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INTRODUCTION
Noonan syndrome (NS; MIM 163950) is a relatively common 
autosomal-dominant disorder characterized by distinct cranio-
facial dysmorphism, postnatal growth retardation, and con-
genital cardiac defects such as pulmonary valve stenosis, atrial 
septal defects, and hypertrophic cardiomyopathy. Craniofacial 

features include broad forehead, hypertelorism, downslanting 
palpebral fissures, ptosis, and low-set posteriorly rotated ears. 
Affected individuals can also have pectus deformities, mild 
developmental delay, and/or learning difficulties and bleeding 
disorders; they are at risk of developing cancer, for example, 
juvenile myelomonocytic leukemia.1,2
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Purpose: Noonan syndrome (NS) is an autosomal-dominant dis-
order characterized by craniofacial dysmorphism, growth retarda-
tion, cardiac abnormalities, and learning difficulties. It belongs to 
the RASopathies, which are caused by germ-line mutations in genes 
encoding components of the RAS mitogen-activated protein kinase 
(MAPK) pathway. RIT1 was recently reported as a disease gene for 
NS, but the number of published cases is still limited.
Methods: We sequenced RIT1 in 310 mutation-negative individu-
als with a suspected RASopathy and prospectively in individuals 
who underwent genetic testing for NS. Using a standardized form, 
we recorded clinical features of all RIT1 mutation-positive patients. 
Clinical and genotype data from 36 individuals with RIT1 mutation 
reported previously were reviewed.
Results: Eleven different RIT1 missense mutations, three of 
which were novel, were identified in 33 subjects from 28 families; 

codons 57, 82, and 95 represent mutation hotspots. In relation to 
NS of other genetic etiologies, prenatal abnormalities, cardiovas-
cular disease, and lymphatic abnormalities were common in indi-
viduals with RIT1 mutation, whereas short stature, intellectual 
problems, pectus anomalies, and ectodermal findings were less 
frequent.

Conclusion: RIT1 is one of the major genes for NS. The 
 RIT1-associated phenotype differs gradually from other NS subtypes, 
with a high prevalence of cardiovascular manifestations, especially 
hypertrophic cardiomyopathy, and lymphatic problems.
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NS is a genetically heterogeneous disorder; to date, germ-line 
mutations in more than 10 genes have been discovered. The 
three major genes are PTPN11, mutated in ~50% of cases (MIM 
176876),3 SOS1 (10–15%; MIM 182530),4,5 and RAF1 (5–10%; 
MIM 164760).6,7 RIT1 (MIM 609591) was more recently identi-
fied as another causative gene for NS.8 The remaining causative 
genes for NS are KRAS (MIM 190070),9 NRAS (MIM 164790),10 
RRAS (MIM 165090),11 CBL (MIM 165360),12 SOS2 (MIM 
601247), and LZTR1 (MIM 600574),13 which are rarely mutated 
in NS. Mutations of SHOC2 (MIM 602775) account for the 
NS-like disorder with loose anagen hair (MIM 607721).14 Two 
genes, RASA2 (MIM 601589) and A2ML1 (MIM 610627), have 
recently been reported with mutations in a few individuals with 
NS-like phenotypes,15,16 but this finding has not yet been repli-
cated by others. Mutations in BRAF and MAP2K1 that are usu-
ally associated with cardio-facio-cutaneous syndrome (MIM 
115150) have occasionally been reported in NS.17–19

All causative genes for NS, except LZTR1 and A2ML1, 
encode components or regulators of the well-studied RAS 
mitogen-activated protein kinase (MAPK) signaling pathway. 
This pathway is critically involved in cell proliferation, differen-
tiation, survival, and senescence.20 RAS genes constitute a mul-
tigene superfamily that includes HRAS, KRAS, NRAS, RRAS, 
and RIT1. They code for monomeric G proteins, which cycle 
between a  GTP-bound active state and a GDP-bound inactive 
state.21 The RAS-MAPK signal transduction cascade is essential 
for normal mammalian development, implying that dysregu-
lation of this pathway has severe consequences in embryonic 
development. NS and other clinically overlapping diseases such 
as cardio-facio-cutaneous syndrome, Costello syndrome (MIM 
218040), Legius syndrome (MIM 611431), and neurofibroma-
tosis type 1 (MIM 162200) constitute the group of RASopathies, 
a class of developmental disorders caused by increased signal 
flux through the RAS-MAPK pathway.22

So far, 11 different missense mutations in the RIT1 gene 
have been reported in a total of 36 individuals with NS.8,15,23–27 
Enhanced transactivation of the transcription factor ELK1, 
which is activated by the kinase ERK2 of the MAPK cascade, 
has been shown upon overexpression of NS-associated RIT1 
mutant proteins in NIH 3T3 cells.8 Further evidence of a 
 gain-of-function effect of the NS-related RIT1 mutations came 
from MEK-ERK activation assays. The amino acid substitutions 
p.Ala57Gly and p.Met90Ile caused increased phosphorylation 
of the MAP kinases MEK and ERK when the respective RIT1 
mutant was expressed in PC6 cells.24 The phenotype displayed 
by RIT1 mutation carriers is fitting of NS, with no obvious 
genotype–phenotype correlations identified to date.8,23–25 Here, 
we report 33 subjects with a RIT1 mutation and review clinical 
features of our and previously reported cases.

MATeRIALs AND MeTHODs
subjects and phenotyping
Study subjects were referred to two genetic centers (University 
Hospital of Magdeburg and University Medical Center 
Hamburg-Eppendorf) for molecular diagnosis of NS. The study 

cohort comprised 310 individuals who had previously tested 
negative for other NS-causative genes. It consisted of subjects 
exhibiting variable clinical features within the RASopathy phe-
notypic spectrum, including a considerable number of cases 
with an attenuated or atypical phenotype. Additionally, indi-
viduals with suspected NS who were newly referred to our 
center for diagnostic testing and turned out to have a RIT1 
mutation were included in the genotype–phenotype analysis. 
Clinical data and samples for all individuals were obtained with 
informed consent of the patients’ parents/legal guardians or the 
patients themselves, including written consent to use photo-
graphs in this report, according to the Declaration of Helsinki 
and the national legal regulations (e.g., the German Genetic 
Diagnosis Act (GenDG)).

All affected individuals were personally examined by a phy-
sician who is experienced in clinical syndromology, and photos 
were reviewed by human geneticists with specific clinical exper-
tise in RASopathies (M.Z., K. Kutsche, and S.S.). Standardized 
phenotypic data were collected using the electronic questionnaire 
of the NSEuroNet database (http://www.nseuronet.com; more 
details are provided in the legend to Supplementary Table S4 
online). Standard deviations (SD) of the height were calculated 
using the pediatric calculator ped(z) (https://www.pedz.de/en/
welcome.html). For the majority of patients who were of German 
descent, the standard German curves were used as reference.28 
For individuals of non-German origin, the standards as pub-
lished by the World Health Organization (birth to 2 years of age) 
and the Centers for Disease Control and Prevention (http://www.
cdc.gov/growthcharts/) (2–18 years of age) were used as refer-
ence. The craniofacial phenotype was classified on a subjective 
basis as typical, suggestive, or atypical for Noonan syndrome.29

Molecular analysis
DNA was isolated from leukocytes by standard procedures. 
The coding region and exon–intron boundaries of the RIT1 
gene (six exons) (GenBank:NM_006912.5; encodes isoform 
2 with a shorter N-terminus compared with isoform 1) was 
amplified from genomic DNA. Primer sequences are avail-
able on request. Amplicons were directly sequenced using the 
ABI BigDye Terminator Sequencing Kit (Applied Biosystems, 
Darmstadt, Germany) and an automated capillary sequencer 
(ABI 3500; Applied Biosystems). Sequence electropherograms 
were analyzed using the Sequence Pilot software SeqPatient (JSI 
medical systems, Ettenheim, Germany). Genotyping was per-
formed with the AmpFLSTR SGM plus PCR Amplification Kit 
(Applied Biosystems) to confirm paternity and maternity. RIT1 
variants were described according to both the long and short 
transcript variants (mRNA RefSeqs NM_001256821.1 and 
NM_006912.5) and isoforms (protein RefSeqs NP_001243750.1 
and NP_008843.1) in Supplementary Table S1 online.

ResULTs
RIT1 mutations
We identified 11 different RIT1 missense mutations in 28 unre-
lated patients (Table  1). Pathogenicity of RIT1 variants was 
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Patient ID

Age

Gender

RIT1 amino acid 
substitution

Inheritance

Prenatal 
findings

Premature birth 
(<37 weeks GA)

Feeding 
difficulties

Heart defects/
anomalies

Lymphatic 
anomalies

short stature 
(sD)

Motor 
developmental 
delay

Intellectual/ 
learning 
disabilities

Cryptorchidism

skin and hair 
abnormalities

skeletal 
anomalies

easy bruising

Ocular 
abnormalities

Other anomalies
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classified according to the guidelines of the American College 
of Medical Genetics and Genomics (Supplementary Table S1 
online).30 Twenty-one index cases were identified in a retrospec-
tive cohort of 310 patients with NS who previously tested nega-
tive for other known NS genes, and 7 RIT1  mutation-positive 
patients were prospectively recruited from individuals who 
underwent molecular diagnostic testing for NS since September 
2013. Three of the missense changes have not been described 
previously: c.91G>A/p.(Gly31Arg), c.229G>A/p.(Ala77Thr), 
and c.245T>C/p.(Phe82Ser); however, a different RIT1 muta-
tion affecting codon 77 (c.229G>C/p.(Ala77Pro)) and two oth-
ers changing codon 82 (c.244T>G/p.(Phe82Val) and c.246T>G/ 
p.(Phe82Leu)) have already been reported (Figure  1).8,15 The 
p.(Gly31Arg) variant is absent from the databases dbSNP, 1,000 
Genomes Project, and ExAC Browser databases and is pre-
dicted to be damaging by the Combined Annotation Dependent 
Depletion scoring system (data not shown).31 For seven muta-
tions, de novo occurrence was demonstrated by parental testing. 
Four mutations were familial, with five additional affected fam-
ily members being confirmed carriers of the respective mutation 
(patients 1-2, 4-2, 4-3, 7-2, and 26-2), including a mother and 
her daughter carrying the novel mutation p.(Gly31Arg) (Table 1 
and Supplementary Table S1 online). These familial cases 
expand the number of RIT1  mutation-positive individuals to 33. 
Segregation of the RIT1 mutation could not be investigated in 21 
individuals because DNA samples for one or both parents were 
not available (Table 1 and Supplementary Table S1 online).

Phenotype analysis
Clinical findings for 33 individuals with a RIT1 mutation (22 
females and 11 males) are summarized in Table 1. Overall, the 
clinical phenotype is characteristic of NS. In all subjects, the cra-
niofacial phenotype was evaluated by experienced RASopathy 
specialists (M.Z., K.Kutsche, and S.S.) on the basis of personal 
examination or photographs. In all of the patients we found 
variable combinations of craniofacial dysmorphisms character-
istic of NS, such as broad forehead, hypertelorism, downslant-
ing palpebral fissures, ptosis, broad nasal bridge, low-set ears, 
and short neck; all faces were classified as typical or suggestive 

of NS (Figure 2 and data not shown). Prenatal abnormalities 
were recorded in 15/28 (54%) patients. 

The most common findings were polyhydramnios (n = 10) 
and fetal nuchal edema (n = 9). Six affected fetuses had either 
isolated pleural effusions or hydrops fetalis. A fetal heart defect/
anomaly was suspected in only three cases. Premature birth was 
common: 15/29 (52%) were born before the week 37 of gesta-
tion, and five of them were born before week 34 of gestation. 
In 13 of 27 individuals (48%), feeding difficulties in infancy 
were reported, and six patients required gavage feeding. In the 
latter case, infants were born prematurely, with one exception 
(data not shown). Two children had gastroesophageal reflux. 
Almost all patients had congenital heart defect (32/33; 97%), 
with pulmonary valve stenosis being the most common anom-
aly (26/33; 79%). A high rate of hypertrophic cardiomyopathy 
(HCM) was also observed (14/33; 42%); 12/33 (36%) had septal 
defects, mainly atrial septum defect. Twenty patients under-
went either catheter intervention or open surgery for congeni-
tal heart defects (data not shown).

Postnatal lymphatic anomalies were noted in 13/32 (41%), 
including several cases with neonatal lymphedema (n = 5) and 
congenital chylothorax (n = 3). Notably, acquired lymphedema 
(occurring after the newborn period), such as lymphedema 
of lower limbs and genitalia, acquired chylothorax, or a com-
bination of both, was found in 6/32 individuals, and another 
(patient 24) had intestinal lymphangiectasis with  protein-losing 
enteropathy, resulting in 22% with late-onset lymphatic compli-
cations that lead to significant morbidity. Short stature (height 
SD below −2.00; third percentile) was found in only 10/32 indi-
viduals (31%), and another 5 patients had height below −1.25 
SD (10th percentile). Two patients had undergone growth hor-
mone treatment. None of the eight adult RIT1 mutation car-
riers in our cohort had a body height below −1.25 SD (10th 
percentile). Motor developmental delay was observed in 10/27 
subjects (37%) and was frequently associated with muscular 
hypotonia. In 5 of them, delay in the achievement of motor 
milestones was mild (unaided sitting between 9 and 12 months 
and/or unaided walking between 18 and 24 months) or not 
specified. Six individuals showed moderate delay in motor 
milestones (unaided sitting between 12 and 18 months and/or 
unaided walking between 24 and 36 months), but 5 of them had 
a history of premature birth.

Learning or intellectual disabilities were reported in 6/22 
(27%) of our RIT1 mutation-positive subjects aged 5 years or 
older. In four of six individuals, mental disabilities were mild 
(Supplementary Table S2 online). Learning difficulties were 
associated with attention-deficit disorder in three individuals 
(Supplementary Table S2 online). Six out of 11 male patients 
(55%) had cryptorchidism. Skin and hair abnormalities were 
found in 13/33 individuals (39%), with curly hair and cutaneous 
hemangioma as the most common findings in five  individuals 
each. Keratosis pilaris was found in only 2 patients. A short, 
broad, and/or webbed neck was present in 16/33 (48%) indi-
viduals and pectus deformities in 14/33 (42%). In 6 out of 29 
individuals (21%), easy bruising was reported. 

Figure 1  RIT1 domain structure and Ns-associated amino acid 
substitutions. The first and the last amino acids of the small RIT1 isoform 
(according to protein Ref Seq NP_008843.1) are given above the domain 
structure. Switch I (S1) and switch II (S2) domains are indicated as green barrels. 
Amino acid substitutions identified in the two cohorts reported here are given in 
 one-letter code above the structure and those reported previously and not found 
in this study are below the structure. Novel mutations are highlighted in red.
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Ocular abnormalities were seen quite often (26/33 indi-
viduals; 79%), with ptosis as the most common feature 
observed in 22/33 subjects (67%). Ocular ptosis was signifi-
cant in three individuals for whom surgical correction was 
either planned or performed. Refractive errors were pres-
ent in 13/33 (39%). Three individuals had cataracts. Four 
patients developed benign or malignant neoplasias, includ-
ing multiple giant cell tumors of the jaws in patient 2, B-cell 
acute lymphoblastic leukemia in patient 14, a gastrointesti-
nal stromal tumor and a neuroendocrine tumor in patient 9, 
and a lipoma in patient 28. Three patients had hydronephro-
sis requiring surgery, and four others showed minor renal 
anomalies. Three individuals had documented hypothyroid-
ism or autoimmune thyroiditis. Two subjects had deafness 
requiring hearing aids; however, in patient 4-3, this is pos-
sibly a different genetic trait.

DIsCUssION
Herein we present a large contiguous cohort of patients with 
NS caused by RIT1 mutation. We identified 21 unrelated RIT1 
mutation-positive patients among 310 individuals with a clini-
cal diagnosis of NS or a RASopathy-like disorder who were 
negative for a mutation in the previously identified NS-linked 
genes, providing a mutation detection rate of 6.8% in this 
cohort. An additional seven RIT1 mutation-positive cases were 
identified prospectively among patients referred for molecular 
diagnostic testing. We identified RIT1 mutations in individu-
als with a clinical diagnosis of NS; none of them had been sus-
pected of having cardio-facio-cutaneous or Costello syndrome. 
Two previous studies by Aoki et  al. (2013) and Bertola et  al. 
(2014) reported a RIT1 mutation detection rate of approxi-
mately 9% in cohorts of patients who had tested negative for 
mutations in the previously known genes. By contrast, Gos 

Figure 2 Craniofacial phenotype in patients with RIT1 mutation. Facial photographs of 23 individuals from our cohort displaying the spectrum of RIT1 
mutation–associated facial dysmorphism from infancy to adulthood. Patients 11, 1-1, and 13 are shown at different ages (infancy vs. 2.6, 8.5, and 4.7 years, 
respectively) to document evolution of the craniofacial phenotype. All affected individuals exhibit recognizable dysmorphic features of Noonan syndrome, 
although the expression is quite variable. Patient IDs refer to Table 1.
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et  al. (2014) found that only 3.8% of their mutation-negative 
cases with NS carried a RIT1 mutation. The differences in the 
detection rates, however, are likely to be explained by more 
or less strict clinical inclusion criteria, and these figures do 
not reflect the prevalence of RIT1 alterations in an unselected 
cohort of NS-affected subjects. To provide a better estimate of 
the contribution of RIT1 mutations to NS, we calculated the 
relative frequency of mutations in the NS-linked genes among 
507 individuals who tested positive for NS at the University of 
Magdeburg since 2009: PTPN11, 54%; SOS1, 18%; RAF1, 11%; 
RIT1, 5%; KRAS, 3%; CBL, 2%; and NRAS, 1% (M.Z., unpub-
lished data). This cohort is not free from any bias, and, com-
pared with an unselected patient population, these figures may 
be an overestimation for mutations in SOS1 and RAF1, but an 
underestimation for RIT1 alterations. Nevertheless, these num-
bers indicate that RIT1 mutations are quite common, and RIT1 
is among the four major genes for NS, accounting for at least 5% 
of molecularly confirmed NS-affected cases.

In the 28 RIT1 mutation-positive index patients reported 
here, the majority of mutations were found to affect codon 82 
(n = 8) (Table 1), giving rise to amino acid substitution of phe-
nylalanine to valine, leucine, or serine (Figure 1). The two other 
most common RIT1 codons mutated in NS-affected individuals 
are 57 (n = 7) and 95 (n = 4) (Table 1). Clustering of disease-
causative variants at codons 57, 82, and 95 has already been 
observed.8,23 By combining the published RIT1 germ-line alleles 
with those reported here, we calculated that 23% of the substi-
tutions occurred at codon 57, 22% occurred at codon 82, and 
22% occurred at codon 95, yielding a total of 67% of all RIT1 
mutations affecting one of these three triplets, whereas altera-
tions of the eight other codons (23, 31, 35, 77, 81, 83, 89, and 90) 
together account for 33% of identified mutations (this study and 
refs. 8,15,23–27). These data are in line with  gain-of-function muta-
tions in other genes found in NS-affected individuals because 
they cluster at codons encoding highly conserved amino acids 
in functionally important domains.

The RIT1 mutation p.(Gly31Arg) identified in this study 
is novel and alters a functionally relevant amino acid resi-
due. Glycine 31 in RIT1 corresponds to glycine 13 in the RAS 
GTPases. Glycine 13 of HRAS is mutated in individuals with 
Costello syndrome.32 These findings, together with pathoge-
nicity prediction and segregation of the variant with disease 
(Supplementary Table S1 online), provide strong evidence for 
causality of the RIT1 mutation p.(Gly31Arg).

To better define the phenotype associated with a RIT1 muta-
tion, we summarized the clinical features observed in our 33 
patients and reviewed those of 36 individuals described in the 
literature (Supplementary Table S3 online).8,15,23–27 We also 
compared the frequency of phenotypic features in our RIT1 
mutation-positive cohort with patients harboring a PTPN11, 
SOS1, or RAF1 mutation, whose phenotype data had been col-
lected using the same standardized form (NSEuroNet database; 
Supplementary Table S4 online). In more than half of the RIT1 
mutation-positive cases, prenatal abnormalities were observed, 
including polyhydramnios as the most common finding and 

also fetal nuchal edema, fetal pleural effusions, and hydrops 
fetalis. The frequency of prenatal abnormalities was comparable 
between our cohort and previously published cases with RIT1 
mutation (Supplementary Table S3 online). Compared with 
other NS genes, especially PTPN11, in which mutations account 
for the largest fraction of NS-affected cases, a significantly 
higher frequency of fetal nuchal edema (32%), fetal chylotho-
rax, and/or fetal hydrops (21%) was observed (Supplementary 
Table S4 online). Notably, RIT1 mutation-positive individuals 
from our cohort also had a higher incidence (22%) of lym-
phatic disorders occurring later in life, which was significant 
in comparison to patients with PTPN11 and RAF1 mutations 
(Supplementary Table S4 online). Three cases with RIT1 
mutation and acquired lymphatic disorders were also reported 
in the literature (Supplementary Table S3 online). 

A significant proportion of all patients with a RIT1 germ-
line mutation in our cohort (48%) and previously reported 
cases (59%) had feeding difficulties (Supplementary Table 
S3 online); however, in our cohort we could relate the more 
severe feeding difficulties to premature birth (data not shown). 
Overall feeding issues appear to occur less frequently in indi-
viduals with a RIT1 mutation compared with NS-affected indi-
viduals linked to other genes;33 however, this difference does not 
reach statistical significance in our data set (Supplementary 
Table S4 online). Cardiovascular abnormalities were seen in 
almost all individuals with a RIT1 alteration (combined fre-
quency 66/68; 97%; Supplementary Table S3 online). This is 
significantly higher than in patients with PTPN11 mutation 
(79%; Supplementary Table S4 online), and also higher than 
the frequency reported for NS overall (81%; no patients with 
RIT1 mutation included).34 The most prevalent heart defect 
was pulmonary or pulmonary valve stenosis found in a total 
of 54 out of 68 RIT1  mutation-positive individuals (79%) 
(Supplementary Table S3 online) compared with a prevalence 
of 56% in patients with PTPN11 mutation, 15% in those with 
RAF1 mutation (Supplementary Table S4 online), and 57% 
in molecularly confirmed patients with NS overall.34 A high 
incidence of HCM in NS-affected subjects with RIT1 mutation 
has already been noticed by Aoki et al.8 There is a total preva-
lence of HCM of 52% (33/63) in individuals with a RIT1 muta-
tion (Supplementary Table S3 online) compared with 16% in 
reported individuals with a molecularly confirmed diagnosis of 
NS in general (without RIT1).34 

Although HCM was somewhat less frequent in our patient 
cohort with RIT1 alteration (42%) (Supplementary Table S4 
online), we found significant differences compared with indi-
viduals with PTPN11 or SOS1 mutation (12% each) in our data 
set (Supplementary Table S4 online), which is consistent with 
published data.33 These findings corroborate that RIT1 is the 
second most important NS gene associated with HCM; only 
RAF1 germ-line mutations show a higher association with 
HCM (approximately 80%) (Supplementary Table S4 online).33 
NS-affected individuals with HCM show significant early 
mortality (22% by the age of 1 year).35 However, there was no 
instance of cardiac death related to HCM in our cohort of RIT1 
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mutation-positive patients or in other reported patients,8,15,23–27 
suggesting that HCM associated with RIT1 mutations has a 
more benign course. Atrial or ventricular septal defects were 
found in a proportion of subjects with RIT1 mutation, which 
is comparable to individuals with mutations in other genes 
(Supplementary Table S4 online).33 Short stature, which is a 
common feature in NS,36 was consistently found at a relatively 
low frequency, affecting a total of only 24 of 64 individuals with 
RIT1 alteration (38%) (Supplementary Table S3 online). The 
frequency of short stature in RIT1 mutation-positive individu-
als is significantly lower than in patients with an alteration in 
PTPN11, SOS1, and RAF1 in our data set (Supplementary 
Table S4 online). Accordingly, Kobayashi et  al.33 recorded a 
higher incidence of short stature, particularly in patients with 
a RAF1 (82%) or PTPN11 (56%) mutation. 

Consistent with our data (Supplementary Tables S2 and 
S3 online), a relatively low percentage of subjects with RIT1 
mutation was recorded to have intellectual/learning disabili-
ties (13/49; 27% in total; Supplementary Table S3 online), 
which corresponds well to 21% of individuals with SOS1 muta-
tion in our cohort (Supplementary Table S4 online) and 18% 
reported in the literature.33 Conversely, in patients with RAF1 
and PTPN11 mutation, frequencies of 43% and 40%, respec-
tively, were recorded for intellectual/learning disabilities in our 
data (Supplementary Table S4 online), which is consistent with 
published data.33 However, differences in the overall prevalence 
of intellectual/learning disabilities between patients with RIT1, 
PTPN11, SOS1, and RAF1 mutation in our cohort did not reach 
statistical significance, probably because of a limited sample size 
(Supplementary Table S4 online). A more detailed analysis of 
the degree of intellectual impairment showed that the recorded 
deficits were usually mild in the RIT1  mutation-positive patients 
described here. Specific learning disabilities were uncommon, 
but numbers were too small to achieve statistically significant 
differences (Supplementary Table S2 online). 

Ectodermal abnormalities such as curly hair and hyperkera-
tosis are relatively uncommon in RIT1 mutation-positive sub-
jects from our cohort as well as in previously published cases 
(Supplementary Tables S3 and S4 online). Significantly higher 
frequencies of ectodermal abnormalities were recorded in indi-
viduals with SOS1 mutation in our data set (Supplementary 
Table S4 online), which fits well with data from the literature.33 
Pectus deformities and a short, broad, or webbed neck are con-
sistently observed in NS-affected individuals with mutations in 
different genes.24,33 We observed significantly lower frequencies 
of these anomalies in patients with RIT1 mutation compared 
with SOS1 and RAF1 (Supplementary Table S4 online). 

Bleeding diathesis was rarely observed in patients with RIT1 
mutation (21%) in our cohort, but it is not significantly different 
from the rate of patients carrying mutations in PTPN11, SOS1, 
and RAF1 (33, 21, and 17%, respectively; Supplementary Table 
S4 online). In our cohort, bleeding problems were rather mild 
and without any severe complications (data not shown). Ocular 
ptosis was seen quite often in our RIT1  mutation-positive 
cohort (67%) (Supplementary Table S4 online) and in a 

total of 36 out of 56 (64%) individuals with RIT1 alteration 
(Supplementary Table S3 online). This association is quite 
similar in all other patient groups with molecularly confirmed 
NS (60–78% in our cohort in Supplementary Table S4 online 
and 62–79% reported in ref. 33). However, severe ptosis requir-
ing surgical interventions appears to be rare in RIT1-mutated 
patients (three individuals in our cohort and no documentation 
in previous studies).

Somatic mutations in RIT1 have recently been identi-
fied in myeloid malignancies and lung adenocarcinomas.37–39 
The RIT1 mutational spectrum found in human cancers 
significantly overlaps with RIT1 germ-line alleles: all onco-
genic mutations clustered around glutamine 79 in the switch 
II region (p.(Ala77Pro), p.(Glu81Gly), p.(Phe82Leu/Val), 
and p.(Met90Ile)) and induced cellular transformation.37–39 
A recent study of cancer spectrum and frequency in patients 
with RASopathies demonstrated an 8.1-fold increased risk of 
all childhood tumors in NS-affected children,40 but because 
this study included only patients with a molecularly confirmed 
diagnosis of a RASopathy before 2013, no cases with a RIT1 
mutation were included. We report the second case of RIT1 
mutation–associated NS with acute lymphoblastic leukemia 
and multiple giant cell lesions of the jaws (Table 1 and refs. 8,25), 
suggesting that individuals carrying a RIT1 germ-line muta-
tion might be at increased risk for developing these types of 
neoplasia. Two other patients in our cohort developed malig-
nant or benign tumors, thus bringing the total number of RIT1 
mutation-positive individuals with any type of neoplasia to 
6/68 (9%) (Supplementary Table S3 online), including three 
cases of malignancy. The three subjects with a malignant tumor 
had alterations affecting codons 81 and 82, which are common 
sites of somatic RIT1 mutations.37–39 The two patients reported 
with giant cell tumors of the jaws (our cohort and Bertola et al. 
(2014)) shared the RIT1 mutation p.(A57G). In summary, these 
findings indicate that Noonan syndrome–associated RIT1 
germ-line mutations do confer susceptibility to neoplasia; how-
ever, further studies are needed to determine the risk for malig-
nancies in this particular NS patient group.

Conclusion
We conclude that RIT1 is one of the four most frequently 
mutated genes in patients with a clinical phenotype of NS. Using 
careful clinical evaluation of our patient cohort and reviewing 
previously reported cases, we delineated in more detail the 
clinical characteristics of RIT1-associated NS. We found a high 
frequency of cardiovascular abnormalities with particular risk 
of HCM and a predisposition to lymphatic problems, whereas 
short stature, developmental delay, bleeding diathesis, and ecto-
dermal abnormalities occurred at lower frequencies compared 
with NS in general. We add the three novel amino acid sub-
stitutions p.(Gly31Arg), p.(Ala77Thr), and p.(Phe82Ser) to 11 
already reported NS-associated RIT1 alterations. The majority 
of RIT1 germ-line mutations cluster at codons 57, 82, and 95, 
and the mutation spectrum in NS-affected individuals signifi-
cantly overlaps with that of somatic mutations in tumors. We 
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found a possible hint of increased risk of neoplasia in subjects 
with RIT1 mutation–associated NS.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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