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SUMMARY

Neurofibromatosis-1 is an autosomal dominant disorder with a
prevalence of approximately 1 in 3000 individuals. Its manifestations involve
tissues derived from the neural crest and include mainly cafe au lait spots,
neurofibromas and Lisch nodules. The gene for NF-1 was identified in 1990
and found to encode a protein, neurofibromin, with sequence similarity to a
family of GTPase activating proteins (GAP). The region of homology is called
the NF-1 GAP related domain (NF-1 GRD). Its expression has been shown to
complement yeast strains deficient in the yeast GAP homologues IRA1 and
IRA2 and to interact with human ras proteins and-accelerate the conversion
of active GTP bound ras to inactive GDP bound ras. Neurofibromin is also
known to associate with cytoplasmic microtubules and the connection
between ras mediated signal transduction and the cytoskeleton suggests that
neurofibromin may play multiple roles in the regulation of cell division.

Neurofibromatosis type-1 is caused by mutations in the NF-1 gene.
Mutation analysis in NF-1 is complicated due to the large size of the gene,
which extends for over 300 kb on chromosome 17 and is made up of more
than 49 exons, due to its high mutation rate and due to the presence of NF-1
pseudogenes and homologous sequences.

The present study involved the characterisation of germline and somatic
mutations within the NF-1 gene. Characterisation of germline mutations was
carried out in 25 randomly selected, unrelated patients with
neurofibromatosis type-1 from Scotland and included both inherited and
sporadic cases. Characterisation of somatic mutations was carried out in
tumours unrelated to NF-1, to assess the tumour suppressor function of the

NF-1 gene.



The strategy for germline mutation analysis involved initial amplification
of the NF-1 coding sequence by the polymerase chain reaction (PCR) using
both DNA and RNA as templates. In order to do so, PCR primers were
designed to amplify 78% the NF-1 coding sequence. Primers for amplification
of selected individual exons from genomic DNA were also designed. After
initial amplification by PCR, the products were electrophoresed on agarose
gels in order to check for any abnormal alterations in size. If no alteration
was identified, the segments amplified using DNA as a template i.e.
individual exons of the NF-1 gene were analysed using single stranded
conformational analysis and chemical cleavage analysis. The segments
amplified using RNA as a template were larger in size (0.4-1 kb) and thus
were directly subjected to chemical cleavage analysis, to precisely locate the
presence of small alterations or point mutations within the NF-1 gene. Any
mismatch detected by chemical cleavage was then fully characterised using
direct sequencing by the dideoxy chain termination method, using single
stranded DNA generated by asymmetric PCR amplification. Larger
rearrangements within the NF-1 gene were screened by Southern blotting of
genomic DNA.

Using the above strategy, 17 positive screening results were detected on
analysis of 78% of the coding sequence in 25 patients. Of these, 13 have
been characterised by direct sequencing. The mutations include three splice
site errors responsible for exon skipping, two other gross abnormalities of the
NF-1 mRNA resulting from a partial deletion in exon 16 and the complete
deletion of exon 18, two insertions, a nonsense mutation, two missense
mutations, three silent mutations and a novel intragenic polymorphism in

intron 41.



The mutation 3113+1G to A affected the splice donor site of intron 18
and resulted in the skipping of exon 18 from the NF-1 mRNA. This loss of
exon 18 did not cause a shift in the reading frame and is predicted to resuilt in
a loss of 41 amino acids from the protein product. The 41 amino acids lost
include two cysteine residues at positions 1016 and 1036, whose loss may
lead to altered conformation / stability of neurofibromin. This mutation was
identified in a familial case of NF-1.

5749+2T to G is a splice site mutation that affects the invariant GT
dinucleotide of the splice donor site of intron 30 and was identified in a
sporadic case of NF-1. This mutation resulted in the skipping of exon 30 and
a shift in the translational reading frame. This is predicted to result in a
truncation of the protein product due to the translation of a single altered
amino acid before the termination at a premature stop codon at position
1851.

1721+3A to G is a splice site mutation at position +3 of the donor site in
intron 11 and was identified in a familial case of NF-1. This transition resulted
in an error of splicing, leading to skipping of exon 11 from the NF-1 mRNA.
This is predicted to cause a shift in the translational reading frame, resulting
in the formation of 12 altered amino acids and the creation of a premature
stop codon at position 560. This would result in the synthesis of a protein of
559 amino acids instead of the normal 2818 amino acids, which would lack
the NF-1 GAP related domain.

Two other gross abnormalities of the NF-1 mRNA were identified by RT-
PCR and confirmed by direct sequencing. These included a 229bp deletion
in exon 16, identified in a sporadic case of NF-1 and a complete deletion of

exon 18 from the NF-1mRNA, in a familial case of NF-1. Sequence analysis



of the region surrounding exon 18 revealed a novel homologous sequence to
the NF-1 gene in this region.

Four small alterations were detected within the NF-1 gene on analysis of
the cDNA segments. These were as follows: A missense mutation G1166D at
codon 1166 in exon 21, caused by a G to A substitution at nucleotide 3497
was identified in a familial case of NF-1. K1419R is a missense mutation at
codon 1419 in exon 24, caused by an A to G transition at nucleotide 4256.
This mutation created a Mn/ | site and was identified in a sporadic case of
NF-1. G1404G is a silent mutation at codon 1404 in exon 24, caused by a G
to A substitution at nucleotide 4212. This mutation created an Apo | site and
was identified in a sporadic case of NF-1. S1311S is a silent mutation at
codon 1311 in exon 23, caused by a C to T substitution at nucleotide 3933.
This mutation resulted in the loss of a Fok | restriction site and was identified
in a familial case of NF-1.

Exons 28-36 and 42-44 were amplified from genomic DNA and were
subjected to SSCP and chemical mismatch cleavage analysis. Positive
screening results were further characterised using direct sequencing. The
mutations identified on screening these exons were as follows: A single base
insertion of guanine, 6519insG was detected in exon 34 that resulted in a
shift in the reading frame and premature termination of translation at codon
2220. This mutation was identified in a familial case of NF-1. R2496X is a
nonsense mutation in exon 42, caused by the conversion of a C to T at
nucleotide 7486. This transition, at a hypermutable CpG dinucleotide,
converts an Arginine to a termination codon at position 2496. This mutation
was identified in a sporadic case of NF-1. 7485insGG is a frameshifting two
base insertion in exon 42, predicted to cause the translation of 5 altered

amino acids before creating a premature stop codon at position 2502. A



consequence of this mutation will be the synthesis of a truncated protein
product of 2501 amino acids instead of the normal 2818 amino acids.
Interestingly, the insertion was found to affect the same codon (Arginine
2496) which was converted to a premature stop codon in the previous patient
(R2496X) and was identified in a sporadic case of NF-1. N1776N is a silent
mutation at codon 1776 in exon 29, caused by a C to T substitution at
nucleotide 5328. This mutation created a Hinf | restriction site and was
identified in a sporadic case of NF-1.

A novel intragenic polymorphism was identified in intron 41, the change
being that of an A to G transition, 28 bases upstream of the first base of exon
42. 75 unrelated Caucasian individuals of Scottish origin were studied by
heteroduplex analysis which showed three distinct electrophoretic patterns
and an allele heterozygosity of 47% was calculated. This polymorphism will
be useful in families where the disease causing mutation remains to be
identified.

Four other chemical cleavage results were detected on analysis of the
NF-1 cDNA segments and were localised to exons 2, 4, 16 and 27a. Two
possible polymorphisms were detected, in exon 16 (as the same cleavage
product was identified in 4 different patients) and in exon 28, where SSCP
analysis revealed three distinct patterns.

An interesting feature presented in a case of segmental
neurofibromatosis on RT-PCR of the NF-1 mRNA surrounding the
alternatively spliced isoform of the NF-1 gene, NF-1 GRD Il. Amplifcation and
analysis revaled equal expression of both isoforms in this patient, while the
other patients and normal controls showed expression of only the type |
isoform. This may not be the cause of disease but was the only finding on

screening 78% of the coding sequence.



The spectrum of the above 13 and other reported mutations within the
NF-1 gene is discussed and their mechanisms of mutagenesis are presented.
The distribution of mutations was random and in this study no additional
mutation hotspots were identified on analysis of 78% of the coding sequence.
However the remaining 22% of coding sequence and other regions important
for efficient expression remain to be analysed. A genotype-phenotype
correlation is presented, which will help in drawing conclusions regarding the
function of the various regions within the NF-1 gene and may help in
determining the molecular basis for the wide variation in clinical features.

Screening for somatic mutations (small alterations) in exon 24 (FLR
exon) of the NF-1 gene (by SSCP and CCM) was carried out in the following
nine tumour types unrelated to NF-1: colonic adenocarcinoma (2), colonic
adenoma (2), pancreatic carcinoma (2), seminoma (2), melanoma (3), lung
adenocarcinoma (2), thyroid carcinoma (2) and myelodysplastic syndrome
(10). Screening for large alterations (by Southern and Northern blotting) was
carried out in 4 neuroblastoma samples.

The role of NF-1 mutations was considered in the tumour types in which
activated ras genes are frequently found. NF-1 mutations, considered to be
the functional complement of ras mutations, were looked for in tumour
samples lacking ras mutations. Initially the tumour samples were screened
for activating mutations in the appropriate group of ras oncogenes (H-RAS,
K-RAS, or N-RAS) depending on the tumour type. Two shifts on SSCP
analysis were identified in the PCR products encompassing codons 12-13 of
the K-ras oncogenes in a colonic adenoma sample and a colonic
adenocarcinoma sample. No small or large somatic mutations in the NF-1

gene were detected in the tumour types analysed in this study.



Thus in this study a heterogeneous group of germline mutations was
identified in the NF-1 gene and a mutational spectrum was established. The
majority of germline mutations identified and characterised in this study are
predicted to cause disruption of the protein product neurofibromin.
Correlation of genotype with the phenotype in the cases with pathogenic
mutations characterised in this study did not show a clear correlation and a
larger number of mutations will have to be analysed.

The strategy used in this project for characterisation of mutations in the
gene for neurofibromatosis type-1 has proved to be useful and may be

applied to the detection of molecular pathologies in general.

Note: Some of the data presented in this thesis have been published.

Reprints are bound at the back.
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CHAPTER 1: INTRODUCTION

1.1 HOW MUTATIONS CAUSE DISEASE

The gene is the unit of inheritance. Each gene is a nucleic acid
sequence that carries information representing a particular polypeptide. A
gene is a stable entity, but can acquire a change in the base sequence. Such
a change is called a 'mutation’. When a mutation occurs, the new form of the
gene is inherited just like the previous form. The organism carrying the
altered gene is called a mutant and an organism carrying the normal
(unaltered) gene is called the wild type. Mutations can be divided into two
general classes: point mutations and rearrangements or length mutations.
Point mutations are changes affecting a single position in a gene,
rearrangements or length mutations affect larger regions and the simplest
type are insertions or deletions. Mutations will be copied at subsequent
replications unless a reverse mutation occurs.

By and large mutations that produce disease manifest in two ways:
mutations which cause synthesis of an abnormal gene product and those
which cause a reduction or absence of a protein product. Mutations which
cause synthesis of an abnormal gene product comprise single base
substitutions (missense mutations) which alter the structure of the mRNA
such that an abnormal protein product is synthesised. The change in function
or stability of the protein results in an abnormal phenotype. Mutations
causing decreased output or absence of gene product are mutations
affecting transcription or processing of mRNA or mutations that act at the
translational level by interfering with initiation, elongation or termination.

Mutations which lead to a greatly reduced level or no protein product

are classified by immunological protein assay methods as cross reacting



material negative, (CRM -ve), whereas those mutations which produce a
protein product in normal amounts but with aberrant function are CRM +ve.
Mutations can occur in the coding sequences, which are the exons, that
comprise mature RNA and the introns or intervening sequences (IVS), which
are transcribed but then cut out of the transcript during mRNA processing.
Although the boundaries of the coding sequences can be precisely defined,
other less well defined sequences such as the promoters, enhancers and &'
and 3' untranslated regions are required to constitute a unit which is

transcribed efficiently in the appropriate tissues and at the proper time.

1.1.1 MUTATIONS CAUSING SYNTHESIS OF AN ABNORMAL GENE
PRODUCT

A single base substitution or a more subtle rearrangement of a gene
may alter the structure of the mRNA such that an abnormal protein product is
synthesised. Point mutations can be divided into two types depending upon
the nature of the change when one base is substituted for another. The more
common class of mutation is the TRANSITION, comprising the substitution of
one pyrimidine by the other or of one purine by the other. The other class is
the TRANSVERSION, in which the purine is replaced by a pyrimidine or vice
versa.

Mutations induced by a base substitution are often 'leaky' (the mutant
has some residual function). This situation arises when the sequence change
in the corresponding protein does not entirely abolish its activity. A point
mutation that alters only a single base will change only the one codon in
which that base is located so only one amino acid is affected in the protein.
While this substitution may reduce the activity of the protein, it may not

abolish it entirely.



Some single base substitutions have no apparent effect and they fall
into two types: One group involves base changes in DNA that do not cause
any change in the amino acid present in the corresponding protein and are
called silent mutations. Others change the amino acid (usually with an amino
acid of the same class-basic / acidic / neutral, hydrophilic / hydrophobic) but
the replacement in the protein does not affect its activity and the phenotypic
effects are small. These are called neutral substitutions, or conservative
changes.

The results of single amino acid substitutions in proteins vary
depending on the type of amino acid that is substituted and the site of
substitution in a particular protein. However, many amino acid substitutions
have no effect on function or stability. The primary amino acid sequence of a
protein or its subunits determines the way it assumes its secondary structure.
Some amino acid substitutions in the primary amino acid sequence go on to
cause abnormalities of a tertiary structure and to reduce the overall stability
of the protein or its subunit. For example, proline cannot participate in an
alpha helix except as one of the initial three residues. Thus the substitution of
proline by another amino acid can sometimes seriously disrupt helical
conformation and result in protein instability. Most proteins are folded into a
complex tertiary configuration, so that most of the charged amino acids such
as lysine, arginine, glutamic acid and aspartic acid are found on the surface
of the molecule, allowing their ionised groups to be in contact with water. On
the other hand, residues oriented towards the interior of the molecule have
non polar groups; thus the inside of the molecule is stabilised by hydrophobic
interactions. The substitution of a charged for an uncharged residue can

disrupt these important interactions and lead to molecular instability.



20 amino acids are used to synthesise proteins and are classified by
their ionic charge into four groups (Lewin, 1993):
1)Basic: lysine, arginine and histidine 2)Acidic: aspartic acid and glutamic
acid 3)Neutral and polar amino acids: amino acids that have no net charge
are neutral. Some of the neutral amino acids are polar i.e. electrically
charged because of the distribution of charges within the molecule. These
are: glycine, serine, threonine, tyrosine, cysteine, glutamine, aspafbine
4)Neutral and hydrophobic: the apolar amino acids are hydrophobic. These
are: alanine, valine, leucine, isoleucine, proline, tryptophan, phenylalnine
and methionine.

Occasionally, the substitutions may involve chain termination or
initiation codons or may disrupt the genetic code such that either elongated
or shortened peptide chain products are produced. Extended gene products
result from the following mechanisms: base substitution in the chain
termination codon or preservation of the initiator methionine residue.
Shortened gene products are due to substitutions resulting in premature

termination of translation.

1.1.2 MUTATIONS CAUSING DECREASED OUTPUT OF GENE PRODUCT

The second group of mutations are those that cause a reduction or
absence of a particular protein product. These mutations can be divided into
mutations that cause defective transcription, defective processing of
messenger RNA and mutations that interfere with translation.

Mutations causing defective transcription

These comprise deletions, insertions, inversions, duplications, fusion genes

and promoter mutations.



a)Deletions: e.g. DMD, cystic fibrosis etc. Deletions are the physical
absence of DNA sequence. Deletions can result due to non-homologous
recombination, from faulty repair of damaged DNA, or from a skip during
DNA replication. The effects of gene deletions are as follows:

Table 1: Effects of gene deletions

Deletion of Conseqguences

many genes chromosomal abnormalities

one whole gene no gene function

exon material truncated protein, often unstable, may generate a
frameshift

intron material usually no phenotypic effect

splice site usually no functional product/ or truncated product

promoter reduced/absent gene function

b)Insertions: e.g. Lesch-Nyhan syndrome, Haemophilia B etc. Insertions
may be large sequence insertions, or insertion of a few bases into gene
coding regions causing disease. These involve insertion of either novel
bases, or of a specific DNA sequence.

c)inversions: e.g. Haemophilia A. The term inversion signifies that a region
of DNA is back-to-front with respect to its normal orientation in the genome.
d)Fusion genes: e.g. red/green colour blindness. There are three separate
genes for each of the cone pigments responsible for colour vision, blue (on
chromosome 7) and red and green (Xq28). There is a single red gene on
each X chromosome and 1-3 copies of the green genes. The red and green
genes have 96% sequence homology and unequal crossing over in the area
can result in the formation of hybrid genes or fusion genes, which produce

pigments of altered function.



e)Promoter mutations: e.g. haemophilia B (Leyden), retinoblastoma.

The haemophilia B Leyden phenotype is seen in patients with different
mutations within the promoter region of the factor IX gene.

f)Duplications: e.g. CMT1A, DMD/BMD. Duplications can be tandem or
inverted. Duplication of a whole gene will cause dosage effects only, but
partial duplications can result in disease in two general ways:. In one,
duplication of several amino acids of a protein may change the protein
conformation, leading to an unstable / dysfunctional protein. In the other, the
duplication may result in a reading frame shift in the mRNA, producing a

truncated and usually dysfunctional protein.

Mutations causing defective processing of messenger RNA

These comprise splice junction and consensus site mutations, mutations
creating cryptic splice sites in exons and introns and polyA signal site
mutations.

a)Splice junction and consensus sequence mutations: e.g. Ehler Danlos
syndrome, o and B thalasaemia. Splice site mutations alter the 5' donor (GT)
or 3' acceptor (AG) sequences at the ends of an intron which are required for
excision of the intron during mRNA processing and usually abolish gene
function. In addition to the GT/AG junctional sequences, there are highly
conserved sequences at the boundaries between introns and exons that also
must be involved in splicing of mMRNA. Several forms of B thalassaemia are
described, which result from the production of alternatively spliced sites
within these sequences.

b)Cryptic splice sites in introns and exons e.g. p thalassaemia. In p
thalassaemia, single base substitutions within introns may result in

preferential alternative splicing of the precursor B mMRNA molecules at the



site of mutation. The mRNA produced as a result of the abnormal splicing
contains intron sequences and therefore is useless as a template for globin
chain synthesis, so more abnormal than normal mRNA is produced.
Mutations have been also found in the exons of the globin genes that seem
to activate cryptic splice sites. e.g.: The structural haemoglobin variant
haemoglobin E, due to a G to A transition at position 26 results in the
activation of a cryptic spice site, which competes with the normal splice site
and leads to a reduced output of  globin chains.
c)Polyadenylation/cleavage signal mutations: e.g. o and B thalassaemia.
Polyadenylation signal site mutations also interfere with the normal
processing of mRNA. For example, the single base change AATAAA to
AATAAT, in the o globin genes of patients with a certain form of a
thalassaemia. Due to the mutation, instead of the normal cutting and
polyadenylation of the mRNA precursor, a long molecule is produced which
does not appear in the cytoplasm. A small amount of polyadenylated mRNA
is produced, but the overall effect is to almost entirely inactivate the affected

globin gene.

Mutations causing defective translation

These comprise initiation codon mutations, termination codon mutations,
nonsense mutations and frameshift mutations.

a)Initiation codon mutations: e.g. phenylketonuria, Tay-Sachs disease and
a & B thalassaemia. Several mutations have been observed in patients with o
thalassaemia which involve either the initiation codon itself or the sequences
immediately adjacent to it and no o chains are produced from the affected o

globin gene.



b)Termination codon mutations: e.g. a thalassaemia. Termination codon
mutations have been observed only in the a globin genes. The base
alteration results in the insertion of an amino acid instead of chain
termination. Messenger RNA sequence that is not normally utilised is then
translated until another in-phase stop codon is reached, resulting in
elongated but stable a chains (Hb Constant Spring).

c)Nonsense mutations: e.g. Haemophilia A, B, Lesch-Nyhan, OTC
deficiency, porphyrias. Nonsense mutations replace the codon for an amino
acid by a stop signal (UGA, UAA, UAG) leading to premature chain
termination, with the production of a shortened and physiologically useless
peptide fragment.

d)Frameshift mutations: e.g. Duchenne muscular dystrophy. Frameshifts
are a consequence of the way the genetic code in the mRNA is read in
triplets. Any change in the number of nucleotides in a coding sequence which
does not add or remove complete triplets alters the reading frame of all the
message downstream of the change. Frameshifts usually abolish the function
of the protein. Sometimes the altered base sequence generates a new
termination codon leading to premature termination of translation of the
abnormal RNA. If the normal stop codon is thrown out of sequence, the
scrambled mRNA is translated until another stop codon is produced, leading

to an elongated translation product.

1.2 MECHANISMS OF MUTAGENESIS

Cytosine methylation and the role of CpG dinucleotides in disease

The methylation of mammalian DNA at the cytosine residues, is one of
the most common forms of DNA modification and is involved in a number of
cellular and developmental processes (Cooper and Youssoufian, 1988). The
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dinucleotide CpG is a hotspot for mutation in the human genome. This is as a
result of the modification of the 5 cytosine by cellular DNA
methyltransferases and the consequent high frequency of spontaneous
deamination of 5-methylcytosine. Methylated cytosine residues are relative
hotspots for mutations (25-35% of all point mutations) because with
deamination they produce thymidine (with substitution of adenine for guanine
on the complementary strand), which is not recognised by DNA repair

mechanisms and thus results in mutation (Cooper and Krawczak, 1991).

Mechanisms of insertional mutagenesis

Insertions of either novel bases or of a specific DNA sequence into a
gene coding region usually result in alteration of the reading frame of the
encoded protein, which may lead to termination of translation at some
distance downstream. Examples of the insertion of <10bp of DNA sequence
into human gene coding regions causing genetic disease was analysed by
Cooper and Krawczak (1991), in order to study the underlying mechanisms
and the following observations were made: insertional mutation, involving the
introduction of <10bp of DNA sequence into a gene coding region is not a
random process and appears to be highly dependent on the local DNA
sequence context. The majority of insertion type mutations are consistent
with an explanation which involves an endogenous replication associated
mechanism of mutagenesis and may be explained either in terms of a)direct
repeats/runs of single bases causing slipped mispairing b)inverted repeats or
c)symmetric elements facilitating the formation of secondary structure

intermediates.



Mechanisms of deletional mutagenesis

Deletional events in human genes are at least in part sequence
directed and the frequency of occurrence reflects underlying structural
differences between genes. Human gene deletions appear to be caused by
multiple mechanisms, whose relative importance is influenced by local
primary and secondary DNA structure. Reports describing short (<20bp)
gene deletions causing human disease were analysed by Krawczak and
Cooper (1991) in order to study underlying causative mechanisms. Direct
repeats are a feature of a number of recombination, replication or repair
based models of deletion mutagenesis. Palindromes or inverted repeats
could potentiate the looping out of single stranded DNA. Inverted repeats
may promote instability by facilitating the formation of secondary structure
intermediates. A significant excess of symmetrical sequence elements was
found at the sites of single base deletions. These elements were seen to
possess an axis of internal symmetry (e.g. CTGAAGTC, GGACAGG) and
varied between 5bp and 11bp in length. In addition a consensus sequence

proposed to be hot-spot for deletions was drawn up: (TGA/GA/GG/TA/C).

Mechanisms of gene duplication

Tandem duplication involving parts of genes is now recognised as a
contributor to the mutational spectrum that results in genetic disease. The
mechanisms of duplication formation were analysed by Hu and Worton
(1992), with special emphasis on the molecular details of the nucleotide
sequences at the duplication junctions. Partial gene duplication can result in
disease in two general ways. In one, duplication of several amino acids of a
protein may change the protein conformation, leading to an unstable /
dysfunctional protein. In the other, the duplication may result in a reading

frame shift in the mRNA producing a truncated and usually dysfunctional
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protein. Two general mechanisms leading to duplications and deletions have
been proposed: homologous and non-homologous recombination. In the
former sequence homology between the two parental strands in the regions
of cross-over is needed for strand exchange. Homologous recombination
may involve recombination between repetitive sequences, i.e. the Alu
elements. Non homologous recombination involves recombination between
unrelated (non-homologous) sequences and probably the duplications may
have been created by random chromatid cleavage and rejoining events.
Unequal sister chromatid exchange, i.e. unequal crossing over between
sister chromatids, rather than between non-sister chromatids of two X
chromosomes, is the predominant event for producing duplications in the

dystrophin gene.

Expansion of trinucleotide repeats as a mechanism of mutagenesis

The unstable expansion of trinucleotide repeats represents one of the
previously unrecognised mechanism of mutagenesis and so far seven
examples of triplet repeat diseases are known. These are as follows: fragile
X syndromes (FRAXA and FRAXE) (Fu et al.,, 1991), myotonic dystrophy
(DM) (Fu et al.,, 1992), Kennedy's disease (spinal and bulbar muscular
atrophy SBMA) (La Spada et al., 1991), Huntington's disease (The
Huntingtons Disease Research Collaborative Group, 1993), spinocerebellar
ataxia (Orr et al., 1993) and the most recently discovered DRPLA
(dentatatorubral and pallidoluysian atrophy) (Koide et al., 1994). All the
diseases are due to a novel mutational mechanism by which normally
polymorphic trinucleotide repeats expand beyond the normal size range and
result in changes involving gene expression (FRAX), message stability (DM),

or gain of function (SBMA and HD).
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1.3 MUTATION SCREENING METHODS

The spectrum of mutations found may range from cytogenetically
visible chromosome rearrangements to large and small alterations within the
gene, including single base changes. The mutation screening methods can
be divided into screening methods for detection of unknown mutations (small
and large alterations) and methods for detection of known mutations (Loss or
gain of an RFLP, ARMS, ASO and PCR directed mutagenesis). While
several useful techniques for detection of sequence heterogeneity exist, no
single method is applicable for all situations. The different methods used
have complementing strengths and a combination of methods can be used
successfully for mutation detection. The various methods are outlined below
and the principles, advantages and disadvantages are discussed and
compared in to order to evaluate the screening methods available and apply

them to screen for mutations within the NF-1 gene.

Detection of small alterations

Small alterations include deletions, insertions and single base
substitutions which comprise nonsense, missense, silent and splice
mutations. All the methods used are PCR based detection methods and rely
on PCR amplification of sample DNA or RNA prior to analysis. The methods
discussed include: 1)Single stranded conformation polymorphism analysis
(SSCP), 2)Heteroduplex analysis (HA) 3)Denaturing gradient gel
electrophoresis (DGGE), 4)RNase cleavage and chemical mismatch
cleavage analysis (CCM), 5)Protein truncation test (PTT), 6)Direct

sequencing and its modifications.
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Single Stranded Conformational Polymorphism (SSCP) Analysis

This procedure was first described by Orita et al. (1989). Single stranded
DNA molecules assume a three-dimensional conformation which is
dependent on the primary sequence. If a sequence difference exists between
wild type and mutant DNA, this may result in differential migration of one or
both the mutant strands when the products are denatured and then
electrophoresed through a non denaturing polyacrylamide gel, under
different sets of electrophoretic conditions. It is a simple and relatively
sensitive technique, with no additional steps required after PCR. A large
number of samples can be analysed simultaneously. However, SSCP
analysis detects mutations but does not localise them within a fragment.
SSCP analysis detects 70-95% of mutations in PCR products of 200bp or
less and the sensitivity of the method is less than 50% when fragments
>400bp are analysed (Grompe M., 1993). To increase the sensitivity of the
technique, a radioactive label may be necessary, but silver staining of the
gels also shows equally good results. Size limitations may be overcome by
restriction digestion of a larger amplification product prior to electrophoresis.
Occasionally there may be occurrence of additional bands which may
correspond to different stable conformations (conformers) of the same
sequence and whose presence may be sensitive to the temperature
employed.

A modification of SSCP termed RNA conformation polymorphism
analysis (rSSCP) has been described by Sarkar et al. (1992a). RNA is used
instead of DNA, the RNA being generated by T7 RNA polymerase
transcription, from a PCR amplified DNA template fragment. Sense and
antisense RNA strands yielded different conformational patterns and this

method has been claimed to be more successful than conventional SSCP
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(Sarkar et al, 1992a). A second modification is the dideoxy fingerprinting
(ddF) method, which combines SSCP analysis and direct sequencing and
was described by Sarkar et al. (1992b). After amplification the PCR product
is sequenced with dideoxyCTP to generate a C-ladder (fingerprint) of bands.
The sequencing reactions from wild type and mutant samples are then
electrophoresed through a non denaturing polyacrylamide gel. Mutations are
detectable as shifts of individual bands in the ladder. Another modification of
SSCP was proposed by Lazaro and Estivill, (1992). Their assay consisted of
generation of single stranded fragments by asymmetric PCR, which were
then subjected to SSCP analysis and visualised by ethidium bromide

staining.

Heteroduplex analysis

Mutant and wild-type sequences, when present simultaneously in a
PCR reaction, form heteroduplexes during the late cycles in a PCR reaction
(Nagamine et al., 1989). Heteroduplex molecules with a single base pair
variance may show different mobility from homoduplexes in regular
polyacrylamide gels (White et al., 1992), as well as other newer
polyacrylamide based gel matrices such as Hydrolink™ and MDE™, due to
sequence dependent conformational changes in the dsDNA (Tassabehji et
al., 1992). The technique is very simple and is equally effective using non-
isotopic detection methods (ethidium bromide staining) and detects 80-90%
changes in fragments less than 300bp (Grompe M., 1993). However it cannot
be solely used as a mutation detection technique due to its inability to detect
all types of mutations and due to the fact that there is decreased sensitivity

when large products are analysed.
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Denaturing gradient gel electrophoresis (DGGE)

DGGE is also a technique that allows the separation of DNA
molecules differing by single base changes due to differential electrophoretic
migration of wild type and mutant DNA (Fischer and Lerman, 1983, Myers et
al., 1985). The separation is based on the fact that DNA molecules differing
by a single base change have slightly different melting properties. These
cause them to migrate differently into discrete sequence dependent domains
of low melting temperature, in a polyacrylamide gel containing a linearly
increasing gradient of DNA denaturants such as urea and formamide, from
top to the bottom of the gel. There are two types of denaturing gradient gels,
a)parallel gels which contain a linearly increasing gradient of DNA
denaturants from top to bottom in the gel. b)perpendicular gels which contain
a linear gradient of denaturants from left to right across the gel. The
denaturing gradient can also be generated by temperature and this method is
termed TGGE. The sensitivity of DGGE is greatly enhanced if heteroduplex
DNA between wild type and mutant sequences is used for analysis (Sheffield
et al., 1989). Wild type and mutant PCR products are denatured and
reannealed to generate four species of hetero and homoduplexes.
Differential melting behaviour of these heteroduplexes leads to altered
migration in a gradient of denaturing gels compared to wild type homoduplex.
Once the appropriate PCR primers and denaturant conditions (using
computer programs to predict theoretical melting profiles and design PCR
primers) have been developed for a specific region DGGE is a  highly
reliable and rapid method for mutation detection. Single base differences can
be detected with about 95% accuracy in PCR products of up to 600bp in
length and detection is usually carried out by non-radioactive means

(Grompe M., 1993). However this method requires a special apparatus to
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control gel temperature and long PCR primers which include a 30-40
nucleotide "GC clamp" at the 5' end of the primer to ensure that the amplified
sequence has a low dissociation temperature (Sheffield et al., 1989, Myers et
al., 1985). Also the location of the sequence difference within the fragment

cannot be localised and has to be determined by sequencing.

RNase cleavage and Chemical mismatch cleavage analysis

The principle of heteroduplex analysis is applicable to both RNase
and chemical mismatch cleavage and the two procedures were described by
Myers et al. (1985) and Cotton et al. (1988), respectively.

In RNase A cleavage an RNA-DNA heteroduplex between a
radioactive wild type riboprobe and mutant DNA generated by PCR is
subjected to cleavage by RNase A. The enzyme will recognise and cleave
single stranded RNA at the points of mismatch. The reaction is analysed by
electrophoresis and autoradiography. The presence and location of the
mutation is indicated by a cleavage band of a given size. However use of
radiolabelled RNA is necessary and RNase A can detect only 50% of
mismatches.

Chemical mismatch cleavage analysis (CCM) is based on the principle
of creation of heteroduplexes between radiolabelled wild type and mutant
DNA or RNA molecules. Chemical modification at the sites of mutation is
then carried out using hydroxylamine and osmium tetroxide. This is then
subjected to cleavage at the site of modification using piperidine followed by
denaturing gel electrophoresis and autoradiography. CCM is very sensitive
detecting > 95% of mismatches when only the wild type DNA is labelled and
100% when both wild type and mutant DNA are labelled (Forrest et al.,
1991). PCR products of up to 1.7kb can be screened, permitting efficient

16



screening of amplified mRNAs (Grompe M., 1993). Finally, the sequence
alteration is detected reliably and the precise localisation and nature of the
change is also indicated by the size of the cleavage band and cleaving
reagent. However it is a relatively complex and lengthy procedure involving

use of radioactivity and toxic chemicals.

Protein truncation test (PTT)

The above techniques, used to recognise point mutations in genetic
disease detect all sequence differences including phenotypically silent
changes. Consequently the methods are not convenient to analyse mutations
in large multiexonic genes where a large fraction of pathological point
mutations produce early termination. The technique of PTT, or protein
truncation test is based on the combination of RT-PCR, transcription and
translation and selectively detects translation terminating mutations and was
first described by Roest et al. (1993). This technique does not detect
phenotypically silent alterations. The site of mutation is localised, so only a
small part of the gene needs to be sequenced. Comparatively larger (2.4kb)
stretches of coding sequence can be screened. However this method can

only detect translation terminating mutations.

Direct sequencing

Direct DNA sequencing refers to the direct sequence analysis of PCR
products without prior subcloning into sequencing vectors and can be a
primary method of mutation detection, if the coding sequence of the gene to
be screened is relatively small (Mgone et al., 1992). Direct sequencing
involves the synthesis of a DNA strand by a DNA polymerase in vitro using a

single stranded DNA template (Sanger et al., 1977). Template DNA is
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purified and annealed to a synthetic oligonucleotide primer. The DNA
synthesis is carried out in 2 steps, the first a labelling step and the second
the chain termination step using dideoxynucleotides. A radioactively labelled
nucleotide is included in the synthesis so the labelled chain of variation can
be visualised by autoradiography after separation by high resolution
electrophoresis on denaturing gels. DNA sequencing defines the location
and exact nature of the change and therefore is the necessary final step of
any mutation detection method.

In order to sequence PCR products successfully by the conventional
dideoxy termination protocol, it is essential to convert the double stranded
product into a single stranded template for sequencing. The methods
described are: |
1)Asymmetric PCR: This is a modified type of PCR to produce single
stranded DNA of a chosen strand and utilises an unequal or asymmetric
concentration of the 2 amplification primers.(Gyllensten and Erlich, 1988). In
asymmetric PCR, during the initial 15-25 cycles, most of the product
generated is double stranded and accumulates exponentially. As the low
concentration primer becomes depleted, further cycles generate an excess of
one of the two strands depending on which of the amplification primers is
limited. The primer ratios used for asymmetric PCR are usually
50pmoles:1pmol or 100pmoles:1pmol. The single stranded DNA accumulates
linearly and is complementary to the limiting primer.
2)Biotinylation of one of the primers: In this method, one of the PCR primers
is biotinylated. After the reaction the double stranded PCR product is
captured on an avidin coated magnetic bead. The nonbiotinylated strand is
separated with NaOH and the sequencing reactions are carried out on the

immobilised single stranded template (Gibbs et al., 1990).
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3)Direct sequencing with phage promoters:

This can be done in two ways. RAWTS: RNA amplification with transcript
sequencing and GAWTS: genomic amplification with transcript sequencing
(Stoflet et al., 1988). In this method, the original PCR primers carry T7 RNA
polymerase binding sites. In vitro transcription is then used to generate
single stranded template for sequencing. These are methods of direct
sequencing that utilise a phage promoter sequence 5' to at least one of the
PCR primers. RAWTS is a four step procedure that involves:

a)cDNA synthesis with oligo dT random primers or an mRNA specific
oligonucleotide primer.

b)A PCR in which one or both nucleotides contain a phage promoter
attached to a sequence complementary to the region to be amplified.
c)Transcription with a phage polymerase and d)dideoxysequencing with a
reverse transcriptase.

The procedure for GAWTS is identical except that genomic DNA is the input
to step b). The advantagés of this procedure are that the transcription step
produces an additional level of amplification that obviates the need for
purification subsequent to PCR; the amplification afforded by transcription
can compensate for a sub optimal PCR; and the generation of single
stranded template provides a more reproducible sequence than obtained
from a double stranded template. The disadvantages include the fact that

there is added expense of attaching phage promoters to the PCR primers.

Detection of large alterations:
Large gene alterations are mutations in which substantial portions of a

gene are deleted, duplicated or otherwise rearranged. The techniques

available for detection of large alterations can be divided into cytogenetic
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techniques and molecular techniques. Cytogenetic techniques include:
a)Cytogenetic analysis using conventional and high resolution cytogenetics,
b)Flow cytometry using FACS (fluorescence activated cell sorter) and
c)Fluorescent In Situ Hybridisation (FISH). Molecular techniques include
a)Southern blot hybridisation and b)pulsed field gel electrophoresis (PFGE).
1)Using cytogenetic techniques: Flow cytometry can be used to measure the
DNA content of individual chromosomes as they pass in a fluid stream
through the laser beam of a FACS (fluorescence activated cell sorter). This
technique is useful in identifying chromosome aberrations in particular
microdeletions as its lower limit of resolution is 1-2Mb compared with 4Mb for
the light microscope used in conventional cytogenetics. FISH utilises
fluorescently labelled DNA probes hybridised to chromosome spreads, to
detect the presence/absence of a chromosomal region corresponding to the
probe and its position within the genome.

2)Using molecular techniques: a)Southern blot hybridisation: this technique
was first described by E. Southern in 1975. This a quick method to screen for
large alterations and offers a good first step in mutation analysis. By this
method, large deletions and insertions may be detected by the presence of
junction fragments, or changes in band intensities (for autosomal dominant
conditions). Point mutations may be detectable if they alter restriction sites.
b)Pulsed field gel electrophoresis: In contrast to routine DNA analysis
techniques which have an upper size limit of 40kb, PFGE can separate
fragments in the size range of 1kb-10Mb and hence large areas of a gene can
be screened for alterations in a single experiment. PFGE involves switching
of the voltage potential relative to the gel during electrophoresis and as the
shorter DNA molecules can reorientate to the potential more quickly than the

longer molecules, they migrate further into the gel. The large fragments for
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PFGE are generated using special restriction enzymes which have infrequent

cutting sites such as Not | (8bp) and Sfi | (13bp) in length.

Methods used for detecting known mutations

Specific point mutations can be detected by several approaches
including loss or gain of an RFLP, Allele-Specific Oligonucleotide probes

(ASO) and the Amplification Refractory Mutation System (ARMS).

Loss or gain of an RFLP

A difference in the pattern of fragments after restriction enzyme
digestion is called restriction fragment length polymorphism. The use of PCR
has made it possible to amplify a short region of DNA surrounding the
restriction site of interest which is then exposed to the relevant restriction
enzyme. The presence of a mutation may destroy a restriction enzyme site or
lead to creation of a site. This can be used for rapid detection of that

particular mutation on digestion with the relevant restriction enzyme.

Allele specific oligonucleotide hybridisation (ASO)

In this method, ASO probes are used, which are short (17-30 mers)
and have the complementary sequence to either the normal or the mutant
DNA sequence at the point of interest. Under very stringent conditions, such
probes will only hybridise to their perfect homologous sequences and not to
those that vary by even a single nucleotide residue. Thus a normal gene can
be detected using the wild type probe and the mutant gene with the probe
containing the same mutation. In practice, for the routine analysis, dot-blot
filter hybridisation is used and detection done by either radioactive or

biotinylated and enzyme labelled probes. This method also allows
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simultaneous amplification and analysis of multiple polymorphic sites by
using ASO probes of identical length and tetramethylammonium chloride
(TMACI). When washed in 3M TMACI, perfectly matched oligonucleotides of
the same length tend to dissociate from the hybridised test sample at the
same temperature, thus leaving behind the mismatched probes. Alternatively,
a "reverse dot-blot" procedure can be used in which the oligonucleotide
probe is immobilised on a membrane and hybridised to labelled PCR
products. In this method a panel of different probes can be used to screen

simultaneously for several mutations in a given PCR product.

Amplification refractory mutation system (ARMS)

This technique involves PCR amplification of the target DNA with a
normal or mutant primer and a common end primer. The normal and mutant
primer differ at their 3' ends only by a single base which corresponds to the
normal and mutant alleles. The technique is based on the concept that
template amplification by PCR in which one of the amplification primers is
mismatched at the 3' end is not possible. This is due to the lack of 3'
exonucleolytic proof reading activity of Tag DNA polymerase. The technique
is performed by amplifying a test DNA with a mutant amplification primer and
a common primer. As a control, internal primers are added in the same
reaction. Similarly another set of reactions is performed using normal and
common primers, with internal control primers also added to the reaction.
After amplification, the products are size fractionated in agarose gels and
visualised by ethidium bromide staining. With the normal sample,
amplification will only be positive in the reaction with the normal primer, but
not in the reaction with the mutant primer. In the case of heterozygotes, it will

be positive on amplification with both the normal and mutant primer and in
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case of homozygous mutant samples, there will be no amplification with the
normal primer.

All the above methods can be used in the investigation of mutations
that have already been characterised and are useful as a means of direct

detection of the particular mutations.

PCR directed mutagenesis

All the mutations characterised in this study, were confirmed by
digestion with the appropriate restriction enzyme site that was created or lost.
However not all the single base substitutions characterised in this study
altered restriction enzyme sites and therefore were not amenable to detection
by this method. Detection of these mutations was therefore carried out using

the method of PCR directed mutagenesis as described by Li et al. (1992).

1.4 CLINICAL FEATURES OF NEUROFIBROMATOSIS TYPE-1

Historical Perspective

Neurofibromatosis type-1 (NF-1), also known as von Recklinghausen's
neurofibromatosis was first described by Freidreich von Recklinghausen in
1882, who gave the disease its full description, including the recognition that
the tumours arose from fibrous tissue surrounding small nerves, leading to
the recognition of these as neurofibromas. The autosomal dominant
inheritance pattern was defined in the early twentieth century. A crucial
diagnostic element, the Lisch nodule was defined by the Viennese
ophthalmologist Karl Lisch in 1937. The landmark study of Crowe, Schull and
Neel in 1956 brought together for the first time the salient clinical features of
NF-1.
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Incidence

Neurofibromatosis type-1 is inherited as an autosomal dominant
disorder with a 98% penetrance and with an incidence of approximately 1 in
3000 individuals. About one third of cases are new mutations and the

mutation rate is approximately 1 per 10,000 gametes per generation.

Diagnostic criteria

The diagnostic criteria for NF-1 were established at an NIH
'Consensus Development Conference' in 1988. The diagnostic criteria for
NF-1 are tabulated in Table 2 and are met in an individual if two or more of

the criteria are present.

Table 2: Diagnostic criteria for neurofibromatosis type-1

1. Six or more cafe au lait macules over 5 mm in greatest diameter in
prepubertal individuals and over 15 mm in greatest diameter in

postpubertal individuals

Two or more neurofibromas of any type or one plexiform neurofibroma

Freckling in the axillary or inguinal regions

Optic glioma

Two or more Lisch nodules (iris hamartomas)

o (o [» [w |&

A distinctive osseous lesion such as sphenoid dysplasia or thinning

of long bone cortex with or without pseudarthrosis

7. A first degree relative with'NF-1 by the above criteria

The basic disturbance in neurofibromatosis appears to be an abnormality in
development of the neural crest cells with resulting tendency to abnormal,
excessive growth of affected tissues and the development of multiple

tumours.
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Defining features present in most patients
Cafe au lait spots

The cafe au lait spot is a flat evenly lightly pigmented macule that
does not macroscopically differ from normal skin and appears in 95% of NF-1
patients. Ordinarily they are not apparent at birth, but become visible during
the first year of life, when at least six spots measuring from 0.5 to 10 cm are
apparent, although the occasional patient may have fewer. Melanocytes
within a cafe au lait spot have an increased number of macromelanosomes,
although this is not diagnostic for NF-1. Cafe au lait spots are present from
early infancy and their numbers (in contrast to freckling which is also a part
of this disorder) are relatively constant until late middle age (late 40s and

50s) when the total number of spots declines (Riccardi, 1994).

Peripheral neurofibromas

NF-1 derives its name from its hallmark feature neurofibromas.
Neurofibromas may be intracutaneous and are of a violet colour and soft
consistency, or subcutaneous and presenting as firm tumours along the trunk
of peripheral nerves. Their diameter varies from a few millimetres to 3-4 cm.
Pathologically, these lesions are made up of a mixture of cell types, including
fibroblasts, Schwann cells, mast cells and vascular elements. These tumours
make their appearance in adolescence and increase in size and number with
age, although the rate can be extremely variable. Some affected females with
NF-1 note an increase in rate of progression during pregnancy, suggesting

these tumours may be hormone responsive.
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Freckling

The occurrence of freckles in the axillae, groin and intertriginous areas
is seen in NF-1. Such freckling is not apparent at birth, but often appears
during childhood. The occurrence of such freckling in the inframammary
areas and other skin folds may suggest that these lesions are modulated by

the local environment.

Lisch nodules

Raised pigmented nodules of the iris pathologically representing
hamartomas are called Lisch nodules and represent an extremely important
diagnostic feature of NF-1. Lisch nodules are of melanocytic origin and are
present in 30% of NF-1 patients by 6 years of age and in over 90% of adult

patients.

Frequent but non diagnostic and non morbid features of NF-1
Macrocephaly and short stature are frequent accompaniments of NF-
1. The macrocephaly reflects accompanying megalencephaly. Macrocephaly
>98th centile occurs in 16-45% of patients. Individuals with NF-1 are on the
average about 3 inches shorter than predicted by their family background.
However more significant causes such as aqueductal stenosis due to diffuse
or membranous gliosis of the aqueduct, leading to hydrocephalus and growth
failure which occasionally may result from a hypothalamic involvement by an

optic glioma should be ruled out.
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Variable but significant complications
Learning disability

Frank mental retardation is uncommon in NF-1 and such patients are
more likely to have the disease because of a large deletion that removes the
entire NF-1 gene and considerable flanking DNA (Kayes et al., 1994). Other
nearby genes reduced to hemizygosity by the deletion in these patients may
contribute to the retardation. Learning disabilities are found in 30-50% of the
children with NF-1 and this is an important complication. The learning
disabilities in NF-1 have a specific pattern, often involving difficulties in with
reading and fine and gross motor co-ordination. Significance of MRI
abnormalities in children with NF-1 was evaluated by North et al. (1994).
Forty children were evaluated with MRI, medical, psychometric, speech
therapy and occupational therapy assessments. The mean full scale IQ
scores showed a left shift in comparison with the normal population and the
distribution of the IQ scores was bimodal, suggesting that there were two
populations of patients with NF-1, those with and without a variable degree of
cognitive impairment. Areas of increased T2 signal intensity on MRI have
been reported in children with NF-1 called "UBOs" or unidentified bright
objects. It was seen that children with UBO+ had significantly lower values
for 1Q and language scores and significantly impaired visuomotor integration
and co-ordination. Children without increased T2 signal on MRI (UBO-) did
not significantly differ from the general population. Areas of increased T2
signal on MRI represent dysplastic glial proliferation and aberrant
myelination in the developing brain and may be associated with deficits in
higher cognitive function. The presence of these signals thus can divide the
population into two distinct groups anatomically and developmentally, (UBO+

and UBO-). These two groups should be considered separately in the
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assessment and management of children with learning disabilities in NF-1

(North et al., 1994).

Plexiform neurofibromas

A group of nerves affected by numerous oval and irregular swellings is
referred to as a plexiform neurofibroma. It may diffusely involve nerve,
muscle, connective tissue, vascular elements and overlying skin and occurs
in 10% of individuals with NF-1. Plexiform neurofibromas are usually
congenital and combine cutaneous and subcutaneous elements to form
tumours that may become huge and represent one of the most serious
complications of NF-1. They may be continuous with intracranial or
intraspinal tumours. Histologically these tumours are a mixture of Schwann
cells, perineural cells and fibroblasts loosely arranged in a myxoid stroma
with variable amounts of collagen. 3-6% of neurofibromas undergo malignant
transformation and the plexiform neurofiboroma has a greater tendency to
malignant transformation. Severe plexiform lesions are almost invariably
apparent by the age of 4-5, so it is possible to reassure older individuals
without plexiform lesions, that they are not at significant risk for development

of these lesions.

Malignancy

A particularly aggressive and often fatal malignancy is the
neurofibrosarcoma, which commonly arises in a plexiform neurofibroma.
Optic gliomas are present in 4% of children and 2% of adults (Table 3).
Histologically, these differ from other optic gliomas by the presence of an
- arachnoidal gliomatosis surrounding the optic nerve. They may be limited to

the optic nerve, or involve the chiasma and the retrochiasmatic portion of the
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visual pathway. Certain forms of malignant myeloid disorders such as
juvenile chronic myelogenous leukaemia (JCML), monosomy 7 (Mo 7),
chronic myelogenous leukaemia (CML) and acute myeloid leukaemia (AML)
are seen in children with NF-1 and show a male preponderance. The other
tumours seen in NF-1 are astrocytomas, rhabdomyosarcomas, gliomas,
ependymomas, meningiomas, acoustic neuromas, phaeochromocytomas and

thyroid carcinomas.

Seizures
A seizure disorder develops in approximately 5% of patients with NF-1

and the onset of this can occur at any time during life.

Scoliosis
Vertebral defects including scalloping from dural ectasia are extremely
common in NF-1 and approximately 10% of affected individuals have

scoliosis during late childhood and adolescence.

Pseudarthrosis

An uncommon complication of NF-1, whose pathological basis is
unknown, is the involvement of long bones, noted first as bowing particularly
of the tibia, in young children. This progresses to thinning of the cortex,
pathological fracture and severe difficulties, with non-union of the fragments

and may go on to form a false joint, rendering the limb severely

compromised.
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Hypertension

Hypertension is extremely common in adults with NF-1, affecting one

third of the patients. This is usually essential hypertension with no underlying

cause, but the new development of hypertension may be due to renal artery

stenosis which is particularly common in children, or phaeochromocytoma in

adults.

The frequencies of the complications of NF-1

in 1000 patients was

summarised by Birch and Freidmann (1993) from the information obtained

from the NNFF 'CLINICAL' database, which has contributions by 47 centres

from 12 countries (Table 3).

Table 3: Frequencies of complications of NF-1

Complication Rate in children | Rate in adults
1) | Plexiform neurofibromas 18% 29%
2) | Proptosis 6% 3%
3) | Strabismus 10% 10%
4) | Pseudoarthrosis 2% 2%
5) | Scoliosis 17% 31%
6) | Malignant tumours (excluding brain | 0.3% 2%
tumours)
7) | Symptomatic optic gliomas 4% 2%
8) |Brain tumours excluding optic| 1.5% 1.5%
gliomas
9) | Learning difficulties 38% -
10) | NF-1 related behavioural, emotional, | 33% 33%
psychological problems
11) | NF-1 related cosmetic problems 19% 43%
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Variant forms of NF-1

NF-1 is also known to exist in association with other disorders (e.g.
NF-1 in association with CMT1A), but most of these reports appear to
represent the coincidental occurrence of two unrelated conditions. However

variant forms of NF-1 have been described, which are:

Segmental NF-1

This is a spatially restricted form of NF, with symptoms localised to one
region of the body (left or right upper quadrant and limb) not crossing the
midline. Segmental NF patients do not have an affected parent but
occasionally have had children with classical NF. The hypothesis for its
causation is that these individuals may be mosaic as a result of a mutation in
the NF-1 gene in early embryogenesis and if the mosaicism involves the

germline, the disease can be transmitted.

Watson Syndrome

This variant of NF-1 involves multiple cafe au lait spots, dull intelligence,
short stature, pulmonary valvular stenosis and only a small number of
neurofibromas and Lisch nodules. Molecular analyses have shown at least
two families that appear to fall in the Watson syndrome category and have

mutations in the NF-1 gene (Tassabehiji et al, 1993).

Neurofibromatosis-Noonan syndrome (NFNS):

The clinical features seen in Noonan's syndrome include triangular facies,
downward slanting palpebral fissures, micrognathia, short stature and
learning difficulty. Many of the features of Noonan syndrome seen in patients

with NF-1, may be caused by dysgenesis or other developmental alterations
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of the central nervous system resulting in muscular hypotonia. In the
presence of hypotonia, development of craniofacial structures will be altered
leading to hypoplasia of the midface and micrognathia. When coupled with
craniofacial changes known to be common in NF-1, (prominent forehead,
ptosis, ocular hypertelorism and broad nasal tip) the resulting facial
phenotype may suggest Noonan's syndrome (Stern et al., 1992). The
phenotype of NF-1 can include features that overlap, but these disorders are
probably genetically distinct. The absence of linkage of Noonan's syndrome

to the neurofibromatosis type-1 locus was shown by Sharland et al. (1992).

Spinal neurofibromatosis

Rare families have been identified with a predominance of spinal tumours
and relatively few peripheral neurofibromas, some of them being linked, while

the others showing no linkage to the NF-1 locus.

Other variant forms of NF-1

Familial intestinal neurofibromatosis (NF-3), neurofibromatosis-
Phaeochromocytoma-Duodenal carcinoid syndrome (NPDC syndrome;
Duodenal carcinoid syndrome), neurofibromatosis type Ill of Riccardi (NF-II;
neurofibromatosis, mixed central and peripheral type; Palmar cutaneous
neurofibromatosis included) and neurofibromatosis type IV of Riccardi, (NF-
IV; neurofibromatosis variant forms of; neurofibromatosis-atypical) are some

of the other described variant forms of NF-1.
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1.5 GENETIC ASPECTS OF NF-1

Inheritance pattern

NF-1 is inherited as an autosomal dominant disease.

In NF-1, maternal transmission of the disease gene is associated with
a more severe clinical phenotype (Miller and Hall, 1978) whilst the vast
majority of new mutations are paternal in origin but do not exhibit a paternal
age effect (Jadayel et al, 1990, Stephens et al, 1992).

In other genetic disorders that show a bias towards paternal origin of
new mutations, there is a marked increase in the incidence of mutations with
paternal age, consistent with the mutations arising from replication errors in
mitosis of spermatogonial stem cells. In NF-1 however, such effects are slight
or absent and therefore, most NF-1 mutations probably arise either at mitosis
in a cell that is not a self renewing stem cell, or independently of mitosis, for
example in a mature sperm. Also in NF-1, the paternal chromosomes are
more susceptible to this mutation than maternal chromosomes and the
reason for this is unclear, but could be related to the differences in maternal
and paternal germ lines. The sex of the affected parent may have an impact
on the severity of the disease a phenomenon which is referred to as parental
imprinting. (Hall, 1990). Genomic imprinting is the term that has been used to
refer to the differential expression of genetic material, at either a
chromosomal or allelic level, depending on whether the genetic material has
come from the male or female parent. Genomic imprinting may involve
modifications of the nuclear DNA of somatic cells in order to produce these
phenotypic differences. The term imprinting is also meant to imply that
something happens during a critical or sensitive period in development. In
case of genomic imprinting, the stage during which germ-line cells are
formed may represent one critical period in which genetic information is
marked, temporarily changing the genetic information to allow differential
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expression. Because this marking is thought to occur during germline
formation, the term germline imprinting is sometimes used. Genomic
imprinting appears to be a form of regulation, allowing flexibility within the
control and expression of the mammalian genome and may explain why
mutations in some parts of the mammalian genome function differently

depending on whether they come from the father or the mother (Hall, 1990).

Penetrance

The penetrance of NF-1 is 98% in individuals who have reached
adulthood and been subjected to careful examination by an experienced
physician. Rare cases of normal parents giving rise to affected children have
been described and could be due to germline mutations in one of the

parents, or rarely two independent mutations.

Variable expressivity

NF-1 is notable for its variable expression and an explanation for the
variation in phenotypic expression was put forward by Riccardi, (1994) who
suggested that within a family with NF-1 (for whom a single allele at the
17911.2 locus was being dealt with), the key modifying factor is stochastic
and the least critical is the epigenetic factor.

The phenotypic expression of NF-1 is to a large extent determined by
the genotype at other modifying loci and the modifying genes are trait
specific (Easton et al., 1993). The study was based on an analysis of
variation in expression of NF-1, to determine whether the variation has an
inherited component, using three quantitative traits and five binary traits. 175
individuals in 48 NF families were examined including 6 monozygotic (MZ)

twin pairs. The quantitative traits showed a high correlation between MZ
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twins and suggested a strong genetic component in the variation of
expression. All five binary traits except plexiform neurofiboromas showed
significant familial clustering. There was no evidence of association between
the different traits in affected individuals. Easton et al. (1993) concluded that
the phenotypic expression of NF-1 is to a large extent determined by the
genotype at other modifying loci and identification of putative genes when

possible, would be candidates for evaluation in NF-1 families.

1.6 MOLECULAR BIOLOGY OF THE NF-1 GENE: CHARACTERISATION
OF THE NF-1 LOCUS
Molecular genetic investigations into NF-1 began in the 1980s with the

goal to localise and characterise the NF-1 gene.

Linkage and physical mapping

The first step was chromosomal localisation by family linkage studies.
The NF-1 locus was mapped to chromosome 17 by linkage with DNA
markers in families (Barker et al., 1987). Seizinger et al. (1987) presented
evidence that the NF-1 gene is linked to the locus for nerve growth factor
receptor (NFGR), a gene on the long arm of chromosome 17 (17q12-22).
However the authors found cross-overs which indicated that NFGR was not
the NF-1 gene. Goldgar et al. (1989) summarised the results reported by the
International Consortium for NF-1 linkage. 142 families with more than 700
affected persons were studied using 31 markers in the pericentrorﬁ'irc region
of chromosome 17. The genetic analysis of these families indicated that the

NF-1 gene lies on proximal 17q and markers on both sides of the gene were

identified that were within 5 centimorgans of NF-1 (Goldgar et al., 1989).
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In support of this localisation of the NF-1 gene, two unrelated patients
with NF-1 having apparently balanced translocations involving chromosome
17 were identified. In both instances, the chromosome 17 breakpoint was in
band q11.2, precisely where NF-1 mapped by genetic linkage analysis.
Schmidt et al. (1987) described a patient with the balanced chromosome
rearrangement [46XX,t(1;17)(p34.3;q11.2)]. Ledbetter et al. (1989) described
a patient with a balanced translocation between chromosomes 17 and 22,
[46XX,1(17;22)(911.2;911.2)]. Thisk breakpoint was cytogenetically identical to
the case with the 1;17 translocation reported by Schmidt et al. (1987). These
results were suggestive that the translocation events disrupt the NF-1 gene
and precisely mapped the NF-1 gene to 17q11.2. This provided a physical
reference point for strategies to clone the breakpoint and therefore the NF-1
gene. The first step involved the construction of somatic cell hybrids from the
cells of the two patients to add to the panel of hybrids that were in use for
physical mapping. The hybrid derived from t(1;17) DCR-1 contained the
translocation product carrying 17q11.2-qter as its only chromosome 17
material (Menon et al., 1989).The t(17;22) hybrid NF13 also contained the
translocation product bearing 17q11.2-gter (Ledbetter et al., 1989). These
two hybrids plus two other hybrids constructed by Van Tuinen et al. (1987)
and Leach et al. (1989), provided starting material for construction of libraries
in an effort to clone more of the NF-1 region. Progress in the physical
mapping included localisation of most of the markers via the somatic cell
mapping panel and physical connections were established between several
probes with pulsed field gel electrophoresis (PFGE) (Fountain et al., 1989a).
New probes were being developed by a number of approaches: Fountain et
al. (1989a) mapped a series of chromosome 17 specific Not | linking clones

to 17g and studied them by pulsed field gel electrophoresis. One clone 17LI
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clearly identified the breakpoint in the patient with the t(1;17) translocation
and it was found that 17LI lay closest to the NF-1 breakpoints on the
centromeric side. Subsequently Fountain et al. (1989b) also detected the
t(17,22) translocation from the centromeric side using the linking clone 17L1.
O'Connell et al. (1989) generated probes from cosmid libraries made from
microcell hybrids. Simultaneously O'Connell et al. (1989) detected the
breakpoints from the telomeric side using the cosmid c¢11-1F10. The
combined results narrowed the translocation breakpoints to a fairly well
mapped physical region of 600kb. A 2.3Mb pulsed field map was constructed
by Fountain et al. (19839b) and this indicated that the NF-1 breakpoint was
10-240kb away from 17LI. It was also seen that 17LI represented a CpG
island. These CG rich hypomethylated regions are associated with the &'
regulatory sequences of active genes (Bird et al, 1986). Thus 17LI

represented a potential candidate gene.

Cloning candidate genes

In attempting to clone the NF-1 gene, the goal was to clone cDNAs in
the 600kb interval particularly around the translocation breakpoints and test
each for its possibility of being the NF-1 gene. Random genomic fragments
were also used to screen cDNA libraries including whole cosmids or YACs.

The genomic and cDNA cloning efforts in the area between 17LI and
c11-IF10 were aided by the finding of a probe that lay between the two
translocation breakpoints. The mouse gene evi2, involved in virally induced
murine leukaemia was found to lie on mouse chromosome 11 (Buchberg et
al., 1988) and showed synteny with the NF-1 region on chromosome 17
(Buchberg et al., 1989). Mapping of this gene and its human homologue
EVI2A showed that EVI2A lay between the two translocation breakpoints.
This was the first candidate gene for NF-1. EVI2A allowed the translocation
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breakpoint region to be cloned in overlapping cosmids and mapped placing
t(1;17) approximately 60kb closer to the centromere than t(17;22) (O'Connell
et al., 1990a). EVI2A encoded a 1.7kb cDNA split between one small §' exon
and one larger 3' exon containing an open reading frame. The entire gene
was contained completely between the two translocation breakpoints.
However, inability to find mutations in NF-1 patients and lack of expression in
neural crest tissues indicated that EVI2A was unlikely to be the NF-1 gene
(Cawthon et al., 1991).

Efforts continued in trying to find additional candidate genes using
cloned DNA from overlapping EVI2A cosmids (O'Connell et al., 1990a) and
by chromosome jumping and YAC cloning in the EVI2A region (Wallace et
al., 1990b). A contiguous 130kb genomic map of overlapping clones had
been constructed by O'Connell et al. (1990a,b) that encompassed both
translocation breakpoints. By screening cDNA libraries with these cosmids,
two additional genes were identified, RC1 and HB36, which were similarly
found to lie between the two NF-1 transiocation breakpoints. A fourth locus,
HB15 mapped distal to both breakpoints (Cawthon et al., 1990b). HB15 is a
pseudogene of the adenylate kinase 3 multigene family. The predicted
peptide from DNA sequence analysis indicated that RC1 was a
transmembrane protein without specified function like EV12A (Cawthon et al.,
1990b, Buchberg et al., 1990). The jump clone EH1 (Wallace et al., 1990b)
detected the second candidate gene, EV12B from the beginning of the jump
sequences (Cawthon et al., 1991). EV12B also lay between the translocation
breakpoints several kilobases centromeric to EV12A (Cawthon et al., 1991).
The cDNA sequence and genomic structure was described by the authors

and was similar to EV12A in size, structure, direction of transcription and
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tissue distribution. This gene too was eliminated as it failed to show
mutations in NF-1 patients.

HB36 matched the sequence of the gene for oligodendrocyte myelin
glycoprotein (OMGP) and OMGP was the third candidate gene. The
sequence of OMGP was initially cloned by Mikol et al. (1990) and then by
Viskochil et al. (1991). This gene also lay between the breakpoints, very
close to the t(1;17) translocation. OMGP is a central nervous system cell
surface peptide with properties of a cell adhesion molecule; potentially active
in mediating proper cell motility and differentiation during brain development
(Mikol 1990). However this gene, although expressed in oligodendrocytes
was eliminated as a gene as it was not interrupted by either breakpoint and

again did not show mutations in NF-1 patients.

Cloning the NF-1 gene

The NF-1 gene was discovered as the fourth candidate gene. The NF-
1 gene was initially called the TBR gene (translocation breakpoint region) by
the Utah group (Cawthon et al., 1990a, Viskochil et al., 1990) and NF1LT by
the group in Michigan (Wallace et al., 1990a).

Wallace et al. (1990b) used chromosome jumping and yeast artificial
chromosome technology to identify a 13kb ubiquitiously expressed transcript
denoted as NF1LT. Two different strategies were used to derive cDNA
clones that defined NF1LT. Initial experiments with the end of jump clone
EH1 obtained by chromosome jumping showed that a single copy 1.4kb
EcoR I-Hind IlIl sub-fragment which lay just telomeric to the t(17;22)
breakpoint was conserved across species. This probe was used to screen a
human peripheral nerve cDNA library which resulted in the isolation of a
clone P5, which had an insert of 1.7kb. Transcripts were also sought with the
YAC clone A113D7, part of an overlapping contig of clones from this region.
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This YAC contained the entire breakpoint region and on direct screening of a
cDNA B lymphoblast library with this probe, clone B3A was isolated and P5
and B3A were seen to overlap. Using P5 as a probe, the authors showed that
NF1LT was functionally disrupted by the translocation breakpoints. The
above two approaches yielded 2 overlapping cDNAs that together
represented 300bp of 3' untranslated region and 1.7kb of coding region.

The Utah group cloned a part of the same gene by initially screening a
mouse cDNA library with a highly conserved human genomic fragment. They
cloned the corresponding human cDNA and did several cDNA walks to
obtain 4kb of cDNA sequence, including approximately the same portion of
the 3' untranslated sequence. Viskochil et al (1990) used a 3.8kb (probe
EE3.8) EcoRI fragment to screen several cDNA libraries. A 2.1kb TBR cDNA
clone mDVI was obtained from a murine macrophage cDNA library. The
EcoRl insert released from mDV| was then used to screen additional human
cDNA libraries and many human foetal brain and peripheral blood TBR cDNA
clones were isolated and partially characterised. Viskochil et al. (1990)
showed that the TBR gene was interrupted by four NF-1 mutations, which
included the previously characterised t(17;22) chromosome translocation.
Three other deletions of 11kb, 190kb and 40kb were also shown to contain
sequences from the TBR cDNA clones and the TBR conserved region.

Cawthon et al. (1990a) sequenced overlapping cDNA clones from the
translocation breakpoint region (the TBR gene) which lay at the NF-1 locus
and was interrupted by deletions and the t(17;22) translocation. The 4kb
sequence of the transcript was compared with sequences of genomic DNA
and a small number of exons were identified. PCR amplification of a subset
of exons was followed by single stranded conformational polymorphism

(SSCP) analysis and point mutations within the gene were identified.
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Thus, further crucial support came from mutation analyses in NF-1
patients showing disruptions at the DNA level (Viskochil et al., 1990), point
and nonsense mutations (Cawthon et al., 1990a) and a de novo insertion of
an Alu repeat element which results in a splice error (Wallace et al., 1991).
Both groups also determined that the cDNA originated from a large transcript
of at least 11kb in length and that the gene is transcribed towards the
telomere. The genomic organisation of nine exons (initially called exons 1-9)
now known as exons 28-36 of the NF-1 gene, was described by Cawthon et

al. (1990a).

Embedded genes within the NF-1 gene

The three previous candidate genes EVI2A, EVI2B and OMGP were shown
to be embedded within an intron of the NF-1 gene in the opposite
transcriptional orientation. The cDNA sequence and genomic structure of all
the genes has been described; EVI2A (Cawthon et al., 1990b), EVI2B
(Cawthon et al., 1991) and OMGP (Viskochil et al., 1991). An example of
embedded genes, is a gene within intron 22 of the human factor VIl gene,
also on the antisense strand (Levinson et al., 1990). There are very few
previous examples of functional genes embedded within introns in higher
eukaryotes and these examples raise the possibility that antisense RNA may
regulate the expression of complex loci. Wallace et al. (1990a) proposed that
the gene products of the embedded genes in the NF-1 gene may be

responsible for some of the NF-1 phenotypic features.
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1.7 THE NF-1 GENE AND ITS GENE PRODUCT (NEUROFIBROMIN)

The complete coding sequence of the NF-1 gene was cloned by an
extensive cDNA walk using five different cDNA libraries (Marchuk et al.,
1991). Walks proceeded sequentially by isolation of positive phage clones
using the most 5' cDNA insert. The positive clones were characterised by
restriction mapping using EcoRI and Southern blot analysis, using previously
isolated inserts. The phage clones were sub-cloned and the ends were
sequenced to anchor the position of the clones to the transcript map. As the
walk neared completion, a very GC rich region of the transcript that
contained an abnormally high concentration of the dinucleotide CpG, as well
as rare cutting restriction endonuclease sites such as Eag |, Nar | and Sac |
was encountered at the 5' end. These sites had been previously placed on
the pulsed field map using the linking clone 17LI (Fountain et al., 1989a).
The most 5 cDNA clone, KE-2 contained an in frame stop codon.
Downstream from this codon, the fifst ATG fitted the rules for a proper
translational start (Kozak, 1986). Marchuk et al. (1991) proposed that this
ATG represented the authentic start codon, giving the protein a total of 2818
amino acids and a predicted molecular weight of 327kD. However, Marchuk
et al. (1991) were unable to characterise the 3' end of the NF-1 transcript as
a polyA tail had not been found in any of the clones. The authors were able
to clone and sequence 9kb of the message and the remainder appeared to
be the 3' untranslated region, as previous sequence analysis had shown the
proper position of a stop codon (Wallace et al., 1990a).

Analysis of the sequences revealed an open reading frame of 2818
amino acids and it was shown that the gene extends for over 300kb on
chromosome 17, with its promoter in a CpG island. The NF-1 gene is known
to consist of at least 49 exons and the boundaries of some of the exons have
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been made available via information from the NNFF (National
Neurofibromatosis Foundation) Mutation Analysis Consortium.

Searches of the protein database with the known amino acids
predicted from the sequence of neurofibromin revealed striking amino acid
sequence similarities to IRA proteins of yeast (inhibitory regulators of the ras-
cAMP pathway) and also to mammalian GAPs (GTPase activating protein).
The similarities were initially identified between a 360 amino acid region of
the NF-1 protein and the catalytic domains of mammalian GAP and the
essential domain of yeast IRA proteins. Th