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Abstract

Noonan syndrome is a genetic multisystem disorder characterised by distinctive facial features, 

developmental delay, learning difficulties, short stature, congenital heart disease, renal anomalies, 

lymphatic malformations, and bleeding difficulties. Mutations that cause Noonan syndrome alter 

genes encoding proteins with roles in the RAS–MAPK pathway, leading to pathway 

dysregulation. Management guidelines have been developed. Several clinically relevant genotype–

phenotype correlations aid risk assessment and patient management. Increased understanding of 

the pathophysiology of the disease could help development of pharmacogenetic treatments.

Introduction

Noonan syndrome is an autosomal dominant, variably expressed, multisystem disorder with 

an estimated prevalence of 1 in 1000–2500.1 It was characterised by Jacqueline Noonan, 

who reported nine patients with pulmonary valve stenosis, small stature, hypertelorism, mild 

intellectual disability, ptosis, undescended testes, and skeletal malformations.2 

Understanding of the molecular genetic causes of Noonan syndrome has increased greatly in 

the past decade, enabling study of the pathophysiological mechanisms underlying the varied 

medical and developmental features of the disorder.
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The RAS–MAPK pathway is a well-studied, widely important signal transduction pathway 

through which extracellular ligands—such as some growth factors, cytokines, and hormones

—stimulate cell proliferation, differentiation, survival, and metabolism (figure 1). Cell 

surface receptors are phosphorylated at sites within their cytoplasmic region after ligand 

binding. This binding leads to recruitment of adaptor proteins (eg, GRB2), which form a 

constitutive complex with guanine nucleotide exchange factors (eg, SOS) that convert 

inactive, GDP-bound RAS to its active GTP-bound form. Activated RAS proteins then 

activate the RAF–MEK–ERK cascade through a series of phosphorylation events, ending 

with activated ERK entering the nucleus to alter gene transcription and modulating the 

activity of cytoplasmic targets to cause the appropriate short-term and long-term cellular 

response to the stimulus. All the genes implicated in Noonan syndrome encode proteins 

integral to this pathway and disease-causing mutations usually enhance signal flow through 

this pathway.3,4

Organ dysfunction

Roughly 10% of affected individuals have auditory deficits in the low frequency range 

caused by sensorineural hearing loss and 25% have deficits in the high frequency range.5 

Inner ear structural abnormalities, including temporal bone abnormalities, have been 

reported.6,7

Noonan syndrome is the second most common syndromic cause of congenital heart disease, 

exceeded in prevalence only by trisomy 21.8 Several cardiovascular phenotypes occur in 

Noonan syndrome. The most common are pulmonary stenosis (often with dysplastic valves; 

50–60%), hypertrophic cardiomyopathy (20%), and secundum atrial septal defect (6–10%), 

but ventricular septal defect, peripheral pulmonary stenosis, atrioventricular canal, aortic 

stenosis, mitral valve abnormalities, aortic coarctation, and coronary artery anomalies have 

also been noted.9-11 Hypertrophic cardiomyopathy can be mild or severe and can present 

from the prenatal period to late childhood. Almost 25% of patients die because of heart 

failure in the first year, although the rate of sudden death is lower than that for familial 

hypertrophic cardiomyopathy.9,10 Electrocardiograms often display wide QRS complexes 

with a predominantly negative pattern in the left precordial leads and left axis deviation with 

giant Q waves,11 sometimes even when the heart and chest wall are structurally normal. 

Cerebrovascular anomalies have been associated with Noonan syndrome, including 

arteriovenous malformations, aneurysms, hypoplasia of the posterior vessels, and 

moyamoya.12,13

Abnormal pigmentation can occur, including multiple pigmented nevi, café au lait spots, and 

lentigines. Keratosis pilaris of the upper arms and face is common and can impede hair and 

eyebrow growth.14 Hair is often thick and curly, although thin, sparse hair has also been 

reported.

Birthweight and body length are usually normal. Short stature is a common manifestation of 

Noonan syndrome although adult height is not always adversely affected. Because the 

pubertal growth spurt is often attenuated or delayed, the prevalence of short stature in 

Noonan syndrome is greatest during the age of normal puberty. Furthermore, bone ageing is 
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delayed. Growth of many patients catches up in patient’s late teens. Growth hormone 

deficiency, neurosecretory dysfunction, and growth hormone resistance can occur in Noonan 

syndrome.15-17 Patients with PTPN11-associated Noonan syndrome often have normal or 

slightly increased concentrations of growth hormone and low concentrations of IGF1.17 A 

Ptpn11 Noonan syndrome mouse model had increased ERK activation in response to growth 

hormone; a potential cause of short stature and a promising treatment target. Growth 

improves significantly when ERK1/2 is inhibited in these mice.18

In 2007, the US Food and Drug Administration approved treatment of short stature caused 

by Noonan syndrome with recombinant human growth hormone in doses of up to 0·066 

mg/kg per day. However, growth hormone treatment for Noonan syndrome is still 

controversial. Data are difficult to compare because of differing protocols and outcome 

criteria.19-21 In a report of final adult height of 73 patients with a clinical diagnosis of 

Noonan syndrome, 21 had an adult height in the normal range.22 Analysis of data from 370 

children with Noonan syndrome in the National Cooperative Growth Study23—a post-

marketing observational study started in 1985—showed a mean incremental height gain in 

near adult height for men of 10·9 cm higher than that projected in patients treated with 

recombinant human growth hormone and 9·2 cm in women.23 Because children treated with 

recombinant human growth hormone might also have or be at risk for hypertrophic 

cardiomyopathy or haematological malignancy, patients should be monitored for adverse 

complications. Increased biventricular hypertrophy has been reported in two patients and 

hypertrophic cardiomyopathy in another in the National Cooperative Growth Study cohort.

Mean age at onset of puberty is delayed in patients with Noonan syndrome compared with 

the general population; 35% of boys enter puberty after age 13·5 years and 44% of girls 

enter puberty after age 13 years.23 Case reports suggest that adults might be at risk of 

osteopenia associated with male hypo-oestrogenism and the resultant increased bone 

resorption.24

Most infants with Noonan syndrome have feeding difficulties that can lead to failure to 

thrive. Poor suck, prolonged feeding time, or recurrent vomiting have been reported and 

about 25% of infants need to be fed by tube for 2 weeks or longer.10,14 Gastroesophageal 

reflux is also common. These issues resolve in most affected children by age 15 months. 

Case reports exist of intestinal malrotation, immature gut motility, and delayed 

gastrointestinal motor development.

Up to 80% of boys diagnosed with Noonan syndrome have unilateral or bilateral 

cryptorchidism. Male gonadal dysfunction has been reported and is suggested to be caused 

by primary Sertoli cell dysfunction rather than cryptorchidism.25 Fertility is not impaired in 

women with Noonan syndrome. 10% of patients with Noonan syndrome have renal 

abnormalities but most do not need treatment.14

Although infants with Noonan syndrome are predisposed to several haematological 

abnormalities, including transient monocytosis, thrombocytopenia, and myeloproliferative 

disorder,26 the most common haematologic disorders are abnormalities of bleeding caused 

by coagulation defects. In a study of 72 individuals with Noonan syndrome, 65% had 
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abnormal bruising or bleeding, 40% had prolonged activated partial thromboplastin time, 

and 50% had abnormalities of the intrinsic pathway.27 Factor deficiencies and platelet 

defects affect about a third of patients.27,28 Patients should consult a haematologist before 

having invasive procedures to ensure that complications from bleeding are minimised.29

Lymphatic abnormalities, most commonly peripheral lymphoedema, are present in less than 

20% of individuals but can cause substantial morbidity. Peripheral lymphoedema can occur 

in infants and resolves in the first few years of life or it can develop in adolescence or 

adulthood.30 Less commonly reported are hydrops fetalis; pulmonary, testicular, or intestinal 

lymphangiectasia; chylous effusions of the pleural space and peritoneum; hypoplastic leg 

lymphatic vessels; anomalous thoracic cage lymphatic vessels; aplasia or absence of the 

thoracic duct; hypoplastic inguinal and iliac lymphatic vessels; and lymphoedema of the 

scrotum or vulva.31,32

Multiple giant cell lesions are associated with Noonan syndrome, caused by mutations in 

PTPN11 or SOS1.33,34 Pigmented villonodular synovitis—a proliferative synovial lesion 

involving joints, tendons, and bursae—has been reported in patients with Noonan syndrome 

and, unlike in isolated cases, is often polyarticular.33,35 An estimated 30% of children have a 

spinal deformity with surgical correction recommended in two thirds of cases.36 Chest 

deformity (superior pectus carinatum and inferior pectus excavatum), widely spaced nipples, 

cubitus valgus, and genu valgum have also been reported.14,37

In most affected individuals, intelligence is within the normal range, with intelligence 

quotient generally varying between 70 and 120.38,39 In one study,40 six of ten individuals 

had a significant difference between verbal and nonverbal IQ but without a consistent 

pattern. In these patients, social cognition was moderately impaired, with particular deficits 

in recognition of emotions, leading to alexithymia (an inability to express emotions 

verbally). In small group analyses, mood disturbances, social difficulties, communication 

difficulties, issues with executive function, attention deficit/hyperactivity disorder, and 

difficulties with social interaction have been reported.27,35-41 Studies of cognitive ability in 

individuals with clinically diagnosed Noonan syndrome suggest that the prevalence of 

intellectual impairment (intelligence quotient <70) is about 20%.38,42,43 Other studies have 

noted difficulties with social competence, especially emotional perception of self and 

others.37,39,40,42

A study of the language phenotype of children and adults with Noonan syndrome showed 

that language impairments are more common in people with the disease than in the general 

population and, when present, are associated with a high risk of reading and spelling 

difficulties.44 Results of a survey45 show that many patients with Noonan syndrome have 

impaired or below average performance in a delayed verbal free recall memory task, and 

that delayed visual recognition memory is recurrently compromised.

Several haematological cancers have been reported in patients with Noonan syndrome, 

particularly during childhood, at a proportion slightly above that in the general population, 

including juvenile myelomonocytic leukaemia, acute myelogenous leukaemia, and B-cell 

acute lymphoblastic leukaemia.26,46 Myeloproliferative disorder in patients with Noonan 
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syndrome and juvenile myelomonocytic leukaemia is usually benign compared with patients 

with juvenile myelomonocytic leukaemia only.47-50

Cases of embryonal rhabdomyosarcoma (of the duodenum, bladder, urachus, orbit, vagina, 

and abdomen) have been reported, three in association with an SOS1 germline mutation.51-55 

Granular cell tumour in an affected mother and child, pilocytic astrocytoma, and Sertoli 

tumour in a cryptorchid testis have also been reported.56 Three cases of neuroblastoma have 

been reported in.57,58 SOS1 germline mutation has also been reported in patients with 

Noonan syndrome with Sertoli cell testis tumour and granular cell tumours of the skin.51 

Three cases of glial tumours in Noonan syndrome have been recorded, two in association 

with a germline PTPN11 mutation.59,60

A large study of a cohort of 297 Dutch patients with Noonan syndrome and a pathogenic 

PTPN11 mutation (mean age 18 years) calculated a 3·5 times increased risk of developing a 

cancer compared with the general population.61 Cases of a malignant mastocytosis and 

malignant epithelioid angiosarcoma have also been reported.

Up to 95% of affected individuals will have at least one characteristic eye finding including 

strabismus, refractive errors, amblyopia, or nystagmus. Two thirds of patients develop 

anterior chamber abnormalities including cataracts. Fundal changes, including optic head 

drusen, optic disk hypoplasia, colobomas, and myelinated nerves, occur in 20% of 

patients.14,62

Natural history

Long-term follow-up data are scarce. Shaw and colleagues10 studied 112 British individuals 

with a clinical or molecular genetic diagnosis of Noonan syndrome (mean age at assessment 

25·3 years, mean follow-up 12 years) in the largest study of its kind. The mean final adult 

height was 1·70 m for men and 1·53 m for women. Feeding difficulties in infancy were an 

early marker of delayed language development and long-term educational achievement. 

Most patients gained a diploma: 43% gained a General Certificate of Secondary Education, 

8% an A Level, and 16% had a higher educational qualification. Roughly a third of adults 

had attended a school for children with learning difficulties and another 20% attended a 

mainstream school but needed extra help. Of those adults who were no longer in school, 

60% had a full-time job.

About a third of patients with pulmonary stenosis needed surgery or a repeat procedure. 

Those with hypertrophic cardiomyopathy had much the same yearly mortality rate as non-

syndromic patients but with no sudden death and arrhythmia. Adults with pulmonary 

stenosis had disorders including severe pulmonary insufficiency, exercise intolerance, and 

right ventricular dysfunction.63 Adults need long-term cardiac follow-up because a third 

have ongoing cardiac disorders requiring drugs for heart failure or arrhythmias, a 

defibrillator, or a pacemaker.62 Positive prognostic features included absence of symptoms, 

normal resting cardiac output, peak right ventricular pressure of less than 100 mm Hg, and 

normal pulmonary artery pressure.10,38 Other cardiac complications reported in adults with 

Noonan syndrome include mild aortic insufficiency, substantial right ventricular outflow 

tract obstruction caused by subpulmonary or pulmonary valve stenosis, aortic root dilation, 
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aortic dissection, giant aneurysm of the sinuses of Valsalva, dilated cardiomyopathy 

evolving from hypertrophic cardiomyopathy, restrictive cardiomyopathy, constrictive 

pericarditis, and idiopathic pulmonary hypertension.63

The mortality rate in the study by Shaw and colleagues was 9%, with age of death from a 

few months to 61 years. Four deaths were attributed to cardiac complications (severe 

hypertrophic cardiomyopathy in three, ischaemic heart disease in one).

Diagnosis

Many of the recognisable features of Noonan syndrome could be the consequence of 

lymphatic obstruction or dysfunction during development, including webbing of the neck 

and prominence of the trapezius, cryptorchidism, widely spaced nipples, low-set and 

posteriorly rotated ears, hypertelorism, and ptosis.38 Other key features of Noonan syndrome 

include congenital heart defects, superior pectus carinatum with inferior pectus excavatum, 

developmental delay, short stature, and lymphatic dysplasias. The facial features associated 

with Noonan syndrome change with age (table 1, figure 2).14,64

Prenatal features are nonspecific but include polyhydramnios, hydronephrosis, pleural 

effusion, oedema, cardiac defects, distended jugular lymphatic sacs, cystic hygroma, and 

increased nuchal translucency.65,66 For fetuses with normal chromosomes, Noonan 

syndrome will be diagnosed in roughly 1–3% of cases with first trimester nuchal oedema 

and in up to 10% of second trimester fetuses with a cystic hygroma.65,67-70

Eight genes in the RAS–MAPK signalling pathway cause Noonan syndrome or closely 

related conditions (PTPN11, SOS1, KRAS, NRAS, RAF1, BRAF, SHOC2, and CBL). Noonan 

syndrome has been linked to the chromosomal band 12q24.1 and PTPN11—which encodes 

the protein SHP2—is within this region. Because SHP2 has essential roles in signal 

transduction pathways that control several developmental processes, including cardiac 

semilunar valvulogenesis, PTPN11 was deemed an excellent candidate gene. Studies 

suggest that 50% of cases of Noonan syndrome are caused by missense, gain-of-function 

mutations in PTPN11.71-73 These missense mutations cluster in and around the interacting 

portions of the N terminus of SH2 and the phosphotyrosine phosphatase domains of SHP2, 

which are involved in switching the protein between its inactive and active conformations. 

Mutations typically perturb equilibrium, causing constitutive or prolonged activation of the 

protein.72,73 Somatically acquired PTPN11 mutations occur in haematological cancers.74 

However, some aminoacid substitutions are specifically or preferentially associated with 

Noonan syndrome or cancer, and most germline mutations that cause Noonan syndrome are 

less able to cause SHP2 gain of function than are somatic mutations associated with 

leukaemia.50

Noonan syndrome in patients with PTPN11 mutations is more likely than Noonan syndrome 

without PTPN11 mutations to be familial, to be associated with pulmonary stenosis or atrial 

septal defect (ostium secundum type), bleeding diathesis, and juvenile myelomonocytic 

leukaemia, and is negatively associated with hypertrophic cardiomyopathy and coarctation 

of the aorta (table 2).73,75-77 The most common features include cardiac defects (74%), low 
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set ears (80%), low posterior hairline (68%), down-slanting palpebral fissures (68%), 

cryptorchidism (94% of boys), and short stature (93%).75,76,78

RAS proteins act as molecular switches, cycling between inactive GDP-bound and active, 

GTP-bound states.79 In its active form, RAS can interact with more than 20 effectors, which 

activates the MEK–ERK cascade and promotes several cellular processes. Germline 

mutations in KRAS and NRAS have been detected in patients with Noonan syndrome, each 

accounting for less than 2% of cases.80-82 Detailed biochemical and structural analyses have 

shown that germline KRAS mutations generally confer milder gain-of-function effects than 

do somatically acquired cancer-associated mutations.83

19 cases of Noonan syndrome have been caused by a KRAS mutation.80,82,84-86 Early 

studies suggested patients with KRAS mutations are more severely medically and cognitively 

affected than most patients with Noonan syndrome (table 2).80 In 2009, Kratz and 

colleagues87 reported the unusual feature of craniosynostosis and a missense KRAS mutation 

in two unrelated patients with Noonan syndrome.87 85% of patients with Noonan syndrome 

who have KRAS mutations have cardiac involvement,84 and all have mild-to-moderate 

intellectual disability.86

In an analysis of 917 individuals with Noonan syndrome or a related disorder, four unrelated 

individuals (three de novo and one familial segregating with the mutation) had one of two 

mutations in NRAS (Cys149Thr or Gly179Ala).81 Too few cases have been reported to 

establish genotype–phenotype correlations.

The protein product of SOS1 is a guanine nucleotide exchange factor that activates RAS 

proteins by displacing GDP, enabling GTP to bind through mass action.88,89 SOS1 is a 

complex protein with several domains that participate in autoinhibition. Missense mutations 

in SOS1 account for roughly 10% of cases of Noonan syndrome.90,91 The altered aminoacid 

residues might relieve autoinhibition, leading to constitutive activation.92-94

SOS1-associated Noonan syndrome is characterised by a higher prevalence of ectodermal 

abnormalities but less intellectual disability, short stature, and atrial septal defect than does 

PTPN11-associated Noonan syndrome (table 2).92,93,95 In a cognitive assessment of 65 

people with Noonan syndrome (aged 4–18 years), those with SOS1 mutations (n=6) scored 

within the average range or higher and did not differ from people without Noonan 

syndrome. The SOS1 group scored significantly higher than the PTPN11 group on both 

verbal and nonverbal cognitive scales.

The RAF–MEK–ERK cascade is the best characterised RAS effector pathway. Three RAF 

serine-threonine kinases (ARAF, BRAF, and RAF1) activate the MEK–ERK cascade.96-98 

Mutations in RAF1 cause Noonan syndrome in 5–15% of people.99,100 Because 

phosphorylation of Ser259 contributes to RAF1’s autoinhibition, mutations that prevent 

phosphorylation at that site cause gain of function of the kinase. Mutations affecting RAF1’s 

activation loop reduce activity of the kinase.90,99

Hypertrophic cardiomyopathy is over-represented in RAF1-associated Noonan (75% vs 20% 

overall) and seems to be allele specific. It is associated with mutations in the Ser259 and 
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Ser621 hotspots.91,99 Multiple naevi, lentigines, or café au lait spots are reported in a third 

of patients with RAF1-associated Noonan syndrome (table 2).

Although most commonly associated with the phenotypically related cardiofaciocutaneous 

syndrome, mutations in BRAF have also been reported in individuals meeting clinical 

diagnostic criteria for Noonan syndrome, though rarely.100-102 BRAF mutation-associated 

Noonan syndrome is characterised by neonatal growth failure, feeding difficulties, short 

stature, dolichocephaly, distinctive facial features, multiple naevi and dark-coloured 

lentigines, mild-to-moderate cognitive deficits, skeletal anomalies, reduced muscle tone, and 

absence of cardiofaciocutaneous syndrome-related skin anomalies, polyhydramnios, and 

hypertrophic cardiomyopathy.102

Genetic testing is widely available and chip-based sequencing, which enables the 

simultaneous assessment of all genes related to diseases caused by changes in RAS, has 

reduced the cost compared with individual sequencing of each gene. Genetic testing can be 

useful in several scenarios. Because the presentation of cardiofaciocutaneous and Costello 

syndromes overlaps substantially in the first year of life, genotyping can aid diagnosis. If a 

patient has a mild or atypical presentation, genotyping could establish the diagnosis. For an 

adult with suspected Noonan syndrome, establishing the molecular genetic cause will enable 

preimplantation, prenatal, or postnatal testing if desired. The specific genotype of a child 

with Noonan syndrome is useful to know in order to provide specific guidance—for 

example, to address the increased prevalence of hypertrophic cardiomyopathy in RAF1-

associated Noonan syndrome or short stature and growth hormone abnormalities in 

PTPN11-associated Noonan syndrome. Rarely, a variant of unknown importance might be 

detected by gene sequencing. Testing family members to see if the variant segregates only 

with those affected can help to establish pathogenicity.

Management and differential diagnosis

Management guidelines for Noonan syndrome have been developed (table 3).38,103,104 

Although the facial features and many of the medical and developmental complications 

associated with Noonan syndrome-like disorders are the same for Noonan syndrome, 

mutations in two genes—SHOC2 and CBL—are associated with additional features not seen 

in Noonan syndrome.

SHOC2 is a widely expressed protein and positive modulator of the RAS–MAPK signalling 

cascade. The recurrent missense SHOC2 mutation, 4A→G (Ser2Gly), occurs in a subgroup 

of patients with features of Noonan syndrome but also growth hormone deficiency, 

distinctive hyperactive behaviour, loose anagen hair, darkly pigmented skin with eczema or 

ichthyosis, hypernasal voice, and more mitral valve dysplasia and cardiac septal defects than 

is associated with classic Noonan syndrome.105 The Ser2Gly substitution introduces an N-

myristoylation site and results in aberrant targeting of SHOC2 to the plasma membrane and 

impaired translocation to the nucleus after stimulation by growth factor.

CBL is a ubiquitously expressed E3 ubiquitin ligase that negatively regulates intracellular 

signalling downstream of receptor tyrosine kinases.106,107 Missense CBL mutations that 

change evolutionarily conserved residues cause impaired growth, developmental delay, and 
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cryptorchidism resembling Noonan syndrome.107-109 In addition to distinctive facial 

features, those affected also have an enlarged left atrium, transient chaotic ventricular 

dysrhythmia, delayed brain myelination, cerebellar vermis hypoplasia, bicuspid aortic valve 

with stenosis, average adult height, mitral valve insufficiency, and predisposition to juvenile 

myelomonocytic leukaemia.107-109

LEOPARD syndrome is an autosomal dominant disorder resembling Noonan syndrome but 

with additional unique phenotypic features. The acronym stands for lentigines, 

electrocardiogram abnormalities, ocular hypertelorism, pulmonary stenosis, abnormal 

genitalia, retardation of growth, and deafness. Many affected individuals have hypertrophic 

cardiomyopathy. Because lentigines are associated with age, an individual with LEOPARD 

syndrome might be thought to have Noonan syndrome in early life. LEOPARD syndrome is 

mainly caused by PTPN11 missense mutations and, less often, by RAF1 mutations.99,110,111

The syndromes with the most overlap with Nonnan syndrome include cardiofaciocutaneous 

syndrome, Costello syndrome, Turner syndrome, and Aarskog syndrome. Features of 

cardiofaciocutaneous syndrome (Online Mendelian Inheritance in Man reference 115150) 

include multiple congenital anomalies and intellectual disability, failure to thrive and short 

stature, congenital heart defects, and a characteristic facial appearance. The phenotypic 

presentation overlaps substantially with Noonan syndrome, particularly in young children. 

Patients with cardiofaciocutaneous syndrome have a rounder, more bulbous nasal tip, wider 

nasal base, fuller lips, and coarser facial features.112 They also often have follicular 

hyperkeratosis, sparse eyebrows and lashes, and ichthyosis. Most affected infants have 

severe and often long-lasting feeding difficulties and go on to develop moderate intellectual 

disability. Heterozygous missense mutations in BRAF, KRAS, MEK1, and MEK2 cause 

cardiofaciocutaneous syndrome (figure 1).113,114

Patients with Costello syndrome (Online Mendelian Inheritance in Man reference 218040) 

have high birthweight and delayed growth, developmental delay, coarse facial features, wide 

nasal bridge, loose and soft skin, increased pigmentation over time, deep palmar and plantar 

creases, facial or perianal papillomata, premature ageing and hair loss, moderate intellectual 

disability, flexion or ulnar deviation of the wrist and fingers, and cardiac abnormalities 

(most commonly pulmonic stenosis and hypertrophic cardiomyopathy).103,115,116 The most 

common arrhythmia reported in Costello syndrome is supraventricular or paroxysmal 

tachycardia and the most distinctive is chaotic atrial rhythm or multifocal atrial tachycardia, 

or ectopic atrial tachycardia.

The dysmorphic facial features, skin abnormalities, short stature, and cardiac abnormalities 

associated with Costello syndrome have prompted comparisons with Noonan syndrome and 

cardiofaciocutaneous syndrome.117 Mutations in the HRAS gene cause of roughly 85% of 

cases of Costello syndrome (figure 1).118 Children with Costello syndrome are prone to 

some cancers, including rhabdomyosarcoma, neuroblastoma, and bladder carcinoma.119

Girls with Turner syndrome have substantial phenotypic overlap with girls with Noonan 

syndrome, including widely spaced, down-slanting eyes, short webbed neck, widely spaced 

nipples, and shield-like chest. Those with Turner syndrome typically have left-sided heart 
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lesions (compared with right-sided lesions in Noonan syndrome), have no or arrested 

pubertal development, and have gonadal dysgenesis.120 Turner syndrome is caused by loss 

of a sex chromosome.

The facial features and short stature of Noonan syndrome and Aarskog syndrome (also 

known as faciodigitogenital syndrome, Online Mendelian Inheritance in Man reference 

305400; an X-linked disorder caused by FGD1 mutations121) are similar but those with 

Aarskog syndrome do not have congenital heart disease and affected boys have a shawl 

scrotum.

Sequencing the genes implicated in cardiofaciocutaneous, Costello, and Aarskog syndromes 

and completing a chromosome analysis to rule out Turner syndrome can help diagnosis of 

these four disorders, each of which have unique medical and developmental complications 

requiring periodic monitoring and anticipatory guidance.

Conclusion

With a prevalence of one in 1000–2500, Noonan syndrome is a disorder that most doctors 

will encounter during their careers. Because presentation can be mild and the typical facial 

features recede with age, the diagnosis might be overlooked. Regular detailed follow-up 

with a multidisciplinary approach is often needed to address the medical and developmental 

complications of Noonan syndrome. Much progress has been made in our understanding of 

the molecular genetic causes of Noonan syndrome in the past decade. We hope that with 

continued research, targeted pharmacogenomic approaches will be developed on the basis of 

a detailed understanding of the different disease-causing changes to Ras–MAPK.
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Figure 1. The RAS–MAPK signaling pathway
Growth signals are relayed from activated growth factor receptors to the nucleus. Mutations 

in PTPN11, KRAS, SOS, NRAS, and RAF1 are associated with Noonan syndrome and 

mutations in SHOC2 and CBL are associated with a Noonan syndrome-like phenotype.
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Figure 2. Five generations of a family with Noonan syndrome caused by an SOS1 mutation
Distinguishing facial features become milder with age.
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Table 3

Management guidelines by system

At diagnosis After diagnosis If symptomatic

General Complete physical and neurological 
examination; medical genetics consultation to 
confirm diagnosis, consider molecular genetic 
testing and genetic counselling

Yearly complete physical and 
neurological examination; return 
to geneticist if genotype negative 
or for multisystem assessment; 
genetic counselling at adolescence 
or when a young adult

Orchiopexy by age 1 year for 
cryptorchidism; if 
lymphoedema, refer to 
specialty clinic; brain and 
cervical spine MRI if 
intracranial pressure increases; 
electroencephalogram and 
referral to neurologist if 
seizures suspected

Developmental Multidisciplinary developmental assessment Developmental screening yearly 
for children aged 5–18 years

Neuropsychologist testing if 
screening abnormal; referral to 
early intervention if delays 
detected before age 3 years; 
individual education plan for 
children aged 5–18 years with 
delays

Dental First dental assessment between age 1 year and 
2 years

Yearly dental assessment ··

Growth and feeding Plot growth on curves for Noonan syndrome Plot growth on curves for Noonan 
syndrome three times per year 
until age 3 years, then yearly

Refer to gastroenterologist for 
feeding problems or recurrent 
vomiting, or if evidence of 
growth failure without 
comorbid cause exists; thyroid 
function tests if signs or 
symptoms of hypothyroidism

Cardiovascular Cardiac examination, electrocardiogram, 
echocardiogram

Follow up on the basis of initial 
findings. If initial assessment 
normal, repeat every 5 years

··

Ophthalmological Baseline eye examination Baseline audiology 
examination

Repeat every 2 years, sooner if 
indicated

··

Audiological Baseline audiology examination Repeat if recurrent otitis media or 
speech delay

Refer to ear, nose, and throat 
specialist for recurrent otitis 
media or serous otitis; hearing 
aids or classroom 
interventions for hearing loss

Haematological Complete blood cell count with differential, and 
prothrombin time or activated partial 
thromboplastin time

Repeat complete blood cell count 
with differential and prothrombin 
time or activated partial 
thromboplastin time if aged 6–12 
months at initial screen; pre- 
operatively: complete blood cell 
count with differential and 
prothrombin time or activated 
partial thromboplastin time, 
second tier (in consultation with 
haematologist) factor IX, XI, and 
XII concentrations, von 
Willebrand factor, platelet 
aggregation

Prothrombin time or activated 
partial thromboplastin time if 
bleeding abnormal or 
persistent, refer to 
haematologist; complete blood 
cell count with differential for 
splenomegaly; complete blood 
cell count with differential and 
liver function studies for 
hepatosplenomegaly

Renal Kidney ultrasound ·· ··

Skeletal Clinical assessment of spine with radiology if 
indicated by examination

Repeat spinal examination yearly 
through adolescence; radiology 
and referral to orthopaedic 
specialist if abnormal

··
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