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Abstract
Introduction: RASopathies are among the most prevalent 
genetic syndromes caused by variants in the Ras/MAPK signaling 
pathway, affecting various systems such as the heart, craniofacial 
features, skin, musculoskeletal system, hearing, and vision. They 
can also increase the risk of secondary malignancies. Despite 
clinical overlaps, distinguishing features are crucial for diagnosis, 
as different variants lead to distinct clinical implications. This 
study reviews the molecular and clinical characteristics of 
RASopathies, focusing on neurofibromatosis  type 1 (NF1) and 
non-NF1 RASopathies. Methods: The study analyzed 76 patients 
referred to our outpatient clinic over a 6-year period, all of whom 
were clinically diagnosed with RASopathy and confirmed  in 

most cases by molecular testing. Patient files,  clinical 
photographs, and laboratory results were reviewed and 
analyzed. A targeted multigene next-generation sequencing 
panel test was performed, followed by Sanger sequencing for 
both confirmation  and segregation analysis. Multiplex ligation- 
dependent probe amplification was conducted in a patient with 
normal sequence results but strong clinical suspicion, to identify 
potential deletions. Results: We identified  44 pathogenic, 25 
likely pathogenic variants, and 6 variants of uncertain signifi
cance based on American College of Medical Genetics and 
Genomics (ACMG) criteria. Among these, 14 novel variants were 
found – 13 in the NF1 gene and one in SOS1. NF1 variants were 
present in 51 cases. Additional variants, likely to represent 
clinically significant findings, were identified in PTPN11 (n = 11), 
RAF1 (n = 4), SOS1 (n = 3), RIT1 (n = 3), KRAS (n = 1), NRAS (n = 1), 
SOS2 (n = 1), and BRAF (n = 1). Diagnoses included 49 patients 
with NF1, 21 with Noonan syndrome, 2 with neurofibromatosis- 
Noonan syndrome, 2 with Noonan syndrome with multiple 
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lentigines, and 1 with cardiofaciocutaneous syndrome. Here, 
12% of NF1 variants were located in exon 21, 36% of PTPN11 
variants in exon 3, and 75% of RAF1 variants in exon 7.
Conclusion: RASopathies have a broad molecular and clinical 
spectrum, complicating diagnosis and management. Accurate 
clinical correlation and molecular analysis are essential, as dif
ferent RASopathy syndromes can result from variants in the 
same genes, while the same syndrome may arise from different 
genetic alterations. This study identifies  novel variants and 
emphasizes the need for precise diagnostic approaches in these 
complex disorders. © 2025 S. Karger AG, Basel

Introduction

RASopathies are a group of genetic disorders char
acterized by germline variants in the Ras/mitogen-ac
tivated protein kinase (Ras/MAPK) signaling pathway, 
which plays a crucial role in cellular growth, differen
tiation, and survival [1, 2]. Variants in the genes within 
the Ras/MAPK) signaling pathway cause RASopathy 
disorders. The most well-characterized RASopathies 
include neurofibromatosis type 1 (NF1) (von Reck
linghausen disease), Noonan syndrome (NS), 
neurofibromatosis-NS, Noonan syndrome with multiple 
lentigines (NSMLs) (formerly LEOPARD), NS with 
loose anagen hair, Costello syndrome, Legius syndrome 
(NF1-like syndrome), cardiofaciocutaneous syndrome, 
and capillary malformation-arteriovenous malformation 
syndrome. Each of these disorders is associated with 
unique phenotypic presentations; however, they share an 
underlying etiology rooted in the dysregulation of Ras/ 
MAPK signaling. Common features are characterized by 
cardiac anomalies, growth deficiencies, homeostatic 
defects, dermatological findings, musculoskeletal prob
lems, vision and/or hearing defects, distinctive facial 
features, cognitive impairment, and susceptibility to 
secondary malignancies.

The general incidence of RASopathies is estimated to 
be 1 in ~1,000 newborns, making them one of the most 
common congenital malformation disorders [3, 4]. 
When examining these disorders individually, NF1 oc
curs at a frequency of approximately 1 in 3,000 births, 
while NS has a reported incidence of 1 in 1,000 to 2,500 
live births [5].

In this study, patients who received a clinical di
agnosis of RASopathy, as well as those in whom 
molecular testing identified variants potentially con
sistent with their clinical presentation, were analyzed 
for genotypic and phenotypic characteristics. We 
compared the demographic data with existing litera

ture, assessed the impact of potential hotspot variants 
and genotypes on clinical findings, and presented 14 
novel variants.

Materials and Methods

Subjects
The clinical data of 76 patients (98 total including 

family members) who were diagnosed with RASopathy 
and consulted our outpatient clinic over a 6-year period 
were analyzed. In the study, we analyzed patients who 
had received a clinical diagnosis of RASopathy, together 
with those in whom molecular testing detected variants 
that could be considered consistent with their clinical 
manifestations, in order to characterize both genotypic 
and phenotypic features. However, cases lacking mo
lecular analysis were excluded. Informed consent forms 
were obtained from the legal guardians of patients under 
the age of 18, as well as from the patients themselves if 
they were aged 18 and over.

Sample Preparation and Sequencing
A multigene panel test was performed, including 18 

genes associated with RASopathies: PTPN11, RAF1, 
RIT1, KRAS, NRAS, BRAF, LZTR1, CBL, HRAS, 
MAP2K1, MAP2K2, NF1, RASA1, SHOC2, SOS1, SOS2, 
SPRED1, and PPP1CB. Peripheral vein blood samples 
were collected from patients, and genomic DNA was 
isolated using the QIAamp® DNA Blood Mini Kit with 
the QIAcube® system (Qiagen, Germany). The isolated 
DNA then underwent library preparation following the 
manufacturer’s protocol. Quantification of the prepared 
library was performed using Real-Time PCR (Rotor- 
Gene) with the QIAseq Library Quant Assay Kit. Data 
analysis was conducted using raw data from the prepared 
library, which was loaded into the MiSeq system. The 
data were then filtered in Variant Call Format to identify 
causative variants.

Confirmation by Sanger Sequencing
Sanger sequencing was conducted to confirm the 

reported variants and for segregation. Specific primers 
were designed for the region of interest, which was 
subsequently amplified using the PCR technique. Se
quencing was performed using the Applied Biosystems 
AB3500 Genetic Analyzer. The results were compared 
with the reference gene sequence from the NCBI Gen
Bank database and analyzed utilizing the Mutation 
Surveyor program. Patients who underwent Sanger se
quencing are listed in Table 3.
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Multiplex Ligation-Dependent Probe Amplification
To detect deletions and duplications associated with 

NF1, patient 43 – who showed no abnormalities on 
sequence analysis – was evaluated using Multiplex 
Ligation-Dependent Probe Amplification (MLPA) 
analysis targeting the NF1 gene. MLPA was performed 
with MRC Holland Salsa MLPA Probe Mix P081-D1 and 
P082-C2 region kits, and the results were analyzed using 
the Coffalyser program.

Variant Analysis and Interpretation
The pathogenicity of variants was evaluated using the 

Qiagen Clinical Insight (QCI) Interpret software, fol
lowing the classification guidelines established by the 
American College of Medical Genetics and Genomics 
and the Association for Molecular Pathology (ACMG/ 
AMP) [6, 7]. Additionally, results from ClinVar (https:// 
www.ncbi.nlm.nih.gov/clinvar), ClinGen RASopathy 
Variant Curation Expert Panel (VCEP) guidelines, 
Franklin (https://franklin.genoox.com/clinical-db/home), 
and VarSome (https://varsome.com) were utilized in 
annotation and classification [8–10]. Several in silico 
prediction tools, including CADD (https://cadd.gs. 
washington.edu), PolyPhen-2 (http://genetics.bwh. 
harvard.edu/pph2), SIFT (https://sift.bii.a-star.edu.sg), 
MutationTaster (https://www.mutationtaster.org), and 
QCI Inferred Activation, were used to assess the effects 
of the variants. Variants classified through these tools 
were further evaluated in combination with family 
segregation analyses, and variants considered clinically 
significant and potentially disease-causing were re
ported. After completing all the steps, this study 
evaluated variants classified as pathogenic, likely 
pathogenic, and variant of uncertain significance (VUS) 
that were considered potential causes of disease after 
clinical correlation.

Results

The study included 76 cases who presented to our 
outpatient clinic over a 6-year period and were diag
nosed with RASopathy based on both clinical and 
molecular findings. Including family members who were 
also molecularly analyzed, the total number of cases in 
the study was 98.

The diagnostic yield based on NF1 clinical diag
nostic criteria is presented in Table 1. Clinical man
ifestations and diagnosis of patients carrying patho
genic variants in genes other than NF1 are detailed in 
Table 2.

Of the 76 index cases, 44.7% (n: 34) were female, 
52.6% (n: 40) were male, and 2.6% (n: 2) were antenatal 
cases with unknown genders. The average age of female 
cases was 18.4 years, while that of male cases was 14.4 
years. The overall age range extended from 11 + 6/7 
gestational weeks in an antenatal case (case 75, diagnosed 
with a RAF1 variant) to 55 years old (patient 44, diag
nosed with NF1). Among patients with variants in the 
NF1 gene, the average age was 18.9 years, compared to 
10.2 years for those with variants in other genes. For 
cases with variants detected in the PTPN11 gene, the 
average age was 10.1 years.

Of the 40 patients who underwent segregation anal
ysis, 18 (45%) harbored de novo variants. Among the 
remaining cases, 14 (35%) inherited the variant pater
nally and 8 (20%) maternally. Within the NF1 subgroup, 
8 cases (29.6%) were identified as de novo. For familial 
NF1 cases, the variant origin was paternal in 63.6% and 
maternal in 36.4% of cases (Table 3). The distribution of 
variants according to gene and classification is shown in 
Figure 1.

The majority of variants detected in the NF1 gene 
(12%) were located in exon 21, while most variants in the 
PTPN11 gene (36%) were found in exon 3. A total of 75% 
of variants detected in the RAF1 gene were located in 
exon 7, with 2 cases sharing the same variant. Variants in 
the SOS1 gene were found in different locations across 
the gene.

Among the alterations in the NF1 gene, 33% (n: 17) 
were frameshift, 29% (n: 15) were nonsense, and 21.5% 
(n: 11) were missense variants. In contrast, among the 
non-NF1 RASopathy cases, 96% (n: 24) of the identified 
alterations were missense variants.

A total of 14 novel variants were identified, including 
one in the SOS1 gene and the remaining in the NF1 gene 
(Table 3). Of the diagnosed cases, 49 were diagnosed 
with NF1, 2 with neurofibromatosis-NS, 21 with NS, 2 
with NSML, and 1 with cardiofaciocutaneous syndrome. 
Additionally, a pathogenic variant in the RAF1 gene was 
identified in an antenatal case (patient 75). A postnatal 
examination was recommended to confirm the diagnosis 
of NS or NSML. The most common diagnosis was NF1, 
followed by NS, making these two syndromes the ma
jority within the study group.

Discussion

RASopathies are among the most common genetic 
syndrome groups, with NS being the most prevalent 
type, occurring in approximately 1 in 1,000 to 2,500 live 
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births. The second most common RASopathy is NF1, 
with a frequency of about 1 in 3,000 births [5, 11, 12]. In 
our study, these two syndromes were the most frequently 
detected, consistent with the literature. NF1 was the most 
prevalent syndrome within the RASopathy group. One 
possible explanation for the lower prevalence of NS in 
our findings, compared to the literature, is that indi
viduals without significant cardiac or other systemic 
anomalies may often remain undiagnosed. Alternatively, 
although severe presentations of NS are relatively rare, 
such cases are typically recognized earlier due to the 
prominence of clinical features prompting genetic 
evaluation. Additionally, NF1 is generally more familiar 
to healthcare professionals than other RASopathies, 
which may contribute to its relatively higher 
diagnostic rate.

The average age of diagnosis for NS has been re
ported as 9 years [13], and our findings are consistent 
with this observation. In contrast, the age at diag
nosis for NF1 in our study was higher than that for 
other RASopathy syndromes. This may be attributed 
to the fact that, although NF1 is classified as a 
RASopathy, its clinical presentation differs markedly 
from other syndromes in this group. Moreover, NF1 
is frequently underdiagnosed in early childhood due 
to its highly variable presentation and progressive 
nature. Many of its characteristic ectodermal 
manifestations – such as café-au-lait macules 
(CALMs) and neurofibromas – tend to emerge or 
become more pronounced during adolescence, which 
can delay clinical recognition and diagnosis.

In the literature, the de novo variant rate for NF1 cases 
is reported to be 42–50% [14, 15]. Approximately 50% of 
NS cases are sporadic [16]. In our study, 29.6% of NF1 
variants were de novo. Among non-NF1 cases with 
available information – including 1 de novo case of 
NSML and the remaining cases of NS – 10 out of 12 
(83.3%) had de novo variants, while in 2 cases (16.6%), 
the variant was inherited from the father (Table 3). 
Generally, 45% of variants detected as de novo. In
creasing paternal age is associated with a higher risk of de 
novo variants favoring transmission to males [17], while 
maternal age does not appear to influence this risk [18, 
19]. In 71% of de novo NF1 cases, the paternal age was 
over 35 years, whereas in non-NF1 de novo cases, pa
ternal age exceeded 35 years in only 22%. De novo 
variants can occur even within the same family [20]. 
Recognizing the possibility of independent de novo 
variants occurring within the same family is also im
portant for genetic counseling and prenatal testing in 
affected families.

A comparison of NF1 finding frequencies with the 
literature is presented in Table 4. Our study group aligns 
with the literature in terms of the frequency of CALMs, 
intertriginous freckling, neurofibromas, cranial mag
netic resonance imaging findings, seizure history, and 
malignant peripheral nerve sheath tumors. However, the 
rates of Lisch nodules, optic gliomas, and learning dis
abilities are lower than expected. This discrepancy may 
be attributed to the younger age of many cases in our 
study group, as some conditions may manifest later in 
life. Plans are in place to conduct long-term follow-ups 
on these cases as they age. Furthermore, the limited 
number of cases and the tendency of patients to neglect 
necessary medical follow-ups may have contributed to 
delays in detecting certain findings. In contrast, the rates 
of scoliosis, and cardiac findings were notably higher 
compared to the literature. The higher rates observed in 
our study may be attributed to the small number of 
patients.

In the study by Nguyen et al. [21], when comparing 
the rate of cardiac findings between individuals with 
NF1 large gene deletions and those without deletions, 
no cardiac abnormalities were observed in non- 
deletion NF1 cases, whereas cardiac findings were 
detected in 10 out of 16 cases with the deletion. This 
association is likely due to haploinsufficiency of one or 
more genes within the deleted region that are involved 
in cardiac development. Notably, ADAP2, SUZ12, and 
UTP6 – genes affected by the deletion – are highly 
expressed during early heart development in both mice 
and human fetuses [22]. Nevertheless, it is important 
to note that cardiac findings may still be present in NF1 
as part of the broader RASopathy phenotype, even in 
the absence of features overlapping with NS. In our 
study, patient 43 had NF1 whole-gene deletion (Fig. 2); 
however, she exhibited no cardiac defects. Incecik et al. 
[23] reported that cardiac abnormalities were present 
in 11 out of 65 patients (15.3%) in Turkish population. 
However, these rates need further validation through 
similar studies conducted in larger cohort groups 
within Turkish population.

NF1 deletions are associated with more severe clinical 
manifestations, including a higher risk of malignancy, 
cardiac abnormalities, intellectual disability, dysmorphic 
facial features, and overgrowth [24]. Loss-of-function 
variants in SUZ12, a gene frequently co-deleted with 
NF1, have also been linked to overgrowth, suggesting 
that neighboring genes within the deleted region may 
contribute to the broader phenotype observed in some 
NF1 deletion cases. Patient 43, who had a whole-gene 
NF1 deletion, exhibited intellectual disability, 
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overgrowth, and premature thelarche. Additionally, her 
50-year-old mother had a history of breast cancer; 
however, genetic testing could not be performed to 
evaluate the presence of the same deletion.

Although NF1 has complete penetrance, clinical 
variability can be observed even within the same family, 
and the diagnosis may be missed. For this reason, follow- 
up is recommended even when findings are mild, as 

additional symptoms may develop over time and lesions 
may increase even if there are no CALMs or only a few at 
birth. Additionally, the risk of malignancy and other 
conditions may increase with age.

Among the individuals diagnosed with NS, the most 
frequently identified variant was in the PTPN11 gene, 
which is consistent with reports in the literature. Here, 
770C>T (S257L) variant in the RAF1 gene is associated 

Table 4. Comparison of NF1 finding  frequencies with the literature

Findings Ferner et al.a, % Our study, %

CALM >99 100

Intertriginous freckling 85 86

Cutaneous/subcutaneous/plexiform neurofibroma 99/15/60 64 (all types of neurofibromas)

Lisch nodules >95 56

Optic glioma 15 4

Sphenoid wing dysplasia 1 2

Cardiac findings 2 (12–15 in different reports)c 40

Scoliosis 10 41

MRI findings 68/83b 88

Learning disability 60 34

Seizures 6–7 5

Malignant peripheral nerve sheath tumor 2–5 2

Breast cancer Fivefold increased risk 2

CALM, café-au-lait macule; MRI, magnetic resonance imaging. a[15]. b[16, 17]. c[18, 19].

Fig. 1. a Distribution of cases based on 
detected gene variants. Among the index 
cases, 51 had NF1 gene variants (50 dif
ferent variants). There were 8 different 
variants in the PTPN11 gene across 11 
cases, 3 different variants in the RAF1 gene 
in 4 cases, 3 variants in the RIT1 gene, and 
3 variants in the SOS1 gene. Additionally, 1 
variant each was detected in the KRAS, 
NRAS, SOS2, and BRAF genes. b Distri
bution of variants based on pathogenicity. 
When the detected variants were evaluated 
according to ACMG criteria, 44 were 
classified as pathogenic, 25 as likely path
ogenic, and 6 as VUS.
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with both NS type 5 and NSML type 2. This variant was 
identified in patient 67, who was diagnosed with NSML, 
and in patient 75, for whom a postnatal examination was 
planned to confirm the diagnosis. Xu et al. [25] previ
ously reported that this variant can lead to both NS 
and NSML.

Although there is no well-defined mutational hotspot 
within the NF1 gene [26, 27], certain exons have been 
reported to be more frequently affected by pathogenic 
variants. In our study, variant clustering in specific exons 
suggests possible mutational hot spots. Most NF1 vari
ants (12%) were found in exon 21, a region previously 
associated with recurrent mutations due to its role in 
neurofibromin function [28]. Similarly, 36% of PTPN11 
variants were located in exon 3, aligning with reports 
identifying exons 3 and 13 as hotspots linked to NS via 
SHP2 dysfunction [29, 30]. In RAF1, 75% of variants 
clustered in exon 7 – previously associated with hy
pertrophic cardiomyopathy [31]. SOS1 variants were 
more dispersed, reflecting its broad mutational spectrum 
[32]. The identification of recurrently mutated exons in 

our cohort highlights potential target regions for pri
oritized screening; however, further studies are needed 
to validate these findings.

In this study, 6 patients carrying VUS were included, 
each meeting the established clinical criteria for a 
RASopathy diagnosis. Although VUSs lack definitive 
pathogenic classification, they lie on a spectrum of 
evidence, and their interpretation often requires inte
gration of phenotypic and molecular data. In most of 
these cases, the concordance between the clinical 
phenotype and known gene-disease associations, to
gether with consistent predictions from multiple 
in silico tools, supported their potential diagnostic 
relevance. Although the variants identified in patient 66 
and patient 71 were classified as VUS with relatively low 
pathogenicity evidence, they were included in the study 
as the patients fulfilled clinical RASopathy criteria and 
no alternative variants were detected that could explain 
the phenotype [33]. Nevertheless, clinical follow-up, 
periodic reanalysis, and extended genetic testing were 
planned for these cases. Recognizing the inherent 

Fig. 2. MLPA analysis of the NF1 gene for patient 43. The image demonstrates a comparison between the 
patient’s DNA sample (indicated by the red arrow) and reference probes located on chromosomes 2, 5, 8, 9, 10, 
11, 12, 14, 16, and 18 (indicated by the blue arrow). The analysis reveals a heterozygous deletion spanning exons 
1–58 of the NF1 gene when comparing the study sample to the control sample.
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limitations of VUS classification, further assessment 
based on the guidelines, segregation analysis, and 
functional evidence would enhance the robustness of 
these interpretations.

Conclusion

RASopathies share several common features; yet, each 
syndrome within this group also exhibits unique clinical 
findings and distinct genetic variants that facilitate dif
ferential diagnosis. The clinical course of the disease can 
vary depending on the specific gene and variant iden
tified. Therefore, both clinical correlation and molecular 
analysis are crucial for accurate diagnosis and 
management.

Given the notable familial inheritance in RASopathy 
cases, it is crucial to perform clinical assessments on 
family members and conduct segregation analysis to 
prevent overlooking cases with mild dysmorphic fea
tures. As new RASopathy syndromes continue to be 
defined, cases with suspected but undiagnosed RASop
athy should undergo follow-up evaluations, compre
hensive testing, and, if necessary, reanalysis to ensure 
accurate diagnosis.
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