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Abstract

Noonan syndrome (NS) is a relatively common, clinically
variable and genetically heterogeneous developmental dis-
order characterized by postnatally reduced growth, distinc-
tive facial dysmorphism, cardiac defects and variable cogni-
tive deficits. Other associated features include ectodermal
and skeletal defects, cryptorchidism, lymphatic dysplasias,
bleeding tendency, and, rarely, predisposition to hemato-
logic malignancies during childhood. NS is caused by mu-
tations in the PTPN11, SOS1, KRAS, RAF1, BRAF and MEK1
(MAP2K1) genes, accounting for approximately 70% of af-
fected individuals. SHP2 (encoded by PTPN11), SOS1, BRAF,
RAF1 and MEK1 positively contribute to RAS-MAPK signal-
ing, and possess complex autoinhibitory mechanisms that
are impaired by mutations. Similarly, reduced GTPase activ-
ity or increased guanine nucleotide release underlie the ab-
errant signal flow through the MAPK cascade promoted by
most KRAS mutations. More recently, a single missense mu-

tation in SHOC2, which encodes a cytoplasmic scaffold posi-
tively controlling RAF1 activation, has been discovered to
cause a closely related phenotype previously termed Noon-
an-like syndrome with loose anagen hair. This mutation pro-
motes aberrantly acquired N-myristoylation of the protein,
resulting in its constitutive targeting to the plasma mem-
brane and dysregulated function. PTPNT11, BRAF and RAF1
mutations also account for approximately 95% of LEOPARD
syndrome, a condition which resembles NS phenotypical-
ly but is characterized by multiple lentigines dispersed
throughout the body, café-au-lait spots, and a higher preva-
lence of electrocardiographic conduction abnormalities,
obstructive cardiomyopathy and sensorineural hearing def-
icits. These recent discoveries demonstrate that the substan-
tial phenotypic variation characterizing NS and related con-
ditions can be ascribed, in part, to the gene mutated and
even the specific molecular lesion involved.

Copyright © 2010 S. Karger AG, Basel

Noonan syndrome (NS, OMIM 163950) is the epony-
mous name for the disorder described by the pediatric
cardiologist Jacqueline Noonan more than 40 years ago
[Noonan, 1968]. She based the description of this puta-
tively novel syndrome on observations made in 9 patients
with pulmonic stenosis, a distinctive dysmorphic facial

KARG ER ©2010 S. Karger AG, Basel
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

Accessible online at:
www.karger.com/msy

Marco Tartaglia, PhD

Dipartimento di Ematologia, Oncologia e Medicina Molecolare
Istituto Superiore di Sanita

Viale Regina Elena 299, IT-00161 Rome (Italy)

Tel. +39 06 4990 2569, Fax +39 06 4938 7143, E-Mail mtartaglia @iss.it



HRAS: CS
KRAS: NS, CFCS

Fig. 1. Schematic diagram showing the
RAS-MAPK signal transduction pathway
and affected disease genes in disorders of
the neurocardiofacialcutaneous syndrome
family. The double ovals in dark grey and
the light grey ovals represent generic di-
merized cell-surface receptors binding to
their ligand. Abbreviations: CFCS, cardio-
faciocutaneous syndrome; CS: Costello
syndrome; LS, LEOPARD syndrome; NF1,
neurofibromatosis type 1; NFLS, neurofi-
bromatosis type 1-like syndrome (also
termed Legius syndrome); NFNS, neurofi-
bromatosis-Noonan syndrome; NS, Noon-
an syndrome; NS/LAH, Noonan-like syn-
drome with loose anagen hair.
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appearance with hypertelorism, ptosis and low-set ears,
webbed neck, and chest deformities. Several male pa-
tients also had cryptorchidism. NS is thought to be rela-
tively common, although its prevalence has not been de-
termined accurately to date. Most authors cite the figure
of 1in 1,000-2,500 live births firstly reported by Nora et
al. [1974], but that estimate is not based on a population
study.

NS is a Mendelian trait transmitted in an autosomal
dominant manner. Rare cases with parental consanguin-
ity have been described [van der Burgt and Brunner,
2000], but it is not clear whether these represent true in-
stances of autosomal recessive inheritance. A significant,
but not precisely determined percentage of cases is due to
de novo mutations. NS is genetically heterogeneous, and,
based upon the recent discoveries of the underlying dis-
ease genes, it can now be regarded as a disorder of up-
regulated RAS-MAPK signaling (fig. 1). Depending on
the cellular context, this pathway mediates diverse bio-
logical functions such as proliferation, migration, surviv-
al, cell fate determination, differentiation and senescence,
predominantly through the regulation of transcription,
cytoskeletal rearrangement and metabolism. The RAS-
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MAPK cascade is activated in response to cytokine, hor-
mone and growth factor stimulation, and is a major me-
diator of early and late developmental processes, includ-
ing morphology determination, organogenesis, synaptic
plasticity processes and growth. Due to its nodal role in
signal transduction, signal traffic through this pathway
is tightly controlled, and its enhanced activation has been
established to contribute significantly to oncogenesis (see
below) [Bos, 1989; Davies et al., 2002; Rajalingam et al.,
2007].

Thus far, 7 genes (PTPN11, SOS1, KRAS, RAFI, BRAF,
SHOC2 and MEKI, alias MAP2K1) have been causally
related to NS or closely related conditions, including
LEOPARD syndrome and Noonan-like syndrome with
loose anagen hair. Germline mutations in a subgroup of
those genes as well as in genes encoding signal transduc-
ers participating in the same pathway (HRAS, KRAS,
NFI1, SPREDI, BRAF, MEK1 and MEK2, alias MAP2K2)
have been identified to be implicated in other clinically
related disorders (Costello syndrome, cardiofaciocutane-
ous syndrome, neurofibromatosis type 1 and Legius syn-
drome) (fig. 1) [Schubbert et al., 2007b]. This shared
pathogenetic mechanism and clinical overlap justify the
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grouping of these developmental diseases in a single fam-
ily of disorders, which has been termed the neurocardio-
facialcutaneous syndrome (NCFCS) family. In this re-
view, we outline the clinical aspects and molecular genet-
ics of NS and associated phenotypes.

Clinical Features

Clinical manifestations of NS include a typical dys-
morphic appearance, congenital heart defects (CHD) or
hypertrophic cardiomyopathy (HCM), webbing of the
neck, postnatal reduced growth, cryptorchidism, eye ab-
normalities, and skeletal anomalies such as pectus defor-
mities, cubitus valgus, and vertebral defects. Other re-
latively common features are bleeding diathesis, ecto-
dermal anomalies, lymphatic dysplasias, and variable
cognitive deficits. Diagnosis is made by clinical examina-
tion [Noonan, 1994; Allanson, 2007; van der Burgt, 2007].
While a comprehensive scoring system has been devel-
oped to aid in clinical diagnosis [Duncan et al., 1981; van
der Burgt et al., 1994], most clinicians continue to use
a more subjective assessment. NS is characterized by
marked variability (fig. 2), and the phenotype becomes
less pronounced with age [Allanson et al., 1985a]. For
these reasons and because of the clinical overlap with
other related disorders (see below), establishing the diag-
nosis can be very difficult, especially in adulthood. Ge-
netic testing is now available and is capable of confirm
diagnosis in a large percentage of cases (approx. 70%, in
our experience), which, however, is strictly dependent on
the diagnostic criteria used to make diagnosis.

NS facial features and signs include high forehead, hy-
pertelorism, downslanting palpebral fissures, epicantal
folds, ptosis, low-set and/or posteriorly rotated ears
(fig. 2). A short and/or webbed neck and a low posterior
hairline commonly occur.

The type and severity of the cardiac disease can vary
from trivial to life-threatening [Burch etal., 1993; Marino
et al., 1999; Bertola et al., 2000]. Pulmonic stenosis and
HCM are the most common forms of cardiac disease, but
a wide range of other lesions, including atrioventricular
septal defects and aortic coarctation, are also observed.
Newborns, infants and children suspected of having NS
need a careful cardiac evaluation, including an echocar-
diogram. Evaluation of the heart in early infancy does not
exclude the possibility that an affected child will develop
more severe HCM later in childhood. This suggests that
serial evaluations during this period are indicated.
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Feeding problems are noted in the majority of affected
infants and can cause failure to thrive [Shah et al., 1999].
For some patients, the inadequacy in oral intake may be
severe enough to necessitate placement of gastrostomy
tubes, although occupational/feeding therapy is an ade-
quate intervention for most. In most patients, feeding dif-
ficulties resolve by around age 18 months.

Developmental delay and learning problems are quite
common in NS, perhaps affecting one-third of patients
[Sharland et al., 1992a]. Some motor delay can be attrib-
uted to the hypotonia often observed in affected infants.
However, increased prevalence of attention deficit/hy-
peractivity disorder and frank mental retardation are
also observed. More significant neurological problems,
such as epilepsy, are noted in a small minority of patients.
Available data indicate that the heterogeneity in cognitive
abilities observed in NS is at least partially to be ascribed
to the individual affected genes and type of mutation in-
volved [Cesarini et al., 2009; Pierpont et al., 2009]. Spe-
cifically, mutations affecting transducers upstream of
RAS appear to be less frequently associated with mental
retardation. In contrast, mutations in downstream com-
ponents of the pathway are generally associated with a
more severe cognitive impairment. Of note, moderately
impaired social cognition in terms of emotion recogni-
tion and alexithymia in adult subjects with NS has also
been reported [Verhoeven et al., 2008].

Visual problems commonly occur in NS [Lee et al.,
1992; Alfieri et al., 2008]. Ophthalmological and orthop-
tic evaluation of a relatively large cohort of patients who
were also assessed for behavioral visual tests (crowding
acuity and stereopsis) and visuo-motor integration (VMI)
test documented that more than 80% of subjects exhibit
abnormalities in visual function and one-third of indi-
viduals has abnormalities on VMI [Alfieri et al., 2008].
Abnormal ocular movements and weak or absent stere-
opsis occur most commonly. Similarly, hearing loss has
been described in about 40% of patients [Cremers and
van der Burgt, 1992; Qiu et al., 1998]. Auditory problems
have been correlated with the abnormal craniofacial
anatomy, particularly of the temporal bone [Naficy et al.,
1997].

One of the salient features of NS is short stature, with
median heights of less than the 3rd centile in affected
children [Witt et al., 1986; Ranke et al., 1988]. In an at-
tempt to increase adult stature, efforts have been under-
taken to study the effects of growth hormone (GH) ther-
apy during childhood [for a recent review of surveys, see
Padidela et al., 2008]. There appears to be a scientific ba-
sis for this since studies of GH secretion in this disorder
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Fig. 2. Dysmorphic facial features in Noonan syndrome. Series of affected individuals heterozygous for muta-
tions in different disease genes are shown.
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have documented some quantitative and qualitative ab-
normalities [Ahmed et al., 1991; Tanaka et al., 1992;
Noordam et al., 2002]. In addition, some of the proteins
altered in NS have been linked directly with the intracel-
lular signaling pathway controlling the cellular response
to GH. While initial studies reporting results from a sin-
gle year of therapy demonstrated significant acceleration
in linear growth, reports of longer courses have been less
encouraging, possibly due to the effect of long-term GH
therapy on bone maturation. A recent prospective survey
on the effect of long-term GH treatment on adult height
in NS, however, documented a significant mean height
gain, and did not confirm occurrence of bone age accel-
eration during the first years of GH treatment [Noordam
et al., 2008]. Similarly, an unrelated study indicated that
GH might significantly improve height in children with
NS with earlier initiation of therapy [Romano etal., 2009].
There are studies indicating that affected subjects with
PTPNII gene mutations (see below) tend to exhibit mild
GH resistance and relatively poor response to GH treat-
ment [Binder et al., 2005; Ferreira et al., 2005], but this
association has not been confirmed in a recent long-term
survey [Noordam et al., 2008]. One additional concern
have been the potential adverse effects of GH on the heart
in NS patients with HCM, while reports have emphasized
the fact that cardiac phenotypes other than HCM (con-
sidered by some to be a contraindication for GH therapy)
were unaffected after therapy [Cotterill et al., 1996; Mac-
Farlane et al., 2001; Noordam et al., 2001; Brown et al.,
2002].

Orthopedic problems are common in NS [Sharland et
al., 1992a]. For instance, pectus deformities are observed
in the vast majority, but are rarely severe enough to war-
rant surgical intervention. Scoliosis occurs in approxi-
mately 10% of patients. Other bony defects, such as ver-
tebral anomalies, occur at low frequency.

Bleeding diathesis frequently occurs in patients with
NS. The most common abnormalities include von Wil-
lebrand disease, deficiencies of factors XI and XII, and
thrombocytopenia [Sharland et al., 1992b; Massarano et
al., 1996; Singer et al., 1997]. Since many affected children
will require interventional procedures such as balloon
pulmonary valvuloplasty and orchidopexy, this is impor-
tant to bear in mind to prevent significant hemorrhagic
complications. Two childhood leukemias, juvenile my-
elomonocytic leukemia (JMML, OMIM 607785) and
acute lymphoblastic leukemia (ALL), are at increased
prevalence in NS, although they affect only a small per-
centage of patients. The myeloproliferative disorder in
children with NS (NS/JMML) may regress without treat-
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ment, follow an aggressive clinical course or evolve to
acute myeloid leukemia [Bader-Meunier et al., 1997; Fu-
kuda et al., 1997; Choong et al., 1999]. PTPN11 mutation
screening in patients with NS/JMML demonstrated as-
sociation with specific mutations that are rare among pa-
tients with NS, demonstrating genotype-phenotype cor-
relation (see below) [Tartaglia et al., 2003; Kratz et al,,
2005]. According to this evidence, hematologic examina-
tion should be periodically performed during infancy
and childhood in patients carrying NS/JMML-associated
PTPNI1I mutations.

The lymphatic system develops abnormally in NS,
although the persistence of lymphedema at birth occurs
less frequently than observed in Turner syndrome. Lym-
phangiectasia affecting the gastrointestinal tract and
lungs has presented in infants and children with this dis-
order [Baltaxe et al., 1975; Herzog et al., 1976; Hernandez
et al., 1980; Fisher et al., 1982; Ozturk et al., 2000]. The
former complication may lead to protein-losing enterop-
athy and the latter to spontaneous chylothorax, both be-
ing difficult to manage. Some older patients might de-
velop peripheral lymphedema, usually most pronounced
in the legs, that is treated with compressive bandages
[Lanning et al., 1978].

Renal abnormalities are found in a minority of affect-
ed children, but warrant a screening with an abdominal
ultrasound [George et al., 1993]. Regarding gonadal de-
velopment and function, unilateral/bilateral cryptorchi-
dism is frequently observed in affected boys. Of note,
Marcus et al. [2008] documented Sertoli cell dysfunction
in men with normal testicular descent, suggesting that
cryptorchidism is not the sole contributing factor to im-
pairment of testicular function in NS. Consistent with
this observation, abnormal levels of follicle-stimulating
hormone and inhibin B have been documented, suggest-
ing different mechanisms of disturbance in male gonad-
al function [Marcus et al., 2008].

Prenatal diagnosis of NS may be suspected in the pres-
ence of ultrasonographic findings such as cystic hygro-
ma, increased nuchal translucency and hydrops fetalis.
Among fetuses with normal chromosomes, the diagnosis
of NS will be made in approximately 1-3% of cases with
nuchal edema in the first trimester [Reynders et al., 1997;
Adekunle et al., 1999; Nisbet et al., 1999; Hiippala et al.,
2001]. Since height and weight are usually normal in new-
borns with NS, parameters of fetal growth are not helpful
in making the diagnosis. A recent retrospective review
performed to assess the utility of PTPNII testing based
on prenatal sonographic findings indicated that hetero-
zygous missense mutations of PTPNI1 are relatively com-
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mon in fetuses with cystic hygroma and normal karyo-
type (16%), including those in whom it was an isolated
feature (11%) [Lee et al., 2009]. These data indicate that
prenatal PTPNI1I testing has diagnostic relevance and
can aid in risk assessment and genetic counseling. As NS
is genetically heterogeneous, negative PTPNII testing
cannot exclude the diagnosis, but further study is re-
quired to establish the roles of the other NS genes in pre-
natally detected features of the trait.

Disorders Clinically Related to Noonan Syndrome

LEOPARD Syndrome

LEOPARD syndrome (LS, OMIM 151100) is an auto-
somal dominant trait that overlaps phenotypically with
NS. It is also allelic with NS, with a restricted spectrum
of mutations in PTPNI11 accounting for the majority of
affected individuals [Digilio et al., 2002; Legius et al.,
2002] (see below). The acronymic name refers to the ma-
jor features: Lentigines, ECG conduction abnormalities,
Ocular hypertelorism, Pulmonic stenosis, Abnormal
genitalia, Retardation of growth, and sensorineural Deaf-
ness [Gorlin et al., 1971]. Similar to NS, there are age-de-
pendent aspects of the phenotype. Facial dysmorphism is
similar to that of NS but is usually milder [Digilio et al.,
2006], and the neck is short but not webbed. Multiple len-
tigines present as dispersed flat, black-brown macules,
mostly on the face, neck, and upper part of the trunk,
but sparing the mucosae. In general, lentigines appear at
the age of 4-5 years and increase until puberty into the
thousands. Café-au-lait spots are also observed, alone or
in association with lentigines, in up to 70-80% of the
patients [Digilio et al., 2006], and usually precede the
appearance of lentigines, being present from the first
months of life. Growth retardation (height below the 3rd
centile) is observed in 25% of affected individuals, and
final height in 85% of subjects is below the 25th centile
[Voron et al., 1976; Gorlin et al., 1990]. Approximately
half of the affected individuals have heart defects, which
are similar to those in NS but occur with different fre-
quencies. ECG anomalies, progressive conduction de-
fects and HCM are the most frequent features. Of note,
HCM is detected in up to 80% of LS patients with heart
defects, most commonly appearing during infancy. It is
progressive and paralleled by the appearance of lenti-
gines [Somerville and Bonham-Carter, 1972]. Diagnostic
criteria for LS have been outlined by Voron and colleagues
[1976]. A clinical diagnosis is not always feasible, particu-
larly in young patients with no lentigines, due to the over-
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lap with NS and neurofibromatosis-Noonan syndrome
(see below). In these patients, the clinical differentiation
from NS might be difficult during infancy and early
childhood. The occurrence of distinctive association of
signs, including HCM, sensorineural deafness, and café-
au-lait spots represents an important diagnostic handle
in these young patients [Digilio et al., 2006]. Sarkozy et
al. [2009a] provide an updated review of the clinical and
molecular genetics aspects of this disorder.

Cardiofaciocutaneous Syndrome

Cardiofaciocutaneous syndrome (CFCS, OMIM
115150) is a rare, sporadic multiple congenital anomalies/
mental retardation syndrome characterized by failure to
thrive, severe feeding problems, developmental delay, re-
duced growth, distinctive dysmorphic face, abnormali-
ties of the skin, gastrointestinal tract and central nervous
system, and cardiac defects [Reynolds et al., 1986; Rob-
erts etal., 2006]. CFCS has a considerable clinical overlap
with NS, and ‘borderline’ cases are commonly observed,
which justified the long debated question of whether it
was a separate nosologic entity or an extreme phenotype/
variant of NS [Fryer et al., 1991; Neri et al., 1991; Wiec-
zorek et al., 1997].

Recurrent facial/head features include relative/abso-
lute macrocephaly, which is usually associated with high
forehead, bitemporal narrowing and facial dysmorphism
that appears more ‘coarse’ compared to NS. The cutane-
ous involvement includes dry and hyperkeratotic skin
(face, arms and legs), ichthyosis, eczema, sparse, friable
and curly hair, absent/sparse eyebrows and eyelashes,
pigmentary changes (such as café-au-lait spots, naevi or
lentigines) and hemangiomata. Heart defects occur in the
majority of affected individuals and most commonly
consist of pulmonic stenosis, HCM and septal defects
[Roberts et al., 2006]. The cognitive deficits are usually
moderate to severe. Hypotonia results in marked motor
delay. Structural brain abnormalities include cerebral at-
rophy, frontal lobe, corpus callosum or cerebellar vermis
hypoplasia, and hydrocephalus [Roberts et al., 2006]. Sei-
zures are also frequently observed. As for Costello syn-
drome (see below), life expectancy is shortened on aver-
age due to the early death of affected individuals with
severe cardiac involvement.

CFCS is genetically heterogeneous, with mutations in
the KRAS, BRAF, MEK1 and MEK2 genes occurring in
approximately 60-90% of affected individuals [Niihori et
al., 2006; Rodriguez-Viciana et al., 2006b; Narumi et al.,
2007; Nava et al., 2007; Schulz et al., 2008].
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Costello Syndrome

Costello syndrome (CS, OMIM 218040) is the epony-
mous name for the disorder originally described in 1971,
and further delineated by the same author in 1977, as a
condition characterized by prenatal overgrowth followed
by postnatal feeding difficulties and severe failure to
thrive, distinctive ‘coarse’ facial features, mental retar-
dation, short stature, cardiac defects (most commonly
HCM, septal defects, valve thickening and/or dysplasia,
and arrhythmias), and musculoskeletal and skin abnor-
malities [Costello, 1971, 1977; Zampino et al., 1993; Hen-
nekam, 2003]. Children and young adults with CS are
predisposed to malignancies [Gripp, 2005]. Solid tumors,
including rhabdomyosarcoma and less frequently neuro-
blastoma and bladder carcinoma, have been estimated
to occur in approximately 15% of affected individuals
throughout childhood, while benign cutaneous papillo-
mata in the perinasal or/and perianal region(s) represent
adistinctive and common feature associated with the dis-
order.

CS is caused by germline missense mutations in the
HRAS proto-oncogene (OMIM 190020) [Aoki et al,
2005]. Data from published surveys indicate that HRAS
mutations account for 83-100% of subjects with a con-
firmed diagnosis of CS [Aoki et al., 2005; Estep et al.,
2006; Gripp et al., 2006; Kerr et al., 2006; Zampino et al.,
2007]. This finding has been explained as either locus
heterogeneity or by the difficulties of diagnosis in cases
exhibiting overlapping features with clinically related
disorders or a phenotype that evolves with time. In our
opinion, CS should be used only for those subjects who
are heterozygous for an HRAS mutation. The absence of
a mutation in the gene in a subject with a phenotype ap-
parently fitting CS might be predictive of a clinically re-
lated but nosologically distinct condition. Clinical re-
evaluation of these cases would help considerably to con-
firm or reject the diagnosis.

Neurofibromatosis-Noonan Syndrome

The so-called neurofibromatosis-Noonan syndrome
(NENS, OMIM 601321) is a peculiar clinical trait, first
noted in 1985 by Allanson et al. [1985b], who described
subjects with features of both neurofibromatosis type 1
(NF1, OMIM 162200) and NS. It has been long specu-
lated whether NENS is a variant of either NF1 or NS, a
chance association, or a distinct disorder [Opitz and
Weaver, 1985; Carey, 1998]. Recent reports have provided
some insights but have not completely resolved the issues.
NFI mutation analysis performed in 3 independent co-
horts of patients with features fitting NFNS documented
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occurrence of heterozygous NFI mutations in 23 of 28
subjects [Baralle et al., 2003; De Luca et al., 2005; Hiiff-
meier et al., 2006]. Lesions included nonsense mutations,
out-of-frame deletions, missense changes (mostly affect-
ing the GAP domain), and small in-frame deletions.
Those groups also searched for PTPNI11 mutations in
their subjects but failed to find any. In contrast, 2 cases of
NEFNS with NFI and PTPN1I mutations have been re-
ported [Bertola et al., 2005; Thiel et al., 2009]. Finally,
NFI mutations have co-segregated with the NFNS trait in
a few kindreds large enough to make second mutations
highly unlikely. Taken together, the current evidence in-
dicates that most individuals with NFNS harbor an NFI
mutation and that a single mutation can be sufficient to
engender the trait. Double heterozygosity for NFI and
PTPNII mutations rarely cause NFNS, and it is not yet
clear how frequently mutations in other NS disease genes
co-occur with NFI defects in the disorder. These findings
support the view that NFNS is genetically distinct from
NS and emphasize the extreme phenotypic variability as-
sociated with lesions in the NFI gene. The identification
of specific NFI alleles recurring in NENS, the evidence
that these alleles cosegregate with the condition in fami-
lies, and the observation of a peculiar mutational spec-
trum strongly suggest that the term ‘NFNS’ does charac-
terize a phenotypic variant of NF1, which manifests with
a lower incidence of plexiform neurofibromas, skeletal
anomalies, and internal tumors, in association with hy-
pertelorism, ptosis, low-set ears, and CHDs [Carey, 1998;
Baralle et al., 2003; De Luca et al., 2005; Huffmeier et al.,
2006; Nystrom et al., 2009]. It should be noted, however,
that some of the mutations identified in patients with
NENS have also been reported in NF1 without any fea-
ture suggestive of NS.

Legius Syndrome

Legius syndrome (OMIM 611431), previously termed
neurofibromatosis type 1-like syndrome, is an autosomal
dominant condition characterized by multiple axillary
freckling, café-au-lait spots, macrocephaly, and an NS-
like facial dysmorphism in some individuals [Brems et
al.,2007; Pasmant et al., 2009; Spurlock et al., 2009]. Some
patients have learning difficulties and/or hyperactive be-
havior. Despite the clinical overlap with NF1, affected in-
dividuals do not have Lisch nodules, neurofibromas or
central nervous system tumors, while lipomas represent
a relatively common feature. Additional studies are re-
quired to establish susceptibility of affected individuals
to cancer. Legius syndrome is caused by loss-of-function
mutations of the SPREDI gene, which encodes a negative
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modulator of RAS-MAPK signaling [Brems et al., 2007].
SPREDI mutational analysis of sporadic or familial cases
with a diagnosis of NF1 or with a phenotype suggestive
of the disorder indicates that mutations account for ap-
proximately 0.5-1% of NFI mutation-negative cases.

Molecular Pathogenesis

PTPNI1

The PTPNII gene (OMIM 176876) encodes SHP2, a
widely expressed cytoplasmic Src homology 2 (SH2) do-
main-containing protein tyrosine phosphatase function-
ing as an intracellular signal transducer [Neel et al., 2003;
Tartaglia et al., 2004b]. SHP2 is required during develop-
ment and regulates cell migration, proliferation, survival
and differentiation through multiple signaling pathways,
including the RAS-MAPK cascade. It contains 2 tandem-
ly arranged N-terminal SH2 domains (N-SH2 and C-
SH2), a single catalytic domain (PTP) and a C-terminal
tail containing 2 tyrosyl phosphorylation sites and a pro-
line-rich stretch whose function is not well characterized
(tig. 3A). The SH2 domains selectively bind to short ami-
no acid motifs containing a phosphotyrosyl residue and
promote SHP2’s association with cell surface receptors,
cell adhesion molecules and scaffolding adapters. Crys-
tallographic data indicate that the N-SH2 domain func-
tions as an intramolecular switch controlling SHP2’s cat-
alytic activation [Hof et al., 1998]. Specifically, it interacts
intramolecularly with the PTP domain basally, blocking
the access of the substrate to the catalytic site. Upon en-
gagement of the N-SH2 phosphopeptide, a conforma-
tional change of the domain weakens the autoinhibiting
interaction, activating the phosphatase. Although it has
been demonstrated that SHP2 can either positively or
negatively modulate signal flow depending upon its bind-
ing partner and interactions with downstream signaling
networks, it is now established that SHP2 positively con-
trols the activation of the RAS-MAPK cascade induced
by a number of growth factors and cytokines [Neel et al.,
2003; Dance et al., 2008; Xu and Qu, 2008]. In most cases,
SHP2’s function in intracellular signaling appears to be
upstream of RAS.

PTPN11 was discovered as a major NS disease gene by
using a positional candidacy approach in 2001 [Tartaglia
et al.,, 2001]. Subsequent studies performed with large,
clinically well-characterized cohorts have provided an
estimate of the relevance of PTPN11 mutations in the ep-
idemiology of NS, and explored genotype-phenotype
correlations [Tartaglia et al., 2002; Zenker et al., 2004;
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Jongmans et al., 2005]. Based on those efforts, it has now
been established that PTPN1I mutations account for ap-
proximately 50% of NS, and are more prevalent among
subjects with pulmonary valve stenosis and short stature,
and less common in individuals with HCM and/or severe
cognitive deficits. Available records based on more than
500 germline defects indicate that NS-causing PTPNI1I
mutations are almost always missense changes and are
not randomly distributed throughout the gene [Tartaglia
etal., 2006]. Biochemical and functional characterization
of disease-associated mutations support the view that
they can perturb SHP2 function by distinct mechanisms
[Keilhack et al., 2005; Tartaglia et al., 2006; Martinelli et
al., 2008]. Most of the mutations affect residues involved
in the N-SH2/PTP interdomain binding network that
stabilizes SHP2 in its catalytically inactive conformation
or are in close spatial proximity to them (fig. 3B). These
mutations are predicted to up-regulate SHP2’s physiolog-
ical activation by impairing the switch between the active
and inactive conformation, favoring a shift in the equi-
librium toward the former, without consequences on
SHP2’s catalytic capability. A number of mutations, how-
ever, affect residues contributing to the stability of the
catalytically inactive conformation but also participating
in catalysis or controlling substrate specificity. For some
of these defects, the individual substitution does not
markedly perturb substrate affinity and/or catalysis, but
rather protein activation by N-SH2 dissociation prevails.
A few mutations affect residues located outside of the
interacting regions of the N-SH2 and PTP domains
(fig. 3B). A few changes involve residues located in the
linker stretch connecting the N-SH2 and C-SH2 domains
and are likely to alter the flexibility of the N-SH2 domain,
inhibiting the N-SH2/PTP interaction. Two recurrent
mutations affect residues Thr42 (N-SH2) and Glul39 (C-
SH2) that are part of the phosphopeptide-binding pocket
of each SH2 domain. Experimental evidence supports the
idea that these amino acid substitutions promote SHP2
gain-of-function by either increasing the binding affinity
or altering the binding specificity of the protein for the
phosphorylated signaling partners.

A distinct class of PTPNI11 mutations has been identi-
fied to underlie LEOPARD syndrome (LS; OMIM 151100)
[Digilio et al., 2002; Legius et al., 2002]. Analysis of sev-
eral unrelated individuals with a phenotype fitting or
suggestive of LS has confirmed the presence of a hetero-
zygous PTPNII mutation in the vast majority of cases.
Tyr279Cys and Thr468Met represent the most common
defects, even though additional mutations have been doc-
umented [Sarkozy et al., 2009b]. While an impaired cata-
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Fig. 3. PTPNII gene organization, SHP2 domain structure and
location of affected residues in human disease. A The PTPNII
gene and its encoded protein. The numbered, filled boxes at the
top indicate the coding exons; the positions of the ATG and TGA
codons are shown. Exon location of disease-associated mutations
is indicated (the number of asterisks is an index of the relative
prevalence of mutations within each exon). SHP2’s functional do-
mains, consisting of 2 tandemly arranged SH2 domains at the N-
terminus (N-SH2 and C-SH2) followed by a protein tyrosine
phosphatase (PTP) domain, are shown below. The numbers below
that cartoon indicate the amino acid boundaries of those do-
mains. B Location of mutated residues in the 3-dimensional struc-

lytic activity has been established as biochemical behav-
ior shared by these SHP2 mutants [Hanna et al., 2006;
Kontaridis et al., 2006; Tartaglia et al., 2006], they do not
appear to perturb intracellular signaling by a merely
dominant negative effect [Hanna et al., 2006; Martinelli
et al., 2008; Oishi et al., 2009], as supposed in the past
[Kontaridis et al., 2006].
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somatic mutations

ture of SHP2 in its catalytically inactive conformation. Residues
affected by germline (left) or somatically acquired (right) muta-
tions are shown with their lateral chains colored according to the
classification proposed by Tartaglia et al. [2006] (red, mutations
affecting the N-SH2/PTP interaction; yellow, mutations affecting
the N-SH2/PTP interaction and possibly catalysis; green, muta-
tions affecting the N-SH2/PTP interaction and possibly substrate
specificity; cyan, mutations affecting the N-SH2/PTP interaction
and/or catalysis; orange, mutations promoting increased SH2
phosphopeptide-binding affinity or affecting specificity; violet,
mutations affecting SH2 orientation or mobility; blue, unclassi-
fied).

PTPNI11 mutation-positive NS/LS are rarely accompa-
nied by multiple giant cell lesions of the jaw and/or other
bone/soft tissues [Tartaglia et al., 2002; Sarkozy et al.,
2004; Jafarov et al., 2005; Lee et al., 2005; Beneteau et al.,
2009]. This association, which was originally introduced
as a distinct nosologic entity and denominated Noonan-
like/multiple giant cell lesion syndrome (NL/MGCLS,
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OMIM 163955) [Cohen and Gorlin, 1991], is now consid-
ered as part of the NS/LS/CFCS phenotypic spectrum.
NL/MGCLS-associated PTPN11 mutations have been ob-
served in individuals with NS, LS or CFCS, including
families segregating the trait without any bony involve-
ment. Consistent with this view, this trait is genetically
heterogeneous with documented germline mutations af-
fecting other NS/CFCS disease genes coding for trans-
ducers participating in the RAS-MAPK signaling path-
way (see below) [Beneteau et al., 2009; Hanna et al., 2009;
Neumann et al., 2009].

Children with NS are predisposed to a spectrum of
hematologic abnormalities and malignancies, including
juvenile myelomonocytic leukemia (JMML), a clonal my-
eloproliferative disorder of childhood characterized by
a hypersensitive pattern of myeloid progenitor colony
growth in response to GM-CSF, which is due to a selective
inability to down-regulate RAS function [Niemeyer and
Kratz, 2008]. PTPN11 mutation screening on a relatively
large number of children with NS and JMML has dem-
onstrated the presence of germline mutations in the ma-
jority of cases, with one mutation rarely observed in NS,
¢.218C>T (Thr73Ile), occurring in a large percentage of
children [Tartaglia et al., 2003; Loh et al., 2004b; Kratz et
al., 2005]. The association between this specific amino
acid change and JMML in NS and the key-role of SHP2
in RAS signaling and hematopoiesis suggested that a dis-
tinct class of lesions in the gene, possibly acquired as a
somatic event, might play a role in leukemogenesis. In-
deed, somatic missense PTPNII mutations have been
demonstrated to occur in approximately one-third of iso-
lated JMML as well as in variable proportions of other
myeloid and lymphoid malignancies of childhood [Tar-
taglia et al., 2003, 2004a, 2005; Loh et al., 2004a, b; Kratz
etal., 2005]. The prevalence of PTPN1I mutations among
adult patients with myeloid or lymphoid disorders ap-
pears to be considerably lower than observed among pe-
diatric cases [Hugues et al., 2005; Loh et al., 2005; Tarta-
glia et al., 2006], even though SHP2 overexpression has
been documented in adult human leukemia [Xu et al.,
2005]. Similarly, PTPNI11I is only rarely mutated in non-
hematologic cancers [Bentires-Alj et al., 2004; Chen et al.,
2006; Martinelli et al., 2006, 2009]. As observed in NS,
the vast majority of PTPN11 lesions identified in this het-
erogeneous group of hematologic malignancies are mis-
sense changes that alter residues located at the interface
between the N-SH2 and PTP domains (fig. 3B). Remark-
ably, comparison of the molecular spectra observed with
NS and leukemias indicates a clear-cut genotype-pheno-
type correlation, strongly supporting the idea that the
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germline-transmitted PTPNI1 mutations have different
effects on development and hematopoiesis than those ac-
quired somatically. Consistent with this, the biochemical
behavior of SHP2 mutants associated with malignancies
tends to be more activating than observed with the NS-
associated mutant proteins [Keilhack et al., 2005; Tar-
taglia et al., 2006]. Moreover, the leukemia-associated
PTPNI1 mutations up-regulate RAS signaling and in-
duce cell hypersensitivity to growth factors and cyto-
kines more than the NS defects do [Loh et al., 2004b;
Chan et al., 2005; Schubbert et al., 2005]. Overall, the
available genetic, modeling, biochemical and functional
data support a model in which distinct gain-of-function
thresholds for SHP2 activity are required to induce cell-,
tissue- or developmental-specific phenotypes, each de-
pending on the transduction network context involved in
the phenotype. According to this model, SHP2 mutants
associated with NS have relatively milder gain-of-func-
tion effects, which are sufficient to perturb development
processes but inadequate to deregulate hematopoietic
precursor cell proliferation. The PTPNI11 mutations ob-
served in isolated JMML and other hematologic malig-
nancies produce mutant SHP2 proteins with higher gains
in function. Since these molecular lesions are observed
almost exclusively as somatic defects, it is likely that they
affect embryonic development and/or fetal survival. The
PTPNI1I mutations observed in NS with JMML produce
SHP2 with intermediate activity, which would explain
the relatively benign clinical course of the leukemia com-
pared to that observed in isolated JMML.

It should be mentioned that de novo duplications of
the chromosomal region encompassing PTPNI11 (12q24)
have been documented in 2 subjects with clinical features
suggestive of NS without mutations in any known NS
genes [Shchelochkov et al., 2008; Graham et al., 2009].
While these consistent observations suggest that in-
creased dosage of SHP2 may have dysregulating effects
on intracellular signaling and consequences on develop-
mental processes, the screening of a relatively large co-
hort of NS cases negative for mutations in previously
identified genes indicate that PTPNI11 gene duplication
represents an uncommon cause of NS.

SOS1

Cell surface tyrosine kinase receptors activate RAS
proteins by recruiting guanine nucleotide exchange fac-
tors (GEFs) to the cytoplasmic side of the plasma mem-
brane. These proteins catalyze the release of guanosine
diphosphate (GDP) from RAS, facilitating the conver-
sion of the inactive GDP-bound form to active guanosine
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Fig. 4. SOS1 domain structure and location of affected residues in
NS. A SOSI missense mutations are positioned below the cartoon
of the SOS1 protein with its functional domains indicated above.
Abbreviations: DH, Dbl homology domain; PH, plekstrin homol-
ogy domain; Rem, RAS exchanger motif; PxxP, proline-rich mo-
tif. B Location of the mutated residues on the 3-dimensional
structure of SOS1. The functional domains are color-coded as fol-

triphosphate (GTP)-bound RAS [Quilliam et al., 1995].
Among the GEFs, 2 members of the son of sevenless (SOS)
family, SOSI and SOS2, promote guanine nucleotide ex-
change on RAS proteins, but not on RAS-related family
members, such as the RAP and RHO proteins [Nimnual
and Bar-Sagi, 2002; Quilliam et al., 2002]. SOS proteins
are constitutively bound to the Src homology 3 (SH3) do-
main of growth factor receptor-bound protein 2 (GRB2),
and following growth factor stimulation, the GRB2-SOS
complex binds directly to specific tyrosyl-phosphorylat-
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lows: cyan, histone folds; magenta, DH; orange, PH; green, Rem;
yellow, Cdc25. Residues affected by mutations are indicated with
their lateral chains (violet, histone folds; blue, DH; green, PH; red,
helical linker; orange, Rem; cyan, Cdc25). Based on Sondermann
etal. [2005], who utilized structural data and computational mod-
eling.

ed motifs of the activated receptor or to an adaptor pro-
tein through the SH2 domain of GRB2 [Nimnual and
Bar-Sagi, 2002].

Based on their modulatory role in RAS signaling, 2
groups considered SOSI and SOS2 as excellent candidate
genes, and independently discovered that SOSI is mutat-
ed in a relatively large percentage of subjects with NS
[Roberts etal., 2007; Tartaglia etal., 2007]. The SOSI gene
(OMIM 182530) encodes a large multidomain protein
(fig. 4A) [Chardin et al., 1993]. The N-terminal portion
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of the protein contains a histone domain (HD) that is
characterized by 2 tandemly arranged histone folds, and
is followed by a Dbl homology (DH) domain and a pleck-
strin homology (PH) domain, which are implicated in the
activation of RAC, a small GTPase of the RHO/CDC42
family [Nimnual et al., 1998]. The C-terminal half of the
protein contains the RAS exchanger motif (Rem) domain
and the Cdc25 domain, which are required for the RAS-
specific nucleotide exchange activity of SOSI. Finally, the
region at the C-terminus contains recognition sites for
SH3 domains and mediates interaction of SOS1 with SH3
domain-containing adaptor proteins that deliver SOSI to
the membrane upon receptor activation. Additional an-
chorage sites on the membrane are provided by the phos-
phatidylinositol phosphate-binding site within the PH
domain [Chen et al., 1997] and an extended positively
charged surface of the HD domain [Sondermann et al.,
2005]. Sosl is widely expressed, and as opposed to Sos2,
which is dispensable for mouse development, loss of Sosl
function results in a range of embryonic defects, includ-
ing cardiovascular abnormalities, causing mid-gesta-
tional lethality [Wang et al., 1997].

The available data indicate that SOSI is the second
most frequently mutated NS disease gene, accounting
for approximately 20% of subjects without a defect in
PTPNI1I or KRAS [Roberts et al., 2007; Tartaglia et al.,
2007; Zenker et al., 2007a]. The vast majority of the muta-
tions identified are missense and affect multiple domains,
clustering in specific regions of the protein (fig. 4). Ap-
proximately half of SOSI defects affect residues located in
the short helical linker connecting the PH and REM do-
mains, with substitutions of residue Arg552 accounting
for approximately 30% of total mutations. A second mu-
tation cluster is located within the PH domain (residues
432 to 434), while a third functional cluster resides at the
interacting regions of the DH (Thr266 and Met269) and
Rem (Trp729 and Ile733) domains. A single amino acid
change (Glu846Lys) within the Cdc25 domain accounts
for more than 10% of defects.

Subjects heterozygous for a mutated SOSI allele tend
to exhibit a distinctive phenotype which is characterized
by ectodermal abnormalities (keratosis pilaris/hyper-
keratotic skin, sparse eyebrows), generally associated
with absence of cognitive deficits [Tartaglia et al., 2007;
Zenker et al., 2007a]. In these patients, height is less fre-
quently below the 3rd centile compared with the general
population of individuals with NS. Based on the high
prevalence of ectodermal involvement in SOSI mutation-
positive NS subjects, mutational screening has been per-
formed on a clinically well-characterized CFCS cohort
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that revealed that SOSI is not a major disease gene for this
disorder [Zenker et al., 2007a]. A few individuals with
ectodermal manifestations and distinctive facial dysmor-
phism which might be suggestive of CFCS, however, have
been reported [Narumi et al., 2008; Nystrom et al., 2008].
In these subjects, cognitive deficits are generally absent
or minor, but at least 1 case with mental retardation was
reported [Narumi et al., 2008]. Recently, SOSI mutations
have been identified in 9 individuals with NS associated
with MGCL of jaws or joints (pigmented villonodular sy-
novitis) [Mascheroni et al., 2008; Beneteau et al., 2009;
Hanna et al., 2009; Neumann et al., 2009]. All of the mu-
tations had previously been documented in subjects with
NS without MGCL, confirming the view that MGCL rep-
resent a feature of NS, and that the use of NL/MGCLS
should be avoided.

The GEF activity of SOS1 is controlled by 2 regulatory
determinants: the RAS catalytic site and an allosteric site
that stimulates exchange activity through the binding of
nucleotide-bound RAS [Margarit et al., 2003]. Whereas
the former is located entirely within the Cdc25 domain,
the allosteric site is bracketed by the Cdc25 and Rem do-
mains. The mechanism of activation of the protein is
complex: basally, the interaction between the DH and
Rem domain stabilizes SOSI in its catalytically inactive
conformation by masking the allosteric binding site for
RAS. Following SOSI translocation to the membrane, the
inhibitory effect of the DH domain is relieved by still un-
defined events allowing RAS binding to the allosteric
site, which in turn promotes a conformational change of
the Rem and Cdc25 domains, and RAS binding to the
catalytic site [Sondermann et al., 2004]. Remarkably,
most NS-causing SOSI mutations reside in regions with-
in the molecule that are predicted to contribute structur-
ally to the maintenance of the catalytically autoinhibited
conformation (fig. 4B). Biochemical data confirmed such
predictions and demonstrated that NS-causing SOSI mu-
tations promote gain of function. Roberts et al. [2007]
demonstrated that transient expression of 4 mutants
(Met269Arg, Asp309Tyr, Arg552Gly and Glu846Lys)
in 293T cells induced sustained ligand-dependent ERK
activation as well as enhanced and prolonged RAS acti-
vation. Consistent with those findings, Tartaglia et al.
[2007] observed a prolonged EGF-stimulated RAS activa-
tion in Cos-1 cells transiently expressing the Arg552Gly
mutant and an essentially constitutive RAS activation in
cells expressing the Trp728Leu SOSI protein. Since many
of the SOSI mutations alter residues related to SOS auto-
inhibition, either through interaction of the histone folds
with the PH-Rem linker or interaction of the DH domain
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Fig. 5. KRAS gene organization, protein domain structure and
location of affected residues specifically affecting the KRASB iso-
form. A KRAS gene organization and transcript processing to
produce the alternative KRAS isoforms A and B. The numbered
black and grey boxes indicate the invariant coding exons and ex-
ons undergoing alternative splicing, respectively. KRASB mRNA
results from exon 5 skipping. In KRASA mRNA, exon 6 encodes
the 3’-UTR. The arrows indicate location of mutations affecting
codons 152, 153 and 156. B Schematic diagram (above) and tridi-
mensional representation (below) of the structural and function-
al domains defined within RAS proteins. The motifs required for

attheallosteric RAS binding site, the predominant patho-
genetic mechanism appears to be increased availability of
the allosteric RAS binding site enhancing GEF activity
and, as a consequence, increased RAS-GTP levels. It
should be noted that the DH-PH module of SOS has also
been implicated in the activation of the Rho GTPase RAC
[Nimnual et al., 1998]. The extent to which SOS1 gain-of-
function mutations affect different RAS-dependent or
RAC-dependent signals remains to be determined.
Based on the activating role of NS-causing SOSI muta-
tions, a possible contribution of gain-of-function muta-
tions in this gene in cancer was evaluated [Kratz et al.,
2007; Swanson et al., 2008; our unpublished data]. Muta-
tional analyses performed on genomic DNA from more
than 1,000 solid tumors (pancreatic, lung, breast, colon,
thyroid cancers) and hematological malignancies (my-
eloproliferative disorders and acute myeloid and lympho-
blastic leukemias) indicate that SOSI mutations do not
contribute significantly to oncogenesis in most cancers,
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signaling function (PM1 to PM3 indicate residues involved in
binding to the phosphate groups, while G1 to G3 are those in-
volved in binding to the guanine base) are indicated. The hyper-
variable region is shown in grey, together with the C-terminal
motifs that direct post-translational processing and plasma mem-
brane anchoring (dark grey). The GTP/GDP binding pocket is
shown in cyan (guanine ring-binding surface) and yellow (tri-
phosphate group binding surface) together with the Switch I
(green) and Switch II (magenta) domains, according to the GTP-
bound RAS conformation.

suggesting that NS patients heterozygous for a SOSI mu-
tation are not at increased risk of developing cancer.

KRAS

The KRAS gene (OMIM 190070) produces 2 tran-
scripts through alternative splicing, resulting in 2 pro-
teins called KRASA and KRASB (fig. 5A) [Friday and Ad-
jei, 2005]. For the KRASA transcript, exon 5 contains the
stop codon and a portion of the 3’ untranslated region
(3'UTR), of which the remainder resides in exon 6. For
the KRASB transcript, exon 5 is skipped, so exon 6 com-
prises a portion of the coding region, the stop codon and
the entire 3"UTR. As with the other members of the RAS
family, KRAS isoforms use GDP/GTP-regulated molecu-
lar switching to control intracellular signal flow [Mitin et
al., 2005; Wennerberg et al., 2005]. They exhibit high af-
finity for both GDP and GTP, low GTPase activity, and
cycle from a GDP-bound inactive state to a GTP-bound
active state, the latter allowing signal flow by protein in-
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teraction with multiple downstream transducers (fig. 1).
GDP/GTP cycling is controlled by GAPs, which acceler-
ate the intrinsic GTPase activity, and GEFs, as SOSI,
which promote release of GDP. RAS proteins share a
structure that includes a conserved domain (residues 1 to
165), known as the G domain, which is required for its
signaling function, and a less conserved C-terminal tail,
called the hypervariable region, that guides post-trans-
lational processing and plasma membrane anchoring
(fig. 5B). Within this region, conserved sequence ele-
ments direct the GTP/GDP binding and exchange, and
GTP hydrolysis. Furthermore, 2 tracts, denoted as Switch
I and Switch II, undergo major conformational changes
upon GTP/GDP exchange and mediate binding to effec-
tors, GAPs and GEFs [Barbacid, 1987; Mitin et al,
2005].

Based on the link between the functions of SHP2 and
RAS, 2 groups independently used a candidate gene ap-
proach to discover that KRAS mutations can cause NS
[Carta et al., 2006; Schubbert et al., 2006]. Four missense
heterozygous mutations in the KRAS gene were identified
in 7 individuals among 212 PTPNII mutation-negative
subjects with NS. A generally more severe NS phenotype
appeared to be associated with KRAS mutations, which
included JMML and craniosynostosis in 1 subject and a
phenotype at the interface with CFCS/CS in 2 individu-
als. Consistent with this, KRAS mutations were also iden-
tified in a small percentage of individuals diagnosed as
having CFCS [Niihori et al., 2006; Schubbert et al., 2006].
The diversity of mutations associated with these develop-
mental disorders as well as their phenotypic spectrum
have been investigated further, refining the picture of a
clustered distribution of germline disease-associated
KRAS defects, and confirming the high clinical variabil-
ity [Nava et al., 2007; Zenker et al., 2007b; Kratz et al,,
2009]. On the whole, available data indicate that NS-
causing KRAS mutations are missense, do not generally
occur as somatically acquired changes contributing to
oncogenesis, and account for less than 3% of affected in-
dividuals with NS. Most mutations cluster in the firstand
second coding exons of the gene, which are shared by the
2 KRAS isoforms. Mutations affecting exon 6, however,
have been documented in one-third of NS or CFCS sub-
jects witha KRAS germline mutation. This exon codes for
residues at the C-terminus of KRASB but not KRASA
(fig. 5A). Of note, the C-termini of RAS proteins are sub-
jected to post-translational modifications, which have
important implications for their functions [Silvius, 2002].
Similar to the other RAS family members, KRASA is pal-
mitoylated at cysteine residues upstream of the conserved
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CAAX motif, which is replaced with a polylysine stretch
in KRASB. This differential processing of the 2 KRAS
isoforms leads to alternative trafficking pathways to the
plasma membrane and distinct membrane localization
[Friday and Adjei, 2005]. Moreover, recent evidence dem-
onstrates that the 2 KRAS isoforms play distinct roles in
development. While the B isoform is ubiquitously ex-
pressed in embryonic and adult tissues in mice, KrasA
expression is restricted temporally and spatially and is
not expressed in the adult heart [Plowman et al., 2003].
Consistent with these data, loss of both the Kras isoforms
is embryonic lethal in mice [Johnson et al., 1997; Koera
etal., 1997], while absence of only KrasA does not perturb
development [Plowman et al,, 2003]. Although KRAS
mutations affecting domains shared by the 2 isoforms
can cause NS and CFCS, the identification of exon 6 mu-
tations documented that isolated KRASB gain-of-func-
tion is sufficient for disease pathogenesis, further evi-
dence that isoform B plays the major role in develop-
ment.

As observed for the somatically acquired oncogenic
NRAS, KRAS and HRAS mutations, the NS-causing
KRAS defects were found to up-regulate protein function
by impairing the switch between the active and inactive
conformation [Schubbert et al., 2006, 2007a]. Of note,
functional KRAS upregulation can be promoted by mul-
tiple mechanisms. In particular, biochemical character-
ization of the Vall4Ile and Thr58Ile KRAS mutants doc-
umented an impaired intrinsic and GAP-stimulated
GTPase activity compared to the wild-type protein,
which was, however, higher than that of the oncogenic
Glyl2Asp mutant that has negligible GTPase activity. In-
terestingly, the Vall4lle and Thr58Ile KRAS proteins
were partially responsive to neurofibromin and p120
GAP, although to different extents [Schubbert et al.,
2006]. In contrast, Pro34Arg and Asp153Val KRAS mu-
tants were found to exhibit normal intrinsic rates of GTP
hydrolysis, while a fifth mutant, Phel56Leu, had im-
paired GTPase activity that was similar to that observed
for the cancer-associated Glyl2Asp KRAS mutant. While
Pro34Arg KRAS was insensitive to neurofibromin or
p120 GAP stimulation, the Phel56Leu mutant had an in-
termediate level of responsiveness and the Aspl53Val
KRAS protein exhibited a response to GAPs that was
comparable to that observed for the wild-type protein.
These mutants also differed in their capability to bind
guanine nucleotides with the Asp153Val protein exhibit-
ing a normal GTP/GDP dissociation rate while Phe-
156Leu KRAS showed a dramatically increased rate of
guanine nucleotide dissociation. Although these studies
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documented a complex pattern of intrinsic biochemical
properties, expression of these mutants in COS-7 cells
promoted higher levels of phosphorylated MEK and ERK
proteins, indicating hyperactivation of the MAPK cas-
cade. Consistent with these findings, expression of these
mutants in murine fetal liver cells conferred variable hy-
per-responsive behavior to GM-CSF. It should be noted
that proliferation in these cells remained dependent on
growth factor stimulation, different from what was ob-
served for cellsexpressingthe cancer-associated Glyl2Asp
mutant.

A small number of germline missense mutations in
HRAS underlie CS, which is clinically related to NS [Aoki
et al., 2005]. The vast majority of defects affect residues
Glyl2 and Gly13, which also represent the hot spots of
oncogenic somatic mutations [Adjei, 2001]. As docu-
mented for NS/CFCS-causing KRAS mutations, defects
affecting those residues render the protein insensitive to
GAP-promoted GTP hydrolysis, resulting in a constitu-
tively GTP-bound, active state [Colby et al., 1986; Bos,
1989; Adjei, 2001], while other less common amino acid
substitutions involving residues placed in the purine ring
binding pocket of the protein (His117 and Alal46) [Kerr
et al., 2006; Zampino et al., 2007] are predicted to affect
the stability of HRAS binding to GDP/GTP, favoring a
shift in the equilibrium towards the GTP-bound, active
form of RAS, bypassing the requirement for a GEF [Clan-
ton et al., 1986; Der et al., 1986; Feig et al., 1986; Walter
et al., 1986; Denayer et al., 2008].

Available data indicate that the Glyl2Ser amino acid
substitution is the most recurrent mutation in CS, ac-
counting for approximately 85% of affected individuals
with mutated HRAS. This change recurs with consider-
ably lower prevalence in human cancers (approx. 5% of
total HRAS amino acid substitutions) (COSMIC; http://
www.sanger.ac.uk/genetics/CGP/cosmic/). Experimen-
tal data indicate that Glyl2Ser has a lower transformation
potential than the Glyl2Val mutant [Seeburg et al., 1984],
which is the most common somatic HRAS defect in hu-
man tumors (about 45% of total somatic HRAS muta-
tions). The latter has been documented in 2 individuals
with CS who exhibited a relatively severe phenotype (ap-
prox. 2% of cases with an HRAS mutation) [Aoki et al.,
2005; van der Burgt et al., 2007]. Consistent with this, no
mutation affecting residue Gln61, which constitute ap-
prox. 33% of total HRAS lesions in human cancer, has
been documented in individuals with CS to date. Such a
striking difference in prevalence and spectrum of HRAS
amino acid substitutions suggests that CS-causative mu-
tations have less potency for deregulating protein func-
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tion than cancer-contributing ones and that the latter
might exert a stronger perturbing effect on development
when inherited.

RAFI and BRAF

The RAF1, BRAF and ARAF proteins are members of
a small family of serine-threonine kinases that function
as RAS effectors [Wellbrock et al., 2004; Schreck and
Rapp, 2006; Leicht et al., 2007]. These kinases phosphor-
ylate and activate the dual specificity kinases MEK1 and
MEK2, which in turn promote the activation of the
MAPKs, ERK1 and ERK2. The 3 members of the RAF
family are likely to play different roles in the activation of
the RAS-MAPK signaling cascade. Indeed, BRAF has a
considerably higher MEK kinase activity compared to
RAF1 and ARAF, and these proteins also differ in their
expression profiles as well as in the regulatory mecha-
nisms controlling their function. Furthermore, based on
the murine knock-out models, they appear to have unique
roles during development [Pritchard et al., 1996; Woj-
nowski et al., 1997; Mikula et al., 2001].

The RAFI gene (OMIM 164760) encodes a protein
with 3 functional domains, known as conserved regions
1 to 3 (CR1-3) (fig. 6A). The N-terminal CR1 contains the
region involved in GTP-RAS binding and a cysteine-rich
sequence that mediates RAF1’s interaction with the cyto-
solic surface of the cell membrane. CR2 contains a nega-
tive regulatory domain controlling protein translocation
to the membrane and its catalytic activation, while the
C-terminal CR3 comprises the kinase domain of the pro-
tein [Wellbrock et al., 2004]. Differently from BRAF, for
which mutations recur in colon, ovary and thyroid can-
cersand melanoma, RAF1 missense changes are observed
rarely in malignancies [Emuss et al., 2005; COSMIC da-
tabase, http://www.sanger.ac.uk/genetics/CGP/cosmic/].

Two studies identified missense mutations in RAFI in
subjects with NS who were negative for a mutation in
PTPN11, KRAS and SOSI [Pandit et al., 2007; Razzaque
et al,, 2007], with a frequency of mutations ranging be-
tween 10 and 30%. Mutations in the same gene were also
identified in 2 of 6 subjects with LS without a mutation
in PTPNII [Pandit et al., 2007]. RAFI mutations affect
residues clustering in 3 regions of the protein (fig. 6A).
The first cluster involves the N-terminal consensus 14-3-
3recognitionsequence (Arg256-Ser257-Thr258-pSer259-
Thr260-Pro261) or adjacent residues within the CR2 re-
gion. Of note, Arg256, Ser257, Ser259 and Pro261, which
are the invariant residues within this motif, were all found
to be mutated. Mutations resulting in amino acid substi-
tutions within this region account for approximately 70%
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Fig. 6. RAF1 and BRAF domain structures and location of af-
fected residues in human disease. The domains of the RAF1 (A)
and BRAF (B) proteins are indicated (CR, conserved region; RBD,
RAS-binding domain; CRD, cysteine-rich domain). Germline
(RAF1: NS and LS; BRAF: NS, LS and CFCS) and somatic (associ-
ated with cancer) mutations are reported above and below each
cartoon, respectively. Only somatic BRAF mutations with preva-

of total RAFI defects. The second group includes muta-
tions affecting residues within the activation segment re-
gion of the kinase domain (Asp486 and Thr491), and
constitute approximately 15% of NS- or LS-causing RAF1
amino acid changes. Of note, several BRAF missense mu-
tations detected in solid tumors alter the activation seg-
ment, including some (Asp594Gly and Thr5991le) ho-
mologous to those of RAF1 identified in subjects with NS.
Finally, the third cluster (15% of RAFI mutations) affects
2 adjacent residues (Ser612 and Leu613) located at the C-
terminus in proximity of Ser621, a residue that undergoes
phosphorylation and is important for the regulation of
RAFT’s catalytic activation. Nearly none of the RAF1 res-
idues mutated in NS and LS is altered in cancer.

Noonan Syndrome

lence =1.5%, according the COSMIC database (http:/www.
sanger.ac.uk/genetics/CGP/cosmic/) are reported. The BRAF
T5991 substitution, which rarely occurs in cancer and is homolo-
gous to the NS-causing RAF1 T491I change, is also reported.
BRAF missense changes associated with a phenotype fitting NS
or LS are colored blue and orange, respectively.

The catalytic activation of RAFI is complex. In its in-
active conformation, the N-terminal portion of the pro-
tein is thought to interact with and inactivate the kinase
domain at the C-terminus. This autoinhibited conforma-
tion is stabilized by 14-3-3 protein dimers that bind
to phosphorylated Ser259 and Ser621 [Wellbrock et al.,
2004; Schreck and Rapp, 2006; Leicht et al., 2007]. De-
phosphorylation of Ser259, which is possibly mediated by
protein phosphatase 1C (PP1C) or protein phosphatase
2A (PP2A), is required for stable interaction with GTP-
RAS, allowing protein translocation to the plasma mem-
brane and further interaction with other still uncharac-
terized proteins. Among them are serine/threonine ki-
nases that phosphorylate regulatory residues that, in their
unphosphorylated state, contribute to stabilizing the cat-
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alytically inactive conformation of the protein. Function-
al characterization of a selected panel of RAF1 mutants
supports the idea that mutations can differentially per-
turb protein function and intracellular signaling. In par-
ticular, Ser257Leu, Pro261Ser, Pro261Ala, Val263Ala and
Leu613Val amino acid changes, which affect the 14-3-3
binding motif or the C-terminus of the protein, promote
enhanced kinase activity and increased activation of the
MAPK cascade compared to wild-type protein [Pandit et
al., 2007; Razzaque et al., 2007]. In contrast, Asp486Asn
and Thr491Ile, representing the mutation cluster in the
activation segment, were observed to be kinase impaired.
Of note, while the expression of the Asp486Asn mutant
was found to cause a reduced activation of the pathway,
expression of Thr491Ile did not, suggesting that (1) a dif-
ferent mechanism not requiring RAFI1 catalytic activa-
tion promotes upregulation of the MAPK cascade, and
(2) additional pathway(s) might be involved in signaling
dysregulation driven by RAFI mutations. Pandit et al.
[2007] provided evidence supporting the model that the
increased activation promoted by the amino acid substi-
tutions affecting the N-terminal 14-3-3 binding site re-
sults from a loss of 14-3-3-mediated inactivation, while
the mechanism through which mutations at the C-termi-
nus activate RAF1’s kinase activity remains to be ex-
plained.

Phenotype analysis of the NS and LS subjects with
RAFI mutations is notable for the observation that a large
percentage of cases (75%) exhibit HCM, which is signifi-
cantly different from the HCM prevalence of 18% in the
general NS population. Moreover, this genotype-pheno-
type correlation seems to be allele-specific as HCM ap-
pears to be associated with mutations affecting the N-ter-
minal 14-3-3 consensus site or the C-terminus. In addi-
tion to the 2 cases with LS, multiple nevi, lentigines
and/or café-au-lait spots were detectable in one-third of
NS patients with RAFI mutations, suggesting a predispo-
sition to hyperpigmented cutaneous lesions.

Recent studies reported that missense mutations in
BRAF, which are known to account for a large fraction
(50-75%) of CFCS [Niihori et al., 2006; Rodriguez-Vicia-
na et al., 2006b], occur in a small percentage (less than
2%) of subjects with phenotype fitting or suggestive of NS
or LS (fig. 6B) [Razzaque etal., 2007; Nystrom et al., 2008;
Sarkozy et al., 2009a]. Of note, NS-associated mutations
largely do not overlap with those occurring in CFCS, sug-
gesting a genotype-phenotype correlation. The detection
of the recurrence of the Trp531Cys amino acid substitu-
tion as well as the clustering of mutations at Thr241, fur-
ther supports the idea that the phenotype resulting from
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germline BRAF defects might be allele-specific. Available
clinical data indicate that these subjects share neonatal
growth failure and feeding difficulties, mild-to-moder-
ate cognitive deficits, and hypotonia, and have a higher
prevalence of multiple nevi and dark-colored lentigines
[Sarkozy et al., 2009a]. As adults, they display the full-
blown phenotype of NS, which however appears more se-
vere compared to that associated with PTPNII and SOSI
mutations. In these individuals, however, polyhydram-
nios, HCM, and CFCS-related skin features [Roberts et
al., 2006; Armour and Allanson, 2008] are uncommon or
absent, and cardiac defects, neurological impairment and
feeding problems appear to be less severe compared to
whatis generally observed in CFCS [Sarkozy etal.,2009a].
Similarly, the individual with LS who was heterozygous
for the Thr241Pro change displayed a phenotype overlap-
ping that of PTPN11 or RAFI mutation-positive LS cases,
although cognitive difficulties were more severe and the
cardiac involvement milder [Sarkozy et al., 2009a]. While
the occurrence of distinct BRAF gene mutations in sub-
jects with a phenotype fitting NS would indicate that
some features might be allele-specific, the observation
that a subgroup of BRAF mutation-positive subjects ex-
hibit an ‘intermediate’ phenotype [Sarkozy et al., 2009a]
suggests that a clinical continuum characterized by a dif-
ferential combination and severity of features is associ-
ated with defects in the BRAF gene. These findings em-
phasize the difficulty in identifying efficient clinical cri-
teria to define CFCS, LS or NS nosologically, and make
evident the usefulness of a molecular-based definition of
these clinically overlapping conditions that might direct
clinicians toward a more appropriate management of pa-
tients. These findings also indicate that molecular screen-
ing of this gene would be worthwhile in individuals with
clinical features fitting NS or LS with moderate to severe
cognitive deficits. More recently, Koudova et al. [2009]
reported on a patient with LS and normal intelligence
who was found to carry a novel sequence change in BRAF,
which further illustrates that the phenotypic spectrum
caused by BRAF mutations is broader than previously as-
sumed and that mental retardation does not necessarily
represent an associated feature.

To date, more than 40 germline BRAF mutations have
been identified (fig. 6B). All are missense defects that are
not randomly distributed, clustering in the cysteine-rich
domain and in the amino-terminal portion and activa-
tion segment of the kinase domain. Most mutations are
recurrent, with substitutions of residues GIn257 and
Glu501 accounting for approximately 40% of all defects.
Different from the other 2 members of the family, RAF]I
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and ARAF, which are only occasionally mutated in hu-
man cancers, somatic BRAF mutations frequently occur
in malignant melanomas and in thyroid, colorectal and
ovarian cancers. Consistent with the observation that
cancers are uncommon among subjects carrying a BRAF
mutation, however, germline BRAF mutations are rarely
observed as somatic mutations contributing to oncogen-
esis. NIH-3T3 cell colony focus formation assay data in-
dicate that CFCS-associated BRAF mutants have a re-
duced transforming capability compared with the recur-
rent oncogenic Val600Glu BRAF protein, and that the
NS- and LS-associated BRAF mutants do not confer en-
hanced transformation to cells [Sarkozy et al., 2009a].
While these results support the view that the mutations
transmitted through the germline have less potency in de-
regulating BRAF’s function, they also suggest that NS-
and LS-associated mutations are less activating compared
to those associated with CFCS, which parallels the obser-
vations indicating that phenotypes arising from germline
BRAF defects might be allele specific. Of note, in vitro
functional studies indicate that both germline and somat-
ic amino acid changes can confer either increased or de-
creased activity upon the mutant protein as compared to
the wild-type protein [Rodriguez-Viciana et al., 2006b;
Dhomen and Marais, 2007; Sarkozy et al., 2009a], suggest-
ing that multiple alternative mechanisms are likely to be
involved in the functional dysregulation of the kinase.

SHOC2

N-myristoylation is an irreversible form of protein fat-
ty acylation occurring co-translationally, e.g. during pro-
tein synthesis, in which myristate, a 14-carbon saturated
fatty acid, is covalently added to an N-terminal glycine
residue after excision of the initiator methionine residue
by methionylaminopeptidase [Boutin, 1997; Farazi et al.,
2001; Resh, 2006]. It is a relatively common lipid modifi-
cation of many signal transducers, and contributes to di-
rect protein anchoring to cellular membranes, which is
required for their proper function. Cordeddu et al. [2009]
recently discovered that aberrantly acquired N-myris-
toylation of SHOC2, a cytoplasmic leucine-rich repeat-
containing protein that positively modulates RAS-MAPK
signal flow, underlies a clinically distinctive condition
previously termed Noonan-like syndrome with loose
anagen hair (NS/LAH, OMIM 607721) [Mazzanti et al.,
2003]. In this condition, features are at first view reminis-
cent of NS. The phenotype of these subjects, however, is
notable for the observation that they exhibit reduced
growth associated with proven GH deficiency, cognitive
deficits, distinctive hyperactive behavior, and hair anom-

Noonan Syndrome

alies including easily pluckable, sparse, thin, slow grow-
ing hair. In a subgroup of these subjects, a diagnosis of
loose anagen hair (LAH) was confirmed by microscopic
examination of pulled hairs, many of which were in the
anagen phase but lacked an inner and outer root sheath.
Most of them exhibited hairless and darkly pigmented
skin with eczema or ichthyosis, and tendency to pruritus.
Ectodermal anomalies also included sparse eyebrows and
dystrophic or thin nails. Voice was characteristically
hoarse or hypernasal, the latter documented in 1 subject
and caused by velopharyngeal insufficiency. Cardiac
anomalies are observed in the majority of the cases, with
dysplasia of the mitral valve and septal defects signifi-
cantly overrepresented compared with the general NS
population [Cordeddu et al., 2009]. All of the patients
with NS/LAH screened so far share a c.4A>G change in
SHOC2, which predicts the substitution of Ser2 by Gly.
This amino acid change promotes N-myristoylation of
the protein, and causes aberrant targeting of SHOC2 to
the plasma membrane and impaired translocation to the
nucleus upon growth factor stimulation (fig. 7) [Corded-
du et al., 2009].

SHOC?2 is a widely expressed protein composed al-
most entirely of leucine-rich repeats (LRR) and has a ly-
sine-rich sequence at the N-terminus (fig. 7). In C. ele-
gans, where SHOC2/SUR-8 was discovered, the protein
acts as a positive modulator of signal transduction elic-
ited by EGL-15 and LET-23, and mediated by LET-60, ho-
mologues of vertebrate FGFR, EGFR and RAS family
members, respectively [Selfors et al., 1998; Sieburth et al.,
1998]. Since LRRs can provide a structural framework for
protein-protein interactions, SHOC2 is believed to func-
tion as a scaffold linking RAS to downstream signal
transducers. It has recently been reported that SHOC2
functions as a regulatory subunit of the catalytic subunit
of protein phosphatase 1 (PP1C) [Rodriguez-Viciana et
al., 2006a]. By binding GTP-MRAS, SHOC2 promotes
PPIC translocation to the membrane, allowing PP1C-
mediated RAF1 dephosphorylation at residue Ser259,
which is required for stable RAF1 translocation to the
plasma membrane and catalytic activation. According
to this model, constitutive membrane translocation of
the disease-causing SHOC252C is expected to promote
prolonged PP1C-mediated RAF1 dephosphorylation at
Ser259 and, consequently, sustained RAFI-stimulated
MAPK activation. Initial functional characterization
of the mutant protein indicates that the expression of
SHOC2%%¢ enhances ERK activation in a cell type-spe-
cific fashion [Cordeddu et al., 2009]. The observations
that subcellular localization of SHOC2 is restricted to the
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Leucine-rich repeats

Fig. 7. The disease-causing c.4A>G change in SHOC2 promotes
protein myristoylation and cell membrane targeting. A SHOC2
genomic organization and protein structure. The coding exons
are shown at the top as numbered filled boxes. Intronic regions
are reported as dotted lines. SHOC2 motifs comprise an N-termi-
nal lysine-rich region (grey colored) followed by 19 leucine-rich
repeats. Numbers above the domain structure indicate the amino

nucleus following EGF stimulation and that SHOC252¢
ectopic expression in Caenorhabditis elegans engenders
protruding vulva, a neomorphic phenotype previously
associated with aberrant signaling, suggest that the dis-
ease-causing mutant might exert a wider perturbing ef-
fect on intracellular signaling. Of note, this discovery
documents the first example of an acquired co-transla-
tional modification causing human disease.

MEK1

One germline mutation in MEKI, predicting the
Asp67Asn amino acid substitution, has recently been
documented in 2 unrelated subjects exhibiting a pheno-
type fitting NS [Nava et al., 2007]. Mutations in MEK1

20 Mol Syndromol 2010;1:2-26

acid boundaries of those domains. B Confocal laser scanning mi-
croscopy analysis documents that SHOC2"" (red) is uniformly
distributed in the cytoplasm and nucleus in starved cells (left),
while SHOC25%C (red) is specifically targeted to the cell mem-
brane. Actin cytoskeleton (green) and nuclei (blue) are also
shown.

and MEK2 had been reported to account for approxi-
mately 20% of CFCS [Rodriguez-Viciana et al., 2006b;
Narumi et al., 2007; Nava et al., 2007; Nystrom et al.,
2008; Schulz et al., 2008; Dentici et al., 2009], including 1
subject with MGCL as an associated feature [Neumann
et al,, 2009]. These findings would be suggestive of phe-
notypic heterogeneity. One additional previously unre-
ported variant (Glu44Gly), which was identified in a third
sporadic case and her apparently clinically unaffected
mother but not in 200 population-matching controls, is
likely to represent a private polymorphism [Nava et al.,
2007]. According to this study, MEKI gene mutations
would account for approximately 3% of PTPNI1I- and
SOSI-mutation negative NS cases. In both NS and CFCS,
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MEK gene mutations are mostly missense changes affect-
ing residues located in the regulatory region and the N-
terminal portion of the catalytic domain. A few in-frame
deletions affecting those domains have also been report-
ed in CFCS.

MEK1 (OMIM 176872) and the functionally related
MEK?2 belong to a family of dual specificity kinases that
phosphorylate ERK proteins at tyrosine and serine/thre-
onine residues [Zheng and Guan, 1993]. The MEK pro-
teins share a conserved structure including a negative
regulatory domain at the N-terminus and a single protein
kinase domain. MEK1 and MEK?2 are both effectors of
RAF proteins, but appear to play non-redundant roles. In
particular, genetic evidence from mouse models indi-
cates that MEK1 function is required during embryonic
development [Giroux et al., 1999], while MEK2 is dis-
pensable [Bélanger et al., 2003]. Of note, even though
MEK kinase activity is necessary for cell transformation
via the MAPK cascade [Cowley et al., 1994], and consti-
tutively active MEK mutants promote transformation
[Mansour et al., 1994], mutations in these genes have not
been reported in human cancers so far (COSMIC data-
base, http://www.sanger.ac.uk/genetics/CGP/cosmic/).
Functional characterization of the 3 CFCS-causing mu-
tants documented that their transient expression in 293T
cells is more active than the wild-type protein in stimu-
lating ERK phosphorylation basally [Rodriguez-Viciana
et al., 2006b]. No data on the effect of the Asp67Asn
change on MEK1 function and MAPK signaling is cur-
rently available.

Concluding Remarks

From a genetic point of view, NS was a poorly under-
stood condition until recently. Following the discovery of
PTPNI1I as a major disease gene for the disorder in 2001,
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