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Abstract: Neurofibromatosis 1 is an autosomal dominant disorder char-
acterized by multiple café-au-lait spots, axillary and inguinal freckling,
multiple cutaneous neurofibromas, and iris Lisch nodules. Learning dis-
abilities are present in at least 50% of individuals with neurofibromatosis 1.
Less common but potentially more serious manifestations include plexi-
form neurofibromas, optic nerve and other central nervous system gliomas,
malignant peripheral nerve sheath tumors, scoliosis, tibial dysplasia, and
vasculopathy. The diagnosis of neurofibromatosis 1 is usually based on
clinical findings. Neurofibromatosis 1, one of the most common Mendelian
disorders, is caused by heterozygous mutations of the NF/ gene. Almost
one half of all affected individuals have de novo mutations. Molecular
genetic testing is available clinically but is infrequently needed for diag-
nosis. Disease management includes referral to specialists for treatment of
complications involving the eye, central or peripheral nervous system,
cardiovascular system, spine, or long bones. Surgery to remove both benign
and malignant tumors or to correct skeletal manifestations is sometimes
warranted. Annual physical examination by a physician familiar with the
disorder is recommended. Other recommendations include ophthalmologic
examinations annually in children and less frequently in adults, regular
developmental assessment in children, regular blood pressure monitoring,
and magnetic resonance imaging for follow-up of clinically suspected
intracranial and other internal tumors. Genet Med 2010:12(1):1-11.
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CLINICAL DESCRIPTION AND DIAGNOSIS

Neurofibromatosis 1 (NF1) is an autosomal dominant condi-
tion caused by heterozygous mutations of the NF/ gene. The
most frequent clinical manifestations are alterations of skin
pigmentation, iris Lisch nodules, and multiple benign neurofi-
bromas, but people with NF1 also frequently have learning
disabilities and may develop skeletal abnormalities, vascular
disease, central nervous system (CNS) tumors, or malignant
peripheral nerve sheath tumors.

NF1 is characterized by extreme clinical variability, not only
among unrelated individuals and among affected individuals
within a single family but also even within a single person at
different times in life. Many people with NF1 have only milder
manifestations of the disease, such as pigmentary lesions, Lisch
nodules, or learning disabilities, but the frequency of more serious
complications increases with age. Various manifestations of NF1
have different characteristic times of appearance.'~*

The average life expectancy of individuals with NF1 is
reduced by ~15 years.5:¢ Malignant peripheral nerve sheath
tumors and vasculopathy are the most important causes of early
death in individuals with NF1.

The criteria for diagnosis of NF1 developed by a National
Institutes of Health (NIH) Consensus Conference’ in 1987 are
generally accepted for routine clinical use.*® The NIH diagnos-
tic criteria are met in an individual who has two or more of the
following features in the absence of another diagnosis:

e Six or more café-au-lait macules (Fig. 1) >5 mm in
greatest diameter in prepubertal individuals and >15 mm
in greatest diameter in postpubertal individuals;

e Two or more neurofibromas of any type (Figs. 2 and 3) or

one plexiform neurofibroma (Fig. 4);

Freckling in the axillary or inguinal regions;

Optic glioma;

Two or more Lisch nodules (iris hamartomas);

A distinctive osseous lesion such as sphenoid dysplasia or

tibial pseudarthrosis; or

o A first-degree relative with NF1 as defined by the above
criteria.

These clinical criteria are both highly specific and highly
sensitive in adults with NF1.8 In children, the diagnosis can be
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Fig. 1. Café-au-lait macules in a patient with NF1.

Fig. 2. Numerous subcutaneous neurofibromas, some of
which are marked with arrows, in a human with NF1.

Fig. 3. Numerous cutaneous neurofibromas of various
sizes in an adult with NF1.

more problematical. Only approximately one half of the chil-
dren with NF1 and no family history of NF1 meet the criteria
for diagnosis by the age of 1 year, but almost all do by the age
of 8 years® because many features of NF1 increase in frequency
with age.2-10-11

Fig. 4. Large diffuse plexiform neurofibroma of the left
leg in a woman with NF1.

Children who have inherited NF1 from an affected parent can
usually be identified within the first year of life because diag-
nosis requires just one feature in addition to a positive family
history. This feature is usually multiple café-au-lait spots, which
develop in infancy in >95% of individuals with NF1.2 Young
children with multiple café-au-lait spots and no other NFI
features whose parents do not show signs of NF1 on careful
physical and ophthalmologic examination should be strongly
suspected of having NF1 and followed clinically as though they
do. A definite diagnosis of NF1 can be made in most of these
children by the age of 4 years using the NIH criteria.?

NATURAL HISTORY OF DISEASE
MANIFESTATIONS

Cutaneous and subcutaneous manifestations

Café-au-lait spots are usually the first manifestation of NF1
observed. Café-au-lait spots are often present at birth and in-
crease in number during the first few years of life. Multiple
café-au-lait spots occur in nearly all affected individuals, and
intertriginous freckling develops in almost 90%, usually by the
age of 7 years.?

Neurofibromas are benign tumors arising from the Schwann
cells that surround peripheral nerves of all sizes. Neurofibromas
can occur anywhere in the peripheral nervous system.! Several
different kinds of neurofibromas exist, but their classification is
controversial.l:!'-14 Neurofibroma formation is most common
in the skin but may affect virtually any organ in the body.

Discrete cutaneous and subcutaneous neurofibromas are uncom-
mon in early childhood. They usually begin to develop around the
time of puberty, although small intradermal tumors can be seen
using side lighting in many affected children. In adults with NF1,
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numerous cutaneous neurofibromas are usually present, but the
total number varies from a few to many thousands. Additional
cutaneous and subcutaneous neurofibromas continue to develop
throughout life, although the rate of appearance may vary greatly
from year to year. Women may experience a burst of neurofibroma
growth in association with pregnancy.

Plexiform neurofibromas

Approximately one half of people with NF1 have plexi-
form neurofibromas, but most are internal and not suspected
clinically.!5-1¢ Most of these tumors grow slowly if at all over
periods of years, but rapid growth can occur in benign lesions,
especially in early childhood.!”-'8 As a result of their extent and
location, some plexiform neurofibromas cause disfigurement
and may compromise function or even jeopardize life. Diffuse
plexiform neurofibromas of the face and neck rarely appear
after the age of 1 year, and diffuse plexiform neurofibromas of
other parts of the body rarely develop after adolescence. In
contrast, deep nodular plexiform neurofibromas, which often
originate from spinal nerve roots, are infrequently seen in early
childhood and usually remain asymptomatic even in adulthood.

Other neoplasms

In children with NF1, the most common neoplasms apart
from neurofibromas are optic pathway gliomas and brain tu-
mors.'-23 Approximately 15% of patients with NF1 develop
optic pathway gliomas that are apparent on magnetic resonance
imaging (MRI) before 6 years, but most are asymptomatic and
remain so throughout life.20-24 Optic nerve pallor may be an
important sign of optic pathway glioma. Symptomatic optic
pathway gliomas in individuals with NF1 usually present before
the age of 6 years with loss of visual acuity or proptosis, but
these tumors may not become symptomatic until later in child-
hood or even in adulthood. Symptomatic optic pathway gliomas
in NF1 are frequently stable for many years or only very slowly
progressive; some of these tumors spontaneously regress.20-24-26

Brain tumors, which are usually gliomas of the brain stem or
cerebellum, occur much more frequently than expected in peo-
ple with NF1, especially in children and young adults. Second,
CNS tumors occur in at least 20% of individuals with NF1 who
have optic pathway gliomas in childhood?” and are substantially
more frequent in patients with NF1 who previously had optic
gliomas treated with radiotherapy.?® (Radiotherapy is no longer
recommended for optic pathway gliomas in people with NF1—
see “Treatment of Disease Manifestations” later). Brain tumors
usually follow a less aggressive course in people with NF1 than
in other individuals.?2.23.29-30

Malignant peripheral nerve sheath tumors are the most fre-
quent malignant neoplasms associated with NF1, occurring
sometime in the life of ~10% of affected individuals.6-31-34
These malignancies tend to develop at a much younger age and
have a poorer prognosis for survival in people with NF1 than in
the general population.3!33-35 Malignant peripheral nerve
sheath tumors are rare in children and adolescents with NF1,
tend to be of low grade, and may be difficult to distinguish from
atypical plexiform neurofibromas in this age group. High-grade
malignant peripheral nerve sheath tumors usually arise in pa-
tients with NF1 in their 20s or 30s.3!-33.34

Individuals with NF1 who have benign subcutaneous neuro-
fibromas or benign internal plexiform neurofibromas appear to
be at greater risk of developing malignant peripheral nerve
sheath tumors than people with NF1 who lack such benign
tumors.!%-3¢ Two to 3% of people with NF137 develop a diffuse
polyneuropathy that may be associated with multiple nerve root
neurofibromas and a high risk of developing malignant periph-
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eral nerve sheath tumors.37-3% Malignant peripheral nerve sheath
tumors also appear to be more frequent than expected in the
therapeutic field in patients with NF1 who have had optic
gliomas treated with radiotherapy.?8-3!

Leukemia, especially juvenile myelomonocytic leukemia and
myelodysplastic syndromes, is infrequent in children with NF1
but much more common than in children without NF1. In one
population-based study, women with NF1 appeared to have a
5-fold increased risk of developing breast cancer before the age
of 50 years and a 3.5-fold increased risk of developing breast
cancer overall.3® Gastrointestinal stromal tumors are also un-
usually frequent in people with NF1.40-44 NF1-associated and
sporadic gastrointestinal stromal tumors appear to have differ-
ent molecular pathogenesis, which has important implications in
terms of therapy.*?

Other ocular manifestations

Lisch nodules, which are innocuous iris hamartomas, aid in
the diagnosis of NF1 but have no other clinical implications.
Lisch nodules increase in frequency with age.*5 They are not
present at birth?! but can be found in >90% patients with NF1
aged 16 years or older.*

Vasculopathy

The prevalence of hypertension is more common in people
with NF1 than in the general population and may develop at any
age.!46-48 In most cases, the hypertension is “essential,” but it
may also occur as a consequence of renal artery stenosis and
coarctation of the aorta or pheochromocytoma. A renovascular
cause is often found in children with NF1 and hypertension.4-50

A characteristic NF1 vasculopathy can cause arterial steno-
sis, occlusion, aneurysm, pseudoaneurysm, rupture, or arterio-
venous fistula formation. NF1 vasculopathy involving the arter-
ies of the heart or brain or other major arteries can have serious
or even fatal consequences.*%-31-54 Cerebrovascular abnormali-
ties may present in children with NF1 as stenoses or occlusions
of the internal carotid, middle cerebral, or anterior cerebral
artery. Small telangiectatic vessels form around the stenotic area
and appear as a “puff of smoke” (moyamoya) on cerebral
angiography.>* Moyamoya develops about three times more
often than expected in children with NF1 after cranial irradia-
tion for primary brain tumors.5> Ectatic vessels and intracranial
aneurysms also occur more frequently in individuals with NF1
than in the general population.3¢->7 Valvular pulmonic stenosis
is more common in individuals with NF1 than in the general
population.>8

Skeletal manifestations

Scoliosis has been reported in 10% to 26% of individuals
affected with NF1 in various clinic-based series.5® There are
two different forms— dystrophic and nondystrophic. The dys-
trophic form, which is progressive and associated with vertebral
scalloping and wedging,%-6! almost always develops before 10
years, whereas the milder nondystrophic form of scoliosis typ-
ically occurs during adolescence.®

Long bone dysplasia, most often involving the tibia, occurs
in 1% to 4% of children with NF1 in clinic-based series.> In
infants with tibial dysplasia, the bone is usually bowed in an
anterolateral direction and is subject to pathologic fracture.
Subsequent healing may not occur normally, producing pseudo-
arthrosis. The ipsilateral fibula is often involved in association
with tibial pseudoarthrosis®? and focal dysplasia of the ulna,
radius, scapula, or vertebra may occur.63

Although focal skeletal abnormalities like dystrophic scoli-
osis or tibial pseudoarthrosis can be severely disabling, they are
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uncommon among people with NF1. Generalized skeletal ab-
normalities are less severe but much more frequent. Individuals
with NF1 tend to be below average in height and above average
in head circumference for age,**~¢7 although heights >3 stan-
dard deviations below the mean and head circumferences >4
standard deviations above the mean are rarely seen.

Generalized osteopenia and frank osteoporosis are also more
common than expected in people with NF1.98-74 The pathogen-
esis of these bony changes is not understood,’”> but patients with
NF1 may have lower than expected serum 25-hydroxyvitamin
D concentrations, elevated serum parathyroid hormone levels,
and evidence of increased bone resorption.”2.74.76.77

Neurobehavioral abnormalities

Headaches occur frequently among individuals with NF1,
and hydrocephalus or seizures are seen occasionally. People
with NF1 have larger brains, on an average, than people without
NF1, but gray matter volume is not correlated with intelligence
quotient in NF1.78.79

Most individuals with NF1 have normal intelligence, but
learning disabilities occur in 50% to 75%.89-85 Visual-spatial
performance deficits and attention deficits are most often seen,
although a variety of learning problems has been described.
Children with NF1 often have poorer social skills and other
personality, behavioral, and quality of life differences when
compared with children without NF1.86-93 The learning prob-
lems associated with NF1 persist into adulthood.#%>

Unidentified bright objects (UBOs), which are sometimes called
“T2 hyperintensities” or “focal areas of signal intensity”, can be
visualized on T2-weighted MRI of the brain in at least 60% of
children with NF1, but the clinical significance is uncertain.3--96-99
UBOs show no evidence of a mass effect and are not seen on
T1-weighted MRI or on computed tomography scan. They may
disappear with age.*8-100.101 Some studies have suggested that the
presence, number, volume, or location of UBOs correlate with
learning disabilities in children with NF1, but the findings have not
been consistent among investigations,®7-100-103

Involvement of the endocrine and reproductive
system

Precocious puberty may occur in children with NF1, espe-
cially in association with tumors of the optic chiasm.!% Delayed
puberty is also common, but the reason it occurs is unknown.®’
Although most children with NF1 are shorter than average,®+-¢7
few are growth hormone deficient. Those who are may benefit
from appropriate treatment.

Although most pregnancies in women with NF1 are normal,
serious complications may develop. Hypertension may first
become symptomatic or, if preexisting, may be greatly exacer-
bated during pregnancy.!?> Many women with NF1 experience
a rapid increase in the number and size of neurofibromas during
pregnancy.!%¢ Large pelvic or genital neurofibromas can com-
plicate delivery, and cesarean section appears to be necessary
more often than usual in pregnant women with NF1. Hormonal
contraception does not appear to stimulate the growth of neu-
rofibromas in women with NF1.76

Genotype-phenotype correlations

Only two clear correlations have been observed between
particular mutant NF1 alleles and consistent clinical pheno-
types. The first is a whole NF'/ gene deletion associated with
large numbers and early appearance of cutaneous neurofibro-
mas, more frequent and more severe than average cognitive
abnormalities, and sometimes somatic overgrowth, large hands

and feet, and dysmorphic facial features.'97-1!! The second is a
3-bp in-frame deletion of Exon 17 (c.2970-2972 delAAT)
associated with typical pigmentary features of NF1, but no
cutaneous or surface plexiform neurofibromas.!!?

The consistent familial transmission of NF1 variants such as
Watson syndrome (multiple café-au-lait spots, pulmonic stenosis,
and dull intelligence)!!3!4 and familial spinal neurofibromato-
sis!15-117 also indicates that allelic heterogeneity plays a role in the
clinical variability of NF1. In addition, statistical analysis of clin-
ical features in families with NF1 suggests that modifying genes at
other loci influence some aspects of the NF1 phenotype.!18-121
Conversely, the extreme clinical variability of NF1 suggests that
random events are also important in determining the phenotype in
affected individuals. Evidence in support of this interpretation is
provided by the occurrence of acquired double inactivation of the
NFI locus in many different kinds of tumors and other focal
lesions in people with NF1.117.120-139

Other distinctive NF1 phenotypes

Some individuals with NF1 have distinctive phenotypes
composed of unusual combinations of clinical features that
cluster together. Recognition of these distinctive phenotypes
may aid in diagnosis and prognosis.

Segmental NF1

Segmental NF1 is diagnosed in individuals who have typical
features of NF1 restricted to one part of the body and whose
parents are both unaffected.!#%!4! In some cases, the unusual
distribution of features may just be a chance occurrence in an
individual with NF1. In other individuals, segmental NF1 rep-
resents mosaicism for a somatic NF/ mutation.!32.142-144 How-
ever, most individuals who have been reported with mosaicism
for an NF/ mutation have mild, but not segmental, neurofibro-
matosis.!'#> Individuals with segmental NF1 have been reported
whose children have typical NF1.144.146

NF1-Noonan syndrome

Features of Noonan syndrome such as ocular hypertelorism,
down-slanting palpebral fissures, low-set ears, webbed neck,
and pulmonic stenosis occur in ~12% of individuals with
NF1.147 Relatives of such individuals who are affected with
NF1 may or may not have concomitant features of Noonan
syndrome. The NF1-Noonan phenotype appears to have a va-
riety of causes, including the rare occurrence of two different
autosomal dominant mutations in some families and segregation
as an NF1 variant in others.!4814% Most individuals with NF1-
Noonan syndrome have constitutional mutations of the NFI
gene.!50-152 Mutations of the PTPN11 gene, which can be found
in approximately one half of all people with Noonan syndrome,
are uncommon but have been reported in people with the NF1-
Noonan syndrome phenotype.!5%-153 Mutations found in Noonan
syndrome and NF1 encode for different proteins involved in ras
signaling, and it has been hypothesized that the phenotypic overlap
is due to involvement of this shared pathway.!5*

DIFFERENTIAL DIAGNOSIS

More than 100 genetic conditions and multiple congenital
anomaly syndromes have been described, which include café-
au-lait spots or other individual features of NF1, but few of
these disorders are ever confused with NF1. The conditions that
are most often considered in the differential diagnosis of NF1
are listed in Table 1. In a few instances, an individual who does
not have NF1 may meet the NF1 diagnostic criteria, but NF1
can be excluded because of the presence (or absence) of other

© 2010 Lippincott Williams & Wilkins
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Table 1 Disorders that may resemble NF1 but can be distinguished by their clinical or histopathological features

Condition

Clinical features

Legius syndrome

Homozygous HNPCC
mutations

NF2

Schwannomatosis

Noonan syndrome
LEOPARD syndrome
McCune-Albright syndrome

Multiple endocrine neoplasia
type 2B

Bannayan-Riley-Ruvalcaba
syndrome

Juvenile hyaline fibromatosis

Congenital generalized
fibromatosis

Multiple lipomatosis

Klippel-Trenaunay-Weber
syndrome

Proteus syndrome
Multiple café-au-lait spots

Piebald trait

Dominantly inherited multiple café-au-lait spots, axillary freckling, and macrocephaly without Lisch nodules,
neurofibromas, or central nervous system tumors

Multiple café-au-lait spots, axillary freckling, and cutaneous neurofibromas associated with the occurrence of
HNPCC-associated malignancy at an unusually young age; often associated with consanguinity and a
family history of HNPCC

Bilateral vestibular schwannomas, schwannomas of other cranial and peripheral nerves (often
indistinguishable from intraneural plexiform neurofibromas on MRI), cutaneous schwannomas,
meningiomas, juvenile posterior subcapsular cataracts

Multiple schwannomas of cranial, spinal or peripheral nerves (often indistinguishable from intraneural
plexiform neurofibromas on MRI), usually without vestibular, ocular or cutaneous features of NF2 or NF1

Short stature, congenital heart defect, broad or webbed neck, and characteristic facies
Multiple lentigines, ocular hypertelorism, deafness, congenital heart disease
Large café-au-lait spots with irregular margins, polyostotic fibrous dysplasia

Mucosal neuromas, conjunctival neuromas, pheochromocytoma, medullary carcinoma of the thyroid,
ganglioneuromatosis of the gastrointestinal tract, distinctive face with enlarged lips, marfanoid habitus

Multiple lipomas and hemangiomas, macrocephaly, pigmented macules of the glans penis

Multiple subcutaneous tumors, gingival fibromatosis

Multiple tumors of the skin, subcutaneous tissues, skeletal muscle, bones, and viscera

Multiple cutaneous lipomas

Cutaneous hemangiomas, varicose veins, arteriovenous fistulas, and hemihypertrophy

Hamartomatous overgrowth of multiple tissues, connective tissue nevi, epidermal nevi, and hyperostosis
Autosomal dominant trait without other features of NF1

Areas of cutaneous pigmentation and depigmentation with hyperpigmented borders of the unpigmented

areas, white forelock

characteristic features. For example, Legius syndrome, an au-
tosomal dominant condition caused by heterozygous mutations
of SPRED], produces multiple café-au-lait spots, axillary freck-
ling, macrocephaly and, in some individuals, facial features that
resemble Noonan syndrome,!55-157 but the absence of Lisch
nodules and neurofibromas in affected adults makes NF1 un-
likely in these families.

Another example is the condition caused by homozygosity
for one of the genes associated with hereditary nonpolyposis
colon cancer (HNPCC).158-160 This results in a cutaneous phe-
notype that is remarkably similar to NF1. However, individuals
homozygous for mutations associated with HNPCC usually
develop tumors that are typical of HNPCC with an even
younger age of onset than seen in HNPCC heterozygotes. The
parents of children who are homozygous for an HNPCC muta-
tion are often consanguineous and may have clinical findings
and/or a family history of HNPCC. Typically, neither parent has
clinical findings of NF1.

Individuals or families have occasionally been described
with pathogenic NF'/ mutations who do not have NF1 according
to the NIH Diagnostic Criteria. A few families have been
reported in which affected individuals have NF/ mutations and
multiple spinal neurofibromas but few, if any, cutaneous man-
ifestations of the disease.!!'>-117 Other examples include a hu-
man with an NF1 mutation and an optic pathway glioma but no
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other diagnostic features of NF1'¢! and a child with an NF/
mutation and encephalocraniocutaneous lipomatosis.!®> The re-
lationship of the NF/ mutations to the unusual phenotypes in
these individuals is not understood.

MOLECULAR GENETICS

Pathogenesis

The NF1 gene was identified and the protein product char-
acterized by Cawthon et al.'o3 and Wallace et al.!¢4; the entire
c¢DNA sequence was described by Gutmann and Collins!®> and
Viskochil et al.'®® The gene is large (~350 kb and 60 exons)
and codes for at least three alternatively spliced transcripts.!'¢”
NF1 is unusual in that one of its introns contains coding se-
quences for at least three other genes.!o8 NFI pseudogenes
occur on chromosomes 2q21.1, 14ql1.1, 14ql1.2, 15q11.2,
18p11.21, 21q11.2-q21.1, and 22ql11.1 (NCBI Entrez Gene),
complicating the design of molecular assays for NF'/ mutations.

The entire NFI gene is located in an extended region of high
linkage disequilibrium.!¢-17! Because recombination occurs
infrequently within this 300-kb region, the haplotype structure
in human populations is unusually simple.

NF1 is presumed to result from loss-of-function mutations
because >80% of germline mutations described cause trunca-
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tion of the gene product.!72-174 In addition, deletion of the entire
gene causes typical, although often severe, NF1. More than 500
different mutations of the NF1 gene have been identified; most
are unique to a particular family. Many mutations have been
observed repeatedly, but none has been found in more than a
few percent of families studied.!’? Many different kinds of muta-
tions have been observed, including nonsense mutations, amino
acid substitutions, deletions (which may involve only one or a few
base pairs, multiple exons, or the entire gene), insertions, intronic
changes affecting splicing, alterations of the 3" untranslated region
of the gene, and gross chromosomal rearrangements.

The protein product of the NF1 gene, neurofibromin, has a
calculated molecular mass of ~327 kDa. The function of
neurofibromin is not fully understood, but it is known to
activate ras GTPase, which promotes the hydrolysis of active
ras-GTP to inactive ras-GDP.!75-179 In NF1, reduction (in
haploinsufficient cells) or complete loss (in cells that have
also lost function of the normal NFI allele) of neurofibromin
leads to activation of ras, which in turn regulates a cascade of
downstream signaling pathways, including those that involve
mitogen-activated protein kinase (MAPK), phosphatidylinositol
3-kinase (PI3K), protein kinase B (PKB), and mammalian target
of rapamycin (mTOR) kinase. Activation of these pathways has
a variety of cellular effects but generally stimulates cellular
proliferation and survival.!>*

Neurofibromin probably has other functions as well, in-
cluding regulation of adenylyl-cyclase activity and intracel-
lular cyclic-AMP generation.!75176,180,181

Molecular genetic testing

Genetic testing is necessary to provide prenatal diagnosis and
may be used as an adjunct to clinical diagnosis in cases with an
atypical presentation or in which the child is too young to have
developed most characteristic features. A multistep mutation
detection protocol that identifies >95% of pathogenic NFI
mutations in individuals fulfilling the NIH diagnostic criteria is
available.!80:181 This protocol, which involves analysis of both
mRNA and genomic DNA, includes real-time polymerase chain
reaction, direct sequencing, microsatellite marker analysis, mul-
tiplex ligation-dependent probe amplification, and interphase
fluorescence in situ hybridization. Because of the frequency of
splicing mutations and the variety and rarity of individual
mutations found in people with NF1, methods based solely on
analysis of genomic DNA have lower detection rates.!8!.182

Testing by fluorescence in situ hybridization, multiplex ligation-
dependent probe amplification, or analysis of multiple single nu-
cleotide polymorphisms (SNPs) or other polymorphic genetic
markers in the NF/ genomic region'8! is sometimes performed to
look just for whole NFI gene deletions when the “large deletion
phenotype” is suspected clinically.!97-198 Whole NFI gene dele-
tions occur in 4% to 5% of individuals with NF1.183

Linkage studies are available, but they require accurate clinical
diagnosis of NF1 in affected family members, accurate understand-
ing of the genetic relationships in the family, and the availability
and willingness of a sufficient number of family members to be
tested. More than 1700 intragenic SNPs that can be used in linkage
studies are currently listed for the NFI locus in dbSNP.

MANAGEMENT

Initial evaluation

We recommend the following investigations to establish the
extent of disease in an individual with NF1 at the time of
diagnosis:

e Personal medical history with particular attention to fea-
tures of NF1;

e Physical examination with particular attention to the skin,
skeleton, cardiovascular system, and neurologic systems;

e Ophthalmologic evaluation including slit lamp examina-
tion of the irises;

e Developmental assessment in children;

e Other studies as indicated on the basis of clinically appar-
ent signs or symptoms.

The value of performing routine brain MRI in individuals
with NF1 at the time of diagnosis is controversial. Proponents
state that such studies are useful in helping to establish the
diagnosis in some individuals, in identifying complications be-
fore they become clinically apparent in others, and in evaluating
the context in which extracranial complications occur in still
others.25-99-184 Those who oppose routine head MRI point to the
difficulty in reliably diagnosing UBOs, the cost of such testing,
the risk of sedation (which is necessary in a young child), and
the fact that clinical management is not affected by finding
intracranial lesions such as UBOs or optic nerve thickening in
asymptomatic individuals.2-4:820.185.186 [ fact, finding such le-
sions often results in regularly repeating the MRI despite the
continued absence of related symptoms, adding further to the
cost as well as to the anxiety of the individual and family,
without any benefit. In addition, normal MRI findings on an
initial scan do not preclude the subsequent development of CNS
lesions.

Subsequent evaluation

Annual surveillance is recommended for people with NF1,
with physical examination by a physician who is familiar with
the individual and with the disease. In children and adolescents,
height, weight, and head circumference should be measured and
recorded on appropriate growth charts during each visit. The
blood pressure should be measured on every visit, regardless of
age. Annual ophthalmologic examination is especially impor-
tant in early childhood, but eye examinations can be less fre-
quent in older children and adults. In addition, children with
NF1 should have regular developmental, speech, and language
assessments, and those who appear to be manifesting develop-
mental problems should have formal evaluation to provide a
basis for appropriate intervention. Other studies should be per-
formed as indicated on the basis of clinically apparent signs or
symptoms. Patients with abnormalities of the CNS, skeletal
system, or cardiovascular system should be referred to appro-
priate specialists for evaluation. Similar recommendations for
the health supervision of individuals with NF1 have recently
been made by others.*#

No limitations on physical activity are necessary for most
people with NF1. Limitations may be required if certain partic-
ular features, such as tibial dysplasia or dysplastic scoliosis, are
present, but in these instances, the limitation is determined by
the feature, not by the presence of NF1 itself.

Treatment of disease manifestations

Discrete cutaneous or subcutaneous neurofibromas that are
disfiguring or in inconvenient locations (e.g., at belt or collar
lines) can be removed surgically, or, if small, by laser or
electrocautery. This aspect of treatment is important: disfigure-
ment is the most distressing disease manifestation for many
individuals with NF1.10

Plexiform neurofibromas may grow to enormous size and can
cause serious disfigurement, overgrowth, or impingement on
normal structures. The extent of plexiform neurofibromas seen

© 2010 Lippincott Williams & Wilkins
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on the surface of the body often cannot be determined by
clinical examination alone, and many internal neurofibromas,
even large ones, may be unsuspected on clinical examination.
MRI is the method of choice for demonstrating the size and
extent of plexiform neurofibromas!®-187-189 and for monitoring
their growth over time.!7-18.190

Surgical treatment of plexiform neurofibromas is often un-
satisfactory because of their intimate involvement with nerves
and their tendency to grow back at the site of removal.!75.191-195
In one small series in which surgical removal of superficial
plexiform neurofibromas was undertaken in children while the
tumors were still relatively small, it was possible to resect the
neurofibromas completely without producing any neurological
deficit.’9¢ Completely resected tumors usually do not grow
back, but this is not always the case.'®” Various medical treat-
ments for plexiform and spinal neurofibromas are currently
being evaluated in clinical trials.4175.177.198-200

Radiofrequency therapy has shown some promise for treat-
ment of facial diffuse plexiform neurofibromas and café-au-lait
spots in small clinical series.201-202 Radiotherapy of plexiform
neurofibromas is contraindicated because of the risk of inducing
malignant peripheral nerve sheath tumors in these genetically
predisposed individuals.27-3!

Pain, development of a neurologic deficit, or enlargement of
a preexisting quiescent plexiform neurofibroma may signal
transformation to a malignant peripheral nerve sheath tumor and
requires immediate evaluation.2?3 Examination by MRI and
positron emission tomography!87-204-210 g useful in distinguish-
ing benign and malignant peripheral nerve sheath tumors, but
definitive differentiation can only be made by histological ex-
amination of the tumor. Complete surgical excision, when pos-
sible, is the only treatment that offers the possibility of cure of
malignant peripheral nerve sheath tumors. Adjuvant chemother-
apy or radiotherapy is sometimes used as well, although benefit
has not been clearly established.33.175.194 Clinical trials of sev-
eral therapeutic approaches to malignant peripheral nerve
sheath tumors are available to individuals with NF1.175.177

Most children with NF1 who develop optic pathway gliomas
do not require treatment, but chemotherapy is the treatment of
choice for progressive tumors.20-24.26.211.212 Surgical treatment
of optic pathway gliomas is usually reserved for cosmetic
palliation in a blind eye, and radiotherapy is usually avoided
because of the risk of inducing malignancy or moyamoya in the
exposed field.31-5¢ Several controlled trials for treatment of optic
pathway gliomas are available to individuals with NF1.20.211

The less aggressive course of most brainstem and cerebellar
gliomas in people with NF1 should be taken into consideration
in the management of these tumors.?2.23.29:30

Bracing is usually ineffective in children with NF1 and
rapidly progressive dystrophic scoliosis. Treatment requires sur-
gery, which may be complex and difficult.2!3-214 Nondystrophic
scoliosis in adolescents with NF1 can usually be treated in a
manner similar to idiopathic scoliosis in the general population.

Medications that are useful for treatment of attention-deficit
hyperactive disorder, depression, or anxiety in the general pop-
ulation are also effective for individuals with NF1 and can be
prescribed if indicated.

GENETIC COUNSELING

NF1 is inherited in an autosomal dominant manner. Approx-
imately 50% of individuals with NF1 have been found to have
an affected parent, and ~50% have the altered gene as a result
of de novo mutation, at least in North American and European
populations that have been well studied. When NF1 is suspected
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in a child, both parents should have medical histories, physical
examinations, and ophthalmological examinations (including
slit lamp examination) performed with particular attention to
features of NF1. Diagnosis of NF1 in a parent may permit
unequivocal diagnosis of NF1 in a child, is essential for genetic
counseling, and has important medical implications for the
affected parent.

The risk to the sibs of a proband depends on whether one of
the proband’s parents has NF1. If a parent is affected, the risk
to the sibs is 50%. If neither parent of an individual with NF1
meets the clinical diagnostic criteria for NF1 after careful med-
ical history, physical examination, and ophthalmologic exami-
nation, the risk to the sibs of the affected individual of having
NF1 is low but greater than that of the general population
because of the possibility of germline mosaicism.!44.215

Each child of an individual with NF1 has a 50% chance of
inheriting the mutant gene. Penetrance is 100%, so a child who
inherits an NF'1 mutation will develop features of NF1, but the
disease may be considerably more (or less) severe in an affected
children than in their affected parent. The risk to other family
members depends on the status of the proband’s parents. If a
parent is found to be affected, their own parents and other
children are at risk.

The optimal time for determination of genetic risk and ge-
netic counseling regarding prenatal testing is before pregnancy.
It is appropriate to offer genetic counseling (including discus-
sion of potential risks to offspring and reproductive options) to
young adults who are affected or at risk.

Prenatal diagnosis for pregnancies at increased risk for NF1
is available by analysis of DNA extracted from fetal cells
obtained by amniocentesis or chorionic villus sampling. Preim-
plantation diagnosis of NF1 has also been reported.216-218 The
disease-causing allele in the affected parent must be identified
before prenatal or preimplantation testing can be performed.?!9-220
Prenatal diagnosis can also be performed by linkage,?2° but NF1 is
a relatively common autosomal dominant condition and families
have been reported with two or even three different NF'/ mutations
segregating in affected relatives.!8-22! The occurrence of two or
more different pathogenic mutations in a family could confound
the use of linkage analysis for prenatal diagnosis. Prenatal diagno-
sis of exceptionally severe NF1 by ultrasound examination has
been reported,??? but ultrasound examination is unlikely to be
informative in most cases.

Requests for prenatal testing for NF1 are not common, prob-
ably because of the wide range of severity and age of onset.
Differences in perspective may exist among medical profession-
als and within families regarding the use of prenatal testing,
particularly if the testing is being considered for the purpose of
pregnancy termination rather than early diagnosis. Discussion
of these issues is appropriate during pretest counseling for
prenatal diagnosis of NF1.
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