of 50 individuals, 18 of whom were affected (Stebbins and Conneally, 1982) 

yielded a maximum lod score of 3.11 at a recombination fraction of 0.05 with 

the Duffy locus. Dyck et al. (1983) described a family segregating for CMT I 

with a maximum lod score of 1.19 at recombination fraction 0.01 which added 

further to the hypothesis that type I CMT was indeed linked to the Duffy locus 

on the long arm of chromosome 1.

Subsequently, several groups failed to confirm this linkage to chromosome 1. 

These included Bird et al. (1983) with a lod score of -5.383 at a recombination 

fraction of 0.01 in a large three generation family, Dyck et al. (1983) with a lod 

score of -10.94 at a recombination fraction of 0.01 and Marazita et al. (1985) 

with a lod score of -1.57 at a recombination fraction of 0.01. Further 

significantly negative lod scores were generated; lonasescu et al. (1988a) -10.83 

at a recombination fraction of 0.01, Griffiths et al. (1988) -15.33 at a 

recombination fraction of 0.05 and Middleton-Price et al. (1989) with a lod 

score of -20.74 at a recombination fraction of 0.01. The lod scores between 

CMT 1 and the Duffy locus are summarized in Table 1.2

Based on the genetic linkage results, at least two subtypes of autosomal 

dom inant CMTl appeared to exist. Bird et al. (1983) proposed that CMT type 

la  should refer to the disorder not linked to the Duffy blood group locus on 

chromosome 1, and type lb  to the neuropathy linked to the Duffy locus.
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Table 1.2: Lod scores between CMT I and Duffy Marker (lq21 - q25) 

Reference 0 (recombination fraction)

0.01 0.05 0.10 0.20 0.30

Bird et a/.1982 0.36 1.99 2.30 1.96 1.30

Guiloff et fl/.1982 0.89 0.82 0.73 0.54 0.36

Stebbins & Conneally,1982 2.69 3.11 3.03 - -

Dyck et a/.1983 1.19 1.12 1.02 0.82

Bird et a/. 1983 -5.38 -2.72 -1.68 -0.78

Dyck et af.1983 -10.94 -4.98 -2.65 -0.77 -

Marazita et a/. 1985 -1.57 -0.86 -0.55 -0.25 -

lonasescu et a/.1988a -5.86 -2.32 -1.31 -0.33 -0.09

Griffiths et fl/.1988 - -15.33 -8.93 -3.71 -

Middleton-Price et a/.1989 -20.74 -9.49 -5.16 -1.71 -0.42



In 1989 Vance et al. published linkage data on 194 individuals in six families 

segregating for autosomal dominant CMT. This showed significantly positive 

lod scores with two probes mapping to the pericentric region of chromosome 

17 and was suggestive of genetic heterogeneity of CMT type 1. Probe p i 0-41 

(D15S71) gave a maximum lod score of 7.36 at a recombination fraction of 0.06, 

whilst EW301 (D17S58) gave a maximum lod score of 10.49 at a recombination 

fraction of 0.05. This was shortly followed by other groups publishing data 

from studies of their families with these chromosome 17 probes. In a large 

pedigree Raeymaekers et al. (1989) were able to exclude chromosome 1 as the 

location for CMTl and show linkage to chromosome 17. Middleton-Price et 

al. (1990) studied eight families with CMT type I and confirmed linkage for 

D17S58 (EW301) with a maximum lod score of 5.89 at a recombination fraction 

of 0.08 and for D17S71 (p i0-41) with a maximum lod score of 3.22 at a 

recombination fraction of 0.08. A study of five Canadian families (MeAlpine 

et al. 1990) gave a maximum lod score of 10.83 at a recombination fraction of 

0.00 with the probe EW301. Linkage analysis in a large French-Acadian 

kindred segregating for CMTl a (Patel et al. 1990) gave maximum lod scores 

with EW301 and p i 0-41 of 2.37 (at a recombination fraction of 0.07) and 0.89 

(at a recombination fraction of 0.00). Timmerman et al. (1990) further analyzed 

the five-generation Belgian family affected with CMTl a initially reported by 

Raeymaekers et al. (1989) for linkage with the chromosome 17 markers. Probe 

p i 0-41 gave a maximum lod score of 6.13 at a recombination fraction of 0.00 

and EW301 a maximum of 11.29 at a recombination fraction of 0.08. The lod 

scores for both EW301 and p i 0-41 are shown in Table 1.3.
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Table 1.3: Lod scores Between CMT I and Chromosome 17 Markers.

6 recombination fraction)

0.001 0.05 0.10 0.15 0.20 0.30 0.40

Vance et ai.l989

EW301 6.21 10.49 10.18 9.30 8.18 5.42 2.29

plO-41 5.13 7.26 6.77 5.92 4.93 2.77 0.91

M iddleton - Price et «1.1990

EW301 -0.14 5.68 5.85 5.49 4.87 3.29 1.52

plO-11 0.31 3.20 3.18 2.95 2.62 1.78 0.84

McAlpine et «1.1990

EW301 10.81 9.89 8.91 - 6.78 4.42 1.93

Patel et «1.1990

EW301 1.89 2.34 2.25 - 1.78 1.14 0.45

plO-41 0.89 0.79 0.67 - 0.43 0.20 0.05

Timmerman et «1.1990

EW301 2.42 11.04 11.21 - 9.54 6.76 3.33

plO-41 6.12 5.62 5.05 - 3.81 2.45 1.08



The genetic relationship and location of D17S58 (EW301) and D17S71 (plO-41) 

are well established (Goldgar et ah 1989). Pooled data from both sexes 

suggests that EW301 lies approximately 5.5cM from the centromere on the 

short arm of chromosome 17. Probe p i 0-41 is thought to lie 3.3cM distal to 

EW301. Whilst initial multi-point analysis localized CMT type I to 

chromosome 17 it failed to resolve the relative order of the three loci. The fact 

that some meioses showed crossovers with both probes (Middleton-Price et ah

1990) made it less likely that the disease gene locus fell between the probe loci 

than outside them. However it was unable to confirm whether the disease 

locus was telomeric or centromeric.

With re-examination of many CMTl families supporting a chromosome 17 

locus and the low numbers of new chromosome 1-linked families, it was 

suggested that the chromosome 1 form of autosomal dominant CMTl may be 

not be a real entity, but may be a statistical artifact of the linkage data 

(Middleton-Price et ah 1989; Raeymaekers et ah 1989). However, it would 

appear that genetic heterogeneity does exist for the autosomal dominant form 

of CMTl. Chance et ah (1990) re-examined two families previously included 

in the study of Bird et ah (1982). One pedigree which had shown a weakly 

positive lod score of 0.64 at 0 = 0.15 with the Duffy locus was actually linked 

to markers on chromosome 17 with a maximum lod score with probe EW301 

of 3.22 at 8 = 0.10. The other family segregating for CMTl had given a 

maximum lod score with the Duffy locus of 2.00 at 8 = 0.00 failed to show 

linkage to the chromosome 17 probes with a maximum negative lod score of 

-3.52 with probe pA10.41 at 8 = 0.001.

Additional evidence supporting genetic heterogeneity in CMTl has been 

provided by Defesche et ah (1990) who described five CMTl pedigrees, one of 

which showed no linkage to chromosome 17 markers and gave evidence for 

linkage to chromosome 1 markers.
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lonasescu et al. (1992) described a famüy segregating for autosomal dominant 

CMTl. Two-point and multi-point linkage analyses were strongly suggestive 

of a CMT locus on chromosome Iq  with a maximum multi-point lod score of 

2.70 at MUCl (0 = 0). Multi-point analysis excluded the CMTl locus from 

chromosome 17 markers in this family. Affected members of this family also 

failed to show evidence of the segmental trisomy detected with probe 

VAW409R3a, that has been described in families with CMTl a.

Much less is known about the genetic locus for CMT2. As CMTl and CMT 

2 are clinically indistinguishable in an individual patient (without examination 

of the NCVs), allelic heterogeneity has been suggested as a possible aetiology 

for the differences in the two types. Previous linkage studies for CMT2 

included a report by lonasescu et al. (1988b) of linkage data for CMT2 with the 

chromosome 1 serum amyloid marker APCS in three families. A maximum 

lod score of 1.24 was achieved at 0 = 0.00. A later report by Loprest et al. 

(1992) on three large families segregating for autosomal dominant CMT2 

excluded both the CMTlb locus on chromosome 1 and the CMTl a locus on 

chromosome 17.

1.5 GENE MAPPING BY PHYSICAL METHODS

Physical maps may be cytogenetically or molecularly based. Cytogenetically 

based physical maps order loci with respect to the visible banding pattern or 

their relative position along the chromosome. The data for these maps comes 

primarily from somatic cell hybrids and in-situ-hybridization. Molecularly 

based physical maps characterize large spans of DNA directly by establishing 

molecular landmarks including restriction endonuclease sites and "sequence 

tagged sites". These maps are usually produced from data generated from 

pulsed-field gel electrophoresis.
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1.5.1 Banding of chromosomes

Cytogenetically based physical maps order loci with respect to the visible 

banding pattern or their relative position along the chromosomes. Initially, 

hum an chromosomes were classified into one of seven groups on the basis of 

their size. It was not usually possible to further differentiate between 

chromosomes unless polymorphic characteristics such as the uncoiler region 

of chromosome 1 allowed for recognition of individual chromosomes. In 1971 

the Fourth International Congress of Human Genetics introduced a numbering 

system based on chromosome banding patterns produced by differential 

staining techniques which meant that each chromosome could be distinguished 

and allowed for the description of a particular region on either the long or the 

short arm of a particular chromosome.

1.5.2 Somatic cell hybrids

Identification of individual chromosomes also lead to the construction of 

hum an-rodent cell hybrid panels - a range of rodent cells with a varied content 

of hum an chromosomes. This has been used to map gene loci to 

chromosomes. Somatic cell hybrids formed a vital resource in the mapping of 

the short arm of chromosome 11 in relation to Wilms' tumour. A human- 

hamster somatic cell hybrid that had chromosome 11 as its only hum an 

component (Puck et ah 1971) was used to generate a series of cell lines 

containing overlapping portions of chromosome 11. Deletion derivatives of 

these lines formed a deletion map of l i p  based on the pattern of marker 

segregation in this panel. This has contributed to the development of a 

detailed map of this region of chromosome 11 by quickly localizing any 

m arker or gene to a defined location. It has also proved invaluable in defining 

the chromosomal abnormalities associated with familial aniridia and WAGR 

syndrome (Pelletier et al. 1991).

Radiation-reduced somatic cell hybrids have also been used to enrich for
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markers from the region of chromosome 4 near to the Huntington disease 

locus (Cox et al. 1989).

1.5.3 Deletion mapping

The precise characterization of deletions has allowed the direct mapping of 

some disease loci. For example, the gene which codes for acid phosphatase 1 

(APCl) in erythrocytes was localized to chromosome 2 by cytological 

examination of two children (from two separate families) each with multiple 

congenital abnormalities. Both children were shown to carry deletions of the 

terminal portion of the short arm of chromosome 2. In one child, the 

breakpoint was in the distal section of band 2p23. Cultured cell lines from this 

child showed normal ACPI activity. The deletion in the second child extended 

from the proximal portion of band 2p23 to the telomere, cell lines containing 

this chromosome showed no ACPI activity. From this evidence it was 

inferred that the ACPI gene is located within the band 2p23 (Emanuel et al.

1979).

1.5.4 Translocation mapping

The locus for Duchenne muscular dystrophy was also initially localized by the 

detection of structural chromosome abnormalities. These structural 

abnormalities included X-autosome translocations in affected females 

(Greenstein et al. 1977; Zatz et al. 1981) and a small deletion of Xp21.1 in a 

patient with multiple abnormalities including DMD and McLeod syndrome 

(Francke et al. 1985).

1.5.5 In-situ-hybridization

Chromosome banding could be combined with techniques such as in-situ- 

hybridization to enable direct mapping of gene probes to metaphase spreads 

of chromosomes. This approach was used to map collagen, type I, alpha 1
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(COLlAl) to chromosome 17q21-q22 (D'Eustachio and Ruddle, 1983). As well 

as hybridizing isotopically labelled probes to chromosome spreads, fluorescent 

molecules can be deposited at the sites of specific DNA sequences via 

fluorescent in-situ-hybridization (FISH). Cosmids can be m apped with a 

resolution of approximately 3Mb on metaphase chromosomes, whilst using 

FISH on interphase nuclei it has been possible to order seven probes mapping 

within 250kb in the DHFR region of Chinese hamster cells (Trask et al. 1989).

1.5.6 PFGE

Pulsed - field gel electrophoresis (PFGE), which can separate DNA fragments 

of several million base pairs, provides a means of constructing long range 

physical maps when used in conjunction with restriction endonucleases that 

cut infrequently. This enables the identification of deletions and major 

chromosomal rearrangements (Schwartz et al. 1984). PFGE was used to 

generate a complete long-range restriction map of the region thought to be 

involved in Wilm' tum our (Rose et al. 1990). A specific deletion of l lp l3  

detected in Wilm's tum our patients allowed for the characterisation of a 

transcript encoding a zinc finger protein thought to represent the Wilm's 

tum our gene (Call et al. 1990).

1.5.7 Chromosome walking and jumping

A chromosome walk starts at a cosmid or YAC containing a stretch of DNA 

that has been m apped and orientated and is within several megabases of the 

target gene of interest. The cosmid or YAC is used to isolate other stretches 

of DNA from a library with which it overlaps. This process is repeated until 

the target gene is reached.

The distance covered by one step can be increased by extending the range of 

m ethods used to isolate fragments. The circularization of large stretches of 

DNA in this technique turn a walk into a chromosome jump. Chromosome 

jum ping also alleviates the problem of sequences unclonable in E.coli
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terminating a chromosome walk, it allows these sequences to be jumped over. 

Once a jump has been made and positioned on a pulsed-field map, 

conventional cosmid or phage walks can be initiated to yield probes suitable 

for genetic analysis and physical mapping.

1.6 GENETIC MAPPING

Genetic maps have been constructed from many different types of data from 

the first genetic linkage map produced by Sturtevant in 1913 to the complex 

molecular maps of today. By 1991,2325 genes had been mapped in the human 

genome, equivalent to approximately 5% of the estimated 50,000 genes thought 

to comprise the hum an genome. More than 10000 loci were defined by DNA 

markers,of which about 3,000 are polymorphic (Williamson et a l 1991).

1.6.1 Linkage

Genetic linkage maps are based on the co-inheritance of allele combinations 

across multiple polymorphic loci. The parental combinations are usually 

transmitted if the loci are molecularly close, but recombination at meiosis may 

generate non - parental combinations more frequently if the loci are further 

apart. The prim ary source of linkage data is the observation of allele 

combinations in gametes. The allelic constitution has been determined 

indirectly by family studies but direct molecular analysis of gametes and single 

chromosomes has recently become possible. Linkage maps are described in 

terms of recombination fraction and Morgans.

1.6.2 Genetic map distances

The term "recombination fraction" was introduced to describe the proportion 

of non - parental recombinants in the total number of gametes and, therefore, 

the genetic distance between them. The Morgan (M) was introduced as the 

unit distance over which one crossover should occur in every gamete. Hence, 

the centiMorgan (cM) is the genetic distance over which non - parental
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recombination accounts for one in every hundred gametes. Unlike physical 

distances between loci measured in kilobases of DNA, distances measured as 

recombination fraction are not additive. Therefore,whilst cM units are based 

on the recombination fraction, they are only directly proportional to it over 

small distances.

The am ount of recombination that occurs varies between the different 

chromosomes and also between the sexes. The sites at which homologous 

chromosomes appear to exchange genetic material during meiosis are termed 

chiasmata. At least one chiasma occurs per chromosome arm per meiosis. 

About 53 chiasmata occur in the autosomes of the male giving an estimated 

male autosomal map length of 26.5M.

Recombination frequencies per megabase of DNA vary considerably by 

chromosome region and by sex. Overall, there are higher frequencies of 

recombination in female meioses than in male meioses although the ratios of 

sex specific m ap lengths differ among the chromosomes. The pattern of 

regional variation shows that centromeric regions have proportionally higher 

frequencies of recombination in female meioses, and that telomeric regions 

have more recombination in male meioses.The higher recombination in females 

results in an autosomal m ap 1.5 times that of the male. The predicted total 

length for the sex - averaged linkage map is 3300cM (Morton, 1982) with the 

average length of a chromosome being 1.5M, that is, experiencing an average 

of 1.5 chiasmata per chromosome (Ott, 1991).

1.6.3 Mapping functions

Whilst the frequency of recombination is directly proportional to the physical 

m ap interval over small intervals, the relationship between these two 

parameters is complex. For larger intervals, this direct relationship is not 

retained. If one considers the three loci. A, B, C, on the chromosome in Figure
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1.5, with B being between the others, the distance between A and C should 

equal the sum  of the distances between A and B, and between B and C. 

However, above 20cM, the recombination frequency between the outer loci (A 

and C) is less than between AB + BC. This may be explained by multiple 

crossovers and interference, the latter being the presence of one crossover 

inhibiting others nearby. Interference is measured by the coefficient of 

coincidence, which is the ratio of the observed frequency of double 

recombinants to the expected frequency (Conneally et al. 1980).

Attempts at defining the relationship between the observed recombination 

fraction and the true map distances have been made by several workers. The 

first m apping function was proposed by Haldane in 1919 and assumed no 

interference. This was modified by Kosambi in 1944 and Carter and Falconer 

in 1951. The latest modification was by Rao who proposed a function based 

on hum an chiasmata data. This showed that there was little variation in the 

coefficient of coincidence within the metacentric and acrocentric classes of 

chromosomes. It also demonstrated that the acrocentric class showed 

significantly more interference than the metacentric class. The Rao mapping 

function suggests that recombination fraction may be a precise measurement 

of m ap distance for intervals of up to approximately 35 cM. The various 

proposed relationships between the recombination fraction and the m ap 

distance incorporating the mapping functions are shown in Figure 1.3.

For most analyses the Haldane function is utilised and the ability to convert 

map distance into a recombination fraction via this mapping function is 

incorporated into the LYNKSIS package of programs used in linkage analysis.
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1.6.4 Genetic markers

1.6.4.1 Restriction Fragment Length Polymorphisms (RFLPs)

Linkage analysis became an impressive tool in the localization of disease loci 

with the introduction of DNA markers defined by restriction fragment length 

polymorphisms (RFLPs) (Botstein et a l 1980). RFLPs arise when the 

polymorphisms which occur throughout the genome creates or abolishes a 

recognition site for a restriction endonuclease enzyme. Since about one base 

in every 250 is polymorphic, and approximately one in six of these changes 

alters a recognition site, most Ikb stretches of hum an DNA will contain a 

RFLP.

RFLPs suffer from a drawback as markers; the level of variation associated 

with most RFLPs is low and usually limited by the number of alleles. Of the 

approximately 3,000 hum an polymorphic markers isolated, 90% have a 

heterozygosity of less than 50% (Weissenbach et a l 1992) and they are 

unevenly spaced throughout the genome.

1.6.4.2 Minisatellite sequence polymorphisms

More recently, sequence polymorphisms defined by the variable number of 

tandem repeats (VNTRs) in minisatellites (Jefferys et a l 1985: Nakamura et al 

1987) have been described. Minisatellites consist of arrays of a core sequence 

of ten base pairs or more. The repeat number is often highly variable and 

associated with several alleles. Heterozygosity values in excess of 70% are 

common for VNTRs. Unfortunately, they are not distributed uniformly 

throughout the genome, but tend to be found towards the ends of 

chromosomes (Royle et a l 1988).
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Figure 1.3: Relationship between the recombination fraction, 0, and genetic 

distance (cM) using various mapping functions. (From Conneally and Rivas,

1980)
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Continued from facing page (48)

The probability of detecting a lesion is optimized by running gels at a range 
of temperatures with and without glycerol in the gel (reviewed by Hayashi,
1991).

Retrospective studies on a total of 46 known single base-substitutions have 
reported a 98% detection efficiency for SSCP although optimisation of running 
conditions was found to be necessary in some cases (O'Rahilly et ah 1991; 
M ichaud et ah 1992; Plieth et ah 1992; Sarkar et ah 1992). Hayashi (1991) has 
claimed that by using gels with 5-10% glycerol, 97% of mutations in 100-300 
nucleotide strands resulted in a mobility shift. The detection efficiency 
dropped to 67% for strands of 300-450 nucleotides. Similar detection 
efficiencies for fragments in these size ranges have been reported by many 
workers (Sarkar et ah 1992; Condie et ah 1993; Gaidano et ah 1991; Michaud et 
ah 1992 and Suzuki et ah 1990).

Denaturing gradient gel electrophoresis (DGGE) also allows for the resolution 
of DNA fragments differing by as little as a single nucleotide substitution. It 
is based on the electrophoretic mobility of a double-stranded DNA molecule 
through linearly increasing concentrations of a denaturing agent. As the DNA 
molecule passes through the gradient gel, it eventually reaches a point where 
the concentration of the denaturing agent equals the melting temperature of 
its lowest melting domain. This causes a marked retardation in the 
electrophoretic mobility of the molecule. The melting temperature (T ,̂) is 
defined as the temperature at which the strands of a DNA duplex are half 
dissociated or denatured. Thus, DNA molecules differing by a single 
nucleotide change in their lowest melting domain will, when electrophoresed 
through denaturing gradient gels, melt and therefore be retarded at different 
positions along the gel allowing their separation (reviewed by Fodde and 
Losekoot, 1994). The problem of resolving DNA fragments differing by base 
changes located within the highest melting domain is overcome by the 
introduction of a G-C rich domain (G-C clamp) whose high melting point will 
prevent complete dénaturation (Myers et ah 1985). Since a G-C clamp as short 
as 40bp may be sufficient to create a high T^ domain, one of the two PGR 
primers used to amplify the target region can carry a 5' G-C clamp tail. This 
will then be incorporated at one end of the resulting PCR product (Sheffield 
et ah 1989). Perec et ah (1992) carried out a systematic DGGE analysis of the 
17 exons of the CFTR gene in 365 cystic fibrosis patients and were able to 
detect mutations in 98% of the CF chromosomes analyzed. This demonstrates 
the potential of DGGE for large scale carrier detection and population 
screening.



1.6.4.3 Microsatellites

Other tandem ly repeated sequences that exhibit length polymorphisms include 

a subclass of very short simple sequence di-, tri- and tetranucleotide repeats. 

Unlike RFLPs and VNTRs, these can be scored by the polymerase chain 

reaction (PCR). This fact, along with their more random  distribution 

throughout the genome make these repeats ideal markers for constructing 

genetic maps. The most intensively studied group of repeats are the CA 

dinucleotide repeats. These were first described by Miesfeld (1981). Weber 

(1990a) estimates that there are approximately 12,000 potential CA repeats with 

PIC values greater than 0.5 and 7000 potential polymorphisms with PIC values 

exceeding 0.7. It has been estimated that CA repeat markers may yield a 

genetic m ap with an average resolution of 0.3-0.5cM (Weber, 1990b).

1.6.4.4 SSCP and DGGE

Single-stranded conformational polymorphism (SSCP) analysis relies on the 

electrophoretic mobility of a single-stranded DNA molecule being a function 

of both its length and its nucleotide sequence (Orita et ah 1989). DNA 

fragments, usually <400bp, are radiolabelled during PCR amplification, and 

electrophoresed through polyacrylamide gels under non-denaturing conditions. 

Single base changes are detected as a shift in mobility as compared to the 

wild-type. Alternatively, the radiolabeUing may be omitted if asymmetric PCR 

is used for the production of single strands and the SSCP variants visualised 

by ethidium  brom ide or silver staining. (Continued on facing page.)

1.7 LINKAGE ANALYSIS

M endel's studies in the 1860's concerning the ability of organisms to transmit 

hereditary properties from one generation to the next led him to propose that 

various phenotypical traits in different strains of pea were controlled by pairs 

of factors (genes), and that one of these factors was derived from the male 

parent and the other from the female. By observing the results of plant
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breeding experiments involving peas differing in more than one characteristic 

Mendel concluded that each gene pair was independently transmitted to the 

gamete - the principle of independent assortment.

In his 1903 paper "The Chromosomes in Hereditary" Sutton recognised the 

association between Mendel's inherited factors and the behaviour of 

homologous pairs of chromosomes during meiosis. He suggested that genes 

only segregate independently when they were carried on different pairs of 

chromosomes.

W hilst Mendel's principle of independent assortment is based on the fact that 

genes located on different chromosomes behave independently during meiosis, 

often two genes fail to assort independently because they are located on the 

same chromosome (linked genes). The work of Morgan with Drosophila gave 

num erous examples of non - random  assortment. He found four groups of 

linked genes in Drosophila and also observed four morphologically distinct 

chromosomes in a haploid cell, indicating that the genes are situated on the 

chromosomes.

However, since the linkage seen in Drosophila was not complete, Morgan 

suggested a mechanism for exchanging genes on homologous chromosomes - 

"crossing over". Its cytological basis was postulated by Janssens and the 

physical exchange of genetic material was demonstrated in 1931 by McClintock 

and Creighton in Zea mays,

Morgan reasoned that genes located close together on a chromosome would 

assort w ith one another much more regularly (demonstrating close linkage) 

than genes located further apart on a chromosome. He saw this as a way to 

m ap the relative positions of genes on chromosomes. The methodology used 

was very straightforward. Consider the segregation of three genes all located
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on the same chromosome. A, B and C (see Figure 1.5). A cross between AB 

and ab yields four types of progeny; the two parental combinations (AB and 

ab) and two recombinant genotypes (Ab and aB). Similarly, a cross between 

BC and be will give the parental genotypes (BC and be) and two 

recombination genotypes (Be and bC), and a cross between AC and ac will 

yield parental combinations AC and ac) and non - parental combinations (Ac 

and aC). Each cross will produce a specific ratio of parental to non -parental 

genotypes in the progeny. For example, if the cross between AB and ab gives 

7% recombinants, whilst the BC and be cross gave 15% recombinants and the 

cross between AC and ac gave 20% recombinant progeny, it could be assumed 

that the genes a and b are closer together than the genes a and c. The gene 

arrangement that best fits these data is a - b - c.

The gene order suggested by the crosses of two gene factors may be confirmed 

by three - factor crosses (see Figure 1.6). Following the genes in the cross ABC 

X abc will give rise to six recombinant genotypes in the progeny. These fall 

into three groups of reciprocal pairs. The rarest of these groups arises from 

a double crossover event. By observing the least frequent class it is possible 

to confirm the results from the two gene factor crosses. The relative rarity of 

the recombinants AbC and aBc confirms that the gene order in this example 

is indeed a - b - c.

The existence of m ultiple crossovers means that the amount of recombination 

between the outside markers, a and c, is usually less than the sum of the 

recombination frequencies between a and b, and between b and c.

1.7.1 Two-point linkage analysis

The following example introduces many of the basic principles of linkage 

analysis. Consider two loci, A and B; each parent carries two alleles at each 

of these two lod and, with 0.50 probability, transmits one of the two alleles
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from each locus in the gamete and on into the offspring. When the two non

allelic genes tend to be transmitted together to the offspring, there is a 

deviation from the ratio expected. This, then, serves as the definition

of genetic hnkage - the two loci are said to be genetically hnked. Since it is 

unusual for two lod  to be completely linked, the occurrence of cross-overs 

between the two loci can be used to calculate the recombination fraction. For 

unlinked loci, compliance with the expected 1:1:1:1 ratio will generate a 

recombination fraction of 0.5 since 50% of the progeny will be recombinants. 

The recombination fraction can be denoted by 0. For tightly linked loci, 

parental combinations will account for the vast majority of progeny and 

correspondingly, the recombination fraction, 0, will be very small.

Linkage analysis is used to try to estimate the recombination fraction between 

two lod. This requires observations of the transmission of the alleles at the 

two lod  through the members of a family pedigree. Additionally, in order to 

demonstrate which of the two alleles at lod  is passed on from parent to child, 

the parent m ust have two different alleles at each of the two lod, that is, they 

m ust be double heterozygotes. For a mating to be informative for linkage 

analysis at these two lod, at least one of the parents m ust be doubly 

heterozygous.
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Figure 1.4: Ordering of three genes on the basis of two factor crosses.

A B B C A C

X X X

a b b e a e

Genotype of progeny

parental A B B C A C

(93) (85) (80)

a b b e  a c

recombinant A b B e  A e

(7) (15) (20)

a B b C a C

(The figures in brackets represent % of progeny displaying the genotype in this 

example)

Figure 1.5: Assignment of the tentative order of the three genes on the basis 

of the two-factor crosses

A B C

----------
 , ^  ----

7% 15%

20%

52



Figure 1.6: The use of three - factor crosses to confirm gene order

A B C  This class arises from no

crossovers occurring.

a b c

A b c  This class arises from a

crossover occurring between A 

and B.

a B C

A B C

X

a b c

A B c This class arises from a

crossover occurring between B 

and C

a b C

A b C This class arises from crossovers

occurring between A and B, and 

B and C - a double crossover

a B c
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In order for linkage analysis to be performed there are three basic 

requirements; the exact mode of inheritance must be known, the loci must be 

polymorphic, and lastly, the genotype m ust be observable in the phenotype. 

Each of these requirements is explored separately.

The mode of inheritance is usually known for a marker locus, but this may not 

so for the disease locus. The computer programs designed for complex linkage 

analysis will allow for various modes of inheritance to be explored, but 

obviously, the more that is known about the disease inheritance, the more can 

be extracted from the results of the analysis.

Secondly, it is obvious that the loci need to be polymorphic with appreciable 

frequencies for each allele. If the frequency of one allele is very close to one 

or zero, there is an increased likelihood that all the parents in the pedigree will 

be homozygous for the same allele and reduce the informativity of the 

analyses. So, the more polymorphic the locus is the more useful it will be for 

linkage analysis.

One m ethod of measuring the degree of polymorphism is the polymorphism 

information content (PIC) described by Botstein (1980). The PIC represents the 

probability that an offspring of a random  mating between a carrier of a rare 

dom inant gene and a non-carrier will be informative for linkage between the 

locus of the dom inant gene and a marker locus. It is expressed as

n n-1 n

1 - (S Pi") - Z Z 2pi" Pj"

i=l i= l j=i+l

where p̂  is the frequency of the ith allele and n is the number of alleles at the 

marker locus.
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The PIC can be interpreted practically as follows, if the grandparents are not 

typed, the PIC is the probability that phase can be established for the first 

child. Once this has been established, the PIC is the probability that an 

offspring is informative for establishing or rejecting linkage.

Lastly, the phenotype m ust resolve the genotype. For example, this is not the 

case if the ABO blood grouping is considered. An individual whose 

phenotype is that of blood group B, may be expressing either two B alleles or 

one B allele and one O allele. For reasons of ease of analysis it is preferable 

to use marker lod  that equivocally exhibit the two alleles present in that 

individual.

Linkage data in families is analyzed according to the Lod score method

generated by Morton (1955). This method compares the probability of

obtaining any given result if the two loci considered are linked with a

recombination fraction, 0, with the probability that the two loci are unlinked,

that is with a 0 of 0.5. This likelihood is calculated for a range of 0 values

from 0.0 to 0.5. The results are expressed as log^o, allowing data from several

families to be calculated together. The Lod score (Z) is therefore defined by

the following expression

probability of observing the result in this family if the lod are 
linked with a recombination fraction 0

probability of observing this result if the lod  are unlinked, i.e. 
w ith 0=0.5

Z=

Z= logio[L(0)/L(O.5)

This is exemplified in the pedigree in Figure 1.7 showing the segregation of an 

autosomal dom inant condition in a three generation family that have been 

typed with a polymorphic marker that gives rise to two alleles, A1 and A2.
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A1,A 2

II

III

A I,A 2

A1,A2

é ~ i
A2,A2

A2,A2 A2,A2 A I,A 2 A2,A2

Figure 1.7: Pedigree showing segregation of an autosomal dominant 
condition segregating with alleles A 1 and A2. For a full explanation, 
please see text.

56



n i  is a double heterozygote. Three of her children show inheritance of the 

disease locus with the A2 allele, whilst the fourth, 1114 shows a recombination 

between the loci. Since the recombination fraction, 0, is defined as the 

probability with which a recombination occurs, a recombination event can be 

represented by 0 and a non-recombination by 1-0. To obtain the likelihood for 

the four children, their probabilities should be multiplied. Therefore, the 

likelihood (L) for any given value of 0 is given by 

L(0) = (1-0) (1-0) (1-0) 0

(1-0)" 0

If there is no linkage, i.e. 0 = 0.5, then 

L(0.5) = (0.5)" 0.5

(0.5)4

Logio of the likelihood ratio, the lod score

L(0)
Z = Z(0) = logio ______

L(0.5) 

(1-0)" 0
log10

(0.5)^

— logio 16 (1-0)" 0

That is, for a phase known family the lod score, Z(0), can be given by 

Z(0) = log,o T  (1-0)*̂  0"

where

a = total number of affected offspring scored 

b = num ber of non-recombinant offspring 

c = num ber of recombinant offspring
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If n i  of the same family were phase unknown, then her four children could 

be either three non-recombinants and one recombinant, or three recombinants 

and one non-recombinant. The probabilities for both these possibilities must 

be included when deriving the lod score.

L(0) = 1 /2  (1-0)^ 0 + 1 /2  (1-0)0"

1 /2  (1-0) 0 + 1 /2  (1-0) 0"
Z(0) = log10

(0.5)"

logio 8 (1-0)" 0 + 8 (1-0)0"

That is, for a phase unknown family, the lod score is given by 

Z(0) = logio 2"-' [(1-0)^ 0 '+  (1-0)' 01

where
a = total num ber of offspring scored 

b = num ber of non-recombinant offspring if phase 1 

c = num ber of non-recombinant offspring if phase 2
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1.7.2 Levels of significance

The lod score is calculated for several values of 0, usually 8  = 0, 0.001, 0.05,

0.1. 0.2, 0.3 and 0.4 and the value of 0 for which the lod score is at its 

maximum is obtained. The criteria for which lod scores are either accepted or 

rejected for linkage are based on Morton's sequential test for linkage. Two 

constants A and B determine one of three possible outcomes;

1. If z>logA, there is significant evidence for linkage.

2. If z<log B, then 0 is significantly greater than the value for which the lod 

score was determined.

3. If log B<z<log A, then the evidence for linkage is not decisive.

The constants A and B are related to a, the probability of a Type I error 

(finding linkage where none exists) and 6 , the probability of a Type II error 

(detecting no linkage where no linkage exists). Two approximations may be 

used to determine A and B:

1 - f i

A =
a

B =
1 - a

Morton (1955) proposed criteria which are traditionally used to accept or reject 

linkage. Log A greater than 3, or an odds ratio of 1000 to 1, is required to 

confirm linkage. This figure is used because of the low prior probability that 

the two traits are linked; the prior probability that two randomly selected loci 

are less than 0 = 0.3 apart is about 2% (Risch, 1992). Therefore, the final odds 

for linkage, given a lod score of 3 is given by the prior odds of linkage (0.02) 

multiplied by the odds given by the data (1000). This gives a final probability
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of linkage of 20:1 or 95%. A negative lod score of 2 or greater is taken as 

evidence of no linkage between the two given loci, these values were derived 

by setting a  at 0 . 0 0 1  and fi at 0 .0 1 .

1.7.3 Multi-point linkage analysis

Multi-point analysis is the simultaneous analysis of more than two lod. It also 

allows the simultaneous analysis of three or more lod to determine their 

relative order on the chromosome. For example, consider the three loci in 

Figure 1.5; A, B and C. As is shown, three recombination fractions exist - 6 ^ ,̂ 

between loci A and B, between loci B and C, and ©Ac/between lod A and 

C. When considering a situation such as this, the phenonomen of interference 

m ust be regarded. This concerns the fact that recombinations in adjacent 

portions of a chromosome do not occur independently. Generally the 

occurrence of one recombination tends to reduce the likelihood of another 

recombination occurring dose by. This observation is incorporated into the 

computer programs designed to perform the multi-point analysis. In the case 

of the data for the three linked lod  A, B and C, estimates may be made for the 

probabilities of the following recombination events; recombination occurring 

between both AB and BC (pi), recombination occurring between AB but not 

between BC (p2), no recombination between AB but recombination occurring 

between BC (p3).

So, 0ab = p i  + p2

®BC “

®AC — P^ + P3

These estimates yield the most likely gene order directly and are used for 

multi-point analysis in the computer programs.

Multi-point analysis can increase the information of several loci considered 

together over that generated by considering the loci separately. It also allows

60



for the most probable position of one locus to be determined against a map of 

marker loci of known position relative to one another.

1.7.4 Computer programs

Of the programs designed to calculate the linkage analyses, both the LIPED 

program  (Ott, 1974) and LINKAGE program packages (Lathrop et al 1984) are 

used in this study. The LIPED program is designed for analysis of up to two 

loci. The LIPED package includes the LINKMAP program which calculates 

likelihoods for one lod  of unknown location on a map of several markers of 

known location relative to each other. The PREPLINK and PEDPOINT 

programs process the locus and pedigree data so that it can be analyzed by the 

LINKMAP program.

1.8 CHROMOSOME 17

Chromosome 17 has a physical length of 92 Mb (Weissenbach et a l 1992) and 

a genetic length estimated at between 168 cM (NIH/CEPH Collaborative 

mapping group, 1992) and 208 cM (Morton, 1991). An ideogram of 

chromosome 17 is shown in Figure 1.8

1.8.1 Regions of synteny with mouse chromosome 11

Comparative m apping results have demonstrated that mouse chromosome 11 

contains an extensive region of homology to human chromosome 17. The 

Genome Data Base details 37 genes found on human chromosome 17 that have 

murine homologues on mouse chromosome 11. The regions of synteny 

between these two chromosomes are shown in Figure 1.9
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Figure 1 .8 : Ideogram of human chromosome 17. The physical location of the 

probes used in this study are shown. The genetic distances in cM are shown 
on the right
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Figure 1.9: Showing the syntenic regions of human chromosome 17, on the left, 

and mouse chromosome 11, on the right. (From Buchberg et al. 1989)
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1.9 AIMS OF THIS PROJECT

The primary aim of this project, on its inception, was to localise further and 

isolate the gene locus CMTl using the eight large families previously collected. 

The approach chosen was one of RFLP analysis and genetic linkage analysis. 

With the publication of an association of a sub-microscopic duplication of 

17pll.2 in other CMTl families, the emphasis of the project shifted slightly. 

The aim became to develop detection of the duplication to a stage where 

diagnosis using a DNA test would be possible.
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2.0 MATERIALS AND METHODS
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1 . MATERIALS

2.1.1 Family data

Eight families were studied in which CMTl was segregating as a dominant 

trait. The pedigrees of these families are shown in the appendix. Families GV, 

SM, MO and FG were all collected by Dr J Berciano and are of Spanish origin. 

Some of the samples from families HEN and WH were collected by Professor 

PK Thomas. Dr S Huson and Professor AE Harding collected all other 

samples.

All the members of these families were examined by Dr J Berciano, Professor 

AE Harding or Dr S Huson. At least one of the affected individuals, and 

usually the majority, had nerve conduction velocity conduction studies to 

confirm the diagnosis of CMTl. Not all adults scored as unaffected had nerve 

conduction velocity studies performed, but there is no evidence to suggest that 

CMTl gene carriers are ever clinically normal after the age of 20 years 

(Harding and Thomas, 1980a). Motor nerve conduction velocity is reduced 

significantly by the age of 5 years and earlier in most cases (Gutmann et ah 

1983). In individuals under the age of 20, electrophysiological studies were 

used to confirm or exclude the diagnosis of CMTl.

Parts of families HEN and WH had been initially studied by Guiloff et ah 

(1982) and the clinical features of most of the other families have been 

described previously (Thomas et ah 1974; Harding and Thomas, 1980a; 

Combarros et ah 1983).

An X-linked form of CMT has been described (Fishbeck et ah 1986) and 

m apped to Xp21. X-linked transmission can be excluded in all but one family 

(MO) since there is male to male transmission. In MO, with no male to male 

transmission, the affected females all show the same degree of severity of 

phenotype as the affected males in the family, making X-linked inheritance 

unlikely.
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2.1.2 Probes

The probes used in this study are described in the following table. Probes 

VAW409R3, VAW412R3 and LEW401 all contained repetitive sequences which 

gave a poor signal to background ratio despite pre-annealing the probes with 

hum an sonicated DNA as described. To this end single copy insert sub-clones 

were used, and these are shown at the end of the table. These subclones were 

kindly provided by Dr Peter Raeymaekers and Dr Christine van Broeckhoven.

2.1.3 Chemicals and reagents

All chemicals with the exception of those listed below were of AnalaR grade 

and were obtained from British Drug Houses (BDH), UK.

Fraction V bovine serum albumin (BSA), HEPES (N-2-hydroxyethylpiperazine- 

N '-2-ethane sulphonic acid), polyvinylpyrrolidone. Proteinase K, BHI (brain 

heart infusion) and ampicillin were obtained from the Sigma Chemical 

Company Ltd., UK.

Water saturated distilled phenol was obtained from Rathbum Chemicals Ltd., 

UK

Hexadeoxyribonucleotides, dATP, dGTP, dTTP, Ficoll 400 and Sephadex G-50 

(Medium) were obtained from Pharmacia, UK.

Tryptone was supplied by Oxoid, UK.

Bacto-Agar was supplied by Difco Laboratories, USA.

The Qiagen mini-preparation kit was supplied by Amersham International pic.

Agarose for electrophoresis was obtained from Bethesda Research Laboratories 

(BRL), USA.
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Deoxycytidine 5' triphosphate (alpha-^^P at lOmCi/ml, 3,000 Cl/m m ol was 

supplied by ICN Biomedicals Ltd., UK.

2.1.4 Enzymes

All enzymes and respective buffers used in restriction enzyme digests were 

obtained from Northum bria Biologicals Ltd., UK.

2.1.5 Nylon membranes

Hybond N+ nylon transfer membrane was obtained from Amersham 

International pic.

2.1.6 Photography, autoradiography and Phosphor-Imaging

Kodak XAR-5 X-ray film was supplied by the Sigma Chemical Company, USA. 

Phospho-imaging of hybridized filters to determine dosage was performed 

using a Molecular Dynamics Phoshor-imager.
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Table 2.1: Probes used in this study 

Probe name Locus Location

symbol

Vector/ Polymorphic Allele

size(kb)/ enzyme 

site

size(kb) freq PIC

Reference

’̂ HHH202 D17S33 17qll.2-ql2 pUC18/

2.4/

H indi

Rsal 2.5 0.57 0.37 Nakamura et al 1988

pEW206 D17S57 17cent-ql2

$

Ch21A/

5.0/

EcoRI

MspI 5.2

2.6

0.30 0.33

0.70

Barker et al 1987b

’̂ EW301 D17S58 17pll.2-cent Ch21A/

2.6/
EcoRI

Bgin

TaqI

10.0

8.0

4.5

3.1,14

0.30 0.33

0.70

0.40 0.36

0.60

Barker et al 1987b

(cont.)



Probe name Locus Location

symbol

Vector/ 

size (kb)/ 

site

Polymorphic Allele

enzyme size(kb) freq PIC

Reference

’̂ cl516 D17S258 17pll.2 pTZ19R/ Hindni 22.0

12.0,10.0

0.61

0.39

Patel et al. 1990

p i 0.41 D17S71 17pl2-pll.2 pUC8 /  MspI

0.35/

EcoRI PvuII

2.4

1.9

2.7

2.6

0.47 0.37

0.53

0.17 0.26

0.83

Barker et al. 1987b

’'VAW409R3 D17S122 17pl2-pll.2 pUC8 /

2.1/

EcoRI

MspI 2.8

2.7

1.9

0.50 0.45

0.44 

0.06

Barker et a/.1987b

(cont.)



Probe name Locus Location

symbol

’̂ VAW412R3 D17S125 17pl2-pll.2

Vector/

size(kb)/

site

pUC8 /

3.8/

EcoRI

Polymorphic Allele

enzyme size(kb) freq PIC

Reference

MspI

MspI

10.5

5.4

2.6

1.9,0.7

0.26 0.31

0.74

0.74 0.31

0.26

Barker et al 1987b

^LEW 401 D17S61 17pl2-pll.2 pUC8 /

4.5/

EcoRI

MspI 5.5

4.4

0.32 0.34

0.68

Barker et al 1987b

WAW411R2 D17S124 17pl2-pll.2 pUC8 /

1.8 /
EcoRI

MspI

Bgin

(cont.)

10.5

6.1

11.0

10.7

0 . 1 2  0.18 

0.88

0.30 0.33

0.70

Barker et a l 1987b



Probe name Locus Location

symbol

LEW503 D17S67 17pter-pl2

Vector/

size(kb)/

site

pUC8 /

1.9/

EcoRI

Polymorphic Allele

enzyme size(kb) freq PIC

Reference

MspI 6.9

5.7

0.30 0.33

0.70

Barker et al 1987b

*LEW502 D17S66 17pter-pl2

E3.9

Ch21A/

4.8/

EcoRI

Bglll 2.2

1.4

0.28

0.72

0.32

3.9 1.00

Barker et ah 1987b

Hulsebos et ah 1991CRYB3 2 2 q l l . 2 -q l2  PSP65/ EcoRI

3.9/

EcoRI

* indicates those probes which required pre-annealing prior to hybridisation. This is described in section 2.3.15.Probes VAW409R3, 

VAW412R3 and LEW401 all contained repetitive sequences which gave a poor signal to background ratio despite pre-annealing. 

To this end single copy insert subclones were used. These were obtained from Dr.Peter Raeymaekers and Dr.Christine van 

Broeckhoven.

(cont.)



Subclone name Parent clone

VAW409R3a VAW409R3

Locus

D17S122

Vector/ Polymorphic Allele

size(kb)/ enzyme size(kb) freq PIC

site

pU ClS/ MspI 2.8 0.50 0.45

1.5/ 2.7 0.44

EcoRI,BamHI 1.9 0.06

VAW412R3HEb VAW412R3

a

D17S125 pU ClS/ MspI 

1.3/

EcoRI,HindIII

10.5

5.4

0.17 0.31

0.83

VAW412R3HEC VAW412R3 D17S125 pUC18/ MspI 

0.8/

EcoRI,HindIII

2.6

1.7,0.7

0.83 0.31

0.17

pEW401HE LEW401 D17S61 pUC18/ MspI 

0.85/

EcoRI,HindIII

5.5

4.4

0.32 0.34

0.68



2.2 SOLUTIONS

All aqueous solutions were made up in double distilled water and, where 

necessary, were sterilised by autoclaving.

PLASMID/COSMID PREPS 

LB: lOg tryptone

5g yeast extract

lOg NaCl in 1000ml water.

BHI: 37g in 1 litre of H^O

Agar: 500ml BHI 

7.5g agar

QIAGEN kit for plasmid DNA extraction 

Buffer PI: RNase A lOOpg/ml in 50 mM Tris/HCl

lOmM EDTA, pHS.O 

Buffer P2: 200mM NaOH, 1% SDS

Buffer P3: 2.55M KAc, pH  4.8

Buffer QB: 750 mM NaCl, 50 mM MOPS,

15% ethanol, pH  7.0 

Buffer QC: l.OM NaCl, 50mM MOPS,

15% ethanol, pH  7.0 

Buffer QF: 1.2M NaCl, 50mM MOPS,

15% ethanol, pH8.2

TE solution: lOmM Tris (hydroxymethyl)methylamine, ImM EDTA pH 8.0

AGAROSE GEL ELECTROPHORESIS

E BUFFER (10 X TAE): 0.4M Tris (hydroxymethyl) methylamine

0.12M sodium acetate

25mM EDTA, pH  7.7 with glacial acetic acid.
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LOADING BUFFER: 50% glycerol 

O.IM EDTA 

bromophenol blue

HYBRIDISATIONS 

2 0  X SSC: 3M sodium chloride

0.3M tri-sodium citrate

pH  adjusted to 7.0 with hydrochloric acid

DENHARDTS: 0.2% BSA, 0.2% Ficoll 400, 

0 .2 % polyvinylpyrollidone

OLB: This consisted of 370pl solution A, 917pl solution B, 555pl solution C 

Solution A: 1ml 1.25M Tris HCl, pH  8.0, 0.125M MgClg

5pl O.IM dATP, 5pl O.IM dGTP, 5pl O.IM dTTP 

Solution B: 2M HEPES, pH 6 . 6

Solution C: Hexadeoxyribonucleotides, 90 un its/m l in TE.

HYBRIDIZATION SOLUTION: 4 X SSC

1% SDS

10 X Denhardt's solution

50pg/m l sonicated, heat denatured salmon sperm
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2.3 METHODS

Southern blotting of hum an DNA (Southern, 1973).

2.3.1 Preparation of hum an DNA from blood

With informed consent, blood was collected from each participating family 

member. Blood was collected in 10ml tubes coated with anticoagulant (EDTA) 

and stored at -70°C. DNA was extracted following the method described by 

Jeanpierre, 1987). Each 10ml sample was thawed out into a 50ml plastic 

Falcon tube and approximately 25ml ice-cold distilled water added to lyse the 

erythrocytes. The tubes were inverted to ensure lysis and centrifuged at 

4,000g for 20 minutes at 4°C (IRC Centrifuge-7R). The supernatant was 

discarded into 100% Chloros and the pellet re-suspended in 25ml ice-cold 0.1% 

NP40 with vortexing. The nuclear pellet was recovered by centrifuging at 

4,000g for 20 minutes at 4°C. Following resuspension in 7ml double - filtered 

6 M Guanidium hydrochloride and 0.5ml 7.5M ammonium acetate and 

vortexing, 0.5ml 20% sodium sarkosyl and 1.5mg (150pl lOmg/ml) were 

added. The mixture was incubated at 60°C for 90 minutes.

At room tem perature 17ml absolute ethanol was added and the tube gently 

inverted. The threads of DNA that appeared at the interface were spooled out 

onto a thin glass hook and dissolved in 1.0ml TE in an eppendorf tube 

overnight on a rotary mixer at 4°C. The DNA sample was precipitated by the 

addition of 0.1 volume 3M sodium acetate (pH 5.5 with glacial acetic acid) and

2.5 volumes ice - cold absolute ethanol. The DNA was spooled out onto a thin 

glass hook, and dried briefly in air before dissolving in 1.0ml TE in an 

eppendorf tube. The tube was placed on a rotary mixer overnight at 4°C to 

aid dissolution.

2.3.2 Digestion of hum an genomic DNA

For Southern analysis, 5 - 20pg of DNA from each of the family members was 

digested with 3-4 units of restriction enzym es/pg. The reactions were carried 

out in 40pl solution containing 4pl 10 X buffer. Enzyme digests were carried 

out at the temperature recommended by the suppliers.
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2.3.3 Electrophoresis of genomic DNA

The samples were electrophoresed in 0.8 - 1.0% agarose gels. The percentage 

agarose content of the gels was varied depending on the size of the DNA 

fragments to be separated. The gel was made by heating the agarose (2.4 - 

3.0g) in 300ml 1 X TAE buffer in a microwave oven until the agarose had 

melted. It was cooled to 65°C and 15pl ethidium bromide (lOmg/ml) was 

added and the mixture poured into a 20cm X 20cm gel tray with a well - 

forming comb. After setting, the comb was removed and the gel placed in an 

electrophoresis tank (BRL) containing 1 X TAE buffer sufficient to cover the gel 

to a depth of 1mm. 40pl digested samples were mixed with lOpl DNA 

loading buffer and loaded into the submerged wells. Ipg  Lambda DNA 

digested with either Hind HI or BstE n  enzyme was loaded into one well and 

used as a molecular weight marker. Gels were subjected to electrophoresis at 

2V/cm  in 1 X TAE buffer for 12 - 72 hours at room temperature.

On removal from the electrophoresis tank the gel was photographed under 

ultra - violet (UV) light and Southern blotted (Section 2.3.4)

2.3.4 DNA transfer to Hybond-N+

Genomic DNA digests were resolved by electrophoresis as described in Section 

2.3.3. DNA in the gels was denatured by soaking in 0.5M sodium hydroxide, 

1.5M sodium chloride for 30 minutes.

The transfer equipm ent was assembled by soaking a 20cm X 20cm X 3cm piece 

of foam rubber in 20 X SSC. 3MM W hatman paper wicks were cut large 

enough to cover the foam rubber platform and to dip into the surrounding 2 0  

X SSC reservoir. The gel was inverted and gently placed on the prepared 

blotting tray and any air bubbles trapped beneath the gel were gently pressed 

out. A similarly - sized piece of Hybond - N+ transfer membrane (Amersham) 

was thoroughly wetted with 2 X SSC solution and placed on the surface of the 

gel and any air bubbles were gently pressed out - particular care was taken 

around the wells. Two pieces of 3MM W hatman paper were cut to the same
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size as the filter and soaked in 2 X SSC solution. They were each placed on 

top of the filter and any air bubbles gently pressed out. Pieces of cling - film 

were placed along the edges of the filter and over the reservoir; to prevent 

both" short - circuiting" of the SSC solution from the reservoir directly to the 

absorbent layers above and the evaporation of SSC. Onto this were stacked 

paper towels to a depth of approximately 6 cm.

DNA was transferred for three hours after which the wet towels, cling - film 

and W hatman paper were removed and the position of the wells marked with 

an indelible marker pen. The filter was removed from the gel and rinsed in 

2 X SSC solution to remove any adhering fragments of agarose gel. It was 

then rinsed in 0.4M sodium hydroxide solution to fix the DNA to the filter. 

The filter was then rinsed in 3 - 4 changes of 2 X SSC solution and the pH 

checked to ensure that the alkali fix solution had been entirely removed. The 

filter was blotted dry on 3MM W hatman paper. Now stable, the filter was 

suitable for indefinite storage between "add - free" tissue paper at room 

temperature.

2.3.5 Hybridisation of 32-P-labelled DNA to filters

Following transfer of digested genomic DNA to the Hybond-N+ filters as 

described, the filters were pre-hybridised at 65°C for at least 3 hours in pre

heated pre-hybridisation solution.

Filters were hybridised by the addition of the radioactively-labelled probe 

which had been previously denatured by boiling. The labelled probe was 

added to the pre-hybridized filters to give 1 0  ̂ dpm /m l in the hybridisation 

solution. With some probes pre-assodation with sonicated human DNA was 

necessary in order to quench out repetitive sequences and this is described in 

section 2.3.13

Hybridisation occurred overnight at 65°C and the filters were then washed 

three times in 3 X SSC, 0.1% SDS solution to remove excess, non-specifically
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bound probe DNA. The beta emission was then monitored with a beta 

emission counter and if high background signal was detected, the filters were 

w ashed in a m ore stringent solutions (containing 1  X SSC, 0.5 X SSC or even 

0.1 X SSC) at 65°C for 10 minutes and the beta emission re - monitored.

W hen a satisfactory level of background activity was achieved, the filters were 

blotted dry on 3MM W hatman paper, wrapped in cling - film and exposed to 

X - ray film backed with intensifying screens for 1 - 1 4  days at -70°C.

Probes

2.3.6 PREPARATION OF PLASMID DNA

2.3.7 Transformation of bacteria with plasmid DNA

10ml LB in a 50ml Falcon tube was inoculated with E.coli strain HBlOl and 

cultured overnight at 37°C with vigorous shaking. This culture was added to 

100ml LB in a 500ml flask and the culture grown with further vigorous 

shaking at 37°C to a density of 5 X lO^cells/ml (OD550 = 0.5). The culture was 

then chilled on ice for 1 0  minutes and the cells collected by centrifugation at 

4000g for 5 minutes at 4°C. The supernatant was discarded and the pellet 

resuspended in a half volume of ice-cold, sterile 50mM calcium chloride, 

lOmM Tris HCl solution (pH 8.0). The ceU suspension was incubated on ice 

for a further 15 minutes and the cells collected by centrifugation at 4000g for 

5 minutes at 4°C. The supernatant was discarded and the pellet resuspended 

in 1/15 original volume (approximately 3ml) ice-cold, sterile CaClj/Tris HCl 

solution. The cell solution was dispensed as 0.2ml aliquots into pre-chilled 

sterile Eppendorf tubes and stored at 4°C for between 12 and 24 hours.

Plasmid DNA was diluted in TE to a concentration of 40ng/100pl and added 

to an aliquot of the cell suspension. This was mixed and incubated for 30 

minutes on ice. The Eppendorf tube was transferred to a water-bath at 42°C 

for exactly 2 minutes. 1ml LB was added to the tube and it was incubated at 

37°C for 60 minutes without shaking. 200pl aliqouts were spread onto 

selective media plates poured from 500ml LB, 7.5g agar and 25mg AmpicilHn.
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A control plate of competent cells that were not exposed to the plasmid DNA 

was also used. The plates were left at room temperature until the fluid had 

been absorbed when they were inverted and incubated at 37°C overnight (but 

not longer than 16 hours). The plates were then stored inverted at 4°C.

2.3.8 Preparation of glycerol stocks of transformed bacteria

Stocks of immortahsed clone containing E.coli transformed with plasmid DNA 

were prepared by transferring a single colony grown on the selective medium 

plates as described earlier to a 50ml Falcon tube containing 10ml LB and 20pl 

of the appropriate antibiotic solution of concentration 25mg/ml. The culture 

was incubated overnight at 37°C with shaking. 1.53ml of the culture was 

mixed with previously sterilised glycerol in a sterile tube to give a 15% 

glycerol stock that could be stored indefinitely at -70°C.

2.3.9 Isolation and purification of plasmid DNA

An overnight culture containing 50ml LB, lOOpl am pidllin solution (at 

25m g/m l) and 5pl of thawed glycerol stock was incubated at 3TC  with 

vigorous shaking. The plasmid DNA was isolated using the Qiagen "Plasmid 

mini kit" (catalogue number 41011). The overnight culture was chilled on ice 

for 10 minutes and the cells collected by centrifugation at 4000g for 20 minutes 

at 4°C. The supernatant was discarded and the pellet resuspended in 0.3ml PI 

buffer (RNase A lOOpg/ml in 50 mM Tris/HCl, lOmM EDTA, pHS.O). The cell 

suspension was transferred to a sterile Eppendorf tube and 0.3ml buffer P2 

(200mM NaOH, 1% SDS) was added. This was mixed gently and incubated 

at room  temperature for 5 minutes. 0.3ml buffer P3 (2.55M KAc, Ph 4.8) was 

immediately added and the contents of the tube gently mixed and then 

centrifuged at 15000g for 15 minutes. The supernatant was carefully removed 

and applied to a Qiagen column that had been previously equilibrated with 

1ml buffer QB (750 mM NaCl, 50 mM MOPS, 15% ethanol, pH  7.0). The 

column was washed twice with 1ml buffer QC (1.0 M NaCl, 50mM MOPS, 

15% ethanol, pH  7.0). Elution of the DNA from the column was achieved by 

the application of 0.8ml buffer QF and the DNA solution collected in an
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Eppendorf tube. The DNA was precipitated with 0.5 volumes of isopropanol 

previously equilibrated to room temperature. After gentle mixing and 

centrifugation at 15000g for 15 minutes. The supernatant was removed and 

discarded. The pellet washed with lOpl 70% ice-cold ethanol, dried briefly in 

air and redissolved in 50pl TE.

2.3.10 Isolation of plasmid insert from vector DNA

In some cases it was necessary to cut the probe insert out of the plasmid. This 

was achieved by digesting 50pl of the plasmid with 5pl of the appropriate 

restriction enzyme and 5.5pl of the corresponding enzyme buffer for 2 hours 

at the tem perature recommended by the manufacturers.

Following digestion of the plasmid with the appropriate restriction enzyme a 

1 0  pi aliquot of the digestion products was electrophoresed in 0 .8 % agarose 

gel (0.4g agarose with 50ml 1 X TAE) in a Minigel system with Ipg Lambda 

DNA digested with either HindlU or BstEU enzyme being used as a molecular 

marker. Gels were subjected to electrophoresis for approximately 90 minutes. 

After this time the gel was viewed and photographed under UV-light.

Following electrophoresis of the digested plasmid DNA the insert fragment 

was identified by comparison with the marker DNA (Lambda DNA digested 

with either HindlU or BstEU restriction enzymes) that was run on the gel 

alongside the sample. The vector DNA was isolated by a modification of a 

method described by Gannon and Powell (1990). A gel slice containing the 

insert fragment was transferred to a punctured sterile 0.5ml Eppendorf 

microcentrifuge tube that had been plugged with sterile glass wool. The tube, 

with its lid removed, was placed inside a sterile 1.5ml Eppendorf tube which 

had also had its lid removed. The two-tiered system was then centrifuged for 

10 minutes in a bench centrifuge. The eluate containing the DNA fragment 

was collected in the lower tube. The concentration of the DNA collected was 

determined spectrophotometrically.
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2.3.11 OLIGO-LABELLING OF PLASMID OR INSERT DNA

50 - 200 ng probe DNA in 30pl water was aliquoted into a 1.5ml Eppendorf 

tube and denatured by boiling for 3 minutes in a boiling water bath. It was 

immediately chilled on ice to prevent renaturation. The denatured DNA was 

added to the reaction mixture of lO.Opl OL and 2.0pl BSA (10 m g/m l). 5pl ^̂ P- 

dCTP (30pCi) was added and the reaction initiated with 1 unit Klenow 

fragment of DNA polymerase I. The reaction mixture was incubated at room 

tem perature for a minimum of three hours.

2.3.12 Removal of unincorporated nucleotides

The labelled DNA was separated from the unincorporated nucleotides by 

filtration on a 0.8ml Sephadex G-50 (medium) column in a 1ml disposable 

syringe plugged w ith glass wool. The syringe was rinsed with 400pl 3 X SSC 

and centrifuged at 1,750 rpm  for 3 minutes at room temperature. The sample 

was diluted w ith 260pl TE and applied to the column. The labelled DNA was 

collected following a further 3 minute spin at 1750 rpm. The radioactivity of 

the eluted DNA sample was measured by counting a 4pl aliquot in a 

calibrated Bioscan QC2000 bench top beta counter. The oligolabelled probe 

DNA was stored at -20°C until required.

2.3.13 PRE-ANNEALING OF PROBES

2.3.14 Preparation of human DNA for pre-annealing from blood

DNA was also obtained from blood for use during the pre-annealing of certain 

probes. This DNA was extracted from blood drawn from a patient with 

leukaemia following passage through a cell separator. The blood was treated 

as outlined in section 2.3.1 except that 2ml aliquots of the blood were used and 

the resulting DNA from up to 20 samples was combined.

2.3.15 Preparation of human DNA for pre-annealing from placental tissue

The placental tissue was stored at -70°C in plastic Falcon tubes. When 

required, the contents of a tube, 35 - 50ml of tissue, were thawed. The tissue 

was cut into small pieces and macerated using a blender. The resulting thick
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paste was placed in a 250ml Duran bottle. 5ml 10% SDS (sodium dodecyl 

sulphate) solution was added and then made up to 100ml with STE. lOOmg 

Proteinase K (Boehringer) was added to the contents of the bottle and 

incubated at 50°C for 40 hours with shaking. At the end of this period there 

were no lumps of tissue left undigested. The sample was purified from the 

complex mixture resulting from this cell lysate by extracting the aqueous 

solutions with phenol, phenolichloroform and chloroform. Prior to use the 

phenol was equilibrated to a pH  in excess of 7.8 since DNA may partition into 

the organic phase at acidic pH. The liquid phenol was added to an equal 

volume of buffer (0.5M Tris.Cl, pH  8.0) at room temperature. The mixture was 

stirred on a magnetic stirrer for 15 minutes and then left to settle. When the 

two layers had separated the upper (aqueous) layer was aspirated into a clean 

flask. An equal volume of O.IM Tris.Cl (pH 8.0) was added to the phenol and 

stirred for a further 15 minutes on a magnetic stirrer. After allowing to settle, 

the aqueous upper layer was removed as before. These extractions were 

repeated until the pH  of the phenolic phase exceeded 7.8 when measured with 

pH  paper. Following equilibration of the phenol 0.1 volume O.IM Tris.Cl (pH 

8 .0 ) was added to the final aqueous layer and the phenol could be stored in 

this form for up to one month if kept at 4°C and in a light-tight bottle.

The phenol thus prepared was used in the purification of the DNA. An equal 

volume of phenol was added to the cell lysate mixture in a polypropylene tube 

with a plastic cap. The contents of the tube were mixed until an emulsion 

formed. The mixture was centrifuged at 4,000g for 20 minutes at room 

temperature until the organic and aqueous layers were well-separated. Using 

a pipette, the aqueous layer was transferred to a fresh tube and the process 

repeated.

Following the two extractions with phenol, phenolrchloroform extractions were 

performed. A mixture containing equal parts of equilibrated phenol and 

chloroformiisoamyl alcohol (24:1) was used in a similar fashion to the phenol 

alone in the previous extractions; an equal volume was added to the aqueous
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layer, the contents of the tube mixed until an emulsion formed and the organic 

and aqueous layers separated by centrifuging. Two such extractions were 

performed.

Finally, an extraction using chloroform alone was performed and the resulting 

aqueous phase was transferred to a conical flask. 0.1 volume 3M sodium 

acetate and 2 X the total volume ice-cold ethanol were added. The contents 

of the flask were gently mixed. The DNA was spooled out using a fine glass 

hook and allowed to dry in air before resuspension in 10ml TE, with vortexing 

if necessary. The volume was made up to 2 0 ml and left spinning at 4°C on a 

rotary mixer overnight.

The concentration of the DNA from either blood or placental tissue was 

determined by spectrophotometry - the absorbence being read at 260nm. The 

DNA was sonicated and the size of the fragments of DNA determined by 

running Ipl on a small 0.8% agarose gel with digested Lambda DNA being 

used as a molecular weight marker; the optimum size for the fragments being 

500 - 700 bp. The DNA was re-precipitated with sodium acetate and ethanol 

as before and centrifuged at 4000g for 20 minutes at 4°C. The supernatant was 

removed and the pellet dried in air for 5 minutes and then for 15 minutes in 

a Savant "Speed Vac". The pellet was finally resuspended in TE to a 

concentration of lOmg/ml.

2.3.16 Pre-annealing probes

Most of the probes used in this study required pre-annealing with sonicated 

hum an DNA to quench out their repetitive sequences prior to hybridisation. 

Details of which probes were pre-annealed are shown in table 2.1. The DNA 

was extracted as outlined in section 2.3.14 and stored at a concentration of 

lOmg/ml. The radioactively labelled probe was mixed with sonicated human 

DNA (2.5mg/ml) in 5 X SSC, 3mM Tris, 0.3mM EDTA and boiled for 10 

minutes. This mixture was held at 65°C for 40 minutes prior to addition to the 

hybridisation solution.
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Data analysis

2.3.17 Two-point linkage analysis

Data was prepared for analysis using LINKSYS and analyzed for two-point 

linkage using the LIPED program. An autosomal dominant mode of 

inheritance, w ith full penetrance and a gene frequency of 0 . 0 0 0 1  was used.

2.3.18 Multi-point linkage analysis

Multi-point analysis was carried out using the LINKMAP program of the 

LINKAGE package 5.04. It involved the simultaneous analysis of 3 or more 

loci to determine their relative positions on the chromosome. The location of 

the unknown locus for CMTl was placed in relation to seven probes from 

chromosome 17. The relative order of these probes and the distances between 

them are taken from in Goldgar et al. (1989) and W right et al. (1990).

The position of cosmid 1516 distal to pEW301 and distal to p i 041 was taken 

from Lupski et al. (1991) following analyses of these and other 17p markers in 

the CEPH reference families.

qter-206-3.0cM-202-7.0cM-301-3.0cM-1516-2.0cM-1041-12.0cM-503-3.0cM-502-

pter

The distances were converted into a recombination fraction using Haldane's 

m apping function.

The LINKMAP program  generates data in the form of likelihood scores of the 

location of maximum likelihood for the unknown locus. The data is expressed 

in the form of -2 log likelihood score. This was converted into a location score 

by subtracting the value generated at each point from the - 2  log likelihood 

score at 0.5 recombination. This location score was then translated into a lod 

score by division by 4.6

85



Dosage analysis

2.3.19 With MspI digested DNA

Samples (5-1 Opg) of genomic DNA were digested with 10-20 units of MspI 

restriction enzyme as outlined in section 2.3.2. The digested DNAs were 

electrophoresed in a 0.8% gel as described in section 2.3.3. Following DNA 

transfer to Hybond-N+ (section 2.3.4) the filters were hybridised with probe 

VAW409R3a as outlined in section 2.3.5. Dosage of alleles was determined by 

visual inspection of the resulting autoradiographs and comparison of the 

intensity of one polymorphic allele to the other within each lane. Dosage was 

thus determined for individuals heterozygous for this polymorphism with both 

the 2.8kb and 2.7kb alleles.

2.3.20 With EcoRI digested DNA

Samples of DNA (5-10 pg DNA) were digested with EcoRI restriction enzyme, 

electrophoresed through agarose gel and blotted onto Hybond N+ nylon 

membranes as described in Sections 2.3.2-2.3.5. Each filter contained samples 

of DNA from individuals known to be trisomie for the 17pll.2 region, 

unaffected individuals lacking any duplication of this region and individuals 

whose status was to be determined. The filters were hybridised 

simultaneously with probes VAW409R3a and VAW412R3HEb from within the 

duplicated region on the short arm of chromosome 17 and with probe E3.9 

which m aps to chromosome 22 and was used as a reference for DNA loading 

(Hoogendijk et al. 1992). This rendered all individuals with one band for each 

of the probes: VAW412R3HEb gave a 4.5kb band; VAW409R3a a 2.0kb 

fragment; and E3.9 a 3.9kb band. Since individuals had one band for each of 

the three probes, those carrying a duplication of 17pll.2 would give bands of 

increased density for the probes present as three copies compared to the 

control probe present as two copies. This would therefore generate 

VAW409R3a/E3.9 ratios and VAW412R3HEb/E3.9 ratios greater than those 

generated by unduplicated individuals.
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Following overnight autoradiography to ensure the quality of the image, the 

hybridisation signals from the filters were directly quantified by a Phosphor- 

Imager (Molecular Dynamics, USA). The intensities of the three bands 

(corresponding to each of the three probes used) were measured. By 

comparing the intensities of each of the chromosome 17 probes with that for 

the control probe E3.9, the VAW409R3a/E3.9 and VAW412R3HEb/E3.9 ratios 

were determined. Each filter, containing unaffected and affected control 

samples as well as those for whom the duplication status was unknown, was 

hybridised separately and considered in isolation. The ratios for the 

unaffected control samples were used as the base measurements and the other 

results compared to them. To this end the ratio for each of the two 

chromosome 17 probes compared to the control probe was determined for 

each unaffected control sample. The mean ratio for both the 

VAW412R3HEb/E3.9 and VAW409R3a/E3.9 results was calculated. This value 

was then set at 100%. All the unaffected sample ratio results that had been 

used to calculate this mean were than expressed as a percentage of the mean 

value. The ratios in affected controls (individuals known to carry the 

duplication of 17pll.2) and sporadic individuals were also expressed as 

percentages of the mean values in the unaffected control group.
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3.0 RESULTS
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3.1 RFLP data

The family pedigrees are shown in the following figures; circles represent 

females and squares males. Open symbols denote unaffected disease status 

and filled symbols represent affected individuals.

The RFLP results for each family are shown in the following tables.

For each individual the disease status, where known is shown by "A" for an 

affected individual and " U" for an unaffected individual.

The following probes, with diallelic polymorphisms, were used LEW206, 

pHHH202, cosmid 1516, EW502, EW503, VAW411. "U" denotes the presence 

of an upper band on Southern blot,and "L" the presence of a lower band.

Probes EW401HE and VAW412HEb, also with diallelic polymorphisms, are 

represented slightly differently in the tables. "A" and ”B" refer to the presence 

of the upper and lower bands respectively, on a Southern blot.

Haplotypes were constructed for the multiple DNA polymorphisms detected 

by the same DNA probe for both EW301 and p i 041. The haplotype was 

calculated as follows with denoting the presence of the cut site and the 

absence of the cut site. The relative frequencies of each haplotype were 

determined from the frequencies of each of the alleles forming that haplotype 

and are shown in brackets alongside the haplotype below:

EW301 pl041

TaqI BgUI MspI PvuII

+ +

+

+

A (0.45) + + A (0.43)

B (0 .0 1 ) + B (0 .1 0 )

C (0.30) - + C (0.45)

D (0.24) - D (0 .0 2 )

A", "B" and "C" refer to the following bands

respectively on a Southern blot; 2.8kb, 2.7kb and 1.9kb.
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Table 3.1: Family SM - RFLP data

FED

NO.

DISEASE

STATUS

206 202 301 1516 1041 502 503 409 412 401 411M 411

I-l A U L AB UL AC L UL AA,B AB,B A,BB L L

1-2 U L UL B L AC UL L B B B L UL

II-l A UL L AB UL C UL UL AA,B AB,B B L L

II-2 U UL U AD L A L L AB AB B L L

II-3 A UL UL B L A UL UL AB,B AB,B AB,B L L

II-4 U UL U AB U A L L AB B A UL L

II-5 U UL L B L AC L L B B AB L UL

II-6 A UL L AB UL C UL UL AA,B AB,B B L L

II-7 U L UL AB L AC L L B B B L L

m -1 A UL UL AD UL AC L UL AA,B AB,B B L L

in-2 A U UL A UL AC L UL A A,AB B L L

m-3 A L UL A UL AC L UL A A,AB B L L

m-4 A U UL B UL A UL UL A,AB AB,B A,AB L L

m-5 U UL U AB UL A L L B B AB L L

m-6 U L L AB L AC L L B B B UL L



FAMILY MO

O o



s

Table 3.2: Family MO - RFLP data

FED DISEASE 206 202 301 1516 1041 502 503 409 412 401 41IM 41IB

NO. STATUS

II-l A UL U AB UL C U L B B AB,B L L

II-2 u UL U AB UL AB L L A AB AB L L

II-4 A UL UL AD UL C UL L A,BB B A,AB L L

II-5 u L L BD L C L UL A B B UL UL

II-7 A UL UL AD UL C U L B B AB,B L L

II- 8 u L UL AB U AB L L A AB AB UL UL

11-10 A UL U AB UL C U L B B A,AB L L

11-11 U U UL BD U A UL L BC B B L UL

m -1 A UL U AB L BC UL L A,BB A,BB AB,B L L

in - 2 U L UL AB L AC L L B B AB L L

m-3 U U U UL L B B B UL UL

m -4 U UL UL AD L C L UL AB B AB L UL

m-5 U L L U UL AB B B L L

m-6 U L L BD UL C L 

(cont.)

L A B AB UL UL



Table 3.2: Family MO (cont.)

FED DISEASE 206 2 0 2 301 1516 1041 502 503 409 412 401 411M 411B

NO. STATUS

m-7 A UL UL AB L C UL L A,BB B AB,B UL UL

m-8 A UL UL A UL BC UL L A,BB B A,AB UL UL

m -9 A UL UL A UL BC UL L A,BB B A,AB L L

IIMO U L L AD U BC UL L AB B AB L L

m -11 U L L AD U BC UL L AB B AB L

m -12 U UL U L U AB AB L L

m-13 U U UL B U AC UL L B B AB L L

m-15 A U U AD UL AC L B B AB,B L L

IV-l U L UL B L BC L L AB AB B L L

IV-2 U U UL UL L B B AB UL UL

IV-3 U L UL UL UL AB B B UL UL

IV-4 u L UL UL UL AB B AB L L

IV-5 u UL U UL UL AB AB B L L

IV- 6 u L U L UL AB AB B L L
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Table 3.3: Family PE - RFLP data

FED DISEASE 206 2 0 2 301 1516 1041 502 503 409 412 401 411M 411B

NO. STATUS

II-l U UL U A UL C UL L BC AB B L

II-2 A UL UL AC UL A UL UL a ,a b B A,BB L

II-4 A UL UL AC A UL UL A,AB B A,BB UL UL

II- 6 A UL UL AC A L UL a ,a b A,BB A,BB L UL

II-7 A UL UL AC A L UL a ,a b B A,BB L UL

II- 8 U UL L AC AC UL L AB B L L

m -1 A L A UL AC UL L AB,B B B L UL

III-3 A UL A AC UL L AB,C A,BB B L L

in-4 U UL AC AC L UL A B B L L

m-5 U UL AC AC UL UL B AB L L

m-6 U U AC AC UL UL AB AB L L

m-8 U U UL AC AC UL UL AB B AB L L

m-9 A UL L A AC L L AB,B A,BB B L UL

IV-l U UL C L UL B UL UL

(cont.)



Table 3.3: Family PE (cont.)

FED DISEASE 206 2 0 2 301 1041 502 503 409 412 401 411M 411B

NO. STATUS

IV-2 U L AC L UL AB B L L

IV-3 U L AC L UL B B UL UL

IV-4 A UL A A L UL A,AB AB,B B L UL

IV-5 U UL A C L L AC AB B L L

IV- 6 U UL A AC UL UL AC AB B L L
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Table 3.4: Family WH - RFLP data

s

FED DISEASE 206 2 0 2 301 1041 502 409 412 401 411

NO. STATUS

I-l U UL UL AB AC L AB B B UL

1 -2 A L UL A BC L B AB,B AB,B U

II-l A L L AB AC L B AB,B AB,B U

II-2 A L L AB AC L B AB,B AB,B U

II-3 U UL UL D C UL AB AB AB UL

II-4 A L AB AC L B AB,B AB,B U

II- 6 U AB AB L

II- 8 A UL A C L B AB,B UL

in -1 U UL L BD AC UL B AB AB UL

m - 2 A L UL AD C L A,BB AB,B AB,B U
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Table 3.5: Family GV - RFLP data

FED

NO.

DISEASE 206 

STATUS

2 0 2 301 1041 502 409 412 401 411M 411

II- 6 A UL UL AD AC UL AB,B AB,B A,BB L UL

II-7 U L UL AB C L A AB AB L L

II-9 A UL UL BD A UL AB,B AB,B B L L

1 1 -1 0 U UL UL AD C L B B L U

III-l A L U AD AC UL a ,a b AB,B A,BB L L

m - 2 U UL UL AB BC L A AB AB L UL

m-3 U UL L A C L AB AB AB L UL

m-4 U UL UL AB UL B B B L L

m-7 A L UL D AC UL AB,B AB,B B L UL

IV-1 A L UL AD AC UL A/AB AB,B B L L

IV-2 U L UL AB BC L A AB AB L

IV-3 U UL UL A UL AB AB B L L
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Table 3.6: Family HED - RET.P data

S

FED DISEASE 206 202 301 1516 1041 502 503 409 412 401 411M m

NO. STATUS

II-l A UL L A C UL A AA,B B L UL

II-2 A UL L A C UL A AA,B B L UL

II-3 U UL AB c L AB B B L L

II-4 A UL L A U AC L L AA,B A B UL

11-5 U AB U C L UL AB B B UL

II-6 U L L AB C UL A L UL

m -1 U L AB C UL AB B B L L

m -2 A U A C UL A AA,B B L UL

m-3 U L A U AC L L AB AB B L UL
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Table 3-7: Family FG - RFLP data

g

FED DISEASE 206 202 301 1516 1041 502 503 409 412 401 411

NO. STATUS

II-l A UL UL CD A L UL AB,B AB,B B UL

II-2 U L UL A BC L L B AB A UL

m-1 A L L AD AC L UL AB,B AB,B A,BB UL

m -2 U L L AD BC L AB B B UL

m-3 A L L AD UL AC L UL AB,B AB,B A,BB UL

m-4 U L UL AD L AC L A B UL

m-5 A UL L AD UL AC L UL AB,B AB,B A,BB UL

m-6 U L L D UL AB U AB B AB L

m-7 U UL U AC AB L L B AB AB UL

IV-l A L L D AC UL A,AB AB,B B L

IV-2 A L L D AC UL A,AB AB,B B

IV-3 A L UL D A UL A,AB A,AB B L

IV-4 A L UL D UL A L A,AB A,AB B L

IV-5 A UL L D UL AB U AB,B AB,B A,BB L

IV-6 A UL L D AB U AB,B AB,B A,BB L
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Table 3.8: Family HEN

o

FED DISEASE 206 202 301 1516 1041 502 503 409 412 401 411M m

NO. STATUS

II-3 A L UL AB L A L L B A,BB B L UL

II-4 U UL U AB A UL L B B B L UL

II-5 A L UL AB UL A UL UL B B B L L

II-6 U UL L AB U AC L U A B B L L

m -1 U L B B B UL

m -2 U L L B B B L

m-3 A L L B UL AC UL UL A,BB B B L L

m-4 U UL L AB AB AB L UL

m-5 U UL UL AB C L L A AB B L L

m-6 A L L B AC L UL A,BB B B L L

IV-l A L UL AB AC L L A,BB A,BB B L L



3.2 Two point linkage analysis

The data were analysed using the LIPED program (October 1987 version; Ott, 

1974). Allele frequencies used for each of the probes were those published in 

H G M ll (Williamson et al. 1991). CMTl was assumed to be a fully penetrant 

autosomal dom inant trait with a m utant gene frequency of 0.0001. Equal male 

and female recombination frequencies were assumed and a mutation rate of 

1 X 10'  ̂was included in the calculations.

Two point lod scores between CMTl and the probe lod  are presented in the 

following tables.

The tables for the probes now known to be duplicated in CMTl a (Tables 3.14 - 

3.16) show data generated without considering the dosage effect; that is, the 

probes were considered as disomic allelic systems and individuals were scored 

accordingly.
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Table 3.9: Two-point analysis of CMTl and probe EW206

0

0.000 .001 0.010 0.050 0.100 0.150 0.200 0.300 0.400

FAMILY

SM - o o -1.797 -0.809 -0.164 0.067 0.168 0.214 0.217 0.141

MO - o o -2.918 -0.964 0.227 0.564 0.645 0.619 0.414 0.140

PE 0.701 0.699 0.683 0.612 0.523 0.435 0.348 0.184 0.054

WH 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

GV 0.633 0.632 0.618 0.554 0.474 0.394 0.314 0.163 0.047

HED 1.443 1.440 1.413 1.289 1.126 0.956 0.777 0.412 0.108

FG - O O -1.497 -0.517 0.094 0.282 0.342 0.348 0.281 0.158

HEN 0.389 0.388 0.379 0.338 0.285 0.233 0.183 0.091 0.025

TOTAL - O O -3.053 0.803 2.950 3.321 3.173 2.803 1.762 0.673

Probe EW206 gives a maximum lod score of 3.329 at 6=0.120 in the eight families shown here. Cross-overs exist between probe

EW206 and CMTl in three of these families.



Table 3.10: Two-point analysis of CMTl and probe HHH202

0

0.000 0.001 0.010 0.050 0.100 0.150 0.200 0.300 0.400

FAMILY

SM 0.602 0.601 0.579 0.558 0.511 0.461 0.408 0.292 0.158

MO - o o -1.539 -0.564 0.023 0.183 0.218 0.203 0.114 0.027

PE 0.453 0.451 0.438 0.382 0.314 0.251 0.193 0.094 0.026

WH 0.301 0.300 0.292 0.258 0.215 0.173 0.134 0.064 0.017

GV 0.412 0.410 0.368 0.349 0.288 0.230 0.175 0.083 0 . 0 2 1

HED 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

FG 0.903 0.901 0 . 8 8 6 0.814 0.720 0.621 0.517 0.298 0.094

HEN 0.798 0.796 0.778 0.694 0.586 0.477 0.368 0.171 0.040

TOTAL - o o 1.920 2.777 3.078 2.817 2.431 1.998 1.116 0.383

Probe HHH202 gives a maximum lod score of 3.223 at 0=0.090 in the eight families shown here. Cross-overs exist between this

probe and CMTl in one family.



Table 3.11: Two-point analysis of CMTl and probe EW301

0

0.000 0.001 0.010 0.050 0.100 0.150 0.200 0.300 0.400

FAMILY

SM - o o -1.196 -0 . 2 2 0 0.373 0.537 0.572 0.552 0.427 0.237

MO - o o -0.056 -0.768 1.380 1.406 1.301 1.138 0.724 0.263

PE 1.458 1.455 1.427 1.302 1.143 0.980 0.814 0.475 0.158

WH 0.602 0.601 0.593 0.558 0.511 0.461 0.408 0.292 0.158

GV 1.335 1.332 1.307 1.192 1.045 0.896 0.746 0.454 0.199

HED 0.647 0.642 0.632 0.570 0.491 0.414 0.330 0.174 0.049

FG 2.709 2.705 2 . 6 6 6 2.487 2.252 2.004 1.742 1.175 0.569

HEN -1.036 -1 . 0 0 2 -0.784 -0.383 -0.188 -0.092 -0.039 0 . 0 0 2 0.004

TOTAL - o o 4.481 4.853 7.479 7.197 6.330 5.691 3.723 1.637

Probe EW301 gives a maximum lod score of 7.670 in two-point analysis with CMTl at 0=0.060 in the eight families. Cross-overs

exist between EW301 and the CMTl locus in two families.



Table 3.12: Two-point analysis of CMTl and probe 1516

0

FAMILY

0 . 0 0 0 0 .0 0 1 0 . 0 1 0 0.050 0 . 1 0 0 0.150 0 . 2 0 0 0.300 0.400

SM - o o -0.900 0.077 0.651 0.792 0.801 0.756 0.573 0.318

MO - o o -0.382 0.875 1.379 1.430 1.305 1.203 0.808 0.325

PE
NÎ

0.204 0.203 0.198 0.172 0.141 0 . 1 1 2 0.085 0.040 0 . 0 1 0

TOTAL -O O -1.079 1.150 2 . 2 0 2 2.363 2.218 2.044 1.421 0.651

Two-point analysis of CMTl and probe cl516 in three families gives a maximum lod score of 2.363 at 6=0.100. Cross-overs exist 

in two of these families.
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Table 3.13: Two-point analysis of

0

0 . 0 0 0  0 . 0 0 1

CMTl and probe p i 041 

0.010 0.050 0 . 1 0 0 0.150 0 . 2 0 0 0.300 0.400

FAMILY

SM -O O -2.398 -1.402 -0.721 -0.444 -0.292 -0.194 -0.076 -0.018

MO 0.586 0.585 0.572 0.517 0.449 0.383 0.319 0.199 0.093

PE 0.877 0.875 0.855 0.767 0.664 0.569 0.481 0.316 0.161

WH 1.806 1.803 1.679 1.650 1.486 1.312 1.128 0.728 0.207

GV 1.049 1.047 1 . 0 0 2 0.936 0.820 0.704 0.589 0.369 0.175

HED -0.062 -0.064 -0.069 -0.066 -0.063 -0.062 -0.061 -0.041 -0.014

FG 1.806 1.804 1.740 1.673 1.532 1.383 1.225 0.877 0.475

HEN 0.177 0.177 0.178 0.181 0.180 0.174 0.163 0.128 0.075

TOTAL - O O 3.829 4.555 4.937 4.624 4.171 3.650 2.500 1.254

Two-point analysis of probe A10.41 and CMTl in eight families gives a maximum lod score of 5.130 at 0=0.040. A cross-over exists

in one family between this probe and the disease locus for CMTl.



Table 3.14: Two-point analysis of CMTl and probe VAW409R3

0

0.000 0.001 0.010 0.050 0 . 1 0 0 0.150 0 . 2 0 0 0.300 0.400

FAMILY

SM 2.107 2.104 2.072 1.929 1.741 1.543 1.334 0.882 0.411

MO - o o -1.821 -0.841 -0.228 -0.028 0.055 0.093 0.104 0.069

PE 1.136 1.135 1.123 1.063 0.971 0 . 8 6 6 0.752 0.508 0.256

WH 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

GV - o o -4.715 -2.726 -1.375 -0.833 -0.542 -0.356 -0.137 -0.032

HED -0.352 -0.352 -0.347 -0.317 -0.266 -0 . 2 1 0 -0.156 -0.070 -0.017

FG - O O -4.497 -2.512 -1.186 -0.678 -0.425 -0.279 -0.146 -0 . 1 0 0

HEN -0.094 -0.094 -0.094 -0.072 -0.054 -0.039 -0.026 -0.009 -0 . 0 0 0

TOTAL - O O -8.240 -3.325 -0.186 0.881 1.248 1.362 2.779 1.266

This analysis was performed prior to the description of the duplication of this region and demonstrates the effect of not considering

the dosage effect.



Table 3.15: Two-point analysis of CMTl and probe VAW412R3

e

0.000 0.001 0.010 0.050 0.100 0.150 0.200 0.300 0.400

FAMILY

C7I

SM 1.806 1.803 1.776 1.650 1.486 1.313 1.130 0.736 0.332

MO 0.413 0.412 0.404 0.369 0.327 0.285 0.244 0.164 0.084

PE - O O -2.284 -1.273 -0.546 -0.242 0.086 0.003 0.074 0.063

WH 0.903 0.901 0 . 8 8 6 0.814 0.720 0.621 0.517 0.298 0.094

GV 0.164 0.163 0.158 0.132 0.103 0.078 0.056 0.023 0.005

HED 0.502 0.500 0.487 0.426 0.349 0.275 0.205 0.088 0.019

FG 1.314 1.310 1.277 1.127 0.935 0.741 0.553 0.232 0.050

HEN -0.330 -0.336 -0.318 -0.250 -0.184 -0.134 -0.94 -0.039 -0.009

TOTAL - O O 4.275 3.397 3.722 3.494 3.533 3.978 1.576 0.638

This analysis was performed prior to the description of the duplication of this region and demonstrates the effect of not considering

the dosage effect.
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Table 3.16: Two-point analysis of

e
0 . 0 0 0  0 , 0 0 1

CMTl and probe EW401 

0.010 0.050 0 . 1 0 0 0.150 0 . 2 0 0 0.300 0.400

FAMILY

SM -OO -4.497 -2.512 -1.185 -0.673 -0.412 -0.254 -0.087 -0.018

MO -oo -6.796 -3.819 -1.825 -1.050 -0.651 -0.406 -0.140 -0.028

PE 1.614 1.611 1.583 1.456 1.294 1.126 0.952 0.393 0.209

WH 0.602 0.601 0.589 0.535 0.465 0.393 0.318 0.170 0.049

GV 0.076 0.075 0.065 0.026 -0.007 -0.025 -0.031 -0 . 0 2 2 -0.007

HED 0.119 0.119 0.115 0.099 0.080 0.062 0.047 0 .0 2 1 0.005

FG 1.204 1 . 2 0 2 1.187 1.115 1 .0 2 1 0.922 0.816 0.585 0.317

HEN -0.048 -0.048 -0.046 -0.039 -0.030 -0.023 -0.017 -0.007 -0 . 0 0 2

TOTAL -oo -7.732 -2.838 1.367 1 . 1 0 0 1.351 1.425 0.913 0.208

This analysis was performed prior to the description of the duplication of this region and demonstrates the effect of not considering

the dosage effect.



Table 3.17: Two-point analysis of CMTl and probe EW503

0

0.000 0.001 0.010 0.050 0 . 1 0 0 0.150 0 . 2 0 0 0.300 0.400

FAMILY

SM 2.709 2.705 2 . 6 6 6 2.487 2.252 2.004 1.742 1.175 0.569

MO 0.132 0.132 0.127 0.107 0.085 0.065 0.048 0 . 0 2 1 0.005

PE 1.604 1.601 1.573 1.448 1.287 1 .1 2 1 0.948 0.582 0.209

FG - O O -0.295 0.670 1.208 1.298 1.251 1.140 0.807 0.393

HEN 0.558 0.557 0.547 0.500 0.439 0.376 0.314 0.194 0.090

TOTAL - O O 4.700 5.583 5.750 5.361 4.817 4.192 2.779 1.266

Probe EW503 gives a maximum lod score of 5.796 at 0=0.030 in the five families shown here. A cross-over exists in one family

between this probe and the CMTl disease locus.
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Table 3.18: Two-point analysis of CMTl and probe EW502

0

0.000 0.001 0.010 0.050 0.100 0.150 0.200 0.300 0.400

FAMILY

SM -OO -7.195 -2.801 -2.164 -1.331 -0.877 -0.581 -0.227 -0.053

MO 1.335 1.327 1.305 1.184 1.029 1.001 0.977 0.619 0.447

PE -OO -4.395 -2.097 -1.109 -0.594 -0.319 -0.152 -0.001 0.014

WH 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

GV 1.360 1.357 1.213 1.218 1.073 0.924 0.774 0.477 0.209

HED -OO -2.634 -1.637 -0.946 -0.640 -0.453 -0.317 -0.133 -0.032

FG 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

HEN - o o -2.633 -1.626 -0.901 -0.579 -0.392 -0.265 -0.106 -0.025

TOTAL - o o -14.173 -4.843 -2.718 -1.997 -0.116 -0.411 0.186 0.207

Cross-overs exist between CMTl and probe EW502 in four of the eight families.



The maximum lod scores between CMTl and each marker are as follows: 

CMT-206, lod=3.329 (at 0=0.120); CMT-202, lod=3.223 (at 0= 0.09); CMT-301, 

lod=7.670 (at 0= 0.06); CMT-1516, lod=2.363 (at 0=0.10); CMT-1041, lod=5.130 

(at 0=0.04); CMT-503, lod=5.796 (at 0=0.03); This study supersedes that of 

Middleton-Price et al. (1990). Probes VAW409R3 and VAW412R3 were 

significantly negative to 0=0.01 and probe EW502 excludes linkage to 0=0.10.

The results shown for probes VAW409R3, VAW412R3 and EW401 are those 

generated without knowledge of the duplication and by scoring as disomic 

allelic polymorphisms.

Cosmid 1516 had been m apped using analyses of somatic cell hybrids and 

genetic analysis in the CEPH families (Guzzetta et ah 1992), (Lupski et al. 1991) 

to lie within the region flanked by probes EW301 proximally and pA1041 

distally. Therefore, it was not considered necessary to analyze all individuals 

only the known recombinant meioses in this study were analyzed with this 

probe.

Similarly, not all families were typed in full for probe EW503. In families GV 

and WH, with no recombinant meioses no analysis with this probe was 

performed. In family HED only the individuals involved in the recombinant 

meiosis in individual III3 were analyzed with probe EW503.

3.3 Marker order in the centromeric region of chromosome 17

For the m ulti-point linkage analysis with CMTl a the order of loci on 

chromosome 17 had to be determined. From extensive genetic and physical 

m apping studies of chromosome 17 for loci near the locus for N Fl on the long 

arm and CMTl the order of the loci used in this study could be fixed (Goldgar 

et al. 1989; Haines et al. 1990; Wright et al. 1990; Guzzetta et al. 1992; Lupski et 

al. 1992). Combination of these data resulted in the following loci order which 

was used for the multi-point analysis:

119



qter-206-3.0cM-202-7.0cM-301-3.0cM-1516-2.0cM-1041-5.5cM-409-5.4cM-412-

3.5cM-401-4.0cM-503-3.0cM-502-pter.

3.4 Cross-over analysis

In the eight families studied eleven recombinant chromosomes were identified. 

These are represented schematically in Figure 3.9.

The cross-over events are in accordance with the published loci orders used 

to construct the m ap for the multi-point analysis. Chromosomes SM III-4, SM 

ni-6, PE m -l, HEN IU-3 and HED m-3 show 502 to be one of the probes 

flanking this region, whilst SM III-3, MO ni-13 and FG III-5 show 206 to be the 

other flanking marker. Chromosome MO ni-4 groups probes 206,202,301 and 

1516 together. Taken together these recombinant chromosomes demonstrate 

that 502 is the most telomeric locus on the short arm and 206 the most 

telomeric locus on the long arm of chromosome 17. Chromosome SM n-3 

groups lod  1041, 1516 and 301 together, flanked by 206 on one side and 502 

and 503 on the other. The data generated by the recombinant chromosomes 

do not allow for the lod  1041 and 1516 to be ordered.

The most likely position for the disease locus is in the interval between probes 

1041 and 503.

Other cross-over events were also noted. Individual III-9 in family PE was 

initially thought to be unaffected. Cross-overs existed between the disease 

locus and each informative probe in this individual. Re-examination of the 

patient following the demonstration of duplication of 17pll.2 in her case, lead 

to the condusion that in fact she was affected with CMTl a and the mildness 

of her symptoms had resulted in this mis-diagnosis. The results of any 

electrophysiological examinations were not available.

In family MO, individual IV-l had been shown on the original pedigree 

supplied by the referring physidan to be affected, when in fact he was
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unaffected. This recording error resulted in apparent cross-overs in this 

individual between the disease locus and each informative probe. Discussions 

with the physician concerning these interesting results clarified the error that 

had been made. This individual was latter shown to not carry the duplication 

of 17pll.2  associated with the disease in his family.

Cross-overs involving the markers from within the duplicated region are 

considered separately in Section 3.7.1.

The importance of accurate diagnosis in performing linkage analysis is well 

known with mis-diagnosis being a frequent source of apparent cross-overs and 

resulting in mis-leading linkage and localisation data. Seven of the eleven 

recombinant chromosomes detailed in this study were in affected individuals. 

The four unaffected individuals involved were adults and had been 

extensively examined. Their affectation status was eventually confirmed by 

examination for the segmental trisomy associated with the disease in their 

families. Both cases outlined earlier as incorrectly assigned to their disease 

status (one through clinical data and the second through a clerical error) were 

also clarified once they were examined for the segmental trisomy. The results 

shown from the two-point analyses in these families are those obtained with 

the correct disease status for these two individuals.

3.5 Multi-point linkage analysis

The multi-point analysis was carried out using the LINKMAP program of the 

LINKAGE package 5.04. Three or more loci were simultaneously analyzed to 

determine their relative positions along the chromosome. The location of the 

unknown locus for CMTl was placed in relation to the seven probes from 

chromosome 17. The relative positions of these probes and the distances 

between them were fixed as follows:

qter-206-3.0cM-202-7.0cM-301-3.0cM-1516-2.0cM-1041-5.5cM-409-5.4cM-412-

3.5cM-401-4.0cM-503-3.0cM-502-pter.
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Figure 3.9; Schematic representation of the eleven recombinant chromosomes observed in the eight families in this study. 
Key: Each vertical line represents a chromosome. The circles represent informativeness at the locus indicated; Filled circles 
indicate that a cross over has occured between that locus and the disease locus; Open circles show no cross-over at that 
locus.



This map was generated from data from numerous genetic and physical 

m apping studies: Goldgar et ah (1989), Haines et ah (1990), Wright et ah (1990), 

Lupski et ah (1991) and Guzzetta et ah (1992).

The allele frequencies for each of the probes were those used for the two-point 

linkage analyses, as was the gene frequency for the disease. The results of the 

multi-point analyses are shown in Figures 3.10 and 3.11.

The data for the markers from within the duplicated region (VAW409R3, 

VAW412R3 and EW401) indicates recombination between them and the 

disease locus. This was due to the failure to recognise the dosage effect, 

resulting in the inclusion of apparent cross-overs. This is reflected in the lack 

of a significant peak on the multi-point analysis.

Once the duplication of these probes had been recognised these data were 

excluded from the multi-point analysis. A second map was constructed 

w ithout these probes;

qter-206-3.0cM-202-7.0cM-301-3.0cM-1516-2.0cM-1041-12.0cM-503-3.0cM-502-

pter.

The multi-point linkage analysis of these remaining markers and the disease 

locus is shown in Figure 3.11.

This m ulti-point linkage analysis confirms the two-point findings that there is 

a locus for GMT on the short arm of chromosome 17. A peak lod score of 9.84 

was generated for the interval between probes A10.41 and EW503 with data 

from all eight families. Comparing this value with that of 7.35 for the next 

most likely interval (HHH202 to EW301) gives odds of greater than 330:1 that 

the disease locus resides distal to A10.41 rather than between probes HHH202 

and EW301.
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Figure 3.10; Multi-point analysis of the locus for CMTl against probes from chromosome 17, included the 

mis-interpretation of the data from the markers from within the duplicated region.
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Figure 3.11: Multi-point analysis of the locus for CMTl against seven probes from chromosome 17.



The lack of significantly positive two-point lod scores for any family 

individually does not answer the possibility of genetic heterogeneity with a 

locus elsewhere other than chromosome 17. The multi-point analysis is 

suggestive of a chromosome 17 locus to all families in this study, but the 

results are not conclusive for any individual family.

A small "shoulder" exists, on one side of the peak obtained for the interval 

between 1041 and 503. This corresponds to a cross over between the disease 

locus and probe 503. Since this cross-over occurred in an affected individual, 

the incorporation of a mutation rate fixed at 1 X1 0 *̂  has allowed for the 

computer program  to include the likelihood that this cross-over could be 

generated by a new mutation in the affected individual in this cross-over. The 

presence of cross-overs in unaffected individuals for each of the remaining 

probes is reflected in the drop in lod score to "minus infinity" at each point - 

206, 202, 301, 1516, 1041 and 502.

3.6 Duplication of 17pll.2

With the simultaneous publication of reports by two groups (Raeymaekers et 

al. 1991; Lupski et al. 1991) of duplication of 17pll.2  in individuals affected 

with CMTl a we examined eight families that had previously shown positive 

lod scores for linkage to probes from 17pll.2 for evidence of the same 

duplication.

3.6.1 Presence of segmental trisomy of 17pll.2

Subclone VAW409R3a was obtained from Dr Raeymaekers and hybridised to 

filters with MspI digested genomic DNA from the eight families. This probe 

reveals three alleles: allele A, a 2.8kb fragment; allele B, of 2.7kb; and allele C, 

which is a rare 1.9kb allele. The published values for the frequency of these 

alleles are 0.50, 0.44 and 0.06 respectively (Raeymaekers et al. 1991). The 

frequency of the alleles as determined from the examination of twenty 

unrelated samples, from both affected and unaffected individuals, was very
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similar to those published: 0.54, 0.44 and 0.02 for alleles A, B, and C 

respectively.

The duplication was evident from the presence of three alleles in an affected 

individual; either all three alleles, A,B and C, or by differing hybridization 

intensities between the 2.8 and 2.7kb alleles reflecting two copies of one and 

one copy of the other.

Analysis of the eight families revealed that all carried the duplication of 

17pll.2 as detected with probe VAW409R3a. Two of these families (HEN and 

WH) had previously shown linkage to the Duffy blood locus on chromosome 

1 in much earlier studies (Guiloff et al. 1982). They have both subsequently 

shown linkage to probes from chromosome 17.

unaffected
Figure 3.12 shows an affected andtndiv idual from each of the eight families 

heterozygous for the VAW409R3a polymorphism. The genomic DNA from 

each individual has been digested with MspI enzyme and hybridised with the 

probe. There is no difference detected in the hybridisation densities of the two 

bands (2.8 and 2.7kb) in the unaffected individuals. However, each of the 

affected individuals shows a difference in the densities of these two bands. 

The first three individuals (from families SM, GV and HED) show a denser 

upper (2 .8 kb) band representing two copies of this 2 .8 kb allele and one copy 

of the 2.7kb allele. The remaining five individuals from families MO, EG, PE, 

HEN and WH show a denser lower (2.7kb) band indicating two copies of this 

band compared to one copy of the 2 .8 kb allele.

Overall, 36 affected individuals in the eight families were heterozygous for the 

MspI polymorphism and showed a dosage effect. Twenty-five unaffected or 

unrelated individuals in the pedigrees were heterozygous and showed equal 

dosage of both the 2.8kb and 2.7kb bands. This gave a maximum lod score 

between the presence or absence of the segmental trisomy as detected by 

dosage with probe VAW409R3a and GMT of 14.293 at 0 = 0.000
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Figure 3.12: Showing genomic DNA from an affected and unaffected 

individual from each of the eight families digested with MspI  enzyme and 

hybridised with probe VAW409R3a. The allele sizes are 2.8kb and 2.7kb. "A" 

denotes an affected individual and "U" an unaffected individual. Note the 

equal intensity of both bands in the unaffected individuals compared to 

differences in hybridisation densities of the two bands in the affected 

individuals.
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Figure 3.13: Part of family PE. Autoradiogram of MspI digested genomic DNA hybridized with probe VAW409R3a. 

Restriction fragments from each individual are shown directly below their pedigree symbols.



Part of family PE is shown in Figure 3.13 Affected individuals 1-2,1-3,1-4,1-5,

II-l and ni-4 all show a difference in density between the 2.8kb and 2.7kb 

bands. II-5 shows all three alleles (2.8kb, 2.7kb and 1.9kb) and m ust therefore 

be carrying a duplication. No unaffected individuals showed any evidence of 

a duplication. The stronger band is either the 2.8kb band (individuals 1-2,1-3,

1-4,1-5 and III-4) or the 2.7kb band (individual II-l). This apparent switch can 

be explained by the fact that in this family the affected chromosome carries a 

duplicated region containing one copy of the 2 .8 kb allele and one copy of the 

2.7kb allele. Individual 1-2 has a double dose of the 2.8kb allele and a single 

copy of the 2.7kb allele (2.8kb and 2.7kb alleles on her affected chromosome 

and 2.8kb on the other chromosome). Her affected daughter II-l, has inherited 

the affected chromosome (carrying 2.8kb and 2.7kb alleles) from her, plus a 

2.7kb allele from her father I-l. Thus in II-l, the 2.7kb allele is present as a 

double dose and the 2 .8 kb allele as a single copy.

3.6.2 Haplotype frequency of alleles in duplicated region

Since probe VAW409R3a detects three alleles with MspI digested genomic 

DNA, six haplotypes can be expected in the duplication with frequencies 

dependent on the frequencies of the alleles A, B and C (0.50, 0.44 and 0.06 

respectively) (Table 3.21). The frequency of the alleles determined by 

examination of twenty unrelated individuals, both affected and unaffected, 

was very similar to those published: 0.55,0.44 and 0.02 for the alleles A, B, and 

C respectively.

In the eight families analyzed the three most common haplotypes, namely AB, 

AA and BB, were observed (Table 3.20). Comparison of the number of 

observed haplotypes with the expected number showed no significant 

difference (%^=1.2, with 5 degrees of freedom; 0.90< p > 0.95). The absence of 

an association of the duplication with one haplotype preferentially indicates 

that the duplication probably arose independently in the CMTl families.
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Table 3.19: Haplotype of MspI alleles w ithin the duplication

Family MspI alleles

SM AA

MO BB

PE AB

WH AB

GV AB

HED AA

EG AB

HEN BB

Table 3.20: Haplotypes of MspI alleles in the duplication detected w ith

probe VAW409R3a

Haplotype Haplotype Expected number Observed number

frequency*^ of haplotypes of haplotypes

AA 0.25 2 . 0 0 2

AB 0.44 3.52 4

AC 0.06 0.48 0

BB 0.19 1.52 2

BC 0.06 0.48 0

CC 0.004 0.03 0

(* From Raeymaekers et ah 1991)

3.6.3 Extent of the segmental trisomy in  these families

Having established that the eight families in the study carried the duplication 

as detected with probe VAW409R3a we set out to investigate the extent of this 

duplicated region using probes available from 17pll.2. Apart from 

VAW409R3a, two other probes, VAW412R3 and pEW401, were found to be 

duplicated in the families. Di-allelic MspI RFLPs have been described for the 

latter two probes (Barker et al. 1987b).
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Probe VAW412R3 detects two polymorphisms with MspI digested genomic 

DNA. The first detects alleles of 10.5kb and 5.4kb, whilst the second detects 

alleles of 2.6kb and 1.7 and O.Tkb. A subclone pVAW412R3HEb was provided 

by Drs. van Broeckhoven and Raeymaekers which contained a single copy 

EcoRI-Hindni fragment of 1300bp. This subclone only recognised the 

10.5/5.4kb polymorphism and produced a much clearer result with a better 

signal-to-noise ratio than the probe used in its entirety.

The probe LEW401 also gave a poor signal-to-noise ratio despite pre-annealing 

with sonicated hum an DNA prior to hybridisation with the samples. 

Therefore a subclone EW401HE, containing a single copy 850bp EcoRI-HindBI 

insert was used. This detected the same polymorphism with MspI digested 

genomic DNA and, because it did not contain the repeat sequences of its 

parent clone gave a better signal-to-noise ratio. This subclone was provided 

by Drs van Broeckhoven and Raeymaekers.

Genomic DNA from each participating family member, digested with MspI 

was hybridized sequentially with probes VAW412R3HEb and pEW401HE and 

examined for dosage effects.

Each of the eight families had at least one affected individual heterozygous for 

the polymorphism detected with VAW412R3HEb and a dosage effect was seen 

in all 36 such individuals. Twenty-seven unaffected or unrelated individuals 

in the eight families were also heterozygous and all failed to show any dosage 

effect. Figure 3.14 shows genomic DNA from an affected and unaffected 

member of the eight families digested with MspI enzyme and hybridised with 

probe VAW412R3HEb. Comparing the relative densities of the two alleles in 

affected and unaffected individuals shows the presence of the two copies of 

one allele and one copy of the other in all affected individuals. The unaffected 

individuals show no such difference in the hybridisation densities of their two 

alleles.
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Figure 3.14: Showing genomic DNA from an affected and unaffected 

individual from each of the eight families digested with MspI  enzyme and 

hybridised with probe VAW412R3HEb. The allele sizes are lO.Skb and 5.4kb. 

"A" denotes an affected individual and "U" an unaffected individual. Note the 

equal intensity of both bands in the unaffected individuals compared to 

differences in hybridisation densities of the two bands in the affected 

individuals.
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Probe EW401HE detects alleles of 5.5kb and 4.4kb. Affected individuals 

heterozygous for this polymorphism existed in six of the families, and a total 

of 28 such individuals were seen each with a dosage effect. Families HEN and 

HED were uninformative with all affected individuals homozygous for the 

4.4kb allele. In the other six families that had shown duplication as detected 

with probe EW401HE in their affected members, there were a total of 25 

unaffected or unrelated individuals covering each of the six pedigrees who 

were heterozygous for this polymorphism. None of them showed any dosage 

effect at this locus. Figure 3.15 shows genomic DNA probed with EW401HE 

from one affected and one unaffected member of these six families. Again the 

difference in hybridisation densities of the two bands is apparent in affected 

individuals, w ith no such difference in unaffected family members.

Two other markers from this region were tested for their involvement in the 

duplication. Probe pA10.41 was one of the original chromosome 17 markers 

used by Vance et ah (1989) to show linkage of CMTl a families to the 

pericentric region of chromosome 17. It detects alleles of 2.4kb and 1.9kb 

when hybridized to MspI digested genomic DNA and alleles of 3.2 and 3.0kb 

with PvuII digested genomic DNA. It had  been used extensively in the 

linkage studies on these families. The blots of these families were re-examined 

for evidence of a dosage effect. There was no difference in the hybridization 

densities in these two alleles in affected individuals heterozygous for this 

polymorphism when compared to unaffected individuals also heterozygous. 

This is shown in Figure 3.16.
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Figure 3.15: Showing genomic DNA from an affected and unaffected 

individual from six of the eight families digested with MspI enzyme and 

hybridised with probe EW401 (Family HED and HEN contained no affected 

individuals for this polymorphism. The allele sizes are 5.5kb and 4.4kb. "A" 

denotes an affected individual and "U" an unaffected individual. Note the 

equal intensity of both bands in the unaffected individuals compared to 

differences in hybridisation densities of the two bands in the affected 

individuals.
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Figure 3.16: Showing genomic DNA from an affected and unaffected 

individual from each of the eight families digested with MspI enzyme and 

hybridised with probe A1041. The allele sizes are 2.4kb and 1.9kb. "A"

denotes an affected individual and "U" an unaffected individual. Note the 

equal intensity of both bands in the unaffected individuals compared to 

differences in hybridisation densities of the two bands in the affected 

individuals.
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Probe VAW411R2 has been genetically mapped distal to the probes duplicated 

thus far (Wright, 1990). It detects alleles of 11.0 and 1 O.Tkb when hybridised 

to BgUI digested genomic DNA and alleles of 10.5 and 6.1 kb when hybridised 

to MspI digested genomic DNA. Again, there was no difference detected in 

the hybridisation densities in either of the polymorphisms between affected 

and unaffected individuals heterozygous with VAW411R2. This is shown in 

Figure 3.17.

Since probes pA10.41 and VAW411R2 are not involved in the duplication in 

the families in this study they m ay be considered as flanking markers of the 

duplication on the centromeric and telomeric sides respectively.

These results are summarised in Figure 3.18. The order of the lod  within the 

duplicated region was taken from W right et al. (1990). The loci were ordered 

at a tolerance of 1 0 0 0 : 1  against any other order.

301-3.3cM-409-10.2cM-412-3.0cM-411

401 was m apped to the interval between 412 and 411 at a tolerance of 100:1 

against an alternative location.

From the data generated in this study it was not possible to comment on the 

order of the lod  within the duplicated region.

Two point linkage analysis between the presence or absence of the segmental 

trisomy as detected by all three probes (409, 412 and 401) and CMT in the 

eight families gave a maximum lod score of 18.060 at 0  = 0 .0 0 0 .
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Figure 3.17: Showing genomic DNA from an affected and unaffected 

individual from seven of the eight families digested with Bglll enzyme and 

hybridised with probe VAW411R2. The allele sizes are ll.Okb and 1 O.Tkb. "A" 

denotes an affected individual and "U" an unaffected individual. Note the 

equal intensity of both bands in the unaffected individuals compared to 

differences in hybridisation densities of the two bands in the affected 

individuals.
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each o f  the fam ilies. Key: Squares show that the family was informative for the probe; ho llow  
squares represent unduplicated probes; filled squares represent duplicated probes. The probe 
order is that taken from Goldgar et al, 1989; Wright et al, 1990; l.upski et al, 1991.



3.6.4 Presence of duplication as a diagnostic tool within families

As explained earlier, mis-diagnosis of one patient (individual UI-9 in family 

PE) and a clerical error concerning the disease status of another (individual IV- 

1 in family MO) were uncovered from analyses with probes from this region 

of chromosome 17. Their disease status was confirmed by examination for the 

duplication of 17pll.2 associated with the disease in each of their families. 

This is demonstrated in Figure 3.19 which shows genomic DNA digested with 

MspI enzyme and hybridised with probe VAW409R3a. Individual III-9 in 

family PE shows the dosage effect with a darker lower allele indicating two 

copies of the 2.7kb allele and one copy of the 2.8kb allele. This is compared 

to the results from other family members heterozygous for this polymorphism: 

individual m -l is affected and shows the same difference in hybridisation 

density, with two copies of the 2.7kb allele and one copy of the 2.8kb allele 

resulting in the relative darkness of the lower band; in contrast, individual ni-8 

who is unaffected shows equal intensity of both bands.

Figure 3.19 also shows individuals from family MO heterozygous for the 

VAW409R3a polymorphism. Individual IV-2 is unaffected and shows equal 

intensity of the 2.8 and 2.7kb alleles. In contrast, individual ni-7 is affected 

and shows a difference in the hybridisation intensities of the two bands. The 

2.7kb band is darker than the 2.8kb band showing that this individual carries 

two copies of the 2.7kb allele and one copy of the 2.8kb allele. The unaffected 

disease status of individual FV-l is confirmed since he has equal intensity of 

both the 2.8 and 2.7kb bands showing one copy of each allele and no 

duplication.
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Figure 3.19: MspI digested genomic DNA hybridised with probe VAW409R3a. 

This shows the use of this probe to confirm disease status in individuals from 

families known to be trisomie for 17pll.2. For explanation please see text.
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3.7 Cross-overs between probes within the duplicated region and CMTla

3.7.1 Failure to recognise the dosage effect and apparent cross-overs

Failure to recognise the duplication as shown by probe VAW409R3a could lead 

to mis-interpretation of the results generated by this probe. For example, in 

family GV concerning individuals II- 6  and II-7 and their children II-l and II-3. 

The affected mother II- 6  has been shown to carry both the 2.8 and 2.7kb alleles 

on her affected chromosome and the 2.7kb allele on her unaffected 

chromosome. Her unaffected husband II-7 is homozygous for the 2.8kb allele. 

If the dosage effect is not recognised then the mother would be scored as 

heterozygous 2.8/2.7kb. Both her affected son m-l and her unaffected 

daughter m-3 are also heterozygous for probe VAW409R3a. This would infer 

that since both of these children m ust have received their 2 .8 kb allele from 

their homozygous father, they must have both also received the 2 .7kb allele 

from their mother. Since one child is affected and the other unaffected, this 

would be scored as a cross-over between this probe and the disease locus in 

one of the children. However, once the dosage effect is recognised this 

apparent cross-over is lost. Since the mother carries 2.8 and 2.7kb alleles on 

her affected chromosome and a 2.7kb allele on her unaffected chromosome, 

she is able to pass the 2.7kb allele onto her unaffected daughter and the 

duplicated chromosome with both 2.8 and 2.7kb alleles onto her affected son. 

In both cases the child appears as heterozygous for this polymorphism. This 

is shown in Figure 3.20.

The results of failing to recognise the duplication and allow for full 

interpretation is also demonstrated with the two-point linkage data shown in 

Tables 3.14, 3.15 and 3.16.
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Figure 3.20: Part of Fam ily  G V ; genom ic  D N A  d igested  with MspI  
en zym e and hybridised with  probe V A W 4 0 9 R 3 a .  T he  fam ily  
relationship o f  the sam ples  is show n in the pedigree above the  
samples.
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3.7.2 'True" cross-overs within the duplicated region

In family MO (Figure 3.21), probe VAW409R3a (D17S122) showed a cross over 

with the disease locus in the meiosis II-3 to ni-4. III-4 inherited a 2.8kb band 

from her father II-4 and a 2.7kb band from her affected mother II-3. However,

II-3 carries a duplication involving two 2.7kb alleles. This is evident as three 

affected aunts were homozygous for the 2.7kb band. Nerve conduction studies 

confirm that III-4 is unaffected; equal dosage of the 2.8kb and 2.7kb bands is 

in accordance with this finding, suggesting that the region involved in the 

duplication must be large if recombination can occur within it. A non

overlapping subclone of the same D17S122 locus, VAW409R1, which can also 

detect the duplication was uninformative in this part of the pedigree.

Non-paternity of ni-4 has been excluded since the family has been typed with 

many markers from chromosome 1 (Middleton-Price et al. 1989). In addition 

to eleven di-allelic markers, two hypervariable loci (D1S7 and D1S8) were 

used. These demonstrate 98% and 97% heterogeneity respectively, and form 

part of the fingerprinting set of markers developed by Jeffreys (Royle et al. 

1988).

Figure 3.21 also shows the interpretation of the data incorporating 

recombination. Examination of Figure 3.9 shows that in this meiosis, cross

overs have occurred between the disease locus and probes cl516, EW301, 

HHH202 and EW206. Unfortunately, probes VAW412R3HEb and EW401HE 

were uninformative for this meiosis. This puts the site for the recombination 

event distal to VAW409R3. The data from the three probes within the 

duplicated region are shown in Figure 3.22.

Two other recombinant events were observed to involve lod  from within the 

duplicated region. Individual II-3 in family SM showed recombination with 

probes 409 and 401. Unfortunately, this meiosis was uninformative with 

probes 412 and 411. As shown in Figure 3.9, the chromosome was also 

recombinant with probes proximal to the duplicated region; 1041, 1516 and 

301.
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Figure 3.21 S h o w in g  part o f  family M O
i) RFT.P results sh ow in g  recombination between probe V A W 4 0 9 R 3 a  and the disease locus.
I he pedigree and fragment sizes are show n on the left w ith the autoradiograph beneath (upper and lower band s izes are 2.8kb and 2.7kb  
respectively).
ii) Interpretation o f  linkage data incorporating the recombination.



Probe order:

401 
412 
409

A,AB
B,BB 
A,BB

114

III4
i

III7

AB,B
BB,B
A,BB

Figure 3.22: Family MO. Restriction fragment length 
polymorphism results showing recombination between duplicated 
probes.The pedigree and fragments are shown in below. 
Interpretation of the data showing a recombination is outlined in 
Figure 3.23 overleaf
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Probe order

401 
412 
409

A,BB
AB.B
AA,B

AB,B
AB,B
A,BB

A,AB
AB,B
A,BB

BB
BB
BB

1 2

i
114

AA
BB
AB

III4 III5

Figure 3.24: Family SM. Restriction fragment length polymorphism results 
showing recombination between duplicated probes.The pedigree and 
fragments are shown below. Interpretation of the data showing a 
recombination is outlined overleaf in Figure 3.25
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Figure 3.25: The affected chromosome (A) and unaffected chromosome (U) in individual II in 
Family SM are shown. A recombination event in the position shown in the meiosis would result in the 
change in allele haplotype observed in individual 1114.



Probe order

401 
412 
409

B,BB
A,BB
AB,C

III3

B,BB
AB,B
A,AB

BB
BB
AA

1114

BB
AB
AC

IV4 IV5
IV6

Figure 3.26: Family PE. Restriction fragment length polymorphism results 
showing recombination between duplicated probes .The pedigree and 
fragments are shown. Interpretation of the data showing a recombination is
outlined in Figure 3.27 overleaf.
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Figure 3.27: Family PE. Showing an interpretation of the RFLP data shown in Figure 3.26. A cross-over in the 
position indicated would explain the change in allele haplotype observed between individuals III-3 and IV-4. The 
affected (A) and unaffected (U) chromosomes are shown.



Figure 3.24 shows part of the pedigree for family SM with the RFLP results 

showing recombination between the duplicated probes. Figure 3.25 interprets 

the data showing the recombination event.

Individual IV-4 in family PE showed a recombination with probe 412. No 

recombination was observed with 409 and 401 was uninformative in this case. 

Figure 3.26 shows part of the pedigree for family PE with the RFLP results. 

The haplotype of the alleles on the affected chromosome for the VAW412HEb 

RFLP show a switch from BB in ni-3 to AB in IV4. A possible explanation for 

these results is outlined in Figure 3.27 which shows how a recombination 

w ould result in the allele haplotypes observed.

3.8 CMT2 families

Two families segregating for autosomal dominant CMT2 were examined for 

evidence of duplication of 17pll.2  as detected with probe VAW409R3a. In 

each family, there were two affected individuals heterozygous for this 

polymorphism. In all four individuals there was no difference in the 

hybridisation densities of the 2.7kb and 2.8kb alleles compared to those in 

unaffected individuals also heterozygous for this polymorphism. This 

demonstrates no segmental trisomy of 17pll.2 in the two CMT2 families as 

detected with probe VAW409R3a. One affected and one unaffected individual 

heterozygous for this polymorphism are shown in Figure 3.28.

3.9 Small families and other samples

Following the publication of duplication data in families with CMTl 

(Raeymaekers et al. 1991; Lupski et al. 1991; MacMillan et al. 1991; Hallam et 

al. 1992) we received many samples from small nuclear families previously too 

small for conventional linkage analysis as well as samples from seemingly 

sporadic cases with no family history of peripheral neuropathy noted.
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Figure 3.28: Affected and unaffected individuals from two families segregating 

for autosomal dominant CMT2. Genomic DNA has been digested with MspI 

enzyme and hybridised with probe VAW409R3a. Note that there is no 

difference in the hybridisation densities of the two alleles in both of the 

affected individuals compared to that seen in the unaffected family members.
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3.10 Duplication detection using probe VAW409R3a and MspI digested 

genomic DNA

The samples were digested with MspI and hybridised with probe VAW409R3a 

as described in section 23.2-2.3.5. Dosage of the alleles was determined by 

visual inspection of autoradiographs and comparison of the intensity of one 

polymorphic allele to the other within each lane. Each sample was scored 

"blind" (that is, w ithout any knowledge of the clinical status) by at least two 

workers independently. The results are summarised below.

A total of 79 samples were analyzed using this method. These samples 

included unaffected as well as affected members of small families and affected 

sporadic cases. Of these 79 samples only 36 (46%) were informative for the 

MspI polymorphism as detected with VAW409R3a, that is, heterozygous for 

the 2.7kb and 2.8kb alleles. Any other result by which dosage could not be 

determined was classed as uninformative; this included homozygosity at this 

locus and heterozygosity involving the 1.9kb allele.

Of the twenty-nine individuals informative for the polymorphism detected 

w ith probe VAW409R3a, twenty-four showed dosage of the alleles and 

therefore duplication of the region 17pll.2

The informativeness of probe VAW409R3 was low. Using probe VAW409R3a 

alone with small families and sporadic cases was very frustrating because of 

the num ber of samples homozygous for this polymorphism. As shown in 

Table 3.22, less than 50% of the clinically affected individuals referred were 

heterozygous at this locus. The description of dosage using two probes from 

within the duplication by Hoogendijk et a l (1992), by virtue of its design, 

m ade every sample informative. It appeared to be ideally suited to the 

situation presented by the small families and sporadic cases.
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3.11 Duplication detection using probes VAW409R3a, VAW412R3HEb and 

E3.9 and EcoRI digested DNA

A m ethod of detecting the duplication of 17pll.2 associated with CMTl a was 

described by Hoogendijk et ah (1992).

3.11.1 Experimental design

As outlined earlier the samples of DNA were digested with EcoRI restriction 

enzyme, which gave one band for each of the three probes used; probes 

VAW409R3a and VAW412R3HEb from within the duplicated region on the 

short arm of chromosome 17 and with probe E3.9 which maps to chromosome 

22 and was used as a reference for DNA loading. VAW412R3HEb gave a 

4.5kb fragment; VAW409R3a a 2.0kb fragment; and E3.9 a 3.9kb fragment. This 

is illustrated in Figure 3.29.

The intensity of the three bands was measured for each sample using a 

Phospho-imager (Molecular Dynamics). Since each probe yielded a single 

band it was possible to compare the intensity of the probes from within the 

duplicated region with the intensity of the control probe. Those samples from 

individuals carrying a duplication of 17pll.2 would therefore generate 

VAW409R3a/E3.9 ratios and VAW412R3HEb/E3.9 ratios greater than those in 

non-duplicated individuals.

The VAW409R3a/E3.9 and VAW412R3HEb/E3.9 ratios were determined by 

direct comparison of the intensity of each of the three alleles using a phosphor 

imager. The means of both ratios were determined in the unaffected control 

population. This value was expressed as 100%. The ratios in all the samples 

were then expressed as percentages of these mean values.

3.11.2 Validation of the technique

The first experiment with this system involved comparing samples known to 

carry the duplication and samples from unaffected, non-duplicated individuals 

in order to validate its use as a diagnostic test.
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4 . 5
3 -9

2 . 0

Figure 3.29: Autoradiograph of genomic DNA digested with EcoRI and 

hybridised simultaneously with probes VAW412R3HEb, E3.9 and VAW409R3a. 

The sizes of the alleles detected are shown alongside the bands.
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The data from this experiment are shown in Table 3.21: "UC" denotes an 

unaffected control sample from an individual known to be unaffected with 

CMTl and therefore lacking the segmental trisomy; "AC" denotes an affected 

control sample from an affected individual shown by other methods to carry 

the duplication of 17pll.2.

The intensity of each of the three bands was measured using a phospho- 

imager and the results are shown in the columns marked"412", "E3.9" and 

"409". The value for the probes from within the duplicated region, 

VAW409R3a and VAW412R3HEb, was divided by that for the control probe 

E3.9 to yield the VAW409R3/E3.9 and VAW412R3HEb/E3.9 ratios 

respectively. This was done for each of the unaffected control samples. Mean 

values for the two ratios (VAW412R3HEb/E3.9 and VAW409R3a/E3.9) were 

calculated for each group of unaffected controls on each filter separately and 

this value is shown in Table 3.21 directly beneath each group of samples from 

each filter that gave rise to the mean value.

The ratios were then calculated for each sample. These values are shown in 

the columns headed "412/E3.9" and "409/E3.9". All the ratios generated were 

expressed as a percentage of these mean values. The percentage values are 

shown directly adjacent to the data which generated them in the Table. This 

step was useful from two points: it "normalised" each blot internally and 

allowed for any differences in hybridisation efficiency between the probes; and 

secondly, it allowed subsequent blots to be compared.

The percentage ratios were plotted against each other for each sample and this 

is shown in Figure 3.30.

The two populations (affected controls and unaffected controls) were 

compared using an unpaired or 2 -sample t-test and were shown to be 

statistically significantly different.
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Each of the parameters (VAW412R3HEb/E3.9 ratio and VAW409R3a/E3.9 

ratio) were considered separately. This involved determining the difference in 

the means of each group.

Considering the VAW412R3HEb/E3.9 data first: 

unaffected control mean = 100.0 ± 13.9

affected control mean = 173.9 ± 22.6

The standard error of the difference in the means is given by

se(diff) = s 1 1

ni nz

where s = s /  (n  ̂ - 1 ) + S2 (nj - 1 )

ni + n2 ~ 2

is a weighted average of the individual sample standard deviations Sj 

and S2.

For the VAW412R3HEb/E3.9 data, this yields a standard error of the 

difference in means of 4.49. The actual difference in the sample means is 73.9

The null hypothesis is that the actual difference in the means and the standard 

error of the differences are equal. If the means are equal then the difference 

between sample means will be normally distributed with mean 0  and standard 

error 4.49

The observed difference in means, 73.9, is (73.9 - 0) /  4.49 = 16.5 standard 

errors away from the hypothesised mean of 0. The observed difference in the 

means is very unlikely if the two groups have the same ratio of hybridisation 

intensity of the bands as determined by the 

phospho-imaging.
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The VAW409R3a/E3.9 data gives 

unaffected control mean = 99.5 ± 13.2

affected control mean = 157.4 ± 23.5

The VAW409R3a/E3.9 gives a standard error of the difference in the means 

of 4.52

The actual difference in the sample means is 57.9

Again the null hypothesis is that the actual difference in the means and the 

standard error of the differences are equal. If the means are equal then the 

difference between sample means will be normally distributed with mean 0  

and standard error 4.52

The observed difference in means, 57.9, is (57.9 - 0) /  4.52 = 12.8 standard 

errors away from the hypothesised mean of 0 .

As for the VAW412R3HEb/E3.9 data, the observed difference in the means is 

very unlikely if the two groups have the same ratio of hybridisation intensity 

of the bands as determined by the phospho-imaging.

The standard errors of the differences in the means for both sets of data show 

that the populations of affected controls and unaffected controls are 

statistically significantly different.
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Table 3.21: Experiments 1-8; results from samples whose duplication status was know n

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

No.

ONo

Experiment 1

UC 5695 31130 16701 18243 1 .8 6 129 1.09 106

UC 2938 15717 10766 10061 1.45 1 0 1 0.93 90

UC 3377 16116 15322 19915 1.05 73 1.30 126

UC 2922 21038 13077 13257 1.61 1 1 2 1 .0 1 98

UC 3436 3929 4748 4105 0.83 57 0 . 8 6 83

UC 3584 2332 1852 1519 1.25 87 0.82 79

UC 3152 21679 11328 12625 1.91 133 1 .1 1 108

UC 3165 29398 18792 20676 1.56 108 1 . 1 0 107

AC 5694 2 0 0 0 1 6439

mean value

12348

1.44

3.11 216

1.03

1.92 186

AC 3378 94178 33355 54702 2.82 196 1.64 159

AC 3251 8706 3435 6495 2.74 190 1.55 150

AC 3119 25443 9565 19991 2 . 6 6 181 2.09 203



Experiment 2

UC 8652 140175 54305 84768 2.58 1 0 2 1.56 106

UC 8651 98470 40265 55303 2.45 97 1.37 93

mean value 2.52 1.47

AC 8602 243292 50060 142136 4.86 193 2.84 193

AC 8325 162430 31117 73747 5.22 207 2.37 161

AC 8253 159408 29685 83415 5.37 213 2.81 191

Experiment 3

Os

UC 7946 3374 2124 3162 1.59 85 1.49 107

UC 8070 3743 2023 3237 1.85 98 1.60 115

UC 7586 66081 30202 32625 2.19 116 1.08 78

mean values 1 . 8 8 1.39

AC 7949 20926 6560 18237 3.19 170 2.78 2 0 0



s

Experiment 4

UC 5699 57507 55517 35433 1.04 103 0.64 69

UC 8955 22197 22070 22971 1 .0 1 1 0 0 1.04 1 1 2

UC 9417 88752 90842 129340 0.94 93 0.93 1 0 0

UC 5698 39097 38142 31587 1.03 1 0 2 0.83 89

UC 9313 85660 88426 89182 0.97 96 1 .0 1 107

UC 9314 114378 115451 121760 0.99 98 1.05 113

UC 8665 91263 81255 81338 1 . 1 2 1 1 1 1 . 0 0 108

AC 5697 124607 148992

mean values

181353

1 . 0 1

1.94 192

0.93

1.26 135

AC 6300 139954 90842 129340 1.54 152 1.42 153

AC 9021 160305 92235 12719 1.74 172 1.38 148

AC 8964 31006 18340 26070 1.69 167 1.42 153

AC 8837 16329 10709 16071 1.52 150 1.50 161

AC 5694 80239 55457 84562 1.45 144 1.52 163

AC 8325 288648 148992 181353 1.93 191 1 . 2 2 131



Experiment 5

UC 5699 31190 31858 28746 0.98 98 0.90 108

UC 5698 43315 40774 38522 1.06 106 0.95 114

UC 9417 59485 53346 40220 1 . 1 2 1 1 2 0.75 90

UC 8665 24945 30497 18848 0.82 82 0.62 75

mean values 1 . 0 0 0.83

AC 5697 159315 111757 116833 1.43 143 1.05 127

AC 9021 95211 48321 56905 1.97 197 1.18 142

AC 5694 67880 44884 44435 1.51 151 0.99 119

AC 6299 59296 39597 53235 1.49 149 1.34 161

s
Experiment 6

UC 5699 50741 44282. 49561 1.15 97 1 . 1 2 79

UC 6184 27855 23721 36878 1.17 99 1.55 109

UC 5698 46611 37444 57911 1.24 105 1.55 109

UC 5565 139717 120491 192519 1.16 98 1.59 1 1 2

UC 5695 40316 34437 43584 1.17 99 1.27 89

mean values 1.18 1.42



s

AC 5697 93817 54333 109753 1.73 147 2 . 0 2 142

AC 8837 146657 81688 167900 1.79 152 2.05 144

AC 5694 1 2 0 1 0 0 59814 109954 2 .0 1 170 1.83 129

Experiment 7

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

No.

UC 5699 142624 89652 88481 1.59 114 0.99 115

UC 5698 106698 61377 57109 1.73 124 0.93 108

UC 5695 260093 204410 138053 1.27 91 0 . 6 8 79

UC 9414 155614 119933 90138 1.30 93 0.75 87

UC 3208 97470 86002 80188 1.13 81 0.93 108

UC 3209 144447 103498 89598 1.40 1 0 0 0 . 8 6 1 0 0

mean value 1.40 0 . 8 6

AC 5694 464113 191766 229803 2.42 173 1 . 2 0 140

AC 3470 319706 116327 189937 2.75 196 1.63 190



Experiment 8

a

Status

UC 

UC 

UC 

UC 

UC

No.

5695

5699

3209

3208

5695

AC 3470 

AC 5694

412 E3.9 409

118247 93108 83797

68363 51790 46093

108066 69273 68580

89320 61178 61790

51603 40002 35202

mean values

124196 59998 89997

137414 62746 93492

412/E3.9

1.27

1.32

1.56

1.46

1.29

2.07

2.19

1.38

%

92 

96 

113 

106

93

150

159

409/E3.9

0.90

0.89

0.99

1.01

0.88

1.50

1.49

0.93

%

97

96

106

109

95

161

160



Having established that the two groups of data represented separate 

populations, it was necessary to define each population so that results from 

individuals whose duplication status was unknown could be compared.

Since for a normally distributed population, 95% of the sample means lie 

within 1.96 standard deviations of the population mean a 95% confidence 

interval was chosen. Each of the parameters (VAW412R3HEb/E3.9 ratio and 

VAW409R3a/E3.9 ratio) were considered separately and the mean and 

standard deviations calculated.

Considering the VAW412R3HEb/E3.9 data first: 

unaffected control mean = 1 0 0 . 0

standard deviation = 13.9

95% of this population of samples will therefore lie in the interval between

72.8 and 127.2

affected control mean = 173.9

standard deviation = 2 2 . 6

95% of the affected control population will therefore lie in the interval between 

129.6 and 218.2
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Considering the VAW409R3a/E3.9 data: 

unaffected control mean = 99.5

standard deviation = 13.2

95% of this unaffected control population will lie in the interval between 73.6 

and 125.4

affected control mean = 157.4

standard deviation = 23.5

95% of this population of samples will therefore lie in the interval between

111.3 and 203.5.

These 95% confidence intervals were used to construct limits which defined 

the area around each population in which 95% of samples from that 

population would be expected to lie. These are shown in Figure 3.30.

The 95% confidence limits for each population are shown by dotted lines and 

the means are represented by shaded symbols.
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Figure 3.30: Results from Expeninents 1-3 showing the VAW412R3HEb/E3.9 
ratio plotted against the V.AW4G9R3a / E3.9 for affected controls and 
unaffected controls
Key Circles represent unaffected individuals known to be non duplicated: 
Squares represent affected individuals known to be tri-somicfor 17p11.2
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By definition, some of the points in each population can be expected to lie 

outside these parameters. When this did occur the sample was repeated as the 

more extreme results were usually generated by poor digestion or partial 

degradation of the sample. Where this was the case the repeat values obtained 

from a sample digested to completion were within the parameters outlined. 

For example, sample 9313 in Experiment 1 had a VAW412R3HEb/E3.9 ratio 

below the 95% confidence interval describing the unaffected control 

population. On closer examination of the enzyme digest it was seen that the 

sample had only partially digested. The digestion was repeated and the result 

in Experiment 4 shows that the values fall within the 95% confidence interval. 

This sample had also showed equal intensity of the 2.8kb and 2.7kb alleles 

detected with probe VAW409R3a on MspI digested genomic DNA.

There is some overlap between the 95% confidence limits for the unaffected 

and affected control populations when considering the VAW409R3a data alone. 

Any sample falling into the overlapping region would need to be repeated. 

However, in practice no sample when considered using both VAW409R3a and 

VAW412R3HEb data together could not be assigned to one of the groups.

3.11.3 Results of dosage analysis on clinical samples

The ratio data for each sample were plotted onto the graph containing the 

control population data. The samples fell within one of two groups - those 

known to be duplicated for this region and those known to not be trisomie. 

It was therefore possible to assign each unknown sample to one of the two 

populations as defined by the affected and unaffected controls. Having 

validated this method of duplication detection using samples whose 

duplication status was known, samples from patients whose duplication status 

was unknown were also subjected to this analysis.
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The results are shown in the following tables and the ratios plotted on the 

accompanying figures. For each experiment one filter was examined, 

containing samples from both known duplicated and known non-duplicated 

samples (affected controls AC; and unaffected controls UC, respectively). Each 

filter was considered in isolation as a separate experiment since they were 

hybridised with the probes individually. The mean values for each ratio were 

calculated for each blot and all the ratios on the blot were expressed as a 

percentage ratio of this mean value, which was set at 100%. 'UN" denotes a 

sample whose duplication status is unknown.
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Table 3.22: Experiment 1

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

No.

UC 5695 31130 16701 18243 1 . 8 6 129 1.09 106

UC 2938 15717 10766 10061 1.45 1 0 1 0.93 90

UC 3377 16116 15322 19915 1.05 73 1.30 126

UC 2922 21038 13077 13257 1.61 1 1 2 1 .0 1 98

UC 3436 3929 4748 4105 0.83 57 0 . 8 6 83

UC 3584 2332 1852 1519 1.25 87 0.82 79

UC 3152 21679 11328 12625 1.91 133 1 .1 1 108

UC 3165 29398 18792 20676 1.56 108 1 . 1 0 107

mean value 1.44 1.03

AC 5694 2 0 0 0 1 6439 12348 3.11 216 1.92 186

AC 3378 94178 33355 54702 2.82 196 1.64 159

AC 3251 8706 3435 6495 2.74 190 1.55 150

AC 3119 25443 9565 19991 2 . 6 6 181 2.09 203

(cont.)



Experiment 1 (cont.)

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

UN

No.

5564 55404 19730 36259 2.81 195 1.84 179

UN 8334 75261 24171 46420 3.11 216 1.92 187

UN 7767 58717 35160 41031 1.67 116 1.17 114

UN 7953 84892 27383 48455 3.10 215 1.77 172

UN 9355 23579 13960 14418 1.69 117 1.03 1 0 0

UN 9314 26202 18716 18903 1.40 97 1 .0 1 98

UN 9313 12062 14115 11137 0.85 59 0.79 77

UN 7905 25334 17509 17602 1.45 1 0 1 1 .0 1 98

Key; UC = unaffected control, AC = affected control known to carry duplication, UN = duplication status unknown.
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Figure 3.31: H ie VAW412R3HEb/E3.9 ratio plotted against the 
VAW409R3a/E3.9 ratio for Expennient 1 with the affected and unaffected 
controls from Expenments 1-S.
Key: Circles represent unaffected individuals known to  be non-duplicated; 
Squares represent affected individuals known to be tn-som icfor 17pll.2; 
Filled tnangles represent patients of unknown duplication status.
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Table 3.23: Experiment 2

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

No.

UC 8652 140175 54305 84768 2.58 1 0 2 1.56 106

UC 8651 98470 40265 55303 2.45 97 1.37 93

mean value 2.52 1.47

AC 8602 243292 50060 142136 4.86 193 2.84 193

AC 8325 162430 31117 73747 5.22 207 2.37 161

AC 8253 159408 29685 83415 5.37 213 2.81 191

(cont.)



Experiment 2 (cont.) 

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

UN

No.

8683 159097 29136 80986 5.46 216 2.78 189

UN 8682 289538 88880 121866 3.26 129 1.37 93

UN 8681 112262 51068 52878 2 . 2 0 87 1.04 71

UN 8680 198518 69513 98692 2 . 8 6 113 1.42 97

UN 8650 144205 68600 84403 2 . 1 0 83 1.23 84

UN 8601 155929 52409 80683 2.98 118 1.54 105

UN 7579 94142 32822 48994 2.81 1 1 2 1.49 1 0 1

UN 8467 96341 36355 55623 2.65 105 1.53 104

UN 9250 121276 57058 99229 2.13 85 1.74 118

UN 9248 116104 41318 63217 2.81 1 1 2 1.53 104

UN 9244 616840 197913 247004 3.12 124 1.25 85

UN 9109 280500 155376 231510 1.81 72 1.49 1 0 1

UN 9021 140780 34933 84189 4.03 160 2.41 164

UN 9020 126043 49044 91222 2.57 1 0 2 1 . 8 6 127
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Figure 3.32; Tlie VAW412R3HEb/ E3.9 ratio plotted against the 
VAW4Q9R3a/E3 9 ratio for Expenment 2 with the affected and unaffected 
controls b o n i  Expenments 18.
Key: Circles represent unaffected individuals known to be non-duplicated; 
Squares represent affected individuals known to be  tri-somic for 17pll.2; 
Filled tnangles represent patients ot unknown duplication status.
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Table 3.24: Experiment 3

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %
No.

UC 7946 3374 2124 3162 1.59 85 1.49 107

UC 8070 3743 2023 3237 1.85 98 1.60 115

UC 7586 66081 30202 32625 2.19 116 1.08 78

mean values 1 . 8 8 1.39

AC 7949 20926 6560 18237 3.19 170 2.78 2 0 0

(cont.)



Experiment 3 (cont.)

00

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

No.

UN 8073 31048 14242 10966 2.18 116 0.77 55

UN 8137 46365 8117 9202 2.39 127 1.13 81

UN 8135 31932 15094 20532 2 . 1 2 113 1.36 98

UN 7948 22007 8793 12296 2.50 133 1.39 1 0 0

UN 7945 46865 11986 35094 3.91 208 2.93 2 1 1

UN 7944 34993 10143 22285 3.45 184 2.18 157

UN 7943 34920 9700 21158 3.60 191 2.18 157

UN 7589 9598 5061 6627 1.90 1 0 1 1.31 94

UN 7586 66801 30202 32625 2.19 116 1.08 77

UN 7584 28753 12864 15562 2.24 119 1 .2 1 87

UN 7567 47085 14714 31773 3.20 170 2.16 155
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Figure 3.33: Tlie VA\V412R3HEb/ E3.9 ratio plotted against the 
VAVV409R3a/E3 9 ratio for Expenment 3 vvith the affected and unaffected 
controls fi'om Expenments 1-8.
Key: Circles represent unaffected individuals known to be non-duplicated: 
Squares represent affected individuals known to be tri somic for 17pll.2; 
Filled tnangles represent patients of unknown duplication status.
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Table 3.25: Experiment 4 

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

UC

No.

5699 57507 55517 35433 1.04 103 0.64 69

UC 8955 22197 22070 22971 1 .0 1 1 0 0 1.04 1 1 2

UC 9417 88752 90842 129340 0.94 93 0.93 1 0 0

UC 5698 39097 38142 31587 1.03 1 0 2 0.83 89

UC 9313 85660 88426 89182 0.97 96 1 .0 1 107

UC 9314 114378 115451 121760 0.99 98 1.05 113

UC 8665 91263 81255 81338 1 . 1 2 1 1 1 1 . 0 0 108

AC 5697 124607 148992

mean values

181353

1 . 0 1

1.94 192

0.93

1.26 135

AC 6300 139954 90842 129340 1.54 152 1.42 153

AC 9021 160305 92235 12719 1.74 172 1.38 148

AC 8964 31006 18340 26070 1.69 167 1.42 153

AC 8837 16329 10709 16071 1.52 150 1.50 161

AC 5694 80239 55457 84562 1.45 144 1.52 163

AC 8325 288648 148992 181353 1.93 191 1 . 2 2 131



Experiment 4 (cont.)

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

00

UN

No.

9416 88901 57215 77453 1.55 153 1.35 145

UN 9415 70259 53217 61027 1.32 131 1.15 134

UN 9085 37003 434346 28082 0.85 84 0.64 69

UN 9066 23253 14427 18714 1.61 159 1.30 140

UN 9020 73598 64111 51964 1.15 114 0.81 87

UN 9019 25284 20726 12986 1 . 2 2 1 2 1 0.63 6 8

UN 9418 126569 92486 129386 1.36 135 1.40 151

UN 9251 109132 91743 96520 1.19 118 1.05 113

UN 9250 122910 118076 111370 1.04 103 0.94 1 0 1

UN 9109 103212 97657 91915 1.09 108 0.94 1 0 1

UN 9093 9089 10373 9296 0 . 8 8 87 0.90 97

UN 9088 51473 47990 43982 1.07 106 0.92 99

UN 9086 36031 34640 29351 1.04 103 0.85 91
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Figure 3.34: Ttie VAW412R3HEb/ E3.9 ratio plotted against the 
VAW409R3a/E3.9 ratio for Expenment 4 with the affected and unaffected 
controls from Expenments 1-R
Key: Circles represent unaffected individuals known to be non-duplicated: 
Squares represent affected individuals known to be tri-somicfor 17pl1.2; 
Filled tnangles represent patients of unknown duplication status.
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Table 3.26: Experiment 5

S

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

No.

UC 5699 31190 31858 28746 0.98 98 0.90 108

UC 5698 43315 40774 38522 1.06 106 0.95 114

UC 9417 59485 53346 40220 1 .1 2 1 1 2 0.75 90

UC 8665 24945 30497 18848 0.82 82 0.62 75

mean values 1 . 0 0 0.83

AC 5697 159315 111757 116833 1.43 143 1.05 127

AC

AC

AC

9021

5694

6299

95211

67880

59296

48321

44884

39597

56905

44435

53235

1.97

1.51

1.49

197

151

149

1.18

0.99

1.34

142

119

161

(cont.)



Experiment 5 (cont.)

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %
No.

UN 9251 56334 53600 42811 1.05 105 0.80 96
UN 9093 157242 167111 116989 0.94 94 0.70 84
UN 9418 62390 34722 38256 1.79 179 1 . 1 0 133
UN 9020 155326 192627 132265 0.81 81 0 . 6 8 82
UN 7563 30222 14251 14458 2 . 1 2 2 1 2 1 .0 1 1 2 2

UN 8336 33774 20813 30748 1.62 162 1.17 177
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Figure 3.35: Tiie VAW412R3HEb/ E3.9 ratio plotted against the 
VAW409R3a/ E3.9 ratio for Expenment 5 with the  affected and unaffected 
controls from Expenments 1-S.
Key: Circles represent unaffected individuals knowm to  be non-duplicated; 
Squares represent affected individuals known to be  tri-somicfor 17pll.2; 
Filled tnangles represent patients of unknown duplication status.
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Table 3.27: Experiment 6

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

No.

UC 5699 50741 44282 49561 1.15 97 1 . 1 2 79

UC 6184 27855 23721 36878 1.17 99 1.55 109

UC 5698 46611 37444 57911 1.24 105 1.55 109

UC 5565 139717 120491 192519 1.16 98 1.59 1 1 2

UC 5695 40316 34437 43584 1.17 99 1.27 89

mean values 1.18 1.42

AC 5697 93817 54333 109753 1.73 147 2 . 0 2 142

AC 8837 146657 81688 167900 1.79 152 2.05 144

AC 5694 1 2 0 1 0 0 59814 109954 2 .0 1 170 1.83 129

(cont.)



Experiment 6 (cont)

23

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

UN

No.

9771 130001 107636 139348 1 .2 1 108 1.43 1 0 1

UN 9770 279142 140539 323751 1.99 169 2.30 162

UN 8434 8316 4154 9896 2 . 0 0 169 2.38 168
UN 8425 131684 118888 191008 1 .1 1 94 1.61 113
UN 8335 26236 25616 32181 1 . 0 2 8 6 1.25 8 8

UN 8071 91201 60953 90674 1.50 127 1.49 105
UN 7954 6475 4499 9371 1.89 160 2.08 146
UN 7594 50070 47216 75858 1.06 90 1.61 113
UN 8682 178880 133810 185223 1.34 114 1.38 97
UN 9086 22494 17270 26233 1.30 1 1 0 1.52 107

(cont.)



Experiment 6 (cont.)

Status

No.

412 E3.9 409 412/E3.9 % 409/E3.9 %

UN 8334 150765 88226 185990 1.71 145 2 .1 1 149

UN 7570 111329 65343 118410 1.70 144 1.81 127

UN 7586 117408 82391 131261 1.43 1 2 1 1.59 1 1 2

UN 7567 150438 92293 199353 1.63 138 2.16 152

UN 5563 113919 65122 114816 1.75 148 1.75 123

UN 8478 88908 74626 118899 1.19 1 0 1 1.59 127

UN 8436 16914 15700 20453 1.08 92 1.30 92

UN 8468 48943 38262 54696 1.28 108 1.43 1 0 0
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Figure 3.36: Ttie VAW412R3HEb/ E3.9 ratio plotted against the 
VAVV4Ü9R3a / E3.9 ratio for Expenment 6 with the affected and unaffected 
controls fiom Expenments 1-8.
Key: Circles represent unaffected individuals known to be non-duplicated: 
Squares represent affected individuals known to be tn-somic for 17pll.2; 
Filled tnangles represent patients of unknown duplication status.
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Table 3.28: Experiment 7

S

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

No.

UC 5699 142624 89652 88481 1.59 114 0.99 115

UC 5698 106698 61377 57109 1.73 124 0.93 108

UC 5695 260093 204410 138053 1.27 91 0 . 6 8 79

UC 9414 155614 119933 90138 1.30 93 0.75 87

UC 3208 97470 86002 80188 1.13 81 0.93 108

UC 3209 144447 103498 89598 1.40 1 0 0 0 . 8 6 1 0 0

mean value 1.40 0 . 8 6

AC 5694 464113 191766 229803 2.42 173 1 . 2 0 140

AC 3470 319706 116327 189937 2.75 196 1.63 190

UN 8649 125487 86914 63189 1.44 103 0.73 85

UN 8650 495927 322745 278605 1.54 1 1 0 0 . 8 6 1 0 0

UN 8651 60483 58464 44492 1.03 74 0.76 8 8

UN 8652 234571 149674 122113 1.57 1 1 2 0.82 95

UN 7953 214392 97874 179657 2.19 156 1.83 213
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Figure 3,37: Tl'ie VAW412R3HEb/E3.9 ratio plotted against the 
VAVV409R3a/E3.9 ratio for Expenment 7 with the affected and unaffected 
controls from Expenments 1-8.
Key: Circles represent unaffected individuals known to be non-duplicated; 
Squares represent affected individuals known to be tri-somic for 17pll.2; 
Filled tnangles represent patients of unknown duplication status.

191



Table 3.29: Experiment 8

The unknown samples in this experiment are nine affected individuals from five families segregating for autosomal dominant 

CMT2.

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

No.

UC 5695 118247 93108 83797 1.27 92 0.90 97

UC 5699 68363 51790 46093 1.32 96 0.89 96

UC 3209 108066 69273 68580 1.56 113 0.99 106

UC 3208 89320 61178 61790 1.46 106 1 .0 1 109

UC 5695 51603 40002 35202 1.29 93 0 . 8 8 95

mean values 1.38 0.93

AC 3470 124196 59998 89997 2.07 150 1.50 161

AC 5694 137414 62746 93492 2.19 159 1.49 160

(cont.)



Experiment 8 (cont)

Status 412 E3.9 409 412/E3.9 % 409/E3.9 %

No.

UN 5631 132778 109734 103150 1 .2 1 8 8 0.94 1 0 1

UN 5629 150749 110036 119939 1.37 99 1.09 117

UN 5407 182902 129718 123232 1.41 1 0 1 0.95 1 0 2

UN 5420 74831 59865 64056 1.25 91 1.07 115

UN 5673 88016 63780 59315 1.38 1 0 0 0.93 1 0 0

UN 5671 110886 77543 76768 1.43 104 0.99 106

UN 8065 70594 50424 48911 1.40 1 0 1 0.97 104

UN 8066 70210 54008 49687 1.30 94 0.92 99

UN 9255 66194 52535 46756 1.26 91 0.89 96
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Figure 3.38: Tlie VAW412R3HEb/ E3.9 ratio plotted against the 
V"AW409R3a/E3 9 ratio for Expenment S with the affected and unaffected 
controls fixim Expenments 1-8.
Key Circles represent unaffected individuals known to be non-duplicated: 
Squares represent affected individuals known to be th-som icfor 17pll.2; 
Filled tnangles represent patients of unknown duplication status.

194



The examination of many sporadic samples and small nuclear families for 

segmental trisomy proved very useful in the differential diagnosis of CMTla. 

Prior to the identification of segmental trisomy for chromosome 17pll.2 in 

CMTla, the diagnosis of CMTla was difficult to confirm in the absence of 

affected relatives.

Duplication of 17pll.2 was detected in a total of 35 independent families 

referred from a variety of centres. In addition, segmental trisomy was shown 

in four samples with no known family history of peripheral neuropathy and 

in two unrelated individuals for whom family history was unavailable since 

they were adopted.

Familial cases

The following are a list of affected individuals, one from each of four of the 

35 families shown to be duplicated for 17pll.2:

7567 in Table 3.27 

8964 in Table 3.25 

7563 in Table 3.26 

7943 in Table 3.24

There was no evidence of any duplication in one father and son (8467 in Table 

3.23 and 8468 in Table 3.27). However, no nerve conduction velocity 

measurements had been performed.

One family consisting of an affected father and young daughter yielded 

interesting results. The father was uninformative using probe VAW409R3a 

alone, being homozygous for the 2.8kb allele. His wife was heterozygous and 

as expected showed equal intensity of the 2.7 and 2.8kb bands. The affected 

daughter was also heterozygous at this locus but the relative intensities of the 

two alleles was difficult to determine due to their weakness despite prolonged
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exposure to the film. On re-precipitation of the DNA and digestion with 

EcoRI enzyme it was possible to show that she did carry the duplication 

(individual 7954 in Table 3.27). It was also possible to show that she inherited 

the duplication from her father (individual 7953 in Table 3.27).

Individual 8873 showed segmental trisomy both by a difference in the 

hybridisation densities for the 2.7kb and 2.8kb alleles with probe VAW409R3a 

but also by dosage analysis using the two probes from the duplicated region 

and the control probe. This is shown in Figure 3.31 and in Table 3.25. DNA 

was available from both her parents and neither showed the duplication by 

either method; individuals 9313 and 9314 in Figure 3.31 and Table 3.25. This 

would have represented a de novo mutation. However, the referring clinician 

reported that the patient's mother was also affected. The mother was re-bled 

and was shown to indeed be duplicated for this region. It must be assumed 

that there was some error in the labelling of the DNA sample.

Sporadic cases

Data are shown on two of the four sporadic cases of CMTl who showed the 

segmental trisomy: 9021 in Table 3.23 and 9066 in Table 3.25.

Ten samples from individuals thought to be sporadic CMTl failed to show any 

evidence of the duplication of 17pll.2

Two individuals who lacked the duplication had had electrophysiological 

testing and were found to have retarded NCVs within the range for CMTl 

(Data is shown for individual 8649 in table 3.19).

The clinical examinations on the remaining individuals had not included 

electrophysiological testing.

Testing of asymptomatic family members

A young child born to an affected father with multiple affected other family
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members was considered too young for electrophysiological testing. He was 

shown by DNA dosage analysis to carry the duplication of 17pll.2 found in 

his affected relatives; individual 8434 in Table 3.27.

One family consisted of an affected son bom  to apparently unaffected parents. 

The boy carried the duplication (8334 in Table 3.27) and the parents were 

tested to confirm that he was a de novo mutation. The mother was then 

found to also carry the duplication, but was virtually asymptomatic 

(individual 8336 in Table 3.26). Initial examination of the mother's DNA 

digested with MspI and hybridised with probe VAW409R3a alone had been 

difficult to interpret because although she was heterozygous for the 2.7kb and 

2 .8 kb alleles the signal was very weak despite prolonged exposure to the film. 

Following the positive result for the duplication using EcoRI digested DNA 

and all three probes the MspI filter was re-hybridised and the difference in the 

hybridisation densities of the two alleles was apparent. Electrophysiological 

findings for the mother were not available.

Recessive CMT

Three families with evidence suggestive of a recessively inherited peripheral 

neuropathy were examined for evidence of the duplication of 17pll.2. No 

such evidence was seen in any of the affected individuals.

One of the families referred for testing consisted of two affected sons and 

clinically normal parents. The possibility of one of the parents being an 

asymptomatic carrier of the duplication was excluded (individuals 9085 and 

9086 in Table 3.25). The duplication was also not found in either of the sons 

(individuals 9088 in Table 3.25 shown).

The second family contained two sisters who had been afflicted by a severe 

demyelinating polyneuropathy present since birth. No evidence of segmental 

trisomy was seen in either girl. Data on one, 7946 is shown in Table 3.24.

197



The third family consisted to an affected boy born to consanguineous parents. 

The parents were clinically normal although electrophysiological 

measurements were not available. The child did not show the segmental 

trisomy associated with CM Tla (individual 8315 in Table 3.24).

X-linked CMT

Four families with an inherited peripheral neuropathy consistent with an X- 

linked disease were examined. They showed no male to male transmission, 

and there was reduced severity in females both in their clinical symptoms or 

their nerve conduction velocity measurements.

The proband of one such family failing to show evidence of segmental trisomy 

of this region had a deceased, affected mother and an affected daughter. 

There was no male to male transmission in this family, so an X-linked 

condition could not be excluded.

Two family groups with suspected X-linked CMT were included to exclude 

CM Tla associated with the segmental trisomy. In both groups no individual 

was found to carry the duplication (mother and son 8682 and 8681 in Table 

3.23; and brothers 8680 in Table 3.23 and 7584 in Table 3.24).

Individual 9020 in Table 3.26 also showed evidence suggestive of an X-linked 

peripheral neuropathy and lacked the duplication of 17pll.2.

An individual with evidence of an X-linked lympho-proliferative disease also 

had nerve conduction velocities sufficiently reduced to suggest CMTl. There 

was no evidence of duplication of 17pll.2.
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CMT2

Seven families with autosomal dominantly inherited CMT2 were examined. 

Two families were tested using probe VAW409R3a alone on MspI digested 

DNA and affected individuals heterozygous at this locus showed equal 

intensity of both bands. This is shown in Figure 3.28.

Nine samples from affected individuals from five families (including the two 

families described above) segregating for autosomal dominant CMT2 showed 

no segmental trisomy of 17pll.2 as detected by probes VAW412R3HEb and 

VAW409R3a (Table 3.30; Figure 3.32).

Two smaller families were also examined for evidence of the segmental 

trisomy seen in CMTl. Data are shown for an affected member from each of 

the two families; 7594 in Table 3.27; 8073 in Table 3.24. In both cases no such 

trisomy was seen.

Two sporadic cases with CMT2 (7948 in Table 3.24 and individual 9355 in 

Table 3.22) also failed to showed duplication of 17pll.2.

Differential diagnosis

Individual 8325 is also shown in Figure 3.31. Initially, it was thought that he 

was suffering from chronic inflammatory demyelinating polyneuropathy 

(CIDP). It can be seen that there is a difference in the intensity of the two 

alleles; with the darker upper allele reflecting two copies of the 2 .8 kb allele 

compared to one copy of the 2.7kb allele. This case demonstrates the 

usefulness of DNA analysis in differentiating CMTl from other chronic 

demyelinating neuropathies such as CIDP. Such a differentiation would have 

considerable implications in both therapy and genetic counselling.
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In addition to this patient (8325) three other cases were examined for the 

duplication of 17pll.2  to exclude CMTl a from their differential diagnoses. In 

all three cases there was no evidence of the duplication: individual 9248 in 

Table 3.23; 9251 and 9109 in Table 3.25.

Pre-natal diagnosis

Three families have expressed interest in pre-natal diagnosis for CMTl a.

The first patient was pregnant at the time of referral. She had many affected 

siblings and an affected mother. The family was uninformative for the 

VAW409R3a/MspI polymorphism, being homozygous for the 2.7kb allele. The 

proband's husband was heterozygous at this locus. The affected family 

members were shown to carry the duplication by dosage analysis with EcoRI 

digested DNA and hybridisation with two probes from the duplication region 

(VAW409R3a and VAW412R3Heb) and the control probe (E3.9). Following a 

CVS, DNA from the foetus was obtained and examined with the probe 

VAW409R3a. The foetus was homozygous for the 2.7kb allele, having 

inherited this allele from both its parents. It was therefore impossible to 

determine whether the foetus had inherited the affected chromosome from its 

mother carrying the duplication (2.7kb allele as two copies) or the unaffected 

chromosome with one copy of the 2.7kb allele. We were not in a position to 

offer pre-natal diagnosis on the basis of dosage analysis using the Phospho- 

imaging technology on EcoRI digested DNA since its applicability had not 

been determined.

The second individual expressing an interest was individual 8837. Before 

considering pregnancy she wanted to know that she was informative for pre

natal diagnosis. She showed a difference in intensity for the alleles detected 

with probe VAW409R3a. The increased intensity of the upper allele (Figure 

3.31) denoted two copies of the 2.8kb allele and one copy of the 2.7kb allele.
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It was not possible to determine phase since both parents were heterozygous 

for this polymorphism with her mother having two copies of the 2 .8 kb allele 

and one copy of the 2.7kb allele. It is not possible to determine whether the 

duplication in this family contains two copies of the 2 .8 kb allele on the affected 

chromosome or one copy of the 2.8kb allele and one copy of the 2.7kb allele, 

since either would fit with the genotypes of the parents and the daughter. 

However, since it has been possible to show that in this family the disease is 

caused by a duplication event this will alter any counselling advice given.

Finally, a young man with no family history of CMT was shown to carry the 

duplication as detected by probe VAW409R3a hybridised to MspI digested 

DNA. W ithout this test, it would have been difficult to advise him and his 

fiance about pre-natal testing since the lack of any family history would have 

made his diagnosis difficult.

The results presented here show the immediate implications for the DNA 

diagnosis of CMTl a patients since the duplication can be detected relatively 

easily, circumventing the need for linkage studies in the patient's family. It 

will allow for a diagnosis to be made in families previously too small for 

conventional linkage analysis and even in sporadic cases with no family 

history.
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4.0 DISCUSSION
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4.1 LINKAGE AND CROSS OVER ANALYSIS

4.1.1 Two-point linkage

At the onset of this project in late 1989 a locus for CMTl had been reported 

in the pericentric region of chromosome 17 (Vance et al. 1989). However, this 

report could not differentiate between a long arm or short arm locus for the 

disease. This was due to a lack of informative recombinants between the 

disease locus and the two probes (EW301 and pA10.41).

Subsequent reports slightly favoured the proximal 17p position but could not 

isolate the locus conclusively (Middleton-Price et al. 1991). Raeymaekers et al. 

(1989) suggested a short arm position for the CMTl a gene with odds of 25:1. 

A 17p localisation for the gene had also been suggested by Patel et al. (1990). 

One of the four new markers mapping to chromosome 17 identified by this 

group, cl516, appeared to be closely linked to the CMTl a locus. This was 

demonstrated by a maximum lod score of 3.42 at 0 = 0.00. This marker was 

m apped to 17pll.2 using a somatic cell hybrid constructed from a patient with 

Smith-Magenis syndrome [46,XY, del(17)(pll.2pll.2)]. A lod score of 6.16 was 

obtained by multi-point linkage analysis with cl 516 and two markers 

(pTH17.19 and cll-2B) (Patel et al. 1990).

Two-point linkage analysis results are presented here between seven 

chromosome 17 markers and CMTl in eight families segregating for an 

autosomal dominantly inherited peripheral neuropathy. These data also 

suggest a locus for this disease on chromosome 17 since EW206, EW301, 

A10.41 and EW503 generated statistically significantly high lod scores for the 

group of families as a whole. However, a lod score exceeding 3.0 was not 

attained in any individual family with any of the chromosome 17 probes. Two 

of the families (HEN and WH) were originally reported by Guiloff et al. (1982) 

as showing weak linkage to the Duffy blood locus on chromosome 1. Further 

study of these families (Middleton-Price et al. 1989) showed that although not 

significant on their own, application of the HOMOG computer program to the 

data from the two families suggested that they could m ap to chromosome 1 .
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Family HEN was virtually uninformative with the probes thought to be closest 

to the disease locus (A10.41 and EW503). Family WH gave a maximum lod 

score of 1.806 at theta = 0.000 with probe 10.41 making a chromosome 1 locus 

unlikely.

The initial two-point data for the markers VAW409R3, VAW412R3 and EW401 

prior to the description of the duplication of the region involving these probes 

are very interesting. Failure to account for the dosage effect of this duplication 

phenomenon produced false recombinants and gave mis-leading linkage 

results. An example of this is shown in Figure 3.20 which illustrates part of 

family GV and the VAW409R3 MspI RFLP data. If the dosage differences are 

ignored the affected mother n - 6  has the genotype AB; the unaffected father 

AA. Both the offspring, the affected son m -l and unaffected daughter ni-3 

also have the genotype AB. This would suggest that one child is recombinant 

since they would both appear to have inherited the same B allele from their 

mother. Recognition of the dosage differences suggests instead that the 

m other's affected chromosome carries one copy of each allele and her 

unaffected chromosome one copy of the B allele, giving her a AB, B genotype. 

Therefore her affected son inherits the affected chromosome from his mother 

along with an A allele from his father so his genotype is actually AB, A. His 

unaffected sister inherits the B allele on the unaffected chromosome from her 

mother and an A allele from her father. This explains the genotypes of this 

nuclear family without any recombination event.

This and other apparent recombinants generates mis-leading linkage analysis 

results, both two-point and multi-point. The two-point linkage analysis data 

for the three markers involved in the duplication was initially generated 

w ithout appreciation of the dosage differences and the implications for 

genotyping. All three markers apparently gave cross-overs with the disease 

locus. Recoding these data as trisomie allele systems and re-analysis of the 

two-point linkage anaysis gave a maximum lod score of 18.06 with no 

recombinants between the presence of the duplication as detected by the three
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markers and the disease locus.

The genetic heterogeneity of CMTl, with a locus on chromosome 17 and 

another on chromosome 1 , presents many problems in the analysis of 

families segregating for this condition. No phenotypic differences between the 

two groups are obvious. For successful analysis families m ust be large enough 

to generate significant lod scores with either probes from chromosome 1 or 

from chromosome 17. Most families referred for analysis are too small to 

provide conclusive evidence for linkage to either lod. This makes a linkage 

approach for diagnosis or pre-natal diagnosis impossible. The presence of an 

X-linked form adds further to the difficulties, since small pedigrees may make 

it impossible to disregard this form of inheritance solely on the appearance of 

the pedigree.

The position for sporadic cases of CMTl is a difficult one for genetic 

counselling since it is not possible to differentiate between a novel autosomal 

dominant m utation and autosomal recessive inheritance.

4.1.2 Marker order in the centromeric region of chromosome 17

This region of chromosome 17 has been the focus of extensive genetic and 

physical m apping studies for both CMTl and the NFl locus on the long arm. 

Probe orders had been compiled using a tolerance of 1000:1 odds against 

alternative orders;

qter-206-202-cen-301 -10.41-pter (Goldgar et ah 1989)

qter-206-202-cen-301-l 0.41-pter (Haines et al. 1990)

cen-301-409-412-401-503-502-pter (Wright et al. 1990)

The position of cosmid 1516 had been determined by physical mapping 

relative to other lod  on the short arm of chromosome 17;

cen-301-1516-1041-pter (Lupski et al. 1991; Guzzetta et al. 1992)
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Combination of these data resulted in the following lod  order which was used 

for the multi-point analysis;

qter-206-3.0cM-202-7.0cM-301-3cM-1516-2.0cM-1041-5.5cM-409-5.4cM-412-

3.5cM-401-4.0cM-503-3.0cM-502-pter.

The two-point linkage analysis results presented here are in accordance with 

this relative order of probes excepting the mis-leading results from the probes 

known to be duplicated. The theta values for each probe, with the exception 

of cosmid 1516, are of the same order as those from the larger studies of 

Goldgar et ah 1989, W right et a l 1990 and Haines et a l 1990. The decreasing 

theta values from probes 206 to 1041 are in accordance with the known probe 

order. The data from cosmid 1516 was generated from a smaller number of 

families. The maximum theta value of 0.10 is not in accordance with the 

published probe order. However, the 95% confidence limit for these data is 

0.015 - 0.320. The lower limit indudes the correct range for its known 

position.

4.1.3 Crossover analysis

Cross-overs exist between each of the probes and the disease locus in at least 

one of the families. Despite this, significantly positive lod scores were still 

obtained with probes EW206, EW301, A10.41 and EW503. These cross-overs 

would prove a very useful resource in the genetic mapping of new markers 

in this region to localise further the disease locus.

Analysis of the cross-overs between the probes in this study and CMTl a was 

unable to separate the cl516, EW301 and pA10.41 complex, since the two 

meioses in which cross overs occurred with cl516 were also recombinant for 

EW301 and one was also recombinant for pA10.41, whilst the other was 

uninformative. This lack of informative recombinants between EW301 and 

A10.41 was also found by Vance et a l 1989, in the initial report of linkage of 

CMTl a to chromosome 17. Cosmid 1516 has since been shown to map 1.8cM 

proximal to pA10.41 (Lupski et a l 1991; Guzzetta et a l 1992).
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Figure 4.1: Map of marker loci on chromosome 17 based on recombinant chromosome data.



The recombinant meioses detailed in this study are also in accordance with the 

published order of the loci used in the multi-point analysis. The map of the 

loci based on the recombinant chromosomes studied is shown in Figure 4.1. 

This is generated from the data shown in Figure 3.9. Recombination between 

EW206 and HHH202 (from the meiosis in individual ni-5 in family FG) places 

the former marker proximal to the rest of the map. The position of probe 

EW502 as the other marker flanking the region comes from individuals HI4 

and ni6 in family SM, IIIl in PE, ni3 in HEN and m3 in RED. Individual 113 

in family SM groups A1041, cl516 and EW301 together, flanked by EW206 and 

EW503.

The importance of accurate diagnosis in performing linkage analysis is well 

known with mis-diagnosis being a frequent source of apparent cross-overs and 

resulting in mis-leading linkage and localisation information. Seven of the 

eleven recombinant chromosomes detailed here were in affected individuals. 

The four unaffected individuals involved were adults and had been 

extensively examined. Their affection status was eventually confirmed by 

examination for the segmental trisomy associated with disease in their families. 

Both cases of inaccurate disease status allocation (one a mis-diagnosis and the 

other a clerical error) described earlier were also clarified once they were 

examined for the segmental trisomy.

4.1.4 Multi-point linkage analysis

Timmerman et ah (1990) confirmed the preliminary localisation of the disease 

locus on the basis of multi-point linkage analysis of the five-generation CMTl a 

pedigree initially described by Raeymaekers et ah (1989) and six chromosome 

17 probes flanking pA10.41 and EW301. They concluded that the most likely 

position for the CMTl a gene was between probes A10.41 and MYH2 (plO.5). 

They were able to exclude the region distal to MYH2 with odds of 3 X 10 :̂1.

The identification of flanking DNA markers for any disease locus is of 

importance not only for the eventual localisation, isolation and identification
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of the disease gene, but also for pre-natal and pre-symptomatic testing of 

individuals at risk for the disease. However, in the case of CMTl a, the 

markers A10.41 and MYH2 are separated by a genetic distance of 29cM, 

making it unlikely that they would be of use in the genetic counselling of 

CMTl a families.

The multi-point analysis in this study involved placing the unknown locus for 

CMTl in relation to the seven probes along chromosome 17 using the data 

from the eight families. The relative order for the seven markers and the 

distances between them  were compiled as a composite of the numerous 

genetic and physical m apping studies published. These included Goldgar et 

ah 1989; W right et ah 1990; Haines et al. 1990; Lupski et al. 1992 and Guzzetta 

et al. 1992. The genetic maps were compiled using a tolerance of 1000:1 

against alternative orders. For regions of overlap all maps were in accordance 

with each other. The genetic data were confirmed by physical data using 

somatic cell hybrids and two-coloured FISH.

Multi-point analysis was initially performed without knowledge of the dosage 

differences involved in the genotpying of individuals with markers 

VAW409R3, VAW412R3 and EW401. The result of this analysis is shown in 

Figure 3.10. The inclusion of the apparent cross-overs due to mis

interpretation of the genotyping of individuals has resulted in a maximum 

likelihood position between probes EW301 and HHH202. Only slightly less 

likely is the position between cosmid 1516 and probe A1041. Both these 

options are approximately 300 times more likely than a postion distal to 

VAW409R3.

Once the duplicated probes were determined as such these data were excluded 

from the multi-point analysis and the programme re-run. This second multi

point analysis generated from the corrected data is shown in Figure 3.11 and 

shows the most likely position for the CMTl a locus to be between probes 

A10.41 and EW503. A peak lod score of 9.84 was generated for the interval
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between probes A l 0.41 and EW503. Comparing this value with that of 7.35 

for the next most likely interval (cl516 to pA10.41) gives odds of greater than 

330:1 that the disease locus resides distal to A10.41 rather than proximal to it.

4.2 DUPLICATION OF 17pll.2

4.2.1 Presence of duplication in the eight families

Duplication of the region 17pll.2 was demonstrated by dosage analysis using 

probe VAW409R3a in all eight families. The segmental trisomy was detected 

by either the presence of all three alleles in the polymorphism with MspI 

digested DNA (2.8, 2.7 and 1.9kb) or by a difference in the hybridisation 

densities of the two alleles in affected individuals heterozygous for the 2.8 and 

2.7kb alleles. This method of duplication depends on at least one affected 

family member being heterozygous at the locus detected by probe 

VAW409R3a. The identification of the duplication of 17pll.2 in the eight 

families confirms their chromosome 17 locus. This is despite the fact that two 

of the families (WH and HEN) had initially shown slight linkage to the Duffy 

blood locus on chromosome 1 (Guiloff et al. 1982). This brings the total of 

published CMTl a families duplicated for this region of chromosome 17 to 49 

(Raeymaekers et al. 1991; Lupski et al. 1991; MacMillan et al. 1991; Hallam et 

al. 1992; Brice et al. 1992)

Three strands of evidence make it highly probable that the duplication is 

responsible for the CMTl a phenotype. Firstly, that the duplication segregates 

specifically with the disease and has not been found in any of the unaffected 

at-risk or married-in individuals. The simultaneous appearance of the disease 

with a de novo duplication in a family was described by Raeymaekers et al. 

(1991). The son was clinically affected and his asymptomatic father had 

received a diagnosis of CMTl based on a major reduction in his NCVs and 

typical nerve biopsy findings. The father's parents, sisters and brothers 

showed no clinical signs of CMTl and had normal NCVs. The son and father 

both had all three MspI alleles as detected with probe VAW409R3a, indicating 

that they carry the duplication. Examination of the genotypes of the
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individuals involved suggest that the duplication is the result of unequal 

crossing over between the two chromosome 17 homologues in the grand

father.

Secondly, Lupski et ah (1991) reported a severe clinical phenotype in an 

individual who was the product of a mating between two individuals affected 

with CMT. The severity of the clinical features included early onset during the 

first year of life, and markedly reduced motor NCV of approximately lOm/s 

(the usual range in affected individuals being 20-40m/s). Examination of the 

segregation of markers from 17p in this pedigree showed that the individual 

had inherited two CMTl a chromosomes. This nuclear family supports the 

hypothesis that the duplication is responsible for the clinical phenotype. It 

also suggests that CMTl a is a semi-dominant mutation, since homozygosity 

for the duplication results in a more severe phenotype.

The third strand of evidence that the presence of the duplication in patients 

w ith CMTl a is responsible for the phenotype comes from Lupski et ah (1992) 

who reported a patient with a partial 17p trisomy [dup (17) (pll.2pl2)]. The 

duplication was shown to be a de novo maternal germ-line mutation. The 

patient, a three year old boy, was profoundly developmentally delayed, with 

short stature and many dysmorphic features. He was shown to be duplicated 

for all the probes found duplicated in patients with CMTl a. The duplicated 

region in this patient extended distally beyond probe VAW411 and proximally 

beyond probe A10.41, the unduplicated markers flanking the duplicated region 

associated w ith CMTl a. The patient also failed to show the novel SacII 

fragment on PFGE associated with CMTl a. Electrophysiological examination 

demonstrated decreased NCV and absent sensory nerve conduction, a 

phenotype consistent with a generalised demyelinating motor and sensory 

peripheral neuropathy. The patient did not display the full clinical spectrum 

associated with CMTl a, but the authors suggested that his young age meant 

that this was to be expected since the average age of onset of clinical 

symptoms is much later than three years of age.
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4.2.2 Extent of the duplication

Two other probes m apping to 17pll.2 were also found to be duplicated in the 

families presented here. Probes VAW412R3HEb and EW401RHE have di- 

allelic MspI polymorphisms and the difference in hybridisation densities could 

be seen in affected individuals heterozygous for the polymorphism. Probe 

EW401HE was slightly less informative with 28 affected individuals being 

heterozygous for the polymorphism, compared to thirty-six affected 

individuals in the eight families being heterozygous at the VAW409R3a and 

VAW412R3HEb loci. The alleles detected with probe VAW412R3HEb are 

lO.Skb and 5.4kb. This greater difference in the sizes of the alleles made 

interpretation of dosage effects more difficult for this polymorphism. These 

facts combined made the VAW409R3a probe the easiest of the three probes to 

use to determine duplication of the 17pll.2 region.

In all eight families, at least one affected individuals was heterozygous for the 

VAW409R3a and VAW412R3HEb polymorphisms. It was possible to show 

that in cdl families both these loci were involved in the segmental trisomy. 

Affected individuals heterozygous for the EW401R2 polymorphism were found 

in six of the eight families. In the remaining families (HEN and HED), all 

affected individuals were homozygous for the 4.4kb allele making visual 

determination of dosage impossible. The frequency of homozygotes which 

renders the duplication difficult to demonstrate can be markedly reduced by 

the use of the three probes sequentially. Using data generated by the use of 

all three probes in the eight families a maximum lod score of 18.06 at 0 = 0.00 

was obtained.

The region of 17pll.2  involved in the duplication would appear to be 

consistent within the families studied here. In all cases the duplicated region 

was flanked by probes A10.41 and VAW411R2. The latter probe has been 

shown to genetically map 3.45cM distal to probe EW401, the most distal of the 

duplicated markers (Wright et al. 1990). Probe VAW411R2 maps very close to 

probe VAW410R1 (no recombinants are known between these two probes).
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Raeymaekers et al. (1992) found VAW410R1 to be the distal flanking probe for 

the duplicated region in the twelve CMTl a families described.

The twelve families reported by Brice et al. (1992) are duplicated for probes 

VAW412R3HEb and EW401R2 as well as VAW409R3, but no data has yet been 

published concerning unduplicated flanking probes in these families. The 

families described by Lupski et al. (1991); MacMillan et al. (1991) have no 

published data as to the extent of the duplicated region in these patients.

In six of the families in this study, the duplicated region spans three 17pll.2- 

p l2  loci (D17S122, D17S125, D17S61; as detected by probes VAW409R3, 

VAW412R3HEb and EW401R2 respectively). No junction fragments were 

observed on Southern blotting with any of the three probes. The three probes 

hybridize to a single N otl fragment of 1.15Mb (Raeymaekers et al. 1992). A 

novel SacII fragment of 450kb was detected on hybridization with VAW409R3a 

in affected individuals from five families in the study (Raeymaekers et al. 

1992). It has been suggested that this fragment represents the proximal 

junction fragment of the CMTl a duplication in these patients. No such 

alteration was observed with the probes VAW409R3, VAW412R3 and 

EW401R2 on Notl digested DNA it would suggest that the physical size of the 

duplication in these affected individuals is at least 1.15Mb.

Pentao et al. (1992) have constructed a 3.1Mb physical map of 17pll.2-12, 

containing the duplicated region in patients with CMTl a. They found the 

duplication to be a 1.5Mb tandem repeat. The two probes VAW409 and 

EW401 were physically m apped to within 1.0Mb of each other.

The average genetic distance between the outer two duplicated probes, 

VAW409R3 and EW4Ü1, is approximately lOcM (Wright et al. 1990). This large 

discrepancy between the genetic and physical distances of the duplicated 

markers suggest that the 17pll.2 region is one extremely prone to meiotic 

recombination. Significantly higher recombination rates have been reported
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across this region in females (Wright et al. 1990); the genetic distance between 

the two outer duplicated probes being reported as 13cM in females and 4.2cM 

in males.

4.3 MECHANISMS CAUSING DUPLICATION

Examination of sporadic patients and their parents for the haplotype of the 

MspI alleles in de novo duplications may help to elucidate the mechanism 

causing the duplication - a simple duplication event, leaving the meiotic 

recombination to change the haplotype of the duplicated alleles as it is 

transmitted over the following generations or an unequal recombination event, 

generating the varied haplotype frequencies observed directly.

Two points raised in this study suggest that unequal crossing over at meiosis 

is a major mutation mechanism in these families. Firstly, heterozygosity of 

the MspI alleles in the duplication was observed in four of the eight families, 

implying that it is not merely a duplication event. Secondly, since probe 

VAW409R3a detects a tri-allelic MspI polymorphism, six haplotypes can be 

expected in the duplication. The relative frequencies of these haplotypes 

depending on the frequencies of alleles A, B and C (Table 3.10). In the eight 

CMTl a families analyzed the three most common haplotypes were observed. 

There was no significant difference in the number of observed haplotypes and 

the expected number (%^=1.2 with 5 degrees of freedom; 0.90 < p > 0.95). The 

absence of significant allelic association within the duplication suggests that 

the duplication probably originated independently in these CMTl a families.

The high frequency of heterozygosity within the duplication for locus D17S122 

(probe VAW409R3) suggests that it could occur from unequal crossing over. 

The lack of significant association of haplotypes within the duplication seen 

in the eight families in this study, as well as the twelve families reported by 

Raeymaekers et al. (1991) favours the idea that the duplication results from an 

independent de novo event in each family. However, the same findings could 

be accounted for by the alteration of a common ancestral duplication by
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frequent recombination in this region of chromosome 17.

The large discrepancy between a large genetic distance of 4.2 and 13.9cM (in 

males and females respectively) (Wright et al. 1990) and a small physical 

distance of 1.0Mb (Pentao et al. 1992) between probes VAW409 and EW401 

suggests that this region may be extremely prone to meiotic recombination. 

It has been demonstrated that the 17p 11.2-12 region is subject to de novo 

deletion (Smith et al. 1986; Magenis et al. 1986). It is possible that the same 

recombination mechanisms that result in micro-deletion on one chromosome 

homologue could result in duplication on the reciprocal homologue.

Interstitial microscopic deletions of 17pll.2 are associated with Smith-Magenis 

syndrome (SMS). The common clinical findings include broad flat midface 

with brachycephaly, broad nasal bridge, mental retardation, speech delay and 

hoarse, deep voice. Greenberg et al. (1991) examined 31 patients with SMS 

using probes from within and around the region duplicated in patients with 

CMTl a. In thirty of these individuals the deleted region extended from distal 

to probe EW301 to proximal to probe VAW409R3. The critical region for the 

deletion observed in SMS would appear to map proximal to the duplicated 

region seen in CMTl a. One SMS patient was found to be deleted for probe 

EW401, the most distal of the probes found to be duplicated in CMTl a. The 

patient showed no clinical signs of peripheral neuropathy. Fifty-five percent 

of the SMS patients in Greenberg's study showed clinical signs suggestive of 

a peripheral neuropathy, including reduced or absent deep tendon reflexes, 

decreased sensitivity to pain and decreased leg muscle mass). However, in 

contrast to CMTl a patients, their peroneal NCVs were normal, except for one 

patient. In this individual the deletion was shown to extend distally beyond 

marker S6.1-HB2, but the data were uninformative for the next more distal 

probes VAW409R3 and VAW412R3. It seems that SMS represents a 

contiguous gene micro-deletion syndrome which is associated with del(17) 

(pi 1.2) and can include signs of peripheral neuropathy. It is interesting to 

note that absent REM sleep was described for two SMS patients and that the
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patient with duplication of 17pll.2 described by Lupski et al. (1992) also 

suffered from reduced percentages of REM sleep. This suggests that a gene 

im portant in sleep function may m ap to proximal 17p and be dosage 

responsive.

Hereditary neuropathy with liability to pressure palsies (HNPP) is an 

autosomal dominant disorder characterised by episodes of focal demyelinating 

neuropathy as a consequence of minor injury to peripheral nerves. The HNPP 

locus has been recently assigned to chromosome 17pll.2 (Chance et ah 1993). 

A large interstitial deletion has been described in association with this 

condition in three unrelated pedigrees. The deletion spans approximately 

1.5Mb and includes all the markers known to map within the duplicated 

region for CMTl a. This includes the gene for PMP-22. The breakpoints in 

HNPP and CMTl a m ap to the same intervals in 17pll.2. This has lead to the 

suggestion that the duplicated chromosome 17 in CMTl a and the deleted 

chromosome in HNPP may be the reciprocal products of an unequal crossover 

during meiosis (Chance et al. 1993).

Tandem duplication of large regions of DNA, including duplication of whole 

genes, has been suggested as one mechanism for genetic evolution. Tandem 

duplication of smaller regions involving portions of genes has been shown as 

a contributor to the mutational spectrum resulting in genetic disease (Hu and 

Worton, 1992). Some of the most striking examples of gene evolution through 

gene duplication and the formation of multi-gene families are found in the 

hum an genome. These include the multi-gene families with homogenous 

repeat units such as the ribosomal RNA genes (Sylvester et al. 1986) and those 

with heterogenous repeat units, including the haemoglobin genes (Efstratiadis 

et al. 1980; Higgs et al. 1989). The tandem head-to-tail orientation of the 

members of a gene family suggests their origin is via successive duplication. 

It is assumed that this duplication allows the genome to acquire novel 

functions since beneficial mutations can accumulate in one copy whilst another 

carries out the original function (Jeffreys, 1989).
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The most generally accepted mechanism by which these tandem gene 

duplications arise, is that of unequal crossing over, either between homologous 

chromosomes or between sister chromatids of the same chromosome. This 

mechanism would also account for the formation of a deletion as the other 

product of reciprocal exchange.

Studies on chromosomal duplications in E.coli and in man have demonstrated 

that duplication junctions occur in regions containing repetitive extragenic 

palindromic (REP) sequences (Shyamala et al. 1990) and also near Alu 

sequences (Devlin et ah 1990). Mutations at the Bar locus in Drosophila are 

frequently associated with a tandem duplication of chromosome bands 16A1- 

A7. It has been proposed that a transposable element (B104), located at the 

duplication junction, is involved in the generation of the duplication. DNA 

sequencing of the region suggests that the duplication is generated by a 

recombination event between the two B104 elements, one in 16A1 and the 

other in 16A7 (Tsubota et al. 1989).

The construction of a 3.1Mb restriction map of the CMTl a region from both 

normal and patient chromosomes, together with a YAC contig covering the 

entire duplicated region and spanning the end points (Pentao et al. 1992) 

suggested the mechanism causing the duplication. Several low copy repeat 

sequences were detected, one of which, the large (at least 17kb) CMTla-REP, 

flanked the CMTl a monomer unit. This repeat is present in two copies on 

unaffected chromosomes and three copies on affected chromosomes. Pentao 

et al. (1992) proposed that the CMTla-REP is involved in the formation of the 

de novo CMTl a duplication by unequal crossing over during meiosis through 

misalignment of the repeat.

4.3.1 Cross-overs within the duplication

Three crossover events were observed, in families MO, SM and PE, which 

appeared to involve recombination between probes within the duplication. 

The initial crossover reported was that seen in family MO. This cross-over is
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outlined in Figure 3.21 and appears to have resulted from meiotic 

recombination occurring between the chromosome 17 homologues between the 

loci D17S122 (probe VAW409R3) and D17S66 (EW502), the intervening probes 

being uninformative. From the data available it cannot, then, be determined 

which other loci are involved in the recombination event as seen with probe 

VAW409R3a. As outlined in the Results Section 3.7.2 the cross-over may be 

explained by a recombination event as shown in Figure 3.21. Considering the 

locus D17S122 as detected with probe VAW409R3a, there is a crossover with 

the disease locus in the meiosis II-3 to III-4. As individual II-5, the unaffected 

father, is homozygous for the 2.8kb allele ('A" in the figure), his daughter ni-4 

m ust have inherited this allele from her father. As she is heterozygous at this 

locus, she m ust have received a 2.7kb allele ("B" in the figure) from her 

mother, n-4 is unaffected and has equal intensity of these two alleles. This 

means that she has received only one copy of the 2.7kb allele from her affected 

mother. Her mother II-3 is heterozygous at this locus, carrying two copies of 

the 2.7kb allele on her affected chromosome and one copy of the 2.8kb allele 

on her unaffected chromosome. Therefore a recombination event must have 

occurred between her two chromosomes to yield a single copy of the 2.7kb 

allele on the unaffected chromosome she passed on to her daughter.

Since probes VAW412 and EW401 are both uninformative in this meiosis, three 

possible events could explain the observed results and these are shown in 

Figure 3.22. Since the probes distal to the duplicated region are also 

uninformative in this meiosis, it is also possible that the cross-over occurred 

distal to the duplicated region but proximal to probe EW502.

Since the publication of this cross-over between probe VAW409R3a and the 

CMTl a locus (Hallam et al. 1991), other recombination events have been 

reported. Raeymaekers et al. (1992) presented three recombination events 

resulting in a switch of the haplotype of one of the duplicated markers. Two 

of these events occurred during meiosis in a female, the recombination 

occurring between probes VAW409R3 and EW401 (VAW412R3HEb was
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uninformative). The third recombination event occurred proximal of EW503, 

between markers EW401 and VAW409R3, changing the haplotype of the 

EW401 MspI alleles on the chromosome carrying the duplication. No data was 

presented on the sex of the individual in whom the meiotic recombination 

occurred. Brice et al. (1992) also presented evidence of a similar recombination 

event occurring in a female meiosis.

Two further recombination events were observed to involve the duplicated 

probes in families in this study. In family PE there is a cross-over between the 

probes within the duplicated region resulting in a change in the allele 

haplotype on the affected and unaffected chromosomes during the meiosis in 

individual III-3 giving rise to the alleles passed onto his daughter IV-4. This 

recombination event occurred proximal to 412 since 409 is not involved. The 

most distal of the duplicated probes, 401, was uninformative. Figure 3.26 

shows the observed results and Figure 3.27 outlines a possible explanation of 

a cross-over resulting in the haplotype switch.

Family SM showed another recombination event within the duplication 

resulting in a change in allele haplotype for probes VAW409 and EW401 

within the duplicated region (412 being uninformative) between individuals 

I-l and n-3. Figures 3.24 and 3.25 respectively show the results observed and 

an interpretation of the recombination event.

These two recombination events both occurred during male meioses. This is 

in contrast to all the recombination events published to date which occurred 

during meiosis in a female, with the exception of the unknown case reported 

by Raeymaekers et al. (1992). The increase in meiotic recombination in females 

in this region of the short arm of chromosome 17 is reflected in the differing 

estimations of the genetic distance between lod  D17S61 and D17S122 to be 13.9 

and 4.2 cM in females and males respectively (Wright et al. 1990).

In all reported cases of meiotic recombination within the duplicated region, the
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recombination event has taken place between the two blocks of duplicated 

probes, changing the alleles in the haplotype whilst preserving the duplication 

in affected individuals. It would appear then that despite reported 

recombination events within the duplicated region, the presence of the 

duplication remains consistent with a diagnosis of CMTl a.

4.4 MECHANISM OF DUPLICATION INDUCING PATHOLOGICAL 

EFFECTS

The mechanism by which the duplication induces the CMTl a phenotype is 

unknown. Several mechanisms have been proposed (Lupski et al. 1991): firstly, 

the over-expression of one or more genes in the duplicated region (gene 

dosage effect) is a possible explanation, considering that a region of this size 

could be expected to contain more than ten genes (Brice et al. 1992); secondly, 

interruption of a candidate gene at the duplication junction leading either to 

an altered gene product with a dominant deleterious effect or to an absence 

of the gene product; thirdly, the occurrence of a stable dominant mutation in 

one of the duplicated candidate genes that results in a gene product of 

deleterious effect; and lastly, a change in the physical location of the gene(s) 

within the duplicated region leading to altered regulation of gene expression, 

secondary to a position effect.

Lupski et al. (1992) reported a patient with a large sub-microscopic de novo 

duplication of 17pll.2-12. Clinical examination demonstrated decreased NCV 

and absent sensory nerve conduction. These phenotypic features are consistent 

with a generalised demyelinating sensory-motor polyneuropathy. Molecular 

analysis of his DNA showed duplication of all the probes duplicated in 

CMTl a. The duplication extended beyond probe VAW411 distally and probe 

A1041 proximally, the unduplicated markers flanking the duplicated region 

associated with CMTl a. The description of this patient strongly suggests that 

a gene dosage effect is responsible for the electrophysiological phenotype 

associated w ith CMTl a. The fact that the duplication in this child extends well 

beyond the markers known to be flanking the duplicated region in CMTl a.
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and the lack of the SacII VAW409R3 junction fragment on PFGE, are evidence 

against the idea of interruption of a candidate gene for CMTl a at the 

duplication junction. The suggestion of a stable dominant mutation occurring 

in a duplicated gene is highly unlikely given the de novo nature of the 

duplication in this patient. The argument against this model is further 

strengthened by the reports of de novo duplication mutations associated with 

the onset of the CMTl a phenotype in a family (Raeymaekers et ah 1991).

Timmerman et ah (1992) used densitometric analysis and PFGE to confirm the 

localisation of PMP-22 to within the CMTl a duplication. They showed that 

the gene was telomeric to marker VAW409R3a and at least SOOkb from the 

duplication junction site. FISH analysis has shown that the duplication is a 

direct repeat (Valentijn et ah 1992), implying that there is only one novel 

junction that could interrupt a gene. Valentijn et ah (1992) also used PFGE 

analysis of genomic DNA and YAC clones isolated with the probe 

VAW409R3a to show that the coding region of PMP-22 is flanked by at least 

300kb of duplicated DNA at the centromeric side. They estimated that the 

distance between PMP-22 and the telomeric junction of the duplication is at 

least SOOkb. The large distance separating the coding region of PMP-22 and 

the junction fragment of the duplication does not exclude an alteration in 

PMP-22 expression by the presence of the duplication. The duplication could 

affect c/s-acting regulatory sequences or the regulation of the gene could be 

altered by an alteration in the chromatin structure.

4.5 PMP-22

PMP-22 would be a strong candidate gene based on its localisation and 

expression alone, but the recent descriptions of its mutation in Trembler mice 

makes its involvement in the pathogenesis in CMTl a more likely. The 

Trembler mouse has been proposed as an animal model for CMTl a based on 

its neuropathological phenotype and its location on mouse chromosome 11 

close to the region syntenic for proximal hum an chromosome 17. Mutations 

have recently been described in the mouse peripheral myelin protein gene
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pmp-22 in Trembler and Trembler^ phenotypes (Suter et al. 1992a) and the 

mouse Pmp-22 gene has been m apped to the genetically defined Trembler 

locus (Suter, 1992b). The hum an homologue of mouse pmp-22, PMP-22, has 

been shown to map within the duplicated region in CMTl a (Patel et al. 1992; 

Valentijn et al, 1992) using PFGE, FISH and dosage analysis. Patel et al have 

cloned the hum an PMP-22 gene and found strong homology with pmp-22; 

87% identity between hum an and rat PMP-22, and 86% identity between 

hum an and mouse PMP-22. The predicted membrane-associated domains of 

the protein are especially highly conserved, suggesting a possible functional 

role of these domains. Expression of PMP-22 was detected at high levels only 

in the spinal cord and peripheral nerve, identical to the sites of expression of 

pmp-22 in the rat.

Since PMP-22 is contained entirely within the duplication, dosage differences 

in PMP-22 expression may be partly or totally responsible for the CMTl a 

phenotype. Although there may be additional gene(s) within the CMTl a 

duplicated region which may contribute to the CMTl a phenotype, the strong 

similarities between Trembler and CMTl a suggest that the PMP-22 gene has 

a primary role in the phenotypic effect of the DNA duplication associated with 

CMTl a. This hypothesis would be supported by an evaluation of PMP-22 

gene expression in duplicated CMTl a patients.

Given the likelihood that the duplication of PMP-22 gene is responsible for the 

phenotype of CMTl a in humans, it is interesting to compare this with the 

effects of point mutations in the same gene as seen in Trembler and Trembler- 

 ̂ mice. Both heterozygous and homozygous Trembler and Trembler-  ̂ mice 

show severe hypomyelination. Trembler is a progressive disease due to the 

breakdown of myelin from m utant Schwann cells. Trembler-  ̂ mice, whilst 

clinically and pathologically similar to Trembler mice, tend to not be 

progressive in their disease. The point mutations seen in these two mouse 

conditions appear to result primarily in abnormal myelin formation. In 

contrast, in CMTl a the peripheral myelin is formed normally, but there is
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progressive destruction resulting in wide-spread loss of myelin especially 

around the larger axons. So it would appear that the primary defect in the 

hum an condition is one of myelin maintenance (Suter et al. 1993).

The creation of transgenic mice over-expressing the PMP-22 gene may prove 

useful for testing threshold and dosage effects as well as tolerance to increased 

PMP-22 expression (Patel et al. 1992). However, there are potential drawbacks 

to this approach. Since CMTl a is a late-onset condition, transgenic mice may 

not live enough to express the CMTl a phenotype. Over-expression of PMP-22 

alone may not be sufficient to cause the CMTl a phenotype if other regions 

contained within the duplicated region are involved in the disease. (Suter et 

al. 1993).

It is not yet known if the Trembler and Trembler-  ̂ mutations lead to a 

complete loss of function of the m utant PMP-22 gene product. Since both 

m urine disorders are dominantly inherited, this "loss of function" mechanism 

implies that two intact copies of the PMP-22 gene are necessary for the 

expression of the wild-type phenotype. If this is so, then the disease 

phenotype could be corrected by over-expression of the wild-type gene in 

these animals. Alternatively, Trembler and Trembler-  ̂ could represent 

dom inant negative mutations, for example, the m utant gene product may 

interact with other proteins that might normally be functionally associated 

with PMP-22.

The m urine mutations both occur within putative membrane-associated 

domains. It is thought that these mutations may alter the three-dimensional 

structure of the protein preventing proper insertion of PMP-22 into the 

Schwann cell membrane, and therefore disrupting myelin formation. It is also 

possible that a loss of function mutation would result in a 50% decrease in the 

PMP-22 gene product. This would suggest that the stoichiometry of PMP-22 

is essential for the expression of the wild-type phenotype. This theory could 

be expanded to encompass the proposed dosage effect of potential over-
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expression of PMP-22 in CMTla. It could also involve the hereditary 

neuropathy with liability to pressure palsies (HNPP) associated with deletion 

of one copy of PMP-22 (Chance et ah 1993).

At the time this study was completed there had been no report published of 

a CM Tla family not showing the duplication. MacMillan et ah (1992) reported 

one family with CMTl in which affected individuals heterozygous for the 

VAW409R3a polymorphism failed to show any dosage effect on Southern 

blotting. However, the report did not include any details of linkage studies 

to probes from chromosome 1 or chromosome 17 or the pedigree of this family 

showing the mode of inheritance. The report does comment that this family 

did not differ in the type or severity of the disease phenotype compared to 

those families where segmental trisomy was found.

Since the completion of this study individuals with CMTla, but lacking the 

segmental trisomy, have been reported. Valentijn et ah (1992) described a three 

generation family with ten individuals affected with CMTl, but lacking the 

duplication commonly found in CMTla. However, strong genetic linkage 

existed between the CM Tla marker VAW409R3a and the disease in this family. 

Direct sequence analysis of the coding region of the PMP-22 gene revealed the 

presence of a single point mutation in affected individuals. The mutation was 

identical to the mutation found in Trembler^ mouse and results in a non

conservative Leul6 to Pro amino substitution in the putative first 

transmembrane domain of PMP-22. The co-existence of the same amino acid 

substitution in hum ans with CMTla and in Trembler^ mice strongly suggests 

that the mutation is the pathogenic lesion and not a coincidental 

polymorphism. The substitution was not observed in 168 different unaffected 

chromosomes tested (Valentijn et ah 1992) making it unlikely to be a 

polymorphism.

Analysis of the mutation in RNA from fibroblasts showed that both the m utant 

and wild type sequences of PMP-22 were transcribed. This suggests that both
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m utant and normal protein could be present in the myelin sheath of 

individuals with CMTla. Whether the disease is caused by the presence of the 

m utant protein or the reduction in the wild type protein is not known. The 

lack of clinical features suggesting a peripheral neuropathy in patients deleted 

for this gene (Smithj Magenis syndrome) would indicate that it is the presence 

of the m utant PMP-22 that is pathological. However, the recent description of 

deletion of all the markers known to be duplicated in CMTla, in individuals 

with hereditary neuropathy with liability to pressure palsies (HNPP) (Chance 

et al. 1993) may suggest that a reduction in wild type PMP-22 is pathological.

Examination of the PMP-22 gene in CMTla patients who do not show the 

duplication would clarify this point. PMP-22 defects may also give rise to 

similar neurological disorders such as Roussy-Levy syndrome, which 

compounds peripheral neuropathy symptoms with tremor of the hands.

4.6 CMT2 FAMILIES

Families segregating for autosomal dominant CMT2 were also examined for 

segmental trisomy of chromosome 17pll.2. Affected individuals from five 

CMT2 families were examined. No duplication was observed of the probes 

found to be duplicated in the CMTla families. Whilst this shows that in the 

families reported here, CMT2 is not a result of the same mutation as is found 

in CMTl, it does not exclude the possibility of allelic heterogeneity. To 

exclude a chromosome 17 locus for the CMT2 disease gene would require 

linkage analysis using the chromosome 17 probes. However, due to the some

what milder phenotype of CMT2, an accurate disease status may be difficult 

to obtain. Also, large families are the ideal for linkage studies, with conclusive 

data difficult to generate with smaller families. A recent report by Loprest et 

al. (1992) w ith three large CMT2 families was able to exclude linkage 15cM 

proximal to probe A10.41 and 30cM distal to probe EW503 on chromosome 17. 

They were also able to exclude the chromosome 1 locus described for CMTlb; 

15cM proximal and 20cM distal to FCG2. The large distances excluded on 

either side of the CMTla and CMTlb regions support non-linkage of CMT2
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in those families. Hence, whilst the clinical presentation of CMT2 is similar 

to CMTl, the disorders are genetically distinct. This supports the original 

pathological and physiological classification separating these two conditions 

(Dyck and Lambert, 1968 a and b).

Since the DNA sequence for the PMP-22 gene is now known (Valentijn et al. 

1992), sequencing of this region in CMT2 individuals will demonstrate 

conclusively if CMTl and CMT2 are genetically distinct.

The next step in these families will be a chromosomal localisation for the 

CMT2 disease locus. No specific biochemical change or change to the ultra

structure have been described in this disease. No cytological abnormalities 

have been reported to demonstrate a likely chromosomal localisation for the 

disease.

A few inherited neurological diseases whose phenotype may overlap that of 

CMT2, have been localised to specific chromosomal regions by linkage studies. 

Proximal spinal muscular atrophy (SMA) has been linked to the long arm of 

chromosome 5 (Brzustowicz et al. 1990) and affected individuals exhibit 

progressive neuropathic weakness. Reported autopsy findings of CMT2 

patients include anterior horn degeneration as seen in SMA (Loprest et al. 

1992). Friedreich's ataxia has been localised to chromosome 9 (Chamberlain 

et al. 1988) and includes in its clinical presentation a progressive distal 

neuropathy. The localisation of these two inherited neurological disorders, 

whose presentation may overlap the CMT2 phenotype may provide useful 

starting points for linkage studies to localise the CMT2 disease locus.

4.7 DUPLICATION DETECTION IN SFORADICS AND SMALL FAMILIES

The presence of a sub-microscopic duplication of chromosome 17pll.2 

provides an easy method for the DNA diagnosis of CM Tla in familial or 

sporadic cases, obviating the need for large families required by linkage 

analysis w ith chromosome 1 or 17 markers. Screening patients with the
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duplication will allow better definition of the clinical and electrophysiological 

spectrum of the disease. Determination of dosage at the D17S122 locus in 

CM Tla patients by any of the methods described: probe VAW409R3a on MspI 

digested genomic DNA via Southern blotting; dosage analysis using two 

probes from within the duplicated region and a control probe from another 

chromosome (Hoogendijk et ah 1992); the novel ScaU fragment observed by 

PFGE (Lupski et ah 1991; Raeymaekers et ah 1992); and two-colour FISH of 

lymphoblasts or fresh lymphocytes; may prove useful diagnostic methods for 

CMTla.

Probe VAW409R3a hybridised with MspI digested DNA from sporadic cases 

or those from small nuclear families proved of some use in detecting the 

duplication; twenty-nine samples from a study group of sixty-one were 

informative. The remaining 32 cases were either homozygous for the 

VAW409R3a polymorphism of were heterozygous, but involved the rare 1.9kb 

allele (allele C). There was thought to be too great a difference in size between 

this allele and either of the other two, to perform dosage analysis.

The system reported by Hoogendijk et ah (1992), by virtue of its design, made 

every sample informative. Once the applicability of this method had been 

determined, it was used on the remaining samples. Of these twenty-nine 

samples, fifteen were shown to be duplicated for part of 17pll.2. A total of 

67% of samples (39/58) were shown to be duplicated. This method was also 

used in families for whom linkage analysis was inappropriate; for example, 

only a few family members were available for analysis. Nine such families 

were examined and they all showed evidence of the duplication of 

chromosome 17pll.2  associated with CMTla.

It was interesting to note that in the affected control population used to 

validate the test there was a divergence from the expected result. The ratios 

were calculated for both the chromosome 17 probes compared to the control 

probe (VAW409R3a/E3.9 and VAW412R3/E3.9). The mean of each ratio was
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determined for the unaffected control population and was set at 100%. All the 

other ratios (for both affected and unaffected control populations) were then 

expressed as a percentage of the set value. Hence for unduplicated individuals, 

one w ould expect ratios reflecting the presence of two copies of each probe, 

that is of approximately 100%. Similarly one would expect the affected control 

patients to yield ratios of approximately 150%, reflecting the 3:2 ratio of 

duplicated marker to control marker. This was indeed the case for the 

VAW409R3a/E3.9 values - the mean of the affected control population was 

157.4. However the affected control mean for the VAW412R3/E3.9 data was 

over 170. This is in marked contrast to the data from Hoogendijk et al (1992) 

which, whilst the mean values are not supplied, it certainly appears that the 

affected control population is clustered around an approximate mean of 150% 

for both ratios.

The reason behind this observation may be one of the extreme sensitivity of 

the technique. The position of the VAW412R3a band on the filter, as the 

largest of the three bands, as shown in Figure 3.29, may be of importance. In 

all but one of the experiments this band was more intense than the other two. 

the sampling of a more intense band may introduce a larger range of error in 

the operator than the sampling of the other two, less intense bands.

This type of discrepancy is also seen in other data sets published by other 

groups using the same techniques. Valentijn et a l (1992) give a 

VAW412R3a/E3.9 ratio of 137% for their affected control when expressed as 

a percentage of the mean for the unaffected control group. A similar analysis 

by lonasescu et a l (1993) but using a different control marker (APOC2) yields 

VAW412R3a/APOC2 ratios around 170% of the mean of the unaffected 

population ratio. Both groups used Phospho-imaging to directly quantify the 

signal from each probe used.

The standard error for the affected population in this study was 22.6, giving 

95% confidence limits of 129.6 to 218.2. This variation does not seem to affect
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the validity of the test when the logistic-regression analysis so clearly separates 

the two control populations.

4.7.1 Applicability of dosage analysis in clinical cases

The examination of the many sporadic/nuclear family cases for segmental 

trisomy proved very useful in the differential diagnosis of CMTla. Prior to 

the identification of segmental trisomy for chromosome 17pll.2 in CMTla, the 

diagnosis of CMTla was difficult to confirm in the absence of affected 

relatives. Testing for the presence of the duplication using the method 

described by Hoogendijk et al. (1991) has been shown to be applicable to both 

sporadic cases and those with a family history. Once a family has been shown 

to carry the duplication it is possible to test asymptomatic family members to 

determine their disease status. Prior to the description of the duplication 

events it would have been very difficult to even confirm that the disease locus 

was on chromosome 17 in any particular family.

The demonstration of the duplication within a fcunily also raises the possibility 

of pre-natal diagnosis for a foetus of an affected individual. In the case 

described in this study it was possible to demonstrate the presence of the 

duplication in all the affected family members including the pregnant 

propositus. All affected individuals in the family were homozygous for the 

locus D17S122 as detected with probe VAW409R3a. The segmental trisomy 

in these individuals was demonstrated using the dosage analysis between two 

probes from within the duplicated region and a control marker from another 

chromosome. The propositus was adam ant that a CVS should be taken even 

though the likelihood of obtaining a definite result was explained to her to be 

only 50%. As mentioned earlier the mother-to-be was homozygous at the 

locus, but since it was shown that she carried the duplication it could be 

inferred that her affected chromosome carried two copies of the 2.7kb allele 

and the unaffected chromosome carried one copy of the 2.7kb allele. Her 

husband was known to be heterozygous at this locus. The informativeness of 

the foetus' genotype depended on which allele he received from his father.
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If he inherited the 2.8kb allele, he too would be heterozygous for the 2.8 and 

2.7kb alleles and dosage analysis would be possible to determine which 

chromosome (the affected with two copies of the 2.7kb allele or the unaffected 

with one copy) he had received from his affected mother. Examination of the 

foetal DNA showed that he had in fact inherited the 2.7kb allele from his 

father making the foetus homozygous at this locus and therefore 

uninformative for dosage analysis. It was unprecedented to offer pre-natal 

diagnosis using the method of dosage analysis used in the mother's family and 

therefore no result was available to the family. The parents continued with the 

pregnancy but its outcome is not known.

Once the applicability of pre-natal diagnosis using this method is known it will 

offer a conclusive test for those parents carrying the duplication who wish to 

know the disease status of their unborn child.

The individuals found to not carry the duplication pose an interesting 

question; do they represent cases of CM Tla without the segmental trisomy, 

but carrying another lesion, or are they mis-diagnosed? This latter option is 

perhaps the more plausible one for the first group of individuals with no 

family history. Only four out of fourteen showed the duplication, but this 

group presumably included a large proportion whose defect was not even 

genetic. This is in comparison to the group where the defect was known to 

be genetic since other family members were affected. Six out of seven of such 

individuals were segmentally trisomie for chromosome 17pll.2.

The selection of these individuals for testing was not rigorous and in many 

cases was an exclusion test. Hoogendijk et al. (1992) studied ten individuals 

affected with a peripheral neuropathy with unaffected parents. All individuals 

in the study had undergone rigorous neurological investigation. They found 

evidence of duplication in nine of these ten patients but not in any of the 

parents. This indicates that a de novo mutation is the most frequent cause of 

sporadic cases with typical CMTl.
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These results are in contrast with previous assumptions. Dyck suggested that 

the m utation was transmitted autosomal dominantly to isolated CMTl 

patients, with their parent being an asymptomatic carrier of the mutation 

(reviewed in Hoogendijk et ah 1992). Harding and Thomas (1980b) suggested 

that most sporadic cases were autosomal recessive inheritance. This 

assumption was supported by the observation that sporadic cases and 

individuals in autosomal recessive pedigrees seemed to be more severely 

affected than individuals from autosomal dominant pedigrees (Harding and 

Thomas, 1980b). This was true for the sporadic cases described by Hoogendijk 

et ah (1992) when compared to age and sex matched patients from six families 

known to carry the duplication. They offer the selection procedure as a 

possible explanation of the difference, since there was no significant difference 

in the severity of the sporadic individuals when compared to the index 

patients in the six families.

4.8 FUTURE FOR STUDY

The identification of PMP-22 as the first candidate gene for CMTla heralds a 

major step towards the elucidation of the molecular defects in CMTla. With 

the publication of detailed YAC contig spanning the CMTla duplication region 

(Nieuwenhuijsen et ah 1992) it should be possible to accurately m ap the extent 

of the duplication in patients with CMTla.

The creation of transgenic mice over-expressing the PMP-22 gene may prove 

useful for testing threshold and dosage effects as well as tolerance to increased 

PMP-22 expression (Patel et ah 1992).

The patients in this study found to lack the duplication require more 

investigation. Clinical follow-up to confirm the initial diagnosis could 

accompany sequence analysis of the PMP-22 gene to demonstrate the causative 

mutations.
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Having established the mutational spectrum in CMTla patients, it would be 

beneficial to use this data in evaluating the clinical spectrum and it may have 

a bearing on the genetic counselling given.

Examination of families with GMT who have shown linkage to loci other than 

17p and those with other hereditary peripheral neuropathies may yield 

information on the interaction of other gene products in the regulation of 

PMP-22 expression.
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D u p l i c a t i o n  o f  P a r t  o f  

C h r o m o s o m e  1 7  I s  
C o m m o n l y  A s s o c i a t e d  w i th  
H e r e d i t a r y  M o t o r  a n d  
S e n s o r y  N e u r o p a t h y  T y p e  

I  ( C h a r c o t - M a r i e - T o o t h  

D is e a s e  T y p e  1 )
P. J. Hallam, BSc,* A. E. Harding, FRCP,t J. Berciano, 
MD,$ D. F. Barker, PhD,§ and S. Malcolm, PhD*

Hereditary motor and sensory neuropathy type I 
(HMSNI), also known as Charcot-Marie-Tooth disease 
type 1 (CMTl), has been shown to be genetically hetero
geneous. A major gene maps to chromosome 17 
(CMTIA). A set of loci, D17S122, D17S125, and 
D17S124, show tight linkage to the CMTIA locus, and 
a duplication of D17S122 has been detected in some fam
ilies. We show that the locus D17S122 is duplicated in 
affected individuals from 7 informative families with 
HMSNI. The duplication was demonstrated either by 
differences in hybridization densities between two 
bands of a restriction fragment length polymorphism or 
by the presence of all three alleles. No normal individual 
had the duplication. A single recombinant exists be
tween the M s p l  polymorphism of D17S122 and the du
plicated band, suggesting that the duplication is of con
siderable size. Patients with HMSN type 11 do not show 
the duplication. These findings will have considerable 
impact on the diagnosis of chronic demyelinating neu
ropathies, in patients with or without similarly affected 
relatives.

Hallam PJ, Harding AE, Berciano J, Barker DF, 
Malcolm S. Duplication of part of chromosome 17 
is commonly associated with hereditary motor and 

sensory neuropathy type I (Charcot-Marie-Tooth 
disease type 1). Ann Neurol 1992;31:570-572

Hereditary motor and sensory neuropathy type I 
(HMSNI) is a genetically heterogeneous disorder; af
fected individuals have a progressive motor and sen
sory demyelinating neuropathy. It is usually referred
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to as Charcot-Marie-Tooth disease type 1 (CMTl) in 
the gene mapping literature. In a small number of 
famihes, the defective gene maps to chromosome 1 
(CMTlb) [1, 2], but the most common gene causing 
this syndrome (CMTla) shows linkage to loci on the 
short arm of chromosome 17 [3-6] in the region 
17pll.2. Vance and colleagues [7] carried out multi
point analysis with the loci D17S122 (VAW409R3), 
D17S124 (VAX411R2), and D17S125 (YAW 
412R3). They concluded that the most likely position 
for CMTl a is in the interval from D17S122 to 
D17S124. Raeymakers and co-workers [8] showed du
plication of the region D17S122 detected by probe 
VAW409R3 in all affected individuals from 12 families 
with HMSN 1. The probe detects alleles of 2.8 kb,
2.7 kb, and 1.9 kb following digestion with M sp\. The 
duplication was detected in affected individuals by the 
presence of all three alleles or by a dosage difference 
between the two bands in individuals heterozygous for 
the polymorphism. The presence of the duplication 
was also found by Lupski and colleagues [9]. We evalu
ated 8 families with HMSNI for the presence of the 
duplication. All families have been previously typed 
for linkage to chromosome 1 [10, 11] and chromsome 
17 [4] markers.

Patients and Methods
Members of 8 families with autosomal dominant HMSNI 
were studied. These families contained 57 affected individu
als. The clinical status of each individual was determined by 
examination and, where possible, nerve conduction studies 
[10]. Two families with autosomal dominant HMSN, in 
which all patients had median nerve conduction velocities 
greater than 38 m/sec (HMSNII), were also investigated.

Blood was collected from each participating family mem
ber, and DNA was extracted by standard methods. The 
DNA was digested with M sp l in the buffer supplied by the 
manufacturer (Northumbria Biologicals, Cramlington, 
Northumberland, UK). Digested DNA was electrophoresed 
in Tris-acetate 0.8% agarose gels and transferred to Hybond 
N"̂  membrane (Amersham International, Aylesbury, UK) in 
20 X SSC (3 M sodium chloride, 0.3 M trisodium citrate). 
Blots were prehybridized and hybridized at 65 °C in 10 X 
Denhardt’s solution, 4 X SSC, 50 p-g/ml salmon sperm 
DNA, and 1% sodium dodecyl sulfate (SDS). Following hy
bridization overnight, the filters were washed in 3 x SSC 
and 0.1% SDS for 40 minutes at room temperature with two 
changes of solution, followed by a wash in 1 X  SSC and 
0.1% SDS at 65°C for 20 minutes. Blots were exposed to 
Kodak XAR5 film at -70°C. The autoradiographs were in
dependently and blindly evaluated for the presence or ab
sence of a duplication by two molecular geneticists; their 
interpretations were all concordant.

Probe VAW409R3 (D17S122) was a 2.1kb EcoR l insert 
in pUC8 vector. It is localized in 17pll.2 and detects three 
alleles with M s p l (2.8 kb, 2.7 kb, and 1.9 kb) with respective 
allele frequencies of 0.50, 0.44, and 0.06. The subclone 
VAW409R3a, a single copy 1.4-kb B am H l-E coB J  frag-
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Fig 1. Family PE. Autoradiogram of  M sP/ digestion probed 
w ith  VAW 409R.^. Restriction fragments from each individual 
are shown immediately under their pedigree symbols.

ment o f  p V A W 409R 3, was kindly provided by Christine 
van Broeckhoven (University o f  Antwerp, Belgium ). V A - 
W 409R I was used as a purified 1 1 kb insert cut out with 
EcoRl. Probes were radiolabeled with ^̂ P by random hexa- 
nucleotide priming [1 2 ] to a specific activity in excess o f  10*̂  

disintegrations per minute/|xg. V A W 409R 3 and V A W 409R I  
required preassociation with sonicated human placental 
D N A  to rem ove hybridization o f  repetitive sequences. This 
process was achieved by mixing labeled probes with soni
cated human D N A  (2.5 mg/ml) in 5 x  SSC, 3 mM Tris, 0.3  
mM ethylenediam inetetraacetic acid (pH , 8.0). This mixture 
was boiled for 10 m inutes and held at 65°C  for 40  minutes 
prior to addition to the hybridization solution.

Results
The 8 families, all of which had previously shown posi
tive LOD scores for linkage to probes from 17pl 1.2 
[4] were analyzed for the M s p \  polymorphism of 
VAW409R3. One family contained no affected indi
viduals heterozygous for the polymorphism, but in the 
remaining "7 families, the duplication o f the D17S122 
locus was observed. Family PE is shown in Figure 1. 
Affected individuals 1-2, 1-3, 1-4, 1-5, 11-1, and 111-4 all 
show a difference in density between the 2.8 kb and
2.7 kb bands. 11-5 shows all three alleles (2.8 kb, 2.7 
kb, and 1.9 kb) and must therefore be carrying a dupli
cation. N o unaffected individuals showed evidence of 
a duplication. The stronger band is either the 2.8 kb 
band (individuals 1-2,1-3, 1-4, 1-5, and 111-4) or the 2.7 
kb band (individual 11-1), because in this family the 
duplicated region contains one copy o f the 2.8 kb allele 
and one copy of the 2.7 kb allele. Individual 1-2 has a 
double dose o f the 2.8 kb band and a single copy of 
the 2.7 kb band. Her affected daughter, 11-1, inherited 
an affected chromosome (carrying 2.8 kb and 2.7 kb) 
from her, plus a 2.7 kb band from her father. Thus, in 
11-1, the 2.7 kb band is present as a double dose and 
the 2.8 kb band as a single copy.

Overall, 35 affected individuals in the 8 families 
were heterozygous for the M s p l  polymorphism and 
showed a dosage effect. Twenty-five unaffected or un
related individuals in the pedigrees were heterozygous 
and showed an equal dosage of both bands. The two

a - 11-3

e -
(2.7, 2.7), 2.8

11-4

III-4 ( ) ^m . 111-10

2 .7 .2 .8  (2.7,2.7). 2.8

Affected Chromosome 

Unaffected Chromosome

Affected Chromosome 

Unaffected Chromosome

11-3 111-4 111-10 11-4

 1 2.71,

H 2.8 kb

\ /
/  \

2.7 kb ~|-----

H  2.8 >

— I 2.7 kb

Fig 2. Family MO. lai Restriction fragment length polymor
phism results showing recombination between V A W 409R 3 and  
the m utant gene. The pedigree a n d  fragment sizes are shown on 
the left; an autoradiograph is shou n on the right (2.8 and 2 .1  
kb fragments are upper and loiver bands, respectively), (b) Inter
pretation o f linkage data incorporating recombination.

families with H M SN ll each contained two individuals 
who were heterozygous for D17S122, but they did not 
show a duplication.

In family MO (Fig 2), D H S122 showed a crossover, 
with the disease locus in the meiosis 11-3 to 111-4. 111-4 
inherited a 2.8 kb band from her lather and a 2.7 kb 
band from her affected mother. The mother carries a 
duplication involving two 2.7 kb alleles. This is evident 
as three affected aunts were homozygous for the 2.7 kb 
band. Nerve conduction studies confirmed that 111-4 is 
unaffected; equal dosage of the 2.8 kb and 2.7 kb al
leles is in accordance with this finding, suggesting that 
the region involved in the duplication must be large 
because recombination can occur within it.VAW409Rl 
was uninformative in this part of the pedigree. No  
other recombinants with VAW409R3 were found in 
any of the families.

Discussion
We reexamined 8 families for the presence of a dupli
cation o f the region D17S122 detected by probe 
VAW409R3 [8, 9]. The 8 families have been de
scribed previously [4, 10}. They all showed positive 
LOD scores for linkage to probes from 17pl 1.2 [4, 
13], but in most cases the scores were too low to estab
lish definitively that the defective gene mapped to 
chromosome 17. Two of the families were originally 
reported as showing linkage to the Duffy blood group 
on chromosome 1 [11]; the other families had been 
shown not to be linked to chromosome 1 markers 
[10]. We confirmed that 7 o f the 8 families indeed 
have HMSNI caused by a defective gene that maps to 
chromosome 17. The other family, in which all affected 
individuals were homozygous for the polymorphism, 
awaits quantitative studies.
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Loprest and colleagues [14] reported a large family 
in which the HMSN II gene does not map to chromo
some 17. Neither of the families studied here showed 
a duphcation of the D 178122 region, supporting an 
alternative chromosomal localization.

The existence of a remaining crossover between the 
disease locus and the 409R3 polymorphism suggests 
that the duplicated region is of considerable size. Non
paternity of III-4 is excluded because the family has 
been typed with many markers from chromosome 1 
[10]. In addition to 11 two-allele markers, two hyper
variable loci (D1S7 and D1S8) were used. These dem
onstrate 98 and 97% heterozygosity, respectively, and 
form part of the fingerprinting set of markers devel
oped by Jeffreys [15]. The result can be explained by 
a recombination as shown in Figure 2. Such an event 
is most likely to happen if the distance between the two 
blocks is large. An intrachromosomal recombination is 
also possible, which would leave flanking markers in
tact. Unfortunately, these markers have so far been 
uninformative in this meiosis, and it is not possible to 
differentiate between these two mechanisms.

It thus appears that a duplication of the region 
D17S122 is commonly associated with HMSNI and is 
likely to be related to pathogenesis. This observation 
will have important implications in genetic counseUng 
in HMSN, including prenatal diagnosis, and in nonin- 
vasive diagnosis of chronic demyelinating neuropa
thies. These findings will be particularly useful in spo
radic cases and in families that are currently too small 
to estabhsh linkage to chromosome 17 markers.

Addendum
The one family previously uninformative for the poly
morphism has now been shown to carry the duplication 
since an additional affected individual has been ana
lyzed.

This work was generously supported by the Muscular Dystrophy 
Group o f Great Britain and Northern Ireland.

We wish to thank Drs Christine van Broeckhoven and Peter Raey
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K. Kotowicz for help with preparation o f the manuscript.
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