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Abstract

Noonan syndrome (NS) is a paradigmatic rare, genetically heterogeneous, multisystem
disorder belonging to the RASopathies family, caused by dysregulated RAS/MAPK sig-
naling. It is characterized by distinctive craniofacial features, postnatal short stature,
and a high prevalence of congenital cardiac defects, with pulmonary valve stenosis (PS)
and hypertrophic cardiomyopathy (HCM) being the hallmark lesions. First described by
Dr. Jacqueline Noonan in 1968, the molecular era began with the discovery of PTPN11
mutations in 2001, revolutionizing diagnosis, risk stratification, and understanding of
pathogenesis. Strong genotype–phenotype correlations now guide prognosis and person-
alized management; for instance, RAF1 and RIT1 variants confer a high risk of severe,
early-onset HCM, while PTPN11 is strongly linked to dysplastic PS. Cardiac involvement
remains the central determinant of long-term outcomes, requiring continuous surveillance
from the prenatal period through adulthood. Management is inherently multidisciplinary,
addressing endocrine, hematologic, neurodevelopmental, and oncologic aspects. Recent
consensus statements emphasize the critical need for structured transition from pediatric
to adult care. Novelty arises from the potential of MEK inhibitors as targeted therapies for
severe HCM and lymphatic complications. This review provides a comprehensive update
on NS, integrating foundational clinical knowledge with contemporary molecular insights,
advanced cardiologic management, and emerging frontiers in therapy and diagnostics,
underscoring the necessity of a proactive, lifelong, and personalized care approach.

Keywords: Noonan syndrome; RASopathies; hypertrophic cardiomyopathy; pulmonary
stenosis; PTPN11; genotype–phenotype correlation; MEK inhibitors; multidisciplinary care

1. Introduction: From a Cardiologist’s Insight to a Molecular Pathway
The story of Noonan Syndrome (NS) is a compelling narrative in modern medicine,

exemplifying how astute clinical observation can pave the way for profound molecular

Cardiogenetics 2026, 16, 11 https://doi.org/10.3390/cardiogenetics16020011

https://crossmark.crossref.org/dialog?doi=10.3390/cardiogenetics16020011&domain=pdf&date_stamp=2026-05-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cardiogenetics
https://www.mdpi.com
https://orcid.org/0000-0001-6646-2361
https://orcid.org/0000-0003-3328-134X
https://orcid.org/0000-0003-0869-4855
https://orcid.org/0000-0001-5647-7519
https://doi.org/10.3390/cardiogenetics16020011


Cardiogenetics 2026, 16, 11 2 of 13

discovery. In 1968, Dr. Jacqueline Noonan, a pediatric cardiologist, published her sem-
inal paper, “Hypertelorism with Turner Phenotype: A New Syndrome with Associated
Congenital Heart Disease” [1]. She described nine patients, both male and female, who
shared a recognizable pattern: characteristic facies (hypertelorism, ptosis, and low-set ears),
short stature, and congenital heart disease, most commonly valvar pulmonary stenosis.
Crucially, she distinguished this condition from Turner syndrome by its occurrence in both
sexes and its association with normal karyotypes. This foundational work established NS
as a distinct clinical entity.

For over three decades, diagnosis relied solely on clinical criteria, with the variable
expressivity posing significant challenges. The landscape transformed in 2001 with the
landmark discovery that germline gain-of-function mutations in PTPN11, encoding the
non-receptor protein tyrosine phosphatase SHP-2, were the primary cause of NS [2]. This
revelation was pivotal, as SHP-2 is a positive regulator of the Ras/mitogen-activated protein
kinase (RAS/MAPK) signaling pathway. NS was thus redefined as a “RASopathy,” a family
of developmental disorders caused by constitutive activation of this crucial signal transduc-
tion cascade [3]. This molecular understanding provided a unified pathogenic mechanism
explaining the multisystem involvement, from cardiac development and growth to cogni-
tion and cancer predisposition.

Subsequent research has unveiled remarkable genetic heterogeneity, with over
20 genes implicated to date, accounting for approximately 80–90% of cases [4]. This genetic
delineation has moved NS from a purely clinical diagnosis to a molecularly classifiable
condition, enabling genotype-driven prognostic stratification and personalized manage-
ment. The journey from Dr. Noonan’s clinical description to the current molecular era
underscores the synergy between bedside observation and bench research, a synergy that
continues to drive advances in the care of individuals with this complex syndrome.

2. Epidemiology and Genetics
2.1. Epidemiology

NS is one of the most common non-chromosomal syndromes associated with congeni-
tal heart disease. Its estimated birth prevalence ranges between 1 in 1000 to 1 in 2500 live
births, with no ethnic or gender predilection [5,6]. It is inherited in an autosomal dominant
pattern with high penetrance but variable expressivity. A significant proportion of cases
(approximately 60%) result from de novo germline mutations, explaining the frequent ab-
sence of a family history [4]. Notably, some genes, like LZTR1, can also follow an autosomal
recessive pattern of inheritance [7]. Somatic mosaicism has also been reported and can lead
to milder or atypical presentations [8,9].

Prenatal Detection and Clinical Significance. NS represents a significant proportion
of prenatally detected anomalies. It is the most common monogenic Mendelian disorder
associated with increased nuchal translucency (NT) in the first trimester, accounting for
approximately 10% of all cases with increased NT and a normal karyotype [10]. Early
detection of cardiac lesions associated with NS, such as hypertrophic cardiomyopathy or
pulmonary stenosis, can facilitate targeted clinical monitoring and inform management
planning during pregnancy and after birth. This underscores the importance of considering
NS in the differential diagnosis of first-trimester ultrasound abnormalities [10,11].

2.2. Genetics and the RASopathy Family: An Evolving Landscape

The RAS/MAPK pathway is a highly conserved signal transduction cascade that
regulates fundamental cellular processes, including proliferation, differentiation, survival,
and metabolism. Germline gain-of-function mutations in its components lead to dys-
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regulated signaling, causing the multisystem developmental anomalies characteristic of
RASopathies [3]. NS sits at the center of this spectrum.

While most RASopathies result from gain-of-function mutations, Noonan Syndrome
with Multiple Lentigines (NSML, formerly LEOPARD syndrome) is an exception, often
caused by specific PTPN11 mutations that reduce SHP-2 phosphatase activity yet still lead
to pathway dysregulation through dominant-negative effects [12,13].

NSML is considered a subtype within the RASopathy spectrum but is often dis-
cussed separately due to its distinct clinical features, including lentigines and severe
early-onset HCM.

The genetic architecture of NS is complex and continually expanding. The major genes,
their protein functions, and approximate frequencies are:

PTPN11 (Protein Tyrosine Phosphatase Non-Receptor Type 11): Encodes SHP-2. Mu-
tations account for ~50% of cases and are the prototype for dysregulated RAS/MAPK
signaling in NS [2,8].

SOS1 (Son Of Sevenless Homolog 1): A guanine nucleotide exchange factor (GEF)
for RAS. Mutations cause ~10–15% of cases [14], with a high incidence of congenital heart
disease (approaching 90% in some cohorts).

RAF1 (RAF1 Proto-Oncogene, Serine/Threonine Kinase): A direct effector kinase
in the MAPK cascade. Mutations account for ~5–10% of cases and are strongly linked
to HCM [15].

RIT1 (Ras-like without CAAX 1): A RAS-related small GTPase. Mutations cause
~5–10% of cases and, like RAF1, confer a high risk of HCM [16].

LZTR1 (Leucine Zipper-like Transcription Regulator 1): Acts as an adaptor for ubiqui-
tination and degradation of RAS GTPases. Mutations can cause both autosomal dominant
and recessive forms of NS (~1–2% of cases) [17].

KRAS, NRAS, BRAF, MRAS, RRAS2, SOS2, A2ML1: Collectively account for a smaller
percentage of cases, often with overlapping or more severe phenotypes [4,17,18]. Several
genes (e.g., BRAF, KRAS, MAP2K1) are shared with other RASopathies such as Cardio-
Facio-Cutaneous syndrome. Clinical differentiation relies on distinct phenotypic features,
as detailed in Section 5.2 [3,18,19].

2.3. Refined Genotype–Phenotype Correlations

The identification of numerous causal genes has enabled the establishment of ro-
bust genotype–phenotype correlations, which are indispensable for anticipatory guidance,
surveillance, and personalized management [9,17,18].

• PTPN11: The most common genotype. Notably, mutations in exons 7, 12, and 13
of PTPN11 are strongly associated with NSML, which carries a significantly higher
risk of hypertrophic cardiomyopathy compared to other PTPN11-related NS [20,21].
Moreover, it is associated with pulmonary valve stenosis (often dysplastic), bleeding
diathesis, and juvenile myelomonocytic leukemia (JMML) risk. Notably, it carries a
relatively low risk for HCM.

• SOS1: Typically associated with a milder neurocognitive profile, normal or less im-
paired growth, a higher prevalence of ectodermal findings (curly hair, hyperkeratosis),
and a lower incidence of significant intellectual disability. However, lymphatic dyspla-
sia may be more prominent [9,22].

• RAF1 and RIT1: Considered “HCM predisposition genes”. Variants in these genes are
associated with a very high prevalence (up to 80–90%) of hypertrophic cardiomyopathy,
which is often severe, of early onset (even prenatal), and carries a significant mortality
risk [12,13,23,24]. They also show a lower frequency of pulmonary stenosis.
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• LZTR1: Phenotype can resemble PTPN11-related NS but is also associated with an
increased risk of HCM and gliomas. Biallelic recessive mutations often present with a
more severe phenotype [7,16].

• KRAS: Often associated with a severe NS phenotype, including a high risk of
lethal, early-onset HCM, severe intellectual disability, and increased oncogenic
potential [12,13,17].

• BRAF and MAP2K1: While more commonly associated with Cardio-Facio-Cutaneous
(CFC) syndrome, certain mutations can cause a NS phenotype, sometimes with en-
docrine deficiencies like hypopituitarism [18,25].

This genetic stratification transforms the clinical approach from reactive to proactive,
allowing for tailored cardiologic screening (e.g., more frequent echocardiograms for RAF1
carriers), oncologic surveillance, and informed genetic counseling.

3. Clinical Description: A Multisystem Disorder with Lifelong Implications
NS presents with a remarkably broad phenotypic spectrum, ranging from subtle

features diagnosed in adulthood to a severe, life-threatening neonatal form. This variability
underscores the necessity of a holistic, system-by-system approach to care [5,6,26].

3.1. Craniofacial and Physical Characteristics

The facial gestalt is most distinctive in infancy and childhood, evolving predictably
with age [5,27]. Neonates and infants typically present with a tall forehead, hypertelorism,
down-slanting palpebral fissures, ptosis, low-set and posteriorly rotated ears, a deep
philtrum, and micrognathia. A short neck with webbing (pterygium colli) or prominent
trapezii is common. With age, the face becomes more triangular and elongated; the eyes
appear less prominent, and the nasal bridge sharpens. In adults, prominent nasolabial
folds and a high anterior hairline are characteristic. The phenotypic features are shown
in Figure 1. Other frequent physical findings include curly hair, chest deformities (pectus
excavatum or carinatum), cubitus valgus, and joint hypermobility or contractures.

Figure 1. Typical clinical facial phenotype of a young boy with PTPN11-positive Noonan syndrome.
Note hypertelorism, ptosis, low-set posteriorly rotated ears, shallow philtrum, and micrognathia.

3.2. Non-Cardiac Systemic Manifestations

Growth and Endocrinological aspects: Postnatal growth delay is nearly universal,
with birth length often normal but growth velocity declining in the first years. Mean adult
height is around −2 SD. The etiology is multifactorial, involving growth hormone (GH) in-
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sensitivity, neurosecretory GH dysfunction, and possibly primary skeletal dysplasia [28,29].
Delayed puberty is common in both sexes. Recombinant growth hormone therapy is
effective for short stature in NS but is not universally indicated. Caution is warranted in
patients with existing or high-risk HCM (e.g., RAF1, RIT1, KRAS mutations), as GH may
exacerbate hypertrophy. Pre-treatment cardiac evaluation and ongoing monitoring are
mandatory [30,31]. Moreover, the use of specific Growth Charts is needed in order to avoid
false positive interpretation of growth treatment efficacy [32].

Neurodevelopment and Behavior: Approximately one-third of individuals have
mild intellectual disability, with a larger proportion experiencing specific learning dis-
abilities, speech delay, and motor clumsiness. Behavioral issues such as attention-
deficit/hyperactivity disorder (ADHD), social difficulties, and alexithymia (difficulty iden-
tifying emotions) are prevalent [33]. Early intervention with educational, speech, and
occupational therapy is crucial.

Hematology and Oncology: Coagulation defects are present in up to 70% of patients;
most commonly factor XI, XII, or VIII deficiencies and von Willebrand disease, posing a
significant bleeding risk during surgery [34]. There is a well-established increased risk of
childhood hematologic malignancies, particularly JMML (associated with PTPN11 and
KRAS), with a cumulative cancer risk by age 20 estimated at 4–8% [35]. Solid tumors (e.g.,
neuroblastoma, rhabdomyosarcoma) are also increased. Surveillance for solid tumors (e.g.,
gliomas in LZTR1, neuroblastoma in KRAS) should be considered in high-risk genotypes.
Annual complete blood counts are recommended in early childhood to screen for JMML,
particularly in PTPN11- and KRAS-related NS [35,36].

Lymphatic System: Lymphatic abnormalities range from peripheral lymphedema
to more severe manifestations like fetal hydrops or intestinal lymphangiectasia. SOS2
mutations are particularly associated with a high burden of lymphatic involvement. Onset
can be prenatal or postnatal, spanning from infancy to adulthood [36–38].

Gastrointestinal apparatus: Severe feeding difficulties in infancy are common, con-
tributing to failure to thrive and often requiring tube feeding [39].

Sensory systems: Ocular findings (strabismus, refractive errors) and hearing loss
(both conductive and sensorineural) are frequent and require regular screening [40].

Skeletal manifestations: Skeletal manifestations are common and include pectus
excavatum or carinatum, scoliosis (affecting ~15% of individuals), joint hypermobility, and
occasional contractures [41].

Renal and Urologic: Mild structural renal anomalies may be present.

4. Cardiological Aspects: The Central Determinant of Prognosis
Cardiac involvement is the most critical factor influencing morbidity and mortality in

NS, affecting 80–90% of individuals [42,43]. A deep understanding of its spectrum, genetic
correlates, and management is paramount.

4.1. Spectrum of Congenital and Acquired Heart Disease

Pulmonary Valve Stenosis (PS): The most common defect (50–60%). It is typi-
cally “dysplastic”, characterized by thickened, nodular, and immobile valve leaflets, of-
ten with supravalvular narrowing. This pathology makes it less responsive to balloon
valvuloplasty compared to isolated PS, frequently necessitating surgical valvotomy or
valve replacement [42,43].

Hypertrophic Cardiomyopathy (HCM): The second most common anomaly (20–30%)
and a major cause of mortality. It can be present at birth (often severe) or develop in
infancy/childhood. The hypertrophy pattern is variable (asymmetric, concentric, api-
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cal) and may be obstructive or non-obstructive. Early-onset HCM (<6 months) carries a
grave prognosis [42–44].

Other Congenital Defects: Atrial and ventricular septal defects (ASD/VSD) are
common. Mitral valve dysplasia is also frequent and can affect surgical planning and
long-term outcomes [43,44]. Coarctation of the aorta, atrioventricular septal defect, and
tetralogy of Fallot are reported less frequently.

Electrocardiographic (ECG) hallmarks: ECG offers valuable diagnostic clues. In
PS, a characteristic pattern includes a superior QRS axis (northwest axis), dominant S-
wave in V1 and R-wave in V6 (“left-axis pattern”), and abnormal Q-waves in inferolateral
leads (Figure 2). In HCM, voltage criteria for ventricular hypertrophy and deep T-wave
inversions may be present (Figure 3) [45].

Figure 2. Resting 12-lead ECG from a 4-year-old girl with valvar pulmonary stenosis (PTPN11).
The ECG shows sinus rhythm. Note the superior/left QRS axis, positive in AVL (approximately
−45◦), characterized by a positive R wave in lead I and a negative QRS complex in aVF. This finding
is consistent with the characteristic “left-axis” pattern classically described in Noonan syndrome,
which contrasts with the right axis deviation typically expected in isolated valvar pulmonary stenosis.
Additional findings include a dominant R wave and positive T wave in V1, and a tall R wave in V6
with an isodiphasic T wave. There are also supraventricular ectopic beats (one blocked) and P waves
that appear pointed, compatible with right atrial enlargement/strain (‘P pulmonale’).

The ECG tracings presented are real clinical examples from an international reference
center and are representative of the typical findings observed in NS. The display format
follows standard clinical practice and accurately illustrates the described electrocardio-
graphic patterns.

Vascular Complications in Adulthood: Emerging data indicates an increased risk of
non-obstructive vascular issues in adults, including coronary artery dilation/ectasia and
Moyamoya disease, necessitating awareness during long-term follow-up [45–47].

4.2. Echocardiographic and Advanced Imaging

Echocardiography is the cornerstone for diagnosis and serial monitoring. For PS (often
supravalvular), it delineates valve morphology and quantifies stenosis severity via Doppler
(Figure 4).

The echocardiographic images are authentic clinical examples from a high-volume
reference center and accurately represent the spectrum of cardiac abnormalities in NS. The
Z-score for left ventricular wall thickness in Figure 5 was calculated using the Detroit-based
pediatric echocardiographic reference data by Lopez et al., 2010 [48], which is a validated
and widely employed normative dataset in pediatric cardiology.
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Figure 3. Twelve-lead ECG from a 17-year-old boy with RIT1-associated hypertrophic cardiomyopa-
thy. The tracing reveals striking repolarization abnormalities. Giant positive T waves are present
in leads V2 through V5, and a left-ventricular strain pattern (T wave inversion in leads I and aVL)
is evident.

Figure 4. Echocardiographic still frame (parasternal short-axis view) showing supravalvular pul-
monary stenosis with post-stenotic dilation of the main pulmonary artery in a neonate with a
PTPN11 mutation.

Tissue Doppler Imaging (TDI) and Speckle-Tracking Echocardiography (STE) can de-
tect subclinical systolic and diastolic dysfunction, often preceding overt hypertrophy [48].
Cardiac magnetic resonance (CMR) is increasingly valuable for precise tissue characteriza-
tion, quantification of fibrosis, and risk stratification in HCM.

Late gadolinium enhancement on cardiac MRI may identify focal fibrosis and has
emerging prognostic value in pediatric HCM, including RASopathy-related forms [49,50].
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Figure 5. Two-dimensional echocardiography (parasternal long-axis view) demonstrating concentric
left-ventricular hypertrophy (interventricular septum 28 mm, posterior wall 24 mm) in a 17-year-old
patient with RAF1-related hypertrophic cardiomyopathy.

5. Diagnosis and Differential Diagnosis
5.1. Modern Diagnostic Algorithm

The diagnosis integrates clinical evaluation and molecular genetics [5,44,51].
Clinical Suspicion: Raised by characteristic facial features, short stature, congenital

heart defect (especially PS/HCM), family history, or suggestive prenatal findings (cystic
hygroma, hydrops, increased nuchal translucency).

Molecular Confirmation: First-line testing is a targeted next-generation sequencing
(NGS) panel for RASopathy genes. This is cost-effective and yields a diagnosis in most
cases. For atypical presentations or negative panels, whole-exome sequencing (WES)
is recommended.

Prenatal Diagnosis: Offered when a parent is affected or suggestive fetal ultrasound
findings (cystic hygroma, increased NT, HCM, PS) are present, using chorionic villus
sampling or amniocentesis [11].

5.2. Differential Diagnosis

Primarily involves other RASopathies, which share overlapping features but have
distinct nuances. Several genes (e.g., BRAF, KRAS, MAP2K1) are shared with other RA-
Sopathies such as Cardio-Facio-Cutaneous syndrome. Clinical differentiation relies on
distinct phenotypic features [3,52]:

Cardio-Facio-Cutaneous (CFC) Syndrome: More severe intellectual disability, sparse/curly
hair, and ichthyosis-like skin changes. Often caused by BRAF, *MAP2K1/2* mutations.

Costello Syndrome: Coarse facial features, severe feeding difficulties, loose skin,
papillomata, and an extremely high cancer risk (rhabdomyosarcoma, neuroblastoma).
Caused by HRAS mutations.

Neurofibromatosis Type 1 (NF1): Overlaps due to café-au-lait spots but distinguished
by neurofibromas, optic pathway gliomas, and Lisch nodules.

Noonan Syndrome with Multiple Lentigines (NSML/LEOPARD Syndrome): Char-
acterized by widespread lentigines, sensorineural deafness, and HCM. Often caused by
specific PTPN11 mutations with reduced SHP-2 activity that paradoxically lead to pathway
dysregulation through dominant-negative effects [20–22].
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6. Management and Treatment: A Multidisciplinary Imperative
Lifelong care requires a coordinated team: Cardiologist, clinical Geneticist, Endocri-

nologist, Hematologist, developmental Pediatrician and others [26,53,54].

6.1. Multidisciplinary Care Principles

Growth: rhGH therapy is FDA/EMA-approved for short stature in NS. Recombinant
growth hormone therapy is effective for short stature in NS but is not universally indicated.
Caution is warranted in patients with existing or high-risk HCM (e.g., RAF1, RIT1, KRAS
mutations), as GH may exacerbate hypertrophy. Pre-treatment cardiac evaluation and
ongoing monitoring are mandatory [30,31]. Treatment should follow specific NS growth
charts, with careful monitoring of IGF-1 levels and cardiac status [31,32].

Development: Early intervention programs (physical, occupational, speech therapy)
are essential. Individualized educational plans address learning disabilities.

Hematology: Preoperative coagulation screening (including thromboelastography) is
mandatory. Management of bleeding risk may require desmopressin (DDAVP) or specific
factor replacement [34].

Oncology: Awareness of JMML symptoms (pallor, fever, and splenomegaly) is key.
Surveillance for solid tumors (e.g., gliomas in LZTR1, neuroblastoma in KRAS) should be
considered in high-risk genotypes. Annual complete blood counts are recommended in
early childhood to screen for JMML, particularly in PTPN11- and KRAS-related NS [35,36].

Transition to Adult Care: A structured, planned transition program is critical to ad-
dress adult-onset issues like progressive HCM, fertility, and psychosocial challenges [53,54].

6.2. Specific Cardiologic Management

Pulmonary Stenosis: Balloon valvuloplasty is the first-line treatment for non-
dysplastic PS. For dysplastic or supravalvular PS, surgical intervention (valvotomy, valve
reconstruction, or replacement) is often necessary and may require reintervention [42,43].
In some cases, dysplastic pulmonary valves with only moderate gradients may show spon-
taneous improvement over time as the valve becomes more mobile with growth, obviating
the need for intervention [43,44,54].

Hypertrophic Cardiomyopathy: Management parallels sarcomeric HCM but with
unique considerations. First-line medical therapy for symptomatic obstructive HCM con-
sists of high-dose beta-blockers (e.g., propranolol up to 4–6 mg/kg/day). Calcium channel
blockers may be considered in non-obstructive forms or if beta-blockers are contraindi-
cated [55–57]. Diuretics are used cautiously for heart failure. For refractory symptomatic
obstructive HCM, septal reduction therapy (surgical myectomy or alcohol septal ablation)
may be considered, though data in NS are limited.

Sudden cardiac death (SCD) risk stratification is crucial; an implantable cardioverter-
defibrillator (ICD) is indicated for secondary prevention and for high-risk primary pre-
vention (e.g., massive hypertrophy, unexplained syncope) [42,53,54]. Risk stratification
for sudden cardiac death in NS-related HCM remains challenging. The HCM Risk-Kids
score and ECG risk markers may be useful, as family history is often non-informative in de
novo cases [58,59].

7. Novelties in Diagnosis and Management
Targeted Therapies: The Promise of MEK Inhibition

The understanding of NS as a RAS/MAPK pathway disorder has opened the door
for targeted therapies. MEK1/2 is a central kinase downstream of RAS and RAF. MEK
inhibitors (MEKis), such as trametinib and selumetinib, originally developed for cancer,
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are showing transformative potential in treating severe, life-threatening complications of
NS and related RASopathies [53,54].

Overview of MEK Inhibitor Studies in RASopathy-Related HCM and Lymphatic
Complications: mTOR inhibitors (e.g., sirolimus) have also been explored in preclinical
models and case reports, showing potential to reduce hypertrophy [53]. MEK inhibitors
have also shown utility in managing refractory atrial arrhythmias in RASopathies [53].

For HCM: Several case reports and small series have demonstrated dramatic regression
of ventricular hypertrophy and improvement in cardiac function in patients with RAF1 or
RIT1-related severe, refractory HCM using MEKis [60,61]. This represents a paradigm shift
from purely symptomatic management to potentially disease-modifying therapy.

For Lymphatic Complications: MEKis have shown remarkable efficacy in treating
complex, refractory lymphatic disorders (e.g., chylothorax, pulmonary lymphangiectasia)
in RASopathies, often allowing for the discontinuation of other invasive interventions [53].

Challenges include long-term safety, optimal dosing, duration, and patient selec-
tion. Clinical trials are ongoing to establish efficacy and safety profiles in the pediatric
RASopathy population.

8. Lifelong Follow-Up, Transition and Prognosis
NS is a lifelong condition. The prognosis is highly variable and primarily dependent

on cardiac and oncologic complications [43,54]. Most individuals with mild cardiac disease
have a normal life expectancy. However, those with severe, infantile-onset HCM or certain
malignancies face significant mortality risks.

A seamless transition from pediatric to adult care is a critical vulnerable period. An
ideal transition program involves a dedicated coordinator, joint pediatric-adult clinics, and
a comprehensive “transition passport” summarizing medical history, genetic data, and
care plans [51].

Adult care must be provided by specialists familiar with NS, particularly ACHD cardi-
ologists, to manage late-onset HCM, vascular complications and other adult health issues.

9. Future Directions and Conclusions
The journey of Noonan syndrome from a clinical observation to a molecularly defined

RASopathy exemplifies how modern medicine can decode a rare disorder, yet the scenery
ahead looks even more compelling.

Retrospective, genotype-stratified cohort studies and registries are urgently needed
to define long-term risks and optimize surveillance, as prospective studies over decades
are impractical.

Expanding the therapeutic arsenal with further development and refinement of
RAS/MAPK pathway inhibitors (e.g., SHP2 inhibitors, ERK inhibitors) in different clinical
manifestations. Integrating precision medicine not just for prognosis but also to guide
all aspects of management, from cardiologic surveillance frequency to cancer screening
protocols and therapeutic choices.

In conclusion, NS demands a proactive, multidisciplinary, and lifelong care model.
Early molecular diagnosis enables personalized risk assessment and management. Car-
diac manifestations remain central, requiring expertise in diagnosis, genotype-informed
surveillance, and now, potentially, targeted medical therapy.
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