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Abstract

RASopathies are a heterogeneous group of genetic syndromes caused by germline muta-
tions in genes encoding proteins of the RAS/MAPK pathway, which are essential in the
regulation of cell proliferation, differentiation and survival. Although characterized by
common phenotypic manifestations such as craniofacial dysmorphism, congenital heart
defects, and growth retardation, an aspect of great clinical relevance is the increased risk
of sudden cardiac death, especially in relation to hypertrophic cardiomyopathy (HCM)
and ventricular arrhythmias. Pathogenic variants in genes such as RAF1, RIT1, PTPN11,
BRAF and SHOC2 have been associated with phenotypes with increased incidence of
HCM, sometimes with early onset and a rapidly evolving course. The literature highlights
the importance of early identification of patients at risk; however, specific surveillance
protocols and follow-up strategies are defined in expert guidelines. This literature review
aims to provide an updated overview of the main RASopathies with cardiac involvement,
highlighting the genotype-phenotype correlations, the pathogenic mechanisms underlying
sudden cardiac death, and current diagnosis, monitoring, and prevention strategies. The
aim is to promote greater clinical awareness and encourage a multidisciplinary approach
aimed at reducing mortality in these rare genetic conditions.
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1. Introduction

RASopathies are rare genetic syndromes caused by germline mutations affecting genes
involved in the Ras/mitogen-activated protein kinase (MAPK) pathway, resulting in in-
creased signaling through this pathway [1]. In particular, the RAS/MAPK pathway is
involved in the signal transduction cascade of cellular processes such as division, prolifera-
tion, differentiation and migration [2].

RASopathies include a group of rare but highly impactful conditions such as Noo-
nan syndrome, Noonan syndrome with multiple lentigines, cardiofaciocutaneous syn-
drome, Costello syndrome, Mazzanti syndrome, neurofibromatosis type 1 and Legius
syndrome [3,4]. These disorders present a wide range of clinical manifestations, including
growth abnormalities, musculoskeletal alterations, cardiovascular diseases, craniofacial
anomalies, cognitive impairment, renal malformations, coagulation disorders, up to a high
susceptibility to tumors [3].

The estimated prevalence of RASopathies ranges from 1 in 1000 to 1 in 2500 live births,
these figures are derived from limited cohorts and may underestimate the real prevalence
in the general population [5] and are characterized by high genetic heterogeneity with
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the same condition being caused by several genes belonging to the RAS-MAPK cascade
Figure 1. Currently, approximately 20 genes are known whose pathogenic variants are
associated with this group of conditions, PTPN11, SOS1, SOS2, NRAS, KRAS, MRAS,
RRAS2, RIT1, LZTR1, RAF1, MAP2K1, MAP2K2, SPRED2, BRAF, SPRED1, NF1, SCHOC2,
HRAS, PPP1CB and CBL [4,6,7].
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Figure 1. RAS/MAPK Pathway.

The genotype-phenotype correlation is not constant; however, some specific gene
associations are described for certain unique clinical features, even though many of the
RASopathies have overlapping clinical features such as short stature, facial dysmorphism,
congenital heart disease, lymphatic dysfunction and intellectual disability [7].

Specifically, RASopathies-related heart defects include congenital heart disease (CHD),
hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM) [1,2,5] and conse-
quently sudden cardiac death (SCD) [8-13].

Table 1 summarizes the main genes.

Table 1. Genes and cardiac phenotypes in RASopathies.

Associated

Gene Predominant Cardiac Phenotype Risk of SCD
Syndrome
Noonan syndrome, .
PTPN11 Noonan syndrome with Pulmonary stenosis, less frequent HCM, Moderate
. . septal defects
multiple lentigines
Early/severe HCM, LVOT obstruction, .
RAF1 Noonan syndrome arthythmias High
RIT1 Noonan syndrome Early HCM, congemtal coronary High
anomalies
BRAF Cardiofaciocutaneous HCM + comb.lned defect§ (ASD, PVS), High
syndrome rapid progression
SHOC2 Mazzanti syndrome Pediatric HCM — arrhythmic risk Moderate
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Table 1. Cont.

Associated

Gene Predominant Cardiac Phenotype Risk of SCD
Syndrome
HRAS Costello syndrome HCM (34-61%), arrhythmias (33-48%) High
NF1 Neurofibromatosis type 1 Congenital malformations, vasculopathy, Low-Moderate
rare HCM
. Rare valvular anomalies, no
SPRED1 Legius syndrome documented HCM Low

Lynch et al., in a multicenter cohort, reported a 10-year cumulative incidence of SCD
of 4.7% in patients with RAS-HCM (vs. 4.2% in pediatric controls with non-RAS HCM),
with higher non-arrhythmic/transplant mortality in RAS-HCM subjects. This implies an
approximate annualized rate of around ~0.4-0.5%/year in observed follow-up, but the
incidence varies with age, genotype, and severity [12].

Furthermore, Boleti et al. demonstrated that HCM in RASopathies often develops
very early in life, with cases reported in infancy and even the neonatal period, underlining
the importance of initiating surveillance as soon as the genetic diagnosis is established [13].

Although many patients present with the disease in early childhood, HCM can also
develop later, during adolescence or early adulthood. Therefore, surveillance should
continue into young adulthood, as the risk of SCD extends beyond childhood in genetically
predisposed individuals [10].

In non-syndromic sarcomeric HCM, the annual incidence of SCD has varied across
time periods and populations. Recent reviews estimate rates in the range of ~0.3-0.7%
per year in unselected cohorts, while contemporary data from specialized centers suggest
lower event rates, largely reflecting advances in risk stratification and the prophylactic use
of ICDs [8,9].

Pediatric data from validation studies of the HCM Risk-Kids model and other cohort
analyses indicate rates of SCD-equivalent arrhythmic events of approximately 0.7-0.8 per
100 patient-years. These findings underscore that children with HCM experience higher
rates of SCD-equivalent events compared with adults [11].

2. Materials and Methods
This article is a literature review. The literature was searched in PubMed /MEDLINE

"o

and Scopus using a combination of the following keywords: “RASopathies”, “hypertrophic

cardiomyopathy”, “sudden cardiac death”, “pediatric cardiology”, and “genetics.” Only
articles in English and open access were considered.

3. Noonan Syndrome

Noonan syndrome (NS) is an inherited genetic disease of the RASopathies group charac-
terized by heterogeneous phenotypic manifestations that can vary from mild to severe [14].

NS can be inherited with autosomal dominant transmission or arise spontaneously as a
de novo mutation, it affects both sexes equally, the prevalence is not entirely known, but the
incidence is estimated from 1 in 1000 to 1 in 2500 live births but is probably underestimated
due to deaths in the fetal period [15-17].

NS is caused in 50% of cases by pathogenic variants of protein-tyrosine phosphatase
non-receptor-like 11 (PTPN11), which encodes SHP-2, and by pathogenic variants in the
genes SOS1 in 13%, RAF1 in 10% and RIT1 in 9% [15,18,19]. Other genes have been reported
to cause SN in less than 5% of cases, including SHOC2, RASA2, LZTR1, SPRED2, SOS2, CBL,
KRAS, NRAS, MRAS, PRAS, BRAF, PPP1CB, A2ML1, MAP2K1, and CDC42 [15,16,18,19].



BioChem 2025, 5, 38

4of 16

Some genotype-phenotype correlations are well known, mutations in PTPN11
favor pulmonary stenosis, while those in RAF1 and RIT1 are strongly associated
with HCM [19,20].

Clinically, patients with NS frequently present with short stature, facial dysmorphism
such as hypertelorism, ptosis, often low-set and rotated ears, skeletal malformations such
as pectus carinatum or excavatum, neurological difficulties and coagulation disorders [14].

Cardiac involvement is one of the most relevant manifestations, in fact 50-80% of
cases present congenital heart disease, in particular pulmonary valve stenosis in 50-65%,
HCM in 20-30% and atrial and ventricular septal defects. NS-related HCM presents early,
already in the first months of life, with a higher prevalence of outflow tract obstruction and
diastolic dysfunction compared to classic sarcomeric forms [21-23].

Histologically, NS shows a myocellular disarray like idiopathic HCM, suggesting a
high predisposition to ventricular dysfunction and arrhythmias [24].

The diagnostic process requires complex clinical and instrumental attention, in partic-
ular, an echocardiogram and electrocardiogram (ECG) are recommended from birth with
typical signs such as left axis deviation, wide QRS complexes, and abnormal QQ waves, even
in the absence of cardiac symptoms and must be repeated periodically approximately every
2-5 years. Genetic confirmation is essential, allowing for targeted therapy [18,25].

Cardiovascular treatment ranges from surgical or percutaneous intervention for pul-
monary stenosis, to medical therapy with beta-blockers and, in severe cases of symptomatic
HCM, to the experimental use of MEK inhibitors [20].

The association of NS with SCD is closely related to the presence of HCM, which
has been identified as a significant risk factor for SCD, especially in pediatric patients.
The prognosis for these patients can be particularly severe, and the mortality associated
with hypertrophic cardiomyopathy in patients with RASopathies is higher than that in the
general population [6,12].

Recent case series highlight cases of sudden death associated with main coronary
artery atresia in subjects with the RIT1 variant, as well as familial cases discovered with
molecular autopsies identifying pathogenic mutations in LZTR1 [22].

Patients with specific genetic variants such as PTPN11 and RAF1 can have greater left
ventricular hypertrophy and higher left ventricular outflow tract gradients, factors related
to the risk of adverse cardiac events. Predictive factors for SCD include nonsustained
ventricular tachycardia, congestive heart failure, and a high LVOT gradient, which indicate
a higher likelihood of fatal arrhythmias [26,27].

This evidence underscores the need for very close electrocardiographic monitoring,
early consideration of implantable defibrillators in patients with risk factors such as severe
obstruction or tachyarrhythmias, and postmortem genetic screening in sudden deaths to
prevent family members from dying.

Take-Home Messages

e  HCM present in 20-30% of patients, with early onset and a more severe course than
sarcomeric forms

e RAF1 and RIT1 mutations are strongly associated with HCM and an increased risk
of SCD

e ECG and echocardiogram recommended from birth and repeated regularly

e Risk factors for SCD: syncope, NSVT, LVOT > 30 mmHg

e According to international guidelines, ICD implantation should be evaluated in

selected high-risk patients within specialized centers.
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4. Noonan Syndrome with Multiple Lentigines

Noonan syndrome with multiple lentigines (NSML), formerly known as Leopard
syndrome, is a rare autosomal dominant RASopathy, high penetrance, variable expres-
sivity, with approximately 200-300 cases described in the literature and without precise
incidence rates [28-31].

In 85% of cases, missense mutations in the PTPN11 gene, specifically exons 7, 12, 13,
cause a dominant-negative effect with reduced SHP-2 activity, distinct from the gain-of-
function variants typical of NS [30,32].

The most frequent pathogenic variants in 65% of cases are Tyr279Cys [33] and
Thr468Met [34], while in 15% in RAF1, BRAF, MAP2K1 and, rarely, in other genes of
the RAS/MAPK pathway [29,35].

Clinically, NSML manifests itself with a variable involvement of different organs and
systems, making the diagnostic picture complex and multidisciplinary.

One of the most characteristic signs is the appearance of multiple lentigines, which
begin to develop in preschool age and then progressively increase throughout childhood
and adolescence. Freckles preferentially affect photoexposed areas, but can extend to the
oral and genital mucosa, and even to the sclera. They are often associated with café-au-lait
spots, and the pigmented lesions can be either epidermal or melanocytic, giving rise to a
complex and easily recognizable dermatological phenotype [36].

The facial appearance is like that of NS, but facial dysmorphism tends to be less
marked than in other RASopathies, especially in adulthood.

Cardiac involvement is present in approximately 85% of patients and represents the
most serious clinical manifestation. Specifically, HCM occurs in 70-80% of patients, often
with early onset, with an asymmetric and obstructive pattern, and carries a high risk of
ventricular arrhythmias and consequently SCD [11,12]. Less frequently, pulmonary valve
stenosis is observed in 25%. Furthermore, up to 75% of patients have electrical conduction
abnormalities, including bundle branch blocks, bradyarrhythmias or tachyarrhythmias,
detectable on ECG or Holter monitoring [30].

Other systemic manifestations include sensorineural hearing, cryptorchidism, hy-
pospadias, and, more rarely, renal anomalies. Growth may be impaired in less than half of
cases, with short stature and postnatal growth retardation, while cognitive involvement is
generally mild, with intellectual disability [31].

The clinical diagnosis is based on the acronym LEOPARD, which represents the main
characteristics of the syndrome: Lentigines, Electrocardiographic conduction abnormalities,
Ocular hypertelorism, Pulmonary stenosis, Abnormalities of genitalia, Retardation of
growth, and Deafness. The diagnostic criteria proposed by Voron et al. in 1976 [37] suggest
that the presence of lentigines associated with at least two other manifestations or the
presence of three clinical signs even in the absence of lentigines can be considered sufficient
to raise a diagnostic suspicion, especially in the absence of family history. If there is an
affected family member with a confirmed diagnosis, even a smaller number of signs may
be considered diagnostically relevant [38,39].

Genetic confirmation is obtained by molecular analysis of the PTPN11 gene, but in
subjects with a negative test but a suggestive phenotype, it is indicated to extend the study
to other genes [40].

Regular follow-up with echocardiogram, ECG, 24-h Holter monitoring, and, if nec-
essary, exercise testing is recommended for cardiac manifestations, every 6-12 months in
high-risk or progressive cases [30].

Therapeutically, management of HCM may include pharmacological treatment with
beta-blockers or calcium channel blockers, and in cases of significant obstruction, surgical
myoreduction. In patients at high risk of SCD, preventative ICD implantation may be
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necessary. Pulmonic stenosis may require valvotomy or valve plasty, while sensorineural
hearing loss should be treated with hearing aids and careful audiological follow-up [30].

Skin manifestations are treated with laser or depigmenting creams, and careful der-
matoscopic surveillance is recommended, given the rare possibility of melanomatous
transformation [30].

The risk of SCD is a serious complication of NSML, and is closely associated with
HCM, which is frequently asymmetric, obstructive and of early onset, and in a relevant
percentage of cases with ventricular arrhythmias, atrioventricular block and conduction
alterations, which contribute significantly to the increased arrhythmic risk [11,12].

SCD has been highlighted in patients carrying specific high-risk genetic variants, in
particular Tyr279Cys and Thr468Met in PTPN11, as well as in RAF1 mutations, suggesting
a clear genotype-phenotype correlation that should guide risk stratification [41].

Risk stratification should be repeated periodically during developmental age, consid-
ering the natural progression of the disease and the possible late appearance of clinical
risk criteria. Therefore, regular, multidisciplinary cardiac follow-up is essential to prevent
avoidable fatal outcomes in patients with NSML.

Take-Home Messages

e HCM present in 70-80% of patients, often asymmetric and obstructive

e High prevalence of conduction abnormalities: AV block, brady/tachyarrhythmias
e  High-risk variants: PTPN11 (Tyr279Cys, Thr468Met), RAF1

e High risk of SCD, even at a young age

e  Regular follow-up with ECG, Holter monitoring and echocardiogram is advised by
expert consensus, with ICD evaluation considered only in high-risk cases.

5. Cardiofaciocutaneous Syndrome

Cardiofaciocutaneous syndrome (CFCS or CFC) is a rare autosomal dominant RA-
Sopathy, characterized by a violaceous phenotype and multisystem involvement, and is
caused by pathogenic mutations in key genes of the RAS/MAPK pathway, such as BRAF,
MAP2K1 (MEK1), MAP2K2 (MEK2) and, more rarely, KRAS [42-44].

Mutations are predominantly missense or small deletions triggering an increase in
activity of the respective enzymes of the RAS/MAPK cascade. The most frequent variants
include BRAF p.GIn257Arg, MAP2K1 p.Tyr130Cys and MAP2K2 p.Tyr134Cys, and in rare
cases a mutation in YWHAZ has also been identified [42].

Approximately 300 cases have been described in the literature, and the real incidence
is still unknown [45].

Clinically, CFCS is characterized by multiple congenital anomalies including cardiac
defects, ectodermal abnormalities, distinctive craniofacial features, and varying degrees of
intellectual disability [46,47].

CHD is present in 75% of cases, with predominantly pulmonary stenosis and HCM,
and in 45% of cases with ASD + PVS type defects [48].

The diagnosis of CFCs is based on the integration of clinical and molecular data.
However, due to the phenotypic overlap with other RASopathies such as NS and Costello,
it is essential to confirm the suspected diagnosis through targeted genetic testing for
pathogenic variants in the key genes associated with SCFC [49,50].

Furthermore, regular cardiac follow-up, including echocardiograms, ECGs, and, in
case of documented abnormalities, dynamic Holter monitoring and exercise testing, is
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essential and is particularly important in patients with HCM, given its association with
arrhythmias and risk of SCD.

Currently, there is no specific therapy for CFCS, and treatment is essentially symp-
tomatic and multidisciplinary, with beta-blockers or calcium channel blockers to control
HCM. When the obstruction is significant, surgical muscle reduction is indicated, and in
the most severe and refractory cases, heart transplantation.

HCM associated with CFCS can evolve rapidly, especially in childhood, with dis-
organized myocytes and possible inherited coronary artery abnormalities. SCD due to
ventricular fibrillation is documented, with signs of severe HCM post-mortem [13].

Although there are no specific prognostic models, HCM markers represent valid risk
factors for SCD similarly to what is observed in related RASopathies.

Take-Home Messages

e  Heart defects in 75%: pulmonic stenosis and HCM

e  Most common mutations: BRAF, MAP2K1, MAP2K2

e  HCM can progress rapidly and be complicated by ventricular arrhythmias

e  Documented risk of SCD; Intensive monitoring is recommended.

e Symptomatic treatment with beta-blockers, calcium channel blockers, and surgical
options in severe cases.

6. Mazzanti Syndrome

Mazzanti syndrome (MS), also known as Noonan-like syndrome with loose anagen
hair, is a rare autosomal dominant RASopathy caused by gain-of-function mutations in
the SHOC?2 gene, including the most frequent c.4A > G, p.Ser2Gly, which introduces an
aberrant N-myrostylation site, altering the protein localization on the plasma membrane
and amplifying the RAS/MAPK signal [51,52].

Other very rare pathogenic variants such as p.Thr411Ala have been described recently,
potentially related to more heterogeneous clinical manifestations [53,54].

Clinically it is characterized by suggestive facial features such as hypertelorism, ptosis,
low-set ears; reduced growth often with growth hormone deficiency and short stature
and slow psychomotor development; sparse and easily extractable hair; skin abnormal-
ities such as keratosis pilaris, hyperpigmentation, and eczema; ligamentous hyperlaxity
and HCM [55,56].

The diagnostic-therapeutic process includes a complete clinical /dysmorphological
evaluation; SHOC2 gene sequencing, particularly when the most common mutations
PTPN11, SOS1, RAF1, KRAS, BRAF, MAP2K1/2 are negative; multidisciplinary man-
agement with growth monitoring, often with GH hormone therapy which has shown
significant benefits in several clinical cases, even in the absence of GH deficiency; neuropsy-
chological support; dermatological surveillance; rigorous cardiac evaluation with serial
ECG and echocardiogram [54,57,58].

In the absence of specific reports of SCD in MS, the presence of HCM at the pediatric
level is recognized as a significant risk factor for ventricular arrhythmias and SCD in
patients with RASopathies [11]. Therefore, MS requires proactive cardiac follow-up with
Holter monitoring and possibly electrophysiological studies in high-risk cases.
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Take-Home Messages

e  Rare syndrome with a characteristic phenotype, such as loose hair, dysmorphic
features, and short stature

e  Presence of HCM in childhood — potential risk of SCD

e Typical mutation: SHOC2 p.Ser2Gly

e Regular cardiac surveillance is essential, including ECG, echocardiogram, and
Holter monitoring

e  Consider electrophysiological studies in high-risk cases

7. Costello Syndrome

Costello syndrome (CS) is a rare autosomal dominant RASopathy caused by heterozy-
gous germline gain-of-function variants in the HRAS gene (11p15.5), caused in 80% by
the p.Gly12Ser substitution (c.34G>A) and the second most frequent is the p.Gly12Ala
variant [59,60].

CS is extremely rare, with a prevalence in the United Kingdom of 1:380,000 and most
cases are de novo with correlation to advanced paternal age [61,62].

Clinically, newborns frequently present with macrosomia, polyhydramnios, hypo-
glycemia, and severe feeding difficulties; In the following months, growth retardation,
psychomotor developmental delay, intellectual disability, coarse facies with relative macro-
cephaly, epicanthus, prominent ears, broad-tipped nose, full lips, soft skin and joint laxity,
cutaneous papillomatosis, and curly or sparse hair are observed [62,63].

Additionally, approximately 63% of patients with CS have cardiac abnormalities,
including valvular heart disease such as pulmonary stenosis and septal defects in 30%,
HCM in 34-61%, and arrhythmias in 33-48% [64—66].

The diagnostic-therapeutic path includes clinical evaluation with attention to dysmorphic-
phenotypic traits; molecular confirmation by HRAS sequencing; multidisciplinary manage-
ment with nutritional and neuropsychological support, physical and occupational therapy;
pediatric oncology surveillance with screening for neuroblastoma, rhabdomyosarcoma
and bladder cancer up to 8-10 years of age; rigorous cardiac monitoring, with periodic
echocardiogram and ECG/Holter, and medical and/or surgical interventions in cases of
obstructive HCM or symptomatic arrhythmias [59].

Regarding the association with SCD, although specific data in CS are limited, the
presence of HCM and arrhythmias represents a known risk factor [11,13].

Take-Home Messages

e  Mutated HRAS (e.g., p.Gly12Ser) in >80% of cases
e HCM in 34-61%, arrhythmias in 33—48%

e Increased arrhythmic risk — possible SCD, although specific data are rare

e  Regular cardiac monitoring: ECG/Holter/Echo

e  Multidisciplinary management, including pediatric oncology surveillance

8. Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) is an autosomal dominant disease, but in 40% it can
arise as a de novo mutation and is characterized by high phenotypic variability even within
the same family [67,68].
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The NF1 gene, located on chromosome 17q11.2, encodes the protein neurofibromin,
a GAP protein that negatively regulates the RAS/MAPK pathway. Pathogenic variants
are predominantly intragenic, such as frameshift, nonsense, and splice site, with less than
10% of cases due to whole-gene deletions (WGD), which are associated with a more severe
phenotype, increased risk of malignancies and congenital heart disease [69].

NF1 has an incidence of 1 in 2600-3000 individuals [70] and with a prevalence ranging
from 1 in 3000 to 6000 [67].

Clinically, NF1 typically manifests in childhood with >6 café-au-lait macules, axil-
lary /inguinal freckles, cutaneous or plexiform neurofibromas, Lisch nodules, optic gliomas,
bone defects such as sphenoid dysplasia, pseudoarthrosis, and cognitive delay or learning
disabilities [67]. The diagnosis is based on the 1987 NIH criteria, confirmed in 1997 and
updated in 2021, which require the presence of at least two cardinal features [71].

Cardiovascular manifestations are well documented, with 2% to 27% of patients
having congenital heart defects, including pulmonary valve stenosis, septal defects, mitral
valve disease, and in some cases HCM [69,72-74]. Recent studies on NF1 subjects without
cardiovascular events highlight early alterations in endothelial function, medial carotid
thickening and mild impairment of left ventricular contractile function, suggesting the
need for careful cardiovascular surveillance starting from childhood [75].

The diagnostic workup includes clinical phenotypic evaluation, molecular confirma-
tion on the NF1 gene, supported by neurological and ophthalmological imaging. Manage-
ment is multidisciplinary, including neurosurgery for tumor lesions, pediatric oncology, en-
docrinology, neurology, and medical genetics, with new targeted therapies such as selume-
tinib, approved for symptomatic, inoperable plexiform neurofibromas in children > 2 years
of age [70,76].

Although SCD is rare, at least one case has been documented in a young NF1 pa-
tient with intramyocardial coronary vasculopathy, myocardial fibrosis and floppy mitral
valve, suggesting a potentially lethal arrhythmic and vascular substrate [77]. Furthermore,
cases of myocardial infarction in young NF1 adults due to coronary stenoses, aneurysms
or hypertension associated with renal vasculopathy have been described [78,79]. There-
fore, although SCD is uncommon, the presence of vascular disease, cardiomyopathy, or
arrhythmias requires comprehensive cardiovascular screening, with ECG monitoring,
echocardiography, evaluation of hypertension, and vascular imaging in selected patients.

Take-Home Messages

e Cardiac involvement is rare but highly variable

e  Congenital malformations, vascular disease, and isolated cases of HCM

e  SCD events have been described in young adults with coronary artery disease or
myocardial fibrosis

e  Cardiac screening with ECG and echocardiogram is recommended in patients with
symptoms or vascular abnormalities

e  Consider vascular imaging in patients with hypertension or suspected
vascular disease

9. Legius Syndrome

Legius syndrome (LS), also known as neurofibromatosis type 1-like syndrome, is an
autosomal dominant RASopathy caused by loss-of-function variants in the SPRED1 gene
(15q13.2), which interfere with the recruitment of neurofibromin to the membrane and
result in excessive activation of the RAS/MAPK pathway [80,81].
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The incidence of LS varies between 1:46,000 and 1:75,000 live births, and it is esti-
mated that approximately 1-4% of patients clinically suspected of having NF1 have a
SPREDI1 variant [82].

Less than 300 cases have been described so far, including approximately 89 heteroge-
neous mutations such as missense, frameshift, nonsense, deletions/duplications identified
in 146 different probands [83].

The phenotype of SL is generally milder than that of NF1 and manifests in childhood
with multiple café-au-lait spots, axillary/inguinal freckles, macrocephaly, short stature,
and neurobehavioral problems, such as delayed speech, attention deficit or ADHD. Absent
are cutaneous or plexiform neurofibromas, Lisch nodules, optic nerve gliomas, and bone
lesions specific to NF1 [71,82,84].

The diagnostic process requires a careful clinical evaluation, especially in the presence
of café-au-lait and lentigines but in the absence of NF1-specific tumors; SPRED1 sequencing
is then performed, identifying approximately 89% of cases, and deletion/duplication
analysis. Molecular diagnosis is essential, as up to 50% of subjects with mutated SPRED1
meet clinical criteria for NF1, with consequent implications for medical surveillance [85-87].

There are no specific therapies for LS. The prognosis is favorable with symptomatic
management of neurobehavioral delay and more restricted surveillance than that required
for NF1, in the absence of the specific tumor risk of NF1 [71,82].

Regarding the risk of SCD, to date no documented cases of SCD associated with LS
have been reported in the literature. Reported cardiovascular manifestations are limited
to very few isolated clinical cases, such as pulmonary stenosis, mitral valve prolapses or
paroxysmal tachycardias, but without evidence of structural cardiomyopathy or substrate
for potentially lethal arrhythmias [84]. Therefore, although LS has a RASopathic transmis-
sion, intensive cardiac screening like that indicated for other RASopathies with cardiac
involvement is not considered necessary. Basic cardiac evaluation remains prudent in the
presence of symptoms or family history.

Take-Home Messages

e  Caused by SPRED1 mutations with excessive activation of the RAS/MAPK pathway

e  Mild phenotype like NF1, with café-au-lait syndrome, macrocephaly, and
behavioral disturbances

e No current evidence of HCM or SCD

e  Cardiac follow-up only if symptoms or a positive family history is present

e  Genetic diagnosis is crucial to distinguish LS from NF1

10. Sudden Cardiac Death

SCD is defined as an unexpected cardiac death that occurs within one hour of the
onset of acute symptoms, or within 24 h if the event was not directly observed [88-90]. It is
frequently caused by malignant ventricular arrhythmias such as ventricular tachycardia or
ventricular fibrillation, often in the presence of predisposing structural heart disease, and is
one of the most serious complications of RASopathies with cardiac involvement [11-13,88].

In RASopathies associated with HCM, such as NS, NSML, CFCS and CS, the risk
of SCD is significantly increased compared to idiopathic forms of HCM [13,26,27]. The
pathological substrate includes myocellular disorganization, fibrosis, marked hypertrophy
and, in some cases, congenital coronary anomalies [11,24].

The association between genotype and risk of sudden death has been documented
in patients with high-risk mutations in genes such as RAF1, RIT1, PTPN11, BRAF and
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LZTR1, which are frequently related to aggressive forms of HCM with early onset, severe
obstructive gradient and ventricular tachyarrhythmias [6,19,22,26,27]. The presence of
unexplained syncope, non-sustained ventricular tachycardia, left ventricular dysfunction
(NSVT), or LVOT gradient > 30 mmHg is considered significant predictors of major adverse
events, including SCD [12,26].

Recent cohort studies, such as that of Boleti et al., have validated the utility of the
HCM Risk-Kids model in pediatric patients with RASopathies, highlighting higher rates of
arrhythmic events compared to subjects with sarcomeric HCM [13]. Furthermore, according
to the multicenter analysis by Lynch et al., patients with RASopathies present a higher
mortality and a greater incidence of fatal events already in childhood, supporting the need
for intensive and early cardiac surveillance [12].

Cardiogenetics is central to the management of RASopathies, as molecular confir-
mation guides cardiac surveillance, prognostic assessment, reproductive counseling, and
family screening strategies. Society recommendations emphasize the utility of genetic test-
ing in all inherited cardiomyopathies and in pediatric patients with HCM or a syndromic
phenotype [88,89].

In children with RAS-HCM, expert guidelines (PACES, ESC, AHA) emphasize the
importance of baseline ECG, periodic Holter monitoring, and multidisciplinary evalua-
tion in specialized centers, with ICD therapy considered only in selected high-risk cases.
PACES recommendations and pediatric risk models aid decisions about prophylactic ICD
implantation [11,90].

Given the frequent need for chronic surveillance and interventions, patients with
RASocardiac diseases should be included in structured pediatric-to-adult transition pro-
grams that include an individualized transition plan, readiness assessment, education on
warning symptoms, contact information for adult referrals (ACHD/ cardiogenetics), and
tracking to avoid loss to follow-up. These programs reduce care discontinuity and improve
adherence to surveillance recommendations [91].

Family screening through genetic testing is a crucial strategy for identifying at-risk
relatives and initiating surveillance and prevention. In cases of RASopathies, due to the
potential early onset of HCM, cardiac evaluation (ECG + echocardiogram) should be
performed on first-degree relatives already in childhood or at molecular diagnosis; targeted
genetic testing is recommended when the variant is known in the proband [12,92].

In cases of SCD, molecular autopsy, defined as postmortem genetic study;, is strongly
recommended to identify any heritable pathogenic variants and implement genetic surveil-
lance in family members at risk [22,26,93-97].

Finally, even in the absence of overt HCM, some RASopathic phenotypes, such as
NSML, may present a high arrhythmic risk linked to conduction abnormalities such as
bundle branch blocks and bradyarrhythmias or tachyarrhythmias, suggesting that risk
stratification should be dynamic and adapted to the clinical evolution of the individual
patient [12,30,42].

11. Conclusions

RASopathies are a heterogeneous group of rare genetic syndromes with relevant car-
diovascular implications, particularly due to the increased risk of SCD associated with HCM
and ventricular arrhythmia. Genotype-phenotype correlation is crucial in risk stratification
and defining personalized diagnostic and therapeutic pathways.

Pathogenic variants in high-risk genes, such as RAF1, RIT1, PTPN11, BRAF, and
LZTR1, are frequently associated with aggressive, early-onset forms of HCM with high
arrhythmogenic potential. Evidence suggests that early diagnosis, careful cardiac follow-
up, and preventive strategies such as ICD in selected patients may reduce the risk of
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SCD. Management should be guided by international guidelines and delivered through a
multidisciplinary, patient-centered approach.

In conclusion, the management of RASopathies requires a multidisciplinary, patient-
centered, and evidence-based approach to significantly reduce mortality related to these
rare but potentially lethal conditions.
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