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Editorial

The present volume of Monographs in Human Genetics focuses on

‘Neurofibromatoses’, important autosomal dominant genetic disorders of the

nervous system that primarily affect the development and growth of neural cell

tissues. They encompass a set of distinct disorders that cause tumors to grow on

nerves and, in addition, can affect the development of non-nervous tissues such

as bones and skin. The first precise clinical and pathological characterization of

neurofibromatosis (type I) was published in 1882 by Friedrich Daniel von

Recklinghausen, a German pathologist who then practiced and taught medicine

at the University of Strasbourg.

The genes and mutations causing neurofibromatoses have been identified

in recent years. Moreover, very much has been elucidated about the complex

molecular mechanisms leading to these diseases. By no means is it easy for the

non-specialist to get an overview of the many aspects and the current knowl-

edge of neurofibromatoses. Therefore, this volume of Monographs in Human
Genetics aims to contribute a timely update and compilation of the manifold

data obtained for these disorders by clinical studies, genetics and molecular

biology.

I thank all the authors for their interesting contributions, the editor Dieter

Kaufmann for his invaluable and constant efforts in organizing this book and

processing the manuscripts, and the publisher Thomas Karger for his engage-

ment in this book series.

Michael Schmid
Würzburg, December 2007
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Preface

‘When a disease-causing gene is identified, a causal therapy is only a few

steps away’. The neurofibromatoses, covered in this volume of the series

‘Monographs in Human Genetics’, illustrate that this is not so easy. A chapter

called ‘Causal Therapy of the Neurofibromatoses’ is as yet missing. Still, the

understanding of the molecular mechanisms underlying these diseases has

increased enormously after the identification of the respective genes, which

raises the patient’s hopes for successful therapies. Patients with Neurofibromatosis

type 1 (NF1), formerly known as Morbus Recklinghausen, have led a shadowy

existence for centuries as demonstrated by the literary character of the

‘Hunchback of Notre Dame’. This changed after foundation of patient support

groups and raising large-scale funds for research. These funds were essential

for advancing investigation of the neurofibromatoses and thereby caused great

progress in their understanding. The data on these diseases have become very

complex. In many places the present book can be seen only as an introduction

to the neurofibromatoses.

The neurofibromatoses, predisposing to multiple tumours of the peripheral

nervous system, are often considered classical tumour suppressor diseases. In NF1

multiple dermal neurofibromas dominate, in the much rarer Neurofibromatosis

type 2 (NF2) and schwannomatosis schwannomas are the most frequent tumour

type. This book centers on the genetic mechanisms underlying these three dis-

eases. As NF1 is the most frequent of the three, the majority of chapters deal with

this disease.

While the symptoms of NF2 and schwannomatosis are largely restricted to

the various tumour types, NF1 presents with a distinctive pleiotropy for non

IX



tumor-associated symptoms. These symptoms, e.g. learning disabilities or bone

abnormalities, can have the same significance for the clinic as the multiple

tumours. Since the symptoms do not adhere to academic boundaries interdisci-

plinary medical care is required. This topic and the necessary diagnostic and

therapeutic measures are covered at the beginning of this book.

The NF1 gene is very large. One report concerns its structure and a second

its evolution in mammals. Identifying specific NF1 mutations is laborious. The

mutational spectrum and some genotype/phenotype correlations are addressed

with special focus on NF1 microdeletions and associated phenotypes. NF1

shows intrafamilial variability of symptoms which is very meaningful for

genetic counselling. The causes for this variability are still not known, except

for the stochastic of second hit mutations in tumour progenitor cells and the

higher noise in neurofibromin-associated signal transduction pathways in NF1
haploinsufficient cells.

Most tumours of NF1 and NF2 are slow growing, primarily benign and

very rarely undergo malignant transformation. One chapter deals with somatic

(second hit) mutations of the NF1 gene in these tumours and also in other tis-

sues and tumour types. Furthermore there is a description of how essential the

interaction of NF1 deficient cells with NF1 haploinsufficient cells is. It turns

out that the NF1 gene product neurofibromin has various functions and is

involved in the regulation of numerous signalling pathways. This may explain

the observed pleiotropy. Some domains of neurofibromin could be charac-

terised on a molecular level. This is shown in detail together with knowledge of

the resulting neurofibromin functions.

The pathways regulated by neurofibromin overlap in part with those influ-

enced by merlin, the protein product of the NF2 gene. One chapter covers the

function of merlin in tumours, the mutations found in NF2 and the necessary

clinical management of disease. In the meantime, schwannomatosis can be reli-

ably distinguished from NF2 and NF1 in the clinic. The concluding chapter

reports on the status of the molecular investigations of this disease.

I wish to thank Karger publishers and Michael Schmid (series editor of

Monographs in Human Genetics) for the opportunity to make study of neurofi-

bromatoses more popular. Furthermore, I want to thank all authors for their

contributions. I hope that this book will arouse greater interest in these very

common inherited tumour diseases and thereby help to step forward to causal

therapies.

Dieter Kaufmann
Ulm, December 2007
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The Neurofibromatoses: 
Classification, Clinical Features 
and Genetic Counselling

S.M. Huson

Medical Genetic Research Group and Regional Genetic Service, University of

Manchester and Central Manchester and Manchester Childrens Hospitals 

NHS Trust, Manchester, UK

Abstract
Neurofibromatosis type 1 (NF1) is one of the commonest dominant disorders in man.

Recent molecular genetic studies have identified some clinically useful genotype-phenotype

correlations. A non-allelic but phenotypically similar condition has also been reported. In

this article, additions to the current NF1 diagnostic criteria and a new NF classification sys-

tem are proposed. In the differential diagnosis the importance of identifying families with the

mismatch repair deficient phenotype is highlighted. The clinical problems that can occur in

NF1 are summarized and newly recognised associations included (nail bed glomus tumours

and increased risk of breast cancer in women). The key factors of importance in genetic

counselling for families with NF are discussed.

Copyright © 2008 S. Karger AG, Basel

Historically the different kinds of neurofibromatosis were ‘lumped’

together under the umbrella terms neurofibromatosis (NF) or von Reck-

linghausen’s disease. With the application of modern methods of genetic

research during the last two decades of the last century the main types of NF,

types 1 (NF1) and type 2 (NF2), have been shown to be distinct both clinically

and genetically [1–3]. More recently subtypes of NF1, both allelic and non-

allelic, have been defined [4–6] as has the NF2 related condition, schwanno-

matosis [7, 8].

These distinctions are more than just an academic exercise (and one

geneticists like myself are fond of!); the various forms of NF have quite differ-

ent implications for patients in terms of management and genetic counselling.
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Neurofibromatosis: Definition and Classification

As we learn more about the distinct natural history and molecular patho-

genesis of NF1 and NF2 it is tempting to agree with the recent suggestion that

NF1 and its subtypes would be better defined as ‘neuro-cardio-facial-cutaneous

(NFNC) syndromes’, along with Noonan, LEOPARD, cardio-facio-cutaneous

(CFC) and Costello syndromes [9, 10]. These conditions all share a variable

degree of learning difficulty, cardiac defects, overlapping facial dysmorphism,

short stature, macrocephaly and skin abnormalities. Patients with all of the con-

ditions, except CFC, have been shown to have an increased risk of specific, and

overlapping, malignancies. They have also been shown to result from germline

mutations in the evolutionarily conserved Ras-MAPKinase pathway. These

conditions are discussed further in this volume by Stevenson, Swensen and

Viskochil [11]. NF2 may be more appropriately part of a separate group along

with schwannomatosis.

Such major changes of classification and terminology need to be discussed

and agreed by an international consensus group. For the purposes of this article I

will use the working definition of NF that I have developed in clinical practice and

propose an update to the NIH consensus conference classification of NF [1, 12].

NF Definition
The neurofibromatoses are a group of conditions which predispose to

tumours of the nervous system and abnormal skin pigmentation. Each type is

defined by the presence/absence of café au lait (CAL) spots and skinfold freck-

ling, what kind of peripheral nerve tumour develops (neurofibromas vs.

schwannomas) and other features, particularly in the eye, specific to each form.

NF Classification
Riccardi first recognised the importance of clear distinction of the differ-

ent types of NF1 and proposed a numerical classification system based upon

the presence/absence of CAL spots, skinfold freckling, neurofibromas/schwan-

nomas and Lisch nodules [13]. This classification formed the basis for subse-

quent discussions and developments and was replaced by the NIH consensus

conference classification and diagnostic criteria [12]. Subsequent clinical stud-

ies recognized the need for revision of the NF2 diagnostic criteria [1, 14].

Viskochil and Carey [15] envisaged a classification based around molecular

genetic classification; at the time, this proposal was not taken up but as I will

discuss it would now seem timely to add genotypic data to the diagnostic crite-

ria. Based upon a review of the current literature and clinical experience, an up

to date NF classification is summarised in table 1 [16–20]. For completeness,

previous terminology for the different types is included [12].
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Table 1. Proposed classification system for the neurofibromatoses

NF type Previous Disease Gene/chro- CAL Skinfold Peripheral nerve Eye Other frequent 

[references] names frequency mosome spots freckling tumours findings clinical features

NF1 and related disorders
NF1 [1–3] Von Reckling- 1/3,000 NF1/17 �6 Yes Dermal, nodular Lisch nodules Learning and 

hausen or (birth and plexiform (LN) behaviour problems;

peripheral NF incidence) neurofibromas Optic predisposition to 

nerve gliomas certain malignancies 

(ONGs) and numerous other 

complications:

see table 2

NF1 subtypes – Allelic (A)
A1 NF1 Accounted for 1/60,000 NF1/17

micro- at least some (assuming 

deletions [4] designated accounts for 

NF-Noonan 5% NF1 

syndrome mutations)

A2 Del AAT Autosomal ? NF1/17 �6 Yes None reported LN less Majority of 

exon 17 [5] dominant CAL to date frequent reported families 

spots only than usual have pigmentary 

features only with 

lower frequency of 

all complications 

except pulmonary 

stenosis

Clinical features of NF1 with tendency to excessive numbers of dermal neurofi-

bromas, more severe learning problems, increased frequency of certain NF1 com-

plications including cardiovascular and malignant peripheral nerve sheath tumour.

In addition microdeletion cases usually have specific craniofacial dysmorphism

and a tendency to be taller rather than shorter than average for their age.
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A3 Watson NA Very rare NF1/17 �6 Yes Adults have LN less Mild learning 

syndrome [16] few if any frequent problems more 

dermal Nfs; than normal; frequent than usual; 

other kinds of no ONGs as is pulmonary 

neurofibromas reported stenosis. Other 

not reported complications not 

reported.

A4 Localised/ Segmental 1/36,000– Somatic NF1
segmental NF1 40,000 mutations

NF1 [17, 18] (prevalence)

NF1 subtypes – Non-Allelic (NA)
NA1 SPRED1 Autosomal ? SPRED1/15 �6 Yes None None Main other NF1 

phenotype [6] dominant CAL feature in most 

spots only people was 

macrocephaly. A few 

had learning problems, 

two had ADHD. 

Several people had 

lipomas (see text).

Table 1. (continued)

NF type Previous Disease Gene/chro- CAL Skinfold Peripheral nerve Eye Other frequent 

[references] names frequency mosome spots freckling tumours findings clinical features

Cutaneous features of NF1 (pigmentation and/or neurofibromas) limited to one

or more segments of body. Associated NF1 complications relatively uncommon-

combined frequency of 5.6% in one large series.
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NF2 and related disorders
NF2 Central or 1/25,000 NF2/22 �6 but No Predominantly Juvenile Most frequent 

[1–3, 19] Wishart (birth occur at schwannomas Posterior feature are 

incidence) higher histologically but subcapsular bilateral vestibular 

frequency neurofibromas lens opacity/ Schwannomas.

than in can occur. cortical Meningiomas, 

general Clinically only cataract in other cranial 

population NF2 plaques are 70–80%; retinal nerve and spinal 

distinguishable abnormalities root schwannomas, 

from dermal/ in 22% ependymomas.

nodular/plexiform 

neurofibromas

NF2 subtypes – Allelic (A)
A1 Localised/ NA 1/970,000 NF2/22

Segmental [17]

NF2 [17]

NF2 subtypes – Non-Allelic (NA)
NA1 NA 1/580,000 INI1/ None None Peripheral None None

Schwan- [17] SMARCB1/22 nerve and 

nomatosis spinal root 

[7, 8, 20] schwannomas

NF2 associated cranial tumours localised to one half of brain. When patients

have spinal or peripheral nerve schwannomas localised to one part of body it is

impossible to know clinically if this is form of NF2 or Schwannomatosis.
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Neurofibromatosis Type 1

NF1 is not only the commonest form of NF but also one of the commonest

dominant disorders in man. As reviewed below and summarised in table 1 spe-

cific subtypes of NF1 are emerging where clinical features tend to be more uni-

form in families; in a general NF1 clinic they represent 5% of cases seen at

most. In the majority of families NF1 is a highly variable and unpredictable

condition. It is this aspect of the disease which is most difficult for families and

physicians alike – for the former the uncertainty of what may happen in the

future and for their Doctors how to inform people about NF1 without causing

unnecessary anxiety and over-medicalising the condition, whilst still encourag-

ing to report unusual symptoms at an early stage.

NF1 Clinical Features
These are summarised in table 2 [21–23]. Clinically I find it useful to

divide them into three categories:

(1) Major defining features. These are CAL spots (fig. 1), skinfold freck-

ling (fig. 2), Lisch nodules and the different kinds of neurofibromas (fig. 3).

They are present in the majority of NF1 patients and are the key diagno-

stic features. Only neurofibromas are associated with significant medical

problems.

(2) Minor features. These are features which occur in an excess of patients

with NF1 but are not specific enough to be included in the diagnostic criteria.

They include short stature, macrocephaly and pectus excavatum [3].

(3) Complications. Virtually all of these can occur as isolated events in the

general population. However, people with NF1 have an increased relative risk

of their occurrence although the actual incidence of a given problem in NF1

may still be very low as they are such rare events in the general population. The

most frequent complications are discussed in detail in the next chapter. New

associations with NF1 are still being recognised. The most recent are glomus

tumours of the nail beds [24] – these are an important cause of digital pain in

NF1 and several of the patients I have diagnosed had been extensively investi-

gated for more proximal peripheral nerve tumours initially.

Another limitation to literature interpretation is the limited prospective

natural history data. Many of the earlier studies of large patient cohorts were

cross-sectional and therefore would be expected to under-estimate the life time

frequency of some complications, particularly malignancy. More recent studies

have shown the life time risk of malignant peripheral nerve sheath tumours to

be in the range of 8–13% [25]. Also an increased risk of breast cancer in women

with NF1 under 50 years of age has only emerged as a much larger cohort than

previously has been followed prospectively [26].
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Table 2. NF1 clinical features and age of onset [21–26]

Disease feature Frequency (%)a Age of presentation

Café au lait (CAL) spots �99 0–2 years

Skinfold freckling 67 3–5 years

Dermal neurofibromas �95 of adults �7 years, usually postpubertal

Nodular neurofibromas 48b Occasionally �10 years, usually 

start developing from teens

Plexiform neurofibromas

All lesions 30.0 0–18 years

Large lesions of head and neck 1.2 0–1 year

Limbs/trunk lesions associated 5.8 0–5 years

with hypertrophy

Lisch nodules 90–95 �3 years

Macrocephaly 45 Birth

Short stature 31.5 Birth

Intellectual handicap

Severe 0.8 0–5 years

Moderate 2.4 0–5 years

Minimal/learning difficulties 29.8 0–5 years

Epilepsy

No known cause 4.4 Lifelong

Secondary to disease 2.2 Lifelong 

complications

Hypsarrhythmia 1.5 0–5 years

CNS tumors

Optic glioma 1.5c 0–20

Other CNS tumors 1.5 Lifelong 

Spinal neurofibromas 1.5 Lifelong 

Aqueductal stenosis 1.5 Lifelong, usually �30 years

Malignancy

MPNST 1.5d Lifelong

Rhabdomyosarcoma 1.5 0–5 years

Orthopedic

Scoliosis, requiring surgery 4.4 0–18 years

Scoliosis, less severe 5.2 0–18 years

Long bone dysplasia 3.7 0–2 years

Vertebral scalloping 10.0e Lifelong 

Gastrointestinal stromal 2.2 Lifelong 

tumours

Renal artery stenosis 1.5 Lifelong 

Pheochromocytoma 0.7 �10 years

Duodenal carcinoid 1.5 �10 years

Juvenile xanthogranuloma 0.7 0–1 year

Congenital glaucoma 0.7 0–1 year
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In clinical practise it is important to note the ages at which the different

complications usually present. Parents find it helpful to know that a given com-

plication can no longer develop; e.g. I have never seen tibial pseudarthrosis pre-

sent after a child has begun walking or detected a serious facial plexiform after

the age of three.

Sphenoid wing dysplasia �1 Congenital 

Lateral meningocele �1 Lifelong 

Juvenile myelomonocytic leukemia �1 0–18 years

Cerebrovascular disease �1 Childhood 

Glomus tumours of nailbed �1 Usually in adults

Breast cancer in women Relative risk �3 

for those �50 years

aData mainly from Huson et al. [21].
bTucker et al. [56].
cOptic glioma seen in 15% of children if imaging study done [22].
dLife time risk may be as high as 8–13% [25].
eData from Riccardi and Eichner [23].

Table 2. (continued)

Disease feature Frequency (%)a Age of presentation

Fig. 1. Typical CAL spots in a child with NF1.
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NF1 Diagnostic Criteria
The NF1 diagnostic criteria were agreed at the NIH 1987 NF consensus

conference [12]. They have stood the test of time well until relatively recently.

They are shown in table 3 along with a suggested update. Given the improved

detection methods for NF1 mutations [27], at least two examples of clinically

important genotype-phenotype correlation and confirmation of non-allelic het-

erogeneity [6], it seems timely that ‘a mutation in the NF1 gene’ is added.

The recently recognised phenotype of mismatch repair deficiency syn-

drome (MMR-D) [28, 29] also means that the term ‘first degree relative’ needs

further definition. MMR-D patients have biallelic mutations in one of the mis-

match repair genes associated with hereditary non-polyposis colon cancer

(HNPCC) in the heterozygous state. Inheritance of MMR-D is therefore reces-

sive but the heterozygous parents are at risk of HNPCC. The overlap with NF1

arises because many of the reported cases have multiple CAL spots;

Bandipalliam has recently reported a systematic literature review [29]. The

majority of affected individuals are reported as having CAL spots only although

these usually have irregular edges and pigmentation which is unusual in NF1,

Fig. 2. Axillary freckling in NF1. The patient had only recently been diagnosed in her

mid forties after presenting with a rapidly enlarging, painful swelling of the left arm (also

shown); this was found to be a Malignant Peripheral Nerve Sheath Tumour (MPNST).
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however as they may have an affected sibling the NIH criteria for NF1 can be

met. The difficulty is that CAL spots are seen as a phenotypic marker in DNA

repair syndromes and ring chromosome syndromes. It is difficult to know

whether they are simply a reflection of faulty DNA repair mechanisms and

unstable mitosis. Perhaps a comment on the other syndromes in which CAL

spots can occur and their appearance needs also to be added to the criteria.

However, at least some MMR-D cases have other features of NF1. Of the 26

cases reviewed by Bandipalliam, 16 had CAL spots only; five had CAL spots plus

a

c

b

Fig. 3. The different kinds of neurofibroma. (a) Dermal neurofibromas. (b) Nodular

neurofibromas. (c) Diffuse plexiform neurofibroma over lower left flank.
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another disease feature which would have led to an independent diagnosis of

NF1, two of these had siblings with just CAL spots; one was said to have had a

fibroma at age 15 years but no spots and in three the skin had not been com-

mented on in the original report. Although mismatch repair analysis has been

undertaken in all reports, NF1 genetic analysis has not. Therefore whether an NF1
mutation is present and if it is identical in the familial cases is not known. A fur-

ther report [30] is of an affected child with NF1 features limited to half the body

suggesting a somatic NF1 mutation. One possible explanation for the association

of MMR-D and NF1 is that the NF1 gene may be a particular target for mismatch

repair (MMR) mutagenesis which has been shown in two in vitro studies [31, 32].

This MMR deficient phenotype is important to recognise for two reasons,

the much higher risk of early malignancy in the patient, and the risk of HNPCC

related malignancy in the patient and the heterozygote parents. None of the

Table 3. Suggested changes to NIH NF1 diagnostic criteria

The NIH Consensus Development Conference Statement diagnostic criteria for NF1 [11] are met in an individual
who has two or more of the following:
1. Six or more café-au-lait macules of over 5 mm in greatest diameter in prepubertal individuals and over 15 mm

in greatest diameter in postpubertal individuals.

2. Two or more neurofibromas of any type or one plexiform neurofibroma.

3. Freckling in the axillary or inguinal regions.

4. Optic glioma.

5. Two or more Lisch nodules (iris hamartomas).

6. A distinctive osseous lesion such as sphenoid dysplasia or thinning of the long bone cortex with or without

pseudarthrosis.

7. A first-degree relative (parent, sibling, or offspring) with NF1 by the above criteria.

Suggestions for updating criteria:
1. Six or more café-au-lait macules of over 5 mm in greatest diameter in prepubertal individuals and over 15 mm

in greatest diameter in postpubertal individuals.

2. Two or more neurofibromas of any type or one plexiform neurofibroma.

3. Freckling in the axillary or inguinal regions.

4. Optic glioma.

5. Two or more Lisch nodules (iris hamartomas).

6. A distinctive osseous lesion such as anterolateral bowing of the lower leg with or without pseudarthrosis.

7. A parent or offspring with NF1 by the above criteria.

8. A pathogenic mutation in the NF1 gene

• The CAL spots in NF1 usually have a smooth contour and uniform depth of pigmentation. Patients with

DNA repair and ring chromosome syndromes can have �6 CAL coloured areas but with both an irregular

contour and pigmentation depth.

• Patients with segmental NF1 may have �2 of criteria 1–6 but limited to one (usually) or more distinct body

segments.
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parents in the reports have shown any features of NF1. The majority of reported

children have been born into known HNPCC families.

As a result of their studies of long bone dysplasias in NF1 Stevenson et al.

[33] have recently suggested alteration to the wording of criterion 6 of the NIH

criteria and I have included this in the revised criteria (table 3).

The final problem I have encountered is that cases with segmental NF1

[17] can meet the criteria unless the significance of the distribution of the skin

changes is appreciated. Several segmental patients have sought specialist

review in our clinic having been confidently diagnosed with NF1 elsewhere, on

the basis of a segment of skin with �6 CAL spots and unilateral skinfold freck-

ling. Therefore, a comment regarding distribution needs to be included in the

criteria.

NF1 Genotype-Phenotype Correlation
To date only two correlations of clinical significance have been reported:

the NF1 microdeletion phenotype [4] and the exon 17 del AAT associated with

absence of neurofibromas [5]. These, along with the recent report of mutations

in the SPRED1 gene causing a NF1 like phenotype [6], mean there is an

increasing role for NF1 genotyping in clinical practice. This is further discussed

in this volume by Upadhyaya [34].

Family studies have suggested that the variation in expression seen in the

majority of NF1 families is caused by the influence of modifying genes [35].

NF1 Subtypes

The most frequent of these is mosaic or segmental NF1. The other sub-

types have been defined from the rare families in which the majority of affected

individuals exhibit very similar NF1 features in two or more generations. In my

experience such families represent �5% of an NF1 clinic population. The

importance of their recognition is the similarity of phenotype in family mem-

bers. Until recently, it was only possible to diagnose these subtypes in multi-

generational families. However, molecular genetic diagnosis of some of them is

now possible.

Segmental or Localized NF1
The term segmental or localized NF1 is used to describe the patients with

disease features limited to one or more body segments. Ruggieri and Huson [17]

estimated disease prevalence to be between 1 in 36,000 to 40,000 individuals in

the general population. Most patients are asymptomatic and seek medical opin-

ion because of the unusual appearance of the skin. In the majority of patients the
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area involved is unilateral and varies in size from a narrow strip to one quadrant

and occasionally one half of the body. Some patients have more than one seg-

ment involved on both sides of the midline, either in a symmetrical or asymmet-

rical arrangement. Within the affected area the patients either have NF1-related

pigmentary changes, neurofibromas alone, or both. Ruggieri and Huson

reported 124 cases, eight of the patients having a solitary plexiform neurofi-

broma as their only manifestation. Seven of the remaining 116 patients (6.9%)

had specific NF1 complications, including learning difficulties, plexiform neu-

rofibromas, optic pathway gliomas, and pseudarthrosis. Other NF1 complica-

tions were only identified in patients with segmental pigmentary changes. The

importance of recognizing this group is for their different natural history and

because they have much lower recurrence risks in offspring. There are, however,

well recorded examples of parents with segmental NF1 diagnosed through chil-

dren with full-blown NF1 [36]. These parents are gonosomal mosaics.

Since the first clinical descriptions it had been assumed segmental NF1

resulted from somatic mutation of the NF1 gene. Proving this through mutation

analysis turned out to be more difficult than anticipated [36–38]. Maertens

et al. [18] have recently shown that it is necessary to perform NF1 mutation

analysis in Schwann cells derived from neurofibromas and melanocytes from

the CAL spots of the affected segment to identify the causal mutation. Their

work also demonstrates that the phenotype reflects the embryonic timing and,

therefore, the neural crest-derived cell type involved in the somatic mutation.

This work is important both clinically and for providing insights into the patho-

genesis of different NF1 disease features. From a clinical viewpoint, patients

with segmental NF1 sometimes find the small, but definite risk of a child with

generalized NF1 too big a risk. We now have the methods by which the

causative mutation can be found to enable prenatal diagnosis.

The CAL-only Phenotype
This term is used to describe multi-generational families with multiple

CAL spots as their main disease feature sometimes associated with axillary

freckling. Prior to mutation testing, one family had been shown to be linked to

the NF1 region and two not [40–42]. Two recent studies have further elucidated

the genetic basis of this phenotype:

a) NF1 Exon 17 3-bp inframe deletion. Upadhyaya et al. [5] recently

reported 21 unrelated probands (14 familial and 7 sporadic) with the same

c.2970–2972 del AAT (p.990delM) mutation but no cutaneous neurofibromas

and no clinically obvious plexiform neurofibromas. Of the total cohort

(n � 47), only one had had a symptomatic spinal neurofibroma removed.

Thirty of the 47 individuals had axillary freckling. There was also a different

frequency of complications, with a much lower frequency of learning problems,



Huson 14

macrocephaly and short stature; a similar frequency of scoliosis but with an

increased frequency of pulmonary stenosis. The main importance of the pheno-

type was the lack of dermal neurofibromas in adult patients.

b) SPRED1 gene and CAL spots only phenotype. Brems et al. [6] recently

reported mutations in the SPRED1 gene on chromosome 15. In a large NF1

clinic they identified five families with CAL spots, axillary freckling, macro-

cephaly and Noonan like facies in some individuals. No neurofibromas or

Lisch nodules were present. The only other features which overlap with NF1

were learning problems in some individuals, ADHD in two people and pectus

excavatum in several. Several individuals had lipomas, but as these are rela-

tively common in the general population, their significance is uncertain. As is

the finding of individual cases with lung cancer (non-smoker age 42), child-

hood malignant tumour (possibly Wilms) and colon adenoma (age 45). When

NF1 mutations were not identified, they did linkage studies in the two largest

families and mapped the locus to chromosome 15. In this region SPRED1
was recognized as an ideal candidate, as it negatively regulates MAPK sig-

naling like neurofibromin. Mutations were found in all five families. They

then extended their studies to 86 unrelated patients who had negative NF1 test-

ing and CAL spots � freckling only and found 7/86 (8%) had SPRED1
mutations.

The clinical importance of these findings is that clinically useful natural

history predictions can be made through finding one of these mutations.

Prospective studies of their frequency in children presenting with multiple CAL

but no family history are needed.

Watson Syndrome
Watson [42] described autosomal dominant inheritance of pulmonary

stenosis, multiple café au lait spots, and intelligence at the lower end of the

normal range. At that time pulmonary stenosis was not recognized as an NF1

complication and all family members had mild learning problems which is

unusual in NF1. A few similar families have since been reported. Allanson

et al. [43] followed up the original Watson patients and confirmed that their phe-

notype had remained distinct from NF1. Although a few individuals had Lisch

nodules on slit lamp examination and some had developed neurofibromas,

both of these features were present at a much lower frequency than is usually

seen in NF1. They demonstrated linkage with markers for the NF1 gene. Since

then three different mutations in the NF1 gene have been reported in Watson

syndrome (an 80-kb deletion, an in-frame tandem duplication in exon 28

and the exon 17 3-bp deletion discussed above [44, 45] respectively). This sug-

gests that the NF1 mutation alone is not sufficient to explain this distinctive

phenotype.
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Neurofibromatosis-Noonan Syndrome (NFNS)
The present author has never been convinced that a specific NFNS pheno-

type exists, as suggested by Opitz and Weaver [46]. A systematic survey of the

Noonan phenotype in a series of NF1 patients also concluded that this was not

a unique syndrome [47]. However, a reasonable number of patients with NF1

do have facial features that overlap with mild Noonan syndrome, with mild pto-

sis and hypertelorism, down-slanting palpebral fissures, and posteriorly rotated

ears [47, 48]. These patients have NF1 gene mutations [49]. Pectus excavatum

can also occur in both conditions; it was present in 31% of Riccardi’s NF1

patients [23]. Given the recent findings of mutations in other components of the

Ras-MAPK pathway in Noonan and other syndromes with features overlapping

NF1 and Noonan’s, one possibility to explain the variable NFNS phenotype is

the interaction with functional polymorphisms in other genes in the pathway.

Spinal NF
Patients with NF1 can develop neurofibromas on the dorsal spinal roots,

either as a single entity or at several consecutive levels as part of a plexiform

neurofibroma. There is a subset of NF1 patients where the spinal root tumours

are the principle feature. Families with this consistent phenotype have been

reported [50–52]. Pulst et al. [52] reported one family which did not map to the

NF1 locus. Messiaen et al. [53] have recently described 22 adult patients with

the phenotype which they define as an entity where patients present with few

NF1 pigmentary features and absence of dermal neurofibromas but with multi-

ple spinal neurofibromas with or without involvement of peripheral nerves.

They identified NF1 mutations in 18/22 of the cohort, suggesting there may be

genetic heterogeneity. They found a very different spectrum of mutations com-

pared with the general NF1 population with an over-representation of missense

and splice mutations. These findings may point towards a different requirement

for dermal vs. spinal root neurofibromas.

Genetic Counselling in NF1

The first step in the genetic counselling process is confirmation of diag-

nosis. In our NF clinic we occasionally see people referred where other causes

of CAL like pigmentation or patchy skin pigmentation in general (e.g. ring

chromosome syndromes, children of parents with different skin colouring) or

cutaneous/subcutaneous tumours (e.g. lipomas) have been diagnosed as NF1.

Once these diagnoses have been excluded then it is important to ensure the

patient has typical NF1 rather than one of the much rarer subtypes described

above. Patients with the severe form of NF2 can present in early childhood
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with a couple of CAL spots, and tumours which clinically are plexiform neu-

rofibromas (but are histologically usually schwannomas). The most useful skin

sign in this form of NF2 is the NF2 plaque which present as areas of brown-

orange skin which are slightly raised and roughened and may be hairy. Eye

examination is also helpful as NF1 and NF2 have quite distinct features. In

cases where diagnosis is uncertain evaluation in a specialist NF clinic can be

helpful.

Once the diagnosis of NF1 is made counselling depends on the family sit-

uation as follows:

People with Typical NF1
Patients with NF1 have a 50/50 chance of an affected child. The problem

is that apart from the rare subtypes discussed above, the phenotype does not

‘breed true’ even in families. Therefore we can not predict how a child will

be affected. A person’s perception of risk is influenced by his/her own NF1

experience and that seen in other family members. It is important to stress

that, in most families the presence of an NF1 complication in a parent does

not mean an increased risk of that problem in their children. Based on the

Welsh population study [54], if one assumes that people will be most con-

cerned about the risk of severe learning problems, the different complications

that develop in childhood and cause lifelong morbidity and the risk of an NF1

related malignant tumour, then the risks of an offspring with one of these is

around 1 in 12.

The majority of couples decide that they will have children without prena-

tal diagnosis, although if a test were available to predict severe NF1 the situa-

tion would probably be very different. With improved mutation detection rates

[27] both prenatal and preimplantation genetic diagnosis is available for NF1.

In familial cases DNA marker studies can also be used.

Often the risks to children are only one aspect of the counselling session.

The consultant’s main concerns are often the natural history of NF1 and the

likely cosmetic burden of dermal neurofibromas.

Children at Risk of NF1
It is extremely rare for there to be any NF1 features picked up on ultra-

sound examination in pregnancy or at birth. There are a handful of reports of

massive plexiform neurofibromas being detected in late pregnancy or at birth.

Most NF1 children have no immediate problems, although sometimes one or

more CAL spots will already be present. The majority of children with NF1

will have developed multiple CAL spots by their first birthday but some, par-

ticularly with pale colouring may not develop obvious spots until their second

birthday and rarely later. In our clinic we therefore see the children at around
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3 months, 15 months and around 2 years. If there are no CAL spots we

then offer a final check around the fifth birthday. We have not routinely

offered early mutation testing to determine status and few families have

requested it.

There are rare families with �6 CAL spots, particularly with spinal NF,

and in these mutation testing at an appropriate age is necessary and may be bet-

ter delayed until the child can take an active part in the counselling process.

Counselling Parents of Sporadic Cases
As 50% of cases are the result of new mutations, this is a common genetic

clinic scenario. In a follow-up study of children with �6 CAL spots Korf [55]

found 95% of them develop typical NF1. Hitherto, it has been usual to counsel

that NF1 is the most likely diagnosis and follow as appropriate. With the recent

reports of the exon 17 deletion and SPRED1 phenotypes, with a much milder

natural history, testing at least for these subtypes should now be considered in

children presenting with only CAL spots �/– skinfold freckling. Obviously if

there is an associated NF1 complication such as a plexiform neurofibroma or

pseudarthrosis then a diagnosis of typical NF1 is secured. If the parents are con-

sidering more children then examination of their skin and irides is recom-

mended because of the rare cases of segmental NF1 who are gonosomal

mosaics. If examination is normal I counsel that the risk is little above the gen-

eral population risk of a new mutation (around 1/6,000) as pure gonadal

mosaicism in NF1 is an extremely rare event. Counselling parents with seg-

mental NF1 is difficult and one can only use empiric risks. Animal studies sug-

gest that it is proportional to the body area involved. Molecular genetic

diagnosis through analysis of specific cell types from the affected area with the

potential for a prenatal test is now possible [18].
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Abstract
Neurofibromatosis 1 is a common condition with an autosomal dominant pattern of inher-

itance. Clinical management of patients with NF1 is complex due to the diversity of symptoms

within patients. An interdisciplinary approach focusing different therapeutic interventions in

each discipline is necessary to achieve optimal clinical care. Clinical diagnosis is based on NIH

NF1 criteria. Therapeutic interventions in children with NF1 should focus the following aspects:

general development (motor/cognitive function), visual symptoms, pubertal development

(delayed/precocious puberty), blood pressure (renal artery stenosis), cardiovascular examination

(congenital heart disease), evaluation of bones and spine (scoliosis associated with plexiform

neurofibromas, pseudarthrosis), and examination of skin (cutaneous/subcutaneous and plexi-

form neurofibromas). Most of adult NF1 patients do not develop life-threatening complications.

Disfiguring skin tumors are main burdens and can be removed successfully by surgery. It is

essential to identify at risk patients for developing vascular complications, spinal tumors, pro-

gressive plexiform tumors, malignant peripheral nerve sheath tumors and/or gastrointestinal

stromal tumors. As of yet, there are no reliable patterns to sort out at risk patients. Patients should

present on a regular annual basis to a specialist in collaboration with their family practitioner. In

view of the complex burden of NF1, psychological support has to be considered.

Copyright © 2008 S. Karger AG, Basel

Neurofibromatosis 1 (NF1) is a common condition with an autosomal

dominant pattern of inheritance. Within the last decade there has been signifi-

cant progress in the therapeutic interventions based on molecular and clinical

studies (such as neuropsychological and neuroimaging studies). Clinical man-

agement of patients with NF1 is still complex due to the diversity of symptoms.

An interdisciplinary approach focusing on different therapeutic interventions in

each discipline is necessary to achieve optimal clinical care.
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NF1 in Children

Clinical diagnosis is based on clinical investigation to meeting NF1 diag-

nostic criteria [1]. Once the diagnosis is considered, patients should be

referred to physicians skilled in the diagnosis of NF1. The clinical evaluation

of children with NF1 should include the following aspects: general develop-

ment (motor/cognitive function), visual symptoms, pubertal development

(delayed/precocious puberty), blood pressure (renal artery stenosis), cardio-

vascular examination (congenital heart disease, pulmonary stenosis), evalua-

tion of bones and spine (especially scoliosis associated with plexiform

neurofibromas, pseudarthrosis), and examination of skin (neurofibromas,

cutaneous and subcutaneous and plexiform neurofibromas).

Cardinal Features in the Pediatric Age Group
General Delay of Development

In the pediatric age group, there are few main cardinal features. The first one

is a developmental delay (in �40% of children – personal observation). The NF1-

child frequently fails to reach normal developmental milestones in the expected

time range. Impaired language or motor functions (such as clumsiness) and mus-

cle hypotonia are typical difficulties in the first years of life. Due to hypotonia of

abdominal muscles NF1-infants often have a protuberant belly and a tendency to

funnel chest. It is important to stress that these deficits should be defined clearly.

Other organic reasons have to be excluded and physiotherapeutic interventions

are recommended – in our experience – similar to children with other disabilities.

Deficits in Cognitive Function

Cognitive deficits in NF1-children are a main burden (30–60%). While

café-au-lait spots and plexiform neurofibromas have aesthetic significance,

specific learning disabilities in NF1-children may result in failing to achieve their

full academic and social potential, and thus cause serious problems. Depressed

performance in verbal and nonverbal tasks and impaired global language

belong to the characteristic features. Visual spatial problems and working mem-

ory impairment are part of specific learning problems in NF1-children [2]. A

detailed neuropsychological developmental assessment should be performed in

children with any cognitive deficits in order to determine which areas of cogni-

tive function need support. It is necessary to perform a neuropsychological

assessment prior to school entrance and to determine early if a child has low (IQ

�70 � rare in NF1) or mild intellectual deficit (average range IQ �85 � more

frequent in NF1) in order to place in appropriate educational classes. All of this

information helps to establish a coordinated liason between parents, teachers,

pediatricians and psychologists in order to provide optimal support of an NF1
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child. In a recent study Hyman et al. found problems with academic achieve-

ments in 52% of 81 children, 30% had a more general learning problem, ‘only’

20% a specific learning disability. There was a significant comorbidity of learn-

ing problems and attention-deficit-hyperactivity disorder [3].

Attention Deficit Hyperactivity Disorder (ADHD)

Another aspect affecting academic achievement of children with NF1 are

problems with attention or attention and impulse control. These problems fre-

quently meet the DSM-IV criteria for ADHD at a higher incidence rate than

expected, as noted in clinical experience and several studies. The deficits of

attention and noted behavioral problems in NF1 children are the main reasons

for the problems in school and lead to lower level of vocational training.

Consequently, children with NF1 can experience lack of self-confidence and

social acceptance. In our experience, children with NF1 respond satisfactorily

to systematic use of low doses (�15 mg) of methylphenidate. Therefore, those

children whose history and presenting symptoms suggest ADHD should be

given an evaluation for sustained attention and impulse control. This evaluation

should be performed independent of any intellectual deficits, as children with

ADHD and lower IQ (�80) have also demonstrated improved performance

after medication. It is important to follow children closely who are under med-

ication to monitor if the stimulant drug is effective or should be discontinued, as

attentional problems may decrease with age [4]. Recent studies have confirmed

our clinical impression: children with NF1 have impaired social skills [5], and a

high prevalence of psychological disturbances and sleeping disorders [6]. It is

thus not surprising that children and adolescents with NF1 have impaired qual-

ity of life and psychological adjustment [7]. It is very important to pay attention

to these limitations in the follow-up.

Cutaneous Neurofibromas and Plexiform Neurofibromas

Cutaneous neurofibromas rarely occur prior to the age of ten years; they

rather tend to develop in the late teen aged years. The late teen aged years are a

vulnerable age of life. The adolescent needs sensitive education about his/her

NF1 and – in some instances – psychological support.

In the first years of life, the child with NF1 can present with a congenital plex-

iform neurofibroma (PNF) at any location of the body. Frequently these tumors are

misdiagnosed as lymphangioma. These congenital tumors can cause disfigure-

ment, pain and functional deficits. PNF tend to show net-like growth patterns

along nerve roots extending from a main nerve root to a small distal branch. PNF

can be divided in different growth types: superficial, invasive and displacing.

Superficial tumors are frequently palpable and associated with hyperpigmentation,

thickening and hypertrophy of the skin or hair excess. Each of these symptoms
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may be the only clinical sign of a superficial PNF that shows only skin involvement.

However, a PNF can be located superficially and show internal growth at the same

time. It is important to investigate PNF by an ultrasound or MRI in order to explore

their growth characteristics. Imaging studies have revealed that asymptomatic

internal PNF can be detected in childhood showing up with a displacing or inva-

sive growth pattern [8]. It is important to be aware of the longitudinal studies,

which have demonstrated that PNF show progression mainly in childhood and

adolescence and progression slows down with increasing age [9].

In general, surgical options are limited due to the tendency of PNF to infil-

trate surrounding tissues. However, it is worthwhile to analyze each tumor with

regard to location and growth, because tumor resection can be performed best

in small superficial PNF at an early stage. Follow up periods of more than five

years have shown that a complete resection can be achieved successfully.

Complete removal is frequently impossible, but even partial and/or repeated

resection of tumors can be very beneficial for the patients (for example, devel-

oping PNF of the ankle joint does not allow a patient to wear a normal shoe)

[10]. PNF located in the region of bones (especially limbs) can be associated

with overgrowth of extremities and require the interaction between surgeons

and orthopedic surgeons to carry out the best surgical strategy.

Over the last few years, several agents as farnesyl transferase inhibitors,

anti-angiogenesis drugs or fibroblast inhibitors have been tested in clinical trials

to inhibit or decrease PNF growth. There is no evidence that such drugs stabilize

or decrease PNF growth. Malignant peripheral nerve sheath tumors (MPNST)

develop from PNF. In children, MPNST are extremely rare and complications

may occur – in our experience – in patients with internal plexiform tumors [11].

Bone Manifestations
Pseudarthrosis

About 2% of patients with NF1 develop bowing of the long bones, partic-

ularly the tibia, and/or pseudarthrosis. In most of these children, an incident of

minimal trauma can lead to a fracture of the bone [12].Therefore prophylactic

splinting has been advocated in infants at risk to prevent a fracture. The surgical

management of pseudarthrosis is frequently not satisfactory. Currently, there

are two main options: the Iliazarov procedure as one treatment approach or

alternatively, treatment by transfer of a vascularized fibular graft from the con-

tralateral extremity. Recently, successful treatment was reported by applicating

recombinant human bone morphogenetic protein [13].

Scoliosis

Monitoring of the spine is an important task of the follow-up examina-

tions. Patients with clinical evidence of incipient scoliosis need close intervals
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for monitoring the progression of scoliosis (months). Patients should be

referred to an orthopedic surgeon and receive radiologic imaging including

MRI of the spine. The early onset of a rapid progressive scoliosis, which is

characteristic for NF1, is often referred to as a dystrophic scoliosis. Dystrophic

scoliosis commonly affects the lower cervical and upper thoracic spine, it may

involve several segments and causes distortion of the vertebral bodies and ribs

and requires early surgical intervention [14].

Short Stature – Megalencephaly

Short stature is a common finding in children with NF1, as is megalen-

cephaly. Specific growth charts for young NF1 patients are available [15].

Growth hormone deficiency is exceptional. In such patients, hormonal replace-

ment treatment is considered safe, not contributing to accelerated growth of

neurofibromas.

Vascular Complications
Regular monitoring of blood pressure is already required in children, as

hypertension may result from renal artery stenosis or other complex hypodi-

aphragmatic vascular dysplasia. Children with NF1 have an increased preva-

lence of moyamoya syndrome (progressive arterial occlusion of the circle of

Willis), presenting as transient-ischaemic attacks or stroke.

Astrocytomas
Optic Pathway Gliomas

Optic pathway gliomas (OPG) are pilocytic astrocytomas (grade I), that

occur in 7–15% of children with NF1. But only 5% of these tumors become

symptomatic and only children under seven years of age have a high risk of devel-

oping a symptomatic tumor [16]. Since screening for asymptomatic optic tumors

in children with NF1 typically does not produce any clinical consequences to the

patient, an MRI of the brain is not recommended as a routine examination.

However, as these young children do not complain of visual problems, children

should have visual assessment performed annually to assess for any unreported

problems. Asymptomatic children should have one baseline assessment of color

vision and visual field at appropriate developmental age. A visual assessment in

(very) young children who may have cognitive deficits is very difficult. Parents

should be made aware that visual problems of children such as failing to pick up

small toys, or frequent dropping of toys, may be first indicators of optic gliomas.

A complete ophthalmological examination should be done on an annual basis for

any child with NF1. The annual check up should include assessment of visual

acuity, color vision, visual fields, ophthalmoscope and slit-lamp examination.

Ocular alignment and rotations, pupillary light responses, and refractive status
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with cycloplegia examinations are recommended. Ophthalmoscopy should

include indirect and, when possible, direct examination.

Accelerated linear growth in children may be the first manifestation of a

chiasmatic glioma, even in the presence of a normal ophthalmological investi-

gation. A precocious puberty is frequently related to hypothalamic involvement

of the tumor.

The vast majority of intraorbital optic nerve gliomas in NF1 patients never

progress once they have come to medical attention. However, during regular

follow up examinations progressive visual loss, decrease of visual fields or

proptosis indicates a tumor progression. Close follow up by MRI and ophthal-

mological examination in short intervals may confirm this finding and indicate

whether therapeutic interventions are needed. The treatment of children with

OPG depends on location and extension of the tumor, while biopsy is rarely

necessary. Chemotherapy is usually administered using vincristine and carbo-

platin [17, 18]. Neurosurgeons are mostly involved when debulking of exten-

sive gliomas is necessary. Even though there is evidence that radiotherapy will

at least temporarily stop tumor growth, it is not suitable in young children

because of the potential of secondary malignancy, vascular change, endocrine

consequence and neuropsychological deficits [19].

Astrocytomas Outside Optic Pathways

Astrocytomas may occur in all parts of the central nervous systems in addi-

tion to the optic pathway. Cerebellar low grade gliomas have a good prognosis

after neurosurgery. Brainstem tumors are low grade gliomas as well. In the con-

text of neurofibromatosis these also tend to have a rather benign course.

Detection may be ‘incidental’ by neuroimaging. Treatment should only be con-

sidered if tumor progression and clinical signs are obvious. Treatment modality

(chemotherapy, radiotherapy) should be tailored to the individual situation.

Neurofibromatosis Type 1 in Adults

Clinical care of adults with NF1 can be a challenge. Most of the NF1

patients do not develop life-threatening complications and disfiguring skin

tumors are the main burden. It is essential to identify those patients who are at

risk to develop vascular complications, spinal tumors, progressive plexiform

tumors, MPNST and/or gastrointestinal stromal tumors (GIST). There are no

known reliable patterns to sort out the at risk patients. Therefore, patients should

be followed by an NF1 specialist on a regular annual basis in collaboration with

the family practitioner. Patients with mild form of the disease should at least be

made aware of unusual complications as described above [20].
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Implications and Treatment of Neurofibromas
Neurofibromas are benign peripheral nerve sheath tumors showing focal

cutaneous or subcutaneous location. Neurofibromas can lead to transient sting-

ing and itching. Sometime these tumors induce pain and cause problems by

wearing of clothing. Multiplicity of these tumors may cause a disfigurement

which may have a psychological impact on the individual’s self-image, partner-

ships and social relations.

Therefore referral to surgeons skilled in the removal of neurofibromas is

indicated and plastic surgeons should be consulted whenever disfigurement is

present. This is especially true for neurofibromas of the face and neck. The

result of surgery is dependent on dimension of tumor, its localization and its

structure (diffuse, nodular, or pedunculated). Pedunculated neurofibromas can

be excised with very satisfactory results. Neurofibromas can be removed by

different techniques: by scalpel, laser or electrocauterization. In our experience

the scalpel is useful for the larger, exophytic tumors. The use of laser and elec-

trocauterization is helpful for tumors with intracutaneous localization contain-

ing a great amount of blood vessels. Completely resected tumors typically do

not relapse. There is no proven benefit of carbon dioxide laser treatment in

comparison to the removal of neurofibromas by a scalpel. There is also no evi-

dence that neurofibromas tend to have a malignant change. The itching of neu-

rofibromas can be very troublesome to patients and the effect of antihistamines

is not always satisfactory in resolving the itching.

Hormones and Neurofibromas
It is obvious that hormonal factors contribute to the growth of neurofibro-

mas, as neurofibroma growth is stimulated by puberty and pregnancy. A recent

study has shown that 75% of neurofibromas carry progesterone receptors.

However, there is no evidence that the combined oral contraceptive pill or prog-

esterone only pill may contribute to neurofibroma growth [21]. During preg-

nancy obstetrician and NF clinicians should be aware that spinal and pelvic

neurofibromas may progress rapidly and these neurofibromas should be moni-

tored closely.

Plexiform Neurofibromas
Plexiform neurofibromas (PNF) are comprised of the same cell type as der-

mal ones, but have an expanded extracellular matrix. Congenital PNF can be

present in the first years of life, but may also become apparent later in life.

Deeply located tumors may lead to pain and neurological deficits; thus, these

patients need special care and close follow up intervals. Patients developing

deficits or pain should undergo surgery whenever a positive outcome is sug-

gested. Peripheral malignant nerve sheath tumors are associated with deeply
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located PNF (displacing/invasive growth type). Superficial PNF mainly cause

esthetic problems, especially when located in the face. Across patients of differ-

ent ages, this type of tumor does not show infiltration into muscles. This fact

supports the hypothesis that these tumors do not change growth type throughout

life [8].

Neurofibromas and plexiform neurofibromas can lead to sensory and

motor deficits. An annual examination has to include careful neurological sta-

tus to detect first symptoms indicating possible spinal cord compression which

needs a neurosurgical intervention.

MPNST
NF1 patients have an approximate lifetime risk of 10% for the transforma-

tion of a PNF into an MPNST. Predominantly the transformation occurs in indi-

viduals aged 20–35 years [22]. Clinical indicators of malignancy are a

persistent or increasing pain, swelling and increase in size, and/or neurological

deficits. Survival rates in NF1 patients with MPNST are low. A main reason

may be a delay in the diagnosis itself. The most effective intervention in

MPNST is the complete removal of the tumor with wide margins. However,

options for surgical treatment may be limited due to size and location of the sar-

coma. There is a high local recurrence rate after surgery and early onset of

metastases [23].

Positron emission tomography (PET) with [18F] Fluorodeoxyglucose

(FDG), currently performed in combination with CT on a combined PET/CT

scanner, can be a useful diagnostic tool in differentiating benign PNF from

MPNST [24]. The final preoperative diagnosis of MPNST is usually achieved

by histopathology and immunohistochemistry on fine needle aspiration samples

or biopsy. The most important therapeutic intervention in MPNST remains

complete removal of the tumor with margins as wide as possible (�10 cm).

Radiotherapy may help to provide local control and delay the onset of local

recurrence. But so far, it has little effect on long-term survival which is deter-

mined by metastases. Chemotherapy is usually restricted to patients who have

metastatic disease, to date only very few drugs or drug combinations have been

shown to be effective. The result is from a treatment regimen that applies dox-

orubicin in combination with ifosfamide. These drugs are administered either

as palliative therapy to reduce size of tumor and/or to enable resection of tumors

which were initially unresectable. Recently, the detection of receptor tyrosine

kinases PDGFR� and c-kit oncogene in MPNST of NF1 patients has led to

potentially new forms of treatment. This new treatment form is based on recep-

tor tyrosine kinase inhibitors such as STI 571 (Imatinib). The first clinical trials

investigating the therapeutic benefit of receptor tyrosine kinase inhibitors in

MPNST have been initiated [25].
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Vascular Problems
Hypertension occurs in association with NF1 and may have several different

causes, including pheochromocytoma (2%) and renal artery stenosis (2%). The

renal artery stenosis is one manifestation of a vasculopathy that can occur localized

or generalized [26]. Other clinical manifestations of the NF1 induced vasculopathy

include carotid artery stenosis/occlusion, haemorrhage and aneurysm. The diagno-

sis should be considered in hypertensive children and adults. Tests for clarification

of diagnosis are renal duplex ultrasound examination and magnetic resonance

angiography. Renovascular hypertension can usually be treated by surgical repair

of abnormal renal arteries, revascularization of kidney or unilateral nephrectomy.

Patients with NF1 who present with sustained or paroxysmal hypertension,

unexplained agitation and anxiety, tachycardia, palpitation, headache, perspira-

tion and flushing are likely to have pheochromocytoma. Diagnostic evaluation

should include a 24-hour urine collection to quantify the excretion of vanillin-

mandelic acid and specific catecholamines (metanephrine, epinephrine, and

norepinephrine). MRI is very sensitive for the detection of the tumor.

Decreased Mineral Density
Surgical treatment of patients with scoliosis reveals that bony structures

are frequently malacic. These observations led to mineral density studies, which

have shown that bone mineral density is frequently decreased in NF1 patients

[27]. In recent observations, serum vitamin D concentrations among NF1

patients are much lower than in controls and this might be pathogenically

related. The fact that patients with NF1 and osteomalacia respond well to treat-

ment with pharmacological doses of vitamin D and calcium raises the possibil-

ity that similar treatment may help to prevent the development of osteomalacia

and osteoporosis in people with NF1 [28].

Gastrointestinal Stromal Tumors
Gastrointestinal stromal tumors (GIST) most commonly occur sporadi-

cally, but an increased tendency for these tumors is suggested in NF1 patients.

A great majority of tumors occur in the jejunum or ileum, with a multiplicity of

tumors within each patient. Other locations include duodenal and gastric tumor

involvement. Clinically, the most common presentations are gastrointestinal

bleeding and anemia over several years. Recent studies have demonstrated that

most NF1 patients who underwent surgery have a good long-term prognosis in

opposite to their sporadic counterparts [29].

Psychological Aspects – Burden of Neurofibromatosis
The psychological burdens of NF1 are due to many different factors, in

particular esthetic problems, anxiety of potential complications, social isolation,
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impaired professional performance resulting from learning disabilities. Anxiety

and depression are common and psychological support and antidepressive med-

ication may be necessary. There is little knowledge of the lifelong performance

of NF1 affected adults who have suffered cognitive difficulties in their child-

hood. The interaction between the disease and cognitive impairment is

unknown. Recently, a study was carried out to investigate the psychological

impact of ADHD in adults with NF1. The authors suggested that attention

deficits in a subgroup of NF1 patients persisted lifelong. The lifelong ADHD

produced interpersonal distress, and poorer psychological or relationship func-

tioning. The ADHD had a significant effect independent of the NF1 itself on

reduced life quality [30]. As with NF1 children who have ADHD, stimulant

medication is frequently effective in adults.

NF1 Clinics
Without doubt there is a need for an interdisciplinary approach to assure an

optimal treatment of patients with NF1. A specialized center should provide the

expertise that covers the differing aspects of the disease. The role of these

experts is to monitor complex cases, to give advice to general practitioners and

to educate patients and their families [20].
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Abstract
Neurofibromin, the NF1 protein product, functions as a tumor suppressor through neg-

ative regulation of the Ras signal transduction pathway. Neurofibromatosis type 1 is an auto-

somal dominant condition due to NF1 haploinsufficiency in conjunction with double

inactivation in tissue. Several other clinical syndromes have been delineated with overlap-

ping phenotypes of NF1. The overlapping clinical phenotype in many of these syndromes has

led to the identification of disease-causing mutations in genes within the Ras signal trans-

duction pathway.

Copyright © 2008 S. Karger AG, Basel

Neurofibromatosis type 1 (NF1) is diagnosed clinically, in which an indi-

vidual must fulfill 2 of 7 clinical criteria [1, 2]. Individuals with NF1 usually

harbor inactivating mutations in the NF1 gene, which encodes the protein prod-

uct neurofibromin, a Ras-GAP protein (also reviewed by Peltonen and

Peltronen, this book) [3]. The Ras GTPases interact with multiple pathways

including the Raf/Mek/ Erk MAPK (mitogen-activated protein kinase) cascade,

which regulates cellular growth and differentiation. Although NF1 is a distinct

condition based on phenotype, several other syndromes have overlapping clini-

cal features leading to the identification of disease-causing mutations in genes

within the Ras signal transduction pathway. Understanding the genotype-phe-

notype relations of those other syndromes may lead to effective therapies for

some manifestations of NF1. Fine-tuned quantification of the down-stream

readout of NF1 haploinsufficiency (i.e. mTOR, Akt) may identify appropriate

therapies for various manifestations.
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The Ras Pathway

The KRAS, HRAS and NRAS genes encode the four related p21 proteins,

Kras-4A, Kras-4B, Hras and Nras, that lie at the core of the Ras pathway [4, 5].

Kras-4A and Kras-4B are both expressed from the KRAS gene and differ only at

their C-termini as a result of alternative splicing. The p21 proteins belong to the

Ras GTPase superfamily, whose members function as switches that regulate

numerous intracellular pathways [6]. Ras GTPase activity results in the hydrol-

ysis of bound GTP to GDP, which is accompanied by a conformational change

in the protein that alters interactions with other cellular components. Ras pos-

sesses weak intrinsic GTPase activity that is regulated by accessory proteins.

Guanine nucleotide exchange factors (GEFs) activate Ras by catalyzing the

exchange of bound GDP for GTP, while GTPase activating proteins (GAPs)

downregulate Ras by enhancing the hydrolysis of bound GTP to GDP. The Ras

p21 proteins share common GEFs and GAPs as well as downstream effectors.

They regulate signals passed from receptors at the plasma membrane to intra-

cellular pathways that control processes such as cellular proliferation and dif-

ferentiation. While GTP-bound, they transduce a signal received from upstream

pathway components. Upon hydrolysis of GTP to GDP, signaling to down-

stream targets is terminated.

With the exception of their C-termini, the four p21 proteins are highly

related. The unique C-terminus of each Ras is the site of a combination of post-

translational modifications that influence the intracellular and plasma mem-

brane microlocalization of that isoform [7, 8]. Such differences in cellular

microlocalization can modify the interactions available to a particular Ras.

Tissue-specific expression differences between the RAS genes also likely con-

tribute unique characteristics to each isoform [9]. There is, however, evidence

that considerable functional redundancy exists between these proteins.

Transgenic mice with homozygous disruption of the exon specific to Kras-4A
have no apparent phenotype [10], and mice with homozygous disruption of

Hras and Nras, individually or in combination, have phenotypes that are subtle

[11, 12]. In contrast, homozygous disruption of the entire Kras gene (both

splice variants) results in embryonic lethality in mice, indicating a non-redundant

role for at least Kras-4B, although some combined requirement for both iso-

forms cannot be excluded [13].

In a canonical Ras pathway at the plasma membrane, a receptor tyrosine

kinase (RTK) dimerizes and autophosphorylates tyrosines in its cytoplasmic

domain in response to binding ligand, an extracellular growth factor. The intra-

cellular phosphotyrosines on the RTK are able to bind select proteins with SH2

domains. One SH2 protein, Grb2, acts as an adaptor for the binding of 1 of 2

related GEFs, Sos1 or Sos2, to the RTK. The bound GEF interacts with Ras to
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‘activate it’, which initiates signaling to downstream effectors. GAPs, the best

known of which are neurofibromin (encoded by the NF1 gene) and Rasa1 (also

known as p120-RasGAP), act to downregulate the signal.

Activated GTP-bound Ras regulates signaling through a number of down-

stream effector pathways. The best known of these are the Raf/Mek/Erk MAPK

(mitogen activated protein kinase) cascade and the PI3 kinase (PI3K)/Akt path-

way (fig. 1). The PI3K/Akt pathway is discussed in a later section. The MAPK

cascade is an evolutionarily conserved pathway in which a series of 3 protein

kinases are sequentially activated through phosphorylation as a means of trans-

ducing a signal to intracellular targets [reviewed in 14, 15]. The Raf/Mek/Erk

MAPK cascade is involved in the regulation of cell growth and differentiation.

In this pathway, Ras-GTP recruits 1 of 3 Raf serine/threonine kinases (Braf,

Araf or Raf1/Craf) to the plasma membrane where it is activated. Activated Raf

phosphorylates 1 of 2 Mek dual-specificity kinases (Mek1 or Mek2), which, in

turn, phosphorylates 1 of 2 Erk serine/threonine kinases (Erk1 or Erk2).

Activated Erk phosphorylates targets such as transcription factors and other sig-

naling proteins.

Germline and somatic mutations can lead to hyperactive signaling of the

Ras pathway through several mechanisms. At the core of the pathway, they may

reduce the intrinsic GTPase activity of Ras, increase the activity of a GEF, or

reduce the function of a GAP. Activating somatic mutations of RAS and other

Ras-pathway genes occur in a variety of cancers. Historically, work with acute

transforming retroviruses in the murine model identified ras oncogenes, and
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Fig. 1. Diagram of the Ras pathway.
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subsequently transforming RAS genes were discovered in bladder carcinoma cell

lines, the first human oncogenes [16]. The distinct tumor spectrum associated

with each RAS gene [17] is consistent with the proteins having functional speci-

ficity conferred by some combination of their expression patterns and their cel-

lular microlocalizations. In the germline, activating mutations in the RAS genes

and genes encoding components of Ras pathways, both upstream and down-

stream, result in various clinical syndromes that have overlapping phenotypes

with NF1. Several of these syndromes feature an increased risk of malignancy.

Although NF1 is a distinct condition based on phenotype, several other

syndromes have overlapping clinical features. These include Noonan syndrome,

NF-Noonan syndrome (NFNS), LEOPARD syndrome, Watson syndrome,

cardio-facio-cutaneous (CFC) syndrome, and Costello syndrome (fig. 2). Given

the overlapping phenotypes, longstanding controversy has existed in the delin-

eation of these syndromes, and whether or not they are distinct syndromes or

simply variable expressivity of the same condition. However, the overlapping

phenotypes in each of these syndromes provided clues for the identification of

a

e f g h

b c d

Fig. 2. Photographs of selected individuals with syndromes of the Ras pathway. 

a Individual with neurofibromatosis type1 (NF1 intragenic mutation). b Individual with clin-

ical diagnosis of NF1. c Individual with NF1 (NF1 whole-gene deletion). d Individual with

Costello syndrome (HRAS mutation). e Individual with cardio-facio-cutaneous (CFC) syn-

drome (BRAF mutation). f Two unrelated individuals with CFC syndrome (MEK2 muta-

tions). g Individual with clinical diagnosis of Noonan syndrome. h Individual with Noonan

syndrome (PTPN11 mutation).
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disease-causing genes encoding proteins within the Ras pathway, emphasizing

the importance of Ras in human embryology, in addition to cell proliferation.

Watson Syndrome

Watson syndrome was first described in 1967 [18], in which 3 families were

reported to have variable expression of pulmonary stenosis, café-au-lait mac-

ules, freckling and low normal or dull intelligence. Other individuals with a sim-

ilar phenotype were subsequently reported [19]. Neurofibromas were not

originally reported in the families described by Watson [18], but further evalua-

tion by Allanson et al. revealed Lisch nodules and neurofibromas in some of the

individuals [20]. Given the overlap of these manifestations with NF1, examina-

tion of the NF1 gene in individuals with Watson syndrome was logical. Different

mutations in the NF1 gene (an 80-kb deletion, and an in-frame tandem duplica-

tion of 42 bases in exon 28) were subsequently reported in individuals with

Watson syndrome [21, 22]. Thus, Watson syndrome falls within the spectrum of

variable expressivity of NF1 or, if truly a discrete entity, is allelic to NF1.

LEOPARD Syndrome

LEOPARD syndrome is characterized by multiple lentigines, electrocar-

diographic-conduction abnormalities, ocular hypertelorism, pulmonary steno-

sis, abnormal genitalia, retardation of growth, and sensorineural deafness. The

majority of individuals with LEOPARD syndrome have PTPN11 mutations,

allelic to Noonan syndrome [23–26]. Interestingly, the PTPN11 mutations

observed in LEOPARD syndrome have a dominant negative effect, unlike

Noonan syndrome. There has been one case, however, of a de novo missense

mutation in exon 18 of the NF1 gene in a patient reported to have features of

LEOPARD syndrome [27], suggesting the possibility that LEOPARD syn-

drome could be genetically heterogeneous and allelic to NF1.

Noonan Syndrome

Noonan syndrome is an autosomal dominant syndrome with the clinical

findings of short stature, pectus deformities, congenital heart defects (most

commonly pulmonic stenosis and hypertrophic cardiomyopathy), learning dis-

orders, and a characteristic facial gestalt (ptosis, posteriorly rotated ears, and

hypertelorism) [28–30]. NF1 and Noonan syndrome have overlapping clinical
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findings and one study reported that approximately 10% of individuals with

NF1 had some evidence of Noonan syndrome [31]. In 2001, missense muta-

tions in the PTPN11 gene were found in approximately 50% of cases with

Noonan syndrome [32]. Given the clinical overlap of NF1 and Noonan syn-

drome, it is not surprising that mutations in PTPN11 cause Noonan syndrome

as the PTPN11 encoded protein (SHP-2) relays signals to the Ras proteins

including Kras and Hras [reviewed in 33]. Subsequently, heterozygous

germline mutations in KRAS and SOS1 were found in a small number of indi-

viduals with Noonan syndrome [34–37].

The non-receptor-type protein tyrosine phosphatase SHP-2 is composed of

2 amino-terminal Src-homology 2 (SH2) domains (N-SH2 and C-SH2) arranged

in tandem, a phosphotyrosine phosphatase domain, and a carboxy-terminal tail

[30, 32, 38]. The PTPN11 mutations in Noonan syndrome affect the amino N-

SH2 and phosphotyrosine phosphatase domains, resulting in a gain of function

with increased SHP-2 activity [38] and hyperactivation of Erk [39].

Although Noonan syndrome has phenotypic overlap with NF1 and NFNS,

the phenotypic overlap of Noonan syndrome with CFC and Costello syndrome

has been more commonly discussed [33], which has subsequently led to a bet-

ter understanding of the molecular etiology of these overlapping syndromes.

NF-Noonan Syndrome

NF-Noonan syndrome (NFNS) is probably the most debated of the herein

described syndromes in terms of its definition as a distinct syndrome. NF1 has

strict clinical diagnostic criteria, but the phenotypic findings for Noonan syn-

drome are more subjective. Potential explanations for NFNS have included

variable expressivity of NF1 or Noonan syndrome, co-occurrence of two dis-

tinct conditions, allelic heterogeneity, or a separate genetically distinct disorder

[40, 41].

One group identified mutations in the NF1 gene with lack of mutations in

PTPN11 in 16/17 individuals described as having NFNS [40]. Another study

evaluated 7 individuals with variable phenotypes of the NFNS spectrum, and all

had mutations of NF1 without PTPN11 mutations [42]. Stevenson et al.

described a family with the pigmentary findings of NF1, in which all affected

family members had variable phenotypic findings of Noonan syndrome [41].

These individuals had a 3-bp in-frame deletion of the NF1 gene (c.2970_2972

delAAT). Subsequently, other individuals with the same mutation were

described, in which there was an absence of neurofibromas providing evidence

of a clinically significant NF1 genotype-phenotype correlation, although a

Noonan phenotype was not frequently reported in other individuals [43].
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Many NF1 individuals have clinical features similar to Noonan syndrome

(i.e. pectus abnormalities, pulmonic stenosis, similar facial gestalt), and it is

likely that the NFNS phenotype represents variable expressivity of NF1. Colley

et al. [31] examined 94 individuals with NF1 and reported that 9.5% had evi-

dence of Noonan syndrome. Although NF1 is classically described as having

intrafamilial variable expressivity, familial clustering of Noonan syndrome fea-

tures in individuals with NF1 has been reported [31, 41, 44], which suggests

that NFNS is a discrete entity, although individually the array of clinical find-

ings are still part of the phenotypic spectrum of NF1. NF1 genotype-phenotype

relations may exist for the Noonan features within the context of NF1, but the

NFNS phenotype may also be the result of modifier genes.

It is clear that the Noonan features observed in NF1 are within its broad vari-

able phenotype, which is now better understood given the converging pathways of

the downstream targets of the NF1 and PTPN11 protein products. Still, the

discussion of NFNS vs. NF1 has potential clinical utility. The presence of famil-

ial clustering of the NFNS phenotype suggests that echocardiography would be

warranted in offspring of individuals with NFNS compared to those with NF1. In

addition, future studies may show that individuals with a Noonan facial gestalt in

the context of NF1 are more likely to present with pulmonary stenosis, necessitat-

ing early echocardiographic evaluation and potential surgical intervention.

Costello Syndrome

The clinical features associated with Costello syndrome include mental

retardation, papillomata, cardiac defects including hypertrophic cardiomyopa-

thy and valvar pulmonic stenosis, curly and sparse hair, characteristic coarse

facial features with full cheeks and lips, ulnar deviation of the hands, and thick

skin with deep palmar creases [45]. The facial features of Costello syndrome

are similar to the facial features observed in Noonan syndrome and cardio-

facio-cutaneous (CFC) syndrome. Due to the phenotypic overlap with Noonan

syndrome, downstream targets of PTPN11 were potential candidate genes for

Costello syndrome. Aoki et al. originally identified HRAS mutations in individ-

uals with Costello syndrome, and subsequently 86–100% of individuals with

Costello syndrome have been shown to have constitutional HRAS activating

mutations [46–49]. It is not surprising that solid tumors such as rhabdomyosar-

comas, bladder carcinomas, and neuroblastomas are associated with Costello

syndrome (approximately 15%), as similar HRAS mutations are observed

somatically in neoplasms of other individuals [46, 50]. The p.Gly12Ser amino

acid substitution is the most frequent mutation in Costello syndrome and has

been observed in a low frequency in human tumors, while the p.Gly12Val
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mutant is more common in somatic tumors [49]. The occurrence of neoplasms

is in contrast to CFC syndrome where malignant tumors are not common.

Cardio-Facio-Cutaneous (CFC) Syndrome

CFC syndrome and Costello syndrome can be difficult to distinguish clin-

ically. Individuals with CFC syndrome can have sparse and wooly hair with

sparse or absent eyebrows, pulmonic stenosis, cardiac rhythm abnormalities,

characteristic facial features (hypertelorism, down-slanting palpebral fissures,

ptosis, short nose, posteriorly rotated ears, and a broad face), keratosis pilaris,

hyperkeratosis of the limbs and face, feeding problems, and mental retardation.

Germline activating mutations in BRAF, MEK1 and MEK2 have been found in

individuals with CFC syndrome [52]. The study by Rodriguez-Viciana et al.

reported that 78% of patients with CFC syndrome in their cohort had BRAF
mutations [52]. Interestingly, oncogenic somatic mutations in BRAF (differing

from those in CFC syndrome) are found in �7% of human cancers [53].

Germline mutations in KRAS have also been found in patients with CFC

syndrome [35, 50, 51], which have also been observed in Noonan syndrome

[35, 50]. Zenker et al. suggested that gain-of-function mechanisms with KRAS
mutations lead to accumulation of mutant Ras proteins in the active GTP-bound

state [50].

Capillary Malformation Syndromes

Capillary malformation-arteriovenous malformation (CMAVM) lies

within the spectrum of vascular and vascular/overgrowth syndromes. CMAVM

and Parkes Weber syndromes are often described synonymously, and are simi-

lar to Klippel-Trenauney syndrome. The primary differentiating features of

Parkes Weber syndrome from Klippel-Trenauney syndrome consist of fast flow

arterial malformations with a rarity of lymphatic malformations [54]. CMAVM

is the result of inactivating RASA1 mutations [55]. Vasculopathies are associ-

ated with NF1 including cerebrovascular abnormalities, renal artery dysplasia,

and aortic coarctation [56, 57], but their frequency is not high [58, 59]. Of note,

other common features of NF1 are not observed in CMAVM. This is surprising

given that RASA1 encodes the p120-RasGAP protein, a smaller peptide than

neurofibromin, that also down-regulates the Ras-MAPK signaling transduction

pathway [54, 55, 60] via activation of the intrinsic GTPase of Ras.

Along this spectrum of vascular manifestations, loss-of-function mutations

in CCM1, encoding Krit1 (Krev interaction trapped-1 protein), have been
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reported in individuals with type 1 cerebral capillary malformations [54, 61,

62]. Krit1 interacts with Rap1a, which is a member of the Ras family of

GTPases, and is an antagonist of Ras transformation [54, 61, 63].

Cerebrovascular abnormalities are associated with NF1, although not frequent.

One study reported that 2.5% of a cohort of 316 children with NF1 who under-

went a brain MRI had an abnormality of the cerebrovascular system, which

included narrowed or ectatic vessels, vascular stenoses, aneurysms and moy-

amoya [59]. The impact of abnormal angiogenesis in individuals with NF1 may

help to explain some of the clinical findings of NF1. For example, there is evi-

dence of narrowing of the periosteal vessels around the pseudarthrosis site in

individuals with NF1 who have tibial pseudarthrosis [64, 65]. Arterial malfor-

mations, particularly cerebral vascular malformations, are possibly under-

appreciated in the NF1 population [66]. However, somatic events may be

required for the development of vascular abnormalities in NF1, explaining the

low frequency of the vascular defects.

Syndromes of the PI3K/Akt Pathway

The PI3K/Akt pathway functions in the regulation of cellular growth, pro-

liferation, survival and metabolism [67, 68]. At the apex of the pathway (see

fig. 1), PI3K can be activated in response to growth factors both through Ras-

dependent and (or) Ras-independent mechanisms. Ras can bind and activate the

catalytic subunit of PI3K, which then phosphorylates the lipid, phosphatidyli-

nositol 4,5-bisphosphate (PIP2), to produce the second messenger, phos-

phatidylinositol 3,4,5-trisphosphate (PIP3) [67, 68]. PIP3 promotes activation of

the Akt serine/threonine kinase, which phosphorylates substrates that include

tuberin, the product of the TSC2 gene. Unphosphorylated tuberin forms a com-

plex with hamartin (product of the TSC1 gene), that functions as a GAP for the

Ras-family GTPase, Rheb. The inactivation of the tuberin/hamartin complex

resulting from phosphorylation by Akt allows Rheb-GTP to accumulate, and

this activates the mTOR serine/threonine kinase. The best known substrates of

mTOR, S6K (p70 ribosomal protein S6 kinase) and 4EBP1 (eIF4E binding pro-

tein), function in the regulation of intracellular protein translation. Activation of

mTOR is associated with cell proliferation. Pten, a lipid phosphatase, dephos-

phorylates PIP3 to downregulate the pathway.

Several genes within the PI3K/Akt pathway are mutated in syndromes that

have clinical overlap with NF1, and they include a predisposition to hamar-

tomas, lipomas, pigmentary anomalies, and malignancy [67, 69]. These syn-

dromes include tuberous sclerosis complex (resulting from germline mutations

in TSC1 and TSC2) and a set of overlapping conditions collectively known as
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the PTEN hamartoma tumor syndrome (PHTS) that result from germline muta-

tions in the PTEN gene. PHTS associated conditions include Bannayan-Riley-

Ruvalcaba syndrome, Cowden syndrome, and Proteus syndrome.

Based on where neurofibromin acts in the Ras pathway, the phenotype of

NF1 likely expresses contributions from multiple Ras effector pathways. The

overlap of neurocutaneous tumors in the PI3K/Akt pathway syndromes with

those in NF1 suggests a potential role for the PI3K/Akt pathway in the pheno-

typic features of NF1. Yet, there is little other overlap of clinical features except

for macrocephaly, and the types of neurocutaneous tumors differ in NF1 com-

pared to those in PHTS. This is surprising, given the convergence of Ras path-

way readout into the PI3K/mTOR pathway, and the observation that mutation of

the NF1 gene has been demonstrated to result in dysregulation of the PI3K/Akt

pathway [70]. One example of the involvement of the mTOR pathway in NF1 is

the observation of hyperactivation of the mTOR pathway in tissue from optic

gliomas of Nf1 mutant mice and in pilocytic astrocytomas in humans with NF1

[71]. There is also evidence that Erk regulates mTOR [72], and therefore inves-

tigation of other pathways besides the PI3K/Akt pathway may be important

when selecting therapeutic targets based on overlapping phenotypes.

Conclusion

The phenotypic overlap between the herein described syndromes high-

lights the potential for modifier genes in variable clinical expression of NF1.

This is further complicated by the associated age-related manifestations and the

evolution of the phenotype over time. In some instances, the incorporation of

genotype may be an important variable to integrate into the diagnostic evalua-

tion and discussion of anticipatory guidance with families of individuals with

an atypical clinical presentation of the spectrum of findings seen in NF1.

Presently, management decisions rarely depend on the NF1 gene mutation. In

the future, genotype-phenotype relations could become clearer and may eventu-

ally help in clinical management. Still, individuals with similar genotypes (such

as individuals with CFC, Noonan, and Costello syndrome who have KRAS
mutations) have a broad spectrum of clinical findings [50], giving credence to

other modifiers that may influence the phenotype.

Medical therapies are still less than optimal for many of the complications

associated with NF1 (i.e. malignant peripheral nerve sheath tumors, tibial

pseudarthrosis, plexiform neurofibromas, dystrophic scoliosis). A better under-

standing of the Ras-MAPK pathway and its interaction with other converging

signal transduction pathways will provide potential targets for therapeutic inter-

ventions for specific manifestations of NF1. Therapeutic agents successful in
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treating complications of other syndromes within the Ras pathway will be nat-

ural candidates for therapy of some medical complications of NF1.
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Abstract
Neurofibromatosis type 1 (NF1, MIM 162200) is a complex disorder that affects many

cell types and involves multiple body systems. This inherited disorder is due to germline

mutations of the NF1 gene; this 17q11.2-located gene spans 280 kb of genomic DNA, and

has 61 exons, of which 4 are alternatively spliced, that code for an �9-kb open reading

frame. A large 60-kb intron of the NF1 gene contains three unrelated genes, EVI2A, EVI2B
and OMG, that are transcribed from the opposite strand. A number of highly homologous

NF1 pseudogene-like sequences are present on several chromosomes. Neurofibromin, the

NF1 gene product, is a large (2818 amino acids) ubiquitously expressed protein that is pre-

sent at low concentration in most tissues, with brain showing the highest protein concentra-

tions. Neurofibromin is a recognised tumour suppressor gene relating to its main functional

role in inactivating cellular Ras protein, although several additional roles for the protein are

now recognised. 

Establishing a close correlation between specific disease gene mutations and an asso-

ciated clinical phenotype in affected patients can be a challenging task in molecular clinical

genetics. For NF1, only two such genotype-phenotype correlations have been reported for

the NF1 gene: the first relates to patients with large germline gene deletions who often pre-

sent with large numbers of neurofibromas for their age, dysmorphic features and learning

disabilities, and may have a higher risk of developing malignancy; the second association

involves a small number of NF1 patients whose germline NF1 mutation is a specific 3-bp

deletion in exon 17 of the gene and who show a complete absence of neurofibromas, includ-

ing dermal, subcutaneous and superficial plexiform neurofibromas, and often present with

a milder form of the disease, with a significant reduction of many NF1 features.

Copyright © 2008 S. Karger AG, Basel

Neurofibromatosis type 1 (NF1) [MIM 162200] is a common autosomal

dominant disorder, with a prevalence of 1 in 4,000, that exhibits complete
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penetrance of the mutant gene by age 5 [1]. This is a complex disorder that

affects many cell types and multiple body systems.

The NF1 Gene

In most NF1 patients, their inherited disorder results from an inactivating

germline mutation of the 17q11.2-located NF1 gene. This large gene spans

280 kb of genomic DNA, contains 61 exons, and encodes a 12-kb mRNA tran-

script, with an �9 kb open reading frame (fig. 1) [2].

Genes within Intron 27b
The NF1 gene has two large (�60 kb) introns, 1 and 27b, of which intron

27b contains three small unrelated genes, EVI2A, EVI2B and OMG, each of

which has two exons. EVI2A encodes a 232 amino acid polypeptide that is

expressed in the brain and bone marrow. The OMG gene codes for a 416 amino

acid cell adhesion protein expressed primarily in oligodendrocytes. Each of

these genes is transcribed in the reverse orientation to the NF1 gene (fig. 1).

The possible role of these three genes, whether individually or together, in reg-

ulating NF1 gene expression is at present unknown.

Alternative Splicing of the NF1 Gene
The NF1 gene has four alternatively spliced exons, 9a, 10a-2, 23a and 48a,

and in each case the inclusion of any one of these exons does not disrupt the

overall reading frame. A number of different NF1 transcripts have been found

to be differentially expressed in various tissues in normal individuals. For

example, the ubiquitously expressed type II NF1 transcript includes the alterna-

tively spliced exon 23a, that results in a 63-bp in-frame insertion in the GAP-

related domain (GRD) of neurofibromin [3], and this transcript is conserved in

several species [4]. The resultant type II neurofibromin, with an additional 21

amino acids, exhibits a significantly reduced GAP activity but conversely

demonstrates an increased affinity for Ras in comparison to type I neurofi-

bromin that lacks exon 23a. Equivalent levels of type I and type II NF1 tran-

scripts are expressed in many normal tissues. Interestingly, a mouse NF1 model

constructed to produce only type I neurofibromin (�23a) was found to exhibit

learning disabilities [5].

Another alternatively spliced transcript that includes exon 48a, resulting in

a 54-bp in-frame insertion, is abundantly expressed in muscle [6], while another

transcript containing exon 9a, that inserts an additional 30 bp, is highly

expressed in the central nervous system [7]. The alternatively spliced product

containing exon 10a-2, and adding 45 bp to the transcript, was reported to be
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expressed at a much lower level than was the normal type I RNA in all human

primary and tumour cells examined [8]. A large number of different sized NF1
transcripts have been described, many of which involve exon-specific deletions

(exons 4b, 29, 30, 33, 37, 43 and 45), as well as sequence insertions (31-bp
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Fig. 1. Structure of the NF1 gene. Each of the 61 exons is shown (rectangles) and num-

bered according to accepted NF1 gene nomenclature, and its size (in base pairs) indicated.

The four alternatively spliced exons (9a, 10a-2, 23a and 48a) are identified (blue boxes). The

intervening introns are shown by dotted lines and each is drawn to scale, with the exception

of introns 1 and 27b, both of which are �60 kb in length. The core promoter of the gene 

(�341 bp to �261 bp) is shown (dark blue box), and ‘CpG’ denotes the CpG island of the gene

(�731 to �261 bp; [79]). Exons that encode for three of the recognised domains in neurofi-

bromin are indicated: ‘CSD’, is the cysteine/serine-rich domain [80] (yellow boxes); ‘GRD’,

is the GTPase activating protein (GAP) related domain (orange boxes); and ‘Sec14p’, indi-

cates the gene region that has homology to a lipid-binding domain of the Saccharomyces
cerevisiae phosphatidylinositol transfer protein Sec 14p [81] (pink boxes). The three embed-

ded genes in intron 27b (OMG, EVI2A, and EVI2B) are indicated (black boxes), an arrow

indicates the opposite direction of transcription, and ‘AK3’, denotes an adenylate kinase 3

pseudogene located in intron 39.



NF1 Gene Structure and NF1 Genotype/Phenotype Correlations 49

from intron 4a) [9–12]. Indeed, it has been suggested that quantitative differ-

ences between these different transcripts in patients may contribute to the clini-

cal phenotypic variability often seen in patients [12].

NF1 Gene Promoter Region
The NF1 gene promoter is located within a CpG-island-containing

genomic region that exhibits a high degree of sequence conservation with NF1
genes found in many other organisms [13]. To date, no pathogenic mutations of

the NF1 promoter have yet been reported [14, 15]. Hypermethylation of the

NF1 promoter regions does not appear to be a common mechanism that inacti-

vates the normal allele in any NF1-related tumours [16, 17].

3� Untranslated Region (3� UTR)
The 3� untranslated region (UTR) of the human NF1 gene is 3.5 kb in

length and it also exhibits a high level of sequence conservation, indicating its

possible functional importance either for regulating mRNA stability, or for con-

trolling translational efficiency of the gene.

NF1 Pseudogenes
Fluorescence in situ hybridisation (FISH) analysis, using a labelled NF1

cDNA, was used to identify a number of partial pseudogene sequences located

on various human chromosomes (2q12–q13, 12q11, 14p11–q11, 15q11.2,

18p11.2, 21p11–q11 and 22p11–q11 [18–27]), with at least two separate

regions of sequence homology on both chromosome 15 and 22 [19]. Many of

these pseudogenic sequences display significant homology (�90%) to the

17q11.2-located NF1 sequences, however they all have various inactivating

nucleotide substitutions, insertions, or deletions. All of these pseudogene

sequences are thought to be the result of multiple independent partial duplications

of the 17q11.2-located NF1 gene followed by sequential inter-chromosomal

transposition events [28].

While sequence evidence indicates that none of these pseudogene

sequences are likely to encode a functional protein, it has been suggested that

these highly homologous sequences might act as a potential reservoir of NF1
mutations, and as such are likely to increase the NF1 mutation rate by inter-

chromosomal gene conversion events [29]. However, as very few disease-caus-

ing NF1 mutations appear to have an equivalent in any of the identified

pseudogenic sequences, then such inter-chromosomal gene conversion events

are likely to make a very limited contribution to the overall NF1 mutation rate

[28].

The use of patient-derived mRNA for NF1 mutation screening has been

suggested as a way to circumvent any potential problems created by these
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pseudogenes. The recent demonstration of limited transcription of the NF1
pseudogenes on chromosome 2, 15 and 21 [30] may however complicate func-

tional NF1 mutational analysis at the mRNA level and also the molecular diag-

nosis for NF1.

Neurofibromin: the NF1 Gene Product
Neurofibromin is a large (2818 amino acids) ubiquitously expressed pro-

tein that is present at low concentration in many tissues [31] and with its high-

est levels of expression found in cells of the central nervous system, where it is

usually associated with tubulin [32]. Neurofibromin is a recognised tumour

suppressor protein related to its main functional role in down-regulating func-

tionally active cellular Ras proteins. The protein is a member of a large family

of evolutionarily conserved proteins, the mammalian GTPase activating

protein-related proteins (GAP-related proteins) [33]. Neurofibromin functions

by greatly promoting the basal intrinsic levels of GTPase activity of the Ras

protein itself, this catalyses the conversion of the active GTP-bound form of

Ras in the cell to the inactive GDP-bound form of the protein, and this signifi-

cantly decreases cell proliferation and tissue growth.

Clinical Features

Neurofibromatosis type 1 can involve multiple tissues and its cardinal clin-

ical features are pigmentary changes of the skin, such as multiple café-au-lait

(CAL) spots, patches of skin that contain giant pigment macules that may be

present in much smaller numbers in normal skin [34] and axillary and inguinal

freckling, benign peripheral nerve sheath tumours (neurofibromas), and pig-

mented Lisch nodules in the iris. The development of many of these features is

strongly age dependent, with six or more CAL  spots, (�0.5 cm in children)

usually present by the 2nd year of life. The numbers of CAL spots often

increase during childhood but they may fade with age. Cutaneous neurofibro-

mas usually only develop during adolescence or in early adulthood, and are pre-

sent in most 20-year-old patients. Neurofibromas are rarely observed prior to 7

years and then often increase in size and number as the patients age [1, 35, 36].

While most dermal neurofibromas are readily visible some are only evident on

palpation of the skin. Plexiform neurofibromas (PNF) are the other main type,

these are usually much larger and often involve multiple nerves. All neurofibro-

mas develop as outgrowths from cells of the peripheral nerve sheath and are

therefore formed mainly from Schwann cells, along with fibroblasts, mast cells,

and perineurial cells all contained within an extracellular matrix. Unlike dermal

neurofibromas, PNF normally develop in early infancy and then continue to
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grow throughout the patients’ lifetime. PNF are important as a small number of

their constituent Schwann cells have the propensity for transformation into

peripheral nerve sheath tumours (MPNST). Computer tomography and magnetic

resonance imaging now permit rapid assessment of the presence of internal

PNF and MPNST in the NF1 patient population.

Variants of NF1

A number of rare families are increasingly being recognised in which the

affected individuals in at least two generations exhibit similar NF1 clinical fea-

tures that may be linked, or unlinked, to the NF1 gene [37–41], and such fami-

lies may represent as much as 15% of the NF1 population [37]. Many of these

families often exhibit considerable intra-familial variation, both in the number

of major features and in the occurrence of complications. One such type of

family are those who present with CAL spots alone, either with or without skin-

fold freckling [37–39]. Other examples include families with Watson syn-

drome, characterized by pulmonary stenosis, learning problems, and a paucity

of cutaneous neurofibromas [41–45], and families who only have multiple

spinal neurofibromas [40, 41]. Families have also been reported with both CAL

spots and spinal neurofibromas.

Genotype/Phenotype Correlations

Attempts to try and establish a close association between a specific disease

gene mutation and a characteristic clinical phenotype can be a challenging task

in clinical genetics. For many inherited diseases the series of events and

processes that separate a change in a DNA sequence and the expression of an

associated disease feature is usually too complex to permit accurate correlation.

In Huntington’s disease (HD), for example, CAG repeat �36 results not only in

HD but also exhibits a statistical correlation between repeat size and age of

onset [46]. Similarly, fibroblast growth factor receptor (FGFR) mutations also

show marked specific genotype/phenotype correlations [47].

In any attempt to interpret potential genotype/phenotype relationships, the

combinatorial effects of possibly many different mutations and polymorphisms,

both allelic and non-allelic, need to be considered. There are many examples in

which different sequence variants involving the same gene, lead to very differ-

ent effects on both the structure and function of the mutant protein, often pro-

ducing considerable inter-individual phenotypic variation, or even resulting in

apparently completely different clinical disorders. Perhaps, the best example of
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such extreme variability is related to the different mutations that affect the

human Lamin A/C gene (LMNA), in which at least 12 apparently different

inherited disorders, including several muscular dystrophies, two progeria-like

aging syndromes, and several variant lipodystrophies are all associated with

specific LMNA mutations [48, 49]. However, close examination of the spectrum

of LMNA mutations present in individuals affected with these various disorders

has so far failed to find any obvious association between the particular clinical

phenotype and either the mutation type, or its location within the gene [48, 49].

The identification of consistent genotype/phenotype correlations in NF1 is

still in its infancy, due mainly to the considerable mutational heterogeneity of

the NF1 gene, and also because the size and complexity of the gene makes com-

plete mutation screening both cost- and labour-intensive. The variable nature,

location and developmental timing of NF1 somatic mutations, that possibly

determine the rate of progression and the severity of the disease expressed in

different tissues may also obscure obvious genotype/phenotype relationships in

NF1. It is also possible that the variable expression of different alternative NF1
transcripts in various tissue types [50], or even abnormal NF1 RNA editing,

may also account for the wide range of clinical features observed [50]. In addi-

tion, the strong age-effects on clinical feature development, coupled with the

lack of independence of many of these clinical features [51, 52], may also con-

found such studies. Researchers have tried to quantitatively analyze the familial

variation in NF1 and have found evidence for the possible involvement of mod-

ifying loci, and perhaps also the normal NF1 allele, in the development of par-

ticular disease features [53, 54].

Modifying Genes in NF1

A possible role for modifier genes in NF1 disease phenotype expression

was first proposed following the observation that monozygotic twins shared

certain NF1 features [51, 53, 55]. By contrast, more distant affected relatives

often exhibited more variable clinical phenotypes [53]. However, no germline

modifying genes have yet been identified. Study of NF1 patients carrying NF1
microdeletions has however provided evidence for an additional gene or genes

that modify neurofibromagenesis. Genes that influence mitotic recombination,

and thus the rate of loss of heterozygosity (LOH) as a second hit, also have been

proposed as potential modifier genes that may account for the observed varia-

tion in neurofibroma number [56]. Wiest et al. [57] suggested that functional

variants of genes involved in mismatch repair might also modulate the NF1
mutation rate in a given patient. A number of alternative mechanisms have also

been proposed to explain the clinical variability in NF1, including modifying
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genes, allelic heterogeneity, a mutation in the second allele, somatic mosaicism

and deletion of contiguous genes. The influences of environmental and stochas-

tic factors have also been proposed to explain the marked inter-individual clini-

cal phenotypic variation [58].

In mouse models of NF1, complex genetic and epigenetic interactions

have been shown to control susceptibility to different NF1 tumours [59, 60].

These authors have identified a modifier of malignant peripheral nerve sheath

tumours (MPNSTs) linked to mouse chromosome 9 that under variable genetic

conditions either increases or decreases the incidence of MPNSTs.

In a previous NF1 study [61], two unrelated NF1 patients with the 4071delC

mutation were identified, however, one patient was severely affected, developing

CAL spots at 3 months, neurofibromas at 9 months, and a malignant schwan-

noma at 37 years, the second patient exhibited classical NF1 characterised by

CAL spots, subcutaneous neurofibromas, axillary freckling, a large plexiform

neurofibroma, a thoracic spinal deformity and mild cerebral atrophy. Similarly, a

nonsense mutation in exon 31 has been reported in more than 14 unrelated NF1

patients, all of whom exhibit variable phenotypes [62]. Another more recent study

found that NF1 individuals with missense germline mutations had a relatively

lower risk of developing Lisch nodules compared to NF1 patients with either non-

sense or frameshift mutations [63]. This preliminary finding requires confirma-

tion in much larger NF1 patient populations.

Genotype/Phenotype Studies

To date in NF1, only two established genotype/phenotype correlations

have been reported. The first involves NF1 patients whose germline NF1 muta-

tion is a large genomic deletion, such patients often present with a more severe

disease status. They have many more dermal neurofibromas than would be

expected for their age, may have dysmorphic features, and often develop learn-

ing disabilities [64]. Perhaps more importantly, such deleted NF1 patients may

also exhibit an increased risk of developing MPNSTs [65, 66], although this

particular genotype/phenotype association has recently been challenged [67].

Some 5% of all NF1 patients have microdeletions, a 1.4-Mb deletion (type I

deletion) in about half of the cases and a 1.2-Mb deletion (type II deletion) in

about 38% of the remaining deletion patients [68]. It should be noted that many

of these deletion mutations are often found in a mosaic state in patients, with

seven of eight type II deletions being mosaic deletions in a recent study [68]. As

might be expected, none of the patients with mosaic deletions exhibited either

facial dysmorphism or mental retardation, and they generally presented with a

milder disease phenotype.
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The second genotype/phenotype association relates to a recently reported

correlation between the presence of a 3-bp deletion of the NF1 gene and the

complete absence of neurofibroma developments [42]. This specific AAT dele-

tion in exon 17 of the NF1 gene is also associated with a much milder NF1 phe-

notype in many patients. The striking finding is the complete absence of any

cutaneous, subcutaneous, or superficial plexiform neurofibromas in these

patients, and given that cutaneous neurofibromas represent a hallmark clinical

feature of NF1, then a better understanding of why they fail to develop in

almost all such adult patients may help to identify the underlying pathobiologi-

cal mechanisms involved in NF1.

This 3-bp deletion mutation was originally identified in three NF1 families

referred for NF1 molecular diagnosis in Cardiff (fig. 2), all the affected indi-

viduals had the identical 3-bp deletion in exon 17 of the NF1 gene and none had

cutaneous neurofibromas.

In a subsequent international collaborative study [42], 22 unrelated NF1

probands (14 familial and 8 sporadic cases) were identified, all of whom have

the same 3-bp deletion (c.2970–2972 del AAT – p.990delM) and none of whom

had developed either cutaneous neurofibromas or any clinically-obvious plexi-

form neurofibromas. This AAT deletion in exon 17 of the NF1 gene is predicted

to remove one of two adjacent methionines (codons 991 and 992) (DMet991),

these two methionine residues are located in a highly conserved region of neu-

rofibromin that is likely to have an important functional role. It is the physical

three-dimensional configuration and structure of a disease-associated protein,

in conjunction with its functional interactions with other proteins, that is either

responsible for, or contributes to, the observed variation in the clinical pheno-

type of a particular disorder. Thus, determination of the consequences of this

specific methionine deletion on the overall configuration of the mutant protein

could well reveal information on the potential functional role of this region of

neurofibromin. The current lack of a suitable soluble polypeptide for this region

of the protein however, precludes any immediate study of the effects of the

mutation on the structure and configuration of the mutant protein (K. Scheffzek,

personal communication).

The RT-PCR-based mutational analysis of mRNA from patients with the

AAT deletion does indicate that the mutation is unlikely to directly effect the

splicing of the NF1 transcript.

This AAT-deficient mutation is located in the cysteine/serine rich domain

(CSRD) of the protein [69], a domain that contains a number of potential cyclic

adenosine monophosphate (cAMP)-dependent protein kinase A binding sites,

indicating a possible role in cAMP signaling. No suitable functional assay mea-

suring the overall activity of this CSRD domain is currently available. Indeed,

to date the only biochemical test applicable to monitoring of neurofibromin
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activity involves the assay that measures the intrinsic activity of the GRD [61,

69–71]. The increased activation of Ras observed in neurofibromin-deficient

cells, often manifests itself by an increased activation of various downstream

Ras effectors, including RAF, ERK1/2, PI3K, and p21-activation kinase [71]. It

is the activation of these various signalling pathways that is likely to contribute

to the increased proliferation observed in Nf1–/– Schwann cells and astrocytes,
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Fig. 2. Affected individuals (identified by family numbers) from three unrelated multi-

generational NF1 families were clinically assessed and all had the same 3-bp AAT deletion

and none have developed any cutaneous neurofibromas.
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as well as to the increased proliferation and motility of the heterozygous Nf1�/–

mast cells present in neurofibromas.

It is possible that the methionine-deficient mutant neurofibromin functions

as a hypomorphic allele, in which the loss of the single methionine results in a

partial reduction in the overall level of neurofibromin in cells, but not to a level

that results in neurofibroma development. Assessment of the effect of this muta-

tion at the protein level is, therefore, required. Since this mutation is located on

the border of the CSRD domain of neurofibromin, it is possible that the loss of

methionine within this region may induce the aberrant phosphorylation of the

threonine residue located immediately adjacent to the deleted methionine. In an

attempt to address some of these questions, we propose to undertake a microar-

ray analysis to assess changes both in gene expression analysis and in genomic

copy number variation in order to identify potential modifying loci.

Neurofibromas are heterogeneous at the cellular level, mainly being com-

posed of Schwann cells – along with fibroblasts, mast cells, and perineurial

cells – although it is only the Schwann cells that undergo somatic mutation

[72]. In a murine Nf1 model system, it was shown that it is the interaction of

haploinsufficient mast cells (Nf1�/–) with Schwann cells, which are completely

deficient of neurofibromin that induces the development of neurofibromas

[73]. It is, therefore possible that, in patients with the AAT deletion, this cellu-

lar interaction between mast cells and Schwann cells is disrupted, resulting in

the failure of neurofibroma formation.

This recent study provides the first confirmed molecular evidence impli-

cating the role of a specific 3-bp inframe deletion of the NF1 gene in the deter-

mination of a particular clinical phenotype – namely, the almost complete lack

of development of cutaneous, subcutaneous, and superficial plexiform neurofi-

bromas. This finding is of clinical importance because plexiform neurofibro-

mas have been shown to be associated with an increased risk of MPNSTs. It is

not yet known whether this mutation is associated with the absence of asympto-

matic internal neurofibromas, as no body or spinal imaging was undertaken in

these patients. The absence of any form of neurofibroma has only previously

been observed in families with familial CAL spots alone and also in some

individuals with Watson syndrome, who often have few, if any, cutaneous

neurofibromas.

This 3-bp deletion has been suggested to be the causative mutation in those

rare families with chromosome 17-linked autosomal dominant CAL, it is pro-

posed therefore that any patients presenting with CAL spots alone should be

initially tested for the AAT deletion. The clinical data derived from this study

also show a significant reduction of many NF1 features [43].

Molecular studies of individuals with NF1-Noonan (NFNS) have identi-

fied a variety of NF1 mutations, several of which are also found in classical



NF1 Gene Structure and NF1 Genotype/Phenotype Correlations 57

NF1 patients who show no obvious NS-like features [74, 75]. This AAT dele-

tion has so far only been identified in one family with NFNS, perhaps indicat-

ing that AAT-deletion mutation alone is insufficient to produce the NFNS

phenotype, although this mutation may confer an increased predisposition to

this phenotype. Phenotypic overlap has been demonstrated between NF1,

Noonan syndrome, LEOPARD syndrome, cardio-facio-cutaneous (CFC) syn-

drome and Costello syndrome although these conditions are usually clinically

distinguished. It was uncertain whether their common clinical features resulted

from similarities in the underlying pathogenesis. A series of studies have

demonstrated that each of these disorders is caused by germline mutations in

a number of genes involved in the RAS-RAF-ERK-MAP-kinase cascade.

Germline mutations in the PTPN11 are found in almost half of all Noonan syn-

drome and all of LEOPARD syndrome cases [76]. Germline mutations in both

KRAS and SOS1 have also been found in Noonan syndrome, while mutations in

the BRAF, MAP2K and KRAS gene are found in CFC patients. On the basis of

these findings, it has been proposed that NF1, Noonan syndrome, LEOPARD

syndrome, Costello syndrome and CFC syndrome should collectively be

termed neuro-cardio-facial-cutaneous syndrome because of their over-

lapping clinical features and the central role that hyperactive Ras plays in their

pathogenesis [76, 77].

In summary, the NF1 gene displays several intriguing characteristics

including the presence of three embedded genes, the presence of four alterna-

tively spliced transcripts and their differential expression, multiple partial

pseudogenes and a very high mutation rate which still remains enigmatic. NF1
gene is a tumour suppressor gene [78] and is associated with many tumour

types. It has been exciting few years for NF1, both in terms of clinical research

and basic science. Our knowledge of the natural history, pathology, and patho-

genesis of NF1 has greatly increased over the past decade, although this is still

far from complete. Identification of additional genotype/phenotype correla-

tions in this disorder would prove useful in both genetic counseling as well as

expanding our knowledge of the aetiology of the disease. Studies based on

genotype/phenotype correlation are however challenging, with molecular

events between identification of a DNA genetic variant and an observable phe-

notype that may involve factors including genetic, environment and stochastic.

Progress in molecular biology and neuroimaging and the development of

mouse models have enhanced our understanding of the pathophysiology of NF1

and its clinical manifestations.

Neurofibromin is increasingly recognized to play a complex biochemical

role within the cell, being involved in many critical signaling pathways, as

reflected in the high evolutionary conservation of the protein. It has importance

extending far beyond its role in the specific disorder neurofibromatosis and it
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plays a fundamental role in key cellular processes. The development of targeted

therapies for NF1 based on our improved understanding of the clinical features,

molecular biology, proteomics and metabolic role of neurofibromin in different

cell types including Schwann cells, neurons, astrocytes and mast cell, is antici-

pated in the near future.
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Abstract
The NF1 gene is a large and complex gene spread over 280 kb of genomic DNA on

chromosome 17q11.2 and comprising 57 constitutive and at least 3 alternatively spliced

exons. The NF1 gene encodes a transcript with an open reading frame of 8,454 nucleotides.

Mutation detection is a challenge due to the large size of the gene, the lack of mutational

hotspots, the occurrence of a very diverse spectrum of mutation types and the presence of

more than 30 unprocessed pseudogenes [1]. Several different techniques have been applied

to look for mutations in this complex gene [2–4], which included already early on attempts to

apply RNA-based assays, i.e. protein truncation testing (PTT) [5]. We initially started out

using this PTT assay [6, 7], but soon realized its limitations which are (i) the necessity for

complementary assays capable to detect non-truncating mutations and (ii) the need to over-

come the problems inherent to all RNA-based approaches, i.e. illegitimate splicing and non-

sense mediated RNA decay. However, we realized the enormous advantages of an

RNA-based mutation analysis approach for a large and complex gene like NF1 that is

expressed in the lymphocytes, that has no hotspots for mutations, where mutations of all

types exist and where multiple highly homologous unprocessed pseudogene sequences that

are spread over the genome hamper specific DNA amplification. Therefore, we further

refined and improved the assays so that they now represent the core of a comprehensive

mutation analysis cascade that allows highly sensitive and effective NF1 testing. In the fol-

lowing, we will present this approach and the mutational spectrum deduced from its applica-

tion to a large cohort of patients.

Copyright © 2008 S. Karger AG, Basel

Comprehensive NF1 Mutation Analysis Using a Cascade of
Complementary Techniques – General Overview of the Approach

We applied a multi-step approach to analyze the entire NF1 coding region,

using an RNA-based center assay, complemented with additional methods allow-

ing (i) to fully characterize the cDNA alterations at the gDNA level and (ii) to
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identify microdeletions and intragenic copy number alterations. We identified

the pathogenic NF1 mutation in 1,770 unrelated patients submitted for clinical

genetic testing to the Medical Genomics Laboratory at UAB. For all patients, an

EDTA-blood sample was obtained and split into three aliquots (i) for genomic

DNA extraction, (ii) for preparation of cell suspensions for interphase fluores-

cence in situ hybridization (FISH) and (iii) for short term lymphocyte cultures

for RNA extraction. Short-term phytohemagglutinin (PHA)-stimulated lym-

phocyte cultures were set up to avoid illegitimate splicing, known to lead to

multiple aberrant splice variants that impede the detection of mutations in an

RNA-based approach [6, 7]. Before RNA extraction, cultures were treated with

200 �g/ml puromycin for 4 h to prevent the nonsense-mediated mRNA decay [6].

Total RNA was extracted and cDNA prepared as described [8]. The entire cod-

ing region was amplified in three overlapping fragments of �4 kb (spanning the

NF1 exons 1–27b, 12a–35 and 22–49). All fragments were analyzed by gel

electrophoresis allowing immediate identification of shortened fragments

indicative for the presence of splice mutations or deletions [8]. Hereafter, the

fragments were used as the starting material for direct cDNA sequencing. To

cover the entire coding region 18 sequencing primers were used. Cycle

sequencing reactions were performed with commercially available sequencing

kits. The sequencing reactions were subsequently run on an automated capillary

sequencer and analyzed using the sequence analysis program SeqScape V2.5

(ABI). In addition, exon 1 was analyzed by bidirectional direct sequencing of

this exon from genomic DNA.

All alterations/mutations detected at the cDNA level were entirely charac-

terized at the genomic level using exon/intron-specific or breakpoint-specific

primers. As prescreen for total gene deletion (with or without deletion of addi-

tional flanking genes), microsatellite analysis using four intragenic markers

was performed on an ABI3730 capillary sequencer. Patients showing only one

allele for all microsatellite markers were further analyzed by multiplex ligation

dependent probe amplification (MLPA) using the NF1 microdeletion MLPA-kit

(P122 MRC Holland) [9] and interphase FISH analysis (100 nuclei) using

probes flanking the NF1 gene, i.e. RP5–1002G3 and RP5–926B9, to confirm or

rule out the presence of the total NF1 gene deletion [6]. Finally, MLPA analysis

(kits P081 and P082 MRC-Holland) was also performed for all patients in

whom no mutation was identified after sequencing the entire coding region at

the cDNA level in order to identify intragenic copy number alterations that

escaped detection by the RT-PCR fragment analysis and direct sequencing

approach [9]. The outline of the cascade of tests used in this comprehensive

approach is depicted in figure 1. The 5� and 3�UTR have not been systemati-

cally implemented in this approach, except for analysis of dosage alterations at

positions c.1–717 and c.1–680 of the 5�UTR. Furthermore, no cytogenetic
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analysis was performed that would identify a (balanced) translocation or other

cytogenetic abnormality resulting in NF1 or a NF1-like phenotype.

Spectrum of Mutations in 1,770 Unrelated Patients as Identified by
A Comprehensive Multi-Step Approach

Comprehensive NF1 mutation analysis using this RNA-based core assay

supplemented with methods to identify NF1 microdeletions as well as smaller

copy-number changes identifies a mutation in 95% of non-founder NF1

patients fulfilling NIH criteria [6]. The sensitivity of a comprehensive RNA-

based approach was confirmed in an independent cohort of well characterized

patients [10]. The efficiency and reliability of this approach is based on the

application of a set of complementary techniques that allow the detection of dif-

ferent mutation types, including unusual splicing defects occurring outside the

Blood sample (EDTA)

RNA extraction 
From short-term lymphocyte cultures:
• Inhibition of illegitimate splicing
• Inhibition of nonsense-mediated mRNA decay

Cell suspensions 

Long range RT-PCR and cDNA 
sequencing:
• Truncating mutations
• Splice mutations
• Missense mutations
• Most intragenic dosage changes Genomic sequencing or MLPA:

Confirmation of mutation

DNA extraction

MLPA P081/P082

Microsatellite analysis
(4 intragenic markers)

MLPA
P122 

No mutation
by cDNA sequencing

Bidirectional sequencing
exon 1 gDNA 

Interphase F IS H

2 alleles 1 allele

and

MLP A P 081: del E 11 to E 23-1 

c.3826C >T, p.R1276X

Fig. 1. Comprehensive NF1 mutation analysis using a cascade of complementary tech-

niques – general overview of the approach.
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canonical AG/GT splice site sequences of the NF1 gene. The higher detection

rate compared to other methods is largely explained by the frequent occurrence

of unusual splicing defects in the NF1 gene.

Mutations in the NF1 gene are spread over the entire coding region and

include NF1 microdeletions, intragenic copy number changes, i.e. deletions/dupli-

cations involving one to several exons, frameshift, nonsense, splice, missense

mutations and in frame deletions or duplications involving one to several codons.

In total, 1,017 different NF1 mutations were identified in this cohort of

1,770 unrelated patients in whom a mutation was found. 813 out of these 1,017

mutations were singular mutations. Hence, 46% of the patients (813/1,770)

carry a ‘private mutation’ and 204 different mutations were observed more than

once in the remainder of this cohort, i.e. 957 patients. This number includes

four different types of NF1 microdeletions (all encompassing the entire NF1
gene with or without additional flanking genes) found in 89 unrelated patients

as well as 200 minor-lesion mutations and intragenic copy number changes

found twice to 30 times in the remaining 868 patients. Twenty-nine different
nonmicrodeletion mutations residing in 23 different exons each occurred in

�0.5% of the patients (ranging from 9/1,770 to 30/1,770) and together account

for 413/1,770 of the mutations (23.3%). These mutations will be further dis-

cussed under the heading ‘recurrent mutations’.

The NF1 microdeletions found in 89 patients (5%) were of variable size.

Seventy-six were 1.4 Mb in size (referred to as type I deletion [11, 12]) or larger;

9 were 1.2 Mb in size (referred to as type II deletions [13]), and 4 deletions were

smaller than 1.2 Mb but still encompassed the entire NF1 gene. 367 patients car-

ried a nonsense mutation (20.7%). 478 patients had splicing mutations (27%).

Of these, 186 affected the canonical AG/GT splice dinucleotides (10.5%), 46

affected intronic sequences at position �3 to �30 from the adjacent exon border

(2.6%) and 38 affected intronic sequences at the position –3 to –30 from the

adjacent exon border (2.1%), 172 patients carried a mutation within one of the

NF1 exons affecting splicing (9.7%), although at the gDNA level they presented

as a nonsense, missense or silent alteration. Thirty-six patients carried a deep

intronic alteration (2%) resulting in the creation of an intronic 5� or 3� splice site

that is used in conjunction with a cryptic 3� or 5� splice site present in the wild

type intronic sequence. 497 patients carried small (one to several nucleotides)

deletions or duplications/insertions (28%). Forty-four of them were non-

frameshifting mutations, i.e. a deletion (40/44) or duplication (4/44) leading to

loss/gain of 1 (24 patients), 2 (16 patients), 3 (2 patients), 5 (1 patient) or 8 (1

patient) codons. The remaining 453 deletions/insertions caused a frameshift with

21 patients carrying a frameshift mutation due to insertion of 1 to 10 nucleotides

(1.2%), 136 due to duplication of 1 to 13 nucleotides (7.7%) and 296 patients

carried a frameshift mutation due to deletion of 1 to 20 nucleotides (16.7%). In
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13 patients (0.7%), a unique complex mutation was identified, such as indels,

multiple substitutions in nearby but non-adjacent nucleotides or a substitution

plus deletion in nearby but non-adjacent nucleotides. 282 patients carried a mis-

sense mutation (15.9%). In 39 patients (2.2%), an intragenic copy number

change was found to delete (35/39) or duplicate (4/39) one (12/39) to several

(27/39) exons. Finally, in 4 patients, the methionine start codon was mutated

(M1V, M1R, M1I, c.1–16_c.1del17), which may result in use of an alternative

start codon and in one patient, a balanced translocation was found,

t(14;17)(q32;q11.2) [6]. Although rare, the contribution of gross chromosomal

aberrations might be slightly underestimated in the current study. An overview

of the spectrum of mutations is depicted in figure 2. 

The nomenclature of the mutations is based on NF1 mRNA sequence

NM_000267.1, with 1 being the first nucleotide from the methionine startcodon.

The NF1 exons are named according to the most widely used and best known

nomenclature, which does not use strictly consecutive numbers (see [4]).

Advantages of Using an RNA-Based Core Assay

RNA-based mutation detection techniques are a powerful, reliable and

efficient means to identify mutations, especially in large and complex genes

expressed in easily accessible cells such as lymphocytes and are more sensitive,

1%

18%

27%

5%2%

21%

26%
Missense or 1-multi AA del/dup

Splice

Total gene deletion

Intragenic CNC

Nonsense

Frameshift

Complex other

Fig. 2. Spectrum of mutations in 1,770 unrelated patients as identified by a compre-

hensive multi-step approach.
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especially in genes with a mutational spectrum showing a high prevalence of

splicing mutations not residing at the canonically conserved GT/AG splice sites

[2, 6, 10]. Moreover, the approach is very cost-effective: indeed for the NF1
gene the entire coding region can be analyzed in only 3–5 large overlapping

fragments using �18–20 sequencing primers, instead of the 57 amplicons

needed if all exons are analyzed at the gDNA level. Full benefit of the advan-

tages of the RNA-based assays is however only possible if the necessary pre-

cautions are taken to prevent illegitimate splicing as well as nonsense-mediated

mRNA decay.

Correct Classification of Mutations that Affect Splicing 
but Mimic Nonsense, Missense or Silent Mutations
In this study, we identified a total of 63 different exonic mutations in 192

patients, affecting correct splicing. Seventeen mimic nonsense mutations at the

gDNA, 34 missense, 10 silent alterations and 1 a frameshift mutation,

c.6792delC, leading to in-frame skipping of exon 37. Whereas the mutations

mimicking a nonsense mutation would still overall be classified as ‘pathogenic’

in a gDNA direct sequencing approach, their classification and assessment of

effect would be incorrect, which eventually may impact downstream studies

such as genotype-phenotype correlations. The decisive evaluation of the ‘mis-

sense’ and ‘silent’ alterations would not be possible without a functional evalu-

ation of the effect of these alterations on the splicing of the exons harboring the

alterations.

One class of exonic alterations create de novo splice sites, which are used

despite the presence of the intact wild-type splice sites and result in the loss of

a part of the exon. c.1466A�G (‘p.Y489C’) in exon 10b exemplifies this class.

It is the most recurrent minor lesion mutation in our cohort (30/1770) and cre-

ates a novel 5� splice site (ss) that is used instead of the authentic wild-type and

leads to skipping of the last 62 nucleotides of exon 10b [14]. Other examples

include c.2709G�A (‘p.V903V’), c.3278T�A (‘p.V1093E’) and c.3831C�T

(‘p.G1277G’) [10].

Another class of exonic alterations leads to exon skipping most likely by

disruption/creation of splicing regulatory elements such as exonic splicing

enhancers (ESEs) or exonic splicing silencers (ESSs). Data strongly support the

notion that p.Y2264X (c.6792C�A or C�G), one of the more frequently recur-

ring mutations resulting in exon 37 skipping [15], acts through the disruption of

an ESE [16]. Other examples include p.R304X, p.W336X and p.E1907X.

Although ESE/ESS prediction programs have proven to be useful for under-

standing the mechanisms of mutation-induced exon skipping, experimental

data from patient tissues remains pivotal to assess the effect on splicing of silent

or conservative amino acid changes.
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Avoidance of the Detection of Rare Benign Intronic Variants 
with No Significance
Intronic sequences without functional impact diverge faster and accumu-

late more variation in the population [17]. These rare variants, besides the other

more commonly observed SNPs, will come to attention by gDNA-based exon-

by-exon sequencing, which usually assesses the intronic regions flanking each

exon from –30 to �30, however their significance will be unknown. An effect

on splicing can only be safely assumed for alterations affecting the conserved

canonical GT/AG dinucleotides. As all new intronic variants found in this

region may or may not impact correct splicing, they will need further formal

evaluation by RNA-based analysis of the region of interest starting from a new

blood draw.

Detection of Deep Intronic Splice Mutations
In this study we identified 23 different deep intronic mutations in 36 unre-

lated patients. Eighteen of them were ‘private’ mutations only observed in one

unrelated patient/family. These mutations alter a single nucleotide often within

very large introns, creating de novo 5� or 3� intronic splice sites that are used

in conjunction with an already available intronic ‘partner’ cryptic splice site

leading to inclusion of a cryptic exon. One deep intronic mutation,

c.5749 � 332A�G in intron 30, reported previously in three independent stud-

ies [10, 18, 19], was identified in 7 unrelated patients in this study. This muta-

tion creates a strong de novo 5�ss and leads to the insertion of a 177-bp cryptic

exon between exons 30 and 31. Interestingly, the 3�ss at c.5749 � 154, used by

c.5749 � 332A�G to create the 177-bp cryptic exon is predicted to be very

weak by the currently available in silico prediction tools [10]. This finding has

two immediate implications: it suggests that other intronic sequences help to

define this cryptic exon [20] and demonstrates that the available in silico pre-

diction tools (so far) lack the power to predict the outcome of an array of vari-

ants that would be encountered by direct sequencing of entire introns and to

decide based on these predictions which of these variants should be pursued as

likely pathogenic.

Another novel deep intronic splice mutation in the 17.7 kb long intron 6,

i.e. c.888 � 651t�a, is illustrated in figure 3. According to the splice site pre-

diction by neural network (SSPNN) program (http://www.fruitfly.org/

seq_tools/splice.html) this ‘private’ mutation, found as de novo mutation in a

sporadic patient with spinal NF, creates a strong 3�ss that is used in conjunction

with a cryptic strong 5�ss leading to inclusion of a cryptic 132-bp exon contain-

ing a premature stop codon. Interestingly, the cDNA data indicate that the cryp-

tic exon only gets included in part of the mutant alleles, indicative of poor

cryptic exon recognition at least in the investigated tissue.
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Avoidance of Amplification of Non-Processed Pseudogenes 
In addition to the functional NF1 gene, over 30 non-processed pseudo-

genes are present in the human genome [1]. The pseudogenes on chromosomes

2, 14 and 22, containing the middle part of the NF1 gene, without the GAP-

encoding segment, have a sequence homology of more than 95%. Hence, the

design of primers to specifically and uniquely amplify those NF1 exons that

also have been duplicated during evolution and are part of these pseudogenes,

has been a real challenge and greatly impeded accurate mutation analysis solely

based on DNA-dependent methods in the past. This challenge has recently

become more manageable due to the public availability of the sequences of the

entire human genome as well as through more powerful primer design and

Ex6

In
tr

on
 6

Ex7

Mutant gDNA intron 6

GAGAAATACTCTTAGCTGGCTG

ins 132 from intron 6: 

Mut:..ttttttgctgctttagGAGAAAT…
WT: ..ttttttgctgcttttgGAGAAAT…

t>a: creates a splice acceptor site
SSPNN acc. score: 0.89

SSPNN donor score: 0.99

Ex 6 Ex 7

WT…ATTAAAGGgtaaataa

Intron 6: 17.756bp

Wild type cDNA

Wild type gDNA intron 6

Ex 6                Ex 7

ins132bp

Sequence context of c.888+651t>a

Ex 6                Ex 7

Mutant cDNA

Fig. 3. Deep intronic de novo splice mutation in the 17.7 kb long intron 6, i.e.

c.888 � 651t�a, leading to exonisation of 132 bp from intron 6 due to the use of a newly

created splice acceptor site that gets used in conjunction with a cryptic splice donor site.
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homology search software [21]. Nevertheless, it is advisable when designing

primers for gDNA sequencing to allow the amplification of at least 30

nucleotides of the adjacent intronic sequences. Primers too close to the exon-

intron border (see e.g. primer pair for exon 6 [21]) will miss splicing mutations

outside the canonical GT/AG splice site dinucleotides. Furthermore, primer

pairs with only one mismatch at the terminal bases between one or more of the

NF1 pseudogenes and the real NF1 gene may still coamplify some pseudogene

sequences, since the extension of the primers from the pseudogene template

may continue if terminal mismatching has weak-destabilizing effect.

Pathogenic Versus Rare Benign Variant

The distinction between a pathogenic and rare benign variant is of utmost

importance when mutation analysis is performed as clinical testing and this dis-

tinction is, apart from the silent and deep intronic sequence changes, particu-

larly challenging for missense alterations.

In the absence of functional assays, rigorous criteria must be applied

before a novel missense alteration in the NF1 gene can be unequivocally classi-

fied as the disease causing mutation in order to avoid diagnostic errors.

Sometimes, a final decision will necessarily need to be suspended until addi-

tional data from larger cohorts of patients become available. Importantly, we

have found missense mutations spread over the entire gene from exon 1 to exon

46. The missense mutations were not restricted uniquely to any of the so far

more characterized regions with known or putative functions (GRD, CSRD,

Sec14). No missense alterations were detected (so far?) in the exons 5, 9br, 23a,

34, 35, 37, 39, 42–45, 47–49.

We propose the following criteria for the evaluation of missense alter-

ations: (i) absence of any other possible deleterious mutation after comprehen-

sive analysis of the whole coding region. This is a necessary but insufficient

criterion. This analysis must include screening for a total gene deletion, smaller

dosage alterations (one to multiple exons deletions/duplications) and splice

mutations including deep intronic mutations affecting splicing. ‘Missense’

mutations shown to have an effect on splicing if RNA-based mutation analysis

is performed, can be considered to be deleterious; (ii) absence of the sequence

alteration in a large number of unrelated control samples. This is a necessary

but insufficient criterion. We still find novel benign variants on the wild-type

NF1 allele, inherited from the unaffected parent, even after sequencing the

entire coding region in �3000 patients. Furthermore, no sufficient data are

available from all ethnic backgrounds; (iii) alterations at amino acids that have

been conserved over a long evolutionary distance in the NF1 orthologs of Pan
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troglodytes, Mus musculus, Rattus norvegicus, Gallus gallus, Danio rerio,
Canis familiaris, Anopheles gambiae, Takifugu rubripes and Drosophila
melanogaster have a high likelihood of being deleterious. In addition, algo-

rithms that differentiate one variant from another at a given codon based on

chemical differences (such as PolyPhen, SIFT or Grantham score A-GVGD),

can add further support; (iv) however, finally and most importantly, clinical and

molecular genetic assessment of the relevant family members is needed before

a final conclusion should be made for all novel missense alterations. Although

NF1 is a progressive and phenotypically highly variable disorder, the disease is

fully penetrant. In a sporadic patient, the missense mutation needs to be proven
to be a de novo event and clinical evaluation of both parents needs to confirm

absence of signs of NF1 in them. De novo occurrence of a missense alteration

after comprehensive mutation analysis, along with other supportive data such as

evolutionary conservation and Grantham score, provides the strongest argu-

ment in favor of pathogenicity at this time. In a familial patient, the missense

mutation needs to be proven to segregate with the disorder in the family by

analysis of at least one affected relative. The latter argues that the missense

alteration segregates with the symptoms in the family, but does not provide in

itself proof of its pathogenicity.

Recurrent Mutations with a Frequency ��0.5%
in the NF1 Patient Population

1,017 different NF1 mutations were identified in this cohort of 1,770 unre-

lated patients in whom a mutation was found. 813 out of these 1,017 mutations

were singular mutations, indicating that �46% of the patients (813/1,770) carry

a ‘private mutation’. We expect that the number of novel mutations will further

steadily increase as more patients get analyzed and that we will continue to wit-

ness that almost half of the newly analyzed patients carry a private mutation.

In our cohort, 89 unrelated patients carried microdeletions that fall in at

least 4 different types/size classes (all encompassing the entire NF1 gene with

or without additional flanking genes). 868 patients carried 200 different recur-

rent minor lesion mutations and intragenic copy number changes found twice to

30 times in our cohort.

Twenty-nine of these different nonmicrodeletion mutations residing in 23

different exons each occurred in �0.5% of the patients (ranging from 9/1,770

to 30/1,770) and together account for 413/1,770 of the mutations (23.3%) (table 1

and fig. 4). Another 10 different mutations residing in 7 different exons/introns

occurred in �0.3% and �0.5% of the patients and account for 68/1,770 of the

mutations (4%) (table 1 and fig. 4). Fifty-one different mutations found in 167
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Table 1. Summary of all recurrent mutations presenting in �0.3% of the

patients in this cohort

Mutation Exon/ Type/ No. of 

intron effect patients 

Mutations found in ��0.5% of the patients
c.499_502delTGTT E4b frameshift 22

c.574C��T; p.R192X E4b nonsense 10

c.910C��T; p.R304X E7 nonsense/splice 12

c.1246C��T; R416X E9 nonsense 13

c.1318C��T; p.R440X E10a nonsense 12

c.1381C��T; p.R461X E10a nonsense 10

c.1466A�G; ‘Y489C’ E10b splice 30

c.1541_1542delAG E10c frameshift 13

c.1756_1759delACTA E12a frameshift 22

c.1885G��A; ‘p.G629R’ E12b splice 10

c.2033dupC E13 frameshift 20

c.2041C��T; p.R681X E13 nonsense 10

c.2446C��T; p.R816X E15 nonsense 15

c.2970_2972delAAT; E17 1 AA deletion 14

p.991delM

c.3457_3460delCTCA E20 frameshift 14

c.3721C��T; p.R1241X E22 nonsense 10

c.3826C��T; p.R1276X E22 nonsense 13

c.4084C��T; p.R1362X E23-2 nonsense 16

c.4267A�G; p.K1423E E24 missense 17

c.4537C��T; p.R1513X E27a nonsense 18

c.5242C��T; p.R1748X E29 nonsense 13

c.5425C��T; p.R1809C E29 missense 13

c.5546G��A; ‘p.R1849Q’ E29 splice 17

c.5839C��T; p.R1947X E31 nonsense 10

c.6709C��T; p.R2237X E36 nonsense 9

c.6792C�A; ‘p.Y2264X’ E37 splice 16

c.7096_7101delAACTTT; E39 2 AA deletion 9

p.2366_2367delNF

c.7486C��T; p.R2496X E42 nonsense 9

c.7846C��T; p.R2616X E45 nonsense 16

Mutations found in ��0.3% but ��0.5% of the patients
c.1019_1020delCT E7 frameshift 6

c.2325�1G�A I14 splice 7

c.3827G��A; p.R1276Q E22 missense 6

c.3916C��T; p.R1306X E23-1 nonsense 7

c.5749�332A�G I30 deep intronic splice 7

c.6789_6792delTTAC E37 frameshift 6

c.6791dupA E37 frameshift 8



Messiaen/Wimmer 74

Table 1. (continued)

Mutation Exon/ Type/ No. of 

intron effect patients 

c.6792C�G; ‘p.Y2264X’ E37 splice 7

c.7267dupA E41 frameshift 6

c.7285C��T; p.R2429X E41 nonsense 8

Mutations that can be explained by spontaneous methyl-cytosine deamination-

mediated C�T/G�A transitions at 19 of the 120 CpG dinucleotides of the NF1
coding region are shown in bold.

12%

46%

5%

23%

4%

10%

Singular mutation

Microdeletion

29 different recurrent
mutations (�0.5%) 

10 different recurrent
mutations (�0.3% and �0.5%)

51 different recurrent
mutations (�0.17% and �0.3%)

110 different recurrent
mutations (twice each)

Fig. 4. Overview of the fraction of recurrent versus singular mutations in the cohort of

1,770 unrelated patients.

unrelated patients, occurred 3 to 5 times in this cohort and 110 different muta-

tions were identified twice in this cohort.

Of the 29 recurring mutations with a prevalence of �0.5%, 19 can be

explained by spontaneous methyl-cytosine deamination-mediated C�T/G�A

transitions at 19 of the 120 CpG dinucleotides of the NF1 coding region, see

mutations presented as bold in table 1. Three deletions are tandem-repeat medi-

ated deletions (c.499_502delTGTT, c.1756delACTA and c.7096_7101delAAC

TTT). Mutation c.2033dupC can be caused by DNA-polymerase slippage

within a C7-homonucleotide tract. p.991delM is suggested to be mediated by

palindrome correction [22]. Mutation c.1541_1542delAG may be explained by
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excision of two mispaired nucleotides in an inverted repeat [23]. c.1466A�G

and c.4267A�G are probably induced by spontaneous adenine deamination at

the sense strand [24]. p.Y2264X in exon 37 is located within a hypermutable

region in exon 37 containing a ‘quasi-symmetric’ element [25]. The reason for

the recurrence of c.3457_3460delCTCA remains so far unexplained.

Final Remarks

We have described and defined the overall unbiased spectrum of constitu-

tional NF1 mutations as found in a large cohort of 1,770 unrelated patients ana-

lyzed in the Medical Genomics Laboratory at UAB using a comprehensive

mutation analysis consisting of an RNA-based core assay supplemented with

methods to identify NF1 microdeletions as well as smaller copy number

changes. We do not expect to see further significant fluctuations in the percent-
ages contributed by the different types of mutations by analyzing larger cohorts

of patients. However, the spectrum of mutations within each of the subtypes (e.g.

missense, deep intronic splice mutations, etc.) will need to be defined/described

in more detail to further our understanding of the genomics of the NF1 gene.

This spectrum will serve as a baseline to compare against specific subgroups of

patients presenting with variant forms/subtypes of NF1. It will also allow explor-

ing in further depth whether the spectrum of second hit mutations as identified

in different cells/tumors differs from the constitutional spectrum.

There is a need for a reliable, specific and sensitive NF1 mutational detec-

tion approach, to help resolve diagnostic dilemmas using clinical genetic test-

ing in patients not fulfilling the NIH diagnostic criteria, especially young

children but also atypical patients, such as patients with spinal neurofibromato-

sis or segmental NF. Only about half of patients with sporadic NF1 mutations

(i.e. founder patients) fulfill the NIH diagnostic criteria by one year of age and

still 5% will not fulfill these criteria by the age of 8 years [26]. CAL-spots are

often the first signs of NF1, increasing in number during the first years of life.

Waiting for more symptoms to appear with time in order to ascertain the diag-

nosis on a clinical basis can be very stressful for families. Furthermore, distinc-

tion between NF1 and the recently reported autosomal dominant NF1-like
disorder, caused by mutations in the SPRED1 gene and characterized by multi-

ple CAL-spots, freckling, macrocephaly but absence of cutaneous neurofibro-

mas, will become essential once the symptoms and complications associated

with this new disorder are documented in more detail [27].

Earlier diagnosis allows to offer genetic counseling to parents and relatives

earlier as well as to initiate interventions for learning or developmental prob-

lems sooner. Earlier diagnosis will become even more important once more
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therapeutic options become available. A direct genetic test may help to establish

the diagnosis earlier, especially in sporadic patients, but only when the testing

has a high sensitivity, i.e. finds the mutation in (almost) all patients that eventu-

ally will fulfill the NIH criteria (low false negative results) and, equally impor-

tant, does not confuse a benign variant with a pathogenic mutation (no false

positive results).
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Abstract
The NF1 microdeletion syndrome is caused by haploinsufficiency of the NF1 gene and

neighbouring genes in its flanking regions. Most patients carry a constitutional type-1 1.4-

Mb deletion comprising 14 genes. The second recurrent type-2 1.2-Mb deletion comprising

13 genes is usually present in a mosaic status resulting in milder phenotypes. Only a few

patients with unusually sized NF1 microdeletions have been described. A comprehensive

genotype/phenotype correlation is lacking. The NF1 microdeletion syndrome, in comparison

to patients with intragenic NF1 mutations, is characterized by a more severe clinical pheno-

type associated with a dysmorphic, coarse facial appearance, cognitive disabilities, growth

disturbances, cardiovascular abnormalities, connective tissue abnormalities, skeletal abnor-

malities, the impression of earlier onset and large number of cutaneous neurofibromas, and a

higher lifetime risk for the development of malignant peripheral nerve sheath tumours

(MPNSTs). Mental retardation, dysmorphisms, and cardiac anomalies are the most observed

extra NF1 clinical signs in patients with NF1 microdeletions. If present, they should lead to

the suspicion of an NF1 microdeletion syndrome.

Copyright © 2008 S. Karger AG, Basel

The first patient with a large constitutional NF1 deletion was reported in

1992 [1]. It was presumed that mental impairment and facial dysmorphism of

this patient may result from haploinsufficiency involving both the NF1 gene

and contiguous genetic material. Since then it was shown that about 5% of indi-

viduals with neurofibromatosis 1 (NF1) carry a deletion in 17q11.2 that encom-

passes the NF1 gene and neighbouring genes lying in its flanking regions [2, 3].

Numerous reports on a more severe phenotype in these patients than in those

with intragenic NF1 mutations have been published [2, 4–24]. The condition

caused by haploinsufficiency of the NF1 gene and contiguous genes is now

known as the ‘NF1 microdeletion syndrome’. This syndrome, in comparison to
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patients with intragenic mutations, is characterized by a severe manifestation

associated with facial dysmorphism, learning disabilities, mental retardation,

connective tissue abnormalities, cardiovascular abnormalities, and early onset

and large number of cutaneous neurofibromas, together with a higher lifetime

risk for the development of malignant peripheral nerve sheath tumours

(MPNSTs) [9, 15, 20, 21].

Microdeletions (Large Deletions) of the NF1-Gene

Most of the large (genomic) NF1 deletions are microdeletions from the

cytogenetic point of view and are not detectable by the use of standard cytoge-

netic techniques. The terms ‘large deletion’ and ‘microdeletion’ are synonymi-

cal in this context.

The genomic architecture of 17q11 containing the NF1 gene is character-

ized by several segmental duplications (also called repeated sequences (REPs),

low copy repeats (LCRs), or paralogous sequences) that increase the suscepti-

bility of genomic rearrangements resulting in deletions and duplications of the

interval between the segmental duplications.

Two major types of NF1 microdeletions have been identified. Both are

caused by recombinations between low copy repeat sequences of the NF1 gene

region. The most common type-1 deletion encompasses 1.4 Mb and comprises

14 genes. It is mediated by recombination between the proximal to the NF1
gene located LCR-P (NF1REPa) and the distal to the NF1 gene located LCR-D

(NF1REPc) [13, 25–28]. The less frequent type-2 deletion spans 1.2 Mb and

comprises 13 of these genes. It is mediated by recombination between the

SUZ12 (JJAZ1) gene and its pseudogene, which are flanked by NF1REPc and

NF1REPa, respectively [29, 30].

Whereas the type-1 deletions are constitutional deletions that arise by

interchromosomal non-allelic homologous recombinations during maternal

meiosis, the type-2 deletions arise by postzygotic intrachromosomal non-allelic

homologous recombinations during mitosis, leading to somatic mosaics, mean-

ing that the deletion is present in some but not in all cells [29–31]. All type-2

mosaic deletions have been found in female patients.

Constitutional type-2 deletions have so far been reported only in two

patients. Therefore, it is not known if type-2 deletions result in a clinical pheno-

type being different from type-1 deletions. In both cases, the deletions were

inherited from a mother who carried a mosaic deletion [29, 30].

Furthermore, besides the recurrent type-1 and type-2 deletions, a few

patients with unusually sized NF1 microdeletions have been described [1, 2, 5,

13, 15, 18, 21, 22, 32–35]. Whereas most of these atypical NF1 microdeletions
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are larger than 2 Mb ranging to 7 Mb, also some shorter deletions overlapping

partially with the common 1.4-Mb interval have been reported.

In addition to fluorescence in situ hybridisation, the standard method to

detect NF1 microdeletions, other methods such as multiplex ligation-dependent

probe amplification (MLPA) and locus specific microarray-CGH analysis have

been shown to be suitable methods in deletion detection [30, 35, 36].

Genotype/Phenotype Correlations in Patients with 
NF1 Microdeletions

Numerous studies have checked for genotype/phenotype correlations in

NF1 [37, 38]. However, the wide diversity of NF1 mutation types on the one

hand and the wide range of the phenotypic spectrum of NF1 on the other hand

have made it difficult to establish genotype/phenotype correlations. With the

one most recently detected exception that a 3-bp deletion in exon 17 of the NF1
gene is associated with a very mild NF1 phenotype lacking neurofibromas in

most patients, genotype/phenotype correlation has been found only in patients

with NF1 microdeletions [39].

It has been suggested that genes located in the deleted region in 17q11.2

act as modifier genes and that several manifestations could be attributed to their

hemizygosity. Fourteen genes have been identified in the common 1.4-Mb dele-

tion interval. Their individual contribution to the phenotype however is unclear.

Of particular interest with regard to genotype-phenotype correlations are

unusually sized NF1 microdeletions, which overlap only partially with the com-

mon 1.4-Mb deletion interval. Despite a large number of patients with known

NF1 microdeletions, the role of putative modifier genes has been difficult to

assess because the number of patients reported with both comprehensive clini-

cal information and good molecular characterisation of deletion size is small.

So, the correlation between size of deletion and clinical phenotype remains

incompletely defined.

Haploinsufficiency of the OMG and/or CDK5R1 genes has been proposed

to be implicated in learning disability, and haploinsufficiency of the JJAZ1 and

CENTA2 genes in development of cardiovascular anomalies [21, 40].

Phenotypic Manifestations

In two large studies the incidences of several clinical features in patients

with the NF1 microdeletion syndrome and patients with intragenic NF1 muta-

tions were compared [21, 23]. The studies included 92 [21] and 157 patients
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[23], respectively and were based on an extensive literature review, and own

observations. Two other comparative studies investigated single clinical signs

(cognitive ability, MPNST risk and height growth, respectively) [20, 41, 42].

Craniofacial Dysmorphism

Dysmorphic craniofacial features (one or more) are significantly more fre-

quent in patients with NF1 microdeletions than in the general NF1 population

(78–75% vs. 5–15%) [21, 23]. The most commonly noticed features were:

hypertelorism, coarse face, broad, fleshy nose, broad nasal bridge, ptosis,

downslanting palpebral fissures, and micrognathia. There is a common charac-

teristic of a coarse dysmorphic face in the majority of patients, so that the gen-

eral impression seems more specific than single dysmorphic signs [9, 21] (fig. 1).

Presumably that there are other genes or modifiers influencing the pathways,

resulting in craniofacial dysmorphism [21].

Patients with an NF1 microdeletion are often described with dysmorphic

features resembling Noonan syndrome (craniofacial dysmorphism, broad

Fig. 1. Patients with NF1 microdeletions. Left: Affected father (WEM) at 40 years of

age. Right: His affected son (WER) at five years of age. Note facial coarsening with promi-

nent nose and fleshy nasal tip, more pronounced in the father. Informed consent for publica-

tion of photographs was obtained.
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and/or webbed neck, short stature, cardiac defect). Sometimes the same patient

was described in multiple reports. In the following 14 patients Noonan syn-

drome-like appearance was noted at least once: UWA 166–1, [4, 8, 13], 166–2,

[4, 8, 13], UWA169–1 [4, 8, 13], UWA 69–3 [5, 43], UWA 106–3 [1, 5, 13],

UWA 123–3 [5, 13], UWA 128–3 [5, 13], UWA 160–1 [7, 13], UWA 176–1

[13], P-13 [2], 3–1, 3–2 [44], P-1 [23], P-7 [45].

Based on 157 patients with NF1 microdeletions and reports on dysmor-

phisms in 118 of them [23], the incidence of Noonan syndrome-like features

can be calculated to be 12% (14 of 118). In a systematic study of NF1 families,

9 of 94 individuals (9.5%) had signs of Noonan syndrome. Two patients carried

an NF1 microdeletion. Thus, the incidence of Noonan syndrome-like features

in patients with classical NF1 was 7 of 92 (7.6%) [44].

Recently, the clinical overlap of NF1 and Noonan syndrome was eluci-

dated. Both the gene products of NF1 and of PTPN11 (the causative gene in

about half of the patients with Noonan syndrome) are involved in the signal

transduction pathway of Ras. While SHP-2, the PTPN11 gene product, is an

upstream activator of Ras, neurofibromin (encoded by NF1) functions as an

inactivating Ras-GTPase [46–48].

Weaver syndrome-like features were suspected in four patients with NF1
microdeletions: a mother and her son [2, 49], and in three unrelated boys COS,

ERS, and PFA [42]. For two of them (COS and PFA) the break points of type-1

deletions have been verified by deletion junction-specific PCRs. It was pro-

posed that Weaver-like features belong to the phenotypic spectrum associated

with the common NF1 microdeletions [42].

Intellectual Impairment

Learning disabilities and attention deficit disorder are frequently observed

in NF1 patients but mental retardation (MR) is not frequent [50]. Studies reveal

mean full-scale IQ (FSIQ) scores between 88 and 99, thus within one standard

deviation (�15) of the normal population [50].

Recently, it was confirmed that average intelligence in the group of indi-

viduals with NF1 microdeletions is lower than in the group of NF1 individuals

without a microdeletion [41], but MR was not as frequent as expected based on

previous reports in the literature. An average full scale IQ difference of 12.5

points has been reported between the two groups (mean FSIQ in the NF1
microdeletion group was 76.0; in the non-microdeletion group 88.5). Cognitive

deficiency and/or developmental delay of various degrees, ranging from learning

disability to severe mental retardation was found in 70% (83/118) of patients

with microdeletions exceeding the 30–65% [51] expected in the general NF1
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population [23]. Of 26 patients with known type-1 deletions 12 (46.1%) had

mental retardation but only two (7.7%) had moderate to severe mental retarda-

tion. Because all of four patients with a deletion extending telomerically to the

NF1REPb mapping close to the NF1 5� region are affected by moderate or

severe mental retardation, it was hypothesized that haploinsufficiency of one or

more genes distally to NF1REPb, such as CDK5R1, plays a critical role in brain

function or development, thus accounting for severe mental retardation in

patients carrying such deletions [21].

It was suggested that increased frequency of MR in NF1 patients with

microdeletions could be explained with a higher rate of brain malformations in

this group [52]. However, this data was shown to be controversial.

Growth

In contrast to macrocephaly and short stature which are regarded distinc-

tive traits of NF1 resulting from NF1 haploinsufficiency, advanced body height

is not part of the phenotypic spectrum of NF1. Anthropometric measurements

and growth charts for the general NF1 population showed that height growth

was nearly normal during childhood but decreased with increasing age [53–56].

Patients with the common NF1 microdeletions display distinct growth

anomalies. In contrast to classical NF1 patients, childhood overgrowth occurs

in these patients [42]. In addition, evidence of bone age acceleration in NF1
microdeletion patients was found [42]. This contrasted with findings in classi-

cal NF1 patients whose prepubertal bone age is delayed by 1–2 years [53].

Published data on height growth of patients with NF1 microdeletions are

sparse and an age dependency of their growth patterns has not been reported. Tall

stature was found in 12% (19 of 157) of patients with NF1 microdeletions [23].

Cardiovascular Malformations

Microdeletion syndromes are often associated with congenital heart

defects [57]. This applies to NF1 microdeletion syndrome, too [21]. It was

shown that cardiovascular malformations are significantly more frequent in

NF1 patients with microdeletions than in those without (20 vs. 2.1%) [21, 58].

The structural heart defects included pulmonic stenosis, atrial/ventricular septal

defects, valve defects, hypertrophic cardiopathy and patent ductus arteriosus.

These findings underline the importance of cardiological investigations as

pointed out by Friedman and coworkers [59] for all patients with NF1 and of

special care for those with microdeletions.
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Connective Tissue Abnormalities

Connective tissue involvement is part of the clinical spectrum of the clas-

sic NF1 phenotype. Scoliosis, bone dysplasia, and vascular anomalies are com-

mon features.

Connective tissue abnormalities were present in 12% (19 of the 157) of

patients with NF1 microdeletions [23]. The most common feature was joint lax-

ity (11 patients), followed by soft, fleshy palms (7 patients). Six patients includ-

ing three from Venturin’s group had mitral valve prolapse, in one patient

secondary complication of bacterial endocarditis occurred, one patient had aor-

tic dissection [6, 8, 19, 21].

Although comparison between NF1 patients with NF1 microdeletions and

those without microdeletions is difficult, the phenotype in the former group

seems to be more pronounced [23].

Skeletal Anomalies

Skeletal anomalies were found to be relatively common in patients with

NF1 microdeletion [23]. Significant anomalies were found in 42 of 157

patients. The most common findings were scoliosis (18/42), pectus excavatum

(14/42), and brachydactyly (9/42).

In a prior study no statistical differences in frequencies of scoliosis and

pectus deformity in patients with microdeletions and patients of general NF1

population were shown [21]. The frequencies for scoliosis were 15% and 10 to

30%, respectively and for pectus deformity 17 and 20%, respectively.

Neurofibromas

The observation of an early onset of dermal neurofibromas (under the age

of 10) and an increased number of such tumours relative to age was one of the

first signs reported in connection with NF1 microdeletions [1, 5, 13]. This gen-

eral impression has been confirmed in many reports.

Despite the absence of precise data on number and onset of neurofibromas

in most patients with NF1 microdeletions, a quantification of tumours often

as ‘multiple’ or ‘numerous’ was given for 145 of 157 patients reviewed by

Mensink and coworkers [23]. Multiple subcutaneous neurofibromas were

described in 61% (89 of 145). It has been suggested that one or several genes

located in the common 1.4 Mb region act as modifier genes and that their hem-

izygosity might enhance neurofibroma growth.
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Plexiform neurofibromas were present in 24% (34 of 141) [23] and 28%

(25 of 88) [21]. This portion is similar to the 25–30% in the general NF1 popu-

lation [21].

Malignancies

The lifetime risk for malignant peripheral nerve sheath tumour (MPNST)

in individuals with NF1 was estimated to be 8–13% in a population-based study

using a dual approach for ascertainment (NF1 register and Cancer registry)

[60]. It was shown that NF1 patients with microdeletions have a substantially

higher lifetime risk for the development of MPNSTs (16–26%) compared with

the general NF1 group [20]. MPNSTs were reported in 19 of 145 (13%) of

patients with NF1 microdeletions [23].

A routine testing of all NF1 patients for the presence of a microdeletion

and follow-up of those with microdeletions with a higher level of suspicion for

MPNSTs has been proposed [20].

Conclusion

Although a large number of patients with NF1 microdeletions have been

reported in the last years, the precise clinical phenotype and correlations

between specific clinical phenotypes and the deletion sizes remain to be

defined. Future reports on patients with NF1 microdeletions should include

comprehensive clinical and molecular information.

The knowledge of specific phenotypic manifestations in patients with

microdeletions is important in clinical management of this group of NF1

patients. Further, associations between phenotype and genotype shed light on

the pathogenesis of specific features and may lead to the identification of genes

in neighbourhood of the NF1 gene or other modifying factors responsible for

specific manifestations.
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Abstract
Duplicated sequences such as the NF1REPs and the SUZ12 sequences located within

the NF1 gene region predispose to gross NF1 deletions, which constitute the most frequent

recurrent mutations in NF1. Type-1 deletions of 1.4 Mb are mediated by non-allelic homolo-

gous recombination (NAHR) between the highly homologous NF1REPs in 17q11.2 and are

the most common types of NF1 gene deletion. Two distinctive NAHR recombination

hotspots have been identified within the NF1REPs. Interestingly, they are paralogous to a

hotspot of allelic homologous recombination (AHR) on chromosome 19. These findings

imply the sequence conservation of recombination hotspots within paralogues on chromo-

somes 17 and 19, sequences which diverged at least 6 Mya. Furthermore, NAHR leading to

pathological genomic rearrangements, and AHR occurring regularly during meiosis, seem to

share many features such as frequent gene conversion close to sites of crossover. Less com-

mon than type-1 deletions are type-2 deletions which have breakpoints in the SUZ12 gene

and its pseudogene. The majority of type-2 deletions are associated with somatic mosaicism

and are caused by mitotic NAHR. Obviously, positional preference exists in the NF1 gene

region with regard to mitotic versus meiotic recombination which is suggestive of different

sequence requirements for both processes. In addition to the segmental duplications, copy

number variations have been suggested to occur in the NF1 gene region, which may further

contribute to its instability.

Copyright © 2008 S. Karger AG, Basel

Approximately 5% of all patients with neurofibromatosis type 1 (NF1)

have large deletions in 17q11.2, which include the NF1 gene and its flank-

ing regions [1–3]. The majority of the NF1 deletions encompass 1.4 Mb but

they are often termed ‘microdeletions’ because they are too small to be identi-

fied by classical chromosome analysis. The standard method to detect NF1
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microdeletions is fluorescence in situ hybridization (FISH) but, additionally,

other methods such as multiplex ligation-dependent probe amplification (MLPA)

and microarray analysis proved to be very useful [4, 5]. From the clinical point

of view, NF1 microdeletions are of great interest as they are frequently associ-

ated with a more severe manifestation of symptoms than observed in the gen-

eral population of NF1 patients with intragenic mutations. This suggests that

modifier genes may be located in the NF1 gene region. The hemizygosity of

one or several of these genes, in addition to the loss of the NF1 gene, could

directly or indirectly cause a more severe manifestation of the disease.

The deletion-associated phenotype includes an early onset of neurofi-

broma growth and a heavy burden of these tumors [reviewed in 6, 7]. Further

NF1 deletions are associated with a higher risk for malignant peripheral nerve

sheath tumors, which are often life threatening with a very poor prognosis [8].

The average intelligence of NF1 microdeletion patients is lower than in NF1

individuals without a microdeletion [9]. Additionally, patients with NF1
microdeletions frequently have cardiac anomalies, connective tissue dysplasia,

skeletal malformations and dysmorphic facial features [reviewed by 6, 7].

Furthermore, advanced height growth as well as accelerated carpal bone age is

part of the phenotypic spectrum in patients with NF1 microdeletions [10].

However, except for the assessment of cognitive abilities, comprehensive and

standardized phenotype/genotype correlations in a large cohort of patients with

precisely characterized deletion boundaries have not so far been performed.

Furthermore, it would be necessary to include in these kinds of comparisons

sex- and age-matched patients with intragenic NF1 mutations, and this has not

yet been done. It is therefore still unclear how significant the association

between large NF1 deletions and a severe phenotype is and to which extent the

phenotype is influenced by the size of the deletion.

The NF1 gene region has a complicated structure due to several segmental

duplications that increase the susceptibility of genomic rearrangements such as

microdeletions. Therefore, NF1 deletions belong to the group of genomic disor-

ders which are caused by the respective local genomic architecture [11–15].

Genomic disorders frequently result from recurrent DNA rearrangements medi-

ated by non-allelic homologous recombination (NAHR) between low copy

repeats (LCRs). LCRs usually encompass 10–400 kb of genomic DNA and

exhibit more than 95% sequence identity. If they are located in direct orienta-

tion, they provide the substrates for NAHR resulting in deletions or duplica-

tions of the intervening sequences. The clinical phenotype associated with these

genomic disorders is due to an abnormal dosage of gene(s) located within the

rearranged regions. For many genomic disorders, reciprocal microduplication

and microdeletion syndromes have been identified. As yet, however, no patients

with duplications of the NF1 gene region have been reported. This may be due
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to a detection bias because the clinical phenotype associated with an NF1 gene

duplication is still unknown.

In the following, the structure of the NF1 gene region, in particular of the

LCRs located there and the mechanisms underlying these deletions, are dis-

cussed. Beyond increasing our knowledge about the NF1 microdeletions them-

selves, the various studies cited have contributed considerably to our present

understanding of the genesis of de novo genomic rearrangements and disorders.

Segmental Duplications in the NF1 Gene Region

The NF1 gene region is flanked by large segmental duplications with a

high degree of homology (�96% sequence identity). These duplications have

hampered the mapping of this region particularly at the time when not all

genomic clones had been completely sequenced. Now, however, the genomic

map of the NF1 gene region is well established [16–18]. The proximal NF1 low

copy repeat (LCR) is located �400 kb centromeric to the NF1 gene. This dupli-

con, also termed NF1REPa, has high homology to NF1REPb, mapping close to

the 5� region of the NF1 gene and to NF1REPc located distal to the NF1 gene

(fig. 1). The NF1REPs contain the LRRC37B gene and several pseudo-exons

thereof. The functional LRRC37B gene is located in the distal NF1REPc. In

addition to duplicated LRRC37B exons, NF1REPa contains exons of the

SMURF2 gene, whose functional copy is located at 17q24. Interestingly, the

duplicated SMURF2 exons 4–6 and exons 9–11 of the LRRC37B gene within

NF1REPa are expressed and spliced together in one transcript (DKFZp667M2411)

NF1
OMG
EVI2B
EVI2A

RAB11FIP4

RNF135
CRLF3

C17orf41
CENTA2 C17orf79

UTP6
SUZ12

LRRC37B
DKFZp667M2411

NF1REPc

C17orf42

NF1REPbNF1REPa

cen tel

SUZ12P

PRS  1 2 PRS  1 2

LRRC37B gene � pseudoexons

SMURF2 pseudoexons

Sequences paralogousto REP19 

Fig. 1. Schematic representation of the NF1 gene region. The genes located between

and within the NF1REPs are indicated as black boxes with their designation given above. The

position of the recombination hotspots PRS1 and 2 are indicated by arrows.
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suggesting that a new gene has been generated by the duplication and insertion

events that had formed NF1REPa [17]. However, it is unknown whether this

gene is functional or a pseudogene.

NF1REPa and NF1REPc additionally encompass sequences with homol-

ogy to genomic segments originally located at 19p13.1 including parts of the

intergenic segments between the LPHN1 and the CD97 genes as well as

pseudo-exons of the LPHN1 gene [16–18]. The region on chromosome 19,

which contains sequences paralogous to the NF1REPs on chromosome 17, has

been called REP19 [19].

In addition to the NF1REPs, further duplicated sequences are located in

the NF1 gene region. Separated by 40 kb of unduplicated sequence, the

NF1REPc is flanked by the functional SUZ12 gene, which encompasses 16

exons (fig. 1). A pseudogene copy of the SUZ12P gene containing exons 1–9 is

located distal to NF1REPa. The protein encoded by the functional SUZ12 gene

is an important component of the Polycomb group of proteins which form com-

plexes to regulate histone-methylation and gene silencing (table 1).

The complex structure of the LCRs in the human NF1 gene region sug-

gests that they originate from multiple rearrangements including duplications

and transpositions. Comparative FISH analysis revealed that the orangutan and

the rhesus macaque do not have sequences with homology to chromosome 19 in

their NF1 gene region. Thus, the transposition of the paralogous sequences

from chromosome 19 to chromosome 17 must have occurred after the separa-

tion of the orangutan from the common ancestral lineage leading to humans,

7–9 Mya [17]. Interestingly, the murine Nf1 gene region does not contain any

segmental duplications at all [16].

Types of NF1 Microdeletions

The most common NF1 microdeletion type spans 1.4 Mb and is mediated

by NAHR between the NF1REPs a and c [19–22]. In these type-1 deletions, two

preferred regions of NAHR have been observed, PRS2 and PRS1 (fig. 1) [17,

18]. Of 60 type-1 deletions investigated, 40 had breakpoints in the 3.4 kb span-

ning PRS2 and 13/60 had breakpoints in PRS1 (1.8 kb) [19]. This clearly shows

the presence of hotspots of NAHR in NF1REPa and c.

Type-2 deletions are the second most common type of recurrent NF1
microdeletion. In these cases, the breakpoints are located within the SUZ12
sequences which flank the NF1REPs (fig. 1). Type-2 deletions encompass

1.2 Mb and only three of them have been characterized so far with respect to the

precise breakpoint localization [23, 24]. Thus, it is still unknown whether a

preferred NAHR region occurs in the SUZ12 sequences or if breakpoint
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Table 1. Summary of the functional genes located in the NF1 gene region between and within the NF1REPa and NF1REPc

Gene Function of the encoded protein

DKFZp667M2411 The function of the encoded protein termed hypothetical protein LOC147172 is unknown. It maps to the NF1REPa.

CRLF3 The cytokine receptor like factor 3 has a fibronectin type III domain but its detailed function is unknown. Increased 

expression of CRLF3 has been observed in cutaneous squamous cell carcinoma 

ATAD5 (C17ORF41) It associates with Rad9, is involved in the Bcl2 pathway and in a Rad9-related damage checkpoint important in 

determining whether DNA damage will be tolerated or whether the damaged cells will be eliminated by apoptosis 

C17orf42 The function of this nuclear protein is unknown.

CENTA2 Centaurin alpha 2 contains an N-terminal ARF-GAP-like zinc finger motif, followed by 2 pleckstrin homology 

domains. Highly expressed in placenta, spleen, kidney, skeletal muscle, and adrenal gland. It binds to inositol 

1,3,4,5-tetrakisphosphate and phosphatidylinositol 3,4,5-trisphosphate as an adaptor protein 

RNF135 The function of the encoded protein which contains a zinc finger RING-type domain is unknown.

NF1 Neurofibromin is a GTPase activating protein with a SEC14 domain, modulates 

cytoskeleton-mediated-processes and acts as tumor suppressor.

OMG The oligodendrocyte-myelin glycoprotein is highly expressed in the central nervous system and binds to the 

NOGO receptor A. This complex is a potent inhibitor of neurite outgrowth in cultured neurons. Interfering with the 

OMGP/NOGO receptor pathway may allow lesioned axons to regenerate after injury in vivo 

EVI2B The protein encoded by the ecotropic viral integration site 2B gene is an integral plasma membrane protein highly 

expressed in bone marrow, spleen and thymus. It is involved in cell differentiation and aberrantly expressed in 

chronic lymphocytic leukemia [54, 55].

EVI2A The ecotropic viral integration site 2A protein is integral to the plasma membrane, has receptor activity and is 

highly expressed in bone marrow, spleen and thymus like EVI2B. In contrast to EVI2B, EVI2A is also highly 

expressed in brain and spinal cord. It may function as an oncogene in retrovirus-induced myeloid tumors.

RAB11FIP4 RAB11 family interacting protein 4 is strongly expressed in the brain and functions in the delivery of recycling 

endosomes to the cleavage furrow, binds to Arf6 and is together with Rab11 essential for completion of abscission, 

the terminal step of cytokinesis 
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C17orf79 The molecular function of the chromosome 17 open reading frame 79 encoded protein is unknown.

UTP6 The protein is homolog to the small subunit (SSU) processome component in yeast 

and has been identified as hepatocellular carcinoma-associated antigen 66 

SUZ12 SUZ12 is a component of the Polycomb group complexes 2, 3, and 4, which are critical for proper embryonic 

development. Suz12 target promoters are transcription factors and homeobox proteins predominating in embryonal 

cells and glycoproteins and immunoglobulin-related proteins in adult tumors  Mice lacking Suz12 are not viable 

and die during early postimplantation stages displaying severe developmental and proliferative defects and specific 

loss of di- and trimethylated H3K27. SUZ12 is essential for the histone methyltransferase activity and the silencing

function of the EED-EZH2 complex in vivo 

LRRC37B The function of the leucine rich repeat containing 37B protein is unknown. It is expressed in testis.

Table 1. (continued)

Gene Function of the encoded protein
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heterogeneity exists. Interestingly, type-2 deletions are frequently associated

with somatic mosaicism of normal cells and those with the microdeletion. All

mosaic patients identified so far have been females [24].

In addition to the recurrent type-1 and type-2 deletions, non-recurrent

atypical deletions of different sizes have been observed. Currently, 19 atypical

large NF1 deletions have been reported [reviewed in 5, 25, 26]. Most of these

deletions have unique breakpoints, except for three deletions characterized by

Mantripragada et al. [5] that would appear to display spatially similar proximal

breakpoints in intron 1 of the NF1 gene. Several of these atypical NF1
microdeletions are larger than 2 Mb although also some smaller deletions have

been reported which partially overlap with the common 1.4 Mb deletion inter-

val [reviewed in 26].

Mechanisms Underlying NF1 Microdeletions

Type-1 NF1 microdeletions are mediated by NAHR during maternal meio-

sis I [27, 28]. As already mentioned, the recombination breakpoints in type-1

NF1 deletions are not randomly distributed but rather are located in two distinc-

tive hotspots, PRS1 and PRS2 (fig. 1) [18, 19]. Similarly, a narrow NAHR

hotspot of 600 bp has been observed in Charcot-Marie-Tooth disease 1A

(CMT1A) and hereditary neuropathy with pressure palsies (HNPP) associated

with microduplications and microdeletions in 17p11.2 [29, 30]. The narrow con-

centration of recombination hotspots in regions of 1–2 kb has also been observed

in ‘normal’ allelic homologous recombination (AHR) during meiosis [31, 32].

Another similarity between AHR and NAHR is the frequent occurrence of gene

conversion in breakpoint regions [22, 33–35]. This suggests that AHR and

NAHR have many features in common. Interestingly, the position of recombina-

tion hotspots also seems to be conserved when paralogous sequences are com-

pared. Population genetic data have revealed a hotspot of AHR in the REP19

sequences on chromosome 19, in regions paralogous to PRS1 and PRS2 of the

NF1REPs [19]. This indicates conservation of recombination hotspots during

AHR in REP19 and during NAHR in the NF1REPs leading to NF1 microdele-

tions. The position of recombination hotspots in the paralogous sequences seems

to be quite robust despite the long divergence times of these LCRs. The

NF1REPs and REP19 diverged over 6 Mya, prior to the human-chimpanzee

split. The conservation of recombination hotspots in paralogous sequences is

quite remarkable since hotspots for recombination are generally not highly con-

served between humans and chimpanzees [36–38]. Obviously, patterns of

recombination between paralogous sequences in humans are more stable than

those patterns between human and chimpanzee orthologues. The reason for this
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difference is unclear but may be associated with interspecies deviations in epige-

netic regulation or in the recombination machinery itself [19].

In contrast to type-1 deletions, which are constitutional deletions mediated

by interchromosomal NAHR during maternal meiosis, type-2 deletions arise by

intrachromosomal postzygotic mitotic recombination leading to somatic

mosaicism between normal cells and those with the deletion [23, 24]. Thus,

type-1 and type-2 deletions clearly differ from one another, not only with regard

to breakpoint localization (NF1REPs versus SUZ12 sequences), but also mecha-

nistically. The reasons for the preferred occurrence of mitotic recombination in

the SUZ12 sequence and not in the closely flanking NF1REPs are unknown.

Presumably, the sequence requirements for mitotic recombination are different

from those favouring meiotic recombination. Interestingly, an AHR hotspot is

not found in the SUZ12 sequences, but instead within the NF1REPs according to

the International HapMap project data (http://www.hapmap.org/index.html.en).

The breakpoints of the four type-2 deletions characterized so far appear to

have been mediated by NAHR, but also type-2 deletions with non-homologous

breakpoints have been identified [Steinmann et al., submitted]. This implies

that not only NAHR but also a non-homology driven mechanism, such as non-

homologous end joining (NHEJ) are involved in the genesis of type-2 deletions.

NHEJ plays a prominent role in the non-recurrent rearrangements such as the

atypical NF1 deletions [5, 6, 25, 26, 39]. In contrast to the common 1.4 Mb

type-1 deletions, which are predominantly caused by interchromosomal recom-

bination during maternal meiosis [28], six atypical deletions characterized in

this regard occurred on the paternal chromosome by an intrachromosomal

mechanism [16, 22, 25, 26, 40–42]. Non-homology driven mechanisms appear

to occur predominantly during meiotic cell division in spermatogenesis.

Genes Located within and between the NF1 LCRs

Fifteen functional genes are located within and between the NF1REPa and

NF1REPc (fig. 1). Whilst type-1 deletions are associated with hemizygosity of 14

genes, type-2 deletions lead to the loss of only 13 genes, since the LRRC37B gene

is not included within the bounds of type-2 deletions. So far, it is unknown

whether type-2 deletions are associated with a different clinical phenotype as

compared to type-1 deletions. Only two patients with constitutional type-2 dele-

tions have so far been reported. In both cases, the deletions were inherited from a

mosaic mother [23, 24]. Since many patients with large deletions have been

reported to suffer from a high load of neurofibromas, it has been suggested that

one or several genes located in the common 1.4 Mb region act as modifier genes

and that their hemizygosity might enhance neurofibroma growth. However, little
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is known about the function of these genes, apart from the SUZ12 gene and the

NF1 gene itself (table 1). Deduced from its function, the SUZ12 protein is a good

candidate for being a modifier of the deletion-associated phenotype. SUZ12 is

part of the Polycomb group complex involved in the trimethylation of histone H3

on lysine 27, which has a widespread impact on many cellular processes such as

differentiation, stem cell self-renewal and tumorigenesis [43–45].

Of particular interest with regard to genotype/phenotype correlations

might be atypical deletions, which overlap only partially with the common

1.4 Mb deletion interval. Currently, eight deletions of this kind have been iden-

tified [reviewed in 26]. However, genotype-phenotype comparisons in these

patients with atypical deletions partially overlapping the commonly deleted

1.4 Mb interval do not identify a specific deleted region that is associated with

an increased number of neurofibromas.

Copy Number Variations in the NF1 Gene Region

An important question is whether, in addition to the presence of segmental

duplications, other structural features might exist that could serve to enhance

the frequency of NAHR in the NF1 gene region. As shown for other genomic

disorders, polymorphic inversions of the respective regions facilitate chromoso-

mal rearrangements in the offspring of inversion carriers (table 2). Genome-

wide comparisons have revealed that polymorphic inversions are quite common

and widespread throughout the human genome [46]. However, variant inver-

sions of the NF1 gene region have not so far been reported.

In addition to inversions, copy number variants (CNVs) might facilitate

NAHR. CNVs have turned out to be a frequent source of normal human

genomic variation. They include deletions, insertions and duplications larger

than 1 kb and up to several Mb, and are found ubiquitously in the human

genome [47, 48 and references therein]. Interestingly, three genome-wide stud-

ies performed to generate a global map of copy number variation in the human

genome have indicated that CNVs also exist in the NF1 gene region (table 3).

One of the two identified CNVs is a duplication of the NF1 gene [48, 49]. The

second CNV represents a duplication of a 316-kb segment including the SUZ12
gene and NF1REPc [47, 49]. The frequency of these variants in the normal pop-

ulation is currently unknown. Further analysis is needed to investigate whether

these duplications are found at a high frequency in transmitting parents of

patients with NF1 microdeletions. This would help to establish whether these

variants increase directly the susceptibility to NAHR events causing NF1
microdeletions, most likely by misalignment or pairing of non-allelic but

homologous sequences.
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Conclusion

Although the NF1 gene region and microdeletions thereof have been studied

in detail, many questions still remain open. First, a comprehensive genotype/phe-

notype correlation is lacking but this would be necessary to corroborate whether

or not large deletions are significantly more often associated with a severe pheno-

type than has been observed in patients with intragenic NF1 mutations. Further,

the consequences of the size of the deletion should be addressed in this regard.

These analyses would be very important for genetic counseling and the treatment

of patients with NF1 deletions. Second, the molecular basis of positional prefer-

ence of mitotic versus meiotic non-allelic recombination in the NF1 gene region

is unexplained. Furthermore, it should be determined whether certain inherited

haplotypes influence the risk of microdeletions. The answers to the latter two

Table 2. Variant inversions predisposing to human disease

Disease/ Localization Size of the Frequency of the inversion in Reference

structural inversionb

rearrangement transmitting controls

parents

Williams-Beuren syndrome 7q11.23 1.5 Mb 25–33% 5% 58

(microdeletion)

Angelman syndrome 15q11→q13 4 Mb 67% 9% 59

(microdeletion)

Sotos syndrome (NSD1) 5q35.3 1.9 Mb 100% 67–75% 60

(microdeletion)

inv (dup)(8p), �der(8p) 8p23 nd 100% 26d 61

t(4;8)(p16;p23)a 4p16 nd 100% 12.5% 62

8p23 nd 26d

17q21.31 17q21.31 900 kb unknownc 20% of 63–66

microdeletion Europeans

syndrome (H2 haplotype)

aParents of individuals with t(4;8)(p16;p23) were shown to be heterozygous carriers of inversions at both 4p16

and 8p23. In the offspring of carriers, unbalanced karyotypes lead to Wolf-Hirschhorn syndrome if the der(4)

chromosome is inherited.
bnd: not defined.
cThe frequency of the H2 inversion haplotype in transmitting parents is not yet known since only 5 families have

been analysed. However, in 4 of these 5 families, the transmitting parents were carriers of the inversion-specific

haplotype [64, 65].
d2.5% are double heterozygotes.
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questions would contribute considerably to our understanding of the molecular

mechanisms underlying NF1 microdeletions and probably genomic disorders in

general.
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Abstract
In the review presented here three aspects of the NF1 gene evolution in mammals are con-

sidered: (1) Comparisons of amino acid sequences of neurofibromin of human, chimpanzee,

dog, mouse and rat demonstrate a very high structural and functional constraint, which led to

the evolutionary conservation of almost all amino acids of the protein. The only exception is a

small part encoded by exon 12b of the NF1 gene. This constraint seems to be higher in nonro-

dent than in rodent species. (2) The structural analysis of the NF1 gene region in various mam-

malian species revealed a number of chromosomal rearrangements which altered the order of

genes in the direct neighborhood of NF1. Despite these rearrangements the isochore structure

at the locus remained conserved. (3) SNP analysis in different human populations showed a

very high degree of linkage disequilibrium throughout the whole NF1 gene. This fact enabled

the unambiguous deduction of haplotypes from genotypes after resequencing of intronic parts

of NF1 in a European population. The resulting haplotype structure revealed no signs of posi-

tive selection of NF1 during the recent evolution of anatomically modern humans. Taken

together these facts show that the evolution of NF1 in mammals is clearly dominated by a

strong selective pressure on the correct structure and function of neurofibromin.

Copyright © 2008 S. Karger AG, Basel

Evolution of the Coding Sequences of NF1

The evolution of the NF1 gene in mammals is clearly dominated by a

strong selective pressure on the correct function of the gene product, neurofi-

bromin. This can be demonstrated for distantly related mammalian species, for

the more recent evolution in primate species, and in human populations.

A remarkably high degree of NF1 sequence conservation between human

and mouse was first described by Bernards et al. [1], who found more than 98%

sequence identity between the neurofibromin amino acid sequences of these

two species. Only a small part of the protein, namely the 52 amino acids in

human and the 54 in mouse that are encoded by NF1 exon 12b, showed a higher
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degree of divergence. Exon 12b also carries the only insertion/deletion variant

found in the whole protein of both species. We now added further data about the

neurofibromin of the dog and the rat to this comparison. As presented in table 1,

these data underline the very high level of sequence identity of neurofibromin

of all four species; the sequence conservation especially becomes evident when

it is compared to the data obtained for OMGP and EVI2B, two of the three

smaller genes embedded in exon 27b of NF1. The part of the protein that is

encoded by exon 12b is again the only exception. Amino acid sequence com-

parisons for this part of the protein resulted for all four species in severely

reduced values of sequence identity when compared to the rest of the protein.

Nevertheless even that part of neurofibromin is under a functional constraint: In

addition to a still relatively high degree of evolutionary conservation, a mis-

sense mutation (C1194T; S665F) leading to neurofibromatosis type 1 is

described in at least one patient [2]; the amino acid affected by this mutation is

conserved in all four species.

A further measure for the selective constraint acting upon neurofibromin

are the KA/KS values (given in table 1). These values result from a comparison

of the nonsynonymous basepair exchanges per nonsynonymous site (KA) with

the synonymous basepair exchanges per synonymous site (KS) between two

species. Sequences which are devoid of selective pressures should result in

KA/KS values around one. Values lower than one result from forces of purifying

Table 1. Sequence conservation between human, dog, mouse and rat

Species NF1a OMGP EVI2Ba

% identity KA/KS % identity KA/KS % identity KA/KS

overall without only 

exon 12b exon 12b

human/dog 99.4 99.6 88.9 0.02 95.9 0.177 74.5 0.85

human/mouse 98.4 98.9 72.2 0.025 88.8 0.266 55.7 0.462

dog/mouse 98.3 98.8 74.1 0.024 89.5 0.215 52.7 1.02

human/rat 98.5 99.0 77.8 0.023 89.5 0.248 – –

dog/rat 98.4 98.9 77.8 0.021 89.5 0.238 – –

mouse/rat 98.6 99.0 83.3 0.042 94.8 0.228 – –

a KA: nonsynonymous basepair exchanges per nonsynonymous site; KS: synonymous basepair exchanges per

synonymous site.
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selection acting upon a gene (for review see [3]). The remarkably low values

obtained for the NF1 gene for all comparisons between the four species demon-

strate a strong functional and structural constraint on almost all sites of this

large protein.

Analysis of sequences from more than two species enables the assignment

of mutations leading to amino acid exchanges to individual lineages. The com-

parison of neurofibromin sequences from the four species mentioned above led

to the identification of altogether 68 divergent sites. Seven of these divergent

sites could not be assigned unambiguously to individual lineages because more

than two different amino acids were present at the respective sites in the four

species; five of these seven sites are located in the relatively variable part of neu-

rofibromin encoded by exon 12b. The results obtained for the remaining 61

divergent sites are given in figure 1. As depicted there, human and dog group

together and are separated from the two rodent species by 15 sites where they

together diverge from both mouse and rat. This fact points to a closer relation-

ship between primates and carnivores than between either primates and rodents

or carnivores and rodents, and corroborates results recently published by

Cannarozzi et al. [4]. Using chicken sequences as an outgroup, 13 of these 15

sites could be assigned to the rodent lineage, one to the lineage leading to pri-

mates and carnivores, and one site could not be assigned unambiguously. This

striking difference in the lengths of the branches leading to rodents on the one

side and to carnivores and primates on the other may result from differences in

the functional and structural constraint on neurofibromin present in the three lin-

eages. This interpretation is substantiated by the relatively high number of 32

divergent sites between mouse and rat compared to only 14 divergent sites found

in the human/dog comparison. The higher degree of divergence found between

the rodent species compared to human and dog becomes even more prominent

when the divergence times between the lineages are considered. The primate and

Mouse

Rat

Human

Dog

15

14

18 5

9

Fig. 1. Amino acid exchanges derived from a comparison of neurofibromin sequences

from human, dog, mouse and rat. The numbers indicate the distribution of the altogether 61

divergent sites between the four species.
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carnivore lineages diverged from each other 75 million years ago, whereas the

mouse and rat lineages diverged only twelve to 24 million years ago [5, 6]. The

strong functional and structural constraint on the neurofibromin protein in pri-

mates is further underscored by the 100% identity of the amino acid sequences

of human and chimpanzee (divergence time six million years), and by the

absence of nonsynonymous SNPs with minor allele frequencies above 1% in the

human population (all nonsynonymous human SNPs present in the GenBank

database are listed in table 2). In summary these data show that the constraint on

neurofibromin in rodents may not be as high as in other mammalian species,

thereby allowing for amino acid exchanges at more sites of the protein.

Evolution of the NF1 Gene Region

During primate evolution a number of chromosomal rearrangements

occurred which severely altered the gene order in the NF1 gene region and

affected the immediate neighborhood of NF1. A comparison of the gene order

of the respective regions in mouse, dog, rhesus macaque, chimpanzee and

human, as taken from the NCBI map viewer, is given in figure 2. As mouse and

dog, two species belonging to two different groups of mammals, show the same

order of genes, the state of the region in these species may be taken as ancestral.

A first inversion of an approximately 3-Mb region between the genes WSB1 and

GOSR1, located immediately upstream of NF1, occurred early during primate

evolution and is present in all primate species tested. This inversion may there-

fore be specific for either all primates or for old world monkeys only. A further

complex rearrangement that may be explained by three inversion events,

resulted in an exchange of a 700-kb region located between NF1 and SUZ12
and a 200-kb region between CLRF3 and RNF135, and led to the gene order

found in human and chimpanzee. Whether this rearrangement is specific only

Table 2. Nonsynonymous human SNPs of NF1 in the GenBank database

SNP ID Polymorphic Polymorphic Population frequency

basepairs amino acids

rs1051841 1689 A/G 496 I/M 100% G in 252 chromosomes

rs9907627 3476 A/G 1089 K/E 100% G in 836 chromosomes

rs17884349 4412 C/T 1401 H/Y 98.9% C in 174 chromosomes

rs9891398 7206 C/A 2332 A/D 100% A in 828 chromosomes

rs17885083 7679 C/G 2490 L/V 99.4% G in 180 chromosomes
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for these two species or for the hominid group as a whole cannot be told due to

lacking sequence information. Despite these rearrangements the sequence com-

position as reflected in the isochore structure of the region, remained conserved

in all species tested. As an example the long range GC content of the NF1 gene

region in mouse, dog and human is given in figure 3. 
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Fig. 2. Comparative gene order in the NF1 gene region of mouse, macaque and human.
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Isochores, i.e. long stretches of a few hundred kb to several Mb of DNA

with a relatively homogeneous GC content, are fundamentally structural and

functional units of the mammalian genome [7, 8]. In all species tested here the

NF1 gene in its whole length is GC-poor with less than 40% GC. Immediately

upstream of the NF1 gene the long range GC content of the DNA sequences

raises to 45% in all species irrespective of the fact that NF1 is neighbored by

three different genes in the five species. Downstream, in the intergenic region

between NF1 and RAB11FIP4, the GC content raises to over 50% in all

species, with a defined transition zone of only 5 kb between the neighboring

isochores. Therefore, the sequence composition in the NF1 gene region is an

impressive example for the conservation of the isochore structure throughout

mammalian evolution. This conservation has been demonstrated before for

several loci in a number of species [7] and for the whole genomes of mouse and

human [9]. Moreover the isochore boundary between NF1 and RAB11FIP4 is

also a boundary between regions with low and high recombination frequencies

[10] and between replication time zones [11, 12], with RAB11FIP4 being repli-

cated early and NF1 late in the S phase of the cell cycle. This astonishing con-

servation of the composition of noncoding sequences demonstrates the

existence of forces which exert their effects to stabilize the structure of the

mammalian genome. Three mechanisms are under discussion as candidates for

these forces: the regional variation of mutation biases, and two forces which

lead to biases in the fixation rates of different mutations in a population –

namely direct selection on the GC content and biased gene conversion (for

review see [13]).

For the NF1 gene region as well as for other regions in the human genome,

a bias in the mutational input can be excluded as reason for the stability of the

isochore pattern [14–17]. The analysis of the pattern of polymorphic sites,

which can be taken as a proxy for the mutation pattern, demonstrated a higher

probability for a GC basepair to mutate into an AT basepair than vice versa in

both isochores tested, irrespective of the GC content. This mutation bias

directly explained the GC content of the GC-poor isochore, whereas it is sup-

posed to decrease in the GC content of the GC-rich isochore over time.

However, the analysis of divergent sites between human and chimpanzee (when

compared to gorilla as an outgroup member) showed equal numbers of substi-

tutions of GC basepairs by AT basepairs and AT basepairs by GC basepairs in

both isochores [14]. This fact points to an evolutionarily stable GC content of

the GC-poor and the GC-rich isochore and directly demonstrates the action of a

fixation bias in favor of mutations that replace AT by GC basepairs in the GC-

rich isochore. Whether the fixation bias, which could also be demonstrated for

other genomic regions [18–21], is the result of selection on the GC content or of

biased gene conversion cannot be deduced from these data. The results of these
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analyses also revealed differences in the SNP densities and in the human chim-

panzee divergence between the two analyzed isochores of the NF1 gene region.

Both the SNP densities and the interspecies divergence were found to be signif-

icantly lower in the noncoding parts of the GC-poor NF1 gene than in the

neighboring GC-rich RAB11FIP4 gene. These facts point to differences in the

mutation rates in the two isochores with a relatively low rate in the GC-poor

NF1 gene and a higher rate in the GC-rich isochore, and corroborate results

published earlier for other genomic regions [22]. Therefore the relatively high

frequency of sporadic cases of neurofibromatosis type 1 (1 in 7,000 newborns)

may not be due to a high mutation rate per basepair in the NF1 gene but may

result from the large size of the gene and the high number of sites which lead to

the disease when mutated. An alternative explanation comes from the assump-

tion of the presence of evolutionarily conserved regulatory elements in NF1
introns. However the latter explanation seems to be unlikely because 25 kb of

sequences were analyzed to obtain the SNP-densities and several hundred kb

for the interspecies divergence.

Evolution of the NF1 Gene in Human Populations

Genetic variability data derived from genomic loci that show a sufficient

number of polymorphic sites in combination with a very low recombination

rate can be used to infer the demographic history of the anatomically modern

human (AMH). The NF1 gene region is predisposed for that kind of analysis as

the whole NF1 gene is located in an approximately 300-kb region with long

range linkage disequilibrium (LD) [10, 23–25]. In centromeric direction the

long range LD ends within the 87 kb of intergenic sequences between NF1 and

the RNF135 gene; the telomeric boundary is located in the intergenic region

between NF1 and the RAB11FIP4 gene. Besides NF1 three further genes

(EVI2A, EVI2B and OMGP) that are embedded in its intron 27b are located in

the region of high LD.

A combined resequencing and SNP typing project of NF1 sequences in a

European population [26] identified an adequate amount of polymorphic sites

that due to the low recombination rate allowed the unambiguous deduction of

haplotypes from genotypes. A differentiated analysis of these haplotypes dis-

closed the presence of two well separated subgroups of NF1 sequences. In a

phylogenetic tree of European NF1 sequences these two subgroups appear as

two well separated, old branches (fig. 4). NF1 sequences within the same sub-

group show relatively little variability.

One possible explanation for the deep split in the phylogenetic tree is the

action of balancing selection, that may lead to the retention of two lineages for
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an extended period of time (for review see [27]). All genes located in the region

of high LD (i.e. NF1, OMGP, EVI2A and EVI2B) may in case of ongoing selec-

tion influence the pattern of variability in the whole sequence block. A prereq-

uisite for balancing selection is the presence of a functional variant upon which

selection can act. But resequencing of the four genes in a sample of probands

did not reveal any coding variant explaining the observed haplotype pattern.

Thus the action of balancing selection cannot be excluded, but there is no good

evidence for this type of selection. Therefore demographic factors must be con-

sidered as a further possible explanation for the deep split observed in the phy-

logenetic tree. A statistical analysis revealed a constant population size and a

time to the most recent common ancestor (TMRCA) of 700,000 years for the

whole sample, a value well within the range of other autosomal and X-chromo-

somal loci [28–31]. In contrast, a separate analysis of the two subgroups indi-

cated a growing population and TMRCAs between 130,000 and 150,000 years.

Taken together these data lead to a model that the recent European population

went through a bottleneck followed by a population expansion that started

130,000 to 150,000 years before present. This time frame coincides with the

time range for the transition to the AMH; hence the postulated population bot-

tleneck could reflect this speciation event. But concerning demographic factors,

one must keep in mind that for the depicted phylogenetic tree only one

700,000y

130,000y
150,000y

1 6 1 1 1 1 1 18 1 1 1 6 2 1 2 2 1

Haplogroup A Haplogroup B

Fig. 4. Phylogenetic tree derived from

European NF1 sequences. The tree can be

subdivided into two major subgroups of

haplotypes, haplogroups A and B. Mutations

on the branches are indicated by black cir-

cles. Bold numbers below the tree give the

number of identical haplotypes observed.

Italicized dates give the TMRCA in years

for the whole sample and for both sub-

groups.
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European population was analyzed. A global survey of NF1 haplotypes (data

not shown) revealed that the phylogenetic tree of the European NF1 haplotypes

represents just a small part of a larger phylogenetic tree. African haplotypes

show the highest diversity, and the most ancestral haplotypes of both European

subgroups are found exclusively in Africa. Hence the reduction to a few

branches as it is observed in Europe seems to result from bottlenecks which

occurred during the emigration of AMHs out of Africa. Of course, these emi-

grants could have left Africa in timely separated waves of emigration, so that

the recent European NF1 haplotypes represent an admixture of two ancient

African populations. In summary the data show that the NF1 gene has not been

under positive selection during the recent evolution of the AMH, but shows

signs of a neutral evolution in human populations.
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Abstract
The NF1 gene encodes the giant protein neurofibromin (320 kDa), whose activity is

impaired in patients with neurofibromatosis type 1 (NF1). Understanding the biochemical

functions of neurofibromin is a key requirement for understanding NF1-associated disease

mechanisms at the molecular level and is essential for developing efficient therapeutics

against NF1. The RasGAP activity of neurofibromin has long been known and investigated

in biochemical and structural detail, essentially suggesting that Arg1276 acts as the so-called

arginine finger that contacts the GTP/GDP-binding site to stabilize the transition state of the

GTPase reaction [1–7]. Structural proteomics strategies have recently uncovered a novel

structural module that is composed of an N-terminal domain related to the Sec14-like lipid

binding module, associated with a previously undetected pleckstrin homology (PH)-like

domain. The functional importance of this module is underscored by a considerable number

of missense mutations found in this protein segment in NF1 patients. In this chapter we sum-

marize the current knowledge about the molecular structure and function of neurofibromin

with focus on the central portions whose 3-dimensional structures are now known.

Copyright © 2008 S. Karger AG, Basel

Neurofibromin is the protein product of the NF1 gene and was originally

identified as a cytosolic protein with a molecular weight of approximately

280 kDa [8, 9], which could be immunoprecipitated in a 500-kDa protein com-

plex. From studies in various vertebrates expression is ubiquitous from the onset

of organogenesis to mid-stage embryonic development, while in the adult organ-

ism it is expressed predominantly in neuronal cells of the brain [10]. Homozygous

deletion of the Nf1 gene is lethal in mice [11] and leads to size defects in the fruit

fly Drosophila melanogaster [12], suggesting roles in organismal development.

The subcellular localization of neurofibromin is cell type dependent; the protein

can be found associated with the plasma membrane [13], the endoplasmic reticu-

lum [14] and also colocalized with mitochondria [15]. How localization is spatio-

temporally regulated in the various cell types remains largely unclear.
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Neurofibromin acts as a Ras-specific GTPase activating protein (RasGAP)

[16–18] downregulating the biological activity of normal but not oncogenic Ras

proteins. The RasGAP activity is mediated by a central portion, termed GAP

related domain (GRD, 44 kDa) and remains so far the only clearly defined bio-

chemical function. In search for functions of neurofibromin beyond the

RasGAP activity a number of interaction partners other than Ras have been

identified using a variety of biochemical approaches including the yeast two

hybrid system. These include tubulin [19], kinesin-1 [20], protein kinase A

(PKA) [21] and C (PKC) [22], Syndecan [23], Caveolin [24] and the amyloid

precursor protein [25]. While regions of neurofibromin involved in those inter-

actions have been reported, the biological significance of the respective protein-

protein interactions remains unclear.

The original domain scheme with a central GRD flanked by largely helical

elements has been expanded by the prediction of a lipid-binding Sec14p-like

domain (NF1-Sec) [26] at the C-terminal end of the GRD and more recently by

the discovery of a pleckstrin homology-like domain (NF1-PH) adjacent to and

interacting with the NF1-Sec portion (see below), as derived from the crystal

structure of a bipartite module composed of NF1-Sec and NF1-PH [27] (fig. 1).

Kinesin-1
F-actin Microtubule

Amyloid
precursor
protein

Lipids Caveolin 14-3-3�

4 CBDs

SynPHGRDTubCSRD

Missense mutations
found in patients

Phosphorylation
sites:

PKA

PKC-�

Sec

Syndecans

NLS

Fig. 1. Domain scheme of neurofibromin with reported protein-ligand interactions [19,

20, 23–25, 89, 101, 102]. Colored domains and interaction partners are confirmed by structural

analysis, grey ones indicated by biochemical experiments. Red circles mark the positions of mis-

sense mutations found in patients [30, 32–38, 75–77, 90–97] (including amino acid deletions

and the tandem duplication TD1699–1713). Additional features are potential phosphorylation

sites for PKA [21, 98] (blue circles) and PKC-� [22] (yellow circles, only serine phosphoryla-

tion), a bipartite nuclear localization sequence (NLS) [99, 100] and several caveolin binding

motifs (CBDs). The GRD part indicated in dark blue is the minimal GAP domain [5], in mid-

blue the crystallized fragment [2] and in light blue the whole fragment with sequence homology

to the p120-GAP protein, overlapping with the Tub and Sec domain [19]. CSRD: Cystein and

serine rich domain; Tub: tubulin binding region; Sec: Sec14-like domain; PH: PH-like domain.
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In this chapter we will review the current knowledge of neurofibromin

functions and mechanisms with focus on aspects, for which structure-function

relationships have been studied.

The GAP Related Domain and the Mechanism of GTPase Activation

Neurofibromin down-regulates the biological activity of normal but not

oncogenic Ras proteins by acting as a GTPase activating protein (GAP). The

RasGAP activity is encoded by the central GRD [16–18], which has been

reported to cover a segment of 300–400 residues but can be narrowed down to a

230-residue fragment corresponding to the structural catalytic domain [4, 5].

The 3-dimensional structure of the GRD presents an entirely helical protein

with a groove in the surface [2, 4], which is lined by the conserved residues and

accommodates Ras in the structure of the Ras-RasGAP complex (fig. 2a). This

structure is similar to the GAP domain of the homologous p120GAP com-

plexed with Ras • GDP • Aluminium fluoride [1], which mimics the �-phosphate

during the transition state of the phosphotransfer reaction. In the complex a

peptide segment, termed ‘finger loop’ lines the active site of Ras presenting a

conserved arginine residue (Arg1276, Arg789 in p120GAP), termed ‘arginine

finger’, which contacts the �-phosphate mimicking AlFx by its guanidinium

group to stabilize the transition state of the GTPase reaction. In addition, the so-

called switch regions of Ras that play an important role in the transition

between GTP-bound ON- and GDP-bound OFF-states, are stabilized by por-

tions of the GAP domain [1]. Exchanging Arg1276 for alanine or even lysine

(which partly retains the ability to form polar contacts) leads to a 2000-fold

decrease in catalytic activity. Arginine 1391 of the FLR-finger print motif has

been originally suspected to be the major catalytic player but turned out to have

a significant but less prominent role in GAP-catalysis [6, 28] (fig. 2b).

Missense mutations derived from NF1 patients have been identified in the

GRD. They are located in the area of the Ras-binding region as well as in

regions that appear to play a role for protein stability rather than its biochemical

function. In general, the effect of a substitution depends on the biochemical

nature and the spatial location of the residues involved. Mutations can have

functional (catalytic, ion-binding etc.) or structural consequences, which can

lead to subtle geometric distortions of important protein parts or alterations in

the connectivity of hydrogen bond networks, resulting in functionally unfavor-

able orientations of key residues. For example, replacement of a constrained

glycine (the smallest residue) within a hydrophobic core for the bulky pheny-

lalanine or tryptophan, most likely leads to severe steric problems. Similarly,

alterations that replace the positively charged arginine/lysine for a glutamic or
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aspartic acid are likely to generate electrostatic repulsion that may affect struc-

ture, ligand binding or catalysis. When considering fragments or domains of a

protein, one has to take into account that mutations on the surface may be fatal

because they disrupt physiological interactions within the context of the whole

protein. A summary of missense mutations within the GAP- and Sec14-PH

domains of neurofibromin is given in tables 1 and 2. 

Of paramount importance for neurofibromin is the occurrence of a muta-

tion substituting Arg1276 for proline in a patient with severe malignant

Schwannoma. Biochemical analysis of the recombinant mutant GRD indicated

8000-fold loss of catalytic activity with Ras-binding affinity similar to that of

the wild-type GRD, together with the genetic analysis indicating that loss of

GAP activity is sufficient to cause NF1 [29]. The FLR-finger print derived

Finger loop
Switch II

Switch I

P-loop

Variable loop

Arg
1276

Mg
2�

Gln
61

DxxG

NKxD

Neurofibromin

FLR

Ras

L1425P
NF1-GRD

K1423E/R/N

L1391S
L1390P

R1250P

M1215�

E1438�

K1419R/Q/E

G1498E

R1276P/Q/G

Ras

a b

Fig. 2. (a) Ribbon representation of GRD and Ras modeled as complex, based on the

p120GAP • Ras structure [1]. Yellow dots indicate the location of GRD missense mutations

found in patients. The nucleotide is displayed as stick model. (b) Cartoon of the Ras-RasGAP

complex showing the interactions leading to Ras activation. Upon binding of neurofibromin, the

GTPase activity of Ras is strongly enhanced by complementation of the active site with the fin-

ger loop, delivering the critical arginine 1276. The GTP (yellow) is recognized, bound and ori-

ented in the active site by the NKxD- and DxxG-motifs, an Mg2� ion and the P-loop. Glutamine

61 of Ras is contributing to the catalysis reaction by positioning the phosphate accepting water

molecule or the nucleophile derived from it. The FLR motif of neurofibromin is reinforcing the

finger-loop, while the variable loop and additional residues stabilize the switch I and II regions

of Ras, supporting a conformation favourable for efficient GTP hydrolysis.
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Table 1. Patient derived missense mutations in the GAP related domain (GRD)

Missense mutation Location Potential or demonstrated effect Reference

R1204W GAPex not visible in the structure, geometric distortions [32]

due to the insertion of a bulky residue

M1215� GAPex domain destabilization, structural distortions [33]

R1250P GRD, distal of Ras-binding region structural distortions, destabilization of the ‘finger loop’ [33]

R1276P/Q/G active site, Arg-finger GAP stimulated GTP hydrolysis 500–8000-fold compromised [29, 33, 34]

R1325G backside of Ras binding groove not visible in the structure, could destabilize Ras binding groove [35]

and  weaken Ras binding

L1390P FLR-motif reduction of GAP stimulated GTP hydrolysis, stabilization of [35]

Arg-finger-loop impaired

R1391S FLR-motif GAP stimulated GTP hydrolysis 300-fold compromised, [30]

stabilization of Arg-finger-loop impaired

K1419Q Ras binding groove weakens Ras binding, likely ionic interaction with [30]

Ras-Glu37 disrupted

K1423E/R/N Ras binding groove Ras Switch II region not stabilized [31, 36, 37]

GAP stimulated GTP hydrolysis 200–400 fold compromised

L1425P Ras binding groove destabilization of Ras binding groove, weakens Ras binding [38]

E1438� variable loop Ras Switch I region not stabilized improper Ras docking likely [34]

S1468G close to C-terminus of GRD not visible in the structure, unlikely to affect GAP activity but [30]

eventually another neurofibromin domain

G1498E close to C-terminus of GRD not visible in the structure, unlikely to affect GAP activity but [32]

eventually another neurofibromin domain
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Table 2. Patient derived missense mutations in the NF1-Sec-PH domains

Missense mutation Location Potential effect Reference

I1584V cage backside, core destabilization of NF1-Sec cage structure [33]

R1590W interface region, surface destabilization of domain interaction and structures [74]

V1621R cage backside, core destabilization of NF1-Sec cage structure [75]

1658-59IY� cage inside/backside, core destabilization of NF1-Sec cage structure [76]

N1662K interface region, core destabilization of domain interaction and structures [24]

TD1699-1713 NF1-Sec/PH linker prevention of proper domain interaction [77]

K1750� NF1-PH protrusion alteration of lipid binding cage access regulation [33]

A1764S NF1-PH core destabilization of NF1-PH domain [36]

T1787M NF1-PH surface no apparent effect, eventually affecting neighboring NF1 domains [35]
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Arg1391 has been found to be substituted for serine in NF1 patients and the

mutant protein has been reported to be 300-fold less active than the wild-type

[30], which is consistent with the supplementary role of this residue in GAP-

accelerated GTP-hydrolysis. The roles of various regions of the GRD have been

investigated in biochemical detail, identifying the finger loop and the FLR

region as catalytic and binding determinants, while the so-called variable loop

region seems to account for the specificity of the Ras-RasGAP interaction [7].

In this context it is interesting to note that Lys1423, which has been found

somatically mutated to glutamate in NF1 patients [31], is contacting acidic

residues of the switch I region. A glutamate in that position is likely to disrupt

the complex preventing productive Ras-RasGAP interaction, consistent with no

detectable association of the two proteins [7].

The Phospholipid-Binding NF1-Sec-PH Module

NF1-Sec
The Sec14-homologous (NF1-Sec) and the novel PH-like (NF1-PH)

domains of neurofibromin are located adjacent to the C-terminus of the GRD,

spanning residues 1560–1698 and 1715–1816, respectively (fig. 1) [27]. Both

domains are in contact with each other and undergo additional interactions via

an atypical protrusion derived from NF1-PH, extending on top of the NF1-Sec

domain [27, 39].

NF1-Sec adopts a fold common to the Sec14p-like protein family also

known as CRAL-TRIO domain. Sec14p-like proteins are unrelated to other

known phosphatidylinositol transfer proteins (PITPs) and show a large diversifi-

cation concerning physiological function and ligand specificity. They are

involved in various cellular processes like the generation of secretory trans Golgi

network (TGN) vesicles [40, 41], cholesterol biosynthesis [42, 43], vitamin E

homeostasis and the visual cycles of rod and cone. Several members are associ-

ated with diseases such as �-Tocopherol transfer protein (�-TTP, AVED syn-

drome; vitamin E deficiency) [43, 44], caytaxin (human caiman ataxia) [45–47]

and cellular retinaldehyde binding protein (CRALBP, retinitis pigmentosa/punc-

tata albescens, Bothnia dystrophy, fundus albipunctatus, Newfoundland rod/cone

dystrophy) [48, 49]. Other PITPs are usually PtdIns/PtdCho transfer or binding

proteins [40, 50–52].

Structurally, the CRAL-TRIO motif of NF1-Sec folds into a globular

Sec14p-like lipid binding cage [27, 43, 44, 53], that is closed by an amphipathic

helical segment, termed ‘lid’ in NF1-Sec [27, 54]. The cavity is lined with mostly

hydrophobic residues binding (3-sn-phosphatidyl)-ethanolamine (PtdEtn), 

-choline (PtdCho) and 1-(3-sn-phosphatidyl)-sn-glycerol (PtdGro) molecules
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Fig. 3. (a) Ribbon representation of the NF1-Sec (blue-violet) and -PH domains (red-

brown) in side and top view, with missense mutations found in patients indicated as yellow

dots. Single amino acid deletions are indicated with �. A phosphatidylethanolamine (PE) lig-

and is bound in the NF1-Sec lipid binding cage, displayed as stick model. The lid helix

(coloured violet) is in a closed conformation, with the protrusion derived from the NF1-PH

domain (coloured brown) stacked on top. (b) Cartoon of the NF1-Sec-PH module, illustrating

the proposed structural changes leading to the exchange of bound glycerophospholipid ligands.

Starting from the observed structure (1), both, protrusion and lid-helix, are thought to move

either stepwise (1 � 2 � 3) or in a concerted fashion (1 � 3) into an open conformation (3).

This could allow the exchange of lipid molecules between the NF1-Sec cage and a membrane

(4). The exchange reaction can be inhibited by binding of an inhibitor to the protrusion/lid helix

interface, probably preventing a rearrangement of the protrusion segment (5).

(fig. 3a). While the fatty acid tails of the lipid ligand are buried inside the lipid

binding cage, the polar head group is stabilized by hydrogen bonds with the main

chain of Phe1642 and the guanidinium group of Arg1684, the counterparts of

which in Sec14-like proteins are thought to be important for the binding of

phospholipid head groups (fig. 3a). By shielding the hydrophobic tails of the lipid
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ligands in the described manner, Sec14-like domains are able to shuttle lipids

between membrane compartments through the aqueous medium [41, 55–58]. The

ligand uptake is thought to be achieved through the lid helix entering the mem-

brane and extracting a single lipid in a ‘bulldozer’-like mechanism [54] and seals

the lipid binding cage during the transfer. In the structural context of NF1-Sec-PH

the conformation of the lid-helix renders the Sec14 portion in a closed conforma-

tion that appears to be supported by a structural element derived from the neigh-

bouring PH-like domain.

NF1-PH
The NF1-PH module (residues 1699–1816) is a novel feature of neurofi-

bromin only recognized as a PH-like domain after structural comparison with

the contents of protein data bank (www.rcsb.org). It shows a typical �-sandwich

fold with a protrusion inserted between the strands �3 and �4, interacting

closely with NF1-Sec [27, 39] (see below, fig. 3a).

In general, PH domains are structural scaffolds able to accommodate

binding sites for various ligand types including PIPs, polyproline helices, phos-

photyrosine binding motifs and protein ligands [59, 60]. PH-like domains are

associated with numerous biological functions for their host proteins, including

membrane localization via PIP binding by classic PH domains [61–66], scaf-

fold activities by protein binding (Homer-Vessel EVH1 domains) [67, 68] or

binding to phosphotyrosine peptide stretches (PTB domains) [59, 69, 70], mod-

ulation of actin cytoskeleton dynamics and coupling to signal transduction

pathways (EVH1 domains in Ena/VASP- and Wiscott-Aldrich syndrome pro-

tein families) [67, 68, 71] and assembly/disassembly of Ran-importin/exportin

complexes in nucleocytoplasmic transport (RanBD domains) [59, 72, 73].

Given the diverse activities associated with PH domains and the fact that NF1-

PH has no sequence similarity or close structural relation to other members of

the PH superfamily, it is difficult to predict its precise function.

Despite the apparently tight interaction between the PH-derived protrusion

and the lid of NF1-Sec, the lipid cargo can be exchanged in vitro, demonstrat-

ing that the lipid binding cage is likely to be able to adopt an open conforma-

tion, at least in the isolated module. Interestingly, mutational analysis of the lid

helix–�-protrusion interface in combination with PIP binding assays revealed a

second ligand binding site for PIPs (fig. 3a), consisting of residues derived

from both NF1-Sec and -PH. A bound PIP could therefore be able to stabilize a

closed conformation of the lipid binding cage, which is corroborated by exper-

iments showing that soluble PIP head groups can inhibit the exchange of NF1-

Sec bound lipids [27, 39] (fig. 3b). Taken together the domain-interface

between the Sec14- and the PH-like portions suggests a regulatory communica-

tion between the two domains, the details of which are still to be elucidated.
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The effect of most of the patient mutations found in the NF1-Sec-PH mod-

ule is currently unclear. While for example the Ile1584 → Val or the Ala1764 →
Ser mutations suggest minor structural alterations because of their locations

and the mild change in chemical properties, the Val1621 → Arg and the

Asn1662 → Lys substitutions represent more drastic changes with respect to

size and chemical environment. Of particular interest are a number of mutations

in prominent parts of NF1-Sec-PH, including a single residue deletion

(�Lys1750) in the protrusion potentially regulating access to the lipid binding

cage [33], a duplication of the linker region connecting the two domains

(TD1699–1713) [77] and a missense mutation (Asn1662 → Lys) of a residue

presumably involved in hinge movements of the helical lid-segment [24]. These

are likely to interfere with ligand binding although they did not affect binding

of the phospholipids investigated by the authors [39].

What are the Cellular Functions of the Sec14-PH Module?
Although structural and biochemical data suggest the presence of two lig-

and binding sites and an interface region, supporting a regulatory interaction of

NF1-Sec and NF1-PH, the meaning of this arrangement in a cellular context is

still not clear. The NF1-Sec-PH module was found to bind PtdEtn and PtdGro

with the lipid binding site located inside the Sec14-portion. In mammalian cells

PtdEtn accounts for 15% of total phospholipids in certain neuronal cells and

45% in some Drosophila melanogaster tissues expressing an orthologue of neu-

rofibromin. In contrast, PtdGro is restricted to mitochondrial membranes where

it occurs as an intermediate of cardiolipin synthesis and thus is present only in

small amounts [57, 78]. Therefore PtdEtn seems to be a more likely physiolog-

ical ligand in this type of cells.

Ras proteins, the targets of neurofibromin, usually control several different

signalling pathways and relay the incoming signal by direct interactions with

effectors. Remarkably, not all subordinate signalling pathways get activated at a

time, but only a signal-specific subset. This selective activation was shown to

be dependent on the subcellular localization of Ras [79]. As a consequence,

correct localization of RasGEFs and GAPs like neurofibromin, should result in

the selective regulation of specific Ras pathways.

Taking into account that Ras is membrane anchored, it is therefore tempt-

ing to speculate that neurofibromin harbours membrane targeting activities.

Indeed Sec14-like domains are present in characteristic patterns in a number of

other signal regulatory proteins including RhoGAPs, RhoGEFs and PTPases

[80–83]. In several of these, the Sec14-portion affects subcellular localization

of the proteins, although the molecular mechanisms behind these findings

remain unclear. It is however interesting to note, that the observed localization

in the case of the proto-oncogenic RhoGEF Dbs involves a direct interaction
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between the Sec14-portion at the N-terminus and the PH-domain that in this

case is located at the C-terminus of the protein [81].

The occurrence of the PH-like domain in neurofibromin is particularly

intriguing. While biochemical/structural studies suggest that mechanistically it

may regulate lipid exchange of the Sec14-lipid binding cage, the nature of a

physiological ligand that would perform such a function in vivo is currently

unclear. Following the ligand classification above, a phospholipid-, polypro-

line- or phosphotyrosine binding activity hosted by NF1-PH is rather unlikely

given the low sequence similarity to such domains. However, this lack of

sequence similarity is not unique among PH-like domains and could indicate a

protein ligand, as observed for the likewise structurally discovered PH-like

domains of BEACH domain containing proteins [84], TFIIH [85], Pob3 [86],

and Ran-BD [73]. All these proteins are unrelated and involved in specific tasks

as different as nuclear import, transcription initiation and membrane dynamics.

Unfortunately, this leaves no consensus feature that could restrict the range of

likely NF1-PH functions any further, nor does it rule out an indirect membrane

targeting activity via a membrane bound protein interaction partner. In addition,

one has to keep in mind that PH-like domains may also bind simultaneously to

two different ligands, as in the case of PLC-ß2 in which the PH-domain binds

PIPs, G�� subunits and GNPBs of the Rho family [87, 88].

Concluding Remarks

Alterations of the NF1 gene, encoding the giant neurofibromin protein,

are responsible for the pathogenesis of neurofibromatosis type I. Neuro-

fibromin is a RasGAP and is therefore located at a central position of several

signal transduction pathways. Structural and biochemical studies have estab-

lished the GAP mechanism as active site complementation of Ras mediated by

the GAP derived arginine finger and identified the key players. Recent studies

have extended the neurofibromin part known in 3D to about 25% of the whole

protein, revealing a glycerophospholipid binding Sec14- and a closely interact-

ing PH-like domain that has evaded previous discovery by other methods.

One of the major obstacles in the biochemical characterization of neurofi-

bromin is the routine expression and purification of the protein and the notori-

ous insolubility of most fragments produced in heterologous expression

systems [Bonneau and Scheffzek, unpublished]. It has to be considered that

neurofibromin hosts additional features beside the GAP activity, given the size

of the protein, the distribution of missense mutations in patients (fig. 1) and the

fact that it acts on several signal transduction pathways requiring sophisticated

regulation. This could include membrane localization features for translocation
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to selected pools of the membrane anchored target protein Ras, several ligand

docking sites to connect to upstream signalling pathways and GRD regulating

domains for signal processing and the production of a fine tuned output.
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Abstract
Neurofibromas are benign hamartomatous, unencapsulated tumors arising from the

connective tissue cells of peripheral nerves. Neurofibromas contain all the elements of

peripheral nerves but in a disorganized manner. Schwann cells are the crucial pathogenic cell

type in neurofibroma formation. It is apparent that the changes in NF1�/� Schwann cells are

not sufficient for the development of neurofibromas. Instead, the presence of other cell types

of peripheral nerves, such as perineurial cells, fibroblasts, and mast cells with an NF1�/�

genotype is needed for the formation of neurofibromas. NF1 expression is regulated at mul-

tiple levels resulting in highly varying levels of NF1 mRNA and protein, even within min-

utes. This review summarizes the present knowledge how NF1 gene expression is regulated

at various levels such as transcription, RNA processing, mRNA transport, mRNA degrada-

tion, translation, posttranslational modifications, protein targeting and degradation. NF1
haploinsufficiency at a cellular level leads to down-regulated levels of neurofibromin. The

end result seems to be altered cell shape, size, migration, proliferation and intercellular com-

munication. Consequences of NF1 haploinsufficiency are discussed from the point of view

of what symptoms and signs in neurofibromatosis type 1 (NF1) are caused by NF1 haploin-

sufficiency compared to the loss of both NF1 alleles.

Copyright © 2008 S. Karger AG, Basel

Types of Neurofibromas

Neurofibromas are benign hamartomatous, unencapsulated tumors arising

from the connective tissue cells of peripheral nerves [1]. Neurofibromas can be

classified according to their anatomical location into cutaneous, subcutaneous,

and intraneural tumors. Plexiform neurofibromas refer to poorly demarcated

tumor masses infiltrating surrounding tissue.
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Cutaneous neurofibromas arise from the cells of the connective tissue

sheath of dermal nerve tributaries. They are nodular or polypoid and vary in

size from millimetres to 2–3 centimetres. In some patients, cutaneous neurofi-

bromas reside within the skin and are visible as slightly purplish macules that

may feel softer than the surrounding skin. Subcutaneous neurofibromas are sin-

gle nodules situated underneath the skin. They may be connected to a larger

nerve branch of cutaneous nerve plexus. Intraneural neurofibromas grow

within the nerve transforming it into a fusiform, or beaded mass. They affect

spinal, cranial, or autonomic nerves, or peripheral nerve trunks. Such neuro-

fibromas infrequently undergo malignant change.

Plexiform neurofibromas grow along sizable peripheral nerves and extend

to smaller nerve branches. Involvement of branching nerves often forms a

‘worm-like’ tangle. The cutaneous part of a plexiform neurofibroma may man-

ifest itself as a tumor mass, or thickened skin which shows hyperpigmentation,

surrounded by a hypopigmented halo. About one third of NF1 patients have

plexiform neurofibromas which may eventually form large and disfiguring

tumor masses in the craniofacial region, trunk, or extremities.

Components of Neurofibromas

Neurofibromas contain all elements of peripheral nerves but organized in a

haphazard manner. The development of a neurofibroma tumor is associated

with disruption of the intimate communication between axons and Schwann

cells of a peripheral nerve. This results in a tumor composed of Schwann cells,

fibroblasts, perineurial cells, mast cells, axonal processes and blood vessels

embedded in abundant collagenous extracellular matrix [2]. Regardless of the

apparent disorganization in the tumor, cutaneous neurofibromas never undergo

malignant transformation. Thus, the neoplastic cells of cutaneous neurofibro-

mas have an amazing tendency to retain their benign phenotype.

Schwann Cells
Schwann cells are the crucial pathogenic cell type in neurofibroma forma-

tion. Schwann cells account for 60–80% of the cells in neurofibromas, as

defined by staining for the S100beta protein [2]. According to the ‘two-hit

hypothesis’, neurofibromas develop when a somatic mutation in Schwann cell

lineages disrupts the remaining functional copy of the NF1 allele leading to

biallelic inactivation of the gene [3, 4]. Thus, at least a subpopulation of neo-

plastic Schwann cells of neurofibromas carries two mutations in the NF1 gene:

the germline mutation and a new somatic mutation [4]. Neoplastic Schwann
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cells retain certain differentiated characteristics. They express S100beta,

although at a lower level compared to nerve-associated Schwann cells [2]. At

the ultrastructural level, neoplastic Schwann cells have complex, branched

cytoplasmic processes which are covered by a continuous basement membrane

[5, 6]. Thus, Schwann cells can be recognized in the tumor by their positive

immunosignal for basement membrane components such as type IV collagen

and laminin chains. In contrast to normal Schwann cells, neurofibroma

Schwann cells express nerve growth factor (NGF) receptors [7].

There is increasing evidence that tumor suppressor mutations alone do not

explain tumorigenesis. Additionally, there are multiple aberrantly expressed

growth factors and/or growth factor receptors which result in deregulated

growth factor signaling to promote the proliferation, survival, and migration of

neoplastic Schwann cells. These potential growth factors include at least

neuregulin-1 (NRG-1) and its erbB receptors, the EGF receptor (EGFR; also

known as erbB1), hepatocyte growth factor (HGF; also known as scatter fac-

tor), PDGF and its receptors and midkine [8]. The changes in NF1�/� Schwann

cells are, however, not sufficient for the development of neurofibromas. NF1�/�

Schwann cells form tumors in an NF1 haploinsufficient background only,

which consists of perineurial cells, fibroblasts, and mast cells.

Perineurial Cells
In normal nerve, perineurial cell layers form a tight sheath around groups

of axon-Schwann cell units that form nerve fascicles. The role of perineurial

cells in the development of neurofibromas has been considered as permissive,

since in neurofibromas the neoplastic Schwann cells somehow manage to pen-

etrate the perineurial barrier and proliferate outside of disrupted nerve fasci-

cles. The evaluation of the identity and role of perineurial cells in

neurofibromas has been challenging because of the lack of a single character-

istic marker protein. At the ultrastructural level, perineurial cells surrounding

rudimentary nerve fascicles have long slender cell processes, a continuous

basement membrane and numerous intracellular vesicles [6]. Solitary cells in

neurofibromas may have a fragmented basement membrane and the pinocy-

totic vesicles may be less numerous compared to normal perineurial cells [6,

9]. Thus, the presence of basement membranes on perineurial cells makes a

clear distinction between perineurial cells and fibroblasts. The latter, by defin-

ition, do not have a basement membrane. A panel of molecular markers such as

epithelial membrane antigen (EMA), Glut-1 and type IV collagen has been

used to identify perineurial cells in neurofibromas [2, 10, 11]. The most

promising marker for perineurial cells is the tight junction protein, claudin-1

[12]. The expression of tight junction proteins by perineurial cells is in line

with previous ultrastructural observations showing that overlapping processes
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of adjacent perineurial cells are occasionally joined by tight junction-like cell

contacts [13].

Based on the studies with combinations of antigenic markers, it can be

stated that perineurial cells exist in all neurofibromas while the number of them

varies between individuals and tumor areas [2, 12]. All neurofibromas show

localized areas with perineurial cell differentiation. About 10% of neurofibro-

mas show a major subpopulation of perineurial cells, as estimated by lack of

immunoreaction for S100beta protein and positive reactions to EMA and

claudin-1 [2, 12].

Fibroblasts
Neurofibroma fibroblasts are believed to originate from endoneurial

fibroblasts. They contribute to the accumulation of fibrillar collagens

and fibronectin in the tumor stroma. Fibroblasts have abundant cytoplasm

with numerous cell organelles, but lack the basement membrane [6].

Immunohistochemically, fibroblasts can be detected by the expression of CD-

34 [11].

Mast Cells
In normal skin, mast cells are located in close proximity of sensory nerves

and hair follicles. Indeed, mast cells are known to have a functional association

with both sensory nerves and hair follicles by various mediators that activated

mast cells are able to selectively secrete. Mast cells can also be seen within

nerve trunks. In addition, there is a specific Kit-ligand mediated mechanism for

mast cell migration to neurofibromas [14]. Not surprisingly, mast cells are

numerous in neurofibromas and other peripheral nerve sheath tumors. Mast

cells can be recognized by their typical cytoplasmic granules, and can be visu-

alized by Alcian blue staining at pH 1, toluidine blue staining, or by immunode-

tection of factor VIII-related antigen [2]. The molecular mechanisms explaining

how NF1 haploinsufficient mast cells may contribute in neurofibroma growth

are discussed below.

Extracellular Matrix
The extracellular matrix forms a marked proportion of the volume of neu-

rofibromas. Abundant components of this matrix include collagens I, III, IV, V

and VI; fibronectin and basement membrane components type IV collagen,

laminin, and nidogen [6, 15]. Perineurial cells, Schwann cells and fibroblasts all

contribute to the synthesis of the extracellular matrix [16]. Schwann cells con-

tribute to the accumulation of the tumor stroma by producing fibrillar collagen

type I, basement membrane components type IV collagen and laminin, and type

VI collagen [15, 16].
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NF1 Gene Expression

Life Cycle of Neurofibromin

The fact that all patients are heterozygous for an NF1 mutation, and that

homozygous Nf1�/� experimental mice die in utero, reveals that the NF1 gene

product – neurofibromin – is essential for life. The NF1 gene is all but a house

keeping gene, and NF1 expression is regulated at multiple levels resulting in

highly varying levels of NF1 mRNA and protein even within minutes (fig. 1). 1.
Transcriptional control. In silico analysis of the 5� upstream region and intron 1

of the NF1 gene from human, mouse, rat, and pufferfish has probed potential

transcriptional regulatory regions [17]. Because a sequence 310–333 bp

upstream of the translation initiation site is identical in human, mouse, and rat

and differs by only 1 bp in pufferfish, it may contain the core promoter element

for NF1 transcription. In vivo, NF1 expression is up-regulated in tissue repair of

peripheral nerve, skin and bone [18–21], and during development of peripheral

nerve and bone [18, 22, 23]. Molecules leading to up-regulated transcription of

Growth factors
such as  PDGF, TGF�;

tissue injury 
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control
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Fig. 1. Life cycle of neurofibromin. NF1 expression is regulated at multiple steps

resulting in highly varying levels of NF1 mRNA and protein even within minutes. Steps 1–8

in NF1 regulation are explained in more detail in the text.
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the NF1 gene include bFGF, PDGF and EGF [19, 24, 25]. Interestingly, the

same growth factors are operative in the degradation of neurofibromin (see

below). 2. RNA processing. In northern transfer analysis, NF1 mRNA is

detected as 11–13-kb band/bands. RNA processing results in alternative splic-

ing of exons 9a, 10a-2, 23a, and 48a. Exon 10a-2 is spliced in between exons

10a and 10b [26–29]. Other NF1 RNA splicing variants may exist. Some of the

mutations causing NF1 affect RNA processing creating de novo splice sites

which eventually may cause deletions, or insertion of extranumerary exon

sequences [30]. 3. mRNA transport. The 3� UTR of NF1 mRNA contains five

potential protein binding sites, one of which binds to tumor antigen HuR [31].

HuR is involved in posttranscriptional mRNA stabilization, and transport from

nucleus. In the cytoplasm, a part of NF1 mRNA can be targeted to cell periph-

ery via actin microfilaments in migrating and cell junction forming cells [32].

4. mRNA levels and degradation. The mRNA levels may oscillate even within

minutes, and the half-life may vary under different conditions [12, 32, 33]. The

decay of NF1 mRNA is poorly understood. Disruption of actin microfilaments

facilitates NF1 mRNA degradation [32, 34, 35], and terminal differentiation of

epithelial cells results in down regulation of NF1 mRNA levels [36]. 5.
Translational control. Neurofibromin I has been used to refer to the isoform not

containing sequences encoded by alternatively spliced exons; type II isoform

containing 23a; type III containing 48a; and type IV containing 23a and 48a

[27]. It is not clear if all NF1 RNA splice variants translate to protein. Since no

alteration in NF1 mRNA level was detected but neurofibromin levels increased

in Schwann cells following nerve injury, it has been suggested that neurofi-

bromin expression in Schwann cells is post-transcriptionally induced [18]. This

means increased translational efficiency or protein stabilization. 6.
Posttranslational modifications. In western transfer analysis, neurofibromin is

detected as single or double band/bands with an apparent molecular mass of

220–250 kDa [22]. This is less than expected for a 2818 amino acid sequence

(estimated �327 kDa). Compact protein folding may be the reason for this.

Phosphorylation, cleavage: Neurofibromin is constitutively phosphorylated at

the cysteine/serine-rich domains of the N-terminus and in the C-terminal region

[37]. Neurofibromin is also a substrate for protein kinase C. In response to

EGF, PKC� phosphorylates neurofibromin on serine residues within cys-

teine/serine rich domains [35]. This phosphorylation results in increased associ-

ation of neurofibromin with actin cytoskeleton. The protein bands of

�250 kDa, specific for neurofibromin, are likely to represent differentially

phosphorylated forms of neurofibromin. Even though not extensively dis-

cussed, additional bands of lower molecular mass are often seen in immunopre-

cipitation/western analyses. The fact that the sizes of these extra bands seem

similar in independent studies suggests that some of them may represent cleavage
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products of neurofibromin, or proteins interacting and coprecipitating with

neurofibromin [22, 38]. 7. Protein targeting. For the well established interac-

tion with Ras-GTP [39], a part of the functional neurofibromin pool must be

located near the plasma membrane since Ras-GTP is attached to the membrane

through a farnesyl residue. The same location allows interaction between neu-

rofibromin and syndecan, a transmembrane proteoglycan [40]. Neurofibromin

may in fact be attached to the plasma membrane since the N-terminal splice

product NF1�10a-2 of the NF1 gene codes for a transmembrane segment [28].

Targeting of neurofibromin to the cytoskeleton takes place through multiple

associations. Biochemical evidence has demonstrated interaction of neurofi-

bromin with actin, tubulin and intermediate filaments [41–44]. Tubulin inhibits

Ras-GAP activity [41]. The best visualization of interaction with the cytoskele-

ton comes from double immunodetection of neurofibromin with cytokeratin

containing intermediate filaments in epithelial cells. In melanocytes, neurofi-

bromin takes part in melanin transport along microtubules [38]. Peptide

sequence KRQEMESGITTPPKMRR encoded by a part of exon 43 directs neu-

rofibromin to the nucleus [45] where its subcellular distribution is sometimes

speckled [43, 45]. More specifically, neurofibromin has been suggested to be

targeted to nucleoli [45]. 8. Protein degradation. Neurofibromin is dynamically

regulated by the ubiquitin-proteasome pathway. Degradation is rapidly trig-

gered in response to PDGF, EGF and lysophosphatidic acid (LPA) and requires

sequences adjacent to the catalytic GAP-related domain of neurofibromin.

However, whereas degradation is rapid, neurofibromin levels are re-elevated

shortly after growth factor treatment [25].

Tissue Distribution of Neurofibromin
The NF1 gene is ubiquitously expressed in almost all tissues but most

intensely in central and peripheral nervous systems [46]. Several studies impli-

cate that NF1 protein plays a crucial role during development, and the expres-

sion level and pattern of NF1 protein have been noted to change markedly and

rapidly [22, 46]. These rapid changes have been considered to be related to

some of the major morphological changes occurring in tissues such as brain and

heart [47]. Mice carrying a homozygous null mutation at the Nf1 locus die in

utero, apparently due to the severe heart malformations [48, 49]. There are clear

differences in the expression of the NF1 gene between species. For example,

Nf1 mRNA was present in developing rat sciatic nerve throughout the period of

active Schwann cell proliferation and myelination [18], while in human the neu-

rofibromin immunosignal was barely detectable in peripheral nerves during the

first trimester of gestation [22]. The expression level increased dramatically in

Schwann cells, perineurial cells, and axons during the second and third

trimesters of pregnancy [22].
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The pattern of NF1 gene expression changes markedly also in developing

human epidermis, where neurofibromin is associated with cytokeratin fila-

ments terminating on desmosomes and hemidesmosomes [49]. These results

suggest that the NF1 tumor suppressor may function in the regulation of epider-

mal histogenesis via controlling the organization of the keratin cytoskeleton

during the assembly of desmosomes and hemidesmosomes.

Haploinsufficiency in NF1

Haploinsufficiency refers to a state where an individual has one functional

copy of a gene. The single functional copy of the gene may not produce enough

of a gene product, or protein, to result in normal development and cell growth

regulation, leading to an abnormal or diseased state.

An important question is what symptoms and signs in NF1 are caused by

haploinsufficiency as such, and what is the result and role of loss of both NF1
alleles. Another aspect and question is: how does the inactivation of one allele

or both alleles change the reading of the whole genome.

It now seems that some distinct lesions characteristic to NF1 are associated

with loss of both functional alleles in different cell types. Specifically, a subset

of Schwann cells in neurofibromas has an NF1�/� genotype [4]. In analogy,

melanocytes in café au lait spots have lost both NF1 alleles [38]. Studies utiliz-

ing transgenic mice with cell type specific inactivation of both Nf1 alleles are

described in detail elsewhere in this book. A summary of results on man and

mouse suggests that the development of neurofibromas requires the ‘second hit

Schwann cells’, but the tumors develop only if the other cell types in these

tumors are NF1 haploinsufficient.

Haploinsufficiency in NF1 has been approached in studies utilizing differ-

ent types of cell cultures derived from patients with NF1, versus control persons.

In general, NF1 deficient cells, e.g. fibroblasts, melanocytes, keratinocytes,

osteoblasts, astrocytes and Schwann cells may display more variable sizes and

shapes than their NF1�/� counterparts (fig. 2). These findings represent predicted

alterations in a situation where cytoskeletal organization is disturbed. In fact,

visualization of individual cytoskeletal components has revealed irregular organi-

zation of the whole cytoskeletal system. Neurofibromin may thus, in part, exert

its effects by controlling the organization of the cytoskeleton and the forma-

tion/maintenance of cellular contacts. Both cytoskeletal and cell junctional

impairment may contribute to the fact that also calcium-mediated cell signaling is

impaired in NF1 haploinsufficient cells [50]. Other phenomena associated with

NF1 haploinsufficiency include increased astrocyte proliferation, augmentation

in angiogenesis, and altered skeletal development [51, 52].
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NF1 haploinsufficiency of mast cells has gained attention. Cross talk

between mast cells and Schwann cells may contribute to neurofibroma growth.

It has been speculated that mast cells would create a cytokine-rich microenvi-

ronment that could be permissive for neurofibroma growth [3]. Mast cell

migration is mediated by the Ras/PI3K/Rac2 signal transduction pathway,

which in turn is enhanced in NF1�/� mast cells. Kit ligand serves as a chemoat-

tractant for mast cells expressing c-Kit, while NF1�/� Schwann cells in the

tumor express Kit ligand at a high level. Recent findings on transgenic mice

have shown that the K-isoform of Ras is required for c-kit-mediated mast cell

proliferation, survival, migration, and degranulation in vitro and in vivo. These

cellular functions are hyperactivated in NF1�/� mast cells. Indeed, neurofi-

bromin has been identified as a GAP for K-ras in mast cells [53]. In addition,

there are other potential players in the mast cell–Schwann cell interaction, such

as �4�1 integrin and various other mast cell mediators. NF1�/� mast cells have

- elevated levels of Ras      activated downstream kinases
 such as PI3 kinase, Rac-Rho, RAF-MEK-ERK, PKA
- disruption of actin microfilaments
- altered formation of cell junctions, organization of other
 cytoskeletal components
- altered calcium mediated cell signaling
- altered proliferation, migration, apoptosis 

Mutated NF1 gene

Reduced levels of NF1 protein

Altered cell shape, size, migration,
proliferation and intercellular

communication

Altered secretion of selected growth factors, e.g. TGF�, Kit 
ligand and growth factor receptors, e.g. EGFr, NGFr

Altered reading
of genome 

Fig. 2. NF1 haploinsufficiency at cellular level leads to down-regulated levels of neu-

rofibromin. The end result includes altered cell shape, size, migration, proliferation and

intercellular communication. The underlying molecular mechanism may include insufficient

intermolecular contacts between neurofibromin and other proteins, and down-stream effects

of any of these interactions. The best known down-stream event of NF1 haploinsufficiency is

up-regulation of Ras-GTP signal transduction through the MAPK pathway.
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been shown to induce neurofibroma like phenotypes through secreted TGF-beta

signaling [54]. However, it is yet to be determined if and how the presence of

mast cells induces tumor progression.

Haploinsufficiency of Endothelial Cells in Neurofibromas
Interaction of the major tumor-initiating cell type with other haploinsuffi-

cient cell types, such as endothelial cells, is necessary for tumor progression.

Tumor vascularization occurs by neoangiogenesis from existing nearby vessels,

and the attraction and seeding of circulating endothelial stem cells which give

rise to new blood vessels within tumors [55]. Neurofibromas, especially plexi-

form tumors, are highly vascularized. Studies on vascularization are relevant

for searching potential ways to slow or inhibit tumor growth. Angiogenesis can

be promoted in two ways: NF1 haploinsufficiency in endothelial cells leads to

altered response to angiogenetic factors, or NF1 haploinsufficiency in Schwann

cells augments angiogenesis. Indeed, there is evidence for both mechanisms.

NF1 haploinsufficient endothelial cells of neurofibromas show morphological

alterations [56]. Using the NF1 mouse model it has been shown that angiogen-

esis is accelerated in NF1 due to hyperproliferation of pericytes and endothelial

cells [57]. NF1 heterozygous endothelial cell cultures showed an exaggerated

proliferative response to angiogenic factors, particularly to bFGF [51]. Recent

studies have also revealed a discrete Ras effector pathway, which alters the pro-

liferation and migration of NF1 haploinsufficient endothelial cells in response

to neurofibroma-derived growth factors both in vitro and in vivo [58]. These

findings support the conclusion that NF1 heterozygosity in endothelial cells

and perhaps inflammatory cells augments angiogenesis, which may promote

neurofibroma formation in NF1. Neurofibroma Schwann cells unlike normal

Schwann cells promote angiogenesis [59]. Basic fibroblast growth factor (FGF-

2), platelet-derived growth factor (PDGF) and midkine (MK) have been found

to be induced by loss of neurofibromin in NF1�/� Schwann cells in the NF1

mouse model [60].

In summary, the pathomechanism of neurofibroma tumors is a puzzle, the

pieces of which are being revealed step by step. Although genetics, animal

models, biochemistry and cell biology have brought in vast amount of details,

the sequence of events leading to the development of neurofibromas is still

mostly unknown. Even the exact structure and relationship of various histolog-

ical components within the tumor have not been fully characterized. Various

different classifications of neurofibroma tumors according to the initiating

nerve, tissue morphology, and growth properties have been proposed and

reviewed [61], even to the extent that the classification would be an issue for a

consensus meeting. This review does not attempt to favor one classifica-

tion over another or propose a new one. However, the cellular and molecular
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components of neurofibromas as described here are applicable to different

types of neurofibromas. At present, it seems clear that the combination of dou-

ble inactivation of NF1 in a ‘permissive’ haploinsufficient background explains

the full spectrum of the NF1 phenotype at the cellular level.
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Abstract
Recently the amount of knowledge about NF1 somatic mutations has increased consid-

erably. This is in part due to the availability of more comprehensive NF1 mutation screening

methods, but also because cell type specific analyses have been performed. NF1 lesions are

usually composed of several cell types and for each lesion where a somatic second hit was

found, it was only present in one specific cell type. Further examination of somatic NF1
mutations in homogeneous cell populations of specific cell types can provide a world of

information on the pathogenesis of NF1 lesions and on the interaction between different cell

types in these lesions.

Copyright © 2008 S. Karger AG, Basel

Neurofibromatosis type 1 (NF1) is characterized by a high variability in the

severity of the disease. Neurofibromas and pigmentary abnormalities (café-au-

lait macules, Lisch nodules and skin-fold freckling) are the major characteristic

disease features, but plexiform neurofibromas, learning problems, orthopedic

problems (scoliosis, pseudarthrosis of tibia) and epilepsy are also common [1].

In addition, several tumors are associated with the disease, like optic pathway

glioma, pheochromocytoma or malignant peripheral nerve sheath tumor [1].

The cellular and molecular pathophysiology of the different NF1 disease

features are not completely understood. For some features we know that a

somatic inactivation of the wild type NF1 allele is required and we know the

specific cell types involved (table 1). For other NF1 features these data are not

yet available.

Somatic mutations in the NF1 gene could be the first hit occurring during

embryonic development, generating NF1 mosaic patients. Alternatively somatic
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Table 1. Overview of NF1 associated features with known somatic NF1 mutations

Tissue type NF1 somatic mutation Cell type involved Tissue of origin Embryological origin Reference

Dermal point mutations, Schwann cell PNS neural crest 4–6, 8–24

neurofibromas LOH

Plexiform LOH, intragenic point Schwann cell PNS neural crest 13, 20, 22, 23

neurofibromas mutation 

MPNST LOH Schwann cell PNS neural crest 13, 20, 26–28

GIST LOH, intragenic point interstitial cells gastro-intestinal neural crest 35–36

mutations of Cajal tract

JMML LOH myeloid bone marrow mesoderm 39–41

precursor cell

Astrocytomas LOH astrocytes CNS ectoderm 43–47

Pheochromocytoma LOH chromaffin cell adrenal glands neural crest 53–55

Tibial LOH osteoblast or bone mesoderm 61

pseudarthrosis osteoclast (neural crest?)

Café-au-lait spot point mutations melanocyte skin neural crest 79

LOH: loss of heterozygosity; PNS: peripheral nervous system.
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NF1 mutations could be second hits inactivating the wild type NF1 allele in

NF1 heterozygous patients and they can be responsible for NF1 associated neo-

plastic features. For space limitations, this review will mainly focus on somatic

mutations in the NF1 gene in the typical NF1 associated neoplasias and we will

not review mutations in the NF1 gene in sporadic neoplasias.

Somatic NF1 Mutations as a ‘Second Hit’ in 
NF1 Associated Neoplasias

Peripheral Nerve Sheath Tumors
The most common NF1 associated tumor is the benign peripheral nerve

sheath tumor or neurofibroma. Neurofibromas have been subdivided into dis-

crete neurofibromas, which are associated with a single peripheral nerve, and

diffuse (plexiform) neurofibromas, which involve multiple nerve fascicles. In a

small percentage of NF1 patients plexiform neurofibromas might progress to

malignant peripheral nerve sheath tumors (MPNSTs).

Neurofibroma
Neurofibromas contain increased numbers of all cell types present in the

normal peripheral nerve [2, 3]. Schwann cells are neural crest derived glial cells

that form a protective sheath around single peripheral nerve fibers. Molecular

analyses of neurofibromas have shown that a subpopulation of Schwann cells

(SCNF1�/�) in these tumors exhibit biallelic inactivation of the NF1 gene [4–6].

Combined analysis of NF1 associated neurofibromas and the derived Schwann

cells and fibroblasts, revealed loss of heterozygosity (LOH) in both the original

tumor and the Schwann cells, but not in the tumor derived fibroblasts [4]. It was

further demonstrated that fibroblasts isolated from neurofibromas carried at

least one normal NF1 allele and expressed NF1 mRNA and protein, whereas

the Schwann cells typically lacked the NF1 transcript [5]. Selective expansion

of human Schwann cells with specific cell culture systems results in pure pop-

ulations of Schwann cells and fibroblasts from neurofibromas. This cell culture

system confirmed that Schwann cells, but not fibroblasts, harbored the somatic

NF1 mutation in all studied tumors and showed that two genetically distinct

(NF1�/� and NF1�/�) Schwann cell subpopulations are present in neurofibro-

mas [6]. Based on Knudson’s two-hit hypothesis [7] Schwann cells can be con-

sidered as the initiating cell type in neurofibroma formation. The high mutation

detection rate (76%) of NF1 [8] in selectively grown Schwann cells emphasizes

that genetic alterations and not epigenetic events are the major mechanism for

the inactivation of NF1 in neurofibromas [9–13]. It has been shown that LOH in

neurofibromas can be the result of mitotic recombination, a deletion on the long
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arm of chromosome 17, or loss of one chromosome 17 with reduplication of the

other chromosome [14, 15]. While LOH is responsible for the somatic inactiva-

tion of NF1 in �20% of neurofibromas from NF1 non-microdeletion patients

(51/256), [8, 13, 14, 16–24] LOH was not observed in neurofibromas from NF1
microdeletion patients (0/53) [8, 13, 14, 18, 19]. Why the wild type NF1 allele

in microdeletion patients, typically presenting with more neurofibromas at a

younger age, is more vulnerable to other types of somatic inactivation events

remains unclear.

MPNST
Approximately 10% of individuals with NF1 will develop an MPNST [25].

Some MPNSTs arise in pre-existing plexiform neurofibromas implying a model

of multi-step tumor progression. Besides NF1 inactivation [13, 20, 26–28],

additional genetic changes have been identified in MPNSTs but not in benign

neurofibromas. Alterations associated with malignant progression include

homozygous deletion of CDKN2A which encodes p16INK4A and p14ARF [29, 30]

and TP53 loss [31, 32]. In most MPNSTs the karyotypes are complex [33].

Gastrointestinal Stromal Tumors
Gastrointestinal stromal tumors (GISTs) are the most common mesenchy-

mal tumors of the gastrointestinal tract and are associated with NF1 [34]. In

contrast to sporadic GIST NF1 associated GISTs do not have KIT and

PDGFRA activating mutations but complete inactivation of the wild type NF1
allele in the interstitial cells of Cajal [35]. Interstitial cells of Cajal are the auto-

nomic pacemaker cells regulating peristalsis in the digestive tract. Both NF1
intragenic mutations, an NF1 deletion and LOH due to mitotic recombination

have been described in NF1 related GIST [35, 36].

Stewart et al. [37] reported an NF1 somatic mutation in a gastric carcinoid

tumor arising in an NF1 patient indicating that this specific type of tumor also

results from a complete NF1 inactivation.

JMML
Children with NF1 have an increased risk of developing juvenile

myelomonocytic leukemia (JMML) [38]. Loss of the normal NF1 allele and

homozygous inactivation of the NF1 gene in bone marrow of NF1 children with

JMML have been identified [39, 40]. Consistently, two mechanisms underlying

LOH in myeloid malignancies from these NF1 children have been recently

described [41]. Among the 10 bone marrow samples analyzed eight showed

LOH for almost the entire chromosome 17q arm generated by mitotic recombi-

nation. In the remaining two samples a deleted region of less than 9 Mb con-

taining the NF1 gene was observed [41].
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Astrocytomas
About 15–20% of the children with NF1 have optic pathway tumors [42].

Many of the brain tumors are pilocytic astrocytomas typically involving the

optic nerve, optic chiasm, hypothalamus and brainstem. Astrocytomas are

derived from astrocytes, the glial cells in the central nervous system. Loss of

neurofibromin expression has been found in NF1 associated astrocytomas

[43–45]. A high percentage of NF1 associated astrocytomas show LOH of the

NF1 region (16/19 � 84%) [43, 46, 47]. Moreover, in half of the 14 tumors

with informative markers the LOH also involves 17p [46, 47] indicating that

besides NF1 inactivation, inactivation of additional genes on chromosome 17,

possibly TP53, seems to be important in the development of pilocytic astrocy-

tomas needing surgery. The frequency of LOH for NF1 is significantly different

from what has been observed in neurofibromas (16/19 versus 51/256; Fisher’s

exact test: p � 0.0001).

Pheochromocytomas
Pheochromocytomas are rare catecholamine-producing neuroendocrine

tumors arising from the neural crest derived chromaffin cells of the adrenal

medulla [48] and 1–6 cases are observed per million people per year [49, 50].

Pheochromocytomas also occur as part of several syndromes including von

Hippel-Lindau syndrome, multiple endocrine neoplasia types IIA and IIB,

paraganglioma syndromes types 3 and 4, and NF1 (�1% [51], 0.1–5.7% [52]).

LOH for the NF1 region has been reported in 9/16 pheochromocytomas

analyzed [53–55]. In 3 tumors it could be shown that the wild type NF1 allele

was lost [55]. In 7 tumors LOH involved the 17p and 17q arms, suggesting

either a complete loss of a chromosome 17 copy, or loss and reduplication of

chromosome 17 [53–55]. There is however not enough consistent data in the

literature to assess the percentage of pheochromocytomas with LOH as a sec-

ond hit.

Somatic NF1 Mutations as a ‘Second Hit’ in Other 
NF1 Related Traits

Bone Abnormalities
Osseous abnormalities such as scoliosis, sphenoid wing dysplasia

and pseudarthrosis of long bones are associated with NF1. Pseudarthrosis

most commonly affects the tibia, occurs in about 2–5% of NF1 patients, and is

most often unilateral, what is consistent with a random molecular event [1,

56–60].
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Stevenson et al. (2006) [61] have recently reported evidence of double

inactivation of the NF1 gene in tibial pseudarthrosis. The authors identified in

two cases LOH for intragenic and flanking NF1 markers, and in one of the

cases they demonstrated that the wild type NF1 allele was lost. The authors

hypothesized that loss of NF1 function with subsequent Ras deregulation may

lead to altered osteoblastic/osteoprogenitor differentiation and proliferation,

impaired bony callus formation, and overgrowth of cellular tissue due to pre-

ferred fibroblast/myofibroblast differentiation of multipotential mesenchymal

cells in stroma and periosteal cells.

Café-au-lait macules
Café-au-lait macules (CALMs) are hyperpigmented patches of the skin that

usually occur shortly after birth. Although the etiopathogenesis of NF1 related pig-

mentary lesions remains largely unknown, a significant increase in the density of

melanocytes, the neural crest derived pigment producing cells, was demonstrated

in NF1 CALM skin compared with NF1 normal skin, control normal skin and

control CALM skin [62]. These NF1 CALM melanocytes also display a higher

melanin content and melanogenesis [63]. Molecular analysis of 5 CALMs derived

from different NF1 patients revealed bi-allelic inactivation of the NF1 gene in

melanocytes, while keratinocytes and fibroblasts were heterozygous for the

germline NF1 mutation [64]. It is very likely that the bi-allelic NF1 inactivation in

melanocytes is the underlying molecular mechanism in NF1 related pigmentary

lesions. Moreover a similar bi-allelic inactivation of SPRED1 has been shown in

CALM in the NF1-like syndrome caused by SPRED1 mutations [65].

Somatic NF1 Mutation as a First Hit Resulting in NF1 Mosaicism

In some NF1 patients an NF1 mutation is not found during routine mutation

analysis of peripheral blood leukocytes. If NF1 mutation analysis in different tis-

sues of these individuals is performed mosaicism for an NF1 mutation is fre-

quently found (Maertens O and Messiaen L, personal communication). In these

patients the first hit in NF1 occurred somatically (post zygotic), and is at least

present in the cell types responsible for the observed NF1 features. These mosaic

patients often present with a milder form of NF1 (generalized mosaic NF1) or

with NF1 limited to one or more segments of the body (segmental NF1).

Generalized Mosaic NF1
Generalized mosaic NF1 patients present usually with mild manifestations

of classical NF1. Hence the somatic mutation of NF1 must have occurred in an

early stage of embryonic development.
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Up to now all patients identified with a generalized mosaic form of NF1

carried a (micro)deletion of NF1 as first hit mutation [66–74]. This is probably

due to the technical difficulties of identifying mosaic intragenic NF1 mutations.

A recurrent somatic deletion (the type II NF1 microdeletion) has been described

in mosaic NF1 [68, 69].

Segmental NF1
Segmental neurofibromatosis is defined as neurofibromatosis limited to

one or more parts of the body. As a limited part of the body is affected with

NF1, it is thought that the mutation occurred in a later stage during embryonic

development. Like in classic NF1 patients both first and second hit mutations

are found in the cell types giving rise to the specific NF1 feature in question (in

melanocytes for the CALM, in Schwann cells for the neurofibromas) [75].

Somatic first hit mutations in three other segmental patients have been

described [76–78].

Gonadal Mosaicism
A final form of mosaic neurofibromatosis is gonadal mosaicism.

Individuals with gonadal mosaicism do not present any clinical features of NF1

because the somatic mutation is only present in the gonads. Gonadal mosaicism

can be recognized if NF1 features are absent in the parents and 2 or more of

their children present with NF1. Lazaro et al. [79] described 2 NF1 siblings

with a 12-kb deletion in the NF1 gene. This deletion was present in 10% of the

sperm cells of the father but not in his blood cells and the father did not show

any clinical features of NF1.

Conclusions

Due to the availability of more comprehensive NF1 mutation screening

methods and cell type specific cultures our understanding of the importance of

somatic NF1 mutations increased substantially. Analysis of affected cell types

in patients with generalized mild NF1 but without NF1 mutation in peripheral

blood cells will be instrumental to determine the frequency of mosaic NF1.

Further examining somatic NF1 mutations in homogeneous cell populations of

specific cell types can provide additional information on the pathogenesis of

NF1 lesions such as glomus tumors of the finger tips, dysplastic scoliosis

and non-ossifying fibromas of the bone. To promote standardization and facil-

itate further investigation of the somatic mutation spectrum in NF1, the

somatic NF1 mutation database (http://medgen.ugent.be/LOVD2) was created

[80].
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Abstract
NF2 is a dominantly inherited tumour predisposition syndrome caused by mutations in

the NF2 gene on chromosome 22. Affected individuals inevitably develop schwannomas and

to a decreasing frequency meningiomas and ependymomas with the classical disease feature

being bilateral vestibular nerve schwannomas. Most patients currently become completely

deaf, although rehabilitation with brain stem implants is improving this outcome. In excess

of 50% of patients represent de novo mutations and as many as one third are mosaic for the

causative mutation. Although truncating mutations (nonsense and frameshifts) are the most

frequent germline event and cause the most severe disease, single and multiple exon dele-

tions are common and a strategy for detection of these is vital for a sensitive analysis. NF2

represents a difficult management problem with most patients facing reduced life expectancy

historically. Surgery remains the focus of current management although watchful waiting

and occasionally radiation treatment have a role. In the future the development of tailored

drug therapies aimed at the genetic level may herald a targeted systemic treatment for this

devastating, life limiting condition.

Copyright © 2008 S. Karger AG, Basel

Neurofibromatosis type 2 (NF2) in contrast to NF1 is characterised by the

development of schwannomas, meningiomas and ependymomas, with the great

majority of patients having bilateral involvement of the eighth cranial nerve [1].

Although the disease still bears the name ‘neurofibromatosis’, neurofibromas

are relatively infrequent. NF2 was first described in 1822 by the Scottish sur-

geon, Wishart [2]. NF1 was fully delineated in the late nineteenth century by

von Recklinghausen. However, it was Harvey Cushing, who bracketed them

together in 1916 [3], and is largely responsible for the continued confusion

between the two conditions. Indeed, the neurofibromatosis literature prior to
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1985 has many NF2 cases being described as part of von Recklinghausen dis-

ease, with bilateral vestibular schwannomas (VS) even being included in a

major patient series [4]. The conditions were eventually recognised as separate

entities with the localisation of the respective genes to chromosome 17 and 22

[5, 6]. This was followed by the formal clinical delineation at a U.S. National

Institutes of Health (NIH) consensus meeting in 1987 [7]. It is now known that

NF2 is a genetically homogeneous condition, with no evidence for heterogene-

ity of classical NF2 (bilateral VS).

NF2 is an autosomal dominant disease with usually a 50% risk of trans-

mission from an affected individual to their offspring, which was first con-

firmed in a large family reported by Gardner and Frazier in 1930. Over 50% of

patients have no family history and represent de novo mutations in the NF2

gene [1, 8]. Individuals who inherit a pathogenic mutation in the NF2 gene will

almost always develop symptoms by 60 years of age [8]; very occasionally,

patients will have apparent non-penetrance. Although the transmission rate is

50% in the second generation and beyond, the risk of transmission in an appar-

ently sporadic case of NF2 is less than 50% due to mosaicism (see below) [9].

Molecular Genetics

Seizinger et al. were the first to show loss of constitutional heterozygosity

of chromosome 22, with DNA markers lost in tumours from a patient with NF2

[10]. Linkage studies then confirmed NF2 families were linked to chromosome

22. The NF2 gene was then isolated by the simultaneous discovery of constitu-

tional and tumour deletions in a cell membrane-related gene which has been

called merlin or schwannomin by the two groups who isolated it [11, 12].

Germline and Mosaic Mutations
Standard mutation techniques, such as Single Strand Conformational

Polymorphism (SSCP) analysis or Denaturing Gradient Gel Electrophoresis,

detect between 35 and 66% of pathogenic mutations [13–16]. The majority of

these mutations are truncating mutations, leading to a smaller and probably

non-functional protein product. Early studies suggested that missense muta-

tions (which result in a complete protein product) and large deletions (which

result in no protein product) both caused predominantly mild phenotypes.

Larger studies of detailed genotype/phenotype correlations in multiple families

have confirmed this finding [14–17]. Phenotype is more variable in patients

with splice-site mutations, with milder disease in patients with mutations in

exons 9–15 [18, 19]. Definitive evidence from effect on survival has been

established with missense mutation patients having statistically better survival
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than nonsense/frameshift mutations [20]. Similarly to other tumour prone disor-

ders the frequency of large genomic rearrangements did not become apparent

until some time after the gene was cloned, due to the poor availability of meth-

ods to allow routine clinical screening for their presence. About half of these are

detectable with standard cytogenetic analysis with FISH [21]. A small number

of constitutional abnormalities such as chromosome translocations and ring 22

would still need a cytogenetic analysis to confirm their presence. The majority

of large scale rearrangements are now routinely detected by Multiplex Ligation-

dependent Probe Amplification (MLPA) and are now known to make up around

15% of NF2 germline aberrations [21, 22]. The commonest of this class of

mutations is a deletion of the NF2 promoter, exon 1 and most of intron 1 and

deletions of the whole gene, indeed combined these two account for over half of

all MLPA abnormalities (table 1). The differing frequency of the various types

of NF2 mutation between familial, sporadic and mosaic cases can be seen in

table 2. This represents the output from one centre dedicated to whole gene

analysis with the great majority of patients having been screened by a technique

capable of the detection of large deletions or duplications. More extensive lists

Table 1. MLPA abnormalities in 54 unrelated families

MLPA abnormality Number of occasions 

(mosaic)

Exon 1-intron1 (deletes intronic CA repeat) 17 (3)

Whole gene (exons 1–17) deletion 15 (2)

Exons 5–17 deletion 3 (2)

Exons 2–3 deletion 2

Exons 2–10 deletion 2

Exons 13–15 deletion 1

Exons 1–16 deletion 2 (1)

Exons 1–10 deletion 2

Exons 1–3 deletion 1

Exons 1–4 deletion 1 (1)

Exons 1–2 deletion 1 (1)

Exons 15–17 deletion 1

Exons 8–17 deletion 1

Exons 8–15 deletion 1

Exon 3 deletion 1

Exon 7 deletion 1

Exon 5 deletion 1

Exons 12–14 duplication 1
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of NF2 mutations described worldwide are available online and in recent

reviews [23–25], but these are less likely to reflect the true ratios of different

classes of mutations, as a variety of different techniques have been used. The

sensitivity of genetic testing using sequence analysis and MLPA can be derived

from table 2. 91% of mutations have been identified in the second generation

of NF2 families. Of the missing 8 families 4 have been subjected to more

detailed analysis including RNA analysis. Two putative splicing variants deep in

the introns have been identified (Messaien L, personal communication), but no

other mutations have been found.

A considerable proportion of NF2 patients, particularly milder cases, have

mosaic disease, in which only a proportion of cells contain the mutated NF2
gene. The initiating mutation occurs after conception, leading to two separate

cell lineages. The proportion of cells affected depends on how early in develop-

ment the mutation occurs. Recent evidence suggests that up to 20–30% of NF2

cases without a family history of the disease are mosaic, carrying the mutation

in too small a proportion of their cells to be detected from a blood sample [10,

26, 27]. This accounts for the milder disease course in many individuals with

unfound mutations, and since only a subset of germ cells will carry the muta-

tion, there is less than a 50% risk of transmitting the disease to their offspring.

However, if an offspring has inherited the mutation, they will usually be more

severely affected than their parent, since the offspring will carry the mutation in

all of its cells. One of the features that suggested that mosaicism existed in NF2

Table 2. Mutations identified in 473 families with NF2 in the Manchester (UK) genetics laboratory

Type of Detection in 2nd Detection in Mosaic Total (%)

mutation generation (n�93) sporadic non- mutations 

mosaic patients (% of mosaic)

(% non-mosaic)

Splice site 28 (30%) 38 (22%) 3 (6%) 69 (15%)

MLPA positive 18 (18%) 26 (14%) 10 (15%) 54 (12%)

FSD 15 (15%) 30 (18%) 18 (24%) 63 (13%)

Nonsense 14 (14%) 58 (35%) 24 (36%) 96 (20%)

Missense 6 (6%) 5 (3%) 1 (1.5%) 12 (2.5%)

FSI 3 (3%) 11 (7%) 3 (5%) 17 (4%)

IFD 1 (1%) 1 3 (5%) 5 (1%)

Ring 22 0 0 3 (5%) 3

Not found 8 (9%) 212 (56%) 146 146/473 (31%)

Total 93 168/380 (44%) 66 473
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was that NF2 mutations were harder to find in blood in sporadic cases than in

patients who had inherited the disease from an affected parent. Mosaicism may

be particularly likely in NF2 if the tumours are predominantly on one side of the

body. The mosaic mutation can be detected by analysing tumour material from

an affected individual. If an identical mutation is found in two tumours from

that individual, their offspring can be tested for the presence of the mutation.

C�T transitions leading to a nonsense mutation are the most common

mutations in the NF2 gene [24, 25]. These account for the only significant vari-

ation in mutation frequency across the NF2 gene apart from the lack of muta-

tions in exons 16 and 17 and a relatively low frequency in exon 9 [24].

Somatic Mutations
There are notable similarities, but also differences between the spectra of

germline and somatic NF2 mutations. Among germline mutations in classic NF2,

nonsense mutations are more common than frameshift mutations by a ratio of

1.3:1, but this ratio is reversed for somatic mutations [24]. In both situations NF2
nonsense mutations, C�T transitions in CGA codons and non-CGA codons are

the most common single base-pair transitions. However there is a marked absence

of mutations in exons 14 and 15 in sporadic meningioma. One recently reported

phenomenon is the increasing drift from nonsense mutations in the germline and

early somatic mutations to a predominance of frameshift mutations in the

tumours of older patients with vestibular schwannoma [28]. This is likely to be

due to a deficiency in certain DNA repair pathways in older patients [28].

Although it is thought that effectively all schwannomas require inactiva-

tion of the NF2 gene, no reports apart from those studying NF2 protein have

confirmed a 100% knock out of both copies of the NF2 gene. This is likely due

to diversity of mechanisms to inactivate the gene. The standard approach of

mutational analysis and loss of constitutional heterozygosity (LOH) on tumours

will detect involvement of NF2 in about 80–90% of schwannomas, but both

copies can only be confirmed as affected in about 50–60% of cases. The

method of LOH is also not straightforward, whilst most cases involve loss of

chromosome 22 or at least the long arm, a proportion is now known to be due to

mitotic recombination with essentially two identical copies of a mutated NF2
gene and distal 22q [29]. This mechanism is now thought to be a primary cause

of NF2 inactivation in schwannomatosis (see chapter on molecular data of

schwannomatosis). It is now known that between 20–40% of sporadic schwan-

nomas are inactivated by NF2 methylation [30, 31] and in a similar fashion to

TP16 this could involve both copies of NF2 and explain why some tumours do

not harbour identifiable point mutations or LOH. Approximately 60% of spo-

radic meningiomas have NF2 gene involvement and promoter methylation

again plays a significant role [32].
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NF2 Management

NF2 presents many difficult management dilemmas. The mainstay of

management of NF2 is surgical removal of symptomatic cranial and spinal

tumours, but also the timing of removal of vestibular schwannomas. Surgical

results are certainly far better when managed by an experienced team

[33–35]. There is clear evidence of a reduction in mortality with a signifi-

cantly increased life expectancy for NF2 patients managed at 3 specialty cen-

tres in the UK (OR 0.34) [36]. It is important to balance the use of

microsurgery and radiation treatment, which can have a role in patients who

have particularly aggressive tumours, or who are poor surgical risks, or who

refuse surgery. Teams experienced in the positioning of brainstem implants

can offer partial auditory rehabilitation to those who are deaf, although

results are still behind those achievable for cochlear implants. Although the

cochlear nerve may be left initially intact after surgery its blood supply may

be damaged, nonetheless a few patients can be rehabilitated successfully with

a cochlear implant.

Outcomes
Even with improvements in microsurgery and with use of radiation ther-

apy, the great majority of individuals with NF2 become completely deaf. The

tumours in NF2 are more difficult to treat than those of sporadic unilateral VS,

as NF2 VS are often multifocal, appearing ‘like a bunch of grapes’ around the

vestibular nerve in particular. There is evidence for a histological difference,

with NF2 VS being more lobular and less vascular then their sporadic counter-

parts [37]. This leads to a greater risk of facial nerve damage in NF2. Loss of

facial nerve function is one of the most feared aspects of the condition for many

sufferers, although in good surgical hands this complication is now much less

common [33, 34]. Patients may also be severely disabled by a combination of

poor balance, visual problems and weakness due to spinal tumours. Indeed,

many NF2 patients become wheelchair-bound in early adulthood. Many

patients with multi-tumour disease die in their twenties and thirties. In view of

the multiplicity of problems affecting many patients it is strongly recommended

that NF2 patients are managed by a multidisciplinary team in specialist centres

[35].

Specialty Centres

A typical NF2 specialist centre will require involvement of a number of

key staff members.
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Permanent Clinic Staff: Neurosurgeon, Otolaryngologist, physician (neu-

rologist/geneticist), clinic nurse/patient link worker and a dedicated clinic sec-

retary. Clinic equipment: lightwriter/pallantype.

In order to minimise patient visits morning scanning with lunchtime radio-

logical review and an afternoon clinic is preferable.

Each Clinic Should Have Access to a Named: Neuroradiologist, ophthal-

mologist, peripheral nerve surgeon, plastic surgeon, neurologist/geneticist (if

not involved in main clinic), hearing therapist, physiotherapist, paediatrician.

Patients should be given the option of a radiation therapy opinion, which

will only be available at a few centres.

Genetic Testing and Counselling

Because detection of tumours at an early stage is effective in improving

the clinical management of NF2, pre-symptomatic genetic testing is an inte-

gral part of the management of NF2 families. Once a mutation has been iden-

tified in an affected individual, a 100-% specific test is available for the

family. However, mutation screening may not reveal the causative mutation.

Predictive diagnosis by linkage analysis using intragenic markers or markers

flanking the NF2 gene is also possible in the great majority of families with

two or more living affected individuals. In most families with more than one

affected individual, linkage analysis may still remain the test of choice since it

will give �99% certainty of affected status. By combining this with a cumu-

lative age at onset curve [38], the risk to an unaffected 30-year-old with a nor-

mal scan and favourable DNA result is extremely small, although 100-%

confidence can still only be attained with the identification of family-specific

mutations. Age at onset curves aid genetic counselling; for example, the risk

of having inherited NF2 for an asymptomatic at-risk individual 25 years of

age, prior to screening, drops to 25%. Tumour analysis plays a vital role in

providing genetic testing for the offspring of sporadic patients. Indeed analy-

sis should if possible first be carried out on tumour so that a targeted approach

can be used on the blood sample. If both mutational events are identified in

the NF2 gene and neither is present in the blood the patient must be mosaic for

one of these mutations [26, 27, 39, 40]. Even if only LOH is identified this

still allows exclusion of NF2 in 50% of offspring if they can be shown to have

inherited the allele ‘lost’ in the tumour [40]. At-risk individuals who are

shown not to have inherited the mutated NF2 gene do not need further follow-

up. Even if tumour is not available the risks of NF2 to offspring can be

substantially reduced in an isolated patient with negative genetic testing in

blood [41].
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Screening Protocol

Children of affected patients should be considered to be at 50% risk of

NF2 and screening for NF2 can start at birth. Cataracts can affect vision in early

life and other tumour implications are present in the first ten years of life, par-

ticularly cranial meningiomas. Formal screening for VS should start at ten

years, as it is rare for tumours to become symptomatic before that time even in

severely affected families. Annual audiological tests including auditory brain-

stem response are still a useful adjunct to MRI [38]. Surgery is unlikely to be

more successful for tumours �6 mm than for tumours sized 6 mm, but VS

growth is higher in younger patients, so for asymptomatic at-risk individuals

without tumours, MRI screening every two years for those �20 years old and

every 3–5 years for those aged �20 years should be sufficient. The initial MRI

scan could be at around 12 years of age, or 10 years in severely affected fami-

lies. Once tumours are present, MRI screening should probably be at least

annual. Spinal tumours are in 60–80% of NF2 patients on MRI [42–44]. While

only 25–30% of patients with spinal tumours require a spinal operation from a

symptomatic tumour, a full annual neurological examination is probably a wise

precaution with Spinal MRI only every 3 years or if there are new symptoms. If

no tumours are present on the initial scan a further scan 5–10 years later may be

reasonable.

In most families it is now possible to develop a genetic test so that screen-

ing can be targeted to affected individuals only. Identifying the affected

patient’s mutation not only allows testing of at risk relatives, but may also give

important indicators as to the patient’s own prognosis. As 25–30% of NF2

patients are mosaic frozen tumour should be taken at operation (with patient

consent) for genetic tests.

Managing Affected Children

NF2 is being recognised more and more frequently in childhood often

before VS have developed. Recognition of the more severe disease course with

early presentation and the more atypical features such as mononeuropathy are

important.

Surgery

VS in NF2 are more difficult to treat than those of sporadic unilateral VS

because NF2-related VS are often multifocal in the eighth nerve complex, and
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because of the potential for associated facial nerve schwannomas. Surgery to

remove VS in NF2 almost always leads to total deafness with loss of the

cochlear nerve. Despite the great improvement in VS surgery over the last three

decades, facial nerve damage and other adverse outcomes remain a real possi-

bility during tumour removal, especially in the hands of less experienced VS

surgeons. Facial weakness may threaten the health of the eye as a result of loss

of the protective blink reflex and as the lacrimal gland is also supplied by the

facial nerve the loss of tear production will increase this risk. If facial nerve

damage coexists with loss of corneal sensation from damage to the trigeminal

nerve then the eye becomes exceptionally vulnerable to corneal ulceration and

blindness.

The cornerstone of modern NF2 management is conservation of function,

and the maintenance of ‘quality of life’. The mere presence of a tumour is not

an indication for its removal. Serious thought must be given to the benefits that

are sought and the risks and complications of the surgery, and the treatment

must be tailored to the needs of the individual patient [35]. Attempts at hearing

preservation surgery should be limited to experienced centres who can offer a

realistic chance of maintaining both the cochlear nerve, but also cochlea func-

tion. If hearing is lost after apparent cochlear nerve preservation the patient may

still be suitable for a cochlear implant. In many if not most instances the best

policy will be to observe VS to decide on the best time to balance surgical mor-

bidity against the almost inevitable loss of hearing.

The principle of minimal interference for VS applies equally to schwanno-

mas on other cranial nerves, to intracranial meningiomas, and to spinal

tumours. It is very uncommon to have to remove a schwannoma growing on a

cranial nerve other than the eighth because these tumours appear to have a

much slower growth pattern than NF2 VS. Spinal tumours are only considered

for excision if they are clearly producing symptoms or physical signs. In the

absence of any dramatic growth of tumours, the head should be scanned every

year and the spine every 3 years.

Radiation Therapy

It is important to balance the use of microsurgery and radiation treatment,

which has a role in patients who are poor surgical candidates, or who refuse or

wish to avoid surgery because of its associated risks. Radiation therapy should

be mentioned as a management option, even if the tumour is larger than the size

criterion for treatment. The upper limit of size for radiotherapy is generally a

maximum intracranial diameter of 3 cm [45]. The patient should be aware of the

management options even if the tumour is not suitable for a particular treatment
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modality. In NF2 cases selected for radiosurgery tumour control rates are of

the order of 50%, with 40% retaining pre-treatment hearing for at least 3 years

[46]. This is nonetheless substantially worse than for sporadic vestibular

schwannomas.

Surgeons should use clinical judgement as to when to recommend

radiation therapy [35]. Follow-up for life with interval scanning is nece-

ssary, although this would be required for NF2 anyway. Patients should be made

aware of the variable reported outcomes of the treatment and the risk of the

radiation-induced malignant change, which has been reported dispropor-

tionately more in NF2 than sporadic patients [47]. The tumour may also be

more difficult to excise after radiotherapy, and that reported facial nerve

outcomes after surgery following stereotactic radiation therapy are frequently

poor [48].

New Therapies

The progress being made in cellular research (see next chapter) especially

with regard to pathways in which the NF2 gene product interacts raises the

hopes of a targeted therapy such as a herceptin for breast cancer and Glivec for

GIS tumours.

Differential Diagnosis

The main differential diagnosis of NF2 is schwannomatosis and some

patients with multiple non cranial schwannomas turn out to have mosaic NF2

[27]. However, patients fulfilling the most sensitive Manchester criteria are

unlikely to be misclassified [49].
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Abstract
Mutations in both alleles of merlin, likely resulting in loss of function, are found in all

Neurofibromatosis 2 (NF2) associated tumours and in all spontaneous schwannomas as well

as in the majority of spontaneous meningiomas. In this article expression patterns, binding

partners of merlin, phenotypes of disease models and based on that hypothesis on how mer-
lin mutations lead to tumour formation are discussed.

Copyright © 2008 S. Karger AG, Basel

Merlin (Moesin-ezrin-radixin-like protein), also occasionally called

schwannomin, is a 69 kDa protein encoded by the NF2 gene [1, 2]. It shows

close homology to the family of ERM (ezrin, radixin, moesin) proteins, which

act as membrane cytoskeletal linkers. Highest homology is found in the N-ter-

minal globular FERM domain. Merlin also acts as a tumour suppressor. As

alluded to in the chapter by Gareth Evans all NF2 tumours are caused by muta-

tions in the gene coding for merlin. In addition merlin mutations cause sponta-

neous brain tumours i.e. schwannomas and meningiomas. Tumours caused by

mutations in merlin are thus genetically well defined and frequent [3]. To

understand the role of merlin mutations in tumorigenesis the expression pattern

and interaction partners of merlin will first be described. This will be followed

by a short discussion of phenotypes associated with merlin mutations. The

chapter will finish with a short paragraph hypothesising on possible mecha-

nisms of tumorigenesis.
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Expression

Merlin is expressed in a variety of tissues in embryonic development [4].

In adulthood it is expressed in lens [5], retina [6], testis, ovary, adrenal gland

and neuronal tissue [7]. There are conflicting data on expression in other

tissues. Expression in the neuronal tissue, however, includes both expression

in Schwann cells and expression in neurons [8]. Thus merlin, although

expressed in tissues affected in NF2, is also expressed in tissues not affected

in NF2.

On a subcellular level merlin is primarily found in actin rich cellular pro-

trusions like lamellipodia and membrane ruffles [9]. It can however also be

found in focal adhesions co-localising with focal adhesion and focal complex

proteins [10]. Merlin levels increase under high cell density and under with-

drawal of serum. Also merlin shuttles to the nucleus in a cell cycle dependent

manner [11].

There are different splice forms of merlin, however the by far most promi-

nent are isoform 1 and 2 differing only in the very C-terminal end. Isoform 1

consisting of exons 1–15 and 17 coding for 595 AA while isoform 2 comprises

exons 1–16 resulting in a 590-AA protein. It is thought that isoform 1 can adopt

a closed conformation on dephosphorylation and act then as a tumour suppres-

sor although this is not finally settled yet [12].

Merlin Interaction Partners

Many merlin interaction partners have been identified in the last couple of

years. These include transmembrane proteins, scaffolding/adapter proteins, sig-

nalling molecules/kinases, cytoskeletal proteins, various other proteins and pro-

teins of yet unknown function (table 1). Until now only some of those merlin

interaction partners have been examined in cells/tissues affected by merlin
mutations in humans, nevertheless these interactions provide important insight

into merlin’s function.

Merlin’s C-terminal domain can bind its N-terminal FERM domain and

the FERM domain of the ERM proteins especially ezrin [13]. This binding, as

with the binding to binding partners such as CD44, has been shown to be regu-

lated by phosphorylation at serine 518. P21-activated kinase (PAK), down-

stream of the small GTPases Rac and Cdc42 and cAMP dependent protein

kinase (PKA), have been shown to phosphorylate merlin [12, 14–16]. In a neg-

ative feedback-loop merlin inhibits Rac activation [17, 18].

For some of the interaction partners it has been shown or speculated that

merlin exerts its role as a tumour suppressor through the interaction with the
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binding partner. Importantly some interaction partners are components of mul-

timolecular signalling pathways and thus part of a bigger picture, which I will

discuss in more detail in the final chapter.

Phenotypes of Merlin Mutation

The phenotypes of patients harbouring merlin mutation have been superbly

described in the previous chapter by Gareth Evans. The different mouse and in

vitro models have, however, been instrumental in understanding how merlin

loss leads to tumorigenesis and thus are briefly described here.

Showing that merlin can indeed reduce proliferation and alter abnormal

cellular behaviour in a rat schwannoma cell line caused by Neu mutation

demonstrated that merlin acts as a tumour suppressor in these cells. This has

Table 1. Merlin interaction partners

Transmembrane Scaffolding/ Signalling Cytoskeletal Various Unknown

Adaptor molecules/kinases function

�1 integrin [52] NHERF Mixed lineage Microtubules ERM-proteins Schip-1 [57]

(EBP50) kinase [54] [55, 56]

[51, 53] (MLK3) [47]

CD44 [44] Grb2 [46] P12-activated kinase Actin [54] Transactivation- MAP [60]

(PAK) [14, 58] responsive RNA- 

binding protein 

(TRBP) [59]

Layilin [35] Syntenin Rho-GTP dissociation N-WASP [37] Translation initiating 

[61] inhibitor (Rho-GDI) [62] factor eIF3c [63]

erbB2 Paxillin PIKE-L [64] Cell cycle 

[10] regulator Hei10 [65]

Paranodin [66] Magicin Ral guanine nucleotide �II-spectrin [69]

[67] dissociation

stimulator 

(RalGDS) [68]

Hepatocyte growth

factor regulated 

tyrosine kinase 

substrate (HRS) [70]

Protein kinase A

subunit RI�
(PKA-RI�) [71]
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also been demonstrated in other cell lines [12, 19]. As these and other cell lines

used, have, however, different underlying mutations, one has to be careful to

transfer results one to one to explain phenotypes of cells where the primary

mutation is merlin loss.

In mice the loss of both NF2 alleles due to classical knock out is embry-

onically lethal [20]. Heterozygous knock out mice do not develop schwanno-

mas nor meningiomas nor ependymomas, the tumours found in NF2, but a

variety of malignant tumours mainly sarcomas and liver carcinomas [21]

indicating a more general role of merlin in mouse embryogenesis and

tumorigenesis.

Mice with merlin conditionality knocked out using a Schwann cell specific

promoter developed Schwann cell hyperplasia and also schwannomas at a later

age [22]. This nicely confirms the role of merlin in development of schwanno-

mas and allows different research questions to be addressed.

Using an elegant approach to knock out merlin specifically in meningeal

cells Kalamarides et al. [23] showed that this is sufficient to develop menin-

giomas. To the author’s knowledge there are no animal models for ependymoma

or retinal hamartomas which can be found in NF2 patients.

Some interaction partners mentioned in table 1 are not found in human

Schwann cells which might be one explanation why mouse models have a

slightly different phenotype than the human one. Obviously the timing of the

mutation in the human disease and in the animal models is also different; this

might be another reason for the differing phenotypes between mice and men.

Comparing primary human schwannoma cells with normal human

Schwann cells as an in vitro model, it was shown that these merlin deficient

human cells show slightly increased proliferation and increased cell spreading

[24, 25] reversible on the reintroduction of merlin [26], increased adhesion to

extracellular matrix [27], slightly decreased apoptosis [28] and altered

cytoskeleton [25, 29].

An interesting finding is that in patients with NF2 associated polyneuropa-

thy only mutation in one allele could be found in peripheral nerves raising the

possibility that merlin haploinsufficiency is enough to cause disease, though

not enough for schwannoma formation [30].

Possible Disease Mechanism

It is impossible to mention all hypotheses on how merlin loss could lead to

tumorigenesis, thus only those which have accumulated evidence through

publications including publications on merlin interaction partners will be

discussed.
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Although merlin is expressed in all tissues affected, it is also expressed in

tissues not affected in NF2. This is, however, a frequently encountered problem

in human genetics, and may be caused by other proteins taking up merlin’s role

in tissue not affected by merlin loss or by differential expression of merlin bind-

ing partners.

Most data on merlin’s role in tumorigenesis are from different in vitro

models. As it has been shown on many occasions that there is no merlin expres-

sion in tumours caused by merlin mutations, it is generally assumed that merlin
loss/inactivation is the starting point. There has been the question of third hit

derived from mathematical modelling [31] and the fact that conditional knock-

out mice develop schwannomas late in life. However, so far no additional hits

have been found in NF2 patients respectively the tumours caused by merlin

loss.

Interestingly Schwann cell hyperplasia and Schwann cell tumours in trans-

genic mice expressing merlin mutation (which can also be found in patients)

lacking amino acids 39–121 suggest that there can be a dominant negative

effect [32]. However, in humans evidence for a dominant negative effect is

missing as merlin has not been detected in tumours and the mice showed quite

high expression of the mutant merlin.

Before discussing individual theories one also has to consider that most

theories are based on comparison of NF2�/� and NF2�/� cells in confluent as

well as subconfluent conditions. In confluent cultures different cell types e.g.

NF2�/� mouse fibroblasts as well as NF2�/� mouse schwannoma cells show

loss of contact inhibition [33]. In subconfluent cultures NF2�/� cells, including

primary human schwannoma cells, show slightly increased proliferation and

increased adhesion to the extracellular matrix [24, 25, 27].

Regarding adhesion it is interesting to note that merlin binds to adhesion

molecules such as �1 integrin and layilin and to molecules which are part of the

focal adhesion complexes such as paxillin and focal adhesion kinase [10, 34,

35]. Thus it makes sense that merlin deficient cells show deregulated adhesion

as shown in schwannoma cells [27], which also might explain why schwan-

noma cells seem not to properly myelinate axons but instead build pseudome-

saxon around the extracellular matrix [36]. Additionally, merlin seems to be

directly involved in cytoskelatal organisation. Not only does it bind actin and

tubulin but it inhibits the actin nucleation promotion factor N-Wasp, thereby

regulating actin polymerisation [37]. This implies that merlin loss would lead to

more actin rich cellular protrusions, which has been clearly demonstrated in

human schwannoma cells [38]. Of interest is also that merlin inhibits the Rac

effector Pak in a negative feedback loop [14, 39], and inhibits Rac recruitment

to the membrane [40]. Thus when merlin is lost Rac is activated and recruited to

the membrane where it is possibly further activated by integrins, which are
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overexpressed in schwannomas [27]. Supporting this hypothesis merlin loss

leads to activated Rac at the membrane in human Schwannoma cells [18]. Of

note is that this GTPase activation is non-localised and long-lasting in schwan-

noma cells [38, 41]. The randomly activated GTPases are also relevant in the

regulation of adhesion, and actin rich polymerisation of merlin deficient cells.

One could therefore postulate that NF2�/� schwannoma cells are nonpolarised,

in contrast to the highly polarised normal Schwann cells. It has also been shown

that Paxillin, part of the complex in focal adhesion, is also important in the

recruitment of merlin to the membrane where merlin can then be phosphory-

lated by Cdc42 via Pak [42].

Looking at contact inhibition, NF2�/� fibroblasts, keratinoycytes and

human schwannoma cells show impaired cell-cell contact due to destabilised

adherens junctions [33; Flaiz et al., in press]. Merlin’s role in stabilising

adherens junctions might involve the PDZ protein erbin, found to bind indi-

rectly to merlin [43]. In confluent cells dephosphorylated merlin binds the

transmembrane hyaluronan receptor CD44 and acts as a growth inhibitor [44].

Merlin also inhibits contact inhibition by suppressing Rac recruitment to the

membrane [40]. CD44 and integrins are also believed to act as coreceptors for

tyrosine kinase receptors, prompting the study of the signalling pathways

downstream of these receptors especially the Ras-Raf-Mek-Erk pathway and its

role in cell growth in merlin deficient cells. Merlin was shown to inhibit the

Ras-Raf-Mek-Erk pathway at different levels [45–48]. In these experiments the

Erk pathway was stimulated with a number of growth factors including PDGF.

Merlin’s ability to inhibit growth factor induced stimulation of the Erk pathway

seemed to be more pronounced in confluent cultures. Interestingly it could be

shown that merlin inhibits Ras and Rac activation upstream of the Raf-Mek-Erk

after growth factor stimulation [48]. Thus there is accumulating evidence that

merlin inhibits growth factor induced mitogenic signalling pathways. This

interestingly includes inhibiting Ras pointing out a parallel to NF1, where the

Ras-Neurofibromin is mutated.

Another interesting finding is that merlin interacts with hepatocyte growth

factor-regulated tyrosine kinase substrate (HRS). HRS is a regulator of tyrosine

kinase trafficking to the degradation pathway and an inhibitor of the STAT

pathway. Merlin requires HRS to inhibit the STAT pathway and acts as a growth

suppressor via HRS [49, 50].

An attractive, although yet unproven, hypothesis is that merlin is involved in

a degradation of growth factors. This is supported by the fact that merlin binds

ebp50 [51] and erbin [43] both shown to be relevant in growth factor distribution.

In summary there is accumulating evidence that merlin has an important

role in the coordination of two relevant and interdependent processes which are

cellular adhesion and growth factor receptor response.
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Abstract
Schwannomatosis is a genetic disease characterized by multiple non-vestibular

schwannomas with an unknown genetic cause. One recent study suggested that schwanno-

matosis may be as common as neurofibromatosis type 2. Schwannomatosis and NF2 share

common clinical and molecular features, but at the same time differ fundamentally from one

another. The majority of schwannomatosis-associated tumors carry typical truncating muta-

tions of the NF2 gene. However, in some sporadic and all familial schwannomatosis cases

tumors from one patient do not share a common NF2 mutation. Furthermore, the genetic

alterations found in tumors cannot be found in non-tumor tissues of the patient. Loss of het-

erozygosity of the NF2 locus is found at a high frequency for familial schwannomatosis

tumors (86%). Linkage studies using families have clearly excluded the NF2 locus for

schwannomatosis and located a candidate region proximal to the NF2 gene. This 5.6 Mb can-

didate region contains the immunoglobulin super locus, approximately 60 known genes and

multiple low copy repeats. Current studies are focused on comparative genome hybridization

with very densely packed oligomer probes covering the candidate region, investigating can-

didate genes there and direct sequencing of the 5.6 Mb interval.

Copyright © 2008 S. Karger AG, Basel

Clinical Aspect of Schwannomatosis

Schwannomatosis is a third form of neurofibromatosis characterized by

multiple schwannomas. The lack of vestibular schwannomas distinguishes

schwannomatosis clearly from NF2. Furthermore, unlike NF2 patients, schwan-

nomatosis patients do not develop ependymomas and ocular abnormalities [1–4].

Schwannomatosis-associated schwannomas often cause pain, while NF2-

schwannomas mostly lead to neurological deficits [5]. Though some NF1 patients

also develop multiple spinal tumors, these are mostly neurofibromas, and thus

pathologically different from spinal schwannomas of schwannomatosis patients.
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One recent study revealed that schwannomatosis may be as common as

NF2 [6]. Surgically, schwannomatosis patients represent 2.4% to 5% of patients

undergoing resection of their schwannomas. More than 90% of schwannomato-

sis are isolated cases, thus without family history [2, 7]. Approximately one

third of schwannomatosis patients develop tumors in a segmental distribution, a

single limb or spinal segment [8].

The following diagnostic criteria for schwannomatosis have recently been

defined by a working consensus group [7]:

Definite: Age �30 years AND two or more non-intradermal schwanno-

mas, at least 1 with histologic confirmation AND no evidence of vestibular

tumor on high-quality MRI scan AND no known constitutional NF2 mutation

Or

One pathologically confirmed non-vestibular schwannoma plus a first-

degree relative who meets above criteria

Possible: Age �30 years AND two or more non-intradermal schwanno-

mas, at least 1 with histologic confirmation AND no evidence of vestibular

tumor on high-quality MRI scan AND no known constitutional NF2 mutation

Or

Age�45 years AND two or more non-intradermal schwannomas, at least 1

with histologic confirmation AND no symptoms of 8th nerve dysfunction AND

no known constitutional NF2 mutation

Or

Radiographic evidence of a non-vestibular schwannoma and first degree

relative meeting criteria for definite schwannomatosis

Segmental: meets criteria for either definite or possible schwannomatosis

but limited to one limb or five fewer contiguous segments of the spine.

Genetics of NF2 and Sporadic Vestibular Schwannomas

Schwannomatosis shares common features with NF2 and sporadic

schwannomas. The NF2 gene is a typical tumor suppressor gene, whereby 

bi-allelic inactivation leads to the development of NF2-associated tumors.

While the 1st (constitutional) inactivation events are often small mutations,

such as point mutations and deletion/insertion of single and several bp, the

2nd (somatic) mutation may also be another small mutation or the loss

of the remaining intact allele of the gene [9–11]. Tumors from one NF2 pati-

ent share the same constitutional mutation, but have distinctive somatic muta-

tions. The constitutional mutation also exists in non-tumor tissues such as

peripheral leukocytes of the patient and is shared by other affected family

members.
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Sporadic, single vestibular schwannomas develop in non-NF2 patients.

Mutations and loss of heterozygosity (LOH) of the NF2 gene have been found

in these tumors. However, unlike in the case of NF2 patients, NF2 mutations do

not exist in non-tumor tissues of patients with sporadic schwannomas.

Somatic Alterations of the NF2 Gene in 
Schwannomatosis-Associated Tumors

Like NF2-associated and sporadic schwannomas, schwannomatosis-associ-

ated schwannomas also bear alterations in the NF2 gene [12–14]. The majority of

such NF2 mutations are typical truncating mutations and distributed in exons 1

through 12, similar to those found in NF2-associated and sporadic schwannomas.

However, in some sporadic and all familial schwannomatosis patients,

each tumor has a distinct NF2 mutation. Unlike NF2, the mutations found in

tumors of a schwannomatosis patient cannot be found in non-tumor tissues,

such as peripheral leukocytes. Finally, no common NF2 mutation is shared by

patients from one schwannomatosis family. This pattern of the NF2 gene inacti-

vation is completely different from that of NF2, where all tumors from one

patient share a common constitutional mutation, which is present in non-tumor

tissues and shared by other affected family members.

As with NF2, LOH of the NF2 locus is found in schwannomatosis associ-

ated tumors. The allele retained in different tumors from one schwannomatosis

patient is always the same. This retained allele is the same allele shared by

affected family members. Very high frequency (86%) of NF2-LOH was found

in 28 schwannomas from 8 schwannomatosis families [MacCollin, unpublished

data]. In comparison, NF2-LOH was found in 47% of 50 sporadic and 8 NF2-

related schwannomas (53 vestibular schwannomas) [10], and 47% of 40 NF2-

associated skin schwannomas [15, 16].

Regarding genetic alterations of the NF2 gene, schwannomatosis tumors

can be devided into 4 groups: (1) tumors in which no alteration is found; (2)

tumors with mutation and without LOH; (3) tumors with LOH and without

mutation, and (4) tumors with mutation and LOH. Interestingly, two intragenic

NF2 mutations have only been found in each of two schwannomatosis tumors

[12, Evans, unpublished data]. In all other schwannomatosis tumors with two

genetic alterations, one of them is always loss of the NF2-allele.

These results demonstrate common molecular features shared by schwan-

nomatosis and NF2, while also highlighting the fundamental differences

between the two conditions. Schwannomatosis is clearly related to NF2, but

cannot be categorized as a subgroup of NF2. Additional events are apparently

necessary for this disease.
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Mechanism of NF2-LOH in Schwannomatosis Tumors

Studies using microsatellite markers on the long arm of chromosome 22

(22q) revealed that tumors from sporadic schwannomatosis patients have either

retention or loss of most markers. LOH in these tumors cover the entire long

arm of chromosome 22 [13, 14]. The majority of tumors from familial schwan-

nomatosis patients also exhibit the same pattern of LOH, that is, either retention

or loss of the entire chromosome arm. However, in three tumors from two unre-

lated families heterozygosity was lost in the NF2 locus but retained in the prox-

imal region. In another tumor, the NF2 locus was heterozygous, but LOH was

found for the proximal region.

Dual color fluorescence in situ hybridization (FISH) was performed in 12

tumors exhibiting 22q LOH in order to determine the mechanism of LOH in

schwannomatosis-related tumors. Seven of the 12 schwannomatosis tumors

(58%) exhibited two FISH signals for the NF2 probe, indicating isodisomy cor-

responding to mitotic recombination or nondisjunction [14].

A study using comparative genomic hybridization (CGH) reported iso-

disomy in 6 (38%) out of 16 sporadic and NF2-associated schwannomas

with LOH of the NF2 locus [17]. Therefore, isodisomy is not specific for

schwannomatosis-associated schwannomas, but also accounts for LOH in some

sporadic and NF2-associated schwannomas. Due to the small sample size, it

is not clear if isodisomy is more frequent in schwannomatosis-associated

schwannomas.

Linkage Studies

Since schwannomatosis is clearly related to NF2, linkage analysis for the

NF2 locus was conducted in schwannomatosis families. Analysis of families

number 4 and 5 (fig. 1), in the 2.5-Mb region from D22S193 to D22S430 was

consistent with passage of a single allele to all affected family members and to

obligate but non-expressing carriers (maximum two point LOD score of 1.611

at theta � 0 [12]). Analysis of additional affected members from family 5 and

analysis of families 1 and 11 increased this two point LOD score for the intronic

marker NF2tet to 2.5 at theta � 0. In these four families and in families number

3 and 8 a total of 17 tumors with LOH at the NF2 locus all retained the allele

derived from the affected parent.

In two families affected members are found not to share an NF2 region hap-

lotype (two point LOD scores, family 9 at NF2tet � –1.41, family 10 at

po53/54 � –1.76). This result is of critical importance, as it clearly excluded the

NF2 gene itself for having inheritable alterations leading to schwannomatosis.
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Haplotyping with markers proximal and distal to NF2 in affected members

of 6 families (1, 4, 5, 9, 10, and 11 in fig. 1), led to the discovery of a candidate

region. Multipoint analysis revealed a maximum LOD score of 6.60 near

marker D22S1174 in the proximal portion of chromosome 22 (fig. 2). Because

family 9 displays unusual patterns of LOH raising the issue of locus hetero-

geneity, analysis was repeated without family 9, yielding a multipoint LOD

score of 5.04 spanning the region D22S420 to D22S1148 [14].

With the addition of more families and development of additional markers

a candidate region is now defined on a 5.6 Mb interval proximal to the NF2
gene, with each end ascertained in two families (fig. 3). Markers not shared by

affected members and thus defining the proximal and distal ends are D22S264

at 19,097 kb and D22S1148 at 24,670 (NCBI build 35.1), respectively. The

Family 1 Family 3 Family 4

7

Family 5 Family 8

Family 9 Family 10

9

3

5

3

Family 11

Fig. 1. Families used for linkage analysis. All families except family 9 had at least two

tumors studied which show different NF2 mutations against LOH, excluding the possibility of

typical germline NF2 mutation. In all families except for 9 and 10 all obligate carriers and

retained tumor alleles carry identical NF2 region haplotypes. All affected individuals have only

schwannomas, except for a single individual in family 10 who has two meningiomas.
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5.6 Mb candidate region contains the immunoglobulin super locus, approxi-

mately 60 known genes and several low copy repeats (LCRs). No gaps are

known in the current build. If we reduce the stringency and define each end

with only one family, the candidate region can be further narrowed down to a

3.1 Mb interval between markers LK502 and LK509, corresponding to

20,885 kb and 24,029 kb of the NCBI build 35.1 (fig. 3).

Initial Sequencing of the Candidate Region

One focus of the current studies for finding alterations for schwannomato-

sis is direct sequencing of the 5.6 Mb candidate region. For PCR-based rese-

quencing, hemizygous material containing only the affected allele is required.
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Fig. 2. Results of linkage analysis using markers over the long arm of chromosome 22.

Multipoint LOD scores with (a) and without (b) family 9. Markers in the NF2 region are

shaded. LOD score around 6 was obtained for the region from marker D22S430 to

D22S1148, defining a candidate region for alterations leading to schwannomatosis.
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To create such resource, lymphoblastoid cell lines of non-founder schwanno-

matosis patients were fused with a mouse or a hamster background. Obtained

clones were genotyped using microsatellite markers in the candidate region and

those with the affected alleles were identified. To date, three such clones from

three unrelated non-founders have been established (fig. 4). The clone contain-

ing the affected allele of the candidate region derived from an affected non-

founder in family 1 (fig. 4), C37 was the first obtained. DNA extracted from

this clone was therefore used for the following initial sequencing.

Interval 22,300 kb – 22,400 kb (NCBI 35.1) was chosen for the initial pilot

sequencing. In a 140 bp segment around 22,307 kb, hemizygous changes were
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Fig. 3. Refining the candidate region using additional families and markers on the long

arm of chromosome 22, 13 to 45 Mb according to the NCBI build 35.1. Each line represents

data from one family. Microsatellite polymorphisms are boxed in blue when shared by all

affected family members and in yellow when not shared. The candidate region of 5.6 Mb

from the marker D22S264 (19.097 Mb) to the marker D22S1148 (24.670 Mb) is defined by a

total of four families, two for each end. A smaller core candidate region encompassing

3.1 Mb between markers LK502 and LK509 was defined by family 9 and family PA3.

Markers represented as squares are highly polymorphic and thus conclusive as for shared or

unshared at those positions and are highly reliable. Markers in circle are less polymorphic

and could be coincidently shared by affected family members.
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Somatic hybrid cell lines

Family 10: Phase by
tumor and family

Family 1: 
Phase by tumor

Family PA-3: Phase
by sib

Fig. 4. Resources used for somatic cell hybrid construction. Non-founders from three

schwannomatosis families (1, 10 and PA-3) were used. The first clone (clone 37) containing

the affected allele of the candidate region is derived from a non-founder in family 1 and

phased by tumor. Later, two additional clones containing the affected allele were obtained

from two other families.
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Fig. 5. Segment amplified from clone 37 containing multiple hemizygous changes. This

segment corresponds to 22,311,582–22,311,801 of chromosome 22, according to the NCBI

assembly build 35.1. Alterations in red were only found in the clone DNA, in DNA from the

patient from whom the clone was derived and in DNA from the affected sibling of the patient. Two

alterations 22,311,726T�C and 22,311,766G�A are known SNPs (rs9608168 and rs9624249).
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found at 8 positions in the DNA from C37 (fig. 5). Two changes are known

single nucleotide polymorphisms while the other 6 are novel. The same changes

were found in heterozygous DNA of the patient from whom clone C37 was

derived as well as in the DNA of his affected sister. However, these changes

were not found in the control panel of 50 non-schwannomatosis patients, nor in

the panel of 17 non-founder schwannomatosis patients. These changes may be

either family 1-specific or related to schwannomatosis. Unfortunately no DNA

sample is available from unaffected members of this family. We thus cannot

examine whether or not the changes also exist in asymptomatic parents.

Interestingly, the segment with these multiple alterations is in one of three

LCRs in the candidate region (fig. 6). LCR1 and LCR2 are in the same orienta-

tion while LCR3 at the distal end of the candidate region is in an inverted ori-

entation. The 6 family 1-specific changes are located in LCR2 (indicated by red

bar in fig. 6). The altered sequence of LCR2 does not match its counterpart in

LCR1 or LCR3, indicating that the alterations are not the result of any simple

conversion between LCRs.

Nevertheless, this finding raised the question of possible rearrangement

between the LCRs. To further explore this issue, PCR was performed using var-

ious combination of primers in the three LCRs. Indeed, an inversion between

LCR1 and LCR3 involving a segment of approximately 2 Mb was detected

(fig. 6) in the C37 DNA. However, analyzing additional samples revealed this

inversion as a rare polymorphism with a frequency of approximately 4%.

The preliminary results of the pilot sequencing showed the complexity of

the candidate region but also demonstrated that using hemizygous material,

PCR-based sequencing has the potential of detecting small lesions as well as

large rearrangements.

LCR2 LCR3LCR1

inversion

NCBI 
build

C37

Fig. 6. Three LCRs and a rare inversion polymorphism in the candidate region. A segment

between LCR1 and LCR3 of about 2 Mb is inverted in the clone with hemizygous affected allele

of the candidate region. The same inversion was found in other samples at a frequency of 4%.

Segment with multiple alterations in LCR2 is marked in red.
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CGH Studies

A recent CGH study reported rearrangements of the immunoglobulin

lambda locus in several lymphoblast cell lines derived from NF2 and schwan-

nomatosis patients. However, this rearrangement was also found in lymphoblast

cells derived from normal controls, though not in a pooled sample of DNA

directly from leukocytes of 10 other normal controls. It seems to be an alter-

ation associated with lymphoblast. From one familial schwannomatosis patient,

DNA from leukocytes was available for the analysis which exhibited the same

rearrangement [18]. The same study further reported missense mutations in the

CABIN1 gene located in the candidate region. However, the pathogenic value of

those missense mutations have not yet been proven.

CGH using a 12,814 clone Agilent Technologies chip has failed to detect

any copy number change on blood samples from four unrelated affected non-

founders (unpublished data of Shen & Gusella at MGH, Boston). Neither did a

CGH with Affymetrix 100k chip on DNA samples of lymphoblastic origin from

several non-founder schwannomatosis patients detect any alteration (Shaikh at

CHOP). This chip however does not have probes within the LCRs and the qual-

ity of some of the datapoints was not satisfactory. Furthermore, the limited res-

olution left the possibility open for smaller deletion or duplication.

In an ongoing study, a fine-tiled CGH array containing more than 300,000

probes covering the 5.6 Mb candidate region has been designed. Two somatic

hybrid clones with affected allele, one clone with unaffected allele (as refer-

ence), and DNA from lymphoblastoid cell lines derived from several non-

founder schwannomatosis patients are being analyzed using this array. The

probes are very densely packed with a mean interval of 6 bp for two adjacent

probes. This array CGH of high resolution may detect copy number changes of

small fragments in the candidate region.

A Mutation in the INI1/SMARCB1 Gene

The INI1/SMARCB1 gene is a tumor suppressor gene in the candidate

region, near marker D22S1174. INI1 � integrase interactor 1, or SMARCB1 �
SWI-SNF-related, matrix-associated, actin-dependent regulator of chromatin

subfamily B, member 1, has been reported to be involved in chromatin remod-

eling and regulations of cell cycle, growth and differentiation [19]. A recent

study screened the 9 exons of this gene in a schwannomatosis family and found

a heterozygous nonsense mutation of C�T in exon 1 in blood of the proband

and seborrheic keratosis lesion of the affected father, but not in the blood of the

unaffected mother. Furthermore, the same mutation was found in a total of
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4 tumors from the two affected family members. In addition, a nonsense muta-

tion was found in exon 5 in one tumor of the father. However, no NF2 mutation

was found in any of the tumors from this family [17].

At this stage, it is not yet conclusive if INI1 gene mutations account for all

schwannomatosis cases. Studies are in progress to screen larger numbers of

schwannomatosis patients and tumors. It is especially essential to clarify the

role of NF2 mutations in schwannomatosis-associated tumors.

A high rate of LOH of the chromosome 22 long arm (22q) is one of the

striking findings of previous studies. Allele loss of this chromosome arm may

cause inactivation of both the INI1 gene and NF2 gene. In a patient with a

germline INI1 mutation, 22q LOH in a Schwann cell is the 2nd inactivation for

the INI1 gene and the 1st inactivation regarding the NF2 gene. Supposed that

these Schwann cells gain a growth advantage due to bi-allelic inactivation of

INI1, a large number of such cells would arise, leading to a similar situation as

in an NF2 patient in the sense that a large number of cells have only one intact

NF2 allele. In a large size of cell population, the probability is now high, that a

spontaneous NF2 mutation occurs on the remaining allele which is now the 2nd

inactivation and thus sufficient for a tumor development.

Closing Remark

Current knowledge suggests that the direct cause for tumor development in

schwannomatosis is the inactivation of the NF2 gene. The pathogenesis of such

inactivation is however different from that of NF2. The lack of vestibular

schwannomas in schwannomatosis is an especially intriguing feature and thus

among the key issues that need to be addressed. The possible explanations may

be that (1) inactivation of the NF2 gene occurs out of the time-window which is

required for development of vestibular schwannomas and (2) inactivation of the

NF2 gene occurs only in a certain subpopulation of Schwann cells which do not

exist in vestibular nerve.

Identification of the constitutional genetic alterations for schwannomatosis

will likely enable us to understand the mysterious pathogenesis of this disease

and open new perspectives for diagnosis and clinical treatment for the patients.

Such findings may further contribute to a more thorough understanding of the

genomic organization, regulation, and instability. Finally, LOH is the 2nd hit in

approximately half of NF2 associated tumors. Identification of genetic alter-

ations promoting such somatic events will contribute to a better understanding

of pathogenesis of NF2 associated tumors. Strategies against such promoting

effects may be used as therapeutic treatments for suppressing development of

the tumors.
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