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ABSTRACT

The RAS/Mitogen-Activated Protein Kinase (MAPK) pathway is a core developmental signaling cascade that regulates proliferation,
differentiation, survival, and tissue growth across multiple organ systems. Germline dysregulation of this pathway results in
RASopathies. Although the causal variants affect different components of the pathway, they converge on abnormal downstream
signaling. This explains why these disorders share a recognizable clinical core despite clear syndrome-specific differences. The
most prevalent and well-known entity is Noonan syndrome, while other major subtypes include cardiofaciocutaneous syndrome,
Costello syndrome, and Noonan syndrome with multiple lentigines.

RASopathies are characterized by distinctive craniofacial features and multisystem involvement. Congenital heart disease is a
significant cause of morbidity. Neurodevelopmental difficulties are common across the spectrum and may be particularly pronounced
in Cardiofaciocutaneous and Costello syndromes. Short stature, pectus anomalies, scoliosis, and other musculoskeletal findings
are also recurrent features. Another important concern is the malignancy risk, which varies significantly by genotype.

Although these disorders share a common pathway, genotype-phenotype correlations are increasingly relevant in daily practice.
Molecular findings now directly inform risk assessment and long-term follow-up. In parallel, early experience with pathway-directed
therapies is beginning to influence the management of selected complications. MEK inhibitors have shown promising results in
selected manifestations, particularly hypertrophic cardiomyopathy and refractory lymphatic complications.

In this review, we discuss the biological organization of the RAS/MAPK pathway and relate it to the clinical spectrum of RASopathies.
We focus on shared and distinguishing phenotypic features, clinically relevant genotype-phenotype correlations, and the emerging
role of targeted therapies.
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pathway’s molecular switches. This cycle is regulated
by guanine nucleotide exchange factors and GTPase-
activating proteins, which promote RAS activation and signal
termination, respectively (1) (Figure 2). Efficient signaling
relies on spatial organization at cellular membranes, where
RAS and its regulators assemble with downstream effectors.
This organization helps determine signaling specificity rather
than simple pathway activation (1,3). Feedback mechanisms,

Introduction

The RAS/MAPK pathway mediates the transmission of
extracellular signals into intracellular responses that control
key developmental processes. It regulates cell proliferation,
differentiation, survival, and tissue growth across multiple
organ systems. Precise regulation of this signaling is
required for normal development and maintenance of tissue

homeostasis (1-4).

The canonical pathway begins when cell surface receptors
trigger RAS, initiating the RAF-MEK-ERK kinase cascade
(Figure 1). ERK acts as the main downstream effector and
phosphorylates multiple targets, which influences gene
expression and cellular behavior (2,3,5). Cycling between
active and inactive states, RAS proteins function as the

phosphatases, and scaffold proteins further restrain signal
strength and duration. Without these regulatory layers,
identical stimuli could produce very different biological
outcomes (2,3,6). Moreover, RAS/MAPK signaling is dynamic
rather than static. Differences in the magnitude, duration,
and timing of ERK activation can lead to distinct biological
outcomes, even within the same cell type (2,5).
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Figure 1: Canonical RAS/MAPK signaling pathway. RTK: Receptor
Tyrosine Kinase
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Figure 2: Ras activation cycle.

Accessory proteins contribute to the spatial and temporal
organization of signaling components. Proteins such as
scaffolds, adaptors, and other modulators, including SPRED1,
SHOC?2, and CBL, enable fine-tuning of RAS/MAPK signaling
rather than simple on-off activation (Figure 1). They support
graded and context-dependent responses during development
and across different tissues (1,6). Disruption of the RAS/
MAPK pathway changes normal developmental signaling and
provides the molecular basis for a group of genetic disorders
caused by germline pathway dysregulation (4,7).

RASopathies are a group of disorders that share overlapping
features caused by germline pathogenic variants in genes that
encode components or regulators of the RAS/MAPK pathway.
These variants can affect different parts of the pathway,
including upstream activators, core signaling proteins, or
regulatory factors. These disorders are caused by dysregulated
RAS/MAPK signaling, although the molecular consequences
vary according to the affected gene and variant. Because
the primary defect reflects dysregulated signaling rather
than a single-gene effect, RASopathies are better viewed
within a pathway-based framework (4,7,8). This perspective
also provides a rationale for therapies that aim to modulate
pathway activity (4).

RASopathies include Noonan syndrome (NS, MIM #163950),
Cardiofaciocutaneous syndrome (CFCS, MIM #115150),
Costello syndrome (CS, MIM #218040), Legius syndrome (LS,
MIM #611431), Neurofibromatosis—-Noonan syndrome (NF-NS,
MIM #613113), Noonan syndrome with loose anagen hair (NS/
LAH, MIM #607721), Noonan syndrome with multiple lentigines
(NSML, previously LEOPARD syndrome, MIM #151100),
Neurofibromatosis type 1 (NF7, MIM #162200), and several
rarer related disorders (Table |). Clinically, these disorders are
often discussed as core syndromic forms, neurocutaneous
conditions, and less common related entities. This classification
helps organize a phenotypically broad but mechanistically
related group of conditions within the RAS/MAPK pathway
spectrum (7,9). Although these disorders share overlapping
clinical features, they arise from distinct molecular mechanisms
affecting different parts of the pathway. Many disease-associated
variants are missense changes that alter pathway output, often
by increasing or prolonging signaling, particularly at the level
of ERK activation. In contrast, loss-of-function mechanisms
are central in specific conditions such as NF7 and SPRED1-
related disease. Variants in the same gene can lead to different
clinical phenotypes depending on their type and functional
impact within the pathway. This allelic heterogeneity explains
both the overlap and the variable expressivity within individual
syndromes, supporting a pathway-based classification
rather than a strict one gene-one disease model (8,10,11).

In the following sections, we relate core RAS/MAPK biology
to the clinical presentation of the major RASopathies, with
particular emphasis on the syndromic forms most relevant
to pediatric practice. We also review emerging pathway-
directed treatments and consider their practical implications
for long-term care.

Noonan Syndrome (NS)

As the most common RASopathy, Noonan syndrome (NS)
is often considered the clinical prototype of this group (4,9). It
is typically characterized by a recognizable facial appearance,
short stature, and congenital heart disease, although expression
is highly variable between individuals (10,12). lts estimated
incidence is approximately 1 in 1 000-2 500 live births (8).
Somatic oncogenic RAS pathway variants often drive strong
and poorly controlled signaling. In contrast, germline variants
associated with NS usually produce a milder but persistent
disturbance of developmental signaling. This allows embryonic
viability, but disrupts normal morphogenesis and tissue
differentiation (7,10,13).

The genes most commonly associated with NS are summarized
in Table I. Although they affect different nodes of the pathway,
they converge on abnormal ERK signaling. Variants in
PTPN11 increase SHP2 activity and enhance RAS/MAPK
pathway signaling (11). Building on this mechanism, gain-of-
function variants in SOS7 and SOS2 promote RAS activation
by increasing the amount of its active, GTP-bound form.
Pathogenic variants in downstream signaling proteins such as
RAF1, and less commonly BRAF, enhance signal propagation
through the MEK-ERK cascade, whereas variants in RAS-family
genes, including KRAS, NRAS, and RIT1, dysregulate upstream
pathway activation through gene-specific mechanisms (7,13,14).
Experimental data suggest that even modest increases in
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Table I: Molecular mechanisms and key clinical domains of RASopathies

Primary

Disorder Pathway Gene(s) Molecu_lar VRicHR et Key Clinical DomainsTherapeutic Implications
Node Mechanism Effect
Upstream PTPN11, SOST, Craniofacial Potential responsiveness
. SOS2, RAF1, Abnormal Predominantly to pathway-modulating
signal . ~_features, short . .
Noonan syndrome transduction RIT1, KRAS, upstream pathway gain-of-function stature. cardiac. and therapies; emerging
(NS) 7 pathway BRAF, LZTR1,  activation or signal or dysregulated neurod’evelopm’ental interest in MEK inhibition
regulation NRAS, RRAS2, amplification activation involvement and upstream signal
RASA2, SPRED2 modulation
Severe
Core kinase Constitutive peurqdevelopmental Strong rationale for
Cardiofaciocutaneous cascade BRAF, MAP2K1, activation of the Gain-of-function L?g?;;?eirséispllepsy. %%m?tsi(t)rr??:/lqu}? ti:\r?;?)?/tors
syndrome (CFCS) (RAF-MEK- MAP2K2, KRAS RAF-MEK-ERK ’

ectodermal features, explored in severe or
cardiac defects, refractory cases
growth failure

Failure to thrive,

ERK) cascade

cardiomyopathy, ) )
Persistent HRAS characteristic P:ttﬁcvt;al :;Z‘ig;r;:?
Costello syndrome activation due ectodermal P y ’

RAS activation HRAS Gain-of-function careful balance

(CS) to impaired GTP features, severe .
. required due to tumor

hydrolysis neurodevelopmental . "
: . - predisposition
impairment, increased
malignancy risk

Loss of

Negative neurofibromin- Cafe-au-lait macules, Established clinical use

Neurofibromatosis mediated RAS-GAP Lisch nodules,

type 1 (NF1) regulation of NF7 activity resulting Loss—of—functlonSkeletal TremEEs, of M.EK |nh|b|tor§ for
RAS L . e plexiform neurofibromas
in increased RAS tumor predisposition
signaling
Impaired recruitment . .
) ) Supportive management;
. of neurofibromin P . )
Negative to the membrane Café-au-lait macules, emphasizes need for
Legius syndrome (LS) regulation of SPRED1 . ) ’ , Loss-of-functionabsence of tumor molecular distinction from
RAS EaloielieEaey burden NF1 to avoid unnecessar
RAS/MAPK : o
. . tumor surveillance
signaling
Altered phosphatase Multiple lentigines,
Signal or kinase activity Dominant- hypertrophic Potential responsiveness
Noonan syndrome . . ) . . .
with multiole lenti inesmodulatlon at PTPN11, RAF1, with paradoxical negative or cardiomyopathy, to pathway modulation;
(NSML) P 9 SHP2 / RAF  BRAF effects on dysregulated  growth delay, cardiac phenotype guides
level downstream signaling sensorineural hearing surveillance and therapy
signaling loss
Pathway Aberran.t pathwgy DIStht. il Highlights role of non-
Noonan syndrome . scaffolding causing anomalies, ) .

. . scaffolding SHOC2, ) . . enzymatic regulators;
with loose anagen ha|ran d sianal flux PPP1CB increased and Gain-of-function developmental delay, subports Upstream sianal
(NS/LAH) 9 mislocalized MAPK cardiac defects, pports up SI9

control : . ) modulation strategies

signaling growth failure
- Impaired Developmental delay, Clinical focus on
Ubiquitin- C | . : . .
mediated ubiquitination and  Loss-of-functionimmune dysregulation,hematologic surveillance;
CBL syndrome . CBL degradation of / dominant- predisposition pathway inhibition
signal : . . ) . ) .
termination activated signaling negative to JMML-like considered in selected

complexes myeloproliferation proliferative phenotypes

ERK signaling can disturb developmental processes such as
cell fate decisions and tissue patterning. This sensitivity may
partly explain the multisystem involvement observed in NS
(2,5,13).

The craniofacial phenotype of NS commonly includes
hypertelorism, downslanting palpebral fissures, ptosis, low-set
posteriorly rotated ears, and a broad or webbed neck. In infancy,
these features may be subtle, becoming easier to recognize
during early childhood. Growth retardation is common, with

postnatal growth failure being more prominent than prenatal
growth restriction. Many children present with feeding
difficulties and failure to thrive in infancy, contributing to
early growth impairment (12,15). Clinical diagnosis of NS is
supported by diagnostic scoring systems that integrate facial
features, cardiac defects, growth patterns, and family history
(16) (Table Il). With the widespread use of molecular testing,
genetic confirmation has become central to diagnosis,
particularly in individuals with atypical or mild phenotypes
(12,17). Prenatal diagnosis is increasingly recognized
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Table II: Van der Burgt diagnostic criteria in NS, adapted from

Van der Burgt (16).
Major Findings

Typical facial dysmorphology
(ptosis, downslanting palpebral Suggestive face
fissures, low-set, posteriorly rotated dysmorphology

ears, etc.)

PS, HCM, and/or ECG typical of NS Other cardiac defects

Height below the 3 centile Height below 10th centile
Pectus deformity Broad thorax

First-degree relative with
suggestive NS
One of the intellectual
cryptorchidism, and lymphatic disability, cryptorchidism, or
dysplasia lymphatic dysplasia

Patients are diagnosed with NS if they have either one major facial
feature plus one additional major criterion or two minor criteria, or
a minor facial feature plus two major criteria or three minor criteria.
NS: Noonan syndrome, HCM: Hypertrophic cardiomyopathy, ECG:
Electrocardiogram

Table Ill: Well-recognized genotype-phenotype correlations
reported in Noonan syndrome

Approximate
Gene frequency in Pathway effect

Minor Findings

First-degree relative with definite NS

Intellectual disability,

Characteristic clinical
associations

NS
Increased SHP2
phosphatase PS, short
PTPN11 40-50% activity leading to stature, variable

enhanced RAS/  developmental delay
MAPK signaling

Enhanced RAS  Prominent ectodermal
activation through findings (e.g.,

SOST 10-15% increased keratosis pilaris,
1970 guanine sparse hair), typically
nucleotide normal or mild
exchange activity cognitive involvement
Increased
downstream

MAPK signaling  Strong association

RAF1 5-10%  Gueto impaired  with HCM
inhibitory
phosphorylation
Dysregulated
RAS-like
signaling HCM, lymphatic
RIT1 5% affecting abnormalities,
downstream prenatal findings
pathway
activation
Increased RAS More severe
signaling due to  developmental
KRAS <5% impaired GTPase delay and complex
cycling phenotype
PS and typical
) Noonan features
Impaired . .
ubiquitination and with variable
LZTR1 ~5-10% developmental delay;

regulation of RAS

brofeins both dominant and

recessive inheritance
described

NS: Noonan syndrome, PS: Pulmonary valve stenosis, HCM:
Hypertrophic cardiomyopathy. Frequencies are approximate and
may vary across cohorts and sequencing strategies.

through characteristic ultrasound findings, especially in the
presence of lymphatic abnormalities or congenital heart
disease, prompting targeted genetic evaluation (18). Well-
recognized genotype-phenotype correlations reported in NS
are summarized in (Table IlI).

Short stature is a common clinical feature. Bone age delay is
frequent, and growth velocity may decline during childhood.
Skeletal involvement also includes pectus deformities,
scoliosis or kyphosis, limb abnormalities, and reduced bone
mineral density (15,19).

Cardiac disease remains one of the most important
determinants of morbidity in NS. While pulmonary valve
stenosis (PS) and hypertrophic cardiomyopathy (HCM)
are common, atrial septal defects and complex structural
lesions can also be observed. Cardiac manifestations
may present prenatally, at birth, or later in childhood.
The disease severity ranges from mild lesions requiring
observation to progressive conditions needing medical or
surgical intervention (12,20). Specific genotype-phenotype
correlations have been established for cardiac involvement:
gain-of-function variants in RAF1 show a strong association
with HCM, reflecting enhanced MAPK signaling due to
impaired inhibitory phosphorylation of the protein (21,22)
(Table Ill). Pathogenic variants in RIT1 are likewise frequently
associated with severe and early-onset cardiac phenotypes,
including HCM and PS (14,20). This genotype-cardiac
association is clinically important, as MEK inhibition with
trametinib has shown benefit in selected patients with severe
disease (23,24).

Lymphatic abnormalities are an important but often
underrecognized feature of NS. They may already be apparent
prenatally, presenting as increased nuchal translucency,
cystic hygroma, pleural effusions, or hydrops fetalis. After
birth, peripheral lymphedema, chylothorax, or intestinal
lymphangiectasia may occur. These complications may be
transient or persistent and can significantly contribute to
morbidity, particularly in infancy and early childhood (18,25).

Neurodevelopmental manifestations are core features of
NS rather than secondary complications. Although overall
intellectual functioning often falls within the low-normal
range, affected children have a higher prevalence of
neurodevelopmental disorders compared with the general
population (26,27). Attention-deficit/hyperactivity disorder
(ADHD) appears to be the most common condition, while
oppositional defiant disorder and autism spectrum traits
are also frequently reported (26). A systematic review
and meta-analysis confirmed an increased prevalence of
neurodevelopmental and psychiatric conditions in NS,
including intellectual developmental disorder, ADHD, autism
spectrum disorder, epilepsy, and anxiety or depressive
symptoms (27).

Children with NS have an increased malignancy risk
compared with the general pediatric population, reflecting
germline  RAS/MAPK  dysregulation. Cohort studies
estimate an approximately eightfold relative increase,
although the absolute risk remains moderate (28).
Reported tumors include juvenile myelomonocytic leukemia
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(JMML), other myeloproliferative conditions, acute leukemias,
rhabdomyosarcoma, neuroblastoma, and low-grade gliomas.
Despite this increased risk, routine universal cancer surveillance
is not recommended; instead, careful clinical monitoring is
advised (28).

Classical growth hormone (GH) deficiency is not consistently
present in NS, and growth impairment may partly reflect
altered RAS/MAPK pathway signaling. GH, treatment
generally improves growth velocity and height standard
deviation score, although response may vary according
to age at treatment initiation and genotype, particularly in
individuals with PTPN177-related disease (12,29). Current
evidence suggests that therapy is usually well tolerated,
including in many patients with congenital heart disease,
provided that cardiovascular and oncologic monitoring is
maintained (12,28,29). Overall, GH remains a reasonable
option for selected children with NS when used within a
structured follow-up plan.

Cardiofaciocutaneous syndrome (CFCS)

Cardiofaciocutaneous syndrome (CFCS) stands out as a
rare RASopathy defined by multisystem involvement, most
notably significant developmental delay and ectodermal
abnormalities (30,31). A nationwide epidemiologic survey
suggested a prevalence of approximately 1 in 800 000 live
births, although precise epidemiologic data remain limited
(81-33). While BRAF variants are the most frequent cause,
pathogenic changes in MAP2K1, MAP2K2, or KRAS also
drive the pathway dysregulation that disrupts normal tissue
maturation (30,34) (Table I). These alterations dysregulate
ERK signaling during development and thereby affect
proliferation, differentiation, and tissue maturation (34).

Cardiac findings commonly include PS, septal defects, and
HCM, with variable severity requiring individualized follow-up
(9,30). Craniofacial findings typically include a high forehead
with bitemporal narrowing, hypertelorism, downslanting
palpebral fissures, low-set ears, and a short nose with a
depressed bridge (9,30,31). Diagnostic clues are often found
in the skin and hair; hyperkeratosis and sparse, curly hair
are hallmarks that support the clinical diagnosis across
diverse populations. A multicenter dermatologic study
reported common features such as hyperkeratosis, keratosis
pilaris, sparse or curly hair, ulerythema ophryogenes, and
palmoplantar keratoderma (35). Similar clinical patterns
have been described in molecularly confirmed cohorts from
different populations, supporting the consistency of the
CFCS phenotype (33).

Feeding difficulties are highly prevalent in infancy and often
contribute to failure to thrive. Severe reflux, vomiting, oral
feeding difficulty, and the need for nutritional support are
common in infancy. Musculoskeletal involvement is also
common and includes pectus deformities, scoliosis or
kyphosis, joint laxity, and other skeletal anomalies (30,33).

Neurologic involvement represents one of the most
prominent clinical aspects of CFCS. In a multinational cohort
of 138 individuals, intellectual disability was present in 82%
and seizures in 55% of patients (36). Seizure onset most
commonly occurred in early or middle childhood. Genotype-

specific patterns have also been described: variants in
BRAF and MAP2K1 are generally associated with a higher
frequency and greater severity of seizures compared with
MAP2K2 variants (36). Studies focusing on BRAF-related
disease have reported particularly high rates of refractory
and polymorphic seizure types (37). In addition to epilepsy,
affected individuals frequently exhibit motor delay, hypotonia,
and sleep disturbances, further emphasizing the significant
neurologic burden associated with CFCS (33). CFCS may
also include immune involvement. In an international cohort,
a substantial subset of patients exhibited increased infection
susceptibility and lymphopenia, highlighting the need for
broader clinical awareness (38).

Costello Syndrome (CS)

Among the RASopathies, CS has a particularly recognizable
clinical profile, primarily defined by its multisystem
involvement and a significant predisposition to malignancy
(89,40). CS is caused by heterozygous gain-of-function
germline variants in HRAS, most commonly missense
substitutions affecting codons 12 or 13. These mutations
impair normal GTP hydrolysis in HRAS protein, resulting in
persistent activation of RAS/MAPK cascade (39). Infants
typically present with coarse facial features, macrocephaly,
and severe feeding difficulties. However, the most striking
diagnostic clues are often ectodermal; redundant skin, deep
palmar and plantar creases, and cutaneous papillomas are
hallmarks that help clinicians differentiate CS from other
disorders in the RASopathy spectrum. CS also carries a
well-recognized predisposition to both benign and malignant
tumors, particularly rhabdomyosarcoma, neuroblastoma,
and transitional cell carcinoma of the bladder (39,40).

Dermatologic findings are prominent in CS and may
provide useful diagnostic clues. A prospective multicenter
study reported frequent features, including curly or sparse
hair, prominent eyebrows, acral excess skin with deep
palmoplantar creases, papillomas or keratotic papules,
acanthosis nigricans, and palmoplantar hyperkeratosis.
These dermatologic findings may provide useful clues when
distinguishing CS from other RASopathies (41).

Musculoskeletal abnormalities are also common in CS and
include progressive spinal deformities, particularly kyphosis
and scoliosis, which may develop during childhood and
require longitudinal monitoring (42). Ophthalmologic
abnormalities are frequently reported as well. These may
include refractive errors, strabismus, nystagmus, and ptosis,
while optic nerve and retinal abnormalities have also been
described (43). Together, these observations support regular
ophthalmologic assessment in individuals with CS (43,44).

One of the features that makes CS especially important
in long-term follow-up is its marked tumor predisposition.
A systematic review and meta-analysis demonstrated a
markedly increased risk of malignancy compared with
the general population. Tumors most often arise during
childhood, although risk persists into adolescence and
adulthood (45). Because of this elevated risk, children
with CS require structured longitudinal follow-up and age-
appropriate tumor surveillance. Current consensus guidelines
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emphasize multidisciplinary follow-up and risk-adapted
surveillance to facilitate early tumor detection (28).

CFCS and CS share substantial phenotypic overlap. Several
features are more typically associated with CS, including
deep palmar and plantar creases, joint hyperextension, and
hyperpigmentation. These findings may also occur in CFCS,
but are generally less prominent, reflecting the clinical overlap
between the two disorders (46). In clinical practice, these
distinctions may help differentiate the two disorders despite their
shared pathway biology.

Noonan syndrome with multiple lentigines (NSML)

Noonan syndrome with multiple lentigines (NSML), historically
referred to as LEOPARD syndrome, is a rare RASopathy
characterized by multiple lentigines together with cardiac, facial,
and growth abnormalities. The acronym “LEOPARD” reflects
the key clinical features: lentigines, electrocardiographic
conduction abnormalities, ocular hypertelorism, pulmonary
stenosis, genital anomalies, growth retardation, and
deafness. The estimated prevalence is approximately 1in 100
000 individuals. Most cases are associated with pathogenic
variants in PTPN11, although variants in RAF1 and, rarely,
BRAF have also been reported (Table I). Unlike classic NS,
where variants typically increase pathway signaling, NSML-
associated PTPN11 variants often impair SHP2 catalytic
activity yet still lead to dysregulated downstream signaling in
a context-dependent manner (9,47).

Clinically, NSML shows a multisystem phenotype
that overlaps with other RASopathies but has several
distinguishing features. Lentigines usually become apparent
in early childhood and increase in number over time
(47). Cardiovascular involvement is common, with HCM
representing the most frequent and clinically significant
cardiac manifestation. It often develops during childhood and
requires longitudinal follow-up (48). Conduction abnormalities
and additional structural heart defects may also be observed.
Sensorineural hearing loss has been reported in a subset of
patients and may occasionally present early, particularly in
individuals with PTPN17-associated disease (49).

Noonan syndrome with loose anagen hair (NS/LAH)

NS/LAH is a rare RASopathy that shares many clinical
features with NS but is distinguished by characteristic hair
abnormalities. The disorder is most commonly associated
with pathogenic variants affecting the SHOC2-MRAS-
PPP1CB signaling complex, which modulates RAS/MAPK
pathway activation (Figure 1) (9). Individuals typically
present with a Noonan-like facial gestalt, postnatal growth
retardation, macrocephaly, and variable neurodevelopmental
delay. A defining feature is the loose anagen hair phenotype,
characterized by sparse, slow-growing, easily pluckable hair
reflecting abnormal hair anchoring. Cardiac anomalies may
also occur, although the spectrum is variable, and additional
findings may become more evident over time (50,51). Recent
reports also indicate that recurrent de novo missense
variants in PPP1CB can produce a closely related phenotype
overlapping with NS/LAH, further supporting the role of this
signaling complex in disease pathogenesis (52).

Therapeutic Approaches in RASopathies

Management of RASopathies has traditionally focused on
symptomatic and multidisciplinary care, addressing cardiac
disease, growth problems, neurodevelopmental issues, and
other complications (9,53). As understanding of RAS/MAPK
pathway biology has improved, interest in therapies targeting
this signaling cascade has increased (23).

MEK inhibitors such as trametinib have emerged as a potential
targeted approach. Early clinical reports suggest improvement in
manifestations related to signaling hyperactivation. Improvement
of HCM has been reported in children with RASopathy-
associated cardiac disease treated with MEK inhibitors
(54). Similar strategies have also been explored in mosaic
RASopathies; treatment with a MEK inhibitor in a pediatric
patient with KRAS-associated epidermal nevus syndrome
resulted in clinical benefit (55). In addition, MEK inhibition has
been reported to reduce seizure burden in patients with drug-
resistant epilepsy associated with CFCS and mosaic KRAS-
related RASopathies (56). Targeted treatment approaches
have also been described for specific complications. In NS,
trametinib has been used for severe lymphatic manifestations
with reported clinical improvement (24). In NSML, mTOR
inhibition with everolimus has been reported as a therapeutic
option for severe cardiac involvement in infancy (57).

Advances in targeted oncology have further informed treatment
strategies in RAS pathway disorders. Selumetinib represents
one of the clearest clinical examples of MAPK pathway
inhibition in practice (58). It is approved for symptomatic,
inoperable plexiform neurofibromas in children with NF7.
It has demonstrated meaningful tumor shrinkage together
with functional improvements such as reduced pain and
improved pulmonary and motor function. MEK inhibitors have
also been explored in other NF7 manifestations, including
low-grade gliomas and atypical neurofibromas, although
evidence remains limited. Potential benefits for pain and
neurocognitive outcomes have also been reported, supporting
further investigation of selumetinib in RAS pathway-related
conditions (59). Pathway-directed therapies have additionally
been explored in RASopathies with skeletal involvement. In
osteofibrous dysplasia, preclinical data and a reported case of
persistent pseudarthrosis demonstrated improved bone healing
following MEK inhibition (60). Although the available experience
remains limited, these reports suggest that pathway-directed
therapies may benefit selected patients by partially correcting
the underlying signaling dysregulation.

Conclusion

RASopathies require careful and long-term clinical follow-
up because of their overlapping features and multisystem
involvement. Long-term follow-up is particularly important for
monitoring potentially life-threatening manifestations such as
cardiac disease, while supportive management addressing
feeding difficulties and neurodevelopmental challenges plays
a critical role in improving patient outcomes. Pathway-directed
treatment remains investigational for most RASopathies.
However, early reports suggest that selected complications
may become amenable to targeted therapy. Most available data
come from case reports and small series, and further studies will
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be necessary to clarify long-term efficacy and safety in patients
with RASopathies. As molecular understanding improves,
pathway-directed treatments remain investigational for most
RASopathies and have not yet become part of routine clinical
care.
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