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Abstract

Neurofibromatosis type 1 (NF1), also
called von Recklinghausen disease or peri-
pheral neurofibromatosis, is a common
autosomal dominant disorder char-
acterised by multiple neurofibromas, café
au lait spots, and Lisch nodules of the iris,
with a variable clinical expression. The
gene responsible for this condition, NF1,
has been isolated by positional cloning.
It spans over 350 kb of genomic DNA in
chromosomal region 17q11.2 and encodes
an mRNA of 11-13 kb containing at least
59 exons. NF1 is widely expressed in a
variety of human and rat tissues. Four
alternatively spliced NF1 transcripts have
been identified. Three of these transcript
isoforms (each with an extra exon: 9br,
23a, and 48a, respectively) show differ-
ential expression to some extent in various
tissues, while the fourth isoform (2-9kb
in length) remains to be examined. The
protein encoded by NF1, neurofibromin,
has a domain homologous to the GTPase
activating protein (GAP) family, and
downregulates ras activity. The iden-
tification of somatic mutations in NF1
from tumour tissues strongly supports the
speculation that NF1 is a member of the
tumour suppressor gene family. Although
the search for mutations in the gene has
proved difficult, germline mutation ana-
lysis has shown that around 82% of all the
fully characterised NF1 specific mutations
so far predict severe truncation of neuro-
fibromin. Further extensive studies are
required to elucidate the gene function and
the mutation spectrum. This should then
facilitate the molecular diagnosis and the
development of new therapy for the dis-
ease.

(F Med Gener 1996;33:2-17)
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The disease

The neurofibromatoses (NF) are a group of
neurocutaneous syndromes primarily affecting
tissues derived from the neural crest. The ex-
treme clinical heterogeneity of NF has evoked
several attempts to classify the disease into

several discrete entities.'” At least two dis-
tinctive forms, neurofibromatosis type 1 (NF1)
and neurofibromatosis type 2 (NF2), were re-
cognised and later confirmed by the cloning of
two separate genes, the NF1 gene on chro-
mosome 17*° and the NF2 gene on chro-
mosome 22.”® Other NF related syndromes
were also reported, such as segmental NF,’
Watson syndrome,'® Noonan syndrome,!!
spinal NF,”* familial café au lait spots
(CLS)," and Schwannomatosis.!* It remains
to be determined whether such disorders are
genetically discrete.

NF1, also called von Recklinghausen disease
or peripheral neurofibromatosis, is a common
autosomal dominant disorder affecting about
1 in 3000 to 5000 people. It exhibits full pene-
trance and a high mutation rate with 30 to
50% of NF1 patients representing a new muta-
tion.””"” The NF1 mutation events show bias
towards paternal origin.'®'* The condition is
characterised by multiple CLS, neurofibromas,
and Lisch nodules of the iris.’>'7 Its clinical
expression in a wide spectrum involving mul-
tiple body systems varies greatly from one
patient to another, between families, and even
within a given family carrying the same muta-
tion. Although the three characteristic features
(CLS, neurofibromas, and Lisch nodules) each
occur in over 90% of all NF1 patients by
puberty, the number of lesions is extremely
variable. Other features are only present in
a minority of NF1 cases, such as learning

disabilities, seizures, macrocephaly, short
stature, scoliosis, pseudoarthrosis, and
malignancies.’*%

The cloning of the NF1 gene

The NF1 gene was isolated by positional clon-
ing. Initial exclusion mapping suggested that
the NF1 gene was most likely to be on either
chromosome 5 or 17.% Seizinger et al** first
reported linkage of the NF1 gene to the nerve
growth factor receptor INGFR) gene located
at 17q22 with the marker pE51. Barker ez al®®
established significant linkage with the markers
derived from chromosome 17, especially the
centromeric markers p3.6 (D17Z1) and
pA10.41 (D17S71). White et al*® observed
that the centromeric marker p3.6, and a new
marker pHHH202 (D17S33), which maps to
17q11.2,%" were very close to the NF1 gene.
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The NF1 gene structure. (A) The size of the NF1 gene and the embedded genes. (B) The size of the NF1 transcript.
(C) The location of NF1-GRD and the alternatively spliced NF1 transcripts.

These results coupled with other reports sum-
marised by Skolnick ez al?® indicated that the
NF1 gene was located on the long arm of
chromosome 17. Further genetic analyses by
eight teams with 31 markers clearly located the
NF1 gene to the proximal long arm of
chromosome 17. The combination of these
data resulted in an estimation of the most
likely order of 13 loci on chromosome 17 as:
pter-pA10.41-EW301-p17H8(centromere)-
pHHH202-NF1-EW206-EW207-EW204-
EW203-CRI.L581-CRI.1LL946-HOX2-NGFR-
qter.” In this multipoint linkage map, the two
markers pHHH202 and EW206 narrowed the
location of the NF1 locus to about 3cM of
17q11.2.

Cytogenetic abnormalities from two un-
related NF1 patients provided the first physical
evidence that the NF1 gene was on the proximal
long arm of chromosome 17. One of the
patients had a balanced translocation between
chromosomes 1 and 17, t(1;17)(p34.3;
q11.2).*° The other carried a balanced trans-
location between chromosomes 17 and 22,
t(17;22)(q11.2;q11.2).*! Somatic hybrid map-
ping analysis showed that the derived order of
DNA markers and the translocation break-
points agreed with the genetic map.*'*> Two of
the DNA markers derived from chromosome
17 detected the breakpoints on PFGE gels.
One (cl11.1F10) identified abnormal PFGE
fragments in both translocation patients and
placed the breakpoints within a 600 kb region
expected to contain the NF1 gene.** The other
(17L1) detected abnormal PFGE fragments in
the t(1;17) patient and her affected offspring.*
These results led to the construction of a long
range restriction map of the NF1 region en-
compassing the two breakpoints which were
separated by a minimum of 60 kb.>* Both PFGE
analysis with a jump clone pEH1%* and chro-
mosomal walking with cosmids cEVI20 and
cEVI36* further indicated that the breakpoints
were approximately 60 kb apart.

Subsequent search for coding sequences in
the region between the translocation break-
points identified three candidate genes

EVI2A,> EVI2B,”® and OMGP* and a
pseudogene AK3.** However, none of these
genes spanned either of the two translocation
breakpoints and no NF1 specific mutations
could be found in these genes from NF1
patients tested.’™

The NF1 transcript was finally identified by
two American groups led by Drs Collins and
White. Using PFGE and Southern blotting
analyses, Viskochil ez aP identified three large
deletions (190 kb, 40 kb, and 11 kb) in the NF1
candidate region. The 11 kb deletion did not
contain any of the previously characterised
genes located between the translocation break-
points. However, it partially deleted the 3-8 kb
EcoRI fragment (probe EE3.8) which was
shown to span the NF1 t(17;22) breakpoint
and strongly hybridised to a 3-35kb EcoRI
mouse fragment on Southern blots from so-
matic cell hybrids.*** By screening several
cDNA libraries with the conserved sequence
EE3.8, a number of cDNA clones were iden-
tified from the translocation breakpoint region
(TBR), generating an overlapping cDNA se-
quence of approximately 5kb. One of these
cDNA clones hybridised to an mRNA of about
11 kb. These cDNA clones represented part
of a new gene, TBR. By sequencing these
cDNA clones, a 4kb sequence was obtained
which contained a single open reading frame
of about 3-3 kb.* The TBR gene was found to
be interrupted by the translocation t(17;22),
the three large deletions, and six small NF1
specific mutations in the coding sequence.*®

Simultaneously, Wallace ez al® screened
cDNA libraries with the jump clone pEH1 and
the YAC clone A113D7," spanning the two
translocation breakpoints. Two cDNA clones
(p5 and B3A) were isolated covering a sequence
of 2012 bp with a single open reading frame
containing six exons, and spanning at least
33 kb of genomic DNA. Northern blotting ana-
lysis with the clone p5 led to the identification of
a transcript of about 13 kb. This gene, initially
termed NF1LT (NF1 large transcript) gene,
was found to be disrupted by the translocation
t(17;22). An NF1 specific de novo insertion of



0-5 kb was also detected in the gene. NF1LT
and TBR represent the same gene, NF1, but
were isolated from different cDNA clones.

The NF1 gene structure

NF1 spans over 350 kb of genomic DNA in
chromosomal region 17q11.2 and encodes an
mRNA of 11-13 kb containing at least 59 exons
(figure). An 8457 bp open reading frame of
the NF1 transcript predicts a protein of 2818
amino acids with an estimated molecular mass
of 327 kDa.> 84

There is a 360 amino acid region of the
predicted gene product which shows homology
to the catalytic domain of the mammalian
GTPase activating protein (GAP) and the
products of the yeast IRA1 and IRA2 genes.***
This region is referred to as NF1 GAP related
domain (NF1-GRD) and is located in the cent-
ral portion of the NF1 gene, encompassing
exons 21-27 (figure).

The three genes, EVI2A, EVI2B, and
OMGP, are embedded within intron 27 (fig-
ure).””* These genes are transcribed in the
opposite orientation to NF1. The OMGP gene
maps within 4kb of the t(1;17) breakpoint.
The EVI2A and EVI2B genes lie approximately
20 and 5kb telomeric to the OMGP gene,
respectively. The intronless AK3 pseudogene
lies in intron 37 and is transcribed in the same
orientation as NF1 (figure).*

Four alternatively spliced NF1 transcripts
have been identified. The first is called GRD II,
with a 63 bp insertion (exon 23a) in the GAP
related domain, and the second 3’ALT, with
a 54bp insertion (exon 48a) at the 3’ end
(figure).**>%°47 The third isoform of the NF1
transcript (termed here 5’ALT1), about 2-9 kb
in length, has an open reading frame predicting
a protein of 551 amino acid residues and shar-
ing the same 547 amino-terminal residues with
the original NF1 product (figure).*® A recently
identified isoform of the NF1 transcript
(termed here 5’ALT2) contains a 30bp in-
sertion (exon 9br) between exons 9b and 10

(figure).*

NF1 gene expression
THE NF1 mRNA
NF1 has been shown to be widely expressed
in many tissues. The 13 kb transcript was de-
tected in human brain, neuroblastoma, kidney,
and melanoma.® An 11-13 kb transcript was
detected in murine kidney, brain, B16 melan-
oma cells, but not in mouse skin, spleen,
thymus, or liver.** Expression of the NF1 gene
was also found by RT-PCR analysis in many
human tissues, including WBC, skin fibroblast,
brain, spleen, lung, muscle, neuroblastoma,
thymoma, neurofibroma, an NF1 neuro-
fibrosarcoma cell line, a colon carcinoma cell
line, and breast cancer.®*®®’ Ribonuclease
protection assays and in situ hybridisation ana-
lysis showed that the NF1 transcript was also
expressed in a variety of tissues in the chick
embryo.*

The alternatively spliced isoforms of the NF1
transcript have been investigated to determine
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their expression pattern in different tissues.
GRD I and GRDII are equally represented in
the RT-PCR products amplified from EBV
transformed lymphocytes either from NF1
patients or from normal controls.*> These two
isoforms have been found to have equal ratios
in human kidney, placenta, and lung.”’ Using
RT-PCR, Andersen ez al*® were able to detect
GRDI and GRDII transcripts in all tissues
tested, but with a variation in the relative
amounts of the two NF1 transcripts. These
tissues included kidney, spleen, stomach, lung,
colon, muscle, brain, peripheral nerve, skin
fibroblasts, an EBV lymphoblastoid cell line,
HelLa cells, HepG2, HEL, HT29, and NF88-
2 cell lines, neuroblastoma, thymoma, breast
carcinoma, and neurofibroma. Interestingly,
the expression of these two isoforms has been
observed to be associated with the differ-
entiation status of a particular tissue.”®> GRD I
predominates in fetal brain and un-
differentiated primitive neuroectodermal tu-
mours, whereas GRDII was predominantly
expressed in adult brain and differentiated cell
lines. GRD II expression was higher in 22 week
fetal brain cells than in 20 week fetal brain
cells. Treatment of the SH-SY5Y neuro-
blastoma cells with retinoic acid resulted in
an immediate switch from GRDI to GRDII
expression during the course of the induced
differentiation. In contrast, Suzuki ez aP' found
a higher GRD I/GRD II ratio in human adult
brain while GRDII was preferentially ex-
pressed in most (13/16) primary brain tumours
analysed. Gutmann et al® used high doses of
forskolin or 8-bromo-cAMP to induce both
myelin PO protein and neurofibromin. They
observed that differentiation induced by either
cAMP stimulation or high density culture con-
ditions was associated with predominant ex-
pression of GRD II and that GRD I expression
was observed in untreated Schwann cells or
those stimulated with mitogenic doses of for-
skolin or 8-bromo-cAMP. Using RNase pro-
tection and RT-PCR, Baizer et al’* found that
most chicken tissues including brain expressed
predominantly GRD II throughout embryonic
development. However, GRD I increased dra-
matically in brain during later development.

Gutmann et al*” analysed 22 different human
tissue samples to investigate the expression of
the transcript isoform 3’ALT by RT-PCR. The
highest expression of 3’ALT was found in adult
cardiac muscle, skeletal muscle, and bladder.
This isoform was also expressed in fetal cardiac
muscle, adult left ventricle, and adult cardiac
Purkinje cells. Trace levels of the 3’ALT ex-
pression was detected in brain and nerve.

Northern blot analysis enabled the sim-
ultaneous identification of at least three tran-
scripts of about 2-9 kb, 11 kb, and 13 kb in both
kidney and placenta.*® The 11-13 kb transcripts
are consistent with three transcripts reported
previously.’® S1 mapping confirmed that the
2-9 kb mRNA was expressed as the NF1 tran-
script isoform 5’ALT1 lacking the GAP related
domain.*®

Recently, the NF1 transcript isoform
5’ALT2, containing exon 9br, has been ana-
lysed by RT-PCR in several normal tissues and
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brain tumours.* A high level expression of this
isoform was observed in the central nervous
system but no expression was detected in all
the other normal tissues tested. Furthermore,
the expression of this transcript decreased in
medulloblastomas and oligodendrogliomas.

THE NF1 GENE PRODUCT: NEUROFIBROMIN

Using antisera raised against synthetic peptides
or fusion proteins containing the GRD region
of neurofibromin, a 220-320 kDa protein was
identified in a variety of human and murine
tissues such as HeLa cells, NIH3T3 cells, spinal
cord, brain, neuroblastoma, and PC12 phaeo-
chromocytoma cell lines.”>® Immuno-
precipitation followed by western blotting
allowed the detection of neurofibromin at high-
est levels in adult rat brain and spinal cord.
Neurofibromin was also identified in the sciatic
nerve and adrenal gland and, to a lesser extent,
in liver, spleen, and pancreas. Only minute
amounts of neurofibromin was detected in car-
diac tissue. No neurofibromin was detectable
in rat skeletal muscle, lung, kidney, or skin.
Similarly, less neurofibromin was detected in
human peripheral nerve than in human spinal
cord. Immunostaining of tissue sections in the
same study detected neurofibromin in neur-
ones, oligodendrocytes, dorsal root ganglia, and
non-myelinating Schwann cells but not in as-
trocytes or myelinating Schwann cells.”

The observed size of neurofibromin
(220-320 kDa) is smaller than that (327 kDa)
predicted based on the NF1 open reading
frame. Recently, the complete coding sequence
has been subcloned into a baculovirus transfer
vector and expressed in the infected Sf9 insect
cells. The purified full length neurofibromin
proved to be approximately 220 kDa.®" This
discrepancy is most likely to be caused by
protein folding during electrophoresis. There
is no evidence of glycosylation or processing of
the full length neurofibromin.®

In a recent study, neurofibromin was iden-
tified in all parts of the brain, especially in large
projection neurones such as pyramidal and
Purkinjee cells.®® Neurofibromin was also loc-
alised to keratinocytes and melanocytes in de-
veloping rat and human skin.** Gutmann ez
al® examined the expression of neurofibromin
during in vitro myoblast differentiation.
Differentiating C2C12 cells were shown to up-
regulate the expression of NF1 mRNA and this
resulted in an increase in neurofibromin levels.
This was paralleled by a decreased level of
activated p21™. Nakamura ez al*® observed
strong expression of neurofibromin specific to
the Schwann cells of normal peripheral nerves
in an N-nitroso-N-ethylurea induced Syrian
hamster NF1 model. Although neoplastic
Schwann cells exhibited neurofibromin specific
signals, the proportion of positive cells was
diminished.

The availability of antibodies raised against
portions of the NF1 product has also enabled
the subcellular localisation of neurofibromin.
DeClue et al” lysed NIH 3T3 cells in the
absence of detergent and separated them into
particulate and non-particulate fractions. By

immunoprecipitation analysis, neurofibromin
was found solely in the particulate fraction
while GAP was primarily in the soluble fraction.
Hattori et al°®" also located neurofibromin to
the particulate fraction using similar strategies.
In another study with 1% NP-40 in various
cell lysates, NF1-GAP activity was found dis-
tributed between post 100 000 x g spin super-
natant and the particulate fraction.*®
Immunohistochemical staining showed the
location of neurofibromin in the cytoplasm of
cells from various tissues.”” Further experi-
ments showed the co-localisation of neuro-
fibromin with cytoplasmic microtubules.®

NF1 gene function

TUMOUR SUPPRESSION

The identification of oncogenes and tumour
suppressor genes has directly confirmed the
involvement of genetic components in tumori-
genesis.”® Several genetic models have been
proposed for tumorigenesis. Examples include
the “two hit” model for retinoblastoma (RB),”
the dominant negative model for the mutant
p53,” and the multistep model for the familial
adenomatous polyposis (FAP)/colorectal can-
cer syndrome (CRC).” In all these models, the
inactivation of one or both alleles of a tumour
suppressor gene is supposed to be involved
in the development of a particular type of
malignancy.

NF1 patients have multiple benign tumours
which predispose to malignancies.'’’™* Se-
quence analysis of NF1 showed a marked
homology of a 360 residue region of predicted
neurofibromin to the catalytic domain of mam-
malian GAP and yeast IRA1 and IRA2 gene
proteins which can downregulate p21™
activity.** > These observations suggest that
NF1 is a tumour suppressor gene.

A second hit or a somatic mutation in a
tumour suppressor gene may occur in tumour
cells such as LOH or other types of genetic
alterations which inactivate the gene. The first
somatic mutations were detected in the NF1-
GRD region by SSCP analysis and DNA se-
quencing.”® These mutations involve an A to
G transition leading to a Lys to Glu substitution
at codon 1423 in exon 24 in colon adeno-
carcinoma, myelodysplastic syndrome, and
anaplastic astrocytoma, and an A to C trans-
version resulting in a Lys to Gln substitution
at the same codon in an anaplastic astrocytoma.
This Lys is one of the 14 amino acids in the
catalytic domain that are absolutely conserved
across all members of the GAP family.**”*"" In
vitro site directed mutagenesis analysis of the
A to G transition showed that the GAP activity
of the mutant NF1-GRD is 200 to 400-fold
lower than that of the wild type. Sawada et al’®
reported a mutational SSCP band in an NF1
exon in DNA extracted from a malignant
Schwannoma of an NF1 patient. Ludwig et al”®
screened 57 patients with myelodysplastic
syndrome (MDS) and 27 patients with acute
myelocytic leukaemia (AML) for mutations
in exon 24 and its flanking sequences using
restriction enzyme digestion and PCR-SSCP
analysis. None of these patients showed a codon



1423 mutation. However, a patient with
chronic myelomonocytic leukaemia (CMML)
exhibited a 3 bp deletion within the splice ac-
ceptor region in front of exon 24.

Some large somatic mutations identified in
NF1 by Southern blotting include a loss of the
wild type allele in three phaeochromocytomas
from NF1 patients,® a large homozygous de-
letion extending from the 5’ end of the gene to
intron 28 in a sporadic malignant melanoma,®
a 200kb deletion in a neurofibrosarcoma
from a patient with NF1,%? and variants in
four out of 10 human neuroblastoma lines
expressing little or no neurofibromin, one of
which is a large homozygous deletion.®

However, the actual mechanisms of tumori-
genesis, in which NF1 is involved, remain un-
known. No evidence of LOH has been observed
in neurofibromas.®® There may be several ex-
planations for this. Firstly, neurofibromas may
be multicellular in origin, as proposed by
Fialkow et al.® However, Skuse et al*> showed
that neurofibromas from all eight NF1 patients
tested were of monoclonal origin by performing
X chromosome specific RFLP analysis and
methylation sensitive digestion with Hpall. The
second explanation is that a second mutation
in another gene may be required for the genesis
of neurofibromas, or they may arise because of
the loss of function of one allele. The latter is
true in FAP, in which only one mutation is
required for tumorigenesis.”” The NF1 mutant
allele may function in a dominant negative
fashion causing partial functional inactivation
of the wild type allele as does the mutant p53.7
The third explanation is that a second mutation
in the NF1 gene may exist in neurofibromas,
which is not identifiable by LOH. Such muta-
tions may represent a point mutation or a
small deletion or insertion.

In some malignant tumours from NF1
patients, however, LOH is confined to chro-
mosomal region 17p only and one of the two
p53 alleles has been deleted.®*® Point muta-
tions in the retained p53 allele have also been
observed in neurofibrosarcomas.’* Several
other tumour suppressor genes may be located
on chromosome 17.5%° These observations
suggest that the NF1 mutations may represent
small alterations and may be involved in the
multistep process of tumorigenesis in certain
malignant tumours.

It should be noted that although no muta-
tions in the NF1 gene have so far been detected
in some types of tumours such as MDS,
AML,” and familial gliomas,”" further muta-
tion analysis in these tumours is required be-
cause only a small portion of the NF1 gene has
been screened in such tumour studies.

NEUROFIBROMIN AND GAP ACTIVITY

Neurofibromin shows homology to various
members of the GAP superfamily.**>°> These
proteins include the mammalian GAP, the
IRA1 and IRA2 gene products of Saccharomyces
cerevisiae, the sarl gene product of Schizo-
saccharomyces pombe, and Drosophila GAPI.
The homology of neurofibromin to the mam-
malian GAP and the Drosophila GAP1 is re-
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stricted to the catalytic domain of 360 amino
acids. There is more extensive homology of
neurofibromin to the yeast IRA1, IRA2, and
sarl gene proteins. The first mammalian GAP,
a cytosolic protein with a molecular mass of
120kDa (p120-GAP), was identified by its
property of stimulating the conversion of the
active GTP bound form of the ras proteins to
the inactive GDP bound form.?®> The IRA1 and
IRA2 genes encode large proteins of 2938
amino acids and 3079 amino acids respectively,
which negatively regulate the yeast ras-cyclic
AMP pathway.**” The sarl gene product
(80 kDa) regulates rasl but does not appear
to participate in the modulation of adenylate
cyclase.”” The Drosophila homologue GAP1
was also shown to be a negative regulator of
ras1.’® All these GAP-like proteins can down-
regulate the activity of normal ras proteins.
They may also function as effectors for ras
proteins.®®

The ras genes were first discovered to be
oncogenes in the acutely transforming Harvey
and Kirsten rat sarcoma viruses.”” These viral
oncogenes were later found to be derived from
cellular proto-oncogenes in the host’s genome.
Among more than 30 ras genes, three closely
related ones are known as H-ras, K-ras, and
N-ras, encoding a 21 kDa protein.’*®**® The
p21 ras protein (p21™) binds guanine nuc-
leotides with high affinity and possesses an
intrinsic GTPase activity, functioning as a
single switch molecule: in the active GTP
bound state, it is switched on; in the GDP
bound state, it is switched off. This molecular
switch plays a critical role in the control of
cellular growth and differentiation. Activating
mutations in ras lead to aberrant signalling for
cell proliferation and are involved in the genesis
of many human malignant tumours.'®

Genetic experiments suggest that the NF1-
GRD, as other GAP-like proteins, can interact
with yeast and mammalian ras proteins. Xu ez
al” cloned DNA fragments covering the NF1
GAP related domain (NF1-GRD) into the
yeast expression plasmid pKT10 and trans-
formed the yeast IRA1~ and IRA2™ mutants
with the constructs. They found that the IRA™
mutations were complemented by expressing
the NF1-GRD peptide. Similar results were
obtained in other studies by cloning and ex-
pressing cDNA fragments containing the NF1-
GRD inayeast expression system.'® 12 Previous
work has shown that either the complete pro-
tein or the catalytic domain of the mammalian
GAP expressed in yeast can suppress the IRA1~
phenotype.®*!*® Ballester et al'® also showed
that the expressed NF1-GRD peptide could
inhibit both wild type and mutant activated
human H-ras genes that were expressed in
yeast. However, the human GAP can inhibit
the wild type human H-ras protein but not the
mutant H-ras protein.'> Nur-E-Kamal ez a/'**
found that both NF1-GRD and a fragment of
91 amino acids derived from NF1-GRD were
able to reverse v-Ha-ras induced malignant
phenotype. Nakafuku et al'’> examined a pool
of mutagenised NF1 expression plasmids and
obtained two mutant NF1 cDNA clones that
could suppress oncogenic ras including RAS-
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2Vall9 cells. When expressed in mammalian
cells, these mutant NF1-GRDs had the ability
to reverse the morphological phenotype of v-
ras transformed NIH3T3 cells. Wood ez al'®
analysed two ras mutants in yeast. One of these
mutants in the a3 region of ras was found to
be less sensitive to neurofibromin activity and
to bind less well to neurofibromin.

Biochemical analysis has shown that the GAP
related domain of neurofibromin has the ability
to accelerate the conversion of the active GTP
bound p21™ to the inactive form of GDP
bound p21™ and thus downregulates the ras
activity. Xu et al”® used the purified glutathion
S-transferase/NF1-GRD fusion protein ex-
pressed in E coli and observed that this fusion
protein strongly stimulated the GTPase activity
of the yeast ras2 and human H-ras proteins.
Ballester et al'®' found that a peptide of 412
amino acids containing the NF1-GRD, when
expressed in yeast, increased the H-ras GTPase
activity. Martin et al'®* used an epitope tagged
peptide of 474 amino acids, which flanks the
NF1-GRD and is expressed in the Sf9 insect
cells, and showed that the GTPase activity of
wild type ras protein was stimulated by the
NF1-GRD. All these studies showed that the
peptides containing the NF1-GRD did not
stimulate the oncogenic ras mutants H-ras"'?,
raszVal-w, rasAIa—42, N'l'aSAsPlZ, or N_raSVal-IZ,
although the GTPase activity of the N-ras®*®
effector mutant was slightly increased.” 0! 192
Bollag and McCormick® reported that al-
though both human GAP and NF1-GRD could
bind oncogenic mutants of p21™, neither could
stimulate their GTPase activity. Andersen et
al*® showed that both forms of the NF1-GRD,
GRDI and GRDII, could not only com-
plement the loss of IRA function but also in-
crease the conversion of GTP bound ras to its
GDP bound form, although the GRD II had
a weaker effect. In addition, lower levels of
neurofibromin were detected in malignant tu-
mours from NF1 patients while normal levels
of both p120-GAP and p21™ were obtained in
these tumours.”®!%” In these studies, the total
GTPase activating activity was found to be
reduced. Furthermore, site directed mu-
tagenesis analysis confirmed the decreased
GTPase activating activity of the mutation at
residue 1423 in the NF1-GRD region.”!% Re-
cently, Poullet ez al'® extensively examined the
role of lysine at codon 1423 by mutating it to
all possible different amino acids and found that
lysine was the only amino acid that produced a
functional NF1 product having normal GAP
activity. They also found that the mutation at
codon 1434 from phenylalanine to serine could
partially restore GAP activity in the lysine mut-
ant at codon 1423.

Additionally or alternatively, neurofibromin
may serve as a downstream effector for p21™.
This model has also been proposed for the
interaction between pl120-GAP and p21™.%
Mutations in the p21™ effector domain in-
activated the transforming ability of ras and
blocked GTPase activation by p120-GAP.!!°!!!
Similarly, the NF1-GRD peptides did not
stimulate the GTPase activity of mutant p21™
in the effector domain.®®”!°2 Both p120 GAP

and NF1-GRD could bind well to con-
stitutively signalling oncogenic p21™ but in-
teracted poorly with the effector mutant in
which signalling is impaired.®®

The NFI1-GRD and pl120-GAP showed
different affinities for p21™. The affinity of the
NF1-GRD was estimated to be 20-fold higher
than that of p120-GAP, while the specific ac-
tivity of NF1-GRD was approximately 30-fold
lower than that of p120-GAP.'*? Further studies
indicated that the NF1-GRD binds to p21™
proteins up to 300 times more efficiently than
p120-GAP.® However, at low N-ras con-
centrations, the p120-GAP and NF1-GRD ac-
tivities were comparable. This suggests that
neurofibromin may be a significant regulator
of p21™ activity, particularly at low p21™ con-
centrations.'%?

The NF1-GRD and human GAP also
showed differences in sensitivity to inhibition
by various lipids. Mitogenesis induced
by lipid related mitogenic agents was found to
depend on cellular ras activity.''? It was later
observed that several lipids inhibited the human
GAP activity."> Golubic ez al''* reported that
arachidonic acid inhibited the stimulation ac-
tivity of the catalytic fragments of the GAP,
NF1-GRD, and the yeast IRA2 protein while
phosphatidic acid (containing arachidonic and
stearic acid) inhibited NF1-GRD but not the
catalytic fragments of the GAP or IRA2 protein.
Han ez al''”® obtained similar inhibition of the
GAP activity by arachidonic acid and also
found that GAP stimulation of H-ras was in-
creased by prostaglandins PGF2a or PGA2
and decreased by PGI2, whereas NF1-GRD
activity was unaffected by these prostaglandins.
In another study, micromolar concentrations
of arachidonate, phosphatidate, and phos-
phatidylinositol-4,5-bisphosphate affected only
NF1-GRD. The pl20-GAP activity was
only weakly affected by these lipids.®® Fur-
thermore, the detergent dodecyl B-D-maltoside
was found to be a more stable selective inhibitor
specifically of the NF1-GRD activity. The se-
lective inhibition of these lipids can be used to
differentiate the two types of GTPase activating
activity in human tissues and also indicates
possible subtle distinctions in the biological
functions of the NF1-GRD and p120-GAP.

Nearly all of the above experiments were
performed with the NF1-GRD, not the full
length neurofibromin. Bollag ez al°' have puri-
fied full length neurofibromin obtained from a
baculovirus/Sf9 expression system containing
the complete coding sequence. To examine
the GAP activity of full length neurofibromin,
activation of the ras GTPase activity was as-
sayed by monitoring phosphate release. The
stimulation activity of full length neurofibromin
was found to be similar to that of the truncated
protein, NF1-GRD. Full length neurofibromin
also showed similar sensitivity to the detergent
dodecyl maltoside. Such observations allow a
cautious extrapolation from results of ex-
periments with the NF1-GRD peptide to in-
terpretations of the full length neurofibromin
activity.

Recently, Johnson et al''® introduced a full
length NF1 cDNA into melanoma cell lines



deficient in neurofibromin expression. This in-
troduction resulted in growth inhibition and
induced differentiation in these cell lines. Over-
expression of neurofibromin in NITH3T3 cells
was growth inhibitory, but did not alter the
level of GTP bound Ras in the cells. In addition,
transformation by v-ras resistant to neuro-
fibromin GAP activity was also inhibited
by overexpressed neurofibromin. These results
suggest that neurofibromin can inhibit Ras de-
pendent growth by a mechanism independent
of its GTPase activating function.

NEUROFIBROMIN AND TUBULIN

Tubulin has been found to be another inhibitor
of the GTPase activating activity of both the
NF1-GRD peptide and the full length neuro-
fibromin.*’ The interaction between neuro-
fibromin, either truncated (NF1-GRD) or
full length, and tubulin was shown by their
copurification. This interaction was sensitive
to the microtubule depolymerising agent col-
chicine. Bovine brain tubulin could cause sig-
nificant inhibition of neurofibromin activity
while the activity of p120-GAP was not affected
by tubulin. Some tubulin binding determinants
were localised to an 80 residue segment im-
mediately N-terminal to the GAP related do-
main of neurofibromin by the identification of
the reduced sensitivity of a truncated mutant
neurofibromin to tubulin. In the same study,
full length neurofibromin was found to be con-
siderably less sensitive to phosphatidic acid
than the truncated fragments (NF1-GRD and
N-NF1-GRD) in the presence or absence of
tubulin. This suggests that tubulin and phos-
pholipids indeed bind to distinct sites and that
other domains of full length neurofibromin
impede the interaction of phospholipids with
the GAP related domain.*' The relationship
observed between neurofibromin and tubulin
is consistent with the colocalisation of neuro-
fibromin and microtubules.® Tubulin is the
primary component of microtubules. Micro-
tubules play a role in many aspects of cellular
organisation."”’""® The interaction between
neurofibromin and tubulin may be implicated
in any cellular functions and it has been spec-
ulated that neurofibromin is a link between
tubulin and the growth regulator ras.®

OTHER FUNCTIONS AND MODIFYING GENES

Neurofibromin is involved in the control of
cellular growth and differentiation by at least
three possible mechanisms: as an upstream
downregulator of p21™, a downstream effector
of p21™, and a link between tubulin and p21™.
These mechanisms are not mutually exclusive
and they may function in concert in various
tissues. However, the NF1-GRD is the only
domain that has been extensively examined
and accounts for only about 13% of neuro-
fibromin. To date, the vast majority of muta-
tions identified in the NF1 gene do not disrupt
the NF1-GRD. Furthermore, an isoform of
neurofibromin lacking the NF1-GRD has been
identified.*® A recent study showed that when
a mutation at codon 1434 from phenylalanine
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to serine was introduced into wild type neuro-
fibromin, the resulting product acquired the
ability to suppress the activated phenotypes of
RAS2Val19 cells. However, this suppression
did not involve ras interaction since the mutant
did not stimulate the intrinsic GTPase activity
of RAS2Vall9 protein and did not have an
increased affinity for ras proteins.'®® All these
data suggest that neurofibromin may par-
ticipate in other biological activities.

A family based analysis of the variable ex-
pression of NF1 suggested a strong genetic
component in the variation of NF1 expression
but a minor role that the NF1 mutation type
may play.'’® Modifying genes may be involved
in the variability of NF1 expression. This is
supported by the observation that identical
NF1 specific mutations do not cause the same
phenotypes in unrelated NF1 patients.*'?°'%
Five NF1 patients with large deletions re-
moving the whole NF1 gene and its flanking
sequences showed large numbers of neuro-
fibromas.'?® This suggests that deletion of an
unknown gene in the NF1 region may affect
tumour initiation or development. Neuro-
fibromin has several potential sites for phos-
phorylation, suggesting that neurofibromin
could be regulated by kinases.*? The activity of
pl20-GAP was found to be modified by
phosphorylation of tyrosine residues when ac-
tivated by various growth factors.'?*! How-
ever, neurofibromin lacks similar domains to
SH2 and SH3 of GAP which are thought to
direct interactions with phosphotyrosine pro-
teins involved in signal transduction.'?

The function of neurofibromin may be modi-
fied by different mechanisms. Neurofibromas
are known to contain a large number of mast
cells, the development of which can be induced
by stem cell factor (SCF). The receptor of SCF
is encoded by the c-kit gene. Hirota et al'*’
observed that the c-kit mRNA was strongly
expressed in mast cells in the neurofibromas
and that the amount of SCF cDNA was greater
in neurofibroma tissues than in normal skin
tissues. Ryan ez al'?® found that SCF was se-
creted by both normal Schwann cells and a
malignant Schwannoma. The c-kit gene prod-
uct was not expressed in normal Schwann cells
but expressed in the malignant Schwannomas.
Another observation suggested that certain
growth factors such as platelet derived growth
factor and transforming growth factor 1 may
be implicated in the development of neuro-
fibromas in NF1.'? These factors may thus
function by direct or indirect interaction with
neurofibromin. In addition, the functions of
the three embedded genes (EVI2A, EVI2B, and
OMGTP) at the NF1 locus and their relationship
with NF1 remain to be examined.*”* These
genes may participate in the modification of
NF1 function. The search for homologous loci
has shown NF1 related loci on chromosomes
2,12,14,15,20,21, and 22.1**!*2 The locus on
chromosome 12 contains open reading frames
homologous to NF1 in at least two exons and
is expressed in a number of tissues.””! Such
expressed sequences may also play a role in the
regulation of NF1.
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Germline mutation analysis
MUTATION SPECTRUM
Mutation analysis in the NF1 gene has proved
difficult.!*>® The techniques commonly used for
mutation detection in the NF1 gene include
two relatively simple ones: heteroduplex ana-
lysis (HA) and single strand conformation poly-
morphism analysis (SSCP). Reportedly, neither
HA nor SSCP can identify 100% of point
mutations.'>* Recently, several more sensitive
techniques have been adapted to mutation ana-
lysis at the NF1 locus. Using denaturing gra-
dient gel electrophoresis (DGGE), Valero ez
al'®® identified NF1 specific mutations in four
of 70 unrelated NF1 patients by screening
exons 29 and 31. Hoffmeyer et al'*® used a
polymorphism in exon 5 of the NF1 gene
to evaluate allele specific dosage of the NF1
mRNA in fibroblast-like cells and observed
reduced amounts of mRNA from one of the
NF1 alleles in six out of eight NF1 patients.
Using chemical cleavage of mismatch (CCM),
Purandare et al'* screened 70% of the NF1
coding sequence amplified by RT-PCR from
mRNA or by PCR from genomic DNA. They
identified seven new NF1 specific mutations
from 25 unrelated NF1 patients. In another
mutation study, the protein truncation test
(PTT) based on the in vitro transcription-
translation of the whole NF1 coding sequence
allowed the identification of truncated
neurofibromin in 14 of 21 NF1 patients.'*®
To date, over 100 NF1 specific germline
mutations have been reported to the In-
ternational NF1 Genetic Analysis Con-
sortium.'”  Seventy-eight NF1  specific
mutations have been described (table 1). The
mutations include three cytogenetic re-
arrangements, 34 deletions, 12 insertions, two
duplications, and 27 substitutions.
Interestingly, 82% (49/60) of all the fully
characterised NF1 specific mutations are either
nonsense or frameshift mutations. These muta-
tions presumably lead to severe truncation of
neurofibromin. The large deletions are also
expected to cause severe truncation or complete
removal of the gene. Nonsense and frameshift
mutations have been reported to be associated
with decreased or absent mRNA levels in a
variety of both human'**?’% and rodent
genes.'®*'  Mutations introducing an in-
appropriate stop codon have also been reported
to result in undetectable protein.'®® Reduced
amounts of mRNA from one of the NF1 alleles
were observed in six of eight NF1 patients.'
However, no mRNA reduction was observed
from an NF1 patient with an inappropriate
stop codon in the centre of NF1 in the same
study. In contrast, a decrease in mutant mRNA
level has been observed in a 10 bp duplication
in exon 38'*° and a splice junction mutation in
intron 31,'” both of which cause frameshift.
Seven germline substitutions identified in the
NF1 gene do not generate premature stop
codons (table 1). These mutations replace am-
ino acids that may be important for maintaining
the tertiary structure of neurofibromin as found
in the case of rhodopsin.'®” Analysis by site
directed mutagenesis of the substitution
A4267G in exon 24 showed a decreased GAP-

like activity of the mutant fusion protein.”'**'%

The tandem duplication 5095dup42bp in
exon 28 does not cause a frameshift and the
predicted neurofibromin has an additional se-
quence of 14 amino acids, 13 of which contain
a motif normally found in neurofibromin from
codon 1701 to 1713."** It is not clear how
this mutation affects gene function. Two
exons of the hypoxanthine-guanine phospho-
ribosyltransferase (HPRT) gene were observed
to be duplicated in a patient with Lesch-Nyhan
syndrome.’®® This duplication generated a tran-
script of increased length consistent with the
size of the duplicated exons and the resulting
enzyme had no detectable activity.'®® Another
duplication in the collagen type 2A gene has
been identified in spondyloepiphyseal dys-
plasia, resulting in excessive post-translational
modification of the gene product.'” It was
suggested that the tandem duplication in NF1
might result in changes in protein folding, gly-
cosylation, or excessive post-translational mo-
dification.'>* Alternatively, the duplication may
alter the tertiary structure of mRNA and thus
affect its stability or translation efficiency or
both."!

The 3 bp deletion 2970delAAT results in loss
of the codon ATG (methionine) with a silent
change of codon 990 from ACA (threonine)
to ACG (threonine).!?? RT-PCR heteroduplex
analysis has confirmed the expression of this
mutation at the RNA level in this study. The
neurofibromin has been found to be structurally
abnormal (J Downward, personal com-
munication).

The 320 bp insertion in intron 32 of NF1
results in a splicing error leading to loss of exon
33,5146 Other examples of splicing errors in the
NF1 gene resulted from four intronic sub-
stitutions in the splice consensus region,'*” 7 138
All these splicing abnormalities are expected to
result in truncated neurofibromin.

The majority of the NF1 specific mutations
are unique and have been found in only one
family. However, six unrelated NF1 patients
from different countries carry an identical
transition (C5839T) in exon 31 (table 1).
Three other examples of recurrent causative
mutations include the mutations 2027insC in
exon 13, 2970delAAT in exon 17, and
5449insC in exon 29, each of which was found
in two unrelated NF1 patients (table 1).

Neurofibromin has been shown to function
as a GAP-like protein.” '°! 12 However, only six
germline mutations have been described in
the NF1-GRD region and all the other fully
characterised small or point mutations do not
interrupt this domain (table 1).

MUTATION MECHANISMS

Mutagenesis in mammalian genomes is shown
to be influenced by genomic position.'”!"?
Mutations have been found to occur non-ran-
domly with respect to the surrounding DNA
sequence in human genes.'”'”® NF1 has a
mutation rate about 100-fold higher than the
average mutation rate per generation per locus.
The mutations observed so far in the NF1 gene
are not randomly distributed. This suggests



10

Table 1 Germline murations identified in the NF1 gene
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Mutation Location Neurofibromin change predicted No of Reference
patients

Chromosomal aberrations
©(1;17) (p34.3;q11.2) ? 1 30
t(17;22) (q11.2;q11.2) ? 1 31
del(17) (pter—cen::q11.2

or 12-qter), +?r(17)

(cen—qll.2 or q12) ? 1 140
Large deletions
del(731-835) Exon 6 Truncated 1 138
del(1528-1845) Exons 10c-12a Truncated 1 138
517bpdel Introns 32-33 Truncated 1 141
Large deletion Introns 2-3 Loss of 28 amino acids 1 142
11kbdel 3’ end ? 1 5
40kbdel Undefined ? 1 143
40kbdel Containing EVI2 ? 1 5
80kbdel Undefined ? 1 143
90kbdel 5" end ? 1 144
190kbdel Undefined ? 1 5
Hemizygosity Intron 27-exon 37 Truncated 2 145
>700kbdel NF1 and adjacent loci No neurofibromin 5 123
Large insertions
320bpins Intron 32 Truncated 1 146
(splicing error: exon skipping)
10kbins Undefined ? 1 143
10kbins Undefined ? 1 143
Small deletions
2970delAAT Exon 17 Loss of Met 2 122
3050delAATT Exon 18 Truncated 1 138
del(4088-4110) Exon 23 Truncated 1 138
4190delT Exon 24 Truncated 1 147
4868delAC Exon 28 Truncated 1 141
5010delG Exon 28 Truncated 1 148
5077del(13bp) Exon 28 Truncated 1 149
5108delAG Exon 28 Truncated 1 150
5123delCCACC Exon 28 Truncated 1 151
5679delACTG Exon 30 Truncated 1 152
5843delAA Exon 31 Truncated 1 135
5949delA Exon 32 Truncated 1 152
?delGAGA Exon 34 Truncated 1 153
?delT Exon 34 Truncated 1 153
7260delT Exon 41 Truncated 1 138
7745del(10bp) Exon 44 Truncated 1 122
Small insertions
2027insC Exon 13 Truncated 2 138
5449insC Exon 29 Truncated 2 143
5466insT Exon 29 Truncated 1 143
5816insG Exon 31 Truncated 1 150
5852insTT Exon 31 Truncated 1 120
6519insG Exon 34 Truncated 1 137
7485insGG Exon 42 Truncated 1 137
Duplications
5095dup(42bp) Exon 28 14 additional amino acids 1 154
6922dup(10bp) Exon 38 Truncated 1 155
Substitutions in coding sequences
C1318T Exon 10a Truncated 1 138
C3049T Exon 18 Truncated 1 138
G3497A Exon 21 Gly1166Asp 1 137
C3826T Exon 22 Truncated 1 138
A4256G Exon 24 Lys1419Arg 1 137
A4267G Exon 24 Lys1423Glut 1 76
C5242T Exon 29 Truncated 1 135
C5260T Exon 29 Truncated 1 135
C5380T Exon 29 Truncated 1 138
T5795C Exon 31 Leul932Pro 1 4
C5839T Exon 31 Truncated 6 4, 120, 121,

135, 156

T6339A Exon 33 Truncated 1 138
T?A Exon 33 Asn?Lys 1 141
C6427A Exon 34 Leu2143Met 1 143
T6511G Exon 34 Tyr2171Asp 1 143
G6624A Exon 35 Truncated 1 138
C7486T Exon 42 Truncated 1 137
G7522T Exon 42 Truncated 1 138
Substitutions in introns and splicing errors
A1721+3G Intron 11 Truncated 1 137
(exon skipping)
T5749 + 2G Intron 30 Truncated 1 137
(exon skipping)
A47768G Intron 31 Truncated 1 157
(4 bp insertion in transcript)
A6364 +4G Intron 33 Truncated 1 158
(exon skipping)
Total 78

that the sequence composition of NF1 also
influences the mutation formation.

CpG dinucleotides show a high mutation rate
in the human genome owing to spontaneous
deamination of 5-methylcytosine!”™ and about
32% of point mutations involve this di-
nucleotide.'” Nine substitutions detected in
NF1 occur within CpG dinucleotides. Six of

these point mutations involve a single CpG site
in exon 31 representing an identical mutation
C5839T (table 1). Other CpG involved sub-
stitutions include three C to T transitions in
exons 10a,'* 29,'* and 42,'” respectively. The
NF1 coding sequence contains 107 CpG di-
nucleotides. Several positions are methylated
both within and around the NF1 locus.!”” Fur-
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ther mutational analysis may allow the iden-
tification of additional hot spots at such CpG
sites in NF1.

Particular sequence patterns in the human
genome are associated with the preferential
formation of insertions and deletions.'”*'”
These patterns include direct repeats, pal-
indromes, quasi-palindromes, symmetrical ele-
ments, and runs of identical bases. Preliminary
examination of the local sequence environment
flanking some deletions and insertions detected
in NF1 has provided similar examples for such
sequences'IZZ 138151152164

Several NF1 related loci have been identified
on chromosomes 2, 12, 14, 15, 20, 21, and
22,3132 These sequences have homology
greater than 90% with some NF1 exons and
intronic sequences.’”’ The majority of these
loci appear to represent pseudogenes, which
may be involved in mutagenesis of NF1 by gene
conversion.'* This mechanism might possibly
explain the high mutation rate of NF1.

NF1 MUTATIONS AND PHENOTYPIC EXPRESSION
Whether particular NF1 mutations are cor-
related with the variable clinical expression
clearly needs to be analysed. However, the
current paucity of the disease causing muta-
tions so far documented in NF1 causes diffi-
culties in correlating the positions and types of
mutations with the variable clinical features.
The variability of phenotypic expression of NF1
even within families makes this more com-
plicated.

No clear relationship between mutation size
and clinical features has been found. However,
large deletions of more than 700 kb have been
detected in five NF1 patients. These mutations
delete the whole NF1 gene and the three em-
bedded genes (EVI2A, EVI2B, and OMGP)
as well as the sequences flanking NF1. These
patients have mild facial dysmorphology, men-
tal retardation, numerous cutaneous neuro-
fibromas, and plexiform neurofibromas.'?
They show a variable number of physical an-
omalies that were not apparently correlated
with the extent of their deletion but a large
number of neurofibromas for their age were
observed in all these patients. This suggests that
the variable NF1 phenotypes may be related to
other genes at or near the NF1 locus, and that
deletion of such unknown genes may lead to
tumour initiation or development.!?

Two identical mutations (2970delAAT) in
exon 17 (table 1) did not cause similar clinical
features in two unrelated NF1 patients. One
of them had developmental abnormalities, mild
pulmonary stenosis, multiple CLS, axillary
freckling, and freckles over the bridge of the
nose, but had no neurofibromas, while the
other had developmental delay, multiple CLS,
and several neurofibromas. The C5839T trans-
ition within exon 31 has been identified in six
unrelated NF1 patients (table 1). Clinical data
were available from four of these patients. Two
of them show scoliosis'*! '*® and the two others
show “classical” NF1."*? In addition, affected
members in the same family may have different
manifestations.'”® These observations suggest
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that disruption of the NF1 gene itself may not
be enough to account for the clinical variability.
They also appear to cast doubts on the validity
of genotype-phenotype correlation in NF1.

It is not clear whether the genes (EVI2A,
EVI2B, and OMGP) embedded in intron 27
of the NF1 gene play a role in the variable NF1
expression. EVI2A and EVI2B are the human
homologues of murine Evi-2A and Evi-2B
respectively.’”*® Evi-2A is a putative oncogene
and is involved in retrovirus induced murine
myeloid leukaemogenesis.'” Evi-2B lies in the
midst of a cluster of viral integration sites iden-
tified in retrovirus induced myeloid tumours
and may thus also function as an oncogene in
these tumours.” EVI2A is highly expressed in
brain, bone marrow, and peripheral blood while
EVI2B is expressed in bone marrow and peri-
pheral blood but not in brain. Juvenile chronic
myelogenous leukaemias occur more often
in NF1 patients than in the general
population.™'® '8! Recently, LOH was ob-
served in bone marrow samples from five out
of 11 children with NF1 and malignant myeloid
disorders.'®? In these cases, the retained NF1
allele was the one inherited from the affected
parent. It is possible that mutations involving
both NF1 and EVI2A (or EVI2B) may cause
NF1/leukaemia syndromes. A 40kb deletion
has been reported to remove a number of NF1
exons, all of EVI2A, and the 5’ exon of EVI2B.?
Several other large deletions have been reported
to remove the whole NF1 gene and the three
embedded genes.'”> However, none of the
patients with these deletions shows features of
leukaemia.

OMGTP encodes the oligodendrocyte-myelin
glycoprotein (OMGP),* which is expressed only
in oligodendrocytes of the central nervous sys-
tem. OMGP may function as a cell adhesion
molecule in the myelin of the central nervous
system.'®?> No mutations involving only OMGP
have been reported. As proposed by Viskochil
et al,” transcriptional regulation of these em-
bedded genes might play a role in the NF1
phenotype. In the past, there have been isolated
reports of patients with NF1 and multiple
sclerosis (MS). MS is a disorder in which
multiple plaques of demyelination occur in the
central nervous system.'®* Perhaps the patients
with NF1 and MS have a mutation disrupting
both NF1 and OMGP, which may result in
this particular phenotype.

Animal models for NF1

Animal models of human genetic disease have
been very helpful in tackling a range of scientific
and clinical problems.'®*> Several NF1 models
have been reported in different species. A Dro-
sophila model has been generated by a lethal
interaction of the eye colour mutant prune
(pn) with Killer-of-prune (k-pn) allele of the
abnormal wing disc (awd) locus.!®® The awd
gene is the Drosophila homologue of the mam-
malian tumour metastasis gene nm23 and the
pn gene is postulated to encode a GAP-like
protein. In this model, hypertrophy of the neuro-
glia and the perineurium of the larval brain
was observed. The lymph glands of the larvae
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were found to be highly abnormal and mel-
anotic pseudotumours were formed upon aging
of the larvae. These manifestations involve cell
types in Drosophila equivalent to those affected
by human NF1. Spontaneous neurofibromas
and hyperpigmented spots have been observed
in the bicolour damselfish.'®”!® The disease in
the damselfish appears to be transmissible and
the tumours tend to be more malignant than
human neurofibromas. The Syrian hamster
NF1 model has been achieved by N-nitroso-N-
ethylurea treatment of pregnant Syrian golden
hamsters.'®'*® The hamster offspring develop
similar neurofibromas and pigmented lesions
to those observed in NF1 patients, and also
show Wilms’ tumours and other malignancies
not typically seen in NF1 patients. Point muta-
tions in the neo proto-oncogene have been
identified in these hamster tumours but no
mutations have been found in NF1.'° A trans-
genic mouse model for neurofibromatosis has
been described expressing the HTLV-I tat
gene.'”!'*? Neurofibromas developed in the
transgenic mice but no other features of human
NF1 were observed.

The mouse NF1 gene was identified and
characterised.'®® It encodes an approximately
12 kb mRNA with an open reading frame pre-
dicting a protein of 2841 amino acids. Se-
quence comparison of NF1 showed more than
98% amino acid sequence identity between
mouse and man. Both the 5 and 3’ end un-
translated regions of the mouse NF1 transcript
are highly conserved. Hajra et al'** compared
the promoter regions of human and mouse
NF1 genes and found that the transcription
sites were the same. Both contain a cAMP
response element, AP2 consensus binding sites,
and a serum response element. Recently, gene
targeting has been used to disrupt the mouse
NF1 gene by the insertion of a neomycin cas-
sette into the murine DNA sequence equivalent
to exon 31 of the human NF1.'"”” Mice het-
erozygous for the targeted germline mutation
show none of the classical symptoms observed
in human NF1, but are highly predisposed to
the formation of various tumour types, espe-
cially phaeochromocytoma and myeloid leuk-
aemia. Homozygosity for the mutation causes
cardiac developmental abnormality and mid-
gestational embryonic lethality. Branna ez
al'®® used a similar strategy to disrupt the mouse
NF1 by generating a null mutation. The het-
erozygous mutant mice, aged up to 10 months,
do not show any obvious abnormalities but
the homozygous mutant embryos die in utero,
exhibiting developmental abnormalities in the
heart and various neural crest derived tissues.

Another animal homologue of the NF1 gene,
the chicken NF1 gene, has been cloned®?** and
again the predicted amino acid sequence was
highly conserved between chick and man. The
chicken NF1 cDNA hybridised to a 12:-5kb
transcript of RNA blots. The potential ex-
istence of spontaneous mutations in the chicken
NF1 gene might provide another form of NF1
model. Alternatively, similar models might be
generated by genetically mutating the chicken
NF1 gene.
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Molecular diagnosis of NF1

DNA testing provides a powerful tool in pre-
natal diagnosis and in presymptomatic or car-
rier screening for genetic diseases. At present,
NF1 allele specific diagnosis with the mutations
detected in the NF1 gene are only available to
a few families. The molecular diagnosis of NF1
has been mainly based on linkage studies with
available DNA markers.'"'*° Although a bat-
tery of closely linked markers has been de-
veloped for prenatal and predictive testing,
marker informativeness can not be achieved in
all NF1 families. A number of documented
intragenic polymorphisms appear to be in link-
age disequilibrium with each other but no dis-
equilibrium was found between the disease
allele and any of these polymorphisms.?*°2°!

Several PCR based polymorphisms have
been identified.?****® The highly informative
microsatellite in intron 38 has a heterozygosity
of up to 0-82.** Some polymorphisms have
recently been found in the NF1 coding se-
quence including a polymorphic Rsal re-
striction site in exon 5°°7 and three single base
substitutions in exons 23, 24, and 29 re-
spectively.’”” These PCR based poly-
morphisms, in conjunction with the previously
described markers identified by Southern blot-
ting, as well as an increasing number of docu-
mented NF1-specific mutations, should make
molecular diagnosis possible in more NF1
families (table 2).

The current demand for molecular diagnosis
of NF1 is low. Many couples would probably
request a prenatal diagnosis if it could predict
disease severity. This is not possible at present.
Presymptomatic DNA diagnosis is probably
not going to be in huge demand because the
clinical diagnosis of NF1 is usually straight-
forward, even in early childhood. Both the
severity and prognosis of the disease are ex-
tremely variable. The observed variation may
not only be related to different mutations dis-
rupting the NF1 gene but also to the in-
volvement of unknown modifying genes within
or outside the NF1 locus.'® This implies that
molecular prediction of disease severity and
prognosis may either be very complicated or
even impossible.

Therapy for NF1

No medical treatment is available to prevent
or reverse the characteristic lesions of NF1.
Instead, medical management is focused on
genetic counselling and the early detection of
treatable complications. Drug therapies dir-
ected at upregulating neurofibromin GAP ac-
tivity or downregulating p21™ activity may be
useful for controlling the growth of neuro-
fibromas. Several lipids have been found to
inhibit the neurofibromin GAP activity.®®'!*
Tubulin has also been reported to inhibit the
neurofibromin GAP activity.®® These findings
may be helpful to the development of a drug
capable of upregulating or replacing neuro-
fibromin. Alternatively, pharmaceutical agents
that block farnesylation and thus interfere with
p21™ activity may prove to have therapeutic
potential in NF1.2*-?'> These agents have been
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Table 2 Polymorphisms in the NF1 gene
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Probe sequence Restriction enzyme Heterozygosity Reference
Southern blotting

25 BgI1I, Poull, Taql 0-5 208
NF1C2 EcoRI 05 209
pRC9.4 BamHI 0-45 210
fHB5E3 EcoR1 0-37 200
pHa39.3 EcoRI 0-42 200
pEV136.5 Taql 0-43 200
fPL37.B2 BamHI 0-42 200
pDV1.9 HindIII 0-41 200
fT315.1 EcoRI 0-49 200
f7G4.GL.2 Bglll 0-41 200
GE2 EcoRI ? 211
PCR based
Rsal polymorphism in exon 5 0-40 207
T to C transition in intron 16 0-09 205
C to T transition in exon 23 ? 137
G to A transition in exon 24 ? 137
Compound nucleotide repeat in intron 26 0-72 212
Alu repeats in intron 27 High 202
CA/GT repeats in intron 27 0-46 204
CA/GT repeats in intron 27 0-72 204
C to T transition in exon 29 ? 137
CA/GT repeats in intron 38 0-82 203
Rsal polymorphism in intron 39 0-14 206
G to A transition in intron 41 0-43 205

found to inhibit the mitogenic effects of growth
factors and the tumorigenic properties of
neurofibromas. More useful therapies might
involve drugs capable of inhibiting farnesyl
transferase that adds farnesyl groups to the
p21™ protein.*'®

The ultimate cure of an inherited disease
may be gene therapy. Gene therapy for NF1
may not be easy for several reasons. First,
because NF1 is an autosomal dominant dis-
ease, successful gene therapy may require cor-
rection of the mutant NF1 allele. Mutation
analysis in NF1, however, showed that the
majority of the causative mutations identified
are expected to cause severely truncated neuro-
fibromin. This suggests that NF1 may result
from dosage insufficiency of normal neuro-
fibromin. If this is true, introduction of a nor-
mal NF1 allele may be able to achieve therapy
without correction of the mutant allele. Second,
NF1 often involves multiple tissues with a high
variation. It would be very difficult to deliver
the normal NF1 copy to target tissues. This
might be achieved only by germline gene ther-
apy, about which there is still much ethical
debate. Third, it has been difficult to generate a
satisfactory NF1 animal model although several
models in different species have been reported.
The recently generated mouse models by gene
targeting did not mimic human NF1.!%'% It
may be possible to target the mouse NF1 gene
using different mutations identified from NF1
patients and so to create a suitable NF1 mouse
model. However, the involvement of modifying
genes in the NF1 expression may make it more
difficult to achieve such a model for gene ther-
apy.

Possibly, a normal copy of NF1 may be
transferred into target tumour tissues to achieve
treatment. These tumours include NF1 as-
sociated malignant tumours and some sporadic
malignancies not related to NF1. Nur-E-Kamal
et al'™ observed that when the NF1-GRD was
overexpressed in v-Ha-Ras transformed
NIH3T3 cells, it greatly reduced their ability
to form colonies in a soft agar. Further ex-
amination showed that a fragment of 91 amino
acids (NF91) derived from the NF1-GRD was

able to reverse the v-Ha-Ras induced malignant
transformation as the NF1-GRD. These results
suggest that the NF1-GRD or even the smaller
fragment NF91 may be used as a potential cure
for human cancers caused by mutations in the
ras gene.

Conclusions and speculations

The isolation of the NF1 gene has advanced
the understanding of the molecular basis of
the disease and the gene function. Mutation
analysis has allowed the identification of over
100 disease causing germline mutations in the
NF1 gene. However, these mutations are only
responsible for a small proportion of all NF1
patients. Recent applications of some tech-
niques with high sensitivity, such as CCM,
DGGE, and PTT, have proved to be highly
efficient in mutation detection in the NF1 gene.
It is essential to use such techniques for further
mutation search in the gene, especially the
regions not yet examined which include the
coding sequence, splice site consensus se-
quences, and other essential elements for gene
expression. The functions of the three em-
bedded genes (EVI2A, EVI2B, and OMGP)
and their relationship to NF1 remain unknown,
and thus mutation analysis in these genes may
also be interesting. On the other hand, ex-
tensive analysis of somatic mutations in a vari-
ety of human tumours should help us
understand the possible mechanisms by which
the NF1 gene is involved in tumorigenesis.
Further mutation analysis should lead to mo-
lecular diagnosis for more NF1 families and
may also provide clues for tumour diagnosis in
the future.

Evidence is accumulating that NF1 as a
tumour suppressor gene plays an important role
in the control of cell growth and differentiation.
Neurofibromin genetically and biochemically
shows GTPase activating activity, down-
regulating the activity of normal ras proteins.
However, this may not be the only way
neurofibromin functions. Many questions need
to be answered. For example, what would be
the effect of the interaction between neuro-
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fibromin and tubulin? How does the differential
expression of the alternatively spliced NF1
transcripts contribute to the gene function in
different tissues? Do these transcript isoforms
play different roles? Are there any modifying
genes to NF1? If so, where do these genes lie
in the genome and are they associated with the
variable clinical expression of NF1? To address
such questions more precisely, further studies
are required by using a variety of strategies.
Examples include in vitro site directed mu-
tagenesis in different domains of the NF1 gene
and in vivo interruption of the mouse NF1
gene by generating different types of mutations
through gene targeting. Hopefully, this would
lead to the generation of a proper mouse model
for NF1. Breeding heterozygous NF1 mice
against different strains should help to identify
modifying genes. Further detailed studies on
the interaction of neurofibromin with p21™,
tubulin, growth factors, or other proteins are
also important for the elucidation of the gene
function. Further knowledge of the gene func-
tion may also lead to the development of new
therapy for NF1.
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