Abstract
Noonan syndrome (NS) and related disorders are autosomal dominant disorders characterized by
heart defects, facial dysmorphism ectodermal abnormalities and mental retardation. The

dysregulation of the RAS/MAPK pathway appears to be a common molecular pathogenes1s of.

these disorders: mutations in PTPN11, KRAS and SOSI have been identified in patxents w1th NS

those in KRAS, BRAF and MAP2K1/2 in patients with CFC syndrome and thgseém HRAS

mutations in Costello syndrome patients. Recently, mutations in RAF1 haé@;bee’n also identified

in patients with NS and two patients with LEOPARD (multiple leptfgix;és, eiectrocardiographic

conduction abnormalities, ocular hypertelorism, pulmonary stenosis; abnormal genitalia,

) .
retardation of growth and sensorineural deafness) syndrome, In the current study, we identified

eight RAFI mutations in 18 of 119 patients with_”N'S;é 1 related conditions without mutations in

known genes. We summarized clinical manifestations in patients with R4AFI mutations as well as

those in N'S patients with PTPN11, SOSI:or KRAS mutations previously reported. Hypertrophic

cardiomyopathy and short statur wgfg;found to be more frequently observed in patients with

RAFI mutations. Mutatiqpsfi; RAF 1 were clustered in the conserved region 2 (CR2) domain,

which carries an inhibitii& phosphorylation site (serine at position 259; S259). Functional

studies revealedfhat the RAF1 mutants located in the CR2 domain resulted in the decreased
phosphorylahon of $259, and that mutant RAF1 then dissociated from 14-3-3, leading to a

partial ER’K‘actlvatlon Our results suggest that the dephosphorylation of S259 is the primary

vrfi"aj;;;ogenic mechanism in the activation of RAF1 mutants located in the CR2 domain as well as

of downstream ERK.
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INTRODUCTION

Noonan syndrome (NS; MIM# 163950) is an autosomal dominant developmental

disorder characterized by facial dysmorphism, including hypertelorism, low-set ears, ptosis,

short stature, skeletal abnormalities and heart defects [Allanson et al. 1985; Mendez Yd Op z
1985]. Frequently observed features in NS patients are pulmonary stenosis (PS);,h)?i)ertrophic

cardiomyopathy, chest deformities, a webbed/short neck, mental retardati enitourinary

defects including cryptorchidism in males, and bleeding diathesis d ftgifacfror XI deficiency.

The incidence of this syndrome is estimated to be 1 in 1,000+2;500-live births. LEOPARD
(multiple fentigines, electrocardiographic conduction abnormalities, ocular hypertelorism,

pulmonary stenosis, abnormal genitalia, retardatlon‘of growth and sensorineural deafness)

syndrome (MIM# 151100) is known to be a:N elated disorder [Digilio et al. 2002]. The

features of NS overlap with those of Costello syndrome and cardio-facio-cutaneous (CFC)

syndrome. Patients with Costello S’y rome (MIM# 218040) show distinctive facial features,

mental retardation, high blrth wglght, neonatal feeding problems, curly hair, nasal papillomata,

deep skin creases at‘,pai and soles and hypertrophic cardiomyopathy [Hennekam 2003]. CFC

syndrome (MIM 115150) is characterized by distinctive facial features, mental retardation,

heart defects (PS atrial septal defect (ASD) and hypertrophic cardiomyopathy), and ectodermal

abnormahtles such as sparse, friable hair, hyperkeratotic skin lesions and a generalized
1chthy031s like condition [Reynolds et al. 1986].

The molecular pathogenesis of these syndromes has been investigated. Tartaglia et al.
have identified missense mutations in PTPNI1, a géne encoding protein tyrosine phosphatase

(PTP) SHP-2, in 45% of clinically diagnosed NS patients [Tartaglia et al. 2001]. Specific



mutations in PTPN11 has been identified in patients with LEOPARD syndrome [Digilio et al.
2002]. In 2005, we identified HRAS germline mutations in patients with Costello syndrome

[Aoki et al. 2005]. Mutations in KRAS, BRAF and MAP2K1/2 have been identified in those with

CFC syndrome [Niihori et al. 2006; Rodriguez-Viciana et al. 2006]. Mutations in KRAS an

SOS1 have also been identified in patients with NS [Schubbert et al. 2006; Roberts et al 2007,

Tartaglia et al. 2007]. Mutations in NF/ and SPREDI have been identified in pal jents with

neurofibromatosis type I (MIM# 162200) [Brems et al. 2007]. These find nps-suggest that

dysregulation of the RAS/RAF/MEK/ERK pathway causes NS and telated disorders, and thus it

has been suggested that these syndromes be comprehensively: :

syndromes [Aoki et al. 2008] or the neuro-cardio—facialééiit@peous syndrome [Bentires-Alj et al.

2006].

In 2007, gain-of-function mutationsinﬁ RAF] were identified in 3-17% of patients with

NS and two patients with LEOPARD syndrome [Pandit et al. 2007; Razzaque et al. 2007].

RAF1 is a member of the RAF se -thr onine kinase family and transmits the upstream RAS

signaling to downstream MEK and ERK. RAF1, ARAF and BRAF share three conservative

regions, CR1, CRZQn'di 3[Mercer and Pritchard 2003]. Mutations in BRAF identified in

patients with C! —‘;-'syndrome are clustered in CR1 and CR3 domains [Aoki et al. 2008]. In
contrast, ported RAFI mutations in NS and LEOPARD syndrome were located in the CR2

domai some mutations were located in CR3 domain. These mutants had enhanced RAF1

activities and most mutations, but not all, showed enhanced phosphorylation of ERK1/2
[Pandit et al. 2007; Razzaque et al. 2007]. Pandit et al. [2007] suggested that RAF1 mutations

might interfere with RAF1 phosphorylation at serine 259 as well as with 14-3-3 interaction and



reported that p.P261S did not bind to 14-3-3. However, the mechanisms of RAF1 activation in
mutants remain unexplained.
In the present study, we analyzed the RAF1 gene in 119 patients with NS and related

phenotypes without mutations in PTPNI11, HRAS, KRAS, BRAF, MAP2K1/2 and SOSI. Detaxled"

clinical manifestations in our new patients with RAF] mutations were evaluated, and those in

patients with RAF1 KRAS, PTPN11 and SOSI mutations previously reported:_by:ips and others

were examined. Furthermore, we explored the molecular mechanisms by Wthh RAF1 mutants

are activated.

MATERIALS and METHODS

Patients

One hundred and nineteen patients with NS or related phenotypes were recruited. The primary

diagnoses made by clinical dysmé;p‘hploéists and general pediatricians were as follows: 44

patients with NS, 46 patients w1thCFC syndrome, 25 patients with Costello syndrome and four

patients with atypical ﬁhééotypes. No mutations in PTPNI1, HRAS, KRAS, BRAF, MAP2K1/2 or

SOSI were ldent ed.in these patients. Control DNA was obtained from 105 healthy Japanese

mdmduals Control DNA from 105 healthy Caucasian individuals was purchased from Coriell

Celk Rep031tor1es (Camden, NJ). This study was approved by the Ethics Committee of Tohoku

Unjvérsity School of Medicine. We obtained informed consent from all subjects involved in the

study and specific consent for photographs from six patients.

Mutation analysis in RAFI



Genomic DNA was isolated from the peripheral blood leukocytes of the patients. Each exon with
flanking intronic sequences in RAFI was amplified with primers based on GenBank sequences

(Supp. Table S1, GenBank accession no. NC_000003.10). The M13 reverse or forward sequence

was added to the 5' end of the polymerase chain reaction (PCR) primers for use as a seqq@néingL_;,<'é"‘

genomic DNA and 1.5 units of Taqg DNA polymerase. The reaction condit?fﬂ‘

cycles of denaturation at 94 °C for 15 s, annealing at 55 °C for 15 s éjildréktension at 72 °C for 40

The expression construct, including ﬁRAFI cDNA (pUSEamp-RAF1), was purchased from
Millipore (Billerica, MA). A Myc-tag was introduced at the 5' terminus of the cDNA by PCR
and the PCR product wassul:cloned into pCR4-TOPO (Invitrogen, Carlsbad, CA). The entire

cDNA was verified by sequéncing. A single-base substitution resulting in p.H103Q, p.R1911,

p-S257L, p.825§ P261A, p.N262K or p.S427G was introduced using a QuickChange

Site-Dirgc‘te%Ei;Mutagenesis Kit (Stratagene, La Jolla, CA). All mutant constructs were verified by
seqr r:cmg jfhe Myc-tagged wild-type R4F1 cDNA and mutant cDNAs were digested with
Ecoliland EcoRV and subcloned into the EcoRI -EcoRYV site of the pUSEamp-RAF 1.

COS7 cells were purchased from the American Type Culture Collection (ATCC,
Rockville, MD). Cells were maintained in DMEM containing 10% fetal calf serum (FCS), 50

U/ml penicillin and 50 pg/ml streptomycin. COS7 cells were seeded at 1 x 10° cells per 6-cm



dish, and 24 hr later, 2.0 pg of pUSE vectors encoding one of the wild-type (WT) or mutant
RAF1 cDNAs were transfected using 8 pl of PLUS Reagent and 12 pl of Lipofectamine Reagent

(Invitrogen). After 3 hrs, the medium was replaced to complete medium. After 48 hr culture

cells were scraped and collected by centrifugation after two washes with phosphate buffered :

saline (PBS). Lysates were prepared in 100-pl lysis buffer (10 mM Tris-HCl pH 8 0 and 1%

SDS) and boiled for 3 min. The DNA was sheared with a syringe. The lysatesv g{e centnfuged

at 14,000 x g for 15 min at 4 °C and protein concentration was determined"ﬁﬁ? Bradford assay.

Thirty micrograms of protein was subjected to SDS—polyacrylannd 3 1 electrophoresis (5-20%
gradient gel (ATTO, Tokyo, Japan)), transferred to mtrocellulose fnembrane and probed with
anti-Myc antibody and phospho-specific RAF1 antlbedxes VV(‘Cell Signaling, Danvers, MA). All
the membranes were visualized using a Westem-~Liightﬁi¥1é ECL-Plus Kit (PerkinElmer). The
following antibodies were used for Westemuleﬁh;: anti-Myc (9E10, Santa Cruz Biotech, Santa
Cruz, CA), anti-phospho-c-Raf (8259)(Ce11 eignaling), anti- phospho-c-Raf (S338) (Millipore),
anti- phospho-c-Raf (8289/296/3(;21‘:)’;@?:11 signaling), anti- phospho-c-Raf (S621) (Millipore) and
anti-neomycin phosphof;raniéfeyase II (Millipore).

For immun(jgr;eeziﬁpﬁation lysates were prepared in 1 ml of ice-cold RIPA buffer (50
mM Tris- HCl pH 7 5, 150 mM NaCl, 1 mM EDTA, 1:100 protease inhibitor (Sigma, St. Louis,
MO), 1 1000 phosphatase inhibitor (Sigma) and 1% Triton X) and incubated on ice for 15 min.
F our hundred micrograms of protein was incubated with anti-Myc (9E10) antibody for 1 hr at
4°C Immune complexes were collected by adding 50 pl of 50% protein G-Sepharose bead slurry

(GE Healthcare, Milwaukee, WI) for 1 hr at 4°C, washed three times with RIPA buffer, and then

boiled in 2X SDS buffer. The samples were resolved in 5-20% gradient polyacrylamide gels,



transferred to nitrocellulose membranes and probed with anti-phospho-c-Raf (S259) and

anti-Myc (9E10) antibodies.

Reporter Assay
NIH 3T3 cells (ATCC) were maintained in DMEM containing 10% newborn calf serﬁ;n, 50
U/ml penicillin and 50 pg/ml of streptomycin. One day prior to the transfectic !
cells were plated in 12-well plates with a density of 1 x 10° cells per well.?(;ge s were transiently

transfected using Lipofectamine and PLUS Reagents with 700 ng.-;efipFR uc, 15 ng of

pFA2-Elk1, 7 ng of phRLnull-luc and 35 ng of WT or muta 'exy ression constructs of RAF 1.
Eighteen hours after transfection, the cells were culturg‘ff inDMEM without serum for 24 hr.

ferase activity was assayed using a

Cells were harvested in passive lysis buffer, and I

chA and the Myc-tag were removed by digestion with EcoRV and the 3' half of cDNA was
filled using PCR. An S621A mutation, which impairs phosphorylation of S621 to bind 14-3-3,
was introduced into pUSE RAF1 harboring WT, p.S257L or p.N262K cDNA by Quickchange

Site-Directed Mutagenesis Kit. HEK293 cells (ATCC) were transfected with 2 ug RAF1



constructs and 2 pg pCMV6-14-3-3 { construct using Lipofectamine and PLUS Reagents. After
48 hr, cells were scraped and collected by centrifugation after two washes with phosphate

buffered saline (PBS). Lysates were prepared as described above. The Myc-tagged RAF1 was

immunoprecipitated with anti-Myc antibody (clone4A6, Millipore) for 1 hr at 4 °C. Immune

complexes were collected by adding 50 pl of 50% protein G-Sepharose bead slurry

Mutation analysis in patients

We identified eight amino aci jf gps’“& 18 patients (Table1). A C to T nucleotide change,

resulting in an amino acid ci_;}ang’e I;.SZS 7L, was identified in eleven patients. Novel p.R1911

(¢.572G>T) and pN262K 6;'.1’/86T>A) were identified in one each patient. Previously reported

mutations, ing ngp.S259F (¢.776C>T), p.P261A (¢.781C>G), p P261L (c.782C>T), p.S427G

(c. 1279A>G) and p.L613V (c.1837C>G), were identified in a single patient. Nucleotide

numbermg reflects c¢DNA numbering with +1 corresponding to the A of the ATG translation

initiation codon in Genbank NM_002880.3, according to journal guidelines

(www hgvs.org/mutnomen). The initiation codon is codon 1. The mutation p.S427G, which has
been reported in a patient with therapy-related acute myeloid leukemia [Zebisch et al. 2006], was

identified in one patient. None of the newly identified mutations were observed in the control
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DNA of 105 ethnically matched healthy subjects. Parental samples were obtained from six
patients (NS86, 92, 209, 210, 222 and 258). The analysis showed that p.S257L, p.P261A and

p.N262K occurred de novo. p.S427G was also identified as well in his 32-year-old mother, who

£ F

also exhibited a Noonan phenotype with distinctive facial appearance, sparse hair in infancy and

who were firstly diagnosed as having CFC gynémni’e were reclassified as NS because of facial

features and normal mental development-after identification of R4FI mutations. Three patients

& SN

were diagnosed as having Costelldyis}i{r} gme. One patient was rediagnosed as having NS

(NIS135) and the other patiq;{ird,‘ggd:‘at 1 month (NS209). Detailed information on clinical
manifestations of N§2Q wasnot available.

Detaileﬂ:;liiniéal manifestations in 18 patients with R4FI mutations were evaluated
(Table 2_andF1g1) Nine of 15 patients had prenatal abnormality, including cystic hygroma,
polyh: d rn;iions and asphyxia. Most patients had characteristic craniofacial abnormalities
%‘QgﬁEntly observed in NS: relative macrocephaly (94%), hypertelorism (93%), downslanting
palpebral fissures (63%), epicanthal folds (86%) and low set ears (93%). Mental retardation was
observed in 6/11 (55%) patients. Short stature (73%), short neck (93%) and webbing of neck

(81%) were also observed. As for cardiac abnormalities, hypertrophic cardiomyopathy was

11



observed in 10 of 16 patients (63%), followed by pulmonic stenosis (47%), ASD (31%),
arrhythmia (38%) and mitral valve anomaly (29%). Other observed clinical features were
hyperelastic skin (58%), curly hair (47%) and cryptorchidism in males (50%). Coagulation

defects were observed in two patients.

Four patients with R4FI mutations died before 5 years of age (Supp. Table, SZ) Eafient

NS39 were diagnosed as having cystic hygroma in the prenatal period and had suffered from
neonatal hypertrophic cardiomyopathy. At 1 year of age, she contracted acute resplratory distress

syndrome after having pneumonia and died of respiratory failure. Paﬁ?nt-NSl99 had been

suspected to have achondroplasia because of short limbs. Hesv iagnosed as having NS at 3

years of age because of distinct facial features, growth faililljé, short stature and hypertrophic

cardiomyopathy. He had pneumonia without fever: VVQr 'c}rwré‘ek and died suddenly at 5 years of age.

Patient NS227 suffered from feeding difﬁcuftj§$, c(‘j‘copic atrial tachycardia as well as VSD and

pulmonary hypertension. The patient died.at fwo months of tachycardia (>200/min) and

laryngeal edema.

Clinical manifegzta’éigng’in our patients with RAF1 mutations were compared with those

previously reported;(Taf;le;ZS. The high frequency of hypertrophic cardiomyopathy in our study

(63%) was con51stent-w1th that observed in patients with R4F1 mutations previously reported
(77%) The frequency of ASD and that of mitral valve anomaly were similar to those of the
prevmus studxes However, the frequency of PS in our study (47%) was higher than that
prevrously reported (11%). Arrhythmia was less frequently observed in our patients with RAF/
mutations (38% vs 89%). The frequency of mental retardation (55%) was almost same as that of
the previous studies (56%). Hyperelastic skin (58%) and coagulation defects (2 cases) were also

described in previously reported patients with R4F1 mutations (24% and 1 case, respectively).
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Phosphorylation state of mutant RAF1 proteins

RAF1 is a ubiquitously expressed RAF serine/threonine kinase which regulates the RAS

pathway. It has been shown that phosphorylation of serine, threonine and tyrosine residu

contributes to a conformational change of RAF1 protein and activation in growth factor

stimulation [Mercer and Pritchard 2003]. In the inactive state, phosphorylated.S259-and S621

serve as binding sites for 14-3-3, leading to a closed confirmation [Dhillon als 2007].

Phosphorylation of S621 seems essential for RAF1 activation. In ntrast, pilosphorylation of

serine 259 has been shown to have an inhibitory role in RAF1-activation. When cells are

stimulated with growth factors, dephosphorylation of §25 protein phosphatase 1 (PP1)

and/or protein phosphatase 2A (PP2A) promotes the dissociation of 14-3-3 from RAF1, resulting
in an activated conformation of RAF1 protein 11 activation, multiple residues, including
S338, are phosphorylated and substra?‘ge*’ﬁ‘f%JRA*Fl enters the catalytic cleft in the CR3 kinase

domain. Negative feedback from cﬁig d ERK results in the phosphorylation of S289, 296 and

grwas performed using four phospho-specific antibodies of RAF1 (Fig. 2A). We
firstk: yéed the phosphorylation status of two phosphorylation sites, S259 and S621, using
dies which recognize each site. Immunoblotting showed that phosphorylation of S259 was
scarcely observed in cell lysates expressing p.S257L and p.N262K. In contrast, phosphorylation
of $259 of p.H103Q, p.R191I and p.S427G was similar to that in WT RAF1. To confirm this

observation, immunoprecipitation was performed using an anti-Myc antibody and
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phosphorylation levels at S259 were examined (Fig. 2B). Immunopreéipitated RAF1 mutants
(p.S257L and p.N262K) were not phosphorylated at S259, confirming that these mutants had

impaired phosphorylation of S259. The phosphorylation level of S621 in four mutants (p.H103Q,

p.R1911L, p.S257L and p.N262K) was similar to that in WT (Fig.2A), while that in cells
expressing p.S427G was enhanced. Phosphorylation levels at S338 and S5289/296/30 we
similar to that in WT except for p.S427G (Fig.2A).

Phosphorylation levels at $259, S289/296/301, S338 and S621 weresshown to be

enhanced in cells expressing p.S427G. The expression of p.S427G. pe ed enhanced and the

was similar toih in WT RAF]1, although multiple bands were observed, suggesting the

spﬁorylation of the p.S427G mutant.

ELK transactivation in mutant RAF1 proteins
To examine the effect on the downstream pathway of mutant RAF1, we introduced five RAF1

mutants into NIH3T3 cells and examined ELK transactivation (Fig. 2D). ELK is a transcription
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factor, which is phosphorylated by activated ERK and then binds the serum response element in
the promoter of the immediate-early genes, including C-FOS. ELK transactivation was enhanced
in cells expressing p.S257L, p.N262K and p.S427G without any stimulation, suggesting that
these mutants were gain-of-function mutations. ELK transactivation in cells expressing leOBG

and p.R191I was not enhanced.

Phosphorylation state, ERK activation and binding to the scaffolding'ﬁgfotéin 14-3-3 in

mutations in the CR2 domain

Previous studies as well as the present study showed that mutatic ns.in NS-associated RAFI

mutations were clustered in the CR2 domain. We hypgj:he"‘si%gd that amino acid changes in the

59 We additionally generated expression

CR2 domain impaired phosphorylation of serine

construct harboring p.S259F and p.P261A sub stitutions, and their phosphorylation status was

examined using anti-pRAF1 (S259) antibody together with RAF1 WT, p-S257L, p.N262K and

p.S427G (Fig. 3A). The results s w \at phosphorylated proteins were scarcely observed in

p.S257L, p.S259F, p.P261é§£ﬁc} p.N262K. Phosphorylation of ERK p44/42 was determined

using anti-p-ERK (944/”42),,,ahtibody. All mutations activated the downstream ERK without any

F, p. P261A and p.N262K resulted in a partial activation of ERK.

Anti-pRAF1 (S259) antibody was produced by immunizing rabbits with a synthetic
phospho-peptide corresponding to residues surrounding Ser259 of human RAF1. To examine if
this antibody was able to recognize phosphorylation at $259 when mutations such as S257L and

N262K were introduced, we performed a solid-phase immunoassay using biotinylated peptides

15



as per the manufacturer's recommendation (Mimotopes, Victoria, Australia, Supp. Methods). The
result showed that at least in peptides, this antibody could recognize serine phosphorylation in
amino acid 259 when mutations S257L and N262K were introduced (Fig.3 B). These results
support the data in Fig. 3A, suggesting that S259 was not phosphorylated in mutants in the CR2

domain.

To examine if the RAF1 mutants without S259 phosphorylation were- able to bind to
14-3-3, we co-transfected three double mutants (WT/S621A, 8257L/S621A and N262K/S62 1A)

with FLAG-tagged 14-3-3, and co-immunoprecipitation was perfonnqd Bsmg anti-Myc antibody

(Fig. 3C). The result showed that the WT/S621A mutant bount 43

3. In contrast,

p.S257L/S621A and p.N262K/S621A mutants did not bin¢ (%4-3-3, suggesting that the decreased

phosphorylation of S259 prevented 14-3-3 bindin A similar result was obtained in the

co-immunoprecipitation study using anti-FL ibody (Fig. 3D). These results showed that

mutants in the CR2 domain lmpaned phosphorylatxon of 8259, abrogated the binding to 14-3-3

and resulted in a partial actlvatlpn beRK

| DISCUSSION

%= lnthls study, we identified eight different R4F[ mutations in 18 patients: p.S257L in 11
patlents and p.R191L, p.S259F, p.P261A, p.P261L, p.N262K, p.S427G and p.L613V in one
patient each. Sixteen patients were diagnosed as having NS, although we were not able to
reevaluate 2 patients with Costello syndrome. Examination of detailed clinical manifestations in

the present study and past studies showed that patients with R4F] mutations were associated
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with hypertrophic cardiomyopathy, arrhythmia and mental retardation. Results from previous
studies and the present study showed 41/52 (79%) mutations to be located in the CR2 domain

(Fig. 3E). We firstly demonstrated that mutations in the CR2 domain had impaired

phosphorylation of $259. This caused the impaired binding of RAF1 to 14-3-3, resulting in

partial activation of downstream ERK. These results suggest that dephosphorylationﬁ_oi 5259 is

the primary mechanism of activation of mutant RAF1 located in the CR2 doq;aijh

Phosphorylation of $259 and subsequent binding to 14-3-3 have been.shown to be

important for suppression of RAF1 activity [Dhillon et al. 2007]. al? [2002] examined

the phosphorylatioﬁ status at S259 in the p.S257L mutant. Their experiment showed that

phosphorylation of S259 still existed in the p.S257L mutei - The mutant was not able to bind
14-3-3 [Light et al. 2002]. In contrast, our functio al s idies demonstrated that all four mutants

located in the CR2 domain (p.S257L, p.S259F

P261A and p.N262K) impaired
phosphorylation of S259 and that two.of‘thent impaired binding of 14-3-3. Impaired binding to

14-3-3 was also shown in p.P261 u_taf;t [Pandit et al. 2007]. The reason for the difference on

S259 phosphorylation betw:én ghéilresult by Light et al. [2002] and ours is unclear. Enhanced

kinase activities o mu@ants{;-ihcluding p.S257L, p.P261S, p.P261A and p.V263A, were

demonstrated 1 previous study [Razzaque et al. 2007]. Phosphorylation levels at S338 in
p.S257L and:p.N262K were not enhanced compared to that in WT RAF1 (Fig. 2A), suggesting

ation mechanism in these mutants is different from that of the normal state upon

kA GTP binding. Indeed, ERK activation was partial compared with that in cells after EGF
treatment (Fig. 3A). These results suggest that the conformational change around S259 due to

amino acid changes results in the decreased phosphorylation of $259 and that mutant RAF-1
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then dissociates from 14-3-3; the substrate would thus be targeted to the catalytic domain in the
CR3 domain (Fig. 4).

To highlight the clinical pictures of patients with R4F] mutations, clinical

manifestations in 52 patients with RAF] mutations [Pandit et al. 2007; Razzaque et al. 2007,1{0‘

et al. 2008], 172 patients with PTPN1I mutations [Tartaglia et al. 2002; Musante e

Zenker et al. 2004; Jongmans et al. 2005], 73 patients with SOSI mutations [RoE__ﬂ‘rts ,et" al. 2007,
Tartaglia et al. 2007; Zenker et al. 2007a; Ferrero et al. 2008; Narumi et al: 2008] énd 18

patients with KRAS mutations [Carta et al. 2006; Schubbert et al. 2006,Zenker et al. 2007b; Lo

et al. 2008; Ko et al. 2008] are summarized in Table 3. The frequ cfof perinatal abnormalities

was similar between patients with RAFI and SOSI. In contrast the description of perinatal

abnormalities was rare in patients with PTPN1] and KRAS mutations. Growth failure and mental

retardation were observed in 100% and 94% o N S 1th KRAS mutations, respectively. Growth

failure and mental retardation were observe V m 87% and 56% of patients with R4F'I mutations,

respectively. In contrast, those maﬁife&"aﬁons were less frequent (63% and 43%) in patients with

PTPNI1I mutations. The frequency of mental retardation was lowest in patients with SOS1

mutations (18%). We were u, able to compare gene-specific features in craniofacial

characteristics lqgcziosg such details were not described in the previous reports. As for skeletal

1t stature was frequently manifested in patients with R4FI mutations (82%)

followed by KRAS mutation-positive patients (71%). The association of short stature was lower

P N]] mutation-positive and SOSI mutation-positive patients (56% and 38%, respectively).

Itis noteworthy that the association of hypertrophic cardiomyopathy was specifically high
(73%) in RAF1 mutation-positive patients. In contrast, hypertrophic cardiomyopathy was
observed in 20% of clinically diagnosed Noonan patients [van der Burgt 2007] and in 7%, 10%

and 17% of patients with PTPN11, SOS1 and KRAS mutations, respectively. These results
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strongly suggest that patients with RAFI mutations have a significantly higher risk of
hypertrophic cardiomyopathy. Mitral valve abnormality and arrhythmia were also frequently
observed in patients with RAFI mutations (27% and 56%, respectively). In summary, these

results highlight specific manifestations of patients with RAFI mutations: high frequency of

hypertrophic cardiomyopathy, septal defects of the heart, short stature and less freque P
(Supp. Fig. S1). The high frequency of heart defects would be associated wit
sudden death in RAF] mutation-positive patients.

The present study is the first to identify p.S427G in aspatient with NS. The same

mutation has been reported in a patient with therapy-related ac téigYeloid leukemia [Zebisch et

al. 2006]. The patient reported by [Zebisch et al. 20067 fifstly

P

‘Estlyﬁdeveloped immature teratoma,

yolk sack tumor and embryonal testicular carcinom. Thirty-five months after tumor resection

and chemotherapy, the patient developed acut*é 7 oid leukemia. Molecular analysis of RAFI

revealed the de novo p.S427G mutation in 1 ukemia cells and DNA from buccal epithelial cells

muf;ltion. We identified p.S427G in a familial case of NS. The mother and boy have not yet
developed malignant tumors. Although no NS patients with RAFI mutations have developed

malignant tumors, careful observation might be prudent in RAF/ mutation-positive children.
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We identified two novel mutations, p.R191I and p.N262K. p.R1911 is located in the
CR1 and arginine at amino-acid position 191 is evolutionally conserved [Mercer and Pritchard
2003]. Activation of ERK was not observed in cells expressing p.R1911. ELK transactivation

was rather decreased; parental samples were not available. There is a possibility that this change

is a polymorphism.

In conclusion, we identified RAFI mutations in 18 patients and detailed clinical

manifestations in mutation-positive patients were examined. Our analysis J:Q'f_jpaﬁents with

mutations in RAFI, PTPNI11, SOSI and KRAS showed hypertrop cc @ion&yopathy and short

stature to be frequently observed in patients with R4FI mutations. inctional analysis revealed

that dephosphorylation of S259 would be the essentlal mechamsm for ERK activation in RAF1

mutations. Despite recent progress in molecular characterxzatlon of NS and related disorders,
genetic causes in approximately 30% of NS;apgicrelated disorders remain unknown. Presently
unknown genetic causes for mutation;né‘ggti\;é NS and related disorders remain to be identified

in molecules in future studies.
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