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Abstract

The aim of this project was to investigate the molecular defects associated with 
Charcot-Marie-Tooth disease and Pelizaeus-Merzbacher disease.

Charcot-Marie-Tooth (CMT) disease is the most common inherited peripheral 
neuropathy with an estimated population frequency of 1:2500. The disease 
displays genetic, clinical, and pathological heterogeneity, and is classified into 
a number of distinct sub-types. The most prevalent form is CMT1A which is 
commonly associated with a duplication of chromosome 17p11.2. The PMP-22 
gene was reported to be mutated in a mouse model of CMT disease called 
Trembler. The PMP-22 gene maps within the duplicated region on chromosome 
17p11.2 and there have been four reports of PMP-22 mutations in patients 
described as CMTI that did not carry the duplication. A separate form called 
CMT1B is associated with mutations of the Po gene on chromosome 1q22-23. 
CMTIII or Dejerine-Sottas disease has been described as an autosomal 
recessive condition that displays a more severe phenotype than the previous 
forms, but is caused by mutations of either PMP-22 or Po.

Patients with CMT disease who did not carry the CMTIA duplication have been 
screened in this study for mutations in PMP-22 or Po. In addition, 50% of 
another myelin protein gene called PMP-2 has been screened. Three PMP-22 
and a single Po gene mutation have been identified in CMTIII patients and no 
point mutation was identified in CMTI patients that did not carry the CMTIA 
duplication. In each case no other mutation within the same gene was identified, 
thereby suggesting dominant transmission of the disease which is in 
disagreement with the earlier proposal of autosomal recessive inheritance in 
CMTIII. However, it remains a possibility that these patients have developed the 
disease through the recessive inheritance of mutations in two diferent genes. 
The results demonstrate that in most cases, point mutations of PMP-22 cause 
CMTIII or severe CMTIA.

CMT type II has been linked to a locus on chromosome 1 distinct from CMTIA 
and CMT1B. Linkage analysis in two CMTII families with three markers, showed 
an absence of close linkage to this locus, thereby demonstrating further genetic 
heterogeneity associated with CMT disease.

Pelizaeus-Merzbacher (PMD) disease is a rare neurodegenerative disorder 
involving abnormal myelination of the central nervous system. The disease is 
caused by mutation of the PLP gene on the X-chromosome, but no PLP defect 
has been identified in many X-linked patients. The possibility that the same type 
of disease mechanism as that causing the CMTIA duplication was investigated, 
and a gene dosage effect of the PLP gene due to a sub-microscopic duplication 
of chromosome Xq22 was found in two unrelated boys with PMD, and their 
unaffected carrier mothers. The duplicated region spans at least 120kb and the 
level of increased dosage is greater in one boy with a more severe phenotype.
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1.1 Myelin

1.1.1 Structure and Organisation of Myelin

Myelin is generated by two types of specialised glial cells, oligodendrocytes in 

the central nervous system (CNS), and Schwann cells in the peripheral nervous 

system (PNS). These two cell types originate from different cell lineages with 

oligodendrocytes being derived from progenitors of the neural tube, whilst 

Schwann cells as well as other cells of the PNS are of ectodermal origin and 

migrate from the neural crest.

Both oligodendrocytes and Schwann cells make up only a subset of different cell 

types that are found in either the PNS or CNS. Studies in vitro suggest that 

oligodendrocytes are derived from 02-A cells which also give rise to non

myelinating type-2 astrocytes in the CNS, and that oligodendrocyte differentiation 

is influenced by growth factors such as PDGF (Noble et al. 1988) and bFGF 

(Hardy et al. 1993). There is no direct evidence for this in vivo, but studies in 

mouse CNS indicate the presence of cell types that have the morphological 

characteristics of both astrocytes and oligodendrocytes in the developing spinal 

cord. This strongly suggests that oligodendrocytes within the developing CNS 

arise along the same pathway which leads to astroglial differentiation (Choi, 

1986). An analogous situation occurs in the PNS where both myelinating and 

non-myelinating Schwann cells are found.

The myelination process initiates in both the PNS and CNS with the synthesis of 

a large sheet of plasma membrane which is spirally wrapped around the axon 

and then tightly compacted. The innermost layers of the myelin sheath have 

been shown to be contiguous with the plasma membrane of the myelin forming 

cell (Webster et al. 1973). When viewed in cross-section by electron microscopy, 

the compacted myelin sheath appears as a regular array of rings of plasma 

membrane bilayers (Fig 1.1). At each turn of the sheath two membrane surface 

appositions occur, one between the intracellular cytoplasmic membrane surfaces
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and the other between the extracellular membrane surfaces. The cytoplasmic 

surface meeting is called the major dense line of myelin, whilst the extracellular 

surface alignment is called the intraperiod line (Fig 1.1). The myelin structure has 

been likened to a rolled up sleeping-bag in which the cytoplasmic surfaces or 

major dense line corresponds to the inside of the bag, and the extracellular 

surfaces or the intraperiod line is analogous to the outside of the bag (Lemke, 

1992).

The distance between one major dense line and the next (similarly for the 

intraperiod line), defines one turn of the myelin sheath. X-ray diffraction studies 

have indicated that this distance is 170Â in the CNS and 150A in the PNS. 

Taking into account that a single plasma membrane bi layer has been measured 

at around 50A, it is evident that fully compacted myelin contains very little 

cytoplasm or extracellular space. In addition, the plasma membrane has been 

extensively modified in both lipid and protein content, with myelin proteins 

undergoing extensive post-translational modifications (Poduslo, 1981), and 

furthermore the myelin sheath may differ from region to region throughout the 

nervous system.

The overall composition of the myelin sheath is fundamentally the same in the 

CNS and the PNS, but there are differences relating to the structure and 

organisation between the two forms. These differences occur as a result of the 

different glial cell types that generate the sheath. Schwann cells appear to be 

evolutionary older than oligodendrocytes. Elasmobranch fishes, such as sharks, 

are the lowest vertebrate genus in which a form of myelin is found. The cells that 

myelinate both the CNS and PNS resemble Schwann cells by the proteins that 

they express (Kirschner et al. 1989). More recently in evolutionary terms, this 

primitive form of myelination and the cells that perform it, have become 

segregated to the PNS and are replaced in the CNS by oligodendrocyte 

myelination. One critical difference between the way Schwann cells and 

oligodendrocytes myelinate is that Schwann cells myelinate a single axon, 

whereas oligodendrocytes can generate myelin sheaths around fifty or more

19



MD

ro
o

SCHWANN CELL

BASAL LAMINA SHEATH

OLIGODENDROCYTE

PNS CNS



different axons. This fifty-fold reduction in cell number is perhaps a reflection of 

the space saving that allows for the development of a more complex nervous 

system as a result of increased numbers of axons.

A number of other differences exist between PNS and CNS myelin. A transverse 

section through a myelinated nerve in the PNS and CNS (Fig 1.1) highlights the 

presence of a basal lamina layer around both axon and the Schwann cell, which 

is absent in the CNS. The basal lamina layer has been shown to be critical for 

myelination in the PNS (Bunge et al. 1986), but not for the initiation of myelin 

protein synthesis (Moya et al. 1980). The position of the myelinated axon in the 

CNS lies outside the glial cell body, whereas the axon in the PNS is surrounded 

by glial cell cytoplasm and the nodes of Ranvier are essentially naked in the 

PNS, whilst cell processes from type 2 astrocyte cells wrap around the node in 

the CNS (Raine et al. 1984).

1.1.2 Myelination

The molecular mechanisms controlling migration of oligodendrocyte and 

Schwann cell precursors, recognition of axons, coordinate synthesis of myelin, 

and regulation of myelin protein genes are largely unknown. In most lab animals, 

PNS and CNS myelination is mostly complete by 3-4 weeks of age. Some 

species eg guinea pigs, possess abundant CNS and PNS myelination at birth, 

which contributes to their relative maturity as newborns. PNS myelination 

precedes CNS in all cases by several days (Raine et al. 1984). CNS myelination 

in rats appears to begin after postnatal day 5 when oligodendrocytes become 

fully mature (Omiin et al. 1986).

Studies of human CNS myelination in autopsied individuals revealed that it 

begins in the fetal period and continues into adulthood with some regions of the 

brain not being completed until the fourth decade. The most dramatic changes 

however occur within the first two postnatal years and it is apparent that the 

sequence and rate of myelination in different regions is related to the functional

21



significance of the neurones in that part of the CNS.

Peripheral myelination in the rat begins prenatally. The rat sciatic nerve projects 

into the hind limb from embryonic day E13-14 onwards, and is fully mature by the 

fourth postnatal week (Fitzgerald et al. 1991). As bundles of peripheral nerve 

axons emerge from the CNS, they are followed by migrating pre-myelinating 

Schwann cells, which then segregate large and small axons until a 1:1 ratio of 

Schwann cell to axon exists (Owens et al. 1989).

Schwann cell proliferation and expression of myelin protein gene expression is 

induced by axonal contact (Salzer et al. 1980). The precise signals remain 

unknown since some contacted axons remain unmyelinated. It has been 

proposed that the diameter of the axon determines whether myelination is 

switched on or not,since axons with a diameter of less than 1 pM are generally 

unmyelinated.

In contrast, oligodendrocytes are not dependent on continual axonal contact to 

initiate CNS myelination. There are likely to be some axonal-contact dependent 

signals that influence differentiation of the oligodendrocyte lineage, but their 

presence has yet to demonstrated. Oligodendrocyte maturation and myelin loose 

folds were formed in vitro in the absence of neuronal cell bodies and axons 

(OmIin et al. 1986). Axons modulate myelin protein mRNA levels during CNS 

myelination in vivo (Kidd et al. 1990), but the expression of myelin proteins by 

oligodendrocytes grown in culture in the absence of neurones closely resembles 

the timing of expression seen in vivo (Zeller et al. 1985; Dubois-Daicq et al. 1986).

A number of models describing the process by which the myelin sheath is 

wrapped around the axon were proposed. These included the migration of 

myelinating cells around the axon with myelin being deposited behind the cell, 

or rotation of the axon itself within the myelin sheath as it was formed (Lemke, 

1992). Studies have indicated that neither of these proposals is correct. Instead 

the wrapping process is mediated by a growing front of the myelin membrane
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that undergoes elaborate movement around the axon driven by rapid membrane 

biosynthesis (Fig 1.2). After one turn of the sheath, the 'growing tip' tucks under 

the first layer of sheath that has been laid down. Repeated wrapping is achieved 

through the continuous tight association of the growing inner layer of the 

membrane around the axon, rather than through the migration of the Schwann 

cell body about the axon (Webster, 1971). This model of myelination is 

supported by studies of the Schwann cell nucleus by time lapse photography 

which indicated that the nucleus does circumnavigate the axon, but at far fewer 

times than the number of layers of sheath that are deposited (Bunge et al. 1989).

The initial tucking under process prevents the myelination process resulting in 

the encapsulation of both the axon and the myelinating cell. This initial process 

probably results from the action of strictly localised adhesion molecules that 

mediate preferential association of the growing myelin sheath either with the 

axonal surface or the innermost surface of the first layer of myelin.

The timing of myelin compaction in both the PNS and CNS is dependent on the 

incorporation of specific proteins. In the CNS, compaction rapidly increases at 

around postnatal day 10 in the rat CNS, which is coincident with the expression 

of myelin basic protein and possibly proteolipid protein (Tennekoon et al.1977). 

The compaction occurs by removal of cytoplasm forming the major dense line, 

followed by the close attachment of the outer surfaces of the membrane forming 

the intraperiod line (Baas et al. 1993).

Remyelination following nerve injury takes place within 1-2 weeks in the PNS, but 

occurs only rarely in the CNS and is a much slower process. Transection of a 

myelinated peripheral nerve results in the degeneration of axons distal to the 

stump. Loss of axonal contact results in a severe reduction of myelin gene 

expression in Schwann cells distal to the stump, and a re-emergence of gene 

expression of early pre-myelinating cell markers such as the nerve adhesion 

protein N-CAM and nerve growth factor (NGF) receptor. Schwann cells continue 

to express pre-myelinating genes until they are directly contacted by regenerated
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Fig 1.2 Myelin formation by Schwann cells in the PNS, showing the 
wrapping of new layers of myelin around the axon. Note the 'tucking under' 
of one Schwann cell process under the other in order to lay down a new 
layer of myelin (after Raine 1984).
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axons.

Axons that have undergone remyelination are characterised by short internode 

distances and a thin myelin sheath around a large diameter axon. This 

appearance persists for a number of months while the sheath is fully repaired to 

its initial thickness. The diameter of axons that have undergone remyelination are 

reduced.

1.1.3 Nerve Conduction Along Myelinated Axons

An electrical impulse is conducted along all nerve fibres by the sequential 

depolarisation of the axon membrane, the axolemma, through its temporary 

permeability to sodium ions. This ion then carries a momentary strong current 

into the newly excited region of the nerve axon which spreads longitudinally 

(along the length of the axon) within the axon and then leaks out across the 

membrane to complete the circuit of current flow (Fig 1.3). In completing the 

circuit, the current has to flow out across unexcited portions of the membrane 

which is essentially impermeable to sodium ions. Instead the outward current is 

carried primarily by potassium ions and this flow causes the partial depolarisation 

of the membrane ahead of the nerve impulse. This partial depolarisation in turn 

increases the sodium conductance of that region, thereby initiating a 

regenerative process that produces an action potential along the axon.

The velocity of action potential propagation is determined in part by the distance 

that the current flow spreads along the axon at any instant. This distance 

depends on the length constant which is determined by the relationship of the 

longitudinal (rj (along the axon) and transverse (r )̂ (across the membrane) 

resistances encountered by the current flowing along the axon, and is derived by 

the equation;

A=\/(r Jn+ro) where A= length constant and

r̂ = external longitudinal resistance
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Fig 1.3 Nerve impulse conduction along the 
axon. A. The spread of local current flowing 
across the membrane accompanies 
propagation of the nerve impulse along the 
axon.
B. Saltatory conduction in a myelinated axon, 
showing the action potential jumps from node to 
node, with the longitudinal spread of current 
between nodes. The outflow of potasium ions 
depolarises the membrane ahead of the influx 
of sodium ons.
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The transverse resistance is inversely proportional to the radius of the axon, 

whereas the longitudinal resistance is inversely proportional to the square of the 

axon radius, so it follows that A is increased by either increasing r  ̂or decreasing

n-

In invertebrate species the problem of achieving faster conduction velocities is 

solved by increasing axonal diameter and thereby reducing internal longitudinal 

resistance (rj. However, in vertebrate systems where the complexity of nerve 

conduction requires large numbers of rapidly conducting axons to be restricted 

to relatively confined areas, an alternative means has evolved through the 

insulation of axons with myelin. The myelin sheath greatly increases the 

transverse resistance ( r j  and thereby the length constant along the length of the 

myelinated axon and during the propagation of a nerve impulse .

The multilayered sheath is interrupted at regular intervals by the nodes of 

Ranvier where the axolemma is exposed to the extracellular fluid, which has a 

relatively low resistance. As a result of the high insulating properties of the myelin 

membrane, few ions move across the axonal plasma membrane, and the circuit 

flow ahead of the action potential is restricted to nodes of Ranvier which contain 

an abundance of voltage dependent sodium channels that are required for 

impulse conduction and which are absent from internodal regions along the axon.

The action potential at one node electronically depolarises the membrane at the 

next node, and thus the action potential does not propagate with continuity along 

the axon membrane as it does in non-myelinated nerve fibres. Instead it is 

propagated only at the small areas of the membrane exposed at the nodes of 

Ranvier. The current jumps from node to node through a series of discontinuous 

action potentials and this is known as saltatory conduction. The velocity of signal 

transmission is greatly enhanced as the spread of local circuit current occurs 

rapidly over internodal distances.

Following demyelination, nerve conduction is initially blocked because of
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insufficient numbers of sodium channels in the axolemma. Conduction returns 

after a few days, probably as a result of recruiting new sodium channels in the 

axolemma. Remyelination results in a shift from continuous to saltatory 

conduction, and the sodium channels are redistributed to the nodes of Ranvier 

(Ritchie, 1984). The reduction in the axonal diameter and internodal length of the 

regenerating fibre that accompanies remyelination, results in an approximate 

25% reduction in nerve conduction velocities that is observed for long periods 

(Ritchie, 1984). Such an effect on axon diameter has been proposed to be the 

cause of small diameter fibres in recurrent human demyelinating neuropathies 

(Wolswijk et al. 1989).

1.1.4 Protein Composition of Myelin

The composition of the myelin sheath in both the PNS and ONS is about 30% 

protein and 70% lipid ( including cholesterol, galactolipids and phospholipids). A 

number of myelin specific genes that encode proteins found in both the ONS 

and the PNS have been identified. A small number of proteins are found in both 

the PNS and the ONS, but the overall protein composition is different between 

the two types of myelin. These proteins play roles in the myelination process and 

in maintaining the structure of myelin. Diversity of function of a single protein is 

often highlighted by the identification of more than one isoform which undergo 

post-translational modifications such as phosphorylation and glycosylation.

The major group of myelin proteins that are the most abundant, consists of 

Peripheral Myelin Protein Zero (Po), Proteolipid protein (PLP), Peripheral Myelin 

Protein-22 (PMP-22), Myelin Basic protein (MBP) and Connexin-32 (Cx-32) (Fig 

1.4). The minor group of proteins which are not as abundant that have been 

identified include Myelin-associated Glycoprotein (MAG), Peripheral Myelin 

Protein 2 (PMP-2) and Myelin/Oligodendrocyte protein (MOG).
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1.1.4.1 Structural proteins in the PNS

The PNS myelin proteins that have been identified so far include Po, PMP-22, 

MBP, MAG, Cx-32 and PMP-2.

Po

Po is an integral membrane glycoprotein of SOkD. It is the major structural protein 

of the PNS where it is estimated to make up more than 50% of the protein 

content (Greenfield et al. 1973). Expression of Po has been detected at the 

earliest stages of myelination (Trapp et al.1981), and it is completely restricted 

to myelin-forming Schwann cells and not detected in either non-myelinating 

Schwann cells or the CNS (Messing et al. 1992). The Po protein structure is 

predicted to consist of a single transmembrane domain (Lemke et al. 1985; 

Sakamoto et al. 1987) with a very basic intracellular domain, and a glycosylated 

extracellular domain that contains an immunoglobulin related structure (Salzer 

et al. 1987). Other members of the Ig-like superfamily, such as N-CAM, have 

adhesion roles, and the function of Po has been proposed to involve similar 

protein-protein interactions (Lemke, 1988).

The orientation of the protein in the myelin membrane places this extracellular 

domain at the intraperiod line of the myelin sheath and the cytoplasmic domain 

at the major dense line (Lemke et al. 1988). Loss of Po function in cultured rat 

Schwann cells resulted in the formation of loose folds of uncompacted myelin 

(Owens et al. 1991 a). Furthermore, transgenic mice that were homozygous for 

a null mutation of Po, revealed a role for Po in the compaction of myelin layers 

through the formation of hydrophilic interactions that are mediated by the 

immunoglobulin-like extracellular domain of Po (Giese et al. 1992).

MBP

MBP has been isolated as a number of different isoforms in mice (Newman et 

al. 1987) and humans (Roth et al. 1987) ranging from 14-21.5kD, that are 

expressed by both Schwann cells in the PNS and oligodendrocytes in the CNS.
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The protein makes up around 5-15% of PNS protein (Benjamins 1978) and it 

has been demonstrated that MBP is a cytoplasmic protein that is located at the 

major dense line (Martenson, 1980). It has been proposed that MBPs may play 

a role in myelin compaction (Readhead et al. 1987). The MBP gene has been 

mapped to chromosome 18 in both mice (Roach et al. 1985; Sidman et al. 1985)) 

and humans (Saxe et al. 1985; Sparkes et al. 1987) and the different forms of the 

protein have shown to be generated by alternative splicing of the seven exons 

of the MBP gene (de Ferra et al. 1985; Takahashi et al. 1985). There is evidence 

of developmental regulation along with region specific expression of the different 

MBP isoforms in mice (Carson et al. 1983), rat (Agrawal et al. 1986) and humans 

(Kronquist et al. 1987; Roth et al. 1987).

MBP makes up 30% of CNS protein (Benjamins et al. 1978). MBP expression 

has been detected at the final stages of oligodendrocyte maturation just prior to 

the initiation of myelination.

MAG
MAG is an integral membrane protein that is heavily glycosylated, and is 

expressed at low levels by both myelinating Schwann cells and oligodendrocytes. 

The structure and location of the protein in the membrane resembles that of 

known adhesion molecules such as N-CAM (Cunningham et al. 1987). Two 

isoforms of MAG have been identified, which in the PNS are restricted to 

uncompacted regions of the myelin sheath such as the inner and outermost most 

layers, and to cytoplasmic channels called Schmidt-Lanterman incisures that 

spiral from the glial cell body to the innermost layer of the sheath (Trapp et 

al. 1982).

Expression of MAG has been detected at the very earliest stages of peripheral 

myelination, prior to the appearance of any of the major myelin proteins (Owens 

et al. 1989). MAG is thought to mediate the axon-glial cell adhesion events that 

precede myelination, possibly by maintaining the spacing between the axon and
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periaxonal membrane and thereby facilitating the myelin induction signals that 

are triggered by axonal contact (Trapp 1990).

In vitro experiments in which MAG function was knocked-out in mice, resulted in 

a PNS defect involving the failure of the Schwann cells to associate with axons 

in a 1:1 manner (Owens et al. 1991b). It has also been proposed that MAG aids 

the initial 'tucking-under" process after the first layer of myelin is wrapped around 

the axon (Lemke, 1992). However, the importance of MAG function has been 

questioned by the finding of only subtle changes in myelin structure in null mutant 

transgenic mice (Li et al. 1994; Montag et al. 1994). In one of these studies, an 

increase in N-CAM expression was detected suggesting the presence of 

compensatory mechanisms in the absence of MAG (Montag et al. 1994).

In the CNS, MAG is located exclusively in the periaxonal membrane that directly 

surrounds the axon. It has been reported that MAG inhibits nerve regeneration 

following injury in the CNS (Mukhopadhyay et al. 1994).

The MAG gene has been mapped to mouse chromosome 7 (Sutcliffe, 1987), and 

human chromosome 19 (Barton et al. 1987).

CX-32

Cx-32 is a widely expressed protein that has only recently been identified in the 

PNS (Bergoffen et al. 1993a). It is a member of a family of related protein 

subunits that form gap junctions. Gap junctions are aqueous channels that are 

thought to play a role in cell differentiation pathways by allowing the passage of 

ions and small molecules between cells (Bennet, 1994). Oligodendrocytes are 

known to form gap junctions between themselves and with astrocytes, and 

following the identification of Cx-32, it has been suggested that gap junctions are 

formed between Schwann cells (Bergoffen et al. 1993a). The gap junction 

structure consists of six Cx-32 monomer subunits which form a hexaemeric ring 

structure.
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PMP-22

PMP-22 is a transmembrane protein that is expressed in Schwann cells and is 

present in all myelin sheaths of the PNS (Snipes et al. 1992). Expression in the 

CNS has been detected at a very low level, but it is thought that PMP-22 plays 

no significant role in the CNS (Snipes et al. 1992). The protein was first identified 

as a growth arrest protein called GAS-3A in mice (Manfioletti et al. 1990). It has 

also been called SRI3 (Welcher et al. 1991) and PASH (Kitamura et al. 1976) in 

rats. The protein has a similar predicted structure to PLP with four 

transmembrane domains, and it has been suggested that PMP-22 and PLP have 

analogous roles in the PNS and CNS (Snipes et al. 1992). The protein is located 

at the major dense line, but it probably projects into the major dense line and the 

intraperiod line (Snipes et al. 1992). Recent work has identified two alternative 

PMP-22 transcripts and it has been suggested that PMP-22 plays a role in 

myelination in the PNS, and has a separate function not related to myelination 

(Bosse et al. 1994; Suter et al. 1994) (see Discussion).

PMP-2
PMP-2 is a small myelin-specific cytoplasmic protein of 14kD that makes up 1- 

2% of PNS protein (Uyemura et al. 1977). The protein is located on the 

cytoplasmic face of compact myelin (Trapp et al. 1984) and expression has been 

detected before MBP in peripheral nerves (Hahn et al. 1987). PMP-2 has a basic 

amino acid sequence that shows homology to fatty acid binding and transport 

proteins expressed by adipocytes and muscle cells. PMP-2 is thought to facilitate 

the exponential increase in plasma membrane biosynthesis associated with peak 

periods of myelination (Brophy 1976). PMP-2 is detected at low levels in 

oligodendrocytes (Trapp et al. 1983).

1.1.4.2 Structural proteins of the CNS

The major proteins of CNS myelin are PLP and MBP. Less abundant proteins 

include DM20, MAG and MOG.
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PLP

PLP is the major myelin protein in the CNS. It is an integral membrane protein 

of 30kD with a predicted protein structure consisting of four transmembrane 

domains (Popot et al. 1991). It has been suggested that PLP is involved in the 

formation of the intraperiod line during the final compaction of CNS myelin 

(Duncan, 1990). A less abundant CNS protein called DM20 has been shown to 

be an allelic variant of PLP (Nave et al. 1987) (see 1.3.2). DM-20 expression has 

been detected during mouse embryogenesis and appears to have a function 

during the development of oligodendrocyte progenitors. DM-20 but not PLP 

transcripts were detected at embryogenesis (E) day 11 which is long before 

oligodendrocytes or their direct progenitor cells (02A cells) appear (Ikenaka et 

al. 1992).

Expression of PLP has been detected at postnatal day 3 in mice which 

represents an early stage of myelination, but the peak level of expression has 

been recorded at 2-4 weeks which coincides with the completion of the myelin 

sheath (Gardinier et al. 1986). Thus the PLP gene would appear to mediate a 

dual function in the formation of CNS myelin.

MOG

MOG is a minor component of CNS myelin that is expressed late in development 

as demonstrated by immunocytochemistry (Brunner et al. 1989) and in situ 

hybridisation (Pham-Dinh et al. 1993b). The protein has been shown to be located 

at the surface of myelinating oligodendrocytes and external lamellae of myelin 

sheaths and may be involved with the completion and maintenance of the myelin 

sheath (Amiguet et al. 1992; Birling et al. 1993). The MOG gene has been 

localised to human chromosome 6 (Pham-Dinh et al. 1993b).

1.1.5 Myelin Protein Defects in Neurological Mutant Animals

A mouse phenotype called shiverer, shi (Doolittle et al.1977), that involves 

tremor leading to frequent convulsions and premature death between 50-100
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days after birth, and an allelic variant shr'"̂  (Doolittle et al.1981) are associated 

with defects at the MBP locus. The shi mice are homozygously deleted for exons 

3-7 of the MBP gene (Kimura et al. 1985; Roach et al. 1985; Molineaux et 

al. 1986), whilst shi""'"̂  have an inverted duplication of exons 3-7 of the MBP gene 

(Popko et al. 1987). Examination of shi homozygotes reveals an absence of 

myelin in brain CNS along with areas of abnormal myelin that is tightly 

compacted at the intraperiod line, but cytoplasmic rich and uncompacted at what 

would be the major dense line (Ganser, 1980). The PNS myelin is only mildly 

affected and it is supposed that the role of MBP in the PNS is substituted for by 

another protein (Kirschner et al. 1980). No disease has so far been associated 

with mutations at the MBP locus in humans.

The jimpy phenotype is an X-linked recessive condition that affects formation of 

myelin in the CNS, but with normal myelin in the PNS (Sidman et al. 1964). The 

jimpy phenotype is first expressed at around postnatal day eleven, which is after 

onset of the myelination process in normal mouse brain, and is characterised by 

body tremor that precedes locomotor activity. Convulsions follow and death 

occurs in the fifth week of life. Histological studies in Jimpy mice revealed an 

absence of white matter in the CNS and a severe decrease in the level of myelin 

proteins was reported (Hogan et al. 1984). Specifically PLP protein was reported 

to be absent in jimpy mice (Yanagisawa et al. 1986), and in addition it was 

demonstrated that jimpy mice had a severe reduction in the number of mature 

oligodendrocytes due to an increase in proliferating oligodendrocyte precursors 

showing an abnormal cell cycle (Knapp et al. 1987).

Trembler, Tr, mouse is a semi-dominant dysmyelinating neuropathy (Falconer, 

1951). Schwann cells proliferate into adulthood, but generally fail to myelinate 

after segregating with axons at a 1:1 ratio (Henry et al.1988). In heterozygous Tr 

mice, some myelination takes place but the sheaths remain disproportionately 

thin. The 77 phenotype has been mapped to mouse chromosome 11 (Davisson 

et al. 1978), in a region that shares homology with human chromosome 17p 

(Buchberg et al. 1988). Mutations in the peripheral myelin protein-22 (PMP-22)
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gene have been identified in Tremb/er (Suter et al.1992b) and an allelic variant 

mouse strain Trembler-J, T /  (Suter et al. 1992a).
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1.2 Charcot-Marie-Tooth Disease

Charcot-Marie-Tooth (CMT) disease (MIM No.302800) is the most common 

inherited peripheral neuropathy with a frequency of 1 in 2500 in the population. 

The condition was first noted in 1886 by Charcot and Marie, and separately by 

Tooth, who described a hereditary progressive peroneal muscular atrophy. The 

disease is made up of a series of inherited peripheral neuropathies that are 

distinguished on the basis of clinical, genetic and electrophysiological 

heterogeneity.

Clinically, CMT is described as a progressive muscular atrophy with 

accompanying sensory neuropathy that results in characteristic hand and foot 

deformities such as pes cavus. The age of onset of the disease generally occurs 

in the second or third generation of life, but reports of a wide variability of 

symptoms between both related and unrelated individuals, indicates that the 

penetrance of clinical symptoms is not complete. CMT most commonly displays 

an autosomal dominant mode of inheritance, however autosomal recessive and 

X-linked forms also exist. Autosomal recessive forms of CMT, such as those 

described as CMT type IV, are associated with a more severe phenotype 

(Othmane et al. 1993a).

Autosomal dominant forms of CMT called CMTI and CMTII (MIM No. 118210), 

cannot be distinguished clinically, but are separated on the basis of pathological 

changes of peripheral nerves and electrophysiological measurements of nerve 

conduction velocities (NCVs) along motor nerves of the peripheral nerve system 

(PNS). CMTI is characterised by a uniform reduction of NCVs, which is 

completely penetrant, in that it can be recorded during childhood prior to the 

onset of clinical features and in asymptomatic carriers of the disease, and is 

suggestive of a myelination defect. An NCV recording of <40 m/s is one of the 

diagnostic criteria used to identify cases of CMTI. Pathological examination of 

peripheral nerves of CMTI patients reveals 'onion bulb' formations that are 

caused by abnormal Schwann cell proliferation around the axon in response to
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myelin loss. The Trembler, Tr, mouse phenotype is associated with 'onion bulb' 

formation (Falconer, 1951) and is a proposed model for CMTIA.

In contrast, CMTII patients have normal or only mildly reduced NCVs, and 'onion 

bulbs' are seen only very rarely, which is consistent with an axonal defect rather 

than a demyelinating neuropathy.

CMTIII, also called Dejerine-Sottas disease was first described as an autosomal 

recessive condition, by Dejerine and Sottas in 1893, on the basis of a report of 

affected siblings of unaffected parents. More recently however, a number of 

dominant mutations have been described which appear to challenge the notion 

of recessive inheritance for this form of peripheral neuropathy. The disease 

displays a more severe phenotype than CMTI or CMTII, and onset of clinical 

symptoms generally occurs within early childhood.

CMTIV is a group of severe motor and sensory neuropathies that are associated 

with a childhood onset followed by a rapid progression of distal limb weakness 

and atrophy. Three types of CMTIV have been categorised in a series of 

Tunisian families according to electrophysiological and pathological observations.

1.2.1 Genetic Heterogeneity in CMTI

Analysis of CMTI pedigrees first indicated genetic linkage to the Duffy blood 

locus (Bird et al. 1983) and later to the Fcyll gene on chromosome 1q. However, 

it soon became clear that only a small number of families were linked to this 

region with reports of absence of linkage to 1q (Dyck et al. 1983; Chance et 

al.1987; Griffiths et al.1988; Middieton-Price et al.1989). Subsequently, it was 

found that a number of families showed linkage to markers on the 

pericentromeric region of chromosome 17p (Vance et al. 1989). The majority of 

CMTI families from widespread ethnic origins have since been shown to be 

linked to proximal markers on chromosome 17 (Raeymaekers et al. 1989, 1991a; 

Vance et al. 1991; Chance et al. 1990; McAlpine et al. 1990; MiddIeton-Price et
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al. 1990; Patel et al. 1990a,b; Timmerman et al. 1990; Lupski et al. 1991 ). The form 

of the disease linked to chromosome 1 was called CMTIB (MIM No. 118200), with 

the chromosome 17 locus designated as CMTIA (MIM No. 118220).

Two families with CMTI have shown an absence of linkage to either the CMTIA 

or CMTIB loci, thus suggesting the existence of a third autosomal locus, CMTIC, 

that remains unassigned to a chromosome location (Chance et al. 1992b).

1.2.1.1 CMTIA Associated with a Duplication of Chromosome 17p11.2-12

CMTIA was localised to a region between VAW409(D17S122) and 

EW401(D17S61), but attempts to refine the linkage of CMTIA to proximal 

markers on the short arm of chromosome 17 generated ambiguous results, until 

it was realised that the markers VAW409(D17S122), VAW412(D17S125) and 

EW401(D17S61) that map to 17p11.2-12 were duplicated in affected patients 

(Raeymaekers et al. 1991; Lupski et al. 1991). The duplication was initially 

visualised by either i) a dosage effect or the presence of three alleles for an MspI 

RFLP of VAW409(D17S122) with three alleles of 2.8, 2.7 and 1.9kb (Lupski et 

al.1991 ; Raeymaekers et al.1991) or ii) by the presence of three alleles at a 

(CA)n loci at D17S122 (Lupski et al. 1991), and this finding was supported when 

extra copies of the markers VAW409 was visualised in CMTIA patients by 

fluorescence in-situ hybridisation (FISH) analysis (Lupski et al. 1991).

In addition, pulsed-field gel electrophoresis (PFGE) was carried out to define the 

extent of the duplication, and a constant sized novel Sad I restriction fragment 

of 500kb was detected with the probe VAW409R3 in affected individuals, that 

was absent in controls (Lupski et al. 1991; Raeymaekers et al. 1991 a). It was 

suggested that this was a junction fragment covering a breakpoint of the 

duplication, and that its constant size in affected individuals, indicated a common 

size and breakpoint for the duplication in CMTIA patients.

The duplication was found to be completely linked to the disease (Raeymaekers
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et al. 1991 a; Lupski et al. 1991), and in one family the duplication was found to be 

a de novo event of grandparental origin (Raeymaekers et al. 1991) and it was 

concluded that the duplication was a disease causing mutation in CMTIA. Further 

support for this hypothesis came from an affected individual with a more severe 

CMTIA phenotype (NCV of <10m/s at 1 year old) who was shown to have 

inherited a CMTIA duplicated chromosome from each of his affected parents, 

and was therefore homozygous for the duplication (Lupski et al. 1991).

The duplication has since been identified at high frequency in CMTIA patients 

of widespread ethnic origin (MacMillan et al. 1991; Bellone et al. 1992; Brice et 

al. 1992; Chance et al. 1992b; Hallam et al. 1992; Lebo et al. 1994). In each 

case the duplication spans the same DMA markers, and has been shown to 

be the most common form of mutation in sporadic cases of CMTI. The relative 

high frequency of new duplication events probably accounts for the majority of 

isolated cases of CMTI that were previously assumed to be due to a 

recessive mode of inheritance (Wise et al. 1993).

The markers included in the duplication had previously been shown to cover a 

genetic distance of 6 cM (Wright et al. 1990), but attempts to determine its 

physical size, indicated that the duplicated markers were on the same 1 llOkb 

pulsed-field fragment (Hoogendijk et al. 1991 ; Lupski et al. 1991; Raeymakers et 

al.1991b).

There have been only two reports of CMTIA duplications of alternative size 

(Valentijn et al. 1993; lonansescu et al. 1993). One case, associated with a severe 

CMTIA phenotype, has been characterised. Southern blot analysis indicated that 

the probe VAW409R3 was duplicated, but that the probes VAW412R3 and 

EW401 were not duplicated, suggesting a smaller CMTIA duplication. PFGE 

analysis was then carried out and the characteristic SOOkb Sac// junction 

fragment seen in most CMTIA duplications with the probe VAW409R3 was found 

to be absent and replaced by a 220kb fragment. It was concluded that this 

represented a smaller chromosome 17 duplication associated with the same 

CMTIA phenotype (lonasescu et al. 1993).
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Two alternative models were proposed to explain the mechanism of gene 

mutation caused by the duplication. Either a gene or genes at the duplication 

breakpoints could be disrupted resulting in loss of gene function, or the presence 

of an extra copy of a gene or genes could result in a gene dosage effect (Lupski 

et al. 1992). Evidence for a gene dosage model came from reports of three 

individuals who were shown to have cytogenetically visible duplications on 

chromosome 17 and displayed a complex phenotype characteristic of dup(17) 

syndrome (Feldman et al. 1982; Magenis et al. 1986), who were then investigated 

for the presence of CMTIA characteristics;

i) an individual with a de novo duplication dup(17)(p11.2p12) which was shown 

to encompass the DNA markers previously found to be duplicated in CMTIA, who 

had reduced NCVs on examination (Lupski et al. 1992),

ii) an individual with a balanced translocation (t(14;17)) in which the breakpoints 

on chromosome 17 were mapped proximal to the CMTIA duplication breakpoints 

in either the bands pi 1.1 or pi 1.2, who was shown by pathological and 

electrophysiological examination of peripheral nerve to have a demyelinating 

neuropathy (Chance et al. 1992a),

iii) an individual with a de novo partial trisomy chromosome 17 

dup(17)(p11.2-p12) of maternal origin, who was shown to have an NCV of 11 m/s 

(Upadhyaya et al. 1993).

In each case the SOOkb Sad I junction fragment seen in CMTIA individuals was 

absent, thus demonstrating that the ends of the CMTIA duplication were not 

involved in the disease mechanism (Feldman et al. 1982; Magenis et al. 1986; 

Chance et al. 1992a).

Further support for a gene dosage model came from the report of the affected 

individual who was homozygous for the CMTIA duplication, and who displayed 

a more severe phenotype demonstrated by an earlier age of onset and markedly 

reduced NCVs in comparison to CMTIA patients with only one CMTIA 

chromosome (Lupski et al. 1991).
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1.2.1.2 Mutations of the Peripheral Myelin Protein-22 (PMP-22) Gene

The search for the CMTIA gene was facilitated by the identification of mutations 

in the peripheral myelin protein-22 (PMP-22) gene in the mouse model Trembler 

(Suter et al. 1992b) and an allelic variant mouse strain Trembler-J, 7 /  (Suter et 

al. 1992a).

The finding of two different point mutations in the mouse PMP-22 gene, made it 

a candidate gene for CMTIA, and the human homologue was subsequently 

mapped to within the duplicated region associated with CMTIA (Hayasaka et 

al. 1992; Matsunami et al.1992; Patel et al. 1992; Timmerman et al. 1992), where 

the gene was found to be duplicated but not disrupted in CMTIA patients 

(Valentijn et al. 1992b).

Conclusive evidence of the involvement of PMP-22 in CMTIA, was not 

established until a point mutation was identified in the gene of a non-duplicated 

CMTIA individual (Valentijn et al. 1992a). This point mutation was identical to that 

identified in TX mice, and was followed by the further identification of a number 

of dominant and a single recessive, point mutations in CMTIA individuals (Table 

1.1). Thus, CMTIA is associated with both duplication and point mutation of 

PMP-22

1.2.1.3 Mechanism of the CMTIA Duplication

In one study, the identification of two different alleles of the marker 

VAW409R3 was revealed in eight of twelve CMTIA families tested, 

suggesting that the duplication was the result of unequal recombination 

during meiosis (Raeymakers et al. 1991). The finding of a cross-over event 

within the duplication with the marker VAW409R3 (Hallam et al.1992) was 

consistent with the proposal of a recombination event during meiosis, and 

indicated that the distance between the duplicated VAW409R3 loci
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LOCATION AMINO
ACID

MUTATION DOMINANT/
RECESSIVE

PHENOTYPE REFERENCE

EXON 1 7 Frameshift due to 2bp 
deletion

DOMINANT HLPP (Nicholson et al. 1994)

EXON 1 12 His(CAC)-Glu(CAA) DOMINANT CMTIII (Valentijn et al. 1995)

EXON 1 16 Leu (CTG)-Pro (COG) DOMINANT CMTIA (Valentijn et al. 1992a)

EXON 3 69 Met (ATG)-Lys (AAG) DOMINANT CMTIII (Roa et al.199Sa)

EXONS 72 Ser (TOG)-Leu (TTG) DOMINANT CMTIII (Roa et al.199Sa)

EXONS 79 Ser (TCT)-Cys (TGT) DOMINANT CMTIA (Roa et al.199Sc)

INTRON S - Splice site mutation; 
G-A at position 1

DOMINANT CMTIA (Nelis et al. 1994b)

EXON 4 118 Thr (ACG)-Met (ATG) RECESSIVE CMTIA (Roa et al.199Sb)

Table 1.1 Mutations of the Peripheral Myelin Protein 22 (PMP-22) Gene in Humans



was considerable. Further haplotype analysis in nine sporadic CMTIA families 

indicated that the de novo duplication contained both paternal haplotypes and it 

must therefore have been generated by an unequal crossing-over event between 

the chromosome 17 homologues during spermatogenesis (Palau et al. 1993).

The constant size of the duplication in most cases of CMTIA deduced from the 

observation of a common Sac// junction fragment in the majority of CMTIA 

patients suggested that a specific site was involved in the duplication 

mechanism.

Studies on chromosomal duplications in Escherichia coli and humans have 

demonstrated that duplication junctions occur in regions containing repetitive 

extragenic palindromic (REP) sequences (Shyamala et al. 1990) and a low copy 

number repeat element called CMT-REP was identified that flanked the 1.5Mb 

duplicated region (Shyamala et al. 1990). The repeat has been estimated to be 

35-40kb, but the extent of homology between the flanking copies is unknown 

(Pentao et al. 1992).The presence of three copies of the repeat were 

demonstrated on CMTIA duplicated chromosomes and it was proposed that 

CMT-REP directs misalignment of non-sister chromatids during meiosis leading 

to unequal crossing-over (Pentao et al. 1992; Chance et al. 1994).

One of the two smaller CMTIA duplications has been physically mapped and it 

has been reported that one breakpoint coincides with the proximal CMT-REP 

repeat. It was proposed that the smaller duplication was generated with a third 

repeat unit that shares less homology with CMT-REP, thereby making 

recombination events less frequent. In addition this duplication eliminates the 

possibility of the involvement of further genes in the portion of the duplication that 

is proximal to PMP-22 influencing the CMTIA phenotype.
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1.2.1.4 Two Neuropathies are Generated by Reciprocal Deletion and 

Duplication Events

The proposed unequal crossing-over model for generating the duplication, also 

predicted that a reciprocal deletion of the same region that is duplicated in 

CMTIA would be generated.

Hereditary neuropathy with liability to pressure palsies (HNPP, also called 

tomaculous neuropathy or "bulb pickers" disease) (MIM No. 162500) is an 

autosomal dominant condition that involves recurrent demyelinating neuropathy 

(Windebank, 1993). Clinical symptoms including numbness and muscle 

weakness generally start in the second decade , but affected individuals may 

remain asymptomatic. HNPP patients demonstrate an increased risk of transient 

palsies due to nerve traction and compaction, and reduced motor and sensory 

nerve conduction velocities have been reported in both clinically affected 

individuals and asymptomatic carriers of the disease. The name tomaculous 

neuropathy originates from pathological observations of 'sausage-like' or 

tomaculous formations as a result of segmental demyelination.

The existence of demyelinating features in both CMTIA and HNPP, led to the 

investigation of the involvement of chromosome 17p11.2-12 loci in HNPP. Three 

HNPP pedigrees were initially investigated, and were found to have only one 

allele of the VAW409R3(D17S122) locus as indicated by densitometric studies 

(Chance et al. 1994). Further characterisation of this deletion revealed that the 

disease was associated with a 1 5Mb deletion that included the same markers 

that are duplicated in CMTIA, and a de novo deletion event was found in a 

sporadic HNPP patient (Chance et al. 1994).

The breakpoints of the deletion were mapped to the same regions as those of 

the CMTIA duplication which was consistent with the proposed model of unequal 

crossing-over to generate both duplication and deletion of 17p11.2-12 (Pentao 

et al. 1992). In addition, the copy number of the CMT-REP unit was determined
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in CMTIA and HNPP patients and it was found that the copy number of the CMT- 

REP repeat in affected individuals with HNPP was reduced, thereby consistent 

with the proposed model of crossing-over at the CMT-REP repeats (Pentao et 

al. 1992).

Following the identification of both duplication and deletion of PMP-22 in CMTIA, 

and the subsequent identification of the deletion associated with HNPP, it was 

proposed that HNPP was caused by the deletion and under-expression of PMP- 

22. Support for this hypothesis was provided by the identification of a 2bp 

deletion leading to a frameshift and an early termination codon in the first exon 

of the PMP-22 gene of non-deleted individuals in a HNPP pedigree, that 

presumably represents a null mutation (Nicholson et al. 1994) (Table 1.1).

One group has suggested the presence of genetic heterogeneity underlying 

HNPP in a report that described a family in which the deletion was absent and 

linkage to a large part of 17p was excluded (Mariman et al. 1994).

1.2.1.5 Mutations of the Peripheral Myelin Protein Zero (Po) in CMTIB

Myelin protein zero (Po), is the most abundant protein of peripheral nervous 

system myelin (Greenfield et al. 1973). The Po gene was localised to mouse 

chromosome 1 (Kuhn et al. 1990; You et al. 1991). Mouse and human 

chromosome 1 are syntenic and the human gene was mapped to 1q22-23 

making it a strong candidate for CMTIB (Hayasaka et al. 1993c; Pham-Dinh et 

al. 1993a). Mutations of the Po gene were initially reported in three CMTIB 

pedigrees (Hayasaka et al. 1993a; Kulkens et al. 1993), and further mutations 

have since been identified in CMTIB patients (Table 1.2). In addition, a silent 

point mutation in exon 2 that is found in both affected and normal individuals 

representing a gene polymorphism has been identified (Nelis et al. 1994a).
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LOCATION AMINO
ACID

MUTATION DOMINANT/
RECESSIVE

PHENOTYPE REFERENCE

EX0N2 SO lie (ATC)-Met (ATG) DOMINANT CMTIB (Hayasaka et al.199Sd)

EXON 2 6S Sbp del Ser(GAG) DOMINANT CMTIB (Kulkens et al.199S)

EXON 3 6S Ser (TCC)-Cys (TGC) DOMINANT CMTIII (Hayasaka et al.199Sb)

EXONS 82 Tyr(TAT)-Cys(TGT) DOMINANT CMTIB (Himoro et al.199S)

EXONS 90 Asp (GAC)-Glu (GAA) DOMINANT CMTIB (Hayasaka et al.199Sa)

EXONS 96 Lys (AAA)-Glu (GAA) DOMINANT CMTIB (Su et al.199S) 
(Hayasaka et al.199Sa)

EXONS 98 Arg(CGC)-His(CAC) DOMINANT CMTIB (Hayasaka et al.199Sc) 
(Ohnishi et al. 1994)

EXON S 1S4 Asp (GAC)-Glu (GAA) DOMINANT CMTIII (Nelis et al. 1994a)

EXONS 167 Gly (GGG)-*Arg (CGG) DOMINANT CMTIII (Hayasaka et al.199Sb)

INTRON 5 216 Splice site mutation DOMINANT CMTIB (Su et al.199S)

EXON 6 222 2bp insertion-frameshift DOMINANT CMTIII (RautenstauB et al. 1994)

Table 1.2 Mutations of the Myelin Protein Zero (Po) Gene



1.2.1.6 X-Linked CMT (CMTX)

X-linked CMT, CMTX (MIM No.302800), was initially considered to be rare in 

relation to the autosomal forms of the disease, but the advent of a quantitative 

test for the duplication associated with CMTIA has allowed the re-evaluation of 

small families in which an X-linked mode of inheritance was considered on the 

basis of male to male transmission within the family, and the frequency of X- 

Iinked families is greater than previously recognised.

Genetic linkage to the short arm of the X chromosome was reported (Gal et 

al. 1985; Beckett et al. 1986) in a number of X-linked dominant pedigrees, and this 

was confirmed in many other families (Fischbeck et al. 1986; Rozear et al. 1987; 

Goonewardena et al. 1988; lonasescu et al. 1988; Haltes et al. 1989; Mostacciulo 

et al. 1991). However, genetic heterogeneity in CMTX was demonstrated with the 

finding of linkage to distinct loci at Xp22.2 and Xq26 in separate recessive CMT 

pedigrees (lonasescu et al. 1991).

More recently linkage of dominant CMTX was narrowed down to an interval 

between the loci DXS106 (Xql 1.2-12) and DXS559 (Xq13.1) (Bergoffen et 

al. 1993b; Cochrane et al. 1994) leading to the proposal of two candidate genes 

that had previously been mapped to this region. One of these genes was 

connexin-32 (Cx-32). Sequence analysis of the Cx-32 initially identified a 

number of mutations in affected individuals (Bergoffen et al. 1993a), and 

subsequently, a large number of Cx-32 mutations have been reported in CMTX 

patients relative to gene mutations in the other CMT forms for which genes have 

been cloned (Table 1.3).

1.2.2 CMTII maps to Chromosome 1p36

CMTII is another autosomal dominant peripheral neuropathy, but an absence of 

linkage of CMTII to the loci on chromosomes 1q and 17p was demonstrated 

(Loprest et al. 1992). A small number of families have shown linkage to a locus
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AMINO ACID MUTATION REFERENCE

12 Gly(GGC)-Ser(AGC) (Bergoffen et al.1993a)

15 Arg(CGG)-Gln(CAG) (Fairweather et al.1994)

22 Arg(CGG)-*Gln (GAG) (lonasescu et al.1994)

34 Met(ATG)-Thr(ACG) (Tan et al.1994)

35 Val(GTG)-Met(ATG) (Cherryson et al.1994)

38 Val(GTG)-Met(ATG) (Orth et al.1994)

60 Cys(TGC)-Phe(TTC) (Fairweather et al.1994)

63 Val(GTT)-lle(ATT) (Fairweather et al.1994)

72/73 2bp deletion-STOP at 84 (Fairweather et al.1994)

75 Arg-GIn (Tan et al.1994)

76 Trp(TGG)-STOP(TGA) (Tyson-our lab unpub)

102 Glu(GAG)-"Gly(GGG) (lonasescu et al.1994)

111-116 18bp deletion (Cherryson et al.1994)

130-133 11 bp deletion (Tyson-our lab unpub)

139 Val(GTG)-Met(ATG) (Bergoffen et al.1993) 
(Tyson-our lab unpub )

142 Arg(CGG)-T rp(TGG) (Bergoffen et al.1993a)

143/4 3bp del Leu(TTG) (Fairweather et al.1994)

156 Leu(CTC)-Arg(CGC) (Bergoffen et al.1993a)

158 Pro-Ala (Cherryson et al.1994)

172 Pro(CCC)-Ser(TCC) (Bergoffen et al.1993a)

175 1 bp insertion-frameshift (Bergoffen et al.1993a)

182 Ser-Thr (Cherryson et al.1994)

186 Glu(GAG)-Lys(AAG) (Bergoffen et al.1993a)

186 Glu(GAG)-STOP(TAG) (lonasescu et al.1994)

208 Glu(GAG)-Lys(AAG) (Fairweather et al.1994)

211 Tyr(TAC)-STOP(TAA) (Tan et al.1994)

215 Arg(CGG)-Trp(TGG) (Fairweather et al.1994)

217 Cys(TGT)-STOP(TGA) (lonasescu et al.1994)

220 Arg(CGA)-STOP(TGA) (Fairweather et al.1994)

Table 1.3 Mutations of the connexin-32 (Cx-32) gene
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called CMTIIA on chromosome 1p (Othmane et al. 1993b), but further genetic 

heterogeneity has been demonstrated in CMT with the finding that two thirds of 

CMTII families are not linked to this locus (Othmane et al.1993b) and this 

reference.

1.2.3 Gene Mutations in Dejerine-Sottas Disease or CMTIII

Dejerine-Sottas disease (MIM No. 145900), also known as CMTIII, is a severe 

demyelinating neuropathy. Nerve conduction values are reduced to < lOm/s 

and the onset of the disease occurs in early infancy. The clinical picture of CMTIII 

may overlap with that of severe cases of CMTIA.

The Tr mice phenotype was considered to be a model for CMTIII along with 

CMTIA and following the cloning of the PMP-22 gene. Sequence analysis in 

sporadic individuals has identified point mutations in both the PMP-22 (Table 1.1) 

and Po genes (Table 1.2). In each case, autosomal dominant point mutations 

have been reported despite the earlier classification of a recessive mode of 

inheritance .

1.2.4 Autosomal Recessive Forms of CMT

Three forms of CMTIV (MIM 214400) have been proposed from studies in a 

series of inbred Tunisian families (Othmane et al. 1993a). CMTIVA has been 

clinically characterised by an age of onset by two years of age and frequently by 

the presence of delayed motor development. The distal muscles of the limbs are 

affected by weakness and atrophy which rapidly progresses to the proximal 

musculature, and affected individuals are usually wheel-chair bound by the end 

of the first decade. Electrophysiologic examination of affected family members 

revealed a mean NCV value of 29m/s, which is less of a reduction than reported 

in CMTIII. Pathological examination revealed a demyelinating neuropathy with 

hypomyelination and basal lamina onion bulbs. The second CMTIV group, type 

B, has also been characterised by severely decreased nerve conduction
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velocities, but has been distinguished from CMTIVA by the presence of globular 

myelin outfoldings on nerve biopsy. The third group, CMTIVC has normal nerve 

conduction velocities and an absence of myelin changes in nerve biopsy 

(Othmane et al. 1993a).

Linkage analysis was carried out in an unspecified group of CMTIVA families and 

the disease locus has been localised to 8q13-21.2, with the closest linked 

markers being D8S286 and D8S164 (Othmane et al. 1993a).

Independent work on the isolation and mapping of genes that are expressed in 

the peripheral nervous system led to the cloning of the Peripheral Myelin Protein- 

2 (PMP2) gene (Hayasaka et al. 1993b). The gene was localised to 8q and as a 

consequence immediately became a candidate for CMTIVA. However, 

sequence analysis of PMP2 in CMTIVA patients has failed to reveal any 

sequence changes that would implicate this gene in CMTIVA (Dr.J.Vance- 

personal communication).
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1.3 Pelizaeus-Merzbacher Disease

Pelizaeus-Merzbacher disease (PMD) (MIM 312080) is a rare neurodegenerative 

disorder that involves dysmyelination of the central nervous system. The disease 

can be associated with nystagmus, dysarthria, ataxia and psychomotor delay, 

but there is variability within both the age of onset and involvement of these 

features. As a result, the disease can be very difficult to diagnose accurately.

A classical X-linked form that begins in the first year of life, is slowly progressive 

and generally results in death during adolescence, was first observed by 

Pelizaeus. More recently, a more rapidly progressive connatal form with very 

early onset at birth or within infancy, leading to death within ten years of age has 

been recognised. Pathological examination of the classical form reveals 

discontinuous or tigroid myelination, whereas the connatal form is associated 

with almost complete absence of CNS myelin (Scheffer et al. 1991). In addition, 

a severe reduction in the number of mature oligodendrocytes due to an increase 

in proliferating oligodendrocyte precursors showing an abnormal cell cycle has 

also been reported in PMD patients (Koeppen et al. 1987).

The disease is transmitted in an X-l inked recessive fashion, but there have been 

rare reports of females displaying clinical features. In addition, autosomal 

recessive and dominant forms of the disease have been reported in a small 

number of families.

A number of X-l inked phenotypes that share common characteristics with PMD 

have been described in mice and other mammals, including jimpy mice (Sidman 

1964), shaking pup (Griffiths et al. 1981),and md rat (Csiza et al. 1979).

1.3.1 Proteolipid Protein: A Candidate Gene for PMD

The PLP gene was assigned to the X-chromosome in both mouse and humans 

using a bovine cDNA probe (Willard et al. 1985), making it a candidate for X-
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linked dysmyelinating conditions of the CNS. Support for this proposal came from 

the mapping of the jimpy phenotype and the PLP gene to the same region on the 

X-chromosome and the finding of a defect of the PLP transcript (Dautigny et 

al. 1986).

It was found that Jimpy mice expressed PLP mRNA at greatly reduced levels and 

that PLP cDNAs generates from Jimpy PLP mRNA contained a 74bp deletion 

within the coding region that was present at the genomic level. The mutation was 

in a splice site that resulted in an aberrant splice event that resulted in the 

deletion of part of the mRNA (Nave et al. 1987). The predicted protein encoded 

by this deleted mRNA was altered at the C-terminus, and it was subsequently 

reported that PLP in Jimpy lacks amino acids 208-232 (Hudson et al. 1987). It has 

been postulated that the Jimpy mutation leads to a block in oligodendrocyte 

maturation prior to the completion of the myelination process (Hudson et 

al. 1987).

A second PLP mutation was identified in mice that was associated with the 

milder phenotype. In this case the defect was found to be a conservative

Alanine-Valine substitution at amino acid number 242 (Gencic et al. 1990). Allelic 

mutations have since been identified in the md rat (Boison et al. 1989), shaking 

pup in dog (Nadon et al. 1990), and the pt rabbit (Tosic et al. 1993). Each of these 

phenotypes includes dysmyelination in the CNS and a reduction in mature 

oligodendrocytes, and death occurs within the first few weeks of life.

The human gene was mapped between the DNA markers PGK1 and G LA 

(Buckle et al. 1985). Using in situ hybridisation it was shown that PLP mapped to 

Xq22 (Mattei et al. 1986) and finer mapping of the gene distal to PGK1 and 

proximal to PRPS was demonstrated (Willard et al. 1987). The human PLP gene 

was cloned from a genomic library using a rat PLP cDNA probe and it was found 

that the gene was made up of seven exons spanning 17kb (Diehl et al. 1986). 

Human and rat PLP were found to share >97% homology at the amino acid level 

as predicted from DNA sequence analysis of rat PLP cDNA and human exonic
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sequence, indicating a strikingly high degree of sequence conservation in PLP 

(Diehl et al. 1986) and this degree of homology has been extended to the mouse 

(Hudson et al. 1987), rat (Dautigny et al. 1985), bovine (Naismith et al. 1985), dog 

(Nadon et al.1990) and rabbit (Tosic et al.1993) PLP genes.

Using certain protein purification methods, another less abundant CNS specific 

myelin protein called DM-20 was reported to co-purify with PLP, suggesting that 

PLP and DM-20 were related. Further investigation revealed that the two proteins 

shared amino acid sequence homology at the amino- and carboxyl-terminal 

ends, and were related by immunological cross-reactivity (Lees et al. 1991). It 

was proposed that DM-20 differed from PLP by the absence of internal amino 

acid residues (Trifilieff et al. 1986).

A full length DM-20 cDNA clone was isolated in the rat, and it was found to be 

deleted for 105bp of sequence from exon 3 of the rat PLP gene (Nave et 

al. 1987). The DM-20 mRNA was found to be generated by an alternative 

splicing event of the PLP exons, suggesting more than one PLP gene function. 

This alternative transcript was generated using a 5' splice site which lies 105bp 

upstream of the 5' splice site in exon 3 that is employed to generate the PLP 

mRNA (Nave et al. 1987). The predicted protein sequence from the DM-20 

mRNA lacked 35 amino acids of PLP that formed a hydrophilic domain and part 

of a membrane embedded domain.

More recently, other proteolipid forms that exhibit sequence homology to PLP 

have been detected in bovine CNS (Schindler et al. 1990) and mouse CNS 

(Ikenaka et al. 1992). One form identified in bovine CNS, called PUB', has the 

same 31 amino acids at the amino-terminus as PLP and DM-20 (Schindler et 

al.1990), and it has been postulated that additional alternative splicing events 

may take place to generate other PLP forms.

Together, PLP and DM-20 have been estimated to make up 60% of the total 

protein content of the CNS, but the DM-20 mRNA was shown by RNAse
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protection studies in the brains of 11 day old and adult to be expressed at only 

50% of the level of PLP cDNA (Nave et al. 1987).

The proposal for dual PLP functions was supported by the identification of a 

different PLP point mutation that gave rise to a mouse phenotype called 

rumpshaker (GnffWhs et al. 1990). The rumpshaker mice were investigated for the 

involvement of the PLP locus on account that although they have normal 

numbers of mature oligodendrocytes and exhibit normal longevity, these mice 

display hypomyelination restricted to the CNS (Schneider et al. 1992). RNase 

protection studies in rumpshaker aduii mice demonstrated an increased level of 

DM-20 transcripts in relation to PLP compared to normal adult mice (Schneider 

et al. 1992). Thus it was demonstrated that PLP mutations can selectively 

interfere with oligodendrocyte maturation rather than the structure of myelin, and 

it was proposed that PLP has a vital function in glial cell development, distinct 

from its later role in myelin assembly, which correlates with the obsevation of 

early DM20 expression (Ikenaka et al. 1992).

1.3.2 Mutations of the Proteolipid Protein Gene in PMD

PLP became a candidate gene for PMD with the identification of a molecular 

defect in the PLP gene in jimpy mice, and an abnormal Southern blotting pattern 

was observed using a PLP cDNA probe in a PMD affected individual, that was 

consistent with a defect in the PLP gene (Willard et al. 1987). An absence of PLP 

protein was detected by immunocytochemistry in a different PMD patient with 

normal levels of other CNS myelin proteins (Koeppen et al. 1987).

Further evidence for the involvement of the PLP locus in PMD came from a 

report of a boy who was shown to have a de novo insertional translocation into 

the proximal long arm of the X chromosome. The boy had a complex phenotype, 

but pathological characteristics of PMD were noted on autopsy. DNA analysis 

indicated that a duplication of Xq21-q22 was generated by the translocation. 

Furthermore, the presence of two alleles of markers flanking the PLP locus.
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implied that PLP gene was duplicated (Cremers et al. 1987).

Conclusive evidence that mutations of PLP caused PMD was demonstrated with 

the identification of a missense mutation in exon 5 in a patient with the classic 

form of the disease (Gencic et al. 1989). Subsequently, a complete gene deletion 

(Raskind et al.1991), as well as a number of point mutations, intragenic 

deletions, insertions and a deletion/insertion event in thé PLP gene have been 

described in PMD (Table 1.4).

Despite the convincing evidence of the involvement of PLP in PMD, screening 

for mutations in the coding region, promoter sequences and splice site 

sequences has failed to reveal any molecular defect at the PLP locus in a large 

percentage of PMD patients that have been screened (Trofatter et al. 1989; 

Pham-Dinh et al.1991 ; Doll et al.1992). Many of those screened are from families 

in which no male to male transmission of the disease was observed, thus 

consistent with X-linked inheritance. One study of a large X-l inked PMD family 

including 23 affected males reported no PLP gene defect (Hudson et al. 1989). 

This lead to the proposal of the recognition of a X-linked condition that 

resembled PMD clinically, but did not apparently involve the PLP gene, called 

Pelizaeus-Merzbacher-Like disease (MIM No.311601).

A number of possible explanations could account for the large number of PMD 

patients in which no PLP defect has been identified. The existence of a second 

X-linked myelin gene that maps close to PLP remains a possibility, but linkage 

analysis in eleven families indicated tight linkage to the PLP locus. It has been 

postulated additional exons particularly upstream of exon 1 may exist 

(J.Troffater-personal communication) and it is possible that such an exon could 

harbour further PLP mutations associated with PMD. Another possibility is that 

other types of PLP gene mutation are causing the disease.
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LOCATION AMINO
ACID

MUTATION DISEASE REFERENCE

EX0N2 14 Pro(CCC)14-Leu(CTC) PMD Trofatter et al. 1989

EX0N2 42 Thr(T)- lle(C) PMD DIouhy et al. 1993

EX0N3 73 Gly(GGA)73-Arg(AGA) PMD Doll et al. 1992

EX0N3 127 Gly(G)-Gly(C) PMD Pratt et al. 1992

EX0N3 139 His(CAT)-Tyr(TAT) SPG2 Saugier-Verbier et al. 1994

INTR0N3 - G to T substitution -1 in 
3' splice site of exon 4

PMD Strautnieks et al. 1993

EXON4 1SS Thr1SS(ACC)-lle(TCC) PMD Prattetal.1991

EX0N4 162 Trp(TGG)-Arg(CGG) PMD Hudson et al. 1989

EX0N4 16S Val(GTG)-Glu(GAG) PMD Prattetal.1993

EX0N4 181 Thr(ACC)-Pro(CCC) PMD Strautnieks et al. 1992

EXON 4 186 lle(ATT) -Thr(ACT) SPG2 Kobayashi et al 1994

EX0N4 19S/196 del/ins frameshift PMD Pham-Dinh et al. 1993a

EX0N4 202 Asp(GAT)-His(CAT) PMD Doll et al. 1992

EX0N4 206 Tyr(A)-Cys(G) PMD Bridge et al. 1991

EXON 5 21S Pro(CCT)-Ser(TCT) PMD Gencic et al. 1989

EXONS 216 GIy(GGC)-Ser(AGC) PMD Otterbach et al. 1993

EXONS 218 Val(GTT)-Phe(TTT) PMD Pham-Dinh et al. 1991

EXONS 220 Gly(GGC)-Cys(TGC) PMD Iwaki et al. 1992

EXON S 223 Leu(CTT)-Pro(CCT) PMD Strautnieks et al. 1992

EXON 7 - 1 bp ins frameshift PMD Kurosawa et al. 1993

Table 1.4 Mutations in the Proteolipid Protein (PLP) Gene in Humans
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1.3.3 Allelic Mutations at the PLP Locus Causing Different Phenotypes

The range of phenotypes associated with mutations at the PLP locus has 

recently been increased with the report of point mutations in the PLP gene 

(Kobayashi et al. 1994; Saugier-Veber et al. 1994) associated with a form of X- 

linked spastic paraplegia (SPG2) (MIM No.312900).

X-linked spastic paraplegia is a rare condition that can involve pure spasticity of 

the lower limbs, but the majority of affected individuals display a complicated 

neurological profile including cerebellar ataxia, sensory loss, nystagmus, optic 

atrophy and mental retardation that closely resembles PMD. Three forms have 

been described on the basis of clinical and genetic heterogeneity. One locus 

(SPG1) has been mapped to Xq28 while two clinically distinct forms, including 

the spastic form of the disease (SPG2), have been localised to Xq22.

A point mutation in exon 3B was identified in an SPG2 patient that was predicted 

to result in normal DM-20, but abnormal PLP protein (Saugier-Veber et al. 1994). 

Exon 3B refers to the distal 105bp of exon 3 that are spliced out in DM-20, but 

retained in PLP. A second PLP mutation associated with SPG2 has been 

identified that is predicted to result in both abnormal DM-20 and PLP, and is 

identical to the rumpshaker mutation (Kobayashi et al. 1994). It has been 

postulated that the different clinical characteristics seen in SPG2 and PMD are 

due to the effect that specific PLP mutations have on oligodendrocyte maturation 

(Kobayashi et al. 1994).
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1.4 Molecular Genetic Investigations of Disease Phenotypes

Many human genetic diseases have been cloned by an approach known as 

positional cloning (Collins, 1992) in which the disease locus is first identified, and 

thereafter gene coding sequences are identified at that locus without knowing the 

function of the gene product. Around 30 diseases have been cloned in this way 

to date, and include cystic fibrosis and Duchenne muscular dystrophy (Ballabio, 

1993).

Searching the complete human genome for a disease locus in this way is akin 

to searching for a needle in a haystack, and this approach is greatly helped by 

one or more starting 'clues' to focus the gene search. Chromosome 

abnormalities, the demonstration of genetic linkage to a particular chromosome, 

and the existence of a mouse model of the human disease, all greatly facilitate 

a gene search by implicating the involvement of a particular region of the 

genome in the disease. Once the search has been narrowed down, labour 

intensive 'chromosome walking' strategies to clone the region have to be carried 

out. The hunt for the gene then relies on fine mapping approaches such as 

searching for CpG islands that are commonly associated with the 5' ends of 

genes, and is followed by coding sequence isolation methods like exon trapping.

1.4.1 Identification of Chromosomal Rearrangements.

Loss or gain of chromosome material is evident by Giemsa-band staining of 

individual chromosomes, and can lead to the mapping of a disease locus. For 

example, the identification of deletions within 15q11-13 has lead to the mapping 

of Angelman's syndrome within this region (Pembrey et al. 1989), and the Wilm's 

tumour and aniridia genes were mapped to 11 pi 3 by the observation of 

chromosome deletions in this region in some affected individuals (Nakagome et 

al. 1984).

Similarly, translocation events can pinpoint possible disease loci by disruption of
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DNA sequences at their junction breakpoints such as in Duchenne muscular 

dystrophy (Greenstein et al. 1977). Recently, the development of fluorescence in- 

situ hybridisation, FISH, which involves the use of fluorescently labelled probe 

DNA on chromosome preparations, has improved the resolution with which 

chromosomal abnormalities can be detected. This has allowed more accurate 

mapping of disease loci and facilitated the study of complex translocation events.

Sub-microscopic rearrangements that can be detected by FISH or Southern 

hybridisation of electrophoresed DNA, can facilitate the fine mapping of a locus 

once a particular chromosome location has been determined.

1.4.2 Genetic Linkage Analysis

The laws of heredity were proposed by Mendel in the nineteenth century. By 

following specific features of peas, Mendel suggested the existence of dominant 

and negative traits that were associated with a particular phenotype. When pure 

samples of plants were crossed, the first generation (F I) all exhibited the 

phenotype of the dominant trait. However, the (F2) generation that resulted from 

crossing two FI plants, included both phenotypes with a ratio of 3:1 in favour of 

the dominant trait. This result was correctly interpreted to be due to the 

independent segregation of the two traits, and lead to the first of Mendel's laws.

When two features were followed, the F2 generation included two new 

phenotypes that resulted from a combination of the original two characteristics. 

Mendel assumed that each trait pair was segregated and transmitted 

independently and proposed the law of independent assortment.

These laws rely on the assumption that traits, or genes, that are located on 

different chromosomes behave independently during meiosis. It thus follows that 

two genes that do not behave independently are present on the same 

chromosome, and genetic linkage analysis involves identifying such associations. 

Exchange of genetic material during meiosis occurs by a mechanism called
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crossing-over where homologous chromosomes break and rejoin with each 

other, thereby creating the potential to recombine a particular gene combination. 

Genes that are located close together are less likely to be separated by a cross

over event, and are inherited together more regularly than genes that are not 

linked.

Linkage analysis is a statistical assessment of the likelihood that trait loci are 

inherited non-independently from each other within families. DNA markers that 

are spread across the genome, include a number of characteristic alleles that 

can be traced through families. Linkage is investigated between a disease 

phenotype and a particular allele of a DNA marker. Restriction fragment 

polymorphisms (RFLPs) that arise from silent point mutations in the genome 

(Botstein et al. 1980), alter restriction enzyme recognition sites, and result in a 

variation of restricted fragments or alleles. The usefulness of a DNA marker is 

determined by the number of different alleles present, however the level of 

variation associated with most RFLPs is limited by low numbers of alleles.

The variation in another type of DNA marker that consists of different numbers 

of nucleotide repeats in tandem arrays in minisatellites (Jeffreys et al. 1985; 

Nakamura et al. 1987) and microsatellites (Weber et al. 1989) has greatly 

improved the usefulness of genetic linkage analysis. Microsatellite repeats of 1- 

5bp are found throughout the genome and have been used to generate 

extensive genetic maps in humans (Weissenbach et al. 1992).

The proportion of recombination events, between the disease locus and a DNA 

marker, out of all opportunities for recombination, is called the recombination 

factor (0). The recombination factor can be related to physical distance in 

centimorgans (cM) by a mapping function (Ott, 1986). Linkage is commonly 

calculated by the lod score method (Ott, 1986) using computer programmes to 

make the necessary calculations. The establishment of linkage to a particular 

locus relies on a LOD score of >3, however the presence of a number of cross

overs within affected families is suggestive of an absence of linkage without the
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need for LOD score calculations.

1.4.3 Animal Models of Human Disease

Spontaneous or induced mutations of the mouse genome can give rise to genetic 

conditions that share characteristics with human genetic diseases. Mouse and 

human genomes share regions of synteny in which groups of genes are linked 

in both organisms (Nadeau et al. 1992; Searle et al. 1994) such as mouse 

chromosome 11 which is homologous to human chromosome 17p, as well as 

mouse and human chromosome 1 which are homologous over large regions. 

Identification of linkage of the mouse equivalent of a human disease to a region 

of the mouse genome, can therefore improve the chances of successfully 

mapping the condition in humans. In some cases the disease gene is identified 

in the mouse and the analogous gene in the human becomes a candidate gene 

for the equivalent human disease, such as in the case of micropthalmia 

(Tassabehji et al. 1994).

The advantages of identifying a reliable mouse model of human disease include 

the speed with which mating experiments can be carried out, which can greatly 

reduce the time and effort required to trace and analyse affected families with the 

human equivalent disease. Similar considerations apply to other mammalian 

species in which detailed genetic maps have been produced (O'Brien et al. 1993).

1.4.4 Candidate Genes

Most genetic diseases do not lend themselves to investigation by positional 

cloning due to an absence of both chromosomal rearrangements and animal 

models, and insufficient family numbers needed to carry out linkage analysis. 

An alternative means is the candidate gene approach that involves the proposal 

of a gene that has previously been cloned, as a candidate for a human disease, 

rather than the identification of a new gene.
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This approach is becoming easier through the efforts of the Human Genome 

Project that has resulted in the identification and mapping of many novel coding 

sequences throughout the genome. A gene may be considered as a candidate 

when a disease phenotype is mapped to the same region to which it has been 

assigned. Similarly, when a new gene is identified, its position is compared to 

mapped disease loci and its function and pattern of expression are investigated 

in order to implicate a possible disease phenotype.

1.4.5 Types of Gene Mutation

The most common type of gene mutation involves disruption of the coding 

sequence that results in loss or abnormal function of the gene product. Point 

mutations result in the substitution of an aberrant amino acid residue at the 

protein level, or create a stop signal that results in a truncated protein. Similarly, 

base insertions or deletions alter the coding sequence by the addition or deletion 

of amino acids, or by producing a frame-shift that results in a truncated or 

abnormal gene product.

An additional means of disrupting the coding sequence involves aberrant splicing 

of the mRNA. Consensus sequences mark the intron/exon boundaries and direct 

the cellular splicing machinery to correctly remove intronic sequences and ligate 

exons (Shapiro et al. 1987). Mutation of the splice site sequence can result in 

exon skipping or abnormal splicing events that use cryptic splice sites within the 

exon or intron that resemble the actual splice site. Similarly, base changes within 

an exon or intron can create cryptic splice sites that are used in preference to the 

normal site. The presence of premature termination codons has also been shown 

to be associated with exon skipping (Dietz et al. 1993).

Gene expression can be affected by mutations of the promoter that controls 

transcription of the gene, or enhancer units which are associated with some 

genes and are required for normal expression.
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Alternatively, DNA rearrangements that separate the gene from its control 

elements, or place it under the control of another promoter, can lead to altered 

expression of the gene. Intragenic DNA rearrangements can disrupt the exon 

structure of the gene leading to an absence or abnormal gene product.

Dynamic mutations that are caused by unstable triplet repeat sequences which 

increase in copy number have been reported in eleven diseases (Willems, 

1994). The expansion of these repeats causes disruption to the coding sequence 

or is associated with fragile chromosome sites.

Altered gene dosage as a result of DNA deletion or duplication is associated with 

a number of disease phenotypes. Chromosomal deletions resulting in 

haploinsufficiency of a critical gene i.e two copies of the gene are needed for 

normal phenotype, have been reported along with nonsense point mutations for 

PAX6 in aniridia (Glaser et al. 1994) and deletions of the GLI3 gene in Greig 

syndrome (Vortkamp et al. 1992). Increased dosage of many genes is associated 

with trisomy 21 in Down's syndrome.

1.4.6 Methods of Point Mutation Detection

The most effective means of detecting sequence changes is DNA sequencing, 

but this method is labour intensive and can be slow to complete. Therefore a 

number of different screening methods, based on PGR amplified DNA have been 

developed which indicate the presence of sequence changes, that can then be 

identified by DNA sequencing.

A number of methods include denaturing gel gradient electrophoresis (DGGE), 

heteroduplex analysis, RNase A cleavage and chemical mismatch cleavage 

(CMC) have been developed that have different advantages and disadvantages 

in relation to the sensitivity and practicality of the approach (Grompe, 1993). 

Another method which is widely employed is single stranded conformation 

polymorphism analysis, SSCP, (Orita et al. 1989a). SSCP is not as sensitive at
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detecting sequence changes as DGGE or CMC, but it is simple and rapid to 

carry out and does not require any PCR modifications.

1.4.6.1 Single Stranded Conformation Polymorphism Analysis, SSCP

SSCP analysis exploits the fact in non-denaturing conditions, single stranded 

DNA will adopt a sequence specific conformation. The conformation is 

determined by intramolecular interactions and therefore by its sequence. The 

electrophoretic mobility of DNA in a gel is dependent on size and shape, and so 

different DNA conformations migrate differently when run out on a gel. Thus it 

is possible to identify a conformational change between wild-type and mutated 

DNA, and thereby predict the presence of a sequence change. It has been 

shown that a single stranded molecule may adopt more than one conformation 

(Orita et al. 1989b), in which case an altered band pattern is seen following a 

mutation.

Point mutations, deletions and insertions can be observed, however some point 

mutations do not produce SSCP changes and estimates as to the efficiency of 

the method range from 75-90% in DNA molecules up to 200bp (Michaud et 

al. 1992). The efficiency of mutation detection rate decreases with increasing 

DNA fragment size, and only 50% of mutations are detected in fragments over 

400bp (Grompe, 1993). As well as DNA fragment size, the efficiency of mutation 

detection by SSCP is dependent on gel temperature, sequence content, the 

position of the base change in relation to the ends of the molecule, the 

concentration of dénaturant e g glycerol in the gel, and the gel matrix that is 

employed (Hayashi, 1991; Liu et al.1994). For this reason, gels are generally run 

at room temperature and at 4°C in the presence and absence of glycerol (see 

2.4.5.5). The DNA can either be radiolabelled during the PCR reaction and 

visualised by autoradiography, or visualised directly on the gel using silver 

staining (Ainsworth et al. 1991).

It is important to note that SSCP will also detect sequence changes that occur

65



in the genome which are not associated with genetic disease. These sequence 

polymorphisms (Botstein et al. 1980) can result in a false positive result when 

looking for a disease mutation in a candidate gene, and it is advisable to trace 

SSCP band shifts through affected families and screen a significant number of 

unaffected controls.

Another recently developed method that is increasing in popularity is dideoxy 

fingerprinting (DDF), which includes SSCP analysis and dideoxy termination 

(Sarkar et al. 1992; Lui et al. 1994). DNA sequencing is carried out using a single 

dideoxy terminator and the products of the reaction are run out on an 

undenaturing SSCP gel. Sequence changes are detected by the incorporation 

of a terminator at a novel position and/or an altered SSCP band pattern. All 

fragments generated after the sequence change will show an altered SSCP 

pattern, thereby amplifying the 'detection signal' and increasing the sensitivity of 

detection. The two step process is not as simple as SSCP, but the high efficiency 

of mutation detection which has been reported to be 100% (Sarkar et al. 1992), 

and the fact that the location of the sequence can be detected, suggest that DDF 

will become widely employed.

1.4.6.2 Identifying Point Mutations by Direct DNA Sequencing

Once the presence of a sequence change has been detected, DNA sequencing 

is employed to define the localisation and nature of the change. The method of 

sequencing that is most commonly used is the Sanger chain termination method 

(Sanger et al. 1977). In this method, a fragment of DNA is copied in the presence 

of dideoxynucleotides that inhibit DNA elongation. The resulting ladder of DNA 

molecules that are terminated at each point along the original template can be 

labelled and resolved on a denaturing gel (see 2.4.9).

DNA sequencing can be carried out on cloned or PCR amplified DNA, but direct 

DNA sequencing to identify gene mutations involves PCR products. It is 

necessary to generate a single stranded template and this can be done by
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several different methods. One way is asymmetric PCR in which PCR product 

is reamplified using one primer that is vastly in excess concentration compared 

to the other. This generates an abundance of single stranded template 

(Gyllensten et al. 1988). A second method called genomic amplification with 

transcript sequencing (GAWTS), involves designing the PCR primers to include 

a 17 RNA polymerase binding site, so that in vitro transcription can be carried 

out following the PCR reaction (Stoflet et al. 1988). This generates single 

stranded RNA templates for sequencing. A third method requires the 

modification of one of the PCR primers by covalently attaching a biotin molecule 

to its 5'-end. Biotin has a high binding affinity to avidin, and following PCR 

amplification, the double stranded product is immobilised on avidin-coated 

magnetic beads (Gibbs et al. 1990). The DNA is then denatured so that the non- 

biotinylated strand falls off, leaving the biotinylated strand that can be used for 

sequencing whilst still attached to the bead.

As an alternative to isolating single stranded template and thereby increasing the 

speed and ease of sequencing, a process called cycle sequencing has been 

developed (Ruano et al. 1991). In this case, the template DNA is simultaneously 

amplified and sequenced. The products of sequencing reactions can be resolved 

on a polyacrylamide and visualised by autoradiography with the incorporation of 

a radiolabelled nucleotide or the labelling of the sequencing primer. Recently, 

modifications to the process include the use of fluorescently labelled dideoxy 

terminators (Rosenthal et al. 1992). The main disadvantage with this approach 

is the cost in setting up the technology needed to analyse the results.
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CHAPTER 2: MATERIALS AND METHODS
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2.1 Materials

All Chemicals were obtained from Sigma, except for the following;

Restriction enzymes were obtained from Northumbria Biochemicals (NBL) except 
BsmI that was supplied by New England Biolabs.

Taq polymerase, 10x buffer, and 10mM MgClj were supplied by Bioline.

Dyna-M-280-Streptavidin beads were supplied by Dynal.

a-32p_dCTP and a-^^S-dATP were supplied by ICN Biochemicals Ltd.

Sequenase V2.0 sequencing kit was supplied by United States Biochemicals.

Protogel™ and Accugel™ were supplied by National Diagnostics.

Qiagen plasmid DNA extraction kit and Hybond N+ membrane were supplied by 
Amersham International pic

Bacto-Agar was supplied by Difco Laboratories.

Seaplaque™ agarose was supplied by Flowgen Instruments Ltd

G50 Sephadex, dNTPs, hexadeoxyribonucleotides, and Ficoll were supplied by 
Pharmacia.

1kb DNA marker and RPMI growth media were supplied by GibcoBRL.

2.2 Stock Solutions

2.2.1 DNA Extraction Solutions

Nuclei Lysis Buffer 
0.02M Tris 
0.002M EDTA 
0.8M NaCI

Proteinase K Solution 
1mM EDTA 
17oSDS

2.2.2 Qiagen Plasmid DNA Preparation Solutions

Buffer P1 (pH8.0)

50mM Tris-HCI
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lOOmM EDTA(pH8.0)
100|jl RNase (100|jg/ml)

Buffer P2 
200mM NaOH 
1%SDS

Buffer P3
2.55mM CHgCOONa (pH4.8)

Buffer QBT (pH7.0)
750mM NaCI 
50mM MOPS 
15% Ethanol 
0.15% Triton X-100

Buffer 0 0  (dH7.0)
1M NaCI 
50mM MOPS 
15% Ethanol

Buffer OF (pH8.2)
1.25M NaCI 
50mM MOPS 
15% Ethanol

IE
lOmM Tris
ImM EDTA (pH 8.0 with MCI)

2.2.3 Random Hexanucleotide Labelling Solutions

Solution O 
1.25M Tris-CI 
0.125M MgClg

Solution A
1ml Solution 0
18pl p-Mercaptoethanol
5pl O.IMdATP
5pl O.IMdGTP
5pl O.IMdTTP

Solution B 
2M Hepes

Solution C
Hexanucleotides (90 OD units/ml)
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OLB
555|jl Solution C 
917|j| Solution B 
370|jl Solution A

Hybridisation Solution
0.125M NagHPO  ̂( adjusted to pH7.2 with H3PO4)
0.25M NaCI 
ImM EDTA 
7% SDS 
10% PEG 8000

250|jl of boiled sonicated salmon sperm DNA (lOmg/ml) was added to 50ml of 
hybridisation solution

2.2.4 Electrophoresis and Southern Blot Solutions

lOx Tris Acetate Buffer (E Buffer) (dH7.7)
0.4M Tris
0.4M CHgCOONa
lOmM EDTA
pH adjusted to 7.7 with glacial acetic acid

lOx Tris Borate Buffer (TBE Bufer) (pH 8.0) 
0.9M Tris
20mM EDTA (pH 8.0)
0.9M Boric Acid

Denaturing Solution 
1.5M NaCI 
0.5M NaOH

20x Standard Saline Citrate (SSCI (pH7.0)
3M NaCI
0.3M CgHsOyNas
pH adjusted to 7.0 with NaOH

2.2.5 DNA Sequencing Solutions

Sequenase Buffer (5x)
200mM Tris-HCI pH7.5 
lOOmM MgClg 
250mM NaCI

Labelling Mix (dGTP) (5x)
7.5pM dGTP 
7.5pM dCTP
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7.5mM dTTP

ddG Termination Mix (dGTP)
80|jM dGTP
80mM dATP
80mM dCTP
80|jM dTTP
8mM ddGTP
50mM NaCI

ddA Termination Mix (dGTP)
80|jM dGTP
80|jM dATP
80|jM dCTP
80|jM dTTP
8|jM ddATP
50mM NaCI

ddT Termination Mix (dGTP)
80|jM dGTP
80mM dATP
80mM dCTP
80mM dTTP
8|jM ddTTP
50mM NaCI

ddC Termination Mix (dGTP)
80|jM dGTP
80|jM dATP
80mM dTTP
80pM dCTP
8mM ddCTP
50mM NaCI

Stop Solution 
95% Formamide 
20mM EDTA 
0.05% Bromophenol Blue 
0.05% Xylene Cyanol FF

Enzyme Dilution Buffer 
10mM Tris-HCI pH7.5 
5mM DTT 
0.5mg/ml BSA
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2.2.6 Media Solutions

LB Broth
10g Bactotryptone 
5g Bacto yeast extract 
10g NaCI 
0.2g NaOH 
water to 1000ml

LB agar contained 15g/l of Bacto agar

2.2.7 Tissue Culture Media
RPMI 1640 supplemented with; Fetal Calf Serum (PCS)

20mM Glutamine 
Gentomycin (lOpg/ml)

2.3 DNA Probes and PCR Primers

2.3.1 DNA probes

pRLI 2kb EcoRI PLP cDNA probe cloned into pUC9(Wu et al, 1987). pRLI 

detects an intragenic polymorphism of the PLP gene on MspI restricted DNA with 

bands of 4.0kb (0.92%), 4.5kb (0.08%) and a constant band of 1.8kb.

B550 550bp PCR probe that maps to DXS101 generated as a single fragment

following amplification of genomic DNA with the primers P1- 

CTGAAGACCATGATGGACTAA and P2-CAGTGCATATGGGATACTCTGTAC 

(O'Reilly et al, 1993). B550 is non-polymorphic on MspI digested DNA and 

detects constant bands of 3kb and 2.3kb .

pKM.19 Ikb EcoRI fragment cloned into pUC13 that maps to chromosome 

7(Estivill et al, 1987). pKM.19 is non-polymorphic on MspI digested DNA and 

detects a constant band of 6.4kb.

pXG-12 1.5kb EcoR\/BamH\ fragment cloned into pAT 153 that maps to DXS94 

and is non-polymorphic on MspI digested DNA, detecting a single band of Gkb.

Probes pRLI and B550 were kindly made available by Dr.M.O'Reilly, Institute of

73



Child Health.Probe pKM.19 was kindly donated by Dr.S.Halford, Institute of Child 

Health. pXG-12 was made available by the Clinical Genetics Unit, Institute of 

Child Health.

2.3.2 PCR Primers

2.3.2.1 (CA)n Repeat Primers Mapping to Chromosome 1p

Primer sequences (Table 2.1) for the loci D1S244 and D1S228 are available 

from Genethon (Gyapay et al. 1994). Primer sequences for the locus D1S160 

were supplied by Dr.J.Vance, Duke University Medical Centre, U.S.A.

MARKER PRIMER SEQUENCE (S'-3') SIZE (bp) Tm(°C)

D1S160 GCATCTAGCAAACAGCATGTG 158-172 57.8

GCTGGAGGGCAGTGAAACT 58.8

D1S244 AGGTGACTCTGCCGTTTCT 285-286 56.0

AGCTCCGCTCCCTGTAAT 56.0

D1S228 AACTGCAACATTGAAATGGC 111-135 53.2

GGGACCATAGTTCTTGGTGA 57.3

Table 2.1 Primer sequences of STS Markers of Chromosome Ip

2.3.2 2 (CA)n Repeat Primers Mapping to Chromosome Xq22

Primer sequences (Table 2.2) for the loci DXS1191 and DXS1106 were 

obtained from Genethon (Gyapay et al. 1994). Primer sequences for the locus 

DXS1153 were obtained from the Genome Data Base (GDB).
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LOCUS PRIMER SEQUENCE (S'-3") SIZE (bp) TmCC)

DXS1106 TGATGCACCAAATACCA 173-189 47.9

TATGAGAACTCCCTAAACAAA 52.0

DXS1191 AACAGCTATTGTGCCTGGCAGAGAA - 62.9

GCCCCGTTTGATGCTTCTAAATTG 61.0

DXS1153 CTGAGGATGGCTTGAAGGT 134-160 56.6

CATCACACAATACACCCAGGGTCT 62.7

Table 2.2 Primer sequences of STS markers mapping to chromosome Xq22

2.3 2.3 Primer Sequences of the PMP-22 Gene

Both intronic and exonic PCR primers were used to analyse the PMP-22 gene 

(Table 2.3). PCR primers for exon 1 were alternatively biotinylated so that 

sequencing from either end of the exon could be carried out, because 

problems were encountered with sequencing the 3' end of the exon using 

PMP22-1R as the sequencing primer. In order to sequence from the 5' end of 

exon 1, PMP22exf was used as a nested sequencing primer. Exonic primers 

for RT-PCR were designed from the mouse cDNA sequence (Manfioltti et al, 

1990). Intronic primer sequences covering exons 1 and 2 were supplied by 

Dr.L.Valentijn, European GMT Consortium. Intronic primers covering exons 3 

and 4 were obtained from published data (Roa et al, 1993c).

2.3 2.4 Primer Sequences of the Po Gene

Intronic PCR primer sequences and nested sequencing primer sequences 

covering all six exons of the Po gene (Table 2.4) were taken from published 

data (Hayasaka et al, 1993a).

2.3 2.5 Primer Sequences of the PMP-2 Gene

Primers designed from the PMP-2 cDNA sequence were made available by 

Dr J.Vance, Duke University, Medical School, Durham, U S A (Table 2.5).

75



G )

EXON POSITION PRIMER SEQUENCE (5’-.3') SIZE (bp) Tm(°C)

1 5-UNTRANS PMP22-1F(BIO) BIO-AGAAACTCCGCTGAGCAGAA 166 57.3

INTRON 1 PMP22-1R GGAACCCAGATGGGGAAG 58.2

2 INTRON 1 PMP22-2F(BIO) BIO-TTTCCTTCACTCCTCCCTCC 194 59.3

INTRON 2 PMP22-2R GTCTGAGGACAAGCTCACGG 61.4

3 INTRON 2 PMP22-3F(BIO) BIO-TGGCCAGCTCTCCTAAC 220 55.2

INTRON 3 PMP22-3R CACCCCGCTTCCACATG 57.6

4 INTRON 3 PMP22-4F(BIO) BIO-GCCATGGACTCTCCGTC 250 57.6

3'-UNTRANS PMP22-4R CCTATGTACGCTCAGAG 52.8

cDNA EXON 1 PMP-22EXf ATGCTCCTCCTGTTGCTGAGTATC 150 62.7

cDNA EXON 4 PMP-22EXr TTCGCGTTTCCGCAAGATCACATA 61.0

Table 2.3 PCR Primers of the PMP-22 Gene. Primers marked (BIO) were biotinylated at the 5' end.
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EXON POSITION PRIMER SEQUENCE (5'-3') SIZE (bp) Tm(°C)

1 5'UNTRANS P0-1F GACACAAAGCCCTCTGTGTA 386 57.3

INTRON 1 P0 -IR BIO-AGACACCTGAGTCCCAAGAC 59.3

2/3 INTRON 1 PO-2/3F CCATAGGTGCATCTGATTCC 900 57.3

INTRON 3 PO-2/3R BIO-TCCCAGAGCCTGAATAAAGG 57.3

4/5/6 INTRON 3 P0 -4 /5 /6 F CTGCTCATTCTCCCACTTCT 725 57.3

3'UNTRANS P0 -4 /5 /6 R BIO-TCTGCTCATCCTTTCGTACC 57.3

1 INTRON 1 Po-Seq1 AAGCAGGTTCCAGGAAC

2 INTRON 2 Po-Seq2 AGCACTTTCTGTTATCC

3 INTRON 3 Po-Seq3 CCAACCTGTCAGTCCTC

4 INTRON 4 Po-Seq4 ACCCACTGGAGTAGTCT

5 INTRON 5 Po-Seq5 GGGTTCTCCTTCCCATC

6 INTRON 6 Po-Seq6 ATGACCATCACCTTTGG

Table 2.4 PCR and Sequencing Primers of the Po Gene
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PRIMER cDNA 

NUCLEOTIDE No.

PRIMER SEQUENCE (5'-3') SIZE (bp) Tm (°C)

P2E1R 1-23 CGCTTAGAACTGTGTTGAGC 107 57.3

P2E2L 87-107 CGATTACATGAAAGCTCTGG 55.25

P2E3R 108-127 GTGTGGGGTTAGCCACCAGA 156 61.4

P2E2L 259-275 CAGCTGACAATAGAAAG 47.94

P2E3R 276-301 ACCAAGAGCATCGTAACCCTGCAGAG 114 55.25

P2E3L 263-279 TGAATGGGAAAATGGTA 45.53

P2E4R 383-403 GAATGTAAAATGAAGGGCGT 142 53.2

P2E4L 504-525 CTGAATACACTGCAAATATTTG 52.8

Table 2.5 PMP-2 primer sequences used to amplify genomic DNA.
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Fig 2.1 Position of primers used to analyse the PMP-22, Po amd PMP-2 genes.



2.4 GENERAL METHODS

2.4.1 Extraction of Genomic DNA

2.4.1.1 Extraction of DNA from Blood

DNA was prepared from fresh or frozen venous blood. Whole blood was mixed with 

40 ml of ice cold HgO per ml of red blood cells, and spun at 900g for 20 mins at 4°C. 

The pellet was washed in 25 ml of 0.1% NP-40 and the centrifugation step repeated.

The supernatant was discarded and the pellet resuspended by vortexing in 3 ml of 

nuclei lysis buffer. Next, 200pl of 10% SDS and 600pl of Proteinase K (2mg/ml 

dissolved in Proteinase K buffer) were added and mixed by inversion before 

incubating at 60°C for 1.5-2 hours. 1 ml of saturated CH3COONH4 was added, and 

the tube was shaken vigorously for 15 secs to precipitate any protein before being 

left to stand at room temperature for 15mins. The tube was then spun at 900g for 20 

mins at room temperature.

DNA was precipitated by the addition of two volumes of absolute ethanol with gentle 

swirling to mix. The DNA was spooled out using a sealed sterile glass pipette and 

was dissolved overnight in 300-500pl of dHgO.

2.4.1.2 Extraction of DNA from Cultured Cells

DNA was prepared from both transformed human fibroblast cell lines and 

transformed human lymphoblastoid cell lines. Fibroblasts from three 500ml tissue 

culture flasks, or 50ml of lymphoblastoid cells were harvested in RPMI growth media 

and centrifuged at 184g for 5 mins at room temperature. The supernatant was 

discarded and the pellet was resuspended by flicking the side of the tube. GOOpI of

nuclei lysis buffer, 40pl of 10%SDS and 120pl of Proteinase K solution 

(2mg/ml in Proteinase K buffer) were then added by inversion of the tube. The 

tube was incubated at 55°C for 2 hours followed by the addition of 200pl of a 

saturated solution of ammonium acetate with vigorous shaking to mix. The 

reaction volume was allowed to settle for 20 mins and then spun at room 

temperature in a microfuge for 20 mins. The supernatant was removed
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and then the DNA was precipitated by the addition of two volumes of absolute 

ethanol and gently mixed by inversion.

The DNA was spooled out using a sterile glass pasteur pipette, the tip of which was 

sealed by heating. Excess ethanol was drained off on the side of the tube and the 

DNA was dissolved in 200pl of dHgO overnight at room temperature before determining 

the concentration spectrophotometrically.

2.4.1.3 Extraction of DNA for Puised-Fleid Gel Electrophoresis

DNA was prepared from both transformed human lymphoblastoid cell lines and 

venous blood. Whole blood taken into preservative-free heparin tubes was mixed 

with dextran at a ratio of 2:1 and left to stand at room temperature for 45 mins. 

Leucocytes were then collected from the top phase and washed in 50ml of sterile 

IxPBS solution and spun at 500g for 10 mins at room temperature. The wash step 

was repeated and the supernatant carefully removed and discarded. The pellet was 

then resuspended in 1ml of IxPBS for every 10ml of blood. The number of cells was 

then determined using a haemocytometer, and the cell concentration adjusted to 14- 

22x10®/ml.

When using cultured cells, it was necessary to first remove dead cells to minimise 

DNA degradation. In order to do this, cultured cells were harvested in 40-50ml of 

growth media and centrifuged at 250g for 5 mins. The pellet was then resuspended 

in sterile PBS and the cells were layered onto an equal volume of Ficoll™ and spun 

at 500g for 20 mins, ensuring the centrifuge brake was inactive. The cell rich 

interface between the two phases was then collected into a fresh tube and washed in 

15ml of IxPBS to remove the Ficoll™. The cells were pelleted at 500g for 10 mins 

and washed a further two times. The supernatant was discarded and the cells were 

resuspended in 500|jl of sterile IxPBS and counted as before.

Pulsed-field block formers were prepared by placing tape along their bottom edge in 

order to form a well into which agarose could be pipetted. A 1% LMP agarose
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solution was prepared with IxPBS and maintained at 37°C. Equal volumes of cell 

suspension and agarose were mixed in 500pl aliquots and 80pl was immediately 

pipetted into each block forming well. The blocks were left for 45 mins on ice to set, 

before being removed using a sterile plastic inoculating loop into a solution of 0.25M 

EDTA (pH8.0), 1% sarcosyl, Proteinase K (2mg/ml), in a 50 ml polyethylene 

tube at one block per ml. The blocks were then incubated at 50°C for 40-60 

hours with occasional gentle shaking to prevent the blocks sticking to the side 

of the tube. The blocks were then washed three times in 50ml of freshly 

prepared TE.

In order to allow restriction enzyme digestion of the blocks it was necessary to 

inactivate any residual Proteinase K activity following the wash step. This was done 

by incubating the blocks at 37°C for 30 mins in TE containing PMSF (40 mg/ml) 

which was freshly prepared in ethanol. This step was repeated. PMSF is very toxic 

and extreme care should be employed when using it, but is rapidly inactivated in 

aqueous solution. The blocks were then rinsed in 1xTE three times and were then 

stored in 1xTE at 4°C for several months. For longer storage the blocks were stored 

in 0.5mM EDTA.

2.4.2 Extraction of Plasmid DNA using Qiagen Columns

Extraction of plasmid pRL1 DNA was carried out using a Qiagen Maxi-prep kit 

according to the manufacturers conditions. A 500ml overnight liquid bacterial culture 

in LB broth containing ampicillin (20pg/ml) was spun at 5000g for 10 mins in a 

Sorvall centrifuge.

The supernatant was discarded and the pellet resuspended in 10ml of PI buffer. P2 

buffer (10ml) was added and gently mixed, and incubated at room temperature for 

5mins. Chilled P3 buffer (10ml) was added and immediately mixed gently, followed 

by incubation on ice for 20mins. The extraction mixture was spun at 15,000g at 4°C 

for 30 mins and the supernatant was promptly recovered and spun again as before 

for 15mins.
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A Qiagen-tip 500 was equilibrated with 10ml of QBT buffer before adding the 

supernatant to the tip and allowing it to flow down it by gravity flow. The tip was 

washed twice with 30ml of QC buffer, and then the DNA was eluted into a clean tube 

by the addition of 15ml of QC buffer.

The DNA was precipitated by the addition of 0.7 volumes of isopropanol and spun at 

20,000g at 4°C for SOmins. The DNA pellet was washed with 70% ethanol and spun 

again for lOmins. The pellet was dried and resuspended in 30-50pl of TE .

2.4.3 Extraction of RNA from Cultured Cells

RNA was prepared from transformed human fibroblast cell lines. Cells were 

harvested and pelleted by centrifugation at 250g for 5 mins. The cell pellet was 

resuspended and washed in three times volume of IxPBS. This step was repeated 

twice.

The cells were then vortexed in 500pl of Solution D in a 1.5ml microfuge tube for 30 

secs. The following reagents were then added sequentially; 50ul of sodium acetate 

(pH4), 500ul of unbuffered phenol, lOOpI of chloroform/IAA (49:1) and the tube was 

placed on ice for 15 mins. The mixture was centrifuged at 12,000 rpm for 15mins in a 

microfuge at room temperature and the top phase was added to 600pl of isopropanol 

in a fresh tube at -70°C for 30 mins.

The RNA was pelleted by spinning at 1200 rpm in a microfuge at 4°C for 15 mins 

and washed in 70% ethanol, before being resuspended in 150-200pl of DEPC-HgO.

2.4.4 Spectrophotometry

DNA and RNA concentrations were determined on a Pharmacia GeneQuant 

spectrophotometer by measuring their absorbance at 260 nm and 280 nm. An 

absorbance value of 1.0 at 260 nm, corresponds to 50mg/ml dsDNA, 30mg/ml 

ssDNA, and 20mg/ml RNA and ssDNA oligonucleotides. The ratio of values at 260
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SSCP analysis of the Po gene involved amplifying exons 4, 5 and 6 together to give a 

725bp product. 15pl of the PCR product was then restricted with 3U of TaqI enzyme in 

a 30pl reaction at 65°Cfor 3hours to give two fragments of 370bp and 355bp. SSCP 

analysis was then carried out as described in 2.2.7.2.2.



and 280 nm provides a measure of purity with ratios of 1.8 and 2.0 for DNA and RNA 

respectively indicating 100% pure preparations.

2.4.5 The Polymerase Chain Reaction (PCR)

2.4.5.1 PCR

All PCR reactions were carried out on a Biometra TRIO-thermoblock or a Techne 

PHC-2. PCR reactions were carried out in 0.5ml autoclaved eppendorf tubes in a 

volume of SOul containing; 25pmoles of each primer, 1x Taq polymerase buffer 

(Bioline), 1-5mM IVIgClg (Bioline). 200nM of each deoxynucleotide, 1 unit of Taq 

polymerase (Bioline), 100-200 ng of genomic DNA and autoclaved distilled water. 

This reaction mix was overlaid with 30pl mineral oil to prevent evaporation during 

thermal cycling.

PCR reactions were carried out with a denaturing step at 94°C for 3 mins, followed 

by 30 cycles of an annealing step at a primer specific temperature, an elongation 

step at 72°C for between 0.5 -2 mins, and a denaturing step at 94°C for 0.5 mins. An 

extended elongation step of 10 mins at 72®C was then performed. 5pl of PCR 

products were analysed on 1 -2% agarose gels.

For PCR reactions intended for direct genomic sequencing, the primer concentration 

was reduced to 5 pmoles of each primer in a 50pl reaction.

2.4 5.2 Radioactive PCR

Radioactive PCR was carried out during the analysis of (CA)„ repeats and single 

strand conformation polymorphisms (SSCP). PCR reactions were carried out as 

above with 200nM of the deoxynucleotides (dATP, dTTP, and dGTP), but only 20nM 

of dCTP and 0.1 pi of a-^^P-dCTP (3000 Ci/mmol).*
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2.4.S.3 Reverse-Transcriptase PCR (RT-PCR) of the PMP-22 Gene

RT-PCR was carried out in order to amplify DNA form mRNA. First cDNA was 

synthesised from mRNA. RNA (5ug) was mixed with 1 pi of oligo(dT)i5 (Promega) in 

an annealing step at 70°C for 5 mins, followed by 5 mins on ice. cDNA was then 

synthesised in a volume of 25pl containing the annealed mix, 1x Superscript buffer 

(Gibco/BRL), 4mM of each dNTP, 2pl of DTT(0.1M), and 200 units of Superscript 

(Gibco/BRL) at 37°C for 1-2 hours. Standard PCR reactions were carried out as 

above using 2pl of cDNA reaction mixture, and PMP-22 exonic primers (see Table 

2 .1)

2.4.6 Restriction Enzyme Digestion of DNA

Genomic DNA (5pg) was digested with 10-20U of restriction enzyme in 1x restriction 

enzyme buffer for 4-6 hours. MspI digests were carried out overnight with a second 

aliquot of enzyme being added after Ihr. Digestion reactions were carried out at 

37°C except Taql digestions which were incubated at 65°C. Digestion of plasmid 

DNA (1-2pg) was carried out as described for 2-3 hours, and PCR product DNA 

(1 pg) was digested with 5U of enzyme 2hrs.

2.4.6.1 Restriction Enzyme Digestion of Pulsed-Field Blocks

High molecular weight DNA in pulsed-field electrophoresis blocks was digested by 

immersing the block in a reaction volume of 200pl containing 30-40U of enzyme, 1x 

restriction enzyme buffer, and 2pl of BSA (lOmg/ml). The block was estimated to 

make up 70pl of the reaction volume. Restriction digests were typically carried out for 

6-16 hours at 37°C and according to the manufacturers conditions. The blocks were 

manipulated with a sterile plastic inoculating loop, and following digestion the blocks 

were placed on ice for 20 mins to make them more firm prior to loading them into the 

gel (see 2.4.7.1.3).
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2.4.7 Electrophoresis of DNA

2.4.7.1 Agarose Gel Electrophoresis

Agarose gel electrophoresis was carried out in either 1xTBE or 1xE buffer. TBE gels 

run faster at the same voltage as those made with E buffer. Gels were prepared by 

melting agarose in buffer in a microwave oven. In order to allow visualisation of the 

DNA following electrophoresis, ethidium bromide (0.5ug/ml) was added to the gel 

mix which was cooled and poured into a plastic gel forming tray (NBL). DNA was 

visualised under UV-light following electrophoresis and photographed alongside a 

ruler in order to size bands on an autoradiograph later.

2.4.7.1.1 Electrophoresis of PCR Products

PCR products were analysed on 100ml 1-3% agarose gels in IxTBE. The gel was 

poured into a 11x13.5cm gel forming tray (NBL) previously sealed at each end with 

tape and with a well-forming comb in place. 5pl of PCR product was loaded onto the 

gel with O.SpI of loading buffer. The gel was run at 100V until sufficient resolution 

was achieved. For gels above 2% composition, Nusieve agarose was used in a ratio 

of 1:1 with standard agarose to improve purity of the gel and allow efficient 

visualisation of the DNA.

2.4.7.1.2 Electrophoresis of DNA for Southern Blotting

Genomic DNA for Southern blotting was run out on 300ml 0.8% agarose gels in IxE 

buffer. The gel was prepared as above and poured into 21x20.5cm gel forming tray 

(NBL) on a level surface to ensure equal thickness across the gel surface following 

setting. The gel was run in 2 litres of IxE buffer at 50V for 16 hours.

Restriction enzyme digested plasmid DNA was run out on 100-150ml 1-2% agarose 

gels in IxTBE at 25V for 16-20 hours (see 2.4.8).
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2.4.7.1.3 Pulsed-Field Gel Electrophoresis (PFGE)

A 0.8% agarose gel was made in O.SxTBE and poured into a 15x15 cm rubber 

template with a well-forming comb in place on a pulsed-field gel platform. Care was 

taken to ensure equal thickness was maintained across the gel surface on setting.

Once set, pulsed-field blocks were loaded into the wells with the aid of a plastic 

inoculating loop and a scalpel blade. Any air bubbles that formed around the block 

during its loading on to the gel were removed using a hyperdermic syringe. The 

blocks were then sealed into the gel by pouring molten 1 % agarose along the tops of 

the wells.

Gels were run in 0.5x TBE in an LKB 2015 Pulsaphor electrophoresis tank at 10°C 

for 24 or 40 hours according to the required range of DNA fragment size to be 

separated (see Table 4). At the end of the run the gel was removed from the platform 

and stained in 0.5xTBE containing ethidium bromide (0.5ug/ml) for 20 mins to allow 

the DNA to be photographed under UV-light.

DIGEST SIZE RANGE 

(kb)

VOLTAGE (V) SWITCH 

TIME (s)

LENGTH OF 

RUN (hrs)

Mlul 400-800 180 80 40

BssHII 60-270 180 15 24

Table 2.6 PFGE Running Conditions 

2.4.7.1.4 Isolation of DNA from Agarose Gels

Following gel separation the DNA fragment was cut out of the gel using a sterile 

scalpel blade and transferred to a 4x1 cm piece of dialysis tubing that was clamped at 

one end and contained IxTBE. The other end of the tubing was then clamped so 

that no air bubbles formed around the gel fragment and the tubing was then taped 

under IxTBE buffer in an electrophoresis tank .
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The DNA was eluted from the gel into the buffer in the tubing by electrophoresis at 

10OV for 30 mins. This buffer from inside the tubing was recovered and the DNA 

was precipitated in 0.6mM sodium acetate (pH5.2) and 2x volumes of absolute 

ethanol. The DNA was washed in 70% ethanol and resuspended in TE.

2.4.7.2 Polyacrylamide Gel Electrophoresis (PAGE)

PAGE was employed in the analysis of sequencing reactions and (CA)  ̂repeat 

analysis, and in single strand conformation polymorphism (SSCP) analysis. All 

PAGE was carried out on 39x33cm gels run on BRL sequencing tanks. Gels were 

caste in IxTBE between two glass plates of different dimensions (39x33cm and 

39x42cm), that were sealed along three edges by 0.4mm thick plastic spacers, and 

securely clamped together with bulldog clips.

The plates were first cleaned with detergent and 70% IMS, and the smaller plate was 

siliconised by smearing it with Repelcote "̂  ̂that prevents the gel adhering to the 

surface. The cleaned sides were clamped facing each other. A 90ml gel was caste 

with Accugel™ or Protogel™ (see 2.4.7.2.1 and 2.4.7.2.2). Immediately prior to 

pouring, 540pi of 10% APS and 60pl of Temed™ were added to catalyse cross- 

linking in the liquid gel which was then poured with a 10ml plastic syringe whilst 

suspending the plates at an angle of 45°. Care was taken to ensure no air bubbles 

formed.

Either shark-tooth or square well-forming combs (BRL) were then placed into the gel 

at the open edge. Shark-tooth combs were put in upside down to form a straight 

edge until the gel had set, and then inserted teeth first to form the wells immediately 

prior to loading the gel. The gel was allowed to set for at least 45mins and used 

within 24hrs.

Once set, the clips and combs were removed along with the spacer at the bottom of 

the gel, and the gel was positioned vertically in the sequencing tank. The buffer 

reservoirs at the top and bottom of the gel were filled with IxTBE with care taken to
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plug any leaks from the top reservoir. Gels containing urea were run at high 

temperature and they were pre-run for 30 mins prior to running at 60W.

Following the completion of electrophoresis, the siliconised plate was levered off 

thereby exposing the gel, which was then blotted onto a piece of 3mm Whatman 

paper by laying the paper on the gel and slowly peeling back from one corner. The 

gel was then covered with clingfilm and placed on a gel dryer. The clingfilm was 

removed and the gel exposed to Kodak XAR5 X-ray film for 24-72 hours.

2.4.7.2.1 Analysis of Sequencing Products and (CA)„ Repeats

Denaturing 6%(v/v) polyacrlyamide gels were caste using Accugel™ (Acrylamide: 

Bis-Acrylamide 19:1) and 7M urea in IxTBE. Gels were pe-run for 30 mins at 60W 

prior to loading samples in order to heat the gel to the optimum running condition, 

and then run fast at 60W .

The first 200bp of sequence from the sequencing primer was read on a gel that was 

run until the Bromophenol blue dye ran off the bottom of the gel. Greater than 200bp 

of sequence was read on the same gel by loading a repeat sample after 1.5 hours.

For the analysis of (CA)  ̂repeats, PCR products were diluted 1:1 with stop solution 

and denatured at 94°C for 3 mins prior to loading, and run 2-3 hours depending on 

the size of the PCR product.

2.4.7.2.2 Single Strand Conformation Polymorphism (SSCP) Analysis

Non-denaturing (6%polyarylamide/5% glycerol) gels were caste with Protogel 

(Acrylamide: Bis-Acrylamide 37.5:1) in 1x TBE and were run slowly at 240V for 14- 

16 hours at both room temperature and 4°C, or fast at IkV at 4°C for 4 hours.

Radioactive PCR reactions were carried out (see 2.4.5.2) and PCR products were 

diluted 1:5 with stop solution, to aid the formation of single stranded conformations.
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and denatured at 94°C for 3 mins before 8ul was loaded onto the gel. An 

undenatured sample was loaded on each gel to aid the identification of conformation 

changes.

2.4.8 Southern Blotting of Agarose Gels and Hybridisation

2.4.8.1 DNA Transfer to Hybond N+ Membrane

Following electrophoresis, the gel was photographed and then placed in denaturing 

solution for 30 mins on a shaking platform. Blotting apparatus was prepared by lying 

a 2cm thick piece of foam in the bottom of a photographic tray with a piece of 3mm 

Whatman paper placed over it so that the paper overlapped the edge of the foam at 

each end. The foam and paper were then soaked in 3xSSC until the level of solution 

was half the thickness of the foam. The denatured gel was then placed onto the 

paper and cling-film was placed around the edges of the gel to reduce evaporation of 

3xSSC in the tray.

A piece of Hybond N+ membrane (Amersham) and then two pieces of 3MM 

Whatman paper, cut to the size of the gel, were soaked in 3xSSC and sequentially 

layered onto the gel, ensuring that no bubbles formed between any of the layers. 

Paper towels were stacked on top of the Whatman paper, making sure the whole 

surface was completely covered to ensure even transfer from gel to membrane.

The gel was left to blot for 6-16 hours, but for blots left for shorter times, the paper 

towels were changed after 2 hours to maintain rapid transfer of DNA. Once 

complete, the position of the wells was marked on the membrane. The membrane 

was then fixed in 0.4M NaOH for 15 mins and rinsed in 3xSSC until a pH 7 was 

reached. The membrane was immediately pre-hybridised or store between 3MM 

Whatman paper.
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2.4 8.2 Random Hexanucleotide Labelling of Probes

DNA was radiolabelled by the incorporation of a^^P-dCTP(3000Ci/nmol). DNA (40- 

80ng) was denatured by boiling for 3 mins and then placed on ice for 5 mins. The 

labelling reaction was carried out in a 30pl reaction volume containing, 10pl OLB, 

BSA (10mg/ml), 3pl of a^^P-dCTP and 2.5 units of Klenow enzyme (Promega) at 

room temperature for 2-3 hours.

2.4.8 3 Removal of Unincorporated Nucleotides

Unincorporated nucleotides were removed by passing the reaction volume

down a Sephadex G50 column. A 1ml plastic syringe with its plunger

removed and which was plugged with a glass bead, was filled with Sepadex

G50 previously soaked in TE. The syringe was repeatedly filled until the 
level of Sephadex remained at the 1 ml mark. The column which was suspended

vertically in a 15ml centrifuge tube in order to keep it upright, was washed with 300pl

of IxTBE which displaced a similar volume from the bottom of the column.

The volume of the labelling reaction was increased to 300pl with IxTBE and added 

to the top of the column. The column was then placed into a fresh tube and a further 

volume of 300pl of IxTBE was added. This time the displaced volume containing 

labelled DNA was collected.

2.4.8 4 Hybridisation of Labelled Probe to Filters

Southern blot filters were placed in 10-15ml of pre-hybridising solution in 

hybridisation bottles (Hybaid) for a minimum of 30 mins at 65°C on a rotating 

platform in a hybridisation oven (Hybaid). Labelled probe DNA was added to the pre

hybridised solution to give 10® dpm/ml and hybridised overnight at 65°C.

The hybridisation mix was discarded and the filter was washed in 3xSSC/0.1 %SDS 

at room temperature for 15mins. Sequential washes were carried out at 65°C in 

1xSSC/0.1%SDS, 0.5xSSC/0.1%SDS and 0.1xSSC/0.1%SDS until the background

91



radioactive signal on the filter as determined by a beta emission counter, was 

sufficiently reduced. The filter was then wrapped damp in Saranwrap and placed in 

an X-ray cassette.

Filters were stripped for re-probing by soaking briefly in 2xSSC and then shaken in 

boiling 1mM Tris until cool. The filter was then rinsed in 2xSSC and either 

immediately pre-hybridised or stored dry between 3MM Whatman paper.

2.48.5 Autoradiography

Radioactive filters were exposed to Kodak X-OMAT AR5 film at -70°C for a period 

determined by the intensity of the radioactive signal. Film was developed using an 

Fuji RG11 X-ray film processor.

2.4.8.6 Phophorimager Analysis

Following autoradiography, the labelled filter was put on a phosphorimager cassette 

and exposed to the phophor-imager screen for 24-72 hours. The exposed screen 

was then scanned for radioactive signal as described by the manufacturer 

(ImageQuant). The intensity of radioactive signal on the filter was determined using 

the ImageQuant computer software.

2.4.9 DNA Sequencing

2.4.9.1 Direct Genomic DNA Sequencing Using Dynabeads

Direct genomic sequencing was carried out on PCR products using Dynabeads. The 

beads are magnetic to facilitate separation in an aqueous medium and are covalently 

bound to Streptavidin. PCR primers were synthesised with one of a pair being 

covalently bound to a biotin molecule which has a strong affinity for Streptavidin, at 

its 5' end.
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2.4.9.1.1 Preparation of Beads

30|jl of Dynabeads were washed twice in 100|jl of TES with the supernatant being 

discarded between washes using a magnetic separator (Promega).

2.4.9.1.2 Preparation of Single-Stranded Template for Sequencing

5pl of a biotin labelled PCR product was run out to a gel to check for specific 

amplification. The remainder of a 50pl reaction (1-2pg of template DNA) was then 

mixed with the washed Dynabeads and left for lOmins at room temperature with 

occasional gentle mixing. The beads were then placed in the magnet and the 

supernatant discarded. Single-stranded template DNA for sequencing was then 

prepared by washing the beads twice with 100pl of TES and then mixed with 100pl 

of 0.15M NaOH for 5 mins at room temperature.

The NaOH was discarded and the beads were washed again in TES and once in 

dHgO before being resuspended in 7pl of dHgO. Beads were either stored at -20°C 

or used immediately.

2.4.9.1.3 Sequencing

Sequencing reactions were carried out using the USB Sequenase Version 2.0 kit, 

according to the manufacturers instructions.

An annealing step was carried out at with 7pl of DNA bound Dynabeads, 1x 

Sequenase buffer and 5pmol of sequencing primer, in a lOpI reaction volume. The 

annealing mix was heated at 65°C for 2 mins and allowed to cool slowly in a beaker 

of 65°C HgO left on the bench.

An elongation step was carried out at room temperature. To the annealed mix, 1 pi of 

DTT (0.1M), 2pl of diluted labelling mix, O.SpI of a^^S-dATP (1000Ci/mmol), and 1.6U 

of Sequenase enzyme were added, and left for 2-5 mins. The length of reaction time
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and dilution factor of labelling mix determined the length of sequence that could be 

read.

For sequences less then 200bp, a 1:10 dilution of labelling mix and a 3 min reaction 

time were used. Smaller dilutions of labelling mix were used to in order to read 

sequence closer to the sequencing primer.

Termination reactions were carried out at 42°C with addition of ddNTPs. 2.5pl of 

ddATP, ddGTP, ddCTP and ddlTP were placed at 42°C for 2 mins. 3.5pl of each 

elongation reaction was then mixed with the ddNTPs and left at 42°C for 5 mins. 

Finally the reactions were stopped by the addition of 4pl of Stop solution. Samples 

were denatured at 94°C for 3mins and 3-4pi was run on denaturing polyacrlamide 

gels (see 2.4.7.2.1).

2.4.10 Mammalian Tissue Culture Techniques

Mammalian cell lines were stored in liquid nitrogen. Stock samples were prepared by 

pelleting 10ml of cells in culture and resuspending them in a 1:1 ratio of RPMI growth 

media and ice-cold 10% DMSO. The cells were aliqouted into screw cap eppendorf 

tubes and wrapped in several layers of paper at -70°C overnight. Cells were 

transferred to liquid nitrogen the following day.

Frozen cell line stocks were recovered by rapid thawing at 37°C and the cells were 

diluted in 10ml of RPMI growth media and spun at 250g for 2mins. The supernatant 

was discarded and fresh growth media was added. The cells were cultured in RPMI 

gowth media in 5%C02/95% air.

Fibroblasts were cultured as a monolayer in a small (50ml) flask until confluent. The 

cells were harvested in 0.25% trypsin, added to an equal volume of media and 

transferred to a medium (250ml) flask. Once confluent, the cells were transferred to 

a large (750ml) flask.
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EBV-transformed lymphoblastoid cell lines were cultured in liquid suspension in 5ml 

of growth media in a 50ml flask.Once the cells were well established they were 

transferred to a 250ml flask and the volume of media was increased to 30ml.
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CHAPTER 3: RESULTS
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Sixty patients, comprising fifty-three suspected CMT patients and seven patients with a 

possible diagnosis of HNPP, had been referred from ten centres with a request for 

analysis of chromosome 17 for the CMTIA duplication or HNPP deletion. These patients 

had been shown to be neither duplicated or deleted on 17p11.2, and were initially 

included in a screen for point mutations of the PMP-22 gene, and later the Po gene. All 

four PMP-22 exons and exons 1,4,5 and 6 of the Po gene were screened by SSCP.

An SSCP change was identified in exon 3 of the PMP-22 gene in one patient, patient 

DW. It was concluded that PMP-22 and Po point mutations were not widespread, and 

further screening of these genes was restricted to a cohort of clinically well characterised 

individuals who represented better candidates for point mutations in PMP-22 and Po.

The patients were referred as part of a research project offering DNA testing of CMT and 

HNPP patients, but were in fact mainly referred through clinical genetics departments 

and no clinical or pedigree information was given in seventy-five percent of the cases. 

The remaining individuals were reported with clinical characteristics including evidence 

of demyelination and pes cavus in query CMT patients, and ulnar nerve palsies in the 

presence or absence of pes cavus in possible HNPP cases. One individual was 

described as atypical CMT with gross muscular hypertrophy. Six patients were referred 

with evidence of reduced nerve conduction velocities, including patient DW.

Four cases were from families with additional affected family members with no male to 

male transmission, thus consistent with a possibiliy of X-linked inheritance, and two 

patients have since been shown to carry mutations in the Cx-32 gene, whilst an SSCP 

change has been identified in a third patient. Two patients have subsequently been 

further clinically characterised and are now thought to display an axonal neuropathy 

consistent with CMTII.

From the original sixty patients, patient DW along with two other patients (DB and RD) 

were selected for sequence analysis of the PMP-22 gene. These three patients were part 

of the cohort of patients described in 3.1.1.



3.1 Charcot-Marie-Tooth Disease *

3.1.1 Case Studies

Thirteen affected individuals were selected for sequence analysis of the PMP-22 

gene. Patients DB, JA, JB, RD, WD, AC, KR, SL, DW, and WH were referred by 

either Prof.P. K.Thomas or Prof.A.Harding of the Institute of Neurology, The 

National Hospital, Queen Square, London; patients VT was referred by 

Dr.S.Hodgson of the SE Thames Regional Genetics Centre, London; patient DO 

was referred by Dr.H.Kingston of St.Mary's Hospital, Manchester; and patient MN 

was referred by Dr.F.Muntoni of the Department of Paediatrics, Hammersmith 

Hospital, London.

3.1.2 Selection Criteria for PMP-22 Sequencing

Patients were selected for sequence analysis of the PMP-22 gene on the basis 

that they complied with one of the following criteria, and had been shown not to 

carry a 17p11.2 duplication;

i) Severe disease compatible with CMTIII. (AC, JB, KR, MN, WH, DW)

ii) Mild disease compatible with HNPP (JA, WD, SL)

iii) Dominant inheritance of CMTI with male to male transmission (DB, DG, RD)

iv) Possible recessive inheritance of peripheral neuropathy (VT, WH)

CMTI individuals along with suspected CMTIII patients were tested for the 

presence of the CMTIA duplication. Similarly, HNPP patients were tested for the 

presence of a deletion of chromosome 17p11.2. The presence of the duplication 

was indicated by three alleles of an MspI polymorphism detected with the probe 

VAW409R3A, or by dosage analysis by comparison of the signal ratios between 

the chromosome 17 probes VAW409 and VAW412, and a control probe EW312 

from chromosome 22. Testing for chromosome p deletion associated with HNPP 

was carried out by dosage analysis. The duplication and deletion results are 

shown in (Table 3.1) and this work was carried out by another member of our 

laboratory.
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PATIENT DISEASE MspI ANALYSIS EcoRI DOSAGE ANALYSIS

DELETED RANGE 
VAW409 45-70% 
VAW412 51-72%

NORMAL RANGE 
VAW409 80-120% 
VAW412 84-120%

DUPLICATED RANGE 
VAW409 130-175% 
VAW412 138-180%

RD CMTI 2.8kb,2.7kb - - -

DB CMTI 2.8kb,2.7kb - - -

DG CMTI - - / -

DW CMTIII - - / -

JB CMTIII - - / -

AC CMTIII - - / -

WH CMTIII - - / -

JA HNPP - - / -

CDOO

Table 3.1 Results of dosage analysis of paients selected for sequencing.



3.1.2.1 Clinical Details

CMTI Families

FAMILY VT

This family was studied because of a marked difference in severity within the 

family. The father (ll-l) was diagnosed as a GMT type I patient and was found to 

be duplicated for chromosome 17p11.2. His daughter (lll-l) inherited the 

duplication, but had atypical CMT1A with very severe weakness, and 

unfortunately died following a spinal fusion operation. Exceptionally slow nerve 

conduction velocities were recorded and a nerve biopsy had the appearance of 

CMTI (P.K.Thomas). The mother, patient VT (ll-ll) who in fact had normal nerve 

conduction velocities and is not duplicated, showed signs of peripheral 

neuropathy, in that she had pes cavus. Her mother (l-l) had similar 

characteristics. It was reasoned that lll-l was a compound heterozygote, and 

therefore DMA was sequenced from her mother ll-ll.

FAMILY RD
Patient RD (ll-V) is typical of CMT type I on nerve conduction studies. There is 

no family history, but her father was involved in nuclear testing and died of 

myeloma. It was reasoned that she may carry a de novo point mutation as a 

result of the environmental factors to which her father was exposed.

FAMILY DB

Patient DB (ll-ll) was diagnosed as a CMT type I patient. She has an affected 

father (l-l) and brother (ll-l) indicating male to male transmission, thus ruling out 

the possibility of Cx-32 mutation in this family.

FAMILY DG

Patient DG (lll-l) was diagnosed as a typical CMT type I patient. Her father (ll-ll) 

and brother (lll-ll) are affected along with her paternal uncle (ll-lll), indicating
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male to male transmission in this family.

CMTIII Families

FAMILY DW

Patient DW (ll-l) represents a sporadic affected individual in this family. Nerve 

conduction velocity measurements were very low (ulna NOV of 3ms-1 ). Nerve 

biopsy results suggest hypomyelination.

FAMILY JB

Patient JB (ll-l) displays a severe phenotype consistent with a diagnosis of CMT 

type III. Her mother (l-l) is clinically unaffected, but she has an affected son LB (III- 

I), who has delayed walking and shows areflexia (no reflexes).

FAMILY AC

Patient AC (ll-ll) never walked normally and was described as displaying a 

severe phenotype consistent with CMT type III. Nerve conduction studies were 

not performed successfully, but a nerve biopsy showed some demyelination. He 

has an asymptomatic sister (ll-l) and an affected half-brother (ll-l') through the 

same mother (l-l). The mother had three sisters and three brothers, each of 

whom had at least two unaffected children. X-linked inheritance has not been 

reported for CMTIII. The paternity of the half-brother is unclear, and the family 

originate from a small community in rural Ireland, which leads to the possibility 

of a founder effect with recessive inheritance of a mutated gene.

FAMILY WH

Patient WH (lll-l) displayed a clinical picture similar to patient DW. There is a 

suggestion that she was the offspring of an incestuous relationship and 

autosomal recessive inheritance is therefore a possibility. In addition to her 

neuropathological features, she is clinically deaf. She has an asymptomatic 

daughter (IV-I).
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PATIENT KR

KR was diagnosed as CMT type III. She is adopted and there is no family history 

available.

FAMILY MN

Patient MN (ll-l) was diagnosed as having CMT type III with a very low nerve 

conduction velocity in the range 8-10 ms-1 and no tendon reflexes. She has no 

family history.

HNPP Families

FAMILY JA

Patient JA (ll-lll) was diagnosed as having a multifocal neuropathy. Her father 

(l-l) was thought to have CMT type I, but was never examined. She has an 

unaffected brother (ll-l) and sister (ll-ll), and an unaffected son (lll-l) and 

daughter (lll-ll).

FAMILY WD

Patient WD (l-ll) showed tomacular changes on nerve biopsy. The clinical picture 

was consistent with HNPP. He has an affected sister (l-l) and two unaffected 

daughters (ll-l) and (ll-ll).

PATIENT SL

Patient SL showed tomaculous nerve changes on biopsy. There is no known 

family history.
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Fig 3.1 Family pedigrees of patients selected for PMP-22 sequencing
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CMTIII (cont)
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(Fig 3.1 continued)
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SSCP analysis was carried out following sequencing of the PMP-22 gene as a 

second means of checking for sequence changes that may have been missed 

during DNA sequencing. Those patients in which a sequence change had been 

identified by DNA sequencing (patients DW, JB and KR) were included to 

evaluate the sensitivity of the SSCP conditions employed. The SSCP results 

were consistent with the base changes previously identified. The reported 

sensitivity of SSCP is 80-90%, and if an SSCP change had not been identified 

in these patients, it would not by itself indicate that a sequence change 

previously identified by DNA sequencing is an artifact.



3.1.3 Mutation Detection in the Peripheral Myelin Protein-22 (PMP-22) Gene

The PMP-22 gene was screened for sequence changes by direct DNA 

sequencing. DNA sequencing was selected as the screening method because 

the initial number of patients to be tested was small, and the small number and 

size of the exons to be sequenced. In addition, the report of a recessive PMP-22 

mutation in CMTIA, and the proposed recessive inheritance of CMTIII, meant 

that even after the discovery of a point mutation in one exon, remaining exons 

would have be to sequenced.

Sequence analysis of all four exons and splice site sequences was carried out

using genomic DNA PCR primers. In addition, SSCP analysis was carried out
*

in order to confirm the results of sequence analysis. Sequence changes were 

found in three (DW, JB, KR) of the thirteen patients that were screened.

PATIENT DW

Sequence analysis of exon 3 showed a G-T change at nucleotide 276 in the 

published cDNA sequence (Fig 3.8). This base change, which has not previously 

been reported, results in substitution of a serine (AGC) by an isoleucine (ATC) 

at amino acid residue 76 (Fig 3.2). SSCP analysis of exon 3 revealed a band 

shift consistent with the presence of a sequence change (Fig 3.7).

The sequence change destroys a BsmI (GAATGCN) restriction site.

NORMAL PATIENT DW

5' TCTTCAGCATTCTG 3' 5' TCTTCATCATTCTG 3'

AGAAG TCGTAAGAC AGAAGTAGTAAGAC

CUT SITE

There is a single BsmI site in the 220 bp PMP-22 exon 3 PCR product, so that 

BsmI digestion results in fragments of 126 and 94 bp. Patient DW is 

heterozygous for the G-T change and one strand remains uncut following BsmI 

digestion (Fig 3.3).

104



o
en

3'
G

Leu T 
C

Ile T -  
A
C ^

Ser/lleG/T _

ê r
Phe T 

T

5'
î

A

PATIENT DW CO NTRO L

3'
/G
/  T Leu 

C 
T
T Ile
A
C
G Ser
ê

\  T Phe

C

"s'

Fig 3.2 DNA sequence analysis of PMP-22 exon 3 in patient DW, showing a G-T change at nucleotide position 276, resulting in a 

predicted susbstitution of an isoleucine (ATC) for a serine (AGC) at amino acid number 76.
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Fig 3.3 PMP-22 exon 3 PCR product digested with BsmI. Undigested PCR product is shown in lane 1. Digested product of unaffected 
controls is shown in lanes 3-5. Digested product of patient DW in lane 2 shows the loss of a BsmI restiction site in one copy of the PMP- 
22 gene.



FAMILY JB

A novel C-G point mutation within exon 3 of patient JB, was identified at 

nucleotide 264 (Fig 3.8). This mutation is predicted to result in a serine (ICG) 

being replaced by tryptophan (TGG) at amino acid 72 (Fig 3.4), and destoys a 

Taql (TiCGA) restriction site. There is a single TaqI site in the 220 bp exon 3 

PCR product so that digestion of normal individuals results in bands of 140 and 

80 bp.

5' CTGTCGATCA 3' 5' CTGTGGATCA 3'

GACAGCTAGT GACACCTAGT

CUT SITE
NORMAL PATIENT JB

Both Patient JB and her affected son (LB) are heterozygous for the point 

mutation and one strand remains uncut (Fig 3.5). Analysis of the unaffected 

mother of patient JB revealed a normal restriction pattern indicating the absence 

of the sequence change. DNA from the father of KB was unavailable. In addition, 

SSCP analysis indicated a band shift in exon 3 of both afffected individuals, 

consistent with a sequence change (Fig 3.7).

PATIENT KR

A point mutation in exon 3 was identified in this affected individual. A T-C base 

mutation was identified at position 288 (Fig 3.8) resulting in a proline (CCG) 

substitution for a leucine (CTG) at amino acid 80 (Fig 3.6). This base change 

does not alter any restriction sites, but was observed during repeated sequencing 

reactions.

Further confirmation of a sequence change was indicated on SSCP analysis, 

which showed an altered band pattern in exon 3 of patient KR that was not 

observed in 15 unaffected controls (Fig 3.7).

107



Ser/Trp C/G

PATIENT JB

Ser/Trp C/G

lie

lie

Ser

Leu

lie
PATIENT LB

O'
T
A
0
T
A
G
0
T
G
T
0
0
T/
A

G A T 0

CONTROL

Fig 3.4 DNA sequence analysis of patient JB and her affected son LB, showing a G-C point mutation at nucleotide position 264 that 
results in a predicted substitution of tryptophan (TGG) for serine (TOG) at amino acid 72.
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Fig 3.5 PMP-22 exon 3 PCR product digested with Taql. Undigested samples are shown in lanes 1 and 6. Lanes 4 and 5 show digested 
product from unaffected controls. Digested PCR product from pateint JB (lane 2) and her affected son (lane 3) indicate the loss of a 
Taql site in one copy of the PMP-22 gene.
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Fig 3.6 Sequence analysis of PMP-22 exon 3 in patient KR, showing a T-C change that results in a predicted substitution of a leucine 
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Fig 3.7 SSCP analysis of PMP-22 exon 3, showing an altered band pattern in patients DW (lane 3), KR (lane 12), and JB (lane 14) and 
her affected son LB (lane 15). Lanes 1 and 18 contain undenatured samples of unaffected controls. Lanes 4,16 and 17 contain 
denatured samples from unaffected controls. Patients with no apparent SSCP change are also shown; DB (Iane2), SL (lane 3), MN (lane 
5), VT (lane 6), WH (lane 7), JA (lane 8), RD (lane 9), WD (lane 10), AC (lane 11 ).
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PATIENT EXON AMINO ACID MUTATION RESTRICTION SITE

JB/LB 3 72 Ser(TCG)-Trp(TGG) -Taql

DW 3 76 Ser(AGC)-lle(ATC) - BsmI

KR 3 80 Leu(CTG)-Pro(CCG) NO CHANGE

Table 3.2 Mutations identified in the PMP-22 Gene reported in this work.



(EXON 1)
GCGCTCTCCTCGCAGGCAGAAACTCCGCTGAGCAGAACTTGCCGCCAGAATGCTCCTCCT 
CGCGAGAGGAGCGTCCGTCTTTGAGGCGACTCGTCTTGAACGGCGGTCTTACGAGGAGGA 

1 M L L L -
GTTGCTGAGTATCATCGTCCTCCACGTCGCGGTGCTGGTGCTGCTGTTCGTCTCCACGAT 
CAACGACTCATAGTAGCAGGAGGTGCAGCGCCACGACCACGACGACAAGCAGAGGTGCTA 

5 L L S I I V L H V A V L V L L F V S T I -
^  (EXON 2)

CGTCAGCCAATGGATCGTGGGCAATGGACACGCAACTGATCTCTGGCAGAACTGTAGCAC
GCAGTCGGTTACCTAGCACCCGTTACCTGTGCGTTGACTAGAGACCGTCTTGACATCGTG

25 V S Q W I V G N G H A T D L W Q N C S T -

CTCTTCCTCAGGAAATGTCCACCACTGTTTCTCATCATCACCAAACGAATGGCTGCAGTC
GAGAAGGAGTCCTTTACAGGTGGTGACAAAGAGTAGTAGTGGTTTGCTTACCGACGTCAG

45 S S S G N V H H C F S S S P N E W L Q S -
(EXON 3) G T C

TGTCCAGGCCACCATGATCCTGTCGATCATCTTCAGCATTCTGTCTCTGTTCCTGTTCTT
ACAGGTCCGGTGGTACTAGGACAGCTAGTAGAAGTCGTAAGACAGAGACAAGGACAAGAA

65 V Q A T M I L S I I F S I L S L F L F F -
CTGCCAACTCTTCACCCTCACCAAGGGGGGCAGGTTTTACATCACTGGAATCTTCCAAAT
GACGGTTGAGAAGTGGGAGTGGTTCCCCCCGTCCAAAATGTAGTGACCTTAGAAGGTTTA

85 C Q L F T L T K G G R F Y  I T G I F Q I -

TCTTGCTGGTCTGTGCGTGATGAGTGCTGCGGCCATCTACACGGTGAGGCACCCGGAGTG 
AGAACGACCAGACACGCACTACTCACGACGCCGGTAGATGTGCCACTCCGTGGGCCTCAC 

105 L A G L C V M S A A A I Y T V R H P E W  -
(EXON 4)

GCATCTCAACTCGGATTACTCCTACGGTTTCGCCTACATCCTGGCCTGGGTGGCCTTCCC
CGTAGAGTTGAGCCTAATGAGGATGCCAAAGCGGATGTAGGACCGGACCCACCGGAAGGG

125 H L N S D Y S Y G F A Y I L A W V A F P  -
CCTGGCCCTTCTCAGCGGTGTCATCTATGTGATCTTGCGGAAACGCGAATGAGGCGCCCA

4 81 ---------------------------- 1------------------------------1------------------------------1------------------------------1------------------------------1------------------------------ h 540
GGACCGGGAAGAGTCGCCACAGTAGATACACTAGAACGCCTTTGCGCTTACTCCGCGGGT

145 L A L L S G V I Y V I L R K R E *

Fig 3.8 Nucleotide and predicted amino acid sequence of the normal PMP-22 

gene. The sequence changes identified in this study are shown above 

the normal sequence in exon 3. Double-headed arrows indicate the exon 

boundaries.
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OUTER MEMBRANE

Frameshift

INNER MEMBRANE

TM2 TM3TMl TM4

Fig 3.9 Amino acid sequence and proposed model of PMP-22 
protein structure showing the four predcted transmembrane domains. 
Solid line arrows indicate point mutations that are associated with 
CMTIA and CMTIII, and a frameshift mutation causing HNPP. The 
broken line arrows indicate amino acid changes that have been 
identified in Tr and Tr-J mice. The boxed point mutations indicate 
base changes associated with CMTIII and those in bold squares are 
reported in this work.
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The position of the PMP-22 mutations identified here, along with those 

previously published (Table 1.1), are shown on a model of the predicted 

protein structure in the myelin membrane (Fig 3.9).

3.1.4 Screening for Mutations in the Myelin Protein Zero (Po) Gene

Following the failure to detect any sequence changes in the PMP-22 gene, a 

number of the affected individuals were screened for mutations of the Po 

gene. Those patients with a diagnosis of CMTIII (AC,MN) and CMTI (DB, RD) 

were selected on the basis of previous reports of Po mutations associated 

with both conditions. In addition, HNPP patients (WD,SL) were included to 

investigate the possibilty that mutations of the Po gene could result in an 

HNPP phenotype.

All six exons including splice site regions of the Po gene were sequenced in 

these six affected individuals. Patient MN was found to carry a point mutation. 

The Po gene sequencing results were confirmed by SSCP analysis which was 

carried out by a another member of our laboratory.

PATIENT MN

A novel T-C point mutation was detected in this individual at nucleotide 448 

within exon 3 of the Po gene (Fig 3.12). The base change is predicted to 

result in the substitution of a threonine for isoleucine at amino acid 135 (Fig 

3.10). This point mutation does not alter an enzyme restriction site, but the 

result was seen on repeated sequencing gels, and SSCP analysis revealed 

an altered band pattern consistent with a base change (Fig 3.11) (N.B The 

SSCP analysis for patient MN was carried out by another member of our 

laboratory).

The position of this mutation, along with those previously published (Table 

1.2), is shown on a model of the predicted protein structure (Fig 3.13).
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Fig 3.10 Sequence analysis of Po exon 3 in patient MN, showing a T-C change that results in a predicted substitution of an isoleucine 

(ATA) residue by a threonine (ATC), at amino acid number 135.
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Fig 3.11 SSCP analysis of Po exon 3 showing an altered band pattern in patient 
MN (lane 2) in comparison with unaffected controls (lanes 3 and 4). An affected 

individual not included in this study is shown in lane 1. This gel was run using 

silver staining detection, by another member of our laboratory.
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00

(EXON 1) ^
CTCAACCCCACAGATGCTCCGGGCCCCTGCCCCTGCCCCAGCTATGGCTCCTGGGGCTCCCTCATCCAGCCCCAGCCCTATCCTGGCTGTGCTGCTCTTCTCTTCTTTGGTGCTGTCCCC
GAGTTGGGGTGTCTACGAGGCCCGGGGACGGGGACGGGGTCGATACCGAGGACCCCGAGGGAGTAGGTCGGGGTCGGGATAGGACCGACACGACGAGAAGAGAAGAAACCACGACAGGGG 
1 M A P G A P S S S P S P I L A V L L F S S L V L S P

(EXON 2)
GGCCCAGGCCATCGTGGTTTACACCGACAGGGAGGTCCATGGTGCTGTGGGCTCCCGGGTGACCCTGCACTGCTCCTTCTGGTCCAGTGAGTGGGTCTCAGATGACATCTCCTTCACCTG

1 2  1 -----------------------1------------------------h ----------------------- 1------------------------ 1------------------------ 1------------------------ 1----------------------- 1------------------------ 1-----------------------H------------------------- 1------------------------ 1------------------------ h

CCGGGTCCGGTAGCACCAAATGTGGCTGTCCCTCCAGGTACCACGACACCCGAGGGCCCACTGGGACGTGACGAGGAAGACCAGGTCACTCACCCAGAGTCTACTGTAGAGGAAGTGGAC
2 7 A Q A I V V Y T D R E V H G A V G S R V T L H C S F W S S E W V S D D I S F T W

■<-)•

GCGCTACCAGCCCGAAGGAGGCAGAGATGCCATTTCGATCTTCCACTATGCCAAGGGACAACCCTACATTGACGAGGTGGGGACCTTCAAAGAGCGCATCCAGTGGGTAGGGGACCCTCG241 I------------------------------------ 1-----------------------------------1-----------------------------------1-------------------------------H------------------------------------ + ----------------------------------- 1---------------------------------H---------------------------------- 1---------------------------------------1---------------------------------- H----------------------------------h

CGCGATGGTCGGGCTTCCTCCGTCTCTACGGTAAAGCTAGAAGGTGATACGGTTCCCTGTTGGGATGTAACTGCTCCACCCCTGGAAGTTTCTCGCGTAGGTCACCCATCCCCTGGGAGC
6 7 R Y Q P E G G R D A I S I F H Y A K G Q P Y I D E V G T F K E R I Q W V G D P R

(EXON 3) C
c t g g a a g g a t g g c t c c a t t g t c a t a c a c a a c c t a g a c t a c a g t g a c a a t g g c a c g t t c a c t t g t g a c g t c a a a a a c c c t c c a g a c a t a g t g g g c a a g a c c t c t c a g g t c a c g c t g t a t g t

361--------- 1---------- 1---------- 1--------- 1---------H-----------1---------- 1--------- 1----------1-----------1---------- 1--------- H
GACCTTCCTACCGAGGTAACAGTATGTGTTGGATCTGATGTCACTGTTACCGTGCAAGTGAACACTGCAGTTTTTGGGAGGTCTGTATCACCCGTTCTGGAGAGTCCAGTGCGACATACA 

107 W K D G S I V I H N L D Y S D N G T F T C D V K N P P D I V G K T S Q V T L Y V  
^  (EXON 4)

CTTTGAAAAAGTGCCAACTAGGTACGGGGTCGTTCTGGGAGCTGTGATCGGGGGTGTCCTCGGGGTGGTGCTGTTGCTGCTGCTGCTTTTCTACGTGGTTCGGTACTGCTGGCTACGCAG
481--------- 1-----------1---------- 1--------- 1---------1-----------H---------- 1--------- 1----------1-----------1---------- 1----------H

GAAACTTTTTCACGGTTGATCCATGCCCCAGCAAGACCCTCGACACTAGCCCCCACAGGAGCCCCACCACGACAACGACGACGACGAAAAGATGCACCAAGCCATGACGACCGATGCGTC 
147 F E K V P T R Y G V V L G A V I G G V L G V V L L L L L L F Y V V R Y C W L R R

-M- (EXON 5) ^
GCAGGCGGCCCTGCAGAGGAGGCTCAGTGCTATGGAGAAGGGGAAATTGCACAAGCCAGGAAAGGACGCGTCGAAGCGCGGGCGGCAGACGCCAGTGCTGTATGCAATGCTGGACCACAG 

6 0 1 ---------------------------------- I------------------------------------- 1----------------------------------- 1----------------------------------- 1-------------------------------- 1------------------------------------- 1------------------------------------H--------------------------------- 1-----------------------------------1---------------------------------------1----------------------------------- 1---------------------------------- h

CGTCCGCCGGGACGTCTCCTCCGAGTCACGATACCTCTTCCCCTTTAACGTGTTCGGTCCTTTCCTGCGCAGCTTCGCGCCCGCCGTCTGCGGTCACGACATACGTTACGACCTGGTGTC 
187 Q A A L Q R R L S A M E K G K L H K P G K D A S K R G R Q T P V L Y A M L D H S

(EXON 6)
CAGAAGCACCAAAGCTGTCAGTGAGAAGAAGGCCAAGGGGCTGGGGGAGTCTCGCAAGGATAAGAAATAGCGGTTAGCGGGCCGGGCGGGGGATCGGGGGTTAGGGGTGGAGTCCGCCAA

7 2 1 ---------------------- 1-------------------------1------------------------1------------------------1----------------------h----------------------- 1------------------------ H----------------------H-----------------------1--------------------------1------------------------1-----------------------h
GTCTTCGTGGTTTCGACAGTCACTCTTCTTCCGGTTCCCCGACCCCCTCAGAGCGTTCCTATTCTTTATCGCCAATCGCCCGGCCCGCCCCCTAGCCCCCAATCCCCACCTCAGGCGGTT 

227 R S T K A V S E K K A K G L G E S R K D K K *

Fig 3.12 Nucleotide and amino acid sequence of the coding region of the Po gene, showing the positon of the T-C base change in 

exon 3 that was identified in patient MN. Double headed-arrows indicate the exon boundaries.
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Fig 3.12 Amino acid sequence and predicted protein 
structure of Po protein, showing the position of amino 
acid substitutions associated with CMTIB and CMTIII 
(which in this instance is designated by its alternative 
name of Dejerine-Sottas syndrome,DSS).(After Patel 
and Lupski 1994).
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3.1.5 Screening for Mutations in the Peripheral Myelin Protein (PMP-2) 

Gene

All affected individuals, except patients DW,JB,LB and KR were screened for 

the presence of sequence changes in the PMP-2 gene. SSCP analysis of all 

four exons was carried out using genomic primers designed from the cDNA 

sequence. Altered band patterns indicating possible sequence changes were 

identified in exon 2 in some affected individuals (Fig 3.14). However these 

altered band patterns were also present in control samples and were thus 

considered to be gene polymorphisms that are not associated with CMT 

disease.

3.1.6 Linkage Analysis in CMTII Pedigrees

3.1.6.1 Clinical Details

Two families were referred by Professor Anita Harding, Institute of Neurology, 

The National Hospital, Queen Square, London, with a diagnosis of CMTII on 

the basis of peripheral neuropathy with normal nerve conduction velocities.

3.1.6.2 Analysis of (CA)„ Repeats

Linkage of CMTII to three loci on chromosome Ip  was investigated as part of 

a collaborative study with Dr.J.Vance, Duke University Medical Centre, North 

Carolina, U S A).

In the case of both pedigrees, the presence of one or more cross-over events 

was observed, suggesting an absence of linkage to those markers tested on 

chromosome 1 p22.
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Fig 3.14 SSCP analysis of PMP-2 exon 2 showing an altered band pattern in 
patients AC (lane 5) and VT (lane 7). The same altered band pattern is however 
apparent in unaffected controls (lanes 9, 11, 13 and 14). Further unaffected 
controls are shown (lanes 2 and 16), including undenatured samples (lanes 1 
and 17). Patients DB (lane 3), RD (lane 4), JA (lane 6), WD (lane 8), SL (lane
10), WFI (lane 12) and DG (lane 15) are also shown.
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Family DD

Evidence that there was no close linkage of the locus D1S160 and CMTII was 

seen in this family (Fig 3.15). Affected individuals l-l, 1-2 and 1-4 have inherited 

different alleles. The most likely event is that a single recombination event 

has taken place in individual 11-4, but the results are also consistent with two 

recombination events in individuals ll-l and 11-2.

Assuming a single recombination event, affected individual l-l has passed on 

the lower allele to her affected daughters ll-l and 11-2, and thus this allele is 

classed as the 'high risk of disease allele'. A cross-over event is evident in 

affected individual 11-4 who has not inherited the high risk lower allele from her 

affected mother l-l. Recombination between the disease and the high risk 

allele in affected individual 11-4 can also be seen at the locus D1S244 (Fig 

3.17). At this locus, affected individual l-l has passed on her upper high risk 

allele to her affected daughters ll-l and 11-2, but she has passed on her low 

risk lower allele to her affected daughter 11-4. Analysis of the allele 

segregation at D1S228 (Fig 3.16) was difficult to interpret because there a lot 

of shadow bands on the autoradiograph, but l-l has passed on the high risk 

allele 2 to her affected daughters ll-l and 11-2, whilst her other affected 

daughter 11-4 has inherited the low risk upper allele.

A further recombination event is seen in affected individual lll-l, who has 

inherited the low risk allele 1 of her affected mother ll-l at the locus D1S228 

(Fig 3.16). This cross-over event is also seen at D1S160 , where lll-l has 

inherited the low risk upper allele of ll-l (Fig 3.15).

The observation of recombination events in the same family members at each 

of the loci tested, predicts that the disease locus lies outside the flanking 

markers

Family AC

Only one probe, D1 S I60, was scored for linkage with the disease in this
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family, because the band pattern at the other two loci proved too difficult to 

interpret on account of shadow bands.

Three probable recombination events were observed in this family at D1S160 

(Fig 3.18). Affected individual 111-6 has inherited the low risk lower allele of her 

mother 11-6, making this a phase-known recombinant. Unaffected individual 

111-7 has inherited the high risk upper allele of her mother 11-6, and unaffected 

individual lll-l has inherited the high risk upper allele of his affected father ll-l. 

These individuals suggest the existence of two more recombinants in this 

family, but it is possible that they have not yet shown identifiable CMTII 

disease characteristics.

The finding of three probable cross-over events in family AC at this locus is 

not very significant when considered in isolation, but the observation of 

recombination events at all three loci in family DD, supports the proposal that 

a CMTII locus exists which is not closely linked to these loci.
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Fig 3.15 Linkage analysis in Family DD at the locus D1S160. Recombination 

events can be seen in affected individual 11-4 (lane 11) who has inherited the 

low risk upper allele of her affected mother l-l (lane 5). Similarly, affected 

individual lll-l (lane 2) has inherited the low risk upper allele of her affected 

mother 11-1 (lane 1).
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Fig 3.16 Linkage analysis in Family DD at the locus D1S228. A recombination 

event can be seen in affected individual 11-4 (lane 9), who has not inherited 

the high risk 'allele 2' from her affected mother 1-1 (lane 1). Also, affected 

individual lll-l (lane 12) has inherited the low risk 'allele T from her affected 

mother 11-1 (lane 11).
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Fig 3.17 Linkage analysis in Family DD at the locus D1S244. A recombination 

event is apparent in affected individual 11-4 (lane 12), who has inherited the 

low risk lower allele of her affected mother 1-1 (lane 5).
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Fig 3.18 Linkage analysis of Family AC at the locus D1S160. Recombiation 

events can be seen in affected individual 111-6 (lane 15) who has inherited the 

low risk lower allele from her mother 11-6 (lane 13), whilst her unaffected sister 
111-7 (lane 16) has inherited the high upper allele from affected 11-6. Similarly, 
unaffacted lll-l (lane 4) has inherited the high risk upper allele of his affected 

father 11-1 (lane 3), Lanes 2 and 22 contain repeat samples of 1-2 and 1-3 

respectively.
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3.2 Pelizaeus-Merzbacher Disease

3.2.1 Clinical Details

Patient JH

Patient JH was first admitted to hospital at 5 months with a history of 

developmental delay, nystagmus, stridor and seizures. An MRl scan supported 

the diagnosis of Pelizaeus-Merzbacher disease. His mother's brother had died 

30 years previously with a similar clinical picture, strongly suggesting X-linked 

inheritance. The patient died age 10 months.

Patient CO

Patient CO was admitted to hospital aged 8 years, with a combination of 

developmental delay, abnormal eye movements and a dystonie quadriplegia. 

Flickering eye movements were observed during the first month of life and 

subsequently involuntary movements involving the limbs were noted. There have 

been no seizures. MRl scan showed absence of myelination. There was no 

family history. Pelizaeus-Merzbacher was regarded as a possible but not definite 

diagnosis.

3.2.2 Identification of a Gene Dosage Effect of the PLP Gene In PMD

In common with the findings of other labs, 6 of 9 boys diagnosed with Pelizaeus- 

Merzbacher disease previously investigated in our lab (S.Strautnieks, PhD) did 

not show sequence changes of the PLP gene following analysis of all seven 

exons and splice site sequences by SSCP.

Following the discovery of a gene dosage effect of the PMP-22 gene associated 

with CMTIA (Matsunami et al. 1992; Timmerman et al.1992; Valentijn et al.1992), 

the possiblity that there may be an altered copy number of the PLP gene in these 

boys was investigated. Dosage of the PLP gene was determined by comparing 

the hybridisation signal of a human cDNA probe of the PLP gene, pRLI, (Wu et
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Fig 3.19 Southern blot analysis of MspI digested 
DNA probed with pRLI and KM19. Increased 
pRL1:KM19 signal ratio Is observed In patients JH 
(lane 2) and CO (lane 10) compared to control 
males (lanes 3,8,11,12,15,16,17). Similarly, the 
mother of JH (lane 6) and the mother of CO (lanes 
13,18), show Increased signal ratios when 
compared to normal control females (lanesi ,5,7,9, 
14).
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al. 1987) and a control probe from chromosome 7, KM19, (Estivill et al; 1987) to 

Mspl digested DNA. The cDNA probe detects alleles of 4.0kb and 4.5kb. The 

larger allele has a very low frequency (0.08) and all patients and selected 

controls were homozygous for the 4.0kb band. The control probe was selected 

because there is no Mspl RFLP associated with it and it detects a constant band 

of 6.4kb, so dosage calculation of only two bands was needed.

Patients JH and CO showed an increased signal of the PLP gene on examination 

of the autoradiograph compared to normal male controls (Fig 3.19).

3.2.2.1 Quantitation of Increased Dosage of the PLP Gene

The ratio of radioactive signals from the probes pRLI and KM19 were quantified 

using a phosphorimager. Normal male and female samples were used as 

controls for one and two copies of the X chromosome with seventeen normal X 

chromosomes being examined in all. The samples of both affected boys and their 

mothers were measured in three separate experiments to eliminate any possible 

experimental artifacts such as an uneven transfer of DNA onto the filter during 

Southern blotting which might generate an apparent dosage difference upon 

hybridisation.

Quantitative analysis showed that both JH and CO had at least double the 

dosage of the PLP gene compared to normal male controls (Fig 3.20), 

suggesting the presence of extra copies of the PLP gene in these boys.

Patient JH has a mean ratio that is greater than the mean value of the control 

females, whereas the ratio values of patient CO lie within the 95% confidence 

limits for the control female group. It may be of significance that Patient JH, who

appears to have the greater increased dosage effect of the two boys, was 

more severely affected and died aged 10 months.

In addition, DNA samples from each of the mothers, MH and KO was tested on
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Fig 3.20 Scatter-plot graph of PLP/KM19 signal ratios calculated using a phosphorimager. Mean ratio values of nine unrelated control 
females and ten unrelated control males were 100.5% SD6.47 and 50.85% SD5.13. The bold vertical lines around the male and female 
controls represent the 95% confidence limits of the mean values. The affected boys and their mothers were each tested on three 
occasions.



three occasions. Both showed a duplication of the PLP gene (Fig 3.19), however 

a difference in the degree of increased dosage, that correlates with that seen in 

their respective sons, was observed such that the signal ratio of MH was greater 

than that of KO.

3.2.2 2 Integrity of the PLP Gene in Patients JH and CO

In order to show that the proteolipid protein gene was not disrupted in the 

affected individuals as a result of a DNA rearrangement that produced the 

apparent extra copies of the PLP gene, a restriction digest of the PLP gene was 

carried out. Using a published restriction map of the PLP gene (Diehl et al. 1986) 

(Fig 3.21), DNA from both affected boys and their mothers was digested with the 

enzymes PstI, Xbal and EcoRI, in order to generate fragments covering the 

entire PLP coding region of the gene including introns. No altered fragments 

were detected in either individual or their mothers on hybridisation with a PLP 

cDNA probe (pRLI) (Fig 3.22), and it was thus concluded that the whole gene 

was duplicated in the patients and their mothers.

3.2.3 Characterisation of the Duplicated Region in Patients JH and CO

The position of the boundaries of the duplicated region were investigated in the 

two boys in order to determine;

i) if the duplications were of common size and if not whether any conclusions 

could be drawn to account for the more severe phenotype of JH,

ii) determine whether a common mechanism was involved such as that found in 

the CMTIA duplication.

The boundaries of the duplication were investigated by pulsed-field 

electrophoresis (PFGE), southern blotting with phophorimager analysis using 

probes flanking the PLP gene, and investigating the presence of more than one 

allele at (CA)  ̂ repeat markers mapping to the PLP region, in the two affected 

boys.
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Fig 3.21 Restiction map (P)Pstl, (X)Xbal, (E)EcoRI, and exon structure of the PLP gene (after Diehl 1986). Boxes represent 
PLP exons and filled boxes represent the PLP coding region. Fragment sizes detected with the PLP cDNA probe pRLI are 
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Fig 3.22 Restriction digest analysis ofthe PLP gene of patients 
JH (lane 2) and CO (lane 5), and their mothers (lane 3) and 
(lane 6) respectively. Lanes 1 and 4 certain restricted DNA of 
unaffected controls. The expected fragment sizes are shown on 
the Iright of the figure, and no alteredfragments are observed in 
either affected individual or their mothers.
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3.2.3.1 PFGE Analysis ofthe PLP Duplication

In order to identify possible junction fragments of the PLP duplication, restriction 

digestion of the PLP region was carried out with the rare cutting ezymes Mlul, 

BssHII and Sail according to a published restriction map (Fig 3.23). Southern 

blots of pulsed-field electrophoresed DNA were hybridised with probes that 

mapped to the PLP region (Vetrie 1993).

An Mlul digest followed by probing with pRLI, revealed an altered restriction 

pattern in patient JH. Two bands that were approximately 460kb and 700kb were 

observed, and the expected 580kb band seen in unaffected controls was absent 

(Fig 3.24). The unaffected mother of JH did not exhibit this altered band pattern, 

which does not correlate with the observation of increased dosage of the PLP 

gene on southern blotting in the mother of JH.

DNA from individuals JH, CO and KO were obtained from a transformed 

lymphoblastoid cell line in which it is acknowledged that altered méthylation 

patterns can be generated, whereas DNA from the mother of JH was prepared 

from fresh venous blood. Therefore, a possible explanation for the observed 

altered band pattern of JH could be that a different méthylation pattern that 

affects Mlul digestion is present on the DNA of JH. However, the sizes ofthe 

altered restriction fragments in JH do not correlate with those that would be 

generated by partial Mlul digests caused by a altered méthylation pattern. In 

addition, this altered band pattern was not observed in CO or KO, whose DNA 

was also prepared from transformed cells (Fig 3.24).

A novel band of 760kb was observed in addition to the expected band of 580kb 

in patient CO. This band size corresponds to the sum of two smaller Mlul 

fragments and is thus consistent with a partial digestion as a result of altered 

DNA méthylation.
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Fig 3.24 Pulsed-field electrophoresed MU! digested DNA 
probed with pRL1. The expected band size of 580kb is 
evident in the normal female control (lane 2) as well as in 
the mother of JH (lane 1 ) and the mother of CO (lane 5). 
Two novel fragments are seen in patient JH (lane 3) 
along with the absence of the expected band. A novel 
band in addition to the expected band isseen in patient 
CO (lane 4).
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Mlul blots were probed with the marker DXS54 which lies approximately 200kb 

proximal to PLP (Vetrie et al. 1993). A similar band pattern was observed in JH 

as that seen when probed with pRLI, but the larger band was approximately 

650kb. When the two autoradiographs were superimposed, the larger fragment 

detected with pRLI is different to that detected by DXS54.

Additional digests were carried out using Sail and méthylation insensitive BssHII, 

but no altered band fragments were observed in either affected boy or their 

mothers.

3.2 3.2 Southern Blotting Analysis

Probe B550 which maps within 520kb (O'Reilly 1993) and at least 120kb (Vetrie 

1993) proximal to the PLP locus, was used in a gene dosage experiment as 

described before. The probe does not detect an Mspl polymorphism, but detects 

two bands of equal intensity (Fig 3.25). Dosage analysis revealed that the two 

boys and their mothers showed increased dosage of the B550 locus when 

compared to normal males (Fig 3.25).

In addition, the greater increased dosage observed in patient JH that was 

detected with PLP, was observed with B550 upon quantification of the signal 

ratios using a phosphorimager as before (Fig 3.26).

The nearest probe distal to PLP that was tested was XG12 that detects a 

constant single band on Mspl digested DNA, and maps approximately BOOkb 

from PLP. The dosage of XG12 did not appear increased on analysis of the 

autoradiograph and quantification of signal ratios using a phosphorimager, 

revealed normal dosage levels in the two boys and their mothers.

3.2 3.3 (CA)n Repeat Analysis

The polymorphic loci DXS1153,DXS1106 and DXS1191 that have been identified
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Fig 3.25 Southern blot analysis of Mspl digested DNA probed with 
B550 and KM19. B550 detects two constant bands. The 
B550;KM19 signal ratio of the upper B550band is increased in 
patients JH (lane 2) and CO (lane 10) compared to control males 
(lanes 3,8,11,15,16,17). The same increase is apparent in the 
mothers of JH (lane 6) and the mother of CO (lane 13,18), when 
compared to normal female controls (lanes 1,5,7,9,12 and 14).
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Fig 3.26 Scatter-plot graph of B550/KM19 signal ratios calculated using a phosphorimager. Mean ratio values of fifteen unrelated control 
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in the PLP region(D.V0 trie personal communication) were used to investigate the 

extent of the duplication. All three markers map have been mapped further 

proximal to PLP than B550. DXS1106 has been mapped 2-300kb from PLP, 

whilst DXS1191 maps near DXS24 and DXS1153 maps slightly more proximal 

near DXS83 (Fig 3.23).

It was reasoned that the duplication could be observed by either the presence 

of two alleles in the affected boys instead of a single X-chromosome allele in 

control males, or by the presence of increased dosage of a single allele in 

relation to control males as seen for the loci RM11-GT in the CMTIA duplication 

(Lupski et al. 1991). This second means is a less reliable test due to differences 

in the efficiency with which particular DNA samples are amplified by a specific 

primer pair. This could lead to an apparent dosage effect in one sample when 

compared to another.

The presence of more than one allele was not observed in either affected boy or 

their mothers for any ofthe loci tested. The closest loci to PLP, DXS1106 has a 

heterozygosity value of 0.67, meaning the possibility of increased dosage of a 

single allele remains. The more proximal loci DXS1191 and DXS1153 have 

heterozygosity values of 0.65 and 0.86 respectively.

The results of testing these markers in the patients and their mothers, thus 

provided no useful information with regards defining the boundaries of the 

duplication.
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CHAPTER 4: DISCUSSION
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4.1 Charcot-Marie-Tooth Disease

Significant advances in the understanding of the molecular genetics of CMT have 

been made in the past four years. In this time, it has been established that the major 

form ofthe disease, CMTIA, is associated with a tandem duplication of chromosome 

17p11.2 spanning 1.5Mb. Furthermore, the gene encoding PMP-22 maps within the 

duplication, and there is evidence through the existence of point mutations, that 

PMP-22 is the disease causing gene.

The mechanism by which the duplication is generated involves an aberrant cross

over event during meiosis, which is mediated by a low copy number repeat element 

that flanks the duplicated region. The reciprocal event of this cross-over results in a 

deletion of this region, and is associated with HNPP.

This work was concerned with addressing a number of questions with regard to the 

nature of mutations in those GMT! patients who did not carry the 17p11.2 

duplication. Did these patients carry point mutations in the PMP-22 gene, and if so 

was it possible to gain an understanding of why gene duplication and point mutation 

give rise to similar phenotypes. Furthermore, the range of phenotypes associated 

with point mutations of the PMP-22 gene was investigated by including CMT type III 

patients. Finally, the involvement of other myelin protein genes was investigated by 

screening for mutations in the Po and PMP-2 genes, in patients who did not carry 

PMP-22 mutations.

4.1.1 Investigation of CMT Patients not Carrying the 17p11.2 Duplication

Patients with CMTI who did not have a duplication and individuals with CMTIII, were 

initially screened for mutations in the PMP-22 gene. Thereafter, the investigation was 

broadened to include the Po gene, following the demonstration of mutations in this 

gene causing CMTIB (Hayasaka et al. 1993a, Kulkens et al. 1993).

The chosen screening method was direct DNA sequencing. This is a labour intensive
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method in comparison to other screening methods, but it was chosen in this case 

because of a number of contributing factors.

Firstly, the report of a recessive mutation in a CMTI patient (Roa 1993b), and the 

confusion regarding whether recessive or dominant mutations cause CMTIII, meant 

that there was a possibility that recessive mutations may be associated with different 

forms of CMT disease. Some individuals may carry two different mutations, and it 

was decided to sequence each exon directly, since a negative result by any other 

screening method employed in our laboratory, would still leave open the possibility 

that the mutation was present, but had simply not been detected. In this case each 

exon would have to be sequenced anyway.

The approach of direct DNA sequencing proved to be feasible, although some short 

stretches of sequence in one or two exons, notably PMP-22 exon 1 proved more 

difficult to sequence. The use of nested sequencing primers instead of using the 

unbiotinylated PCR primer as the sequencing primer, improved the quality of 

obtainable sequence for PMP-22 exon 1. All sequencing of the Po gene was carried 

out with nested sequencing primers.

The results of direct DNA sequencing of the PMP-22 and Po genes has shown that 

in some gene regions, it can be difficult to clearly resolve the ladder of bands. The 

presence of shadow bands, especially when looking for heterozygous mutations, 

results in false positive sequence changes being identified. For this reason, SSCP 

analysis was a useful test to confirm negative or positive results of DNA sequencing 

results. It can be used to follow a proposed disease causing mutation through 

families, thereby allowing the identification of de novo events as well as provide 

proof that a sequence change is causative of the disease.

In those cases in this study (patients KR and MN) where the mutation did not alter a 

restriction site, SSCP analysis supported the evidence of a sequence change and 

indicated that the base changes were not DNA sequence polymorphisms found 

commonly in the normal population, but are associated with the disease.
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No PMP-2 sequence changes were identified by SSCP analysis. Primer sequences 

used to amplify genomic DNA were designed from the published cDNA sequence and 

as a result, approximately 40% of the coding sequence and the splice site sequences 

flanking the four exons were not screened for sequence changes. Therefore it remains 

a possibilty that mutations in the PMP-2 gene may exist in these patients.



All of the mutations identified by DNA sequencing were detected by SSCP analysis 

when run at 4°C on polyacrylamide gels containing 5% glycerol, except for the 

sequence change identified in the Po gene (patient MN), which was detected by 

silver staining on an MDE gel.

Following mutation screening of the PMP-22, Po and PMP-2 genes, four new point 

mutations were identified in CMTIII individuals. Three mutations in PMP-22 and a Po 

mutation were identified.

No molecular defect was detected in any of the three genes tested in the remaining 

nine patients that were selected for screening in this project. A number of different 

proposals can be considered regarding the location of the molecular defect in these 

patients.*

i) Mutations in other parts of the gene.

There remains a possibility that mutations exist in additional gene regions such as 

promoter and enhancer sequences that can influence the control of gene regulation. 

In the case of the PMP-22 gene, additional non-coding upstream exons that are 

alternatively spliced to the coding exons, have recently been identified (see 4.1.2). It 

will be interesting to determine if point mutations in these untranslated exons are 

associated with a disease phenotype, and if so will a genotype/phenotype correlation 

be established for mutations in either of these exons. Screening for sequence 

alterations in these exons is therefore desirable in all of the patients in this study who 

have been shown not to carry point mutations thus far, although those patients who 

were included on the basis that they carried recessive mutations, are not as likely to 

carry two mutations in these exons unless they have inherited the same 

chromosome and are homozygous for a mutation i.e a consanguineous mutation .

ii) The existence of additional loci.

Reports in the literature of further genetic heterogeneity associated with CMTI and 

HNPP, highlight the possibility that some of these patients carry mutations at 

unidentified loci. The existence of a third (CMTIC) autosomal locus has been
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In addition, the fifty-nine patients that were initially screened along with patient DW for 

PMP-22 mutations (see 3.1), did not show any SSCP change in exon 3. These 

individuals therefore can be considered to act as additional control samples that were 

tested.



reported on the basis of genetic linkage studies (Chance et al. 1992b), and it is 

possible that the CMTI patients included in this study (RD,DG,DB) may be mutated 

at this locus. In addition, the report of heterogeneity associated with HNPP (Mariman 

et al. 1994), means that patients JA, WD and SL, may carry a molecular defect at 

another autosomal locus. In the case of patient JA this would include Po, as she was 

the only one of these three patients who was not screened for Po mutations. There is 

no evidence for the involvement of Po in HNPP, but it is not yet known what 

phenotype if any, is associated with a null mutation in Po.

4.1.1.1 Point Mutations Identified in PMP-22

Non-conservative missense mutations have been identified in this study, in three 

CMTIII patients (DW, JB, KR). Evidence that these mutations are causative of the 

disease comes from the observation that they have not been identified in CMTIA

patients and have been shown to be absent from five unaffected controls by SSCP
*

analysis, and in the case of JB and DW, restriction digest analysis. In each case, 

DNA from both parents of the individual concerned was unavailable, but in the case 

of JB, the sequence change was traced in her affected son and shown to be absent 

from her unaffected mother.

All of the mutations lie within one of the putative transmembrane domains (Fig 3.9), 

in which two missense mutations associated with CMTIII and a single missense 

mutation causing CMTIA, have previously been reported. One of the mutations 

identified here, serine 72 to tryptophan, involves a residue which has previously 

been reported to be mutated to a leucine in a CMTIII individual (Roa et al. 1993a).

Of the mutations identified in this work, the serine 72 to tryptophan (patient DW) and 

leucine 80 to proline (patient KR) substitutions, both involve the introduction of amino 

acid residues with bulky ring structure side chains into a putative a-helical structure. 

The substitution of a serine 76 by isoleucine (patient DW) results in the loss of a 

neutral polar side chain and the gain of a longer non-polar side-chain. It is therefore 

possible to speculate that these mutations prevent the formation of a compact a-
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helix as a result of steric hindrance and the subsequent insertion of the second 

transmembrane domain into the membrane.

The missense mutation associated with CMTIA that is located within this 

transmembrane domain, involves a serine to cysteine change at amino acid number 

79 (Roa et al. 1993c). In this case, disruption of the a-helix is less likely to be caused 

by steric hindrance since the side chains are of similar size and are both neutral, but 

instead may be due to abnormal disulphide linkage between cysteine residues. It is 

likely that the protein structure is altered in a different way to the other missense 

mutations, leading to a differences in the way that the PMP-22 function is affected.

Four cases of CMTIA have been described with PMP-22 point mutations (Table 1.2). 

Reassessment of the phenotypes of these patients that have previously been 

described, reveals an interesting trend in the severity of reduction of nerve 

conduction velocities. The patient described above with CMTIA (Roa et al. 1993c) 

had an NCV recording of lOm/s, and the leucine 16 to proline mutation in the first 

putative transmembrane domain (Valentijn et al. 1992a) was identified in a patient 

described as CMTIA, but with an NCV of 9m/s. Both of these patients have NCVs in 

the severely reduced range.

The Thrl 18Met change is located at extracellular surface of the third proposed 

transmembrane domain in a patient with an NCV of 22m/s (Roa et al. 1993b). 

Perhaps this mutation results in less of a disruption of the position of the protein in 

the myelin membrane, and this milder effect on PMP-22 function is reflected in the 

fact the mutation is recessive and results in a severe NCV reduction. The fourth 

case involves a splice site mutation in intron 3 with an NCV of 18m/s (Nelis et 

al. 1994b). It is not possible to speculate on the effect of the splice mutation until 

PMP-22 mRNA and protein functional studies are carried out in the patient to 

determine if the mutation results in either abnormal protein, reduced levels of normal 

protein, or a null mutation.

The mutations reported in this work along with those published elsewhere, provide
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evidence that PMP-22 missense mutations in the first two putative transmembrane 

domains cause CMTIII. In light of this fact and the severe phenotype of the CMTI 

patients with the Leu16Pro (Valentijn et al. 1992a) and the Ser79Cys (Roa et 

al.1993c) mutations, it might be considered that in retrospect these patients in fact 

represented cases of CMTIII.

There is now growing evidence of a genotype/phenotype correlation associated with 

different types of PMP-22 mutation. Duplication of the gene results in CMTI, reduced 

gene copy number or a null mutation cause HNPP, and point mutations are 

associated with CMTIII or severe CMTI phenotype. In future it would seem 

reasonable to screen patients who have been demonstrated to have demyelinating 

peripheral neuropathy with severely reduced NCVs for mutations in PMP-22 in the 

first instance, followed by screening of the Po gene.

4.1.1.2 Point Mutation in Po Associated with CMTIII

A single non-conservative missense mutation associated with CMTIII was identified 

in this study. This mutation is an isoleucine to threonine change at amino acid 135, 

and is located in the putative extracellular domain of the protein directly next to an 

aspartic acid residue which is mutated in a case of CMTIB (Nelis et al. 1994a) (Fig 

3.12). Three other cases of CMTIII have been reported with mutations in the Po 

gene (Table 1.3). A serine to cysteine at residue 63 (Hayasaka et al. 1993b) is 

located in the extracellular domain, a glycine to arginine change at amino acid 167 

(Hayasaka et al. 1993b) is located in the single putative transmembrane domain, and 

a 2bp insertion at amino acid 222 (RautenstrauB et al. 1994) is located in the 

intracellular domain.

The Po protein has been shown to promote adhesion at the intraperiod line through 

homophilic interactions involving the extracellular domain. The isoleucine to 

threonine substitution (patient MN) results in the insertion of a neutral side chain 

instead of a nonpolar side chain, and presumably alters the folding of the 

extracellular domain.
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4.1.2 Regulation of PMP-22 Gene Expression

Towards the end of this study, it was reported that transcription of the PMP-22 gene 

is under the control of two alternative promoters (Bosse et al. 1994; Suter et al. 1994). 

Detailed analysis of the 5' end of the gene revealed the presence of two alternatively 

transcribed, but untranslated exons called 1A and IB which lie downstream of two 

different mRNA initiation sites (Fig 4.1).

Expression studies of these alternative PMP-22 transcripts has revealed that both 

transcripts are found in the PNS, but the exon 1A containing transcript is the 

predominant transcript in adult PNS myelin, whilst the other transcript is found in 

non-neural tissues as well as the PNS (Suter et al. 1994). Analysis of the relative 

percentage of each transcript expressed in sciatic nerve during the postnatal 

myelination stage in the PNS in rat sciatic nerve, has revealed that the 1A transcript 

accounts for 30% of PMP-22 expression at birth, increasing to 80% of PMP-22 

mRNA in adult rat sciatic nerves (Suter et al. 1994).

The function of these alternative transcripts remains to be fully elucidated, but in vitro 

studies suggest that the level of expression of the 1B transcript is inversely 

proportional to the rate of Schwann cell proliferation. No effect on cell proliferation 

was seen with different levels of the 1A transcript. This suggests a growth arrest 

function which is consistent with the earlier finding that PMP-22 is homologous to 

GAS-3A in mice which is a growth arrest protein (Manfioletti et al. 1990), and the 

findings of transgenic studies in rats, in which reduced Schwann cell proliferation 

was observed in response to elevated PMP-22 mRNA expression (Bosse et 

al. 1994).

The fact that the 1A transcript is not apparently linked to Schwann cell proliferation is 

consistent with studies of PMP-22 expression in non-proliferating Schwann cells 

which showed that PMP-22 protein was down-regulated along with other PNS myelin 

proteins such as Po and MBP following nerve injury repair. Conversely substantial
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Fig 4.1 Revised PMP-22 gene structure following the identification of non-coding exons at the 5' end of the gene that are alternatively 

spliced to generate two different transcripts (Suter et al. 1994;Bosse et al. 1994). The shaded boxes represent coding exons and the 

numbers in brackets represent the exon numbers as they appear in this work. PI and P2 refer to two different promoters that are located 

upstream of each exon. After (Suter et al. 1994)



The finding of two alternative transcripts of the PMP-22 gene correlates with the 

proposal of a structural and a growth-arrest function of PMP-22.



PMP-22 expression was detected during the major postnatal Schwann cell 

proliferation stage. Both these results suggest that PMP-22 expression in Schwann 

cells is not linked to growth arrest (Kuhn et al. 1993).*

4.1.3 How do Mutations Cause GMT

An intriguing question that has yet to be answered is why do mutations in the PMP- 

22, Po and Cx-32 genes give rise to similar disease phenotypes. One possibility is 

that loss of any one of their normal gene functions leads to demyelination. This 

demyelination then results in the secondary effect of onion bulb formation by 

triggering abnormal Schwann cell proliferation.

An alternative proposal for the association of a common phenotype with these 

genes, is that the gene products interact, so that loss of one or other of them leads to 

the same phenotype. There is circumstantial evidence to suggest that the PMP-22 

and Po genes interact through carbohydrate moieties on their extracellular domains 

(Snipes et al. 1993). Support for this idea comes from the fact that PMP-22 and Po 

have been co-localised to the same regions of compact myelin.

There is no evidence that Cx-32 interacts with either PMP-22 or Po, since it has 

been localised to lateral loops of myelin that protrude from internodal regions and in 

which PMP-22 and Po are not found. The PMP-22 and Cx-32 proteins do have 

similar putative protein structures with four transmembrane domains and two 

extracellular loops. It has been suggested that in the case of CMTIA caused by 

duplication of the PMP-22 gene, abundant PMP-22 protein could interfere with 

function of the Cx-32 gene function through the aberrant incorporation of the PMP-22 

protein into a Cx-32 hexamer ring structure(E.Shooter-seminar communication). 

Although Cx-32 has been shown to be expressed in Schwann cells, it remains to be 

demonstrated that gap junctions are formed in Schwann cells.

If as expected gap junctions are formed in Schwann cells, it will be interesting to 

determine if there is any effect of over expression of the PMP-22 gene on the ability
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of the cell to form gap junctions. A number of non-sense mutations and frameshifts 

leading to premature termination have been reported in Cx-32, without any report of 

increased disease severity compared to Cx-32 missense mutations.

Timing of the onset of disease symptoms, and the progressive nature of the disease, 

are further aspects of the condition which are difficult to explain with our present 

understanding of the functions of the genes involved in myelination. The myelin 

membrane is a dynamic system with turnover of protein components and 

manufacture of new stretches of myelin sheath occurring in the normal individual. In 

the cases of CMTI, it would appear that the myelination process is initially correct, 

but then the maintenance of the sheath deteriorates resulting in recurring 

demyelination.

4.1.3.1 Duplication of the PMP-22 Gene

Recent studies of PMP-22 expression in CMTIA patients carrying the 17p11.2 

duplication appear to contradict the proposal that in these patients the disease is 

caused by over abundance of PMP-22 protein leading to its aberrant inclusion in 

novel myelin structures. Examination of sural nerve biopsies from CMTIA patients 

carrying the 17p11.2 duplication, revealed that the level of PMP-22 mRNA varied 

between samples but generally showed a trend towards an increase in PMP-22 

mRNA levels. The most severely affected individual studied however, was reported 

to have the lowest mRNA level.

The level of PMP-22 protein was investigated in the same biopsies by 

immunostaining, and the level of PMP-22 protein was decreased, with numerous 

sheaths showing no PMP-22 immunoreactivity at all (Hanemann et al. 1994). It has 

been suggested from the finding of high mRNA levels associated with reduced level 

of PMP-22 protein, that expression of the protein is under post-transcriptional 

control.

It is further suggested that the variation in observed PMP-22 mRNA levels reflects
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different stages of progression of the disease, such that the lowest levels are 

observed in the most severe patient. In this scenario, PMP-22 mRNA expression 

would initially be high due to increased gene dosage, with a concordant high level of 

PMP-22 protein synthesis. The protein is included in the newly formed myelin 

sheath, but the over-abundance of protein results in some protein being misdirected 

to the Schwann cell cytosol. In the normal situation, PMP-22 transcription is switched 

off by a negative feedback control mechanism to prevent over-expression of the 

protein. In the case of CMTIA due to duplication of 17p11.2, if the excess PMP-22 

protein persisted in the cytosol then PMP-22 would be permanently switched off. 

Disease symptoms would there only appear following turnover of the PMP-22 protein 

initially recruited into the myelin sheath.

It is tempting to speculate therefore, that the CMTIA phenotype is caused by the 

reduction of PMP-22 protein levels, rather than the prolonged increased expression 

of PMP-22 protein. It has been assumed that under-expression of the PMP-22 gene 

leads to the HNPP phenotype in the presence of reduced PMP-22 gene copy 

number, but the proposal of a negative-feedback control system would predict that 

the transient demyelination seen in HNPP, is due to a delayed response to the 

requirement for new PMP-22 protein on account of reduced copy number, i.e it 

takes the cells longer to make enough PMP-22 protein to repair the myelin sheath 

following nerve injury. No studies of PMP-22 expression have yet been carried out in 

these individuals, and they would be of great benefit to the understanding of the 

control of PMP-22 gene expression in myelinating Schwann cells.

Taking into account the complexity of gene regulation involved in the generation and 

maintenance of the myelin sheath, it is perhaps likely that increased gene dosage 

produces more than one effect on PMP-22 gene expression. One alternative 

proposal is that the increased level of PMP-22 expression on account of increased 

gene dosage, results in a shift in the control of which PMP-22 transcript 

predominates in Schwann cells. The observation that the 1B transcript is not found in 

high abundance in myelinating Schwann cells suggests that if this transcript 

predominated following over expression of the PMP-22 gene, then a reduction in
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structural PMP-22 protein encoded by the 1A transcript might follow. An experiment 

to test this hypothesis would involve determining the relative abundance of the two 

transcripts in nerve biopsies from CMTIA patients who carry the duplication.

4.1.3.2 Why do you get CMTIII?

The results of this study have indicated that a diagnosis of CMTIII is equally likely to 

be due to mutations in either PMP-22 or Po. The intriguing question is why specific 

mutations in PMP-22 or Po cause CMTIII instead of CMTIA or CMTIB respectively.

CMTIA appears to involve adequate myelination in the first instance with the onset of 

disease symptoms not beginning until the second or third decade. The onset of 

CMTIII disease is much earlier than CMTIA, suggesting a defect from the onset of 

myelination in the PNS. The relative abundance of the two PMP-22 transcripts has 

revealed that the 1B transcript involved in growth arrest, is expressed at a high 

percentage than the 1A transcript in neonate mice. The 1B transcript was detected in 

mouse brain at embryonic day (E12), before 1A at E15 (Bosse et al. 1994), but this 

may be of limited significance given that it has previously been shown that there is 

no apparent control of PMP-22 gene expression in the CMS. It will be interesting to 

determine whether the timing of the onset of expression of the different PMP-22 

transcripts is different in the PNS, analogous with DM20 and PLP in the CNS. If this 

is the case then it might be reasoned that loss of an early PMP-22 gene function 

may give rise to CMTIII, while loss of PMP-22 structural role is associated with a 

phenotype that is not quite as severe as that associated with loss of the 1A function. 

This is consistent with the recording of severely reduced NCVs in patients described 

as CMTIA with a PMP-22 point mutation. It is possible that mutation in either PMP- 

22 transcript generates a CMTIII phenotype, whilst over expression of the gene 

causes CMTIA

PMP-22 expression in cultured Schwann cells has been shown to closely mimic the 

regulation of in vivo expression in mouse Schwann cells (Pareek et al. 1993). It would 

be interesting to exploit this system to express the human mutations associated with
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human disease to determine what effect if any that they have on the control of 

Schwann cell growth. This approach would involve introducing the dominant 

mutations into either the 1A or 1B transcript, and then transfecting the cultured 

Schwann cells.

The Po mutations that have been identified so far, are mainly associated with CMTIB 

and less commonly with CMTIII. Unlike the observations in patients with PMP-22 

point mutations, there is no trend towards severely reduced NCVs in the patients 

described as CMTIB with Po mutations, with the exception of a patient with an 

Asp134Glu mutation (Nelis et al. 1994a). Interestingly, this mutation lies directly 

adjacent to an lle135Thr mutation reported in this work in a CMTIII patient. Studies 

of Po expression in the individual with the glycine 167 to arginine substitution 

(Hayasaka et al. 1993b) revealed normal Po protein expression, and normal levels of 

Po mRNA (Tachi et al. 1994). This is consistent with the prediction from the results of 

heterozygote Po knock-out mice which were phenotypically normal (Giese et 

al. 1992), that the Po mutations are gain of function mutations.

A number of the mutations identified in CMTIB patients have involved amino acids 

that are predicted to be critical for homophilic interactions (Kirschner et al. 1994). The 

He30Met (Hayasaka et al. 1993d), Asp90Glu and Lys96Glu (Hayasaka et al. 1993a), 

and Arg98His (Hayasaka et al. 1993c) mutations alter residues that have been 

predicted to be involved in the initial end to end, and later face to face interactions 

that allow Po homodimers to form (Kirschner et al. 1994), In addition, an Asp134Glu 

mutation (Nelis et al. 1994a) lies adjacent to a residue implicated in homophilic 

interactions.

A Tyr53Cys (Himoro et al. 1993) lies adjacent to residues that are predicted to form a 

cavity in which a carbohydrate moiety is located, and might be predicted to alter the 

shape of the protein in this region. It has been shown that the Po protein must be 

glycosylated for it to undergo homophilic interaction (Filbin et al. 1993).

It has been argued that the Po mutations causing CMTIII exhibit a greater effect on

155



the structure and position of the protein in the myelin membrane. The Ser63Cys 

mutation (Hayasaka et al. 1993b) could result in gross rearrangement of the 

extracellular domain through the formation of new disulphide bridges with existing 

cysteine residues, and a Gly167Arg substitution (Hayasaka et al. 1993b) prevents 

correct insertion of the protein into the membrane. The 2bp insertion at amino acid 

222 is predicted to alter the sequence of the protein at the carboxyl-terminus that 

forms the intracellular domain. This domain is essential for the correct homophilic 

interactions of the extracellular domain (Wong et al. 1994), as well as possibly playing 

a role in the maintenance of the myelin major dense line through interactions with the 

negatively charged phospholipid bilayers (Ding et al. 1994).

PMP-22 is glycosylated and carries the L2/HNK-1 carbohydrate epitope which is 

often found on proteins with adhesive properties (Snipes et al. 1993). It has been 

suggested that PMP-22 undergoes heterotypic interactions with another myelin 

component, and the most likely candidate is Po on account that it is co-localised to 

compact myelin along with PMP-22 and has been suggested to be a receptor for the 

L2/HNK-1 epitope (Griffiths et al. 1992). It is thus possible to speculate that the Po 

mutations causing CMTIII could affect a PMP-22/Po heterodimer role with the 

CMTIB mutations disrupting Po homodimer formation.

4.1.4 Other Myelin Genes and Disease Phenotypes

The mapping of CMTIVA and PMP-2 to the same region of chromosome 8 

(Othmane et al. 1993a;Hayasaka et al. 1993b), made PMP-2 a candidate as the 

disease causing gene. No mutations have been identified in CMTIVA patients and it 

has been subsequently shown on fine mapping, that the disease locus and the PMP- 

2 gene map to different loci on 8q21-22 (J.Vance-personal communication). The 

PMP-2 gene was included in this study The CMTI patients (DB, DG, RD) were 

therefore screened for PMP-2 mutations, on the basis that it was a candidate as the 

CMTIC locus. The other patients who did not carry PMP-22 or Po mutations, were 

included since any PNS protein is a candidate for mutation in these individuals. No 

mutations were identified, but an intragenic polymorphism was detected in exon 2. It
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remains to be determined if mutations in this gene are associated with any form of 

human neurological disease.

The MAG gene which has been mapped to human chromosomes19 (Barton et 

al. 1987) is a PNS myelin structural protein that remains a candidate for the 

involvement in peripheral neuropathies. In addition, it is likely that new PNS proteins 

will be identified which may be involved in human neurological disease, such as was 

the case with PMP-22 and Cx-32.

A gene for CMTII has been genetically linked to chromosome Ip. Analysis of the 

genes which have been cloned in this region so far, fails to suggest any obvious 

candidates that are involved in the PNS. However, it should be remembered that the 

gene concerned may not readily associated with the PNS, as was the case with Cx- 

32 which was not identified in the PNS prior to the finding of mutations causing 

CMTX.

The finding in this report, that some families do not display linkage 1p22, suggests 

further heterogeneity associated with CMT disease, and this has been reported 

(Othmane et al. 1993a;Denton et al. 1994).
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4.2 Pelizaeus-Merzbacher Disease

Despite the fact that mutations in the PLP gene cause PMD, no PLP defect has been 

established in the majority of PMD patients including families in which the disease is 

clearly X-linked (Hudson et al. 1989, Trofatter et al. 1989, Pham-Dinh et al. 1991)). Six 

PMD boys from families in which X-linked inheritance was a possibility, were 

previously screened in our laboratory for PLP mutations, and no mutations found. 

Following the identification of a unique disease mechanism causing CMTIA through 

duplication of 17p11.2, the possibility that the same type of mechanism could be 

involved in cases PMD with no PLP sequence change was considered in these six 

individuals. Support for the fact that PLP gene copy number is significant came from 

the report of a patient with a complex phenotype, including some PMD 

characteristics, who carried a duplication of a large region of the long arm of the X- 

chromosome, including the PLP locus (Cremers et al. 1987).

4.2.1 Increased PLP Gene Dosage in PMD

Increased dosage of the PLP gene was detected in two boys affected with PMD, 

indicating that part of Xq22 was duplicated. The integrity of the PLP gene was shown 

to be normal in the two individuals by restriction digest analysis, thus supporting the 

notion that the disease was caused by a duplication of the PLP gene. Evidence that 

over expression of the PLP gene caused neurological disease was reported around 

the same time in transgenic mouse studies (Readhead et al. 1994, Kagawa et 

al. 1994) (see 4.2.3).

Attempts to determine the physical distance covered by the duplication has revealed 

that it spans at least 120kb because increase signal ratio was seen on Southern 

analysis with the probe B550, which has been mapped to within 520-120kb of PLP 

(O'Reilly et al.1992;Vetrie et al. 1993). The breakpoints of the ends of this duplication 

have not been determined, and thus it is not known whether the duplicated regions
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share a common site in the two boys. However, the results of the dosage analysis in 

the two boys which showed that JH had a larger increase in PLP gene dosage, 

suggests that the duplication is larger in patient JH.

The results of pulsed-field gel electrophoresis indicated altered restriction fragments 

in both the boys, but these changes were not seen in either mother of the boys, and 

were thus inconsistent with the results of dosage analysis which showed they carried 

the duplication. Evidence that MH, the mother of JH, carried the PLP duplication, 

came from separate dosage analysis with the PLP and B550 probes, and in addition 

the family history showed that the brother of MH died in infancy with PMD features, 

thereby implicating MH as a carrier of the disease. The altered band sizes in patient 

CO were thought to be caused by méthylation differences in the DNA of the boys 

which was generated from culltured cell lines. However, the observed band sizes in 

patient JH are inconsistent with the sizes of bands predicted to be generated by a 

different méthylation pattern.

Of the four other affected individuals that did not carry the duplication, and who were 

previously shown not to carry PLP point mutations, a number of possible 

explanations can be proposed. Owing to the difficulty of accurately diagnosing PMD 

due to the marked variation in phenotype that is displayed by PMD individuals, the 

diagnosis of PMD in two of the boys tested was considered to be only a possibility 

(M.Gardiner and P.Lunt-personal communication). Thus it is possible that they carry 

mutations in other genes. In addition, there is no direct evidence that the disease is 

X-linked in the families of these four boys.

An alternative possibility is that additional regions of the gene carry mutations. The 

identification of PLP isoforms in addition to DM20 in bovine brain (Schindler et 

al. 1990) highlights the fact that additional coding exons may exist. In addition, there 

could be upstream exons that are untranslated similar to those described in 

PMP-22.

The gene structure of another myelin protein, the MBP gene, includes exon 0 which
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lies 20kb upstream of exon 1(Kltamura et al. 1990). If such an exon exists in the PLP 

gene, it may have gone undetected thus far. It will be interesting to see if the families 

that have been described with PMD-like disease on the basis of no PLP mutation, 

actually carry a duplication of the PLP gene, or mutations in non-coding regions of 

the PLP gene. We have made available a cosmid clone that covers the 5' end of the 

PLP gene, to Dr.J.Trofatter who is currently carrying out exon trapping techniques in 

an attempt to identify further PLP exons.

4.2.2 Possible Genotype/Phenotype Correlation with PLP Gene Copy Number.

The level of increased dosage is different in the two affected boys and similarly in 

their mothers. The more severely affected individual (JH) showed a greater 

increased dosage signal than the other affected boy (CO), in each case, their 

unaffected mothers had greater increased dosage than their affected sons. This 

difference in signal intensity may be due to differences in PLP gene copy number 

between the individuals tested.

In CMTIA individuals that are homozygous for the 17p11.2 duplication, the disease is 

more severe suggesting that the presence of four copies of the PMP-22 gene are 

more serious than three (Lupski et al. 1992).

A possible future experiment to determine PLP gene copy number in these boys, is 

to carry out FISH analysis of interphase nuclei with a cosmid probe that spans the 

PLP locus. The interpretation of interphase signals is difficult. Nevertheless, it should 

be possible to gain some insight into the number of PLP loci in the affected boys, by 

analysing a large enough cell sample.

The lack of disease characteristics in either carrier mother leads to the prediction 

that selection pressures exist that result in the survival of oligodendrocytes in which 

the active X chromosome is the one that does not carry the increased PLP dosage. It 

is unlikely that these selection pressures extend beyond the oligodendrocyte lineage 

from which it is not possible to take a biopsy sample, so experiments to detect non-
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random X-inactivation within a readily available leucocyte cell population would 

probably not be a worthwhile approach to testing this hypothesis.

A feasible approach would be to confirm that the extra copies of the PLP gene are 

located on one of the mother's X-chromosomes. A possible way to test for this 

would be to probe metaphase chromosomes with a PLP probe, and look for 

differences in the intensity of signal between the two X-chromosomes. In the case of 

both affected boys, their signal ratio values is consistent with the idea that they have 

inherited one less copy of the PLP gene than their mothers.

Support for the hypothesis of selective oligodendrocyte survival comes from 

observations in heterozygous female jimpy mice that oligodendrocytes expressing 

the jimpy allele die and are replaced by 'normal' oligodendrocytes (Knapp et 

al. 1986).

4.2.3 Increased PLP Gene Dosage associated with Disease Phenotype in Mice.

During the course of this work, two other laboratories published attempts to rescue 

the jimpy phenotype by the introduction of a transgenic copies of the PLP gene 

(Readhead 1994;Kagawa 1994). In both studies, wild-type transgenic mice were first 

generated that carried autosomal copies of the PLP gene in addition to the 

endogenous X-linked PLP gene, on a wild-type background. These strains of mice 

were found to exhibit varying degrees of hypomyelination in the CNS.

Study 1(Readhad et al. 1994);

Two transgenic mice lines that carried 3 (line#72) and 7 (line#66) copies of the PLP 

transgene per haploid genome respectively, were generated. Line #66 mice that 

were homozygous for the transgene (i.e 14 transgenic PLP copies and an 

endogenous copy) developed tremor and ataxia that affected both sexes beginning 

at postnatal week 2, and worsening until death at around 2 months of age. Line #72 

mice that were homozygous for the transgene (i.e 6 transgenic copies plus one), and 

mice of both lines that were heterozygous for the transgene (i.e 3 plus one and
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seven plus one copies), appeared normal at 2 months, but died 2-4 months later with 

severe seizures and convulsions. Extensive experiments were carried out to indicate 

that the transgene was expressed in these mice and that DM20 and PLP transgene 

product did not carry a mutation.

Study 2 (Kagawa et al. 1994);

A single transgenic mouse line that carried 3 copies of the PLP transgene per 

haploid genome was generated. Mice homozygous for the transgene (i.e 6 copies 

plus one) displayed convulsions, ataxia, and intention tremors, with death occurring 

at 30 days. Heterozygotes (3 copies plus one) were normal until 6 months old, but 

then developed hindlimb tremors, ataxia and convulsions. The disease phenotype 

was observed in both sexes.

It is apparent from the two studies that the number of extra copies of the PLP gene, 

is proportional to the severity of the disease phenotype. The most severe phenotype 

with the earliest onset is seen with 14 copies of the PLP transgene, whereas 3-7 

copies of the transgene are associated with onset of clinical symptoms around 3 

months. Further, the results of breeding crosses between lines #66 and #72 

indicated that the overall severity of the disease and its early clinical onset correlated 

with the PLP genotype in the order #66/#66, #66/#72, #72/#72 (Readhad et al. 1994).

This finding is particularly relevant to the prediction that the more severe phenotype 

of patient JH in this study, in comparison to patient CO, is due to the presence of 

three copies of the PLP gene, instead of two in patient CO.

A further transgenic study involving the over expression of the DM20 cDNA only was 

carried out in mice (Johnson et al. 1995). In this study, mice carrying 2-4 copies of 

the DM20 transgene appeared to be unaffected and lived normal life spans. Mice 

carrying 17 copies of the transgene had reduced PLP protein in the myelin 

membrane, but were otherwise unaffected and showed normal longevity. 

Homozygotes of this mouse strain that carried 34 copies of the transgene also 

appeared normal. A third transgenic line with 70 copies of the transgene exhibited an
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abnormal gait at 3 months followed by seizures, which increased in severity until 

death occurred at 8-10 months. Pathological examination of the myelin membrane in 

these animals prior to the onset of disease symptoms, revealed apparently normal 

myelin.

4.2.4 How do PLP Mutations Cause Disease

Point mutations that are missense mutations or lead to a frameshift, a complete gene 

deletion, and duplication of the PLP gene have been reported in PMD. It is expected 

that due to the proposed complexity of the involvement of the PLP gene in myelin 

formation and maintenance, that different mechanisms of disease may be associated 

with the different types of PLP mutation that have been reported to cause disease.

4.2.4.1 Effect of Increased PLP Gene Dosage

Measurements of PLP gene expression in the transgenic mice carrying extra copies 

of the gene, revealed that overall expression of PLP mRNA was increased, but the 

level of increased expression was lowest in the mice with the greatest PLP gene 

copy number. The level of reduction was however not proportional to the number of 

copies of the transgene. This finding is consistent with the suggestion of negative- 

feedback regulation of PLP expression through initially high levels of PLP protein, 

and is strikingly similar to the observations of PMP-22 mRNA expression in the PNS 

of CMTIA patients with a duplication of the PMP-22 gene (Hanneman et al. 1994).

Immunostaining of PLP revealed some PLP present in the myelin sheaths that are 

formed, however the level of protein was reduced compared to normal mice, as were 

levels of MBP and MAG (Readhead et al. 1994;Kagawa et al. 1994). In addition, MBP 

was not positioned correctly, which is suggestive of immature oligodendrocytes 

(Kagawa et al. 1994).

Pathological examination of the CNS in line#66 homozygotes (Readhead et al. 1994) 

revealed a variation in the severity of dysmyelination between different regions, that
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is also seen in y/mpy and jimpŷ '̂̂ . There is a suggestion that dysmyelination is 

greatest in those areas that myelinate later in development (forebrain and optic 

nerve). The myelin that was present was mostly compact, and abnormal cell death 

was not as apparent as in jimpy mutant mice (Readhead 1994).

Post-mortem examination of patient JH revealed an absence of central myelin in the 

cerebellum, brainstem and cord. By contrast cranial and spinal nerves in the PNS 

were well myelinated (Harding et al.- in press)

Significantly, the level of DM20 transgene expression in the mice with 70 copies of 

the DM20 transgene, was found to be only 4-fold greater than the endogenous 

transcript, suggesting that the transgenic copies were not expressed as efficiently as 

the endogenous gene. In the previous studies described above, the PLP gene 

including introns was transfected into the mice, whereas in this case a cDNA 

construct was used which is predicted to be less efficiently transcribed on account of 

the absence of enhancer and transcription factor binding sites.

The level of expression of the endogenous transcript in 2 month old mice, was 

reduced in the mice with 70 copies of the transgene to 40% of normal levels. This 

was consistent with a smaller reduction in the mice with 17 transgenes. These 

observations are similar to those noted in the other studies, and it suggests post- 

transcriptional control of PLP gene expression. Furthermore, the amount of DM20 

located in the myelin membrane sheath was abnormally high, and was accompanied 

by a decrease in PLP (Johnson et al. 1995).

PLP has been proposed to form heterodimers with DM20 (Sinoway et al.1994) and 

MBP (Kagawa et al. 1994). It might therefore be predicted that altered levels of PLP 

protein would disrupt the stoichiometry of a multimeric structure including PLP.

4.2.4.2 Mutations Affecting Different PLP Gene Functions

The majority of PLP mutations are associated with PMD, but two point mutations
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cause a form of X-linked spastic paraplegia (SPG2). The two diseases share a 

number of characteristics, but in general SPG2 is considered to be a less severe 

condition. One of the two SPG2 mutations, lle186Thr (Kobayashi et al. 1994) is 

identical to the mouse rumpshaker mutation which is associated with normal 

numbers of oligdendrocytes and normal longevity. The observation of a milder 

phenotype with this mutation is therefore consistent in mouse and humans.

The other SPG2 mutation, His139Tyr (Saugier-Verbier et al. 1994) is located in exon 

3B, and is predicted to result in normal DM20, but abnormal PLP. It is possible to 

conclude that DM20 pre-myelin role involves oligdendrocyte maturation, and loss of 

this function is associated with the more severe PMD phenotype.

Point mutations that are missense mutations or lead to a frameshift, as well as a 

complete gene deletion have been reported in PLP causing PMD. A number of 

proposals have been made concerning how PLP mutations might give rise to PMD. 

PLP is thought to be synthesised in the rough endoplasmic reticulum (ER) and 

transported to the Golgi apparatus (Schwob et al. 1985). It has been shown that the 

transport of PLP is arrested in the Golgi in jimpy brain (Roussel et al. 1987) or ER 

(Gow et al. 1994b).

It is has been shown in vitro that some naturally occurring missense mutations lead 

to the absence of the protein from the endocytic pathway that directs PLP to the cell 

membrane. Instead these abnormal proteins are predicted to remain in the lumen of 

the ER (Gow et al. 1994a). There was no evidence of PLP deposition in 

oligodendrocytes that over expressed transgenic copies of the PLP gene (Readhead 

et al. 1994).

It has been proposed that this accumulation leads to oligodendrocyte cell death. 

Similar observations have been made with incorrectly folded MBP-K^ fusion protein 

(Monaco et al. 1991 ). It has been argued that if this is correct, then deletion of the 

PLP gene would lead to a milder phenotype, and the single report of a PLP gene 

deletion was described in a PMD patient who was a male aged 35 and wheelchair
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bound, thereby exceeding the normal longevity of PMD boys (Raskind et al. 1991).

There is evidence that PLP is part of a family of genes that form ion channels 

(Kitagawa et al.1993;Yan et al. 1993). This is supported by the observation that PLP 

forms hexamers when purified from myelin (Smith et al. 1984). In addition, PLP has 

been proposed to mediate movement of Ca '̂' ions in vitro, and this raises the 

possibility that Câ "" permeability plays a role in oligodendrocyte maturation (Diaz et 

al. 1990), with abnormal Câ "" flow leading to oligodendrocyte cell death. The 

mutations identified are predicted to disrupt the topology of the protein in the 

membrane and thus disrupt pore formation.

If PLP provides a signal to stop oligodendrocyte maturation, then it could be 

reasoned that this signal is prematurely sent to the cell in the case of PLP over

expression.

4.2.5 Implications for Genetic Screening and Further Studies

Since the report of these two boys from our laboratory, nine further examples of 

increased dosage of the PLP gene have been reported to us(O.Boespflug-Tanguy; 

ME.Modes- personal communications). It will be interesting to determine the rate of 

duplication, particularly in those families who have thus far been diagnosed with 

PMD-like disease on the basis that no PLP point mutation was identified. It is 

possible that patients with increased PLP dosage will greatly reduce the large bank 

of PMD patients in which no PLP defect has been identified.

The ease with which a test for increased dosage can be carried out, means that it 

could be worth testing for extra copies of the PLP gene before embarking on a 

labour intensive screen for point mutations.

Following the identification of further examples of increased PLP gene dosage, it will 

be important to determine if the same DNA markers are involved which would 

suggest a common site of rearrangement and disease mechanism, similar to that
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seen in CMTIA and HNPP. In addition, it may be possible to correlate PLP gene 

copy number with phenotype, such as suggested in this work and in the transgenic 

mice studies.

The use of pulsed-field electrophoresis on DNA prepared from venous blood as 

opposed to cell lines, should enable the end points of the DNA rearrangements to be 

determined. The existence of REP units implicated in aberrant cross-over events 

during meiosis could also be investigated around the PLP gene region.
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Proteolipid protein gene 
dosage effect in 
Pelizaeus-Merzbacher 
disease
Sir —  Pelizaeus-Merzbacher disease system (CNS), often attributable to
(PM D) is a rare dysm yelinating  m utations o f the X-linked proteolipid
disorder affecting the central nervous protein (PLP) gene. We have found
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Fig. 1 a, Autoradiograph showing the band pattern generated with the PLP 
cDNA probe, pRLI, and the control probe, KM19 on Mspl-digested DMA. JH, 
patient JH; MH, mother of JH; CO, patient CO; KO, mother of CO; M, male 
control; F, female control, b, Signal ratios calculated using a phosphorimager. 
Mean ratio values of nine DNA lanes of four unrelated control females and ten 
DNA lanes of seven control males were 100.5% (s.d. 6.47) and 50.85% (s.d. 
5.13) respectively. Vertical lines represent 95% confidence limits. The two 
affected boys and their mothers were measured in three separate hybridization 
experiments. The signal intensity for both probes in each lane was determined 
using a phosphorimager (Molecular Dynamics) and the ratio of the two values 
calculated. The mean ratio value for at least four normal female samples per 
filter was calculated. The pRL1/KM19 ratio values for all other samples on the 
filter were normalized to the mean female value. Quantitative analysis showed 
that both patients had at least double the dosage of the PLP gene compared to 
normal male controls. 17 normal X chromosomes were examined in all. O, 
Female control; □ , male control;□ ,  JH; ■ , CO; ★, MH; 4 ,  KO.

two cases where the affected boys 
have a duplication o f PLP, suggesting 
that the disease may be caused by 
increased dosage. This has strong 
parallels with the duplication o f the 
peripheral myelin protein 22 gene 
{PMP-22) found in the majority of 
patients with the peripheral neur
opathy, Charcot-Marie-T ooth disease 
type lA (CM TIA).

Symptoms of PMD can he variable, 
hut com m on characteristics include 
nystagmus, dysarthria and psycho
m o to r  delay. X -linked  recessive 
inheritance is often observed. PLP is 
an integral m em brane protein which, 
together w ith its isoform  DM20, 
forms 50% of the protein content of 
myelin in the CNS. Despite con
vincing evidence that PLP defects 
cause PM D', sequence analysis o f the ‘ 
entire P IP  coding region has failed to 
reveal m utations in approximately 
70% of patients^^ including many 
with a clear X-linked pedigree. The 
possibility o f genetic heterogeneity 
p oses d iff icu ltie s  fo r genetic  
counselling.

D u p lica tio n  o f th e  p e rip h era l 
myelin specific protein gene, PMP- 
22, on chromosome 17p, is a frequent 
cause of CM TIA^L We suggest that 
increased dosage o f PLP can cause 
PMD, providing the second example 
o f gene duplication for an integral 
myelin protein leading to destruction 
of myelin.

Patient JH was first admitted to 
hospital at 5 m onths with a history of 
developm ental delay, nystagm us, 
stridor and seizures. An MR! scan 
supported the diagnosis o f PMD. His 
m other’s brother had died 30 years 
previously w ith a sim ilar clinical 
p ic tu re , suggesting X -linked in 
heritance. The patient died age 10 
m onths. Patient CO was admitted 
to  h o sp ita l aged 8 years, w ith  
developmental delay, abnormal eye 
m ovements and a dystonie quadri- 
plegia. Flickering eye movements were 
observed during the first m onth of 
life and subsequently involuntary 
m ovements involving the limbs were 
noted. There have been no seizures. 
M RI scan show ed absence  o f 
m yelination. There was no family 
history. PM D was regarded as a 
possible but not definite diagnosis. 
Both patients were seen at the Hospital 
for Sick Children, Great O rm ond 
Street.

Both boys showed duplication of 
P IP  detected by increased dosage on 
blottings(Fig. 1). DNA samples from
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bo th  m others were m easured  in 
duplicate on three occasions. Both 
showed a duplication o f PLP (Fig. 1). 
No sequence changes were found 
when PCR products from each exon 
were screened using single strand 
conformation polymorphism analysis.

We also found that the PLP genes 
were in tac t a fter d u p lica tio n . A 
restriction m ap produced using Pstl, 
FcoRI and Xbal (ref. 3) covering the 
entire  coding region revealed no 
altered fragments in either individual 
o r  th e ir  m o th e rs . T h u s, th e  
b reakpoints fall outside the gene 
which m ust, therefore, be totally 
duplicated. One boy (JH) was more 
severely affected than the other. This 
may be due to the differing extent of 
the duplicated region which we have 
not yet been able to define.

A suggestion that increased dosage 
of PLP may cause PMD came from a 
patient with a large, cytogenetically 
visible, de novo duplication o fX q21- 
22 (ref. 8). The boy showed multiple 
abnormalities: m uscular hypotonia, 
growth retardation, cryptoorchidism 
and a severe generalized disorder of 
myelination suggestive o f PMD at 
autopsy. Dosage studies showed PLP 
to be w ithin this large duplicated 
region^

These cases form a strong parallel 
with CM TIA, which generally in 
volves a 1.5 Mb duplication o f DNA

including PMP-22. Point m utations 
o f PMP-22 have also been found in 
patients with CM TIA (refs 10,11) 
and decreased nerve conduction  
velocity, characteristic o f CM Tl has 
been observed in three individuals 
with larger, cytogenetically visible 
d up lica tions '^^ '" . O ne  o f  these  
p a tie n ts '^  w ho had  a com ple te  
tr iso m y  for c h ro m o so m e  17p 
resulting from an unbalanced trans
lo ca tion  t(1 4 ;1 7 )(p l l ;p l  1), had  
clinical sym ptoms of a peripheral 
neuropathy as well as the reduced 
nerve conduction velocities. There 
are parallels, therefore, betw een 
C M T IA  an d  PM D in all th ree  
respects: po in t m utations, dup li
cations and large cytogenetically 
visible duplications.

W hy do p o in t m u ta tio n s and 
increased  dosage p ro d u ce  such 
similar phenotypes? Neither m other 
o f the two boys with PMD has any 
sy m ptom s d esp ite  an increased  
dosage themselves. This may be due 
to selective survival o f cells in which 
the norm al chrom osom e is active. A 
possible explanation for the similar 
phenotypes is that both proteins act 
as part o f a m ulti-com ponent unit 
within myelin and the stoichiometry 
between the com ponents is critical. 
However, no interacting molecules 
have yet been identified. It would be 
most interesting to establish whether

other similar neurological disorders 
arise from m utations o f the other 
com ponents.

David Ellis 
Sue Malcolm
Molecular Genetics Unit,
Institute of Child Health,
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London W C IN  1EH,UK
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Summary:

Clinical, neuropathological and molecular genetic studies in a 9 month old boy with 

Pelizaeus-Merzbacher Disease are described. The principal clinical features were 

developmental delay, nystagmus, stridor and seizures. Both brain and spinal cord showed 

almost complete absence o f stainable central myelin, while cranial and spinal root myelin 

was preserved. Probes for cDNA in the boy and his asymptomatic mother indicated a 

two-fold increase in the dosage o f proteolipid protein PLP gene (o f at least two fold) 

compared with controls.



Introduction:

Pelizaeus-Merzbacher Disease (PM D) is an X-linked dysmyelinating disorder with a 

disconcertingly broad neuropathological expression. Post-mortem findings vary from 

almost complete absence o f central myelin, in the so-called connatal variant, through 

certain transitional forms, to the classical examples with long survival and residual 

discontinuous or tigroid demyelination (6,7). Lack of abnormal storage material, or 

specific ultrastructural alterations, renders brain biopsy an unsatisfactory diagnostic tool, 

often tantalisingly suspicious but never absolutely certain. Moreover, no characteristic 

urinary, plasma or CSF metabolites are present, which further hampers accurate diagnosis: 

a prerequisite for successful genetic counselling. However the need for reliable molecular 

genetic markers has to some extent been met by recent progress in both our knowledge of 

myelin biochemistry and the molecular genetics o f the X-chromosome (3). A  number of 

defects in the gene encoding proteolipid protein (PLP), the major structural protein of 

central compact myelin, have been shown to be responsible for PM D in man, and 

analogous dysmyelinating disorders in animal mutants. These include point mutations, a 

complete deletion o f the gene, and a splice-site mutation (8,9). Nonetheless, such 

mutations only account for about half the human cases that have been studied. This 

neuropathological report concerns a boy with PM D in whom another genetic mechanism 

was operative, a duplication o f the PLP gene. The molecular genetic findings have been 

the subject o f a previous short report (2).

Case report:

JH had a normal pregnancy and delivery and no neonatal problems, but his mother 

noticed roving eye movements fi'om birth. These became more prominent following a 

prolonged upper respiratory infection at 6 weeks o f age, and by 11 weeks he began to 

have seizures, comprising back arching, eye rolling, arm flexing and fist clenching, 

followed by floppiness and sleep. The fits worsened, and there was stridor and failure to 

thrive. At this stage, when 3 months old, CT and M R scans were normal, biochemical



screens were unhelpfiil, but electroencephalography (EEG) was abnormal and visual 

evoked potentials (VEP) were poorly formed. Increasing doses of anticonvulsants brought 

the seizures under control. By 5 months of age the clinical picture of profound 

developmental delay, nystagmus, stridor and dystonie spasms suggested a diagnosis of 

PMD. Brainstem evoked potentials showed loss of function in brainstem auditory 

pathways, electromyography (EMG) indicated normal large fibres in peripheral nerve, 

while magnetic resonance imaging (MRI) suggested delayed myelination in keeping with 

the diagnosis. His further course was marked by worsening seizures, less feeding and 

increased weight loss, and death at 9 months. His mother's brother had died at the age of 

2Î4 years (some 30 years previously) with a similar clinical history.

Post-mortem examination revealed a severely wasted infant boy, but without dysmorphic 

features. There was little muscle bulk, but otherwise abnormalities were confined to the 

CNS. Following fixation the brain weighed 670g, the hindbrain accounting for 80g. No 

significant abnormality was seen externally and there was a normal convolutional pattern 

with thin transparent leptomeninges. The optic nerves and chiasm were greyish while other 

cranial nerves appeared normal and stood out white against a rather grey brainstem. On 

coronal slicing of the hemispheres, there appeared to be no normal white matter: the 

centra semiovalia were small and brown in colour, likewise the internal capsules, corpus 

callosum, fimbria and fomices appeared to be devoid of myelin. Grey matter structures 

appeared normal. In the cerebellum, brainstem and cord similarly, there appeared to be no 

central myelin, while their greyness contrasted with the whiteness of the normally formed 

cranial and spinal nerve roots (Fig. 1). Histologically, the grey matter was normal 

throughout, but there was hardly a vestige of myelin present in the CNS with only 

occasional fi-agments staining (Figs. 2,3a,4,5,6). Axons were preserved however, and 

there was a moderate, diffuse fibrillary astrocytosis (Fig. 3b). By contrast cranial and 

spinal nerve roots were well myelinated (Fig.6). Frozen sections disclosed small amounts 

of neutral lipid in perivascular macrophages in the white matter.



DNA samples from JH and his mother MH were measured in duplicate on three occasions: 

duplication of the PLP gene was detected as increased signal of a cDNA probe to PLP 

(pRLl) on Northern blottings (Fig. 7). No sequence changes were found in the exons on 

PCR, and a restriction map showed that the duplicated PLP gene was intact, indicating 

complete duplication.

Comment:

This case demonstrates another genetic mechanism in addition to point mutations which 

may give rise to the PMD phenotype. In this example of the connatal form of PMD with 

early onset, rapid course and absence of central myelin there is increased dosage of gene 

product due to duplication of the PLP gene. Support for such an hypothesis comes from 

two sources. Gremers et al. (1) reported a boy who had a number of abnormalities at 

autopsy; amongst them was a generalised myelin disorder suggestive of PMD and a large 

cytogenetically visible de novo duplication of Xq21 -22. Moreover, a similar conclusion 

that increased PLP gene dosage could cause dysmyelination was reached by Readhead et 

al. (5) who generated transgenic mice expressing autosomal copies of the wild-type PLP 

gene and presenting a novel phenotype of severe hypomyelination, seizures and premature 

death.

It seems then that PMD, a disorder of the major structural protein of central myelin, PLP, 

can arise from either deletions or duplications of its gene, and this has remarkable parallels 

with Charcot-Marie-T ooth disease type lA. In this latter disorder the structural protein of 

Schwann cell peripheral myelin, peripheral myelin protein 22 (PMP-22), is affected. There 

is frequently a partial duplication of chromosome 17p spanning 1.5Mb in length and 

including the PMP-22 locus, although point mutations and a cytogenetically visible 

duplication have also been described (4,10).

In the hemizygous male with PMD, the increased levels of an apparently normal gene 

suggest a different mechanism from that resulting from a gene deletion, which may be 

related to the precise stoichiometry required for normal myelin formation. The fact that



the heterozygous mother also expresses a very high level of PLP gene but is asymptomatic 

is not explicable just in terms of random X inactivation, and suggests that presence of the 

duplicate gene might in some way reduce the viability of the abnormal chromosome.

A major question that remians is the relationship, if any, between the various genetic 

abberrations reported in this disorder and the varied clinico-pathological phenotypes of the 

disease. Apart from our patient with X-linked connatal PMD and a duplication of the PLP 

gene, direct correlations between pathological subtypes and molecular genetics are at 

present lacking.
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Figure legends:

Figs. 1. Macroscopic view of the cord showing a marked distinction between central and 

peripheral myelin.

Fig. 2,4,5. Central myelin is virtually undetectable in paraffin sections. Fig2: temporal 

lobe, Luxol fast blue and cresyl violet, original magnification x 0.9; Fig4: cerebellum, 

Loyez, original magnification x 0.8; FigS: pons, note the well preserved peripheral myelin 

in the fifth cranial nerve roots. Loyez, original magnification x 1.3.

Fig. 3. In the unmyelinated areas there is a fine fibrillary gliosis. Occipital lobe, original 

magnification x 10; a) Luxol fast blue and cresyl violet, b) GFAP immunostain.

Fig. 6. The long tracts in the spinal cord are completely unstained in this myelin 

preparation, but the spinal roots are well preserved. Luxol fast blue and cresyl violet, 

original magnification x 2.

Fig. 7. Dosage of the PLP gene in a boy with Pelizaeus Merzbacher disease. Top half: 

Autoradiograph showing hybridisation of a PLP cDNA (pRLl) and a control probe fi’om 

chromosome 7 (KM 19) to MspI digested DNA. Control samples are fi’om unaffected 

males (M ) and females (F). Sample JH is fi’om the affected boy and M H his carrier mother. 

Lower half: Quantitative analysis using a phosphorimager (Molecular Dynamics). □  male 

controls, O  female controls, □  JH, ★ MH. The measurements on JH and M H were 

carried out in triplicate.


