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Neurofibromatosis (NF) was for many
years regarded as a medical curiosity and
nothing more. However, progress in
understanding has been rapid following
diagnostic criteria for the two main types
agreed at a National Institutes of Health
(NIH) consensus conference in 1987.1-°
The following decade saw the identifica-
tion of the NFI and NF2 genes and the
development of animal models.”®
Clinically useful genotype-phenotype cor-
relations are now emerging and pathogen-
esis-based treatment trials underway.’!!
This review highlights the likely presenta-
tions of NF1 and NF2 in adult life and
gives an overview of management,
recently delineated subtypes and current
understanding of disease pathogenesis.

Definition of neurofibromatoses

The delineation of the different types of
NF is important as their natural history
and management are quite different. The

key features of NF1, NF2 and related dis-
orders are summarised in Tables 1(a) and
1(b).!?2 They can usually be distinguished
by the type and distribution of nervous
system tumours, the presence or absence
of café au lait spots (CAL)%* skinfold
freckling and the ophthalmic examina-
tion. In most cases the type of NF is
obvious after clinical assessment. With
the availability of cranial imaging, NF1
and NF2 are now rarely confused.

Neurofibromatosis type one
Diagnosis

In most adult patients the combination
of CAL spots/freckling and dermal neu-
rofibromas (Fig 1) makes the diagnosis
of NF1 straightforward. The NIH diag-
nostic criteria! are clinically useful, with
two provisos:

1 Patients with segmental NF1 may
satisfy the criteria but have limited
body involvement. In this form of
NF1 there is a somatic mutation of
the NFI gene with a much lower risk
of complications and of transmitting
NF1 to offspring.'* Identification of
mutations in affected tissue is now
possible.!*

2 The recently recognised phenotype
of mismatch repair deficiency
syndrome (MMR-D) means that the
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term ‘first-degree relative’ can be
misleading.!>!¢ In typical NF1,
clinically normal parents with two
affected children are rarely seen.
Individuals with MMR-D develop
early-onset haematological
malignancies and/or central nervous
system tumours. Some have CAL-
like lesions (often with very irregular
outlines) though others appear to
have typical NF1. An NFI mutation
has been reported in one case and it
is likely that NFI is a target for
mismatch repair.!” Inheritance is
recessive, so siblings may be
diagnosed as NF1 and the wider
implications of MMR-D may not be
appreciated. The parents and
heterozygote siblings are at risk of
hereditary non-polyposis colon
cancer, and children with MMR-D
are at risk of malignancies not
usually seen in NFI.

Management

Many complications are associated with
NF1 and their occurrence cannot be pre-
dicted even within families. Those that
can present in adults are summarised in
Table 2. None occurs sufficiently fre-
quently to warrant screening asympto-
matic patients but there should be a low
threshold for investigating relevant
symptoms. Conversely, in assessing a
patient with an NF1-related complica-
tion it is important to examine carefully
the skin for NF1. The diagnosis in some
patients is not obvious on routine exam-
ination because CAL spots tend to fade
with age and some people have very few
neurofibromas.

There are published consensus guide-
lines on NF1 management.> The min-
imum recommendations for adults with
NF1 are annual blood pressure checks
and to seek advice if symptoms develop
that could be NF1 related.

Recent clinical developments

Some new clinical associations have

recently emerged:

e Women under 50 with NF1 have a
fivefold relative risk of breast cancer
and are therefore eligible for
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mammographic screening from the
age of 40.18

Lesions previously diagnosed as
gastrointestinal (GI) neurofibromas
in the NF1 population are now
recognised histologically to be

GI stromal tumours (GISTs).!%20
NF1-associated GISTs tend to be
multicentric, occur predominantly

in the small bowel and follow a
more benign course than sporadic
GISTs. It remains to be determined
whether imatinib is as effective for
treating NF1-related GISTS as for the
sporadic counterpart.

The use of positron emission
tomography (PET) computed
tomography (CT) has greatly

improved the diagnosis of
malignant peripheral nerve
tumours.?! These usually arise
through malignant change in an
existing plexiform neurofibroma.
PET CT is sensitive and specific in
distinguishing benign and malignant
change. It also localises the area for
biopsy.

Table 1(a). Summary of the different types of neurofibromatoses (NF): NF1 and related disorders (adapted with permission from
S Karger AG, Basel).'?

Peripheral
NF type Previous Disease Gene/ Skinfold  nerve Eye Other frequent
names frequency chromosome CAL spots freckling tumours findings clinical features
NF1 Von 1/3,000 NF1/17 =6 Yes Dermal, LNs and Learning and
Recklinghausen  (birth nodular and ONGs behaviour problems.
or peripheral incidence) plexiform Predisposition to
NF neurofibromas certain malignancies
and numerous other
complications (see
Table 2)
A1 NF1 Accounted for 1/60,000 NF1/17 Clinical features of NF1 with tendency to excessive numbers of dermal
microdeletions at least some (assuming neurofibromas, more severe learning problems, increased frequency of certain
designated accounts NF1 complications, including cardiovascular and MPNST. In addition,
NF-Noonan for 5% NF1 microdeletion cases usually have specific craniofacial dysmorphism and a
syndrome mutations) tendency to be taller than average rather than shorter
A2 Del AAT AD CAL spots ? NF1/17 =6 Yes None reported LN less Most reported
exon 17 only to date frequent families have
than usual pigmentary features
only with lower
frequency of all
complications
except pulmonary
stenosis
A3 Watson NA Very rare NF1/17 =6 Yes Adults have LN less Mild learning
syndrome few, if any, frequent problems more
dermal NFs. than frequent than usual,
Other kinds of normal. No  as is pulmonary
neurofiboromas  ONGs stenosis. Other
not reported reported complications not
reported
A4 Localised Segmental NF1 1/36,000- Somatic Cutaneous features of NF1 (pigmentation and/or neurofibromas) limited to
segmental/ 40,000 NF1 one or more segments of body. Associated NF1 complications relatively
NF1 (prevalence) mutations uncommon (combined frequency 5.6% in one large series®)
A5 NA ? NF1/17 — Very few, if any, pigmentary changes and no dermal neurofibromas but with
Spinal NF one family multiple spinal tumours often with neurofibromas of major peripheral nerves
(Fig 2) not linked (Fig 2). Those with NF1 mutations have over-representation of missense and
to 17 splice mutations (Ludwine Messiaen, personal communication)
NA1 AD CAL ? SPRED1/15 =6 Yes None None Only one series
SPRED1 spots only published to date:!"
phenotype main other NF1

feature in most
people was
macrocephaly. A few
had learning
problems, two
ADHD and several
lipoma

A = allelic; ADHD = attention deficit-hyperactivity disorder; BVS = bilateral vestibular schwannomas; CAL = café au lait; LN = Lisch nodules; MPNST = malignant
peripheral nerve sheath tumour; NA = non-allelic; ONG = optic nerve glioma.
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e The association of glomus tumours
in the nailbeds of the fingers or
toes.?? These benign tumours cause
severe pain, particularly when
touched or on exposure to hot/cold.

e Bone issues: localised NF1-related
skeletal problems (including
scoliosis and long bone
pseudarthrosis) have long been
recognised. Recent studies have
pointed to a more generalised bone
abnormality,?® with NF1 patients
having decreased bone mineral
density. Studies of fracture risk are
awaited.

Genetics and pathogenesis

NF1 is one of the most common auto-
somal dominant disorders, with a birth
incidence of one in 3,000. About 50% of
cases represent new gene mutations. The
NFI tumour suppressor gene (TSG) maps
to chromosome 17q11.2 and encodes
neurofibromin.*” Neurofibromin is widely
expressed, with the highest concentrations

Fig 1. A 29-year-old
man with typical
neurofibromatosis
type one showing
café au lait spots
and multiple dermal
neurofibromas.
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Table 1(b). Summary of the different types of neurofibromatoses (NF): NF2 and related disorders (adapted with permission from

S Karger AG, Basel).'?

Peripheral
NF type Previous Disease Gene/ nerve Eye Other frequent
names frequency chromosome CAL spots tumours findings clinical features
NF2 Central or 1/25,000 NF2/22 <6 but Predominantly  Juvenile BVS the most
Wishart (birth occur at schwannomas  posterior frequent feature.
incidence) higher histologically =~ subcapsular Meningiomas, other
frequency but lens opacity/ cranial nerve and
than in neurofibromas  cortical spinal root
general can occur. cataract in schwannomas,
population Clinically, only ~ 70-80%. ependymomas
NF2 plaques Retinal
are abnormalities
distinguishable in 22%
from dermal/
nodular/plexiform
neurofibromas
A1 NA 1/80,000 NF2/22 NF2 associated cranial tumours localised to one half of brain. When patients
localised/ have spinal or peripheral nerve schwannomas localised to one part of body,
segmental impossible to know clinically if this is a form of NF2 or schwannomatosis
NF2
NA1 NA ? IN11/SMAR None Peripheral None None
schwannomatosis CB1/22 nerve and
spinal root
schwannomas

A = allelic; ADHD = attention deficit-hyperactivity disorder; BVS = bilateral vestibular schwannomas; CAL = café au lait; LN = Lisch nodules; MPNST = malignant
peripheral nerve sheath tumour; NA = non-allelic; ONG = optic nerve glioma.
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in the nervous system. Neurofibromin
negatively regulates RAS by acting as a
guanosine triphosphatase activating
protein (GAP). Haploid insufficiency or
complete NFI deficiency results in a dose-
dependent rise in RAS activity, which in
turn activates a variety of signalling path-
ways that affect cell proliferation and dif-
ferentiation in a cell-specific way.
Neurofibromin also has a non-RAS-GAP
function involving regulation of cyclic
adenosine monophosphate.

Treatment prospects

The RAS pathway can be targeted by
many licensed drugs. The effect of
rapamycin and imatinib on the growth
of plexiform neurofibromas in NF1 is
under investigation in human trials in
the USA. In a mouse model of NF1,2*
impaired cognition was related to exces-
sive RAS activity and increased gamma-
aminobutyric acid inhibition; it was
reversed by reduction in RAS activity by

lovastatin through its inhibition of p21
RAS/mitogen-activated protein kinase
activity. Clinical trials are underway.?

Genetic testing

Using up-to-date laboratory techniques,
the NFI mutation can be identified in
95% of cases. Some clinically useful
genotype-phenotype correlations are
emerging:

e Patients with a microdeletion of the

Table 2. Neurofibromatosis (NF) type one: the frequency of different types of neurofibromas and disease complications presenting

in adults.’1?

Disease feature

Frequency (%)

Comments re presentation/management

Dermal neurofibromas

>95 of adults

Present in nearly all adult patients but in greatly varying numbers.

Nodular neurofibromas ca 5%
Plexiform neurofibromas:
All lesions 30.0
Large lesions of head and neck 1.2
Limbs/trunk lesions associated 5.2
with hypertrophy
Intellectual handicap:
Severe 0.8
Moderate 2.4
Minimal 29.8
Epilepsy:
No known cause 4.4
Secondary to disease complications 2.2
CNS tumours:
Optic glioma (symptomatic) 1.5
Other gliomas 1.5
Spinal neurofibromas 145
Aqueductal stenosis 145

Malignancy: MPNST

GISTs
Renal artery stenosis

Vascular disease elsewhere

Phaeochromocytoma
Duodenal carcinoid

Lateral meningocele
Glomus tumours of nailbed

Breast cancer in women

Pulmonary fibrosis/HOCM

1.5 prevalence
but lifetime risk
ca 10%

2.2
1.5
<1

0.7
1.5
<1
<1
8.4

Significantly <1
(may not be true
association)

NOT associated with malignant change but can be major cosmetic burden

Develop on major peripheral nerves; can be painful. Patients with multiple lesions
at increased risk of MPNST

Can be a major cause of morbidity. Most MPNSTSs arise in pre-existing plexiforms,
particularly those with deep involvement. Patients can also present acutely
because of sudden major haemorrhage into lesion

Severe problems unusual in NF1. A further 20% of children have specific learning
problems. There is a greatly increased risk of ADHD

NF1 patients should always have a scan at presentation to exclude an underlying
cause

Most present in childhood
Can develop at any age

Can develop at any age
Usually presents <30 years

Most present at 20—40 years with pain, neurological deficit, change in
pre-existing plexiform or as rapidly growing mass

May be multiple. Follow a more benign course than sporadic GISTs
Usually presents <20 years

Very rare, but case reports of sudden haemorrhage from vessel rupture with
underlying aneurysm/AVM

When occurs, need to check for carcinoid

When occurs, need to check for phaeochromocytoma
Usually asymptomatic

Usually in adults

Relative risk x5 for those <50 years; 8.4% is cumulative risk to age 50
(compared with 2% for general population)

Some case reports, but not reported in large NF1 cohorts

ADHD = attention deficit-hyperactivity disorder; AVM = arteriovenous malformation; GIST = gastrointestinal stromal tumour; HOCM = hypertrophic obstructive

cardiomyopathy; MPNST = malignant peripheral nerve sheath tumour.
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NFI region are known to have a more
severe phenotype with an increased risk
of malignant peripheral nerve sheath
tumour.’

e In some families, CAL spots * freckling
are present, but neither neurofibromas
nor major complications develop apart
from mild learning problems. Some of
these families arise from a specific
mutation in exon 17 of the NFI gene!®
and others from a mutation in the
SPREDI gene on chromosome 15.!!

Indications for genetic testing

1 Those who may have deletions on
clinical grounds.

2 Those with an atypical phenotype for
diagnostic clarification, although review
in a specialist NF clinic may be a useful
preliminary.

3 Families with two or more generations
with isolated pigmentary changes.

4 Children with no family history and
isolated pigmentary changes.

5 Prenatal/pre-implantation diagnosis.

Neurofibromatosis type two
Diagnosis

In contrast to NF1, the causes of severe mor-
bidity and mortality in NF2 are limited to the
nervous system and eye.® The major feature of
NF2 is bilateral vestibular schwannomas
(BVS) which usually cause hearing-related
symptoms in the late teens/early 20s. Many
patients also develop other cranial and spinal
nerve root schwannomas, cranial/spinal
meningiomas and ependymomas (usually
spinal). In families with ‘mild NF2’ the only
tumour burden may be BVS with no skin
tumours or ocular signs. In contrast, those
with ‘severe NF2’ tend to present in childhood
with eye problems (retinal hamartomas/
cataracts), loss of use of a muscle group due to
focal amyotrophy or NF2-related skin lesions.
Although histologically the peripheral
tumours are usually schwannomas, clinically
they are often indistinguishable from NF1
neurofibromas. The one distinct lesion is the
NF2 plaque which appears as a raised area of
roughened skin with an orange-brown colour
associated with hypertrichosis.?
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Fig 2. Composite image of coronal short tau inversion
recovery sequences through the neck and thorax,
abdomen and thighs of a 17-year-old with atypical
neurofibromatosis type one (spinal variant). He has only
two café au lait spots, no dermal but multiple nodular
neurofibromas. The scan, done to check for internal
involvement, shows multiple neurofibromas on spinal roots
and major peripheral nerves.
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Management

The management of NF2 is complex
(detailed discussion of the management
options is beyond the scope of this
article). Consensus guidelines recom-
mend follow-up in a multidisciplinary
clinic.>* There have been major improve-
ments in postoperative auditory rehabili-
tation in the last two decades with
improved surgical outcomes and with the
introduction of a brain stem implant for
patients where the eighth nerve is dam-
aged at surgery. Despite this, the non-VS
tumour burden in some patients is huge
and repeated surgery results in increasing
disability, which may be compounded by
an associated polyneuropathy.

Genetics and pathogenesis

NEF2 is caused by mutations in the NF2
TSG on chromosome 22. Inheritance is
autosomal dominant, with approximately
50% of cases the result of new mutations.
The gene encodes the protein merlin
which has an important role in the
co-ordination of two inter-dependent
processes: cellular adhesion and growth
factor receptor response.>?° Both in vitro
and mouse models of schwannoma
growth are being tested for response to
drugs that target the relevant pathways.

Indications for genetic testing

In contrast to NF1, genetic testing is now
a routine part of diagnosis and genetic
counselling in NF2. Genetic testing is
possible for most families and usually
discussed from around the age of 10 years.
Some couples opt for prenatal or pre-
implantation genetic diagnosis. There is
genotype-phenotype correlation, with
nonsense and frameshift mutations

associated with severe disease.?’

Mosaicism and
neurofibromatosis type two

There is evidence that 20-30% of spo-
radic patients are mosaics, the mutation
having arisen after conception leading to
two separate cell lineages.?’” In most
cases, the mutation is not detected on
lymphocyte analysis and it is necessary to
perform mutation analysis on tumours.
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Occasionally, there is clinical suggestion
of mosaicism with the scan showing uni-
lateral VS and multiple meningiomas.
Mosaic patients have a lower risk of
transmitting the disease but when they
do the children, who have the mutation
in all their cells, tend to be more severely
affected. However, in the second and
subsequent generations of a family NF2
tends to ‘breed true’

Schwannomatosis

Schwannomatosis overlaps with NF2 at
both the clinical and molecular level >3
but these patients are mainly at risk of
developing peripheral nerve and spinal
root schwannomas. Cranial nerve
involvement is rare. There is no eye
involvement, ependymomas have not
been seen and meningiomas occur very
rarely. The appearance of the tumours is
clinically and radiologically the same as
in NF2 but the tumours are associated
with more pain. Currently, schwanno-
matosis is a diagnosis made after exclu-
sion of NF2 by eye examination, neuraxis
imaging and genetic testing.

Genetics and pathogenesis

Most cases of schwannomatosis are
sporadic, with some patients having
localised lesions suggestive of mosaicism.
The risk to offspring of sporadic cases is
much less than 50%. In familial cases
inheritance is dominant but expression is
variable and incomplete penetrance is
recorded.?®

The genetic mechanisms underlying
schwannomatosis are still being eluci-
dated.?®3° The gene has been localised to
chromosome 22 proximal to NF2 and
mutations in the INII/SMARCBI TSG
were reported in one family last year.’
Subsequent reports suggest that a third
of familial cases and 7% of sporadic cases
have germline INII mutations. Muta-
tions in the same gene also cause inher-
ited predisposition to rhabdoid tumours
which develop after a somatic ‘second
hit 2931

The major question therefore is why
mutations in the same gene cause such
different phenotypes. Early work from
two groups suggests a complex mecha-

nism of tumorigenesis in schwanno-
matosis which requires somatic mutation
in both copies of the NF2 gene as well as
in INI1.2%31
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