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Abstract

Noonan, LEOPARD and cardiofaciocutaneous syndromes (NS, LS and CFCS) are developmental

disorders with overlapping features including distinctive facial dysmorphia, reduced growth,

cardiac defects, skeletal and ectodermal anomalies, and variable cognitive deficits. Dysregulated

RAS-mitogen-activated protein kinase (MAPK) signal traffic has been established to represent the

molecular pathogenic cause underlying these conditions. To investigate the phenotypic spectrum

and molecular diversity of germline mutations affecting BRAF, which encodes a serine/threonine

kinase functioning as a RAS effector frequently mutated in CFCS, subjects with a diagnosis of NS

(N= 270), LS (N= 6) and CFCS (N= 33), and no mutation in PTPN11, SOS1, KRAS, RAF1, MEK1
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or MEK2, were screened for the entire coding sequence of the gene. Besides the expected high

prevalence of mutations observed among CFCS patients (52%), a de novo heterozygous missense

change was identified in one subject with LS (17%) and 5 individuals with NS (1.9%). Mutations

mapped to multiple protein domains and largely did not overlap with cancer-associated defects.

NS-causing mutations had not been documented in CFCS, suggesting that the phenotypes arising

from germline BRAF defects might be allele specific. Selected mutant BRAF proteins promoted

variable gain of function of the kinase, but appeared less activating compared than the recurrent

cancer-associated p.Val600Glu mutant. Our findings provide evidence for a wide phenotypic

diversity associated with mutations affecting BRAF, and occurrence of a clinical continuum

associated with these molecular lesions.
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Introduction

In the last few years, mutations in genes coding for transducers participating in the RAS-

mitogen activated protein kinase (MAPK) signaling pathway have been identified as the

molecular cause underlying a group of clinically related developmental disorders with

features including reduced postnatal growth, facial dysmorphia, cardiac defects, ectodermal

anomalies, variable cognitive deficits and susceptibility to certain malignancies [Gelb and

Tartaglia, 2006; Schubbert et al., 2007b; Aoki et al., 2008]. Noonan syndrome (NS; MIM#

163950), which is the most common condition among these Mendelian traits, has been

demonstrated to be caused by heterozygous germline mutations in the PTPN11 (MIM#

176876), SOS1 (MIM# 182530), KRAS (MIM# 190070), RAF1 (MIM# 164760), and MEK1

(MIM# 176872) genes in approximately 65% of affected individuals [Tartaglia and Gelb,

2005, 2009]. SHP2 (encoded by PTPN11), SOS1, RAF1, and MEK1 positively contribute to

RAS-MAPK signal traffic, and possess complex autoinhibitory mechanisms that can be

impaired by mutations [Keilhack et al., 2005; Tartaglia et al., 2006, 2007; Pandit et al.,

2007; Roberts et al., 2007; Martinelli et al., 2008]. Similarly, reduced GTPase activity or

increased guanine nucleotide release underlies the aberrant signal flow through the MAPK

cascade promoted by most NS-causing KRAS mutations [Schubbert et al., 2006, 2007a].

PTPN11 and RAF1 mutations also account for approximately 95% of LEOPARD syndrome

(LS; MIM# 151100]) [Digilio et al., 2002; Legius et al., 2002; Pandit et al., 2007], a

condition which resembles NS phenotypically but is characterized by multiple lentigines

dispersed throughout the body, café-au-lait spots, and a higher prevalence of

electrocardiographic conduction abnormalities, obstructive cardiomyopathy and

sensorineural hearing deficits [Sarkozy et al., 2009]. In addition, enhanced RAS-MAPK

signaling has been established in other clinically related conditions, including

cardiofaciocutaneous syndrome (CFCS; MIM# 115150), which is caused by activating

mutations in the KRAS, BRAF (MIM# 164757), MEK1, and MEK2 (MIM# 601263) genes in

approximately 60–80% of affected subjects [Niihori et al., 2006; Rodriguez-Viciana et al.,

2006; Narumi et al., 2007; Nava et al., 2007; Schulz et al., 2008], Costello syndrome (CS;
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MIM# 218040), which is caused by HRAS (MIM# 190020) missense mutations [Aoki et al.,

2005; Kerr et al., 2006; Estep et al., 2006; Gripp et al., 2006; Zampino et al., 2007], and

neurofibromatosis type 1 (NF1; MIM# 162200) and related phenotypes, which are caused by

inactivating mutations or deletions of the NF1 (MIM# 162200) and SPRED1 (MIM#

609291) genes [De Luca et al., 2005; Brems et al., 2007].

While the clinical overlap occurring among these disorders and the shared pathogenesis with

respect to RAS-MAPK signaling justifies their grouping within a disease family, the

substantial phenotypic variation observed among and within these conditions as well as the

documented phenotypic heterogeneity associated with individual disease genes provide

evidence for the diverse potential of individual mutations to perturb developmental

processes. Of note, the available data support the view that the phenotypic diversity

occurring in NS, which is the most variable clinically among these disorders, can be

ascribed, in part, to the gene mutated and even the specific molecular lesion [Tartaglia and

Gelb, 2005, 2009]. For instance, pulmonic stenosis (PS) is more prevalent among

individuals with a mutated PTPN11 allele, whereas RAF1 mutations are almost invariably

associated with HCM. Similarly, SOS1 and KRAS mutations are associated with specific

phenotypes, the former including ectodermal abnormalities, normal stature and absence of

cognitive deficits, and the latter, a more severe condition approaching CFCS and CS and

characterized by pronounced growth failure and mental retardation. The finding that

mutations in the PTPN11, KRAS and BRAF genes occur as somatic events in human cancers

and largely do not overlap with the germline transmitted defects underlying inherited

disorders further supports this idea.

Based on these observations, we explored the possibility that a previously unrecognized

class of mutations in BRAF might specifically occur in NS and/or LS. While this work was

in progress, two groups reported on the identification of heterozygous BRAF mutations in

two unrelated sporadic cases with phenotype fitting NS [Razzaque et al., 2007; Nystrom et

al., 2008]. Here, we report that BRAF mutations also underlie a small fraction of LS, and

provide a more extensive evaluation of BRAF mutation prevalence, diversity and associated

phenotypic spectrum in NS and CFCS.

Materials and Methods

Clinical evaluation

Three cohorts including unrelated subjects with NS (N= 270), LS (N= 6) and CFCS (N= 33)

were included in the study. Nearly all subjects were of European ancestry with the majority

being Italian. Subjects were evaluated by clinical dysmorphologists experienced with these

disorders (G.Z., M.C.D., A.S., L.M., M.C.S. and B.D). Clinical assessment included family

history, physical, anthropometric, neurologic and cardiac evaluation, and accurate

examination for craniofacial and other dysmorphism, ophthalmologic and

otorhinolaryngologic defects, and ectodermal and musculoskeletal anomalies. Clinical

features for the majority of subjects satisfied diagnostic criteria reported by van der Burgt et

al. [1994] and Allanson [1987] (NS), Voron et al. [1976] and Sarkozy et al. [2009] (LS), and

Roberts et al. [2006] (CFCS), but a few individuals who lacked sufficient features for a

definitive diagnosis were also included. No subject harbored a mutation in the PTPN11,
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SOS, KRAS, HRAS, RAF1, MEK1 or MEK2 gene based on scanning of the coding exons by

denaturing high-performance liquid chromatography (DHPLC) analysis and/or direct

sequencing. Two individuals with the diagnosis of NFNS, based on the presence of features

of neurofibromatosis type 1 [Stumpf et al., 1988; Gutmann et al., 1997] and NS, but without

mutation in NF1, PTPN11 and SPRED1, were also included.

Molecular analyses

Genomic DNA specimens were collected under Institutional Review Board–approved

protocols and with informed consent, and isolated from peripheral blood lymphocytes

according to standard methods. The entire coding sequence, exon/intron boundaries and

flanking intronic portions of the BRAF gene (GenBank accession number NM_004333.3)

were screened for mutations using DHPLC (3100 and 3500HT WAVE DNA fragment

analysis system, Transgenomic, Omaha, NE). Primer pair sequences as well as PCR and

DHPLC analysis settings are available upon request. Amplimers having abnormal

denaturing profiles were purified (Microcon PCR, Millipore, Billerica, MA) and sequenced

bi-directionally using the ABI BigDye terminator Sequencing Kit v.1.1 (Applied

Biosystems, Foster City, CA) and an ABI 3700 Capillary Array Sequencer or ABI Prism

310 Genetic Analyzer (Applied Biosystems). Positions of mutations were numbered with the

A of the ATG-translation initiation codon in the reference cDNA sequence being 1

(NM_004333.3). Genotyping of parent-offspring trios was performed in all families with an

affected individual with a BRAF mutation by using the AmpDESTER Profiler Plus kit

(Applied Biosystems).

To explore whether BRAF gene copy number variation might underlies a fraction of NS,

multiplex ligation-dependent probe amplification (MLPA) analysis was performed by using

the SALSA P173-Gain3 kit (MRC-Holland, Amsterdam, The Netherlands) according to the

manufacturer’s recommendations. Two BRAF-specific probes were complementary to exons

5 and 13 of the gene. Reaction products were analyzed using ABI PRISM 3100 automated

sequencer (Applied Biosystems). MLPA data were collected using the Gene Mapper

software (MRC-Holland) and exported to be analyzed by Coffalyzer software (MRC-

Holland). Fifteen unrelated control DNA samples were included in the analysis as reference

population. Based on the results obtained on the control group, observed values falling

within the range of 0.7–1.3 were considered to have two copies of the gene.

Functional characterization of germline BRAF mutations

The single-base changes resulting in the p.Thr241Pro (LS), p.Glu275Lys (CFCS),

p.Trp531Cys (NS), p.Leu597Val (NS), p.Thr599Arg (CFCS), p.Lys601Gln (CFCS) and

p.Val600Glu (cancer-associated mutant) were introduced by site-directed mutagenesis

(QuikChange Site-Directed Mutagenesis Kit, Stratagene, La Jolla, CA) into a full-length

human Myc-tagged BRAF cDNA cloned in a pEFP vector. NIH-3T3 cell colony focus

formation assay was assessed as described by Di Fiore et al. [1987]. Briefly, cells were

grown in DMEM supplemented with 10% calf serum (Cambrex, Rockland, MA), and

seeded at a density of 1.3 × 105 cells/10cm dish the day before the transfection. After 24 h,

cells were shifted to 5% calf serum DMEM, and left at confluency for 15 days with medium

changes every three days. Foci were visualized by crystal violet staining. To evaluate the
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effects exerted by each mutant on the MAPK cascade, HEK293 cells were seeded at a

density of 1.5 × 106 cells/dish the day before transfection, and kept in DMEM supplemented

with 10% fetal bovine serum (Invitrogen, Carlsbad, CA). Cells were transfected transiently

with wild type or mutant BRAF expression constructs, and, after 24 h, cells were switched to

serum-deprived medium for 12 h and lysed. Cell lysates (50–100 μg) were run on 10% SDS-

PAGE, transferred onto nitrocellulose membrane, and examined for the basal

phosphorylation levels of MEK and ERK proteins using the following antibodies: anti-

pMEK1/2, #9121 (Cell Signalling, Danvers, MA); anti-MEK1/2, #9122 (Cell Signalling);

anti-pERK1/2, #9102 (Cell Signalling); anti-ERK1/2, #SC-94 (Santa Cruz Biotechnology,

Santa Cruz, CA).

Results

BRAF mutation analysis

DHPLC screening of the entire BRAF coding sequence in peripheral blood leukocyte

genomic DNA specimens allowed the identification of a heterozygous missense mutation in

one of six subjects with LS, and five individuals with NS (1.9%) (Table 1 and Figure 1A).

All cases were sporadic. Parental DNAs were available for five subjects, and no parent was

identified as carrying the mutation, providing evidence for their de novo occurrence.

Genotyping confirmed paternity in all tested families. To verify that the C-to-G transversion

at position 722 (p.Thr241Arg), identified in one subject with NS for whom parental DNAs

were not available, was not a gene variant occurring in the population, 150 population-

matched control individuals were screened by DHPLC and sequencing, and none harbored

that change. Mutations were observed in exons 6, 13 and 15, and were predicted to affect

residues located in the cysteine-rich domain, within the conserved region 1 (CR1), and the

kinase domain (Figure 1A). The p.Thr241Pro amino acid substitution identified in the

subject with LS had previously been reported in three children with a phenotype apparently

fitting CFCS [Nava et al., 2007; Schulz et al., 2008], but all NS-causing mutations were

novel (Figure 1B).

Based on the recent evidence supporting the idea that a small fraction of NS might be caused

by duplication of the PTPN11 gene [Shchelochkov et al., 2008], we also explored possible

occurrence of BRAF gene copy number variation in NS. MLPA analysis was performed on

50 of the 265 BRAF mutation-negative patients included in this study by analyzing two

probes that were complementary to exons 5 and 13 of the gene. The analysis revealed the

presence of peak sizes within the normal range values for both exons in all subjects,

excluding a major contribution of BRAF gene amplification in NS pathogenesis.

To characterize the molecular diversity of germline BRAF mutations and their phenotypic

spectrum further, a cohort of 33 unrelated sporadic subjects with CFCS without mutations in

known disease genes and two individuals with a diagnosis of NFNS without mutation in

NF1, SPRED1 and PTPN11 were analyzed. BRAF mutation scanning identified 15 different

missense nucleotide substitutions in 17 individuals (51.5% of cases), while no sequence

variant was observed in the two subjects with NFNS (Table 1 and Figure 1A). Nine amino

acid substitutions had been previously reported among subjects with a diagnosis of CFCS

(Figure 1A) [Niihori et al., 2006; Rauen, 2006; Rodriguez-Viciana et al., 2006; Gripp et al.,
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2007; Makita et al., 2007; Narumi et al., 2007; Nava et al., 2007; Schulz et al., 2008], while

five were novel. All cases were considered sporadic by the referring clinicians, and

genotyping of parental DNAs performed in 16 families for which samples were available

confirmed the de novo occurrence of the missense changes. The A-to-T transversion at

position 735 (p.Leu245Phe), which we were not able to assess in that manner, was not

observed among controls. Mutations primarily affected exons 6, 12, 15 and 16 (82% of

identified changes) and altered affected residues located in the cysteine-rich and kinase

domains. Three mutations (p.Phe595Leu, p.Lys601Gln and p.Asp638Glu) were recurrent.

BRAF is a member of a small family of threonine-serine protein kinases functioning as

effectors of RAS and upstream components of the MAPK module [Wellbrock et al., 2004].

Different from the other two members of the family, RAF1 and ARAF, that are only

occasionally mutated in human cancers, somatic BRAF mutations frequently occur in

malignant melanomas and in thyroid, colorectal and ovarian cancers. Comparison of the

spectra of germline transmitted and somatically acquired BRAF mutations indicated minimal

overlap (Figure 1C), which is reminiscent of the available data collected for PTPN11

[Tartaglia et al., 2003, 2006] and KRAS [Schubbert et al., 2006; Niihori et al., 2006; Carta et

al., 2006; Zenker et al., 2007] mutations. Three BRAF germline changes, c.1406G>A

(p.Gly469Glu), c.1785T>G (p.Phe595Leu) and c.1789C>G (p.Leu597Val), had rarely been

reported to be acquired somatically (pooled prevalence less then 3/10,000, according to the

catalogue of somatic mutations in cancer [COSMIC] database at http://www.sanger.ac.uk/

genetics/CGP/cosmic/), while the c.1796C>G (p.Thr599Arg) and c.1801A>C

(p.Lys601Gln) transversions affected residues that are substituted by different amino acids

in human cancers. None of the patients carrying these changes had developed any

malignancy at the time of their last examination (mean age = 6.1 years) (Supp. Table S1).

Phenotypic spectrum of germline BRAF mutations

A detailed clinical characterization of BRAF mutation-positive NS patients indicated that

these individuals exhibited as constant findings neonatal growth failure and variable feeding

difficulties, short stature, dysmorphic facial features (dolicocephaly, prominent forehead,

hypertelorism and low-set ears with thickened helix, most commonly), mild-to-moderate

cognitive deficits, skeletal anomalies and hypotonia (Figure 2 and Supp. Table S1).

Congenital cardiac defects were present in two subjects (PS and atrial septal defect), while

hyperpigmented cutaneous lesions were observed in three. Of note, CFCS-related skin

anomalies, polydramnios and HCM were absent in all the subjects. Clinical re-evaluation of

the individual diagnosed with LS documented reduced growth, craniofacial anomalies, short

and webbed neck, thorax defects, mitral and aortic valve dysplasia, delayed puberty,

cognitive deficits, sensorineural deafness, seizures, neonatal hypotonia, generalized skeletal

hypomineralization and fibrous cystic lesions of the pelvis, hyperkeratosis, cafè-au-lait

spots, as well as multiple nevi and dark colored lentigines, which were spread on the whole

body including some on the palms and soles.

Analysis of the clinical features of BRAF mutation-positive CFCS patients indicated a wide

phenotypic variability, although all subjects displayed typical dysmorphic facies, cardiac

defects, and skin and skeletal anomalies (Figure 2 and Supp. Table S1). The most common
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facial features included prominent forehead, bitemporal narrowing, hypertelorism,

downslanting palpebral fissures, ptosis, thick palpebral lids, epicanthal folds, flat nasal

bridge, thick lips and low set ears with thick helices and large lobes. PS and HCM were the

most common cardiac defects, observed in approximately 90% and 55% of cases,

respectively. Ectodermal anomalies included absent or hypoplastic eyebrows, curly and

sparse hair, hyperkeratosis, and keratosis pilaris. Short stature (<3 centile) was present in

53% of the patients. Most subjects showed some degree of neonatal growth failure, poor

sucking and/or swallowing, or required tube feeding. Ocular anomalies were detected in

82% of the patients, including strabismus in half of them. Hyperhidrosis appeared a common

feature in CFCS patients with BRAF mutations (78% of cases). Moderate-to-severe mental

retardation was observed in all but two individuals (87%), which was found to be associated

with seizures or hypotonia in 9 and 13 individuals, respectively. The two subjects with

normal cognitive development exhibited hypotonia at birth (N07) or deafness (N23) as the

only neurological anomalies observed. These two individuals had originally been classified

as affected by CFCS based on the presence of severe neonatal feeding difficulties, typical

facial dysmorphism, ectodermal anomalies and hemangiomas (N07), and fetal macrosomia,

distinctive facial dysmorphisms, and skin and ocular anomalies (N23). Pigmentary changes,

such as café-au-lait spots, naevi or lentigines, were observed in 9/17 individuals, two of

which (N13 and N23) exhibiting a considerably high number of lentigines.

Functional analysis

Consistent with the non-overlapping distribution of germline and somatic mutations,

biochemical data indicate that the NS/CFCS-causing and cancer-associated PTPN11 and

KRAS gene lesions have diverse abilities to perturb signaling traffic [Seeburg et al., 1984;

Tartaglia et al., 2003, 2006; Chan et al., 2005; Mohi et al., 2005; Schubbert et al., 2005,

2006, 2007a], suggesting that cancer-associated lesions might severely affect embryonic or

fetal development. In agreement with this idea, widespread expression of the p.Val600Glu

BRAF change, which accounts for the large majority (> 90%) of total BRAF amino acid

substitutions in human cancers, is embryonic lethal [Mercer et al., 2005]. Of note, this

oncogenic lesion has been documented to confer a substantially higher transforming

behavior to BRAF compared to other less common amino acid substitutions identified in

cancer cell lines or primary tumors [Davies et al., 2002]. To further explore this issue, the

activating strength of six selected BRAF mutants, p.Thr241Pro (LS), p.Trp531Cys and

Leu597Val (NS), and p.Glu275Lys, p.Thr599Arg and p.Lys601Gln (CFCS), in promoting

NIH-3T3 colony focus formation was assessed in vitro, and compared to the recurrent

cancer-associated p.Val600Glu protein. Results from at least three independent experiments,

each performed in duplicate, demonstrated that untransfected cells and cells transfected with

empty vector or overexpressing wild type BRAF developed comparable numbers of foci,

while those expressing the oncogenic p.Val600Glu change exhibited a statistically

significantly higher number of foci (Figure 3A). CFCS-causing mutants appeared less

activating compared with the p.Val600Glu mutant, while the LS- (p.Thr241Pro) and NS-

causing (p.Trp531Cys and p.Leu597Val) changes did not confer enhanced transformation to

cells. The effects exerted by each mutant on the MAPK cascade were evaluated by

comparing the levels of MEK and ERK phosphorylation in transiently transfected HEK293

cells cultured in DMEM supplemented with 10% fetal bovine serum, and then switched to
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serum-deprived medium. Enhanced phosphorylation of MEK and ERK proteins was

observed in cells overexpressing the oncogenic p.Val600Glu BRAF and, to a lesser extent,

in those cells expressing the p.Thr599Arg and p.Lys601Gln mutants. A slight increase in

pMEK level was also observed in cells expressing the p.Thr241Pro, p.Trp531Cys and

p.Leu597Val mutants, while expression of the p.Glu275Lys mutant was associated with an

impaired phosphorylation level of the MEK and ERK proteins (Figure 3B).

Discussion

In this report, we established that heterozygous missense mutations in the BRAF gene can

underlie LS, and expanded the molecular diversity of BRAF lesions causing NS and CFCS.

We also provided an estimate of the prevalence of BRAF mutations in NS as well as a more

complete assessment of the phenotypic variation associated with these molecular lesions.

Finally, we showed that a selected panel of mutations associated with LS, NS or CFCS have

a reduced transforming capability compared with the recurrent oncogenic p.Val600Glu

substitution, indicating less potency in deregulating the BRAF-mediated signal flow.

BRAF involvement in NS pathogenesis was suggested by Razzaque et al. [2007], who

described the occurrence of the CFC-associated c.1501G>A missense change (p.Glu501Lys)

in a sporadic case diagnosed with NS. More recently, Nystrom et al. [2008] reported on the

identification of the c.1495A>G transition (p.Lys499Glu), which was also previously

documented to recur in CFCS, in one subject with a phenotype fitting NS and characterized

by severe cognitive impairment and retarded motor development. Here, we extended those

initial observations in multiple respects. Our present analysis of a large cohort with sporadic

and familial cases of NS estimated the BRAF mutation prevalence to be less than 2%,

indicated that mutations preferentially occur in sporadic cases, and excluded a major

contribution of BRAF gene amplification in NS pathogenesis. None of the NS-associated

mutations identified in the present work have previously been observed in CFCS, suggesting

a genotype-phenotype correlation. The detection of the p.Trp531Cys amino acid substitution

in two of the five individuals with the disorder, as well as the clustering of mutations

identified in three NS cases and the single LS case at the threonine residue 241, further

supports the idea that the phenotype resulting from germline BRAF defects might be allele

specific. While the p.Thr241Pro change identified in one individual with LS had previously

been reported in three subjects with a phenotype apparently fitting CFCS [Nava et al., 2007;

Schulz et al., 2008], the newborn age at diagnosis of two of these subjects and the

unavailability of clinical data do not allow any conclusion regarding the phenotypic

variation associated with this molecular lesion.

Together with the previously published records, 38 germline BRAF mutations have been

identified so far. All are missense defects that are not randomly distributed, clustering in the

cysteine-rich domain and in the amino-terminal portion and activation segment of the kinase

domain. Most mutations are recurrent, with substitutions of residues Gln257 and Glu501

accounting for approximately 40% of total defects. While a high percentage of mutations

affect exons 6 and 12 (approximately 70% of total changes), this study recognized a novel

mutational hot spot located within exon 15. The distribution of BRAF mutations

significantly differs from that observed for RAF1 gene lesions, for which the reason can be
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ascribed to the distinct regulatory mechanisms controlling the function of these two kinases

[Wellbrock et al., 2004; Dhomen and Marais, 2007]. With the exception of changes

affecting two homologous residues (Asp594 and Thr599 in BRAF, and Asp486 and Thr491

in RAF1) located within the activation segment of the kinase domain, mutations alter

different domains of the two proteins. Most of the RAF1 amino acid substitutions affect the

amino-terminal 14-3-3 consensus sequence (within CR2) and two residues located near the

carboxy-terminal 14-3-3 binding site. On the other hand, BRAF changes cluster within the

cysteine-rich region of CR1 and the amino-terminal portion of the kinase domain.

Consistent with the observation that cancers are uncommon among subjects carrying a

BRAF mutation, germline BRAF mutations are rarely observed as somatic mutations

contributing to oncogenesis. Such a differential spectrum of mutations is consistent with the

present NIH-3T3 cell colony focus formation assay data indicating that CFCS-associated

BRAF mutants (p.Glu275Lys, p.Thr599Arg and p.Lys601Gln) have a reduced transforming

capability compared with the recurrent oncogenic p.Val600Glu BRAF protein, and that the

NS- (p.Trp531Cys and p.Leu597Val) and LS-associated (p.Thr241Pro) BRAF mutants do

not confer enhanced transformation to cells. While these results support the view that the

germline transmitted mutations have less potency in deregulating BRAF function, they also

suggest that NS- and LS-associated mutations are less activating compared to those

associated with CFCS, which parallels the present observations indicating that phenotypes

arising from germline BRAF defects might be allele specific. As previously documented by

other groups [Rodriguez-Viciana et al., 2006; Dhomen and Marais, 2007], however, the

present in vitro functional studies indicate that the selected amino acid changes can confer

either increased or decreased activity upon the BRAF mutant as compared to the wild type

protein. Even though additional studies are required to characterize more precisely the

perturbing effects of the NS-, LS- and CFCS-associated mutations on BRAF activity and

signal transduction, our data suggest that multiple alternative mechanisms are likely to be

involved in the functional dysregulation of the kinase.

Based on the present and previously gathered data, BRAF gene mutations account for

approximately 50–75% of subjects with a diagnosis of CFCS, including a number of cases

reported to exhibit a phenotype resembling CS during infancy [Nava et al., 2007; Schulz et

al., 2008]. In contrast, BRAF mutations appear to underlie only a small fraction of NS and

LS (<2%). The striking finding of a causative association between BRAF mutations and

NS/LS expands the phenotypic heterogeneity associated with these gene defects, and further

points out that the large clinical variability in NS is closely related to the underlying gene

involved. These subjects share neonatal growth failure and feeding difficulties, mild-to-

moderate cognitive deficits, and hypotonia, and have higher prevalence of multiple nevi and

dark colored lentigines. As adults, they display the full-blown phenotype of this disorder,

which appears more severe compared to that associated with PTPN11 and SOS1 mutations.

In these individuals, however, polyhydramnios, 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

what is generally observed in CFCS. Similarly, the individual with LS who was

heterozygous for the p.Thr241Pro change displayed a phenotype overlapping that of
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PTPN11 or RAF1 mutation-positive LS cases, although cognitive difficulties were more

severe and the cardiac involvement milder. Of note, two previously unreported BRAF

missense changes (p.Glu275Lys and p.Gln709Arg) were identified in two subjects (N07 and

N23) originally diagnosed with CFCS on the basis of the severe neonatal growth and

feeding difficulties, distinctive dysmorphic features and extensive ectodermal involvement

who, however, showed normal growth and cognitive development. Case N23 also exhibited

multiple lentigines and other features recurring in LS, which also were observed in patient

N13. While the occurrence of distinct BRAF gene mutations in subjects with a phenotype

undoubtedly fitting NS indicates that some features might be allele-specific, the observation

of a subgroup of subjects in the present cohort with an “intermediate” phenotype suggests

that a clinical continuum characterized by a differential combination and severity of features

is associated with defects in the BRAF gene. These findings further emphasize the difficulty

in identifying efficient clinical criteria to define CFCS, LS or NS nosologically, and make

evident the usefulness of a molecular-based definition (individual gene involved and type of

gene lesion) of these clinically overlapping conditions that might direct clinicians toward a

more appropriate management of patients.

Overall, the present data indicate that patients heterozygous for BRAF mutations do not

invariably have full-blown CFCS, and that molecular screening of this gene would be

worthwhile in individuals with clinical features fitting NS or LS with moderate to severe

cognitive deficits. While the analysis of a larger cohort of patients is required to characterize

more precisely the phenotypic variability associated with these molecular lesions, consistent

with recent data by other groups [Rauen, 2006; Nava et al., 2007; Nystrom et al., 2008;

Schulz et al., 2008], the present report documents that germline BRAF mutations are

associated with a wide phenotypic spectrum, further emphasizing the tight clinical and

molecular relationships of this family of disorders. Like the previous discovery that different

PTPN11 mutations cause NS and LS, our current findings suggest that the phenotypes

arising from germline BRAF defects are likely to be also allele specific.
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FIGURE 1. BRAF domain structure and location of residues altered in Noonan, LEOPARD and
cardiofaciocutaneous syndromes
BRAF protein domains are indicated (CR, conserved region; RBD, RAS binding domain,

CRD, cysteine-rich domain, AL, activation loop). (A) Mutations identified in the present

study. Amino acid substitutions identified in Noonan syndrome, LEOPARD syndrome or

cardiofaciocutaneous syndrome are indicated in red, green and black, respectively. Novel

mutations are indicated in italics, while mutations documented to occur as somatic changes

in human cancers are underlined. (B) Mutations previously identified in

cardiofaciocutaneous syndrome (including individuals with a phenotype resembling Costello

syndrome during infancy) (above the cartoon) or human cancers (under the cartoon)

(prevalence ≥1.5%, according the COSMIC database, http://www.sanger.ac.uk/

genetics/CGP/cosmic/). A heterozygous condition for the p.Lys499Glu and p.Glu501Lys

substitutions has also been observed in two individuals diagnosed with NS [Razzaque et al.,

2007; Nystrom et al., 2008]. (C) Histogram showing distribution and relative prevalence of

germline (above panel) and somatic (lower panel) BRAF mutations in human disease

(updated to June 2008).
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FIGURE 2. Facial dysmorphia and other features of BRAF mutation-positive subjects
(A) LEOPARD syndrome; (B) Noonan syndrome; (C) cardiofaciocutaneous syndrome.
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FIGURE 3. Functional characterization of selected germline transmitted BRAF mutations
(A) Focus assays of NIH-3T3 cells transfected with each of the BRAF constructs coding for

the p.Thr241Pro (LS), p.Glu275Lys (CFCS), p.Trp531Cys (NS), p.Leu597Val (NS),

p.Thr599Arg (CFCS) and p.Lys601Gln (CFCS) mutants, the cancer-associated p.Val600Glu

mutant, and the wild type (WT) protein. Data illustrate results of at least three experiments

performed in duplicate. (B) MEK and ERK phosphorylation assays in cells transiently

expressing one of the six selected BRAF mutants, the cancer-associated p.Val600Glu or

wild type BRAF proteins. Blots are representative of three experiments performed (left),

while phosphorylation ratios (right) are expressed as the mean of three replicates ± SD.
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