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Abstract: RASopathies are a group of related genetic disorders caused by mutations in genes within
the RAS/MAPK signaling pathway. This pathway is crucial for cell division, growth, and differen-
tiation, and its disruption can lead to a variety of developmental and health issues. RASopathies
present diverse clinical features and pose significant diagnostic and therapeutic challenges. Studying
the landscape of biomarkers in RASopathies has the potential to improve both clinical practices and
the understanding of these disorders. This review provides an overview of recent discoveries in
RASopathy molecular profiling, which extend beyond traditional gene mutation analysis. mRNAs,
non-coding RNAs, protein expression patterns, and post-translational modifications characteristic of
RASopathy patients within pivotal signaling pathways such as the RAS/MAPK, PI3K/AKT/mTOR,
and Rho/ROCK/LIMK2/cofilin pathways are summarized. Additionally, the field of metabolomics
holds potential for uncovering metabolic signatures associated with specific RASopathies, which
are crucial for developing precision medicine. Beyond molecular markers, we also examine the role
of histological characteristics and non-invasive physiological assessments in identifying potential
biomarkers, as they provide evidence of the disease’s effects on various systems. Here, we synthesize
key findings and illuminate promising avenues for future research in RASopathy biomarker discovery,
underscoring rigorous validation and clinical translation.

Keywords: RASopathies; biomarkers; molecular signatures; precision medicine; personalized
diagnostics

1. Introduction

RASopathies represent a group of rare genetic diseases affecting fewer than 1 in
1000 people worldwide, characterized by a germline mutation in one of the genes encod-
ing components of the RAS/MAPK pathway [1,2]. These mutations may be de novo or
inherited, and the associated phenotypic features and congenital anomalies are diverse [3].
These conditions share overlapping features, including developmental delays, cranio-
facial dimorphism, cardiac malformations, cutaneous manifestations, musculoskeletal
abnormalities, neurologic issues, and an elevated risk of cancer, making patients’ lifespan
shorter [3]. These diverse and often severe symptoms significantly affect patients’ quality of
life, impacting multiple organ systems. For this reason, it is important to advance research
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in this area to improve diagnosis, treatment, and support for affected individuals. The
spectrum of RASopathies encompasses diverse disorders such as neurofibromatosis type
1 (NF1), Noonan syndrome (NS), Noonan syndrome with multiple lentigines (NSML),
Noonan syndrome-like with loose anagen hair (NS-LAH), neurofibromatosis–Noonan
syndrome (NFNS), Noonan syndrome-like (NSL), Legius syndrome (LS), cardiofaciocuta-
neous syndrome (CFC), Costello syndrome (CS), and capillary malformation–arteriovenous
malformation syndrome (CM-AVM) [4]. NF1 results from various types of loss-of-function
mutations in the tumor suppressor gene NF1. NS presents the highest locus heterogene-
ity: approximately half of NS patients carry mutations in PTPN11, while the other half
present mutations in SOS1, SOS2, SPRY1, CBL, LZTR1, RIT1, RRAS2, NRAS, HRAS, RRAS,
KRAS, MRAS, PPP1CB, CRAF, RAF1, MAP3K8, and ERK2 [3,5]. While NS arises from
gain-of-function mutations in RAS pathway proteins, NSML is due to loss-of-function
mutations [6]. NS-LAH arises from mutations in SHOC2 or PPP1CB [7,8], whereas NFNS
arises from mutations in NF1 and may involve the co-occurrence of variants in NF1 and
another gene associated with NS [9]. LS is caused by mutations in SPRED1 [10]; CFC
results from mutations in KRAS, BRAF, MEK1, and MEK2 [11]; CS is caused by mutations
in HRAS [12]; and CM-AVM is most frequently caused by mutations in RASA1, although
recently mutations in EPHB4 have been identified [13]. RASopathy patients exhibit alter-
ations in the expression and activation of proteins in several signaling pathways, including
RAS/MAPK, PI3K/AKT/mTOR, Rho/ROCK/LIMK2/cofilin, cAMP/PKA, JAK/STAT,
Hippo, Wnt/β-catenin, and TGF-β [14–17]. Given the overlapping clinical presentations
among RASopathies alongside their unique characteristics, leveraging biomarkers becomes
imperative to enhance diagnostic accuracy, prognostic assessment, and treatment strategies.
Moreover, there is a need for continued exploration and validation of these biomarkers to
better understand their roles and potential clinical applications.

A biomarker is a measurable and quantifiable indicator of normal or pathological
processes or a response to exposures or interventions. Biomarkers can be divided into
different categories based on the evaluated indicator: molecular (DNA, RNA, proteins, and
metabolites), histologic (tissue samples), or physiologic (blood pressure, heart rate, electro-
cardiography, echocardiography, and energy X-ray absorptiometry). An ideal biomarker
should be either binary (absent or present) or objectively quantifiable, and it should be
sensitive and specific. For this reason, developing a biomarker is a lengthy process that
requires several steps, including identification, validation, and characterization [18]. De-
pending on their specific use, biomarkers can be categorized into diagnostic, monitoring,
pharmacodynamic/response, and prognostic categories, and for their different uses, they
assume great biological relevance [19]. A diagnostic biomarker identifies and confirms the
presence and subtype of disease, playing a pivotal role in redefining disease classification in
the precision medicine era. Early disease diagnosis enables earlier patient treatment, mak-
ing the design of early diagnostic biomarkers crucial. Additionally, a prognostic biomarker
predicts the likelihood of clinical events, disease recurrence, or progression and is essential
for assessing the risk of poor outcomes. Monitoring biomarkers are indispensable for track-
ing disease progression, as they reflect disease status and exposure to or effects of medical
agents. They also aid in treatment tailoring by providing evidence of off-target effects and
ensuring drug safety through stable biomarker levels [19]. Furthermore, biomarkers enable
an understanding of the molecular basis of physiological or pathological mechanisms, and
they can also be essential in drug development and personalized medicine, as they make it
possible to tailor treatments to the molecular profiles of patients [20].

Historically, NF1 was the first described RASopathy, diagnosed through clinical analy-
sis and characteristic phenotypical features such as café-au-lait spots, intertriginous freck-
ling, neurofibromas, and skeletal dysplasia, among other physiological and histological
biomarkers [2]. The development of genetic testing techniques in the 2000s enabled precise
identification of various mutations, leading to more accurate diagnoses despite overlapping
characteristics. Today, the advent of next-generation sequencing (NGS) technologies allows
a deeper analysis of variants causing RASopathies [20]. Currently, biomarkers used in RA-
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Sopathies include genetic and transcriptional analysis of the RASopathy-associated genes,
activation levels of RAS/MAPK proteins, measurement of serum levels of immune markers
involved in the RAS/MAPK pathway, cardiac biomarkers, neurocognitive assessments, and
physical features [3,21–24]. Nonetheless, only a few biomarkers are used in the detection
and monitoring of RASopathies, and furthermore, there is a lack of specific therapies.

Even today, a significant number of RASopathy patients test positive in clinical analysis
but not in genetic testing, due to the presence of mutations in non-coding regions or
mosaicism [25]. Furthermore, despite the extensive literature on RASopathies and their
molecular signatures, very few of these findings are employed as biomarkers in clinical
practice, not only for diagnosis but also for tailoring precision medicine. The validation of a
new biomarker for clinical use is a large, multi-step process ensuring its reliability, accuracy,
and utility, involving analytical validation to establish its characteristics and biological
relevance, followed by clinical validation and utility through retrospective and prospective
clinical trials to confirm its ability to predict clinical outcomes reliably [18]. For RASopathies,
the primary challenge for a biomarker is achieving high sensitivity and specificity in
distinguishing between closely related disorders reproducibly, especially given the absence
of RASopathy-specific treatments and the need for drugs targeting comorbidities or specific
pathological features, necessitating a wide array of biomarkers [2]. The aim of this review
is to consolidate existing knowledge on biomarkers utilized in the diagnosis, monitoring,
and treatment of RASopathies, while also proposing avenues for future research to identify
novel biomarkers. To achieve this goal, we have summarized recent studies and findings
on RASopathies, categorizing biomarkers into molecular, metabolic, histological, and
physiological sections.

2. Molecular Biomarkers of RASopathies

Molecular biomarkers are defined as one or a group of individual molecules measured
by differential expression or concentration between a disease state and a normal control [26].
Molecular RASopathy biomarkers used thus far include genetic variants evaluated by
genetic testing, mRNAs and ncRNAs assessed through both qualitative and quantitative
analysis, and protein activity and expression levels [26].

2.1. Genes as Biomarkers

The most employed method of diagnosis of RASopathies is clinical examination;
nonetheless, genetic testing is the most reliable method of detection and a well-established
source of diagnostic molecular biomarkers, even if it is not routinely conducted for all
patients [26]. This includes genomic DNA analysis of the RASopathy genes (Figure 1A)
to find the pathogenic genetic variants by Sanger sequencing as well as whole-genome
sequencing (WGS) and whole-exome sequencing (WES) for more comprehensive genetic
testing [22,27]. Identified variants are normally classified following the criteria of the
Human Genome Variation Society as benign, likely benign, uncertain clinical significance,
likely pathogenic, or pathogenic, so that they can be used as genetic biomarkers of the dis-
ease [28,29]. Nonetheless, genetic screenings may sometimes prove ineffective in detecting
the disease, as seen in the case of NS, where approximately 10–20% tested negative [25].
Furthermore, mosaicism, a condition in which individuals have two or more populations
of cells with different genotypes due to spontaneous new mutations occurring during
early embryonic or fetal development, can also contribute to the challenges in diagnosing
RASopathies, as detection in blood is rarely successful [30]. In such cases, it is necessary to
directly test the affected tissue by somatic sequencing to identify the mutation [31].
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studies, mRNA has been utilized as a diagnostic and prognostic biomarker and as a tool 
to uncover the molecular mechanisms underlying RASopathies, employing diverse tran-
scriptomics techniques (Figure 1B, Table S1) [32–35]. 

In NF1, certain pathogenic variants can impact pre-mRNA splicing, and they are typ-
ically missed by genetic testing and bioinformatic prediction. For this reason, mRNA anal-
ysis has been crucial for identifying these variants and diagnosing the disease [33,34]. 
mRNA has also been used as a prognostic biomarker in CS. RT-qPCR studies demon-
strated that the severity of the phenotype and the frequency of cancer in this syndrome 
may result from the splicing efficiency of exon 2 inclusion due to activating HRAS muta-
tions. This also suggests that therapeutic interventions for CS could potentially target exon 
2 skipping [35]. Furthermore, mRNA studies enable the observation of differential gene 
expression in tissues and cell types, potentially revealing gene expression profiles of both 
affected and unaffected tissues in RASopathies. Although these differences have not yet 
been used as biomarkers of RASopathies, they could be crucial for designing new bi-
omarkers in the future (Table S2) [26,36]. In NS, RNA-seq profiles of WT and LZTR1-defi-
cient induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) have already 
been analyzed in a preclinical model of CRISPR repair for NS-associated cardiomyopathy, 
demonstrating that such therapy could potentially offer a means to normalize the hyper-
trophic phenotype commonly observed in NS patients [37]. 

Gene expression analysis in cardiomyocytes from an NSML patient revealed more 
than 400 downregulated genes and 200 upregulated genes, with the latter being genes 
associated with muscle development [38]. Furthermore, RNA-seq analysis has been uti-
lized in CM-AVM to assess whether genetic variants causing the disease could result in a 
reduction in RASA1 or RAS/MAPK gene expression [39]. Regarding NF1, it was discov-
ered that the extracellular matrix of cutaneous neurofibromas (cNFs) in NF1 patients is 
largely comprised of collagen VI, a collagen type associated with a pro-tumorigenic role, 
in contrast to the typically pro-fibrogenic collagen I [40]. Furthermore, a study analyzing 

Figure 1. Molecular biomarkers of RASopathies. (A) Each circle represents a specific RASopathy and
includes the associated genes. (B) mRNA detection methods: Overview of the main mRNA detection
methods used to study the RASopathies. Created with BioRender.com (accessed on 3 August 2024).

2.2. mRNA Biomarkers

The second most common type of biomarker used in RASopathies is at the RNA
level, involving qualitative and quantitative analysis of mRNA and non-coding RNA
(ncRNA), such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) [26,32]. In
various studies, mRNA has been utilized as a diagnostic and prognostic biomarker and as
a tool to uncover the molecular mechanisms underlying RASopathies, employing diverse
transcriptomics techniques (Figure 1B, Table S1) [32–35].

In NF1, certain pathogenic variants can impact pre-mRNA splicing, and they are
typically missed by genetic testing and bioinformatic prediction. For this reason, mRNA
analysis has been crucial for identifying these variants and diagnosing the disease [33,34].
mRNA has also been used as a prognostic biomarker in CS. RT-qPCR studies demonstrated
that the severity of the phenotype and the frequency of cancer in this syndrome may result
from the splicing efficiency of exon 2 inclusion due to activating HRAS mutations. This also
suggests that therapeutic interventions for CS could potentially target exon 2 skipping [35].
Furthermore, mRNA studies enable the observation of differential gene expression in
tissues and cell types, potentially revealing gene expression profiles of both affected and
unaffected tissues in RASopathies. Although these differences have not yet been used as
biomarkers of RASopathies, they could be crucial for designing new biomarkers in the
future (Table S2) [26,36]. In NS, RNA-seq profiles of WT and LZTR1-deficient induced
pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) have already been analyzed in
a preclinical model of CRISPR repair for NS-associated cardiomyopathy, demonstrating
that such therapy could potentially offer a means to normalize the hypertrophic phenotype
commonly observed in NS patients [37].

Gene expression analysis in cardiomyocytes from an NSML patient revealed more than
400 downregulated genes and 200 upregulated genes, with the latter being genes associated
with muscle development [38]. Furthermore, RNA-seq analysis has been utilized in CM-
AVM to assess whether genetic variants causing the disease could result in a reduction
in RASA1 or RAS/MAPK gene expression [39]. Regarding NF1, it was discovered that
the extracellular matrix of cutaneous neurofibromas (cNFs) in NF1 patients is largely
comprised of collagen VI, a collagen type associated with a pro-tumorigenic role, in contrast
to the typically pro-fibrogenic collagen I [40]. Furthermore, a study analyzing mRNA
profiles of the plexiform neurofibroma (pNF) tumor environment demonstrated that these
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tumors are enriched with fibroblasts and non-myelinated Schwann cells [32]. Moreover,
through the analysis of differential gene expression using scRNA-seq, it was revealed that
orbitofacial NFs exhibit heightened activation of pathways related to cell proliferation,
interferons, and immunity, suggesting a potential explanation for their increased local
aggressiveness compared to other types of NFs [41]. All this evidence highlights the
potential of incorporating mRNA into clinical practice and diagnosis.

2.3. ncRNA Biomarkers

The majority of the human genome is transcribed into non-coding RNAs (ncRNAs),
which can be divided into classes according to their function, shape, and length [42]. Among
these, two important categories found to have an impact on RASopathies are microRNAs
(miRNAs) and long non-coding RNAs (lncRNAs) [43,44]. Indeed, up to 49 ncRNAs in total
have been found to be involved in RASopathies (Table S3). Nonetheless, these are not yet
widely used in clinical practice for diagnosing or monitoring RASopathies.

miRNAs serve as fine-tuning negative regulators of gene expression and, when mu-
tated, can lead to RASopathies [43]. A study involving five patients with previously
diagnosed RASopathies identified novel variants in mature miRNAs, pinpointing these as
the underlying causes of the diseases. Therefore, both genomics and transcriptomics can
be employed to analyze miRNAs and discover new variants associated with RASopathies,
which are typically not identified through gene sequencing [43]. Furthermore, differential
expression of miRNAs can be observed in RASopathies and has been crucial for under-
standing the molecular signature of malignant peripheral nerve sheath tumors (MPNSTs)
compared to pNFs, as well as high-grade gliomas versus low-grade gliomas in NF1 [45–47].
Similarly, it has been valuable in clarifying the progression of juvenile myelomonocytic
leukemia (JMML) in patients with NS caused by mutations in PTPN11 [48]. These promis-
ing findings highlight the important role of miRNAs in RASopathies and their potential as
biomarkers, underscoring the need for further experimental research.

Less is known about lncRNAs; they interact with proteins and nucleic acids to reg-
ulate gene expression, yet research into their role in RASopathies remains limited [49].
The lncRNA ANRIL is the only currently reported NF1 lncRNA, and the polymorphism
rs2151280 has been associated with pNFs in NF1 patients. Interestingly, this polymorphism
has also been identified in optic gliomas in NF1 patients, and some tumors from NF1
patients have exhibited loss of heterozygosity (LOH) at the ANRIL locus [50]. In another
study, it was used as a diagnostic biomarker: a boy who was clinically diagnosed with
NS but had negative genetic testing was found to have a deletion in lncRNA-Dnm3os, as
determined by oligonucleotide-based array comparative genomic hybridization [44]. This
lncRNA, which encodes two N-Ras-regulating miRNAs, was demonstrated to be required
for maintaining the proliferative potential of articular chondrocytes by triggering Nerve
Growth Factor (NGF) signaling [44]. This evidence not only resolved a particular case of
NS but also highlighted a new class of lncRNAs, which, apart from producing miRNAs,
form a regulatory network that maintains a proper pool of proliferating chondrocytes to
support bone growth, dysregulated in NS.

2.4. Protein Biomarkers

As RASopathies result from specific genetic mutations that can alter protein expression
or activation levels directly or indirectly, the use of proteins as biomarkers is crucial in these
diseases. To date, 20 proteins have been utilized as biomarkers in RASopathies, with post-
translational modifications (PTMs) including sixteen phosphorylations, two dephoshoryla-
tions, five ubiquitinations, two SUMOylations, three methylations, two acetylations, one
palmitoylation, one ADP-ribosylation, one O-GlcNAcylation, and one S-nitrosylation being
analyzed (Figure 2, Table S4).
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Figure 2. Protein biomarkers of RASopathies. Each color represents a disease: NF1 (blue), LS (gray),
CM-AVM (pink), NS (brown), CS (violet), NSML (orange), and CFC (light pink). Inhibitors are
indicated in red. Yellow circles denote phosphorylation, and green circles denote ubiquitination. PTM
indicates the presence of multiple types of posttranslational modifications on that protein. Created
with BioRender.com (accessed on 3 August 2024).

2.4.1. RAS/MAPK Biomarkers

The RAS/MAPK pathway biomarkers, including HRAS, KRAS, NRAS, ERK, MEK,
RAF, and AKT, are common biomarkers [51] (Figure 2). This pathway is also intricately
regulated by PTMs such as phosphorylation, ubiquitination, SUMOylation, and methy-
lation (Figure 2, Table S4) [52]. These modifications are crucial for precise control of RAS
signaling, and their dysregulation can contribute to RASopathies and tumorigenesis. RAS
protein levels are regulated by ubiquitination and SUMOylation, which play a crucial role
in regulating this pathway [53,54]. Additional PTMs regulating RAS degradation include
phosphorylation of HRAS by GSK3β on residues T144 and T148 [55]. Other PTMs include
methylation of K5 and K147 of KRAS [56] and palmitoylation of C181 and C184 of HRAS
and NRAS, respectively, affecting the subcellular location and activity of RAS [57]. PTMs,
facilitated by various proteins, play a fundamental role in regulating the degradation of
RAS proteins, ensuring tight control cover their signaling functions. The interplay of these
PTMs is vital for proper RAS signaling, and disruptions in these modifications can lead to
sustained RAS activation, contributing to RASopathies and tumorigenesis. Understand-
ing these PTMs provides valuable insights into the molecular mechanisms underlying
RAS-driven diseases and highlights potential therapeutic targets for intervention.

Beyond RAS proteins, neurofibromin levels have been studied as biomarkers in
NF1 [58–60]. Additionally, mutants such as KRASG13D exhibit impaired NF1 binding
and are specific biomarkers for predicting sensitivity to EGFR-targeted therapies [61]. Inter-
estingly, neurofibromin also undergoes phosphorylation at site S2808 by PKC-ε, which is a
crucial regulatory process that impacts the protein’s function in nuclear import and chro-
mosome congression during mitosis [62]. Neurofibromin has long been implicated using
various cell types and animal models as a positive or negative regulator of cAMP levels,
although identifying the key molecules involved in this coupling has proven challenging,
and the role of Ras has been reported to be variable [62]. Additionally, neurofibromin
responds to growth factor stimuli, which modulate its interaction with regulatory proteins
such as 14-3-3, thereby affecting its GAP activity towards Ras [63]. In NF1, the loss of
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neurofibromin results in defective regulation of RAS ubiquitination, leading to sustained
RAS activation and contributing to tumorigenesis [58]. Regarding PTMs, neurofibromin un-
dergoes methylation [64] and SUMOylation, with 15 SUMO consensus motifs and two SIM
sites predicted by JASSA [65]. Palmitoylation also occurs in the SPRED1–neurofibromin–
KRAS complex [66]. Other proteins with PTMs include BRAF, c-RAF (RAF1), MEK1, MEK2,
and ERK [53–56,67–77] (Table S2).

2.4.2. PI3K/AKT/mTOR Biomarkers

Due to the crosstalk between the PI3K/AKT/mTOR and RAS/MAPK pathways,
phosphorylation levels of AKT, S6RP, and mTOR have been previously used as biomarkers
in research on RASopathies [16,78] (Figure 2). To the best of our knowledge, these are
not currently used as diagnostic biomarkers for RASopathies. Nonetheless, based on
the following evidence, we propose their use in clinical practice for the study of affected
tissues. In a case study of a patient with PTPN11-caused NS, immunohistochemistry of a
lesion from a glioneuronal neoplasm showed positive staining for pmTOR [16]. Similar
results were obtained in an NSML patient with hypertrophic cardiomyopathy caused
by a mutation in PTPN11, where the levels of pAKT and pS6RP (a downstream target
of mTOR) in the patient’s skin fibroblasts demonstrated enhanced PI3K/AKT/mTOR
pathway activity. Furthermore, treatment with everolimus, an mTOR inhibitor, resulted in
an improvement in heart failure risk and a reduction in brain natriuretic peptide levels [78].
Nonetheless, the functional link between SHP2 (encoded by PTPN11) and mTOR is not fully
understood, although it has been found that the regulatory subunit p85 of PI3K interacts
directly with SHP2 [79]. High levels of pAKT, pmTOR, and pS6RP have also been found in
MPNSTs, indicating their role in the aggressive clinical behavior of these tumors in NF1
patients [80]. Preclinical and clinical trials have demonstrated the effectiveness of mTOR
inhibitors in treating cNFs and low-grade gliomas, underscoring the potential of pmTOR as
a treatment response biomarker for these conditions in NF1 patients [81–83]. Furthermore,
it would be valuable to investigate whether pmTOR could serve as a predictive biomarker
for progression from benign to malignant fibromas in NF1.

2.4.3. Rho/ROCK/LIMK2/Cofilin Biomarkers

The Rho/ROCK/LIMK2/cofilin pathway is a key pathway for various cellular pro-
cesses such as cytoskeletal dynamics, cell migration, cell morphology, and cell adhe-
sion [84] (Figure 2). This pathway has not been extensively studied in the context of
RASopathies [85,86], but in NF1, ROCK plays a crucial role in regulating actin cytoskeleton
dynamics and cell contractility [85]. Dysregulation of this pathway can lead to cardiac
abnormalities and developmental defects, as seen in conditions such as NS and LS, due to
gain-of-function SHP-2 mutations that induce hyperactivity of ROCK [87].

2.4.4. cAMP/PKA Biomarkers

Up to three biomarkers have been identified in the cAMP/PKA pathway in RA-
Sopathies, namely, cAMP [88,89], PKA [60], and the ratio between neurofibromin iso-
forms I and II [90]. These molecules influence the balance between the cAMP/PKA and
RAS/MAPK pathways, which can be used as a therapeutic strategy for cNFs [89] (Figure 2).
The cysteine-serine-rich domain of neurofibromin may regulate adenylate cyclase (AC)
activity; thus, the deletion of neurofibromin results in dysfunctional cAMP signaling [88,91].
On the other hand, PKA phosphorylates neurofibromin, impairing its GAP activity and
thus dysregulating the RAS/MAPK pathway [60]. The ratio between neurofibromin iso-
forms I and II contributes to this regulation, as isoform II is a weaker negative regulator of
RAS than isoform I [90].

2.4.5. JAK/STAT Biomarkers

The JAK/STAT pathway is composed of non-receptor tyrosine protein kinases (JAKs)
and signal transducers and activators of transcription (STATs) [92]. This pathway plays
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integral roles in various cellular processes, including mitosis, differentiation, apoptosis,
hematopoiesis, the development of the immune system, and the functioning of exocrine
glands [93]. In RASopathies, this pathway’s components have not yet been used as biomark-
ers. Given the interplay between the JAK/STAT and RAS/MAPK pathways [94] (Figure 2),
it was suggested that this pathway should be explored as a biomarker for RASopathies.
Indeed, SHP2 directly dephosphorylates STAT5 and JAK1, thereby attenuating their activity
through inhibition of dimerization [95,96]. Additionally, STAT3 is identified as a critical
factor in the initiation of neurofibromas [97].

2.4.6. Hippo Pathway Biomarkers

The Hippo tumor suppressor pathway is an evolutionarily conserved signaling cas-
cade that regulates numerous biological processes, such as cell growth, organ size control,
and regeneration [98,99] (Figure 2). Although, to the best of our knowledge, the compo-
nents of the Hippo pathway have not yet been used as diagnostic or monitoring biomarkers
in RASopathies, there is evidence highlighting its impact in NF1. WES studies in NF1
patients assessing the role of acquired somatic mutations in the growth of cutaneous neu-
rofibromas (cNFs) have revealed significant dysregulation of Hippo signaling, suggesting
its involvement in cancer progression [100]. Further investigations using WES datasets
of cNFs from NF1 patients identified 30 somatic mutations in the Hippo pathway genes,
along with elevated expression levels of YAP and TAZ [15]. Moreover, evidence suggests
that the transformation of MPNSTs from SCs is influenced by deregulation of the Hippo
pathway [68,101]. These studies, along with the interplay between the Hippo pathway and
the RAS/MAPK and PI3K/AKT/mTOR pathways mediated by core Hippo kinase proteins
(MST1/2 and LATS1/2) [14], suggest that investigating Hippo pathway components as
biomarkers could yield novel diagnostic and monitoring tools for RASopathies, improving
disease management and treatment outcomes.

2.4.7. Wnt/β-Catenin Biomarkers

The Wnt/β-catenin pathway, the canonical pathway involving the Wnt cascade [102],
plays crucial roles in embryonic development and tissue homeostasis [103]. The key
molecule in this pathway is β-catenin, which acts as a nuclear effector of the pathway and
is also an important component of the cytoskeleton [104]. Up to four biomarkers have
been related to the Wnt/β-catenin pathway in RASopathies, namely, β-catenin [17,105],
the Wnt ligand Frizzled (FZD) [17], neurofibromin [17], and parafibromin [106] (Figure 2).
These biomarkers collectively provide insights into the interplay between the Wnt/β-
catenin and RAS/MAPK pathways, crucial for understanding the molecular mechanisms
underlying RASopathies.

2.4.8. TGF-β Pathway Biomarkers

Transforming growth factor-β (TGF-β) represents an evolutionary conserved family of
secreted proteins with cell-type-specific and developmental-stage-specific actions, playing
roles in embryogenesis, differentiation of most cell lineages, and adult tissue homeosta-
sis [107,108]. Three biomarkers have been identified for the TGF-β pathway in RASopathies
(Figure 2). TGF-β itself is the primary biomarker, as the frequency of CD4+ cells express-
ing it is increased in NF1 patients, suggesting an immunosuppressed status [109]. SHP2
is a biomarker for NS, since mutations excessively activate the TGF-β pathway, produc-
ing an impairment in early neuroectodermal development in NS-iPSCs [110]. Finally,
regarding CS, hyperactivation of SMAD3 signaling during osteogenic differentiation of
CS-patient-derived mesenchymal stem cells leads to aberrant expression of extracellular
matrix remodeling proteins [73]. Understanding the TGF-β signaling pathway might clarify
the molecular pathogenesis of tumor development in NF1 and how neurodevelopment
and osteogenic differentiation are affected in NS and CS, respectively. The integration
of molecular biomarkers with clinical data, including blood tests, cardiac and immune
biomarkers, and imaging techniques such as MRI and PET, enhances diagnosis, monitoring,
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and treatment tailoring for patients. This approach is crucial in clinical practice, providing
a more holistic understanding of RASopathies.

3. Metabolite Biomarkers

Studying the metabolome can reveal the organism’s metabolic response to a patholog-
ical stimulus and provide information on the molecular pathways involved in the devel-
opment and progression of a certain disease, helping to bridge the genotype–phenotype
gap [111,112]. Very few studies have been conducted to correlate metabolomics and
RASopathies, and only a limited number of relevant metabolites have been identified.
Metabolomic studies on RASopathies have identified up to five different potential biomark-
ers: adipokines, glucose levels, high-density lipoprotein (HDL) cholesterol, triglycerides (TGs),
and urinary catecholamine. It has been demonstrated that individuals with NF1 exhibit
increased metabolic levels of adipokines—cytokines regulated by adipocytes—compared to
controls [113]. NF1 patients also exhibit reduced fasting blood glucose and enhanced
glucose clearance compared to matched controls [113,114]. This enhanced metabolism
of glucose and other energy substrates may participate in tumor growth and transfor-
mation [115]. Furthermore, other research suggests that both children and young adults
affected by NS or Noonan-related diseases have an unfavorable metabolic profile with
low HDL cholesterol, a tendency toward elevated TGs, and an impairment in glucose
metabolism despite presenting a lean phenotype [116]. Elevated urinary catecholamine
metabolites were observed in a patient suffering from progressive neonatal hypertrophic
cardiomyopathy (HCM) and dysmorphic features in whom a well-known NSML-associated
PTPN11 mutation (c.1403 C>T; p.T468M) and a novel, potentially pathogenic missense
SOS1 variant (c.1018 C>T; p.P340S) were found. In particular, mild elevations of vanillyl-
mandelic acid (VMA) and homovanillic acid (HVA) raised concerns of neuroblastoma that,
along with the progressive HCM, suggested a RASopathy [117]. This altered metabolic
profile has also been described in patients with CS, with increased levels of VMA, HVA,
epinephrine, norepinephrine, dopamine, and other metabolites [118]. The detection of
such metabolites is feasible in terms of accessibility, as the measurements are taken from
urine or blood, for example, and the alterations are determined with precision by using
methods such as analytical liquid chromatography–mass spectrometry (LC-MS) [119]. Al-
terations in glucose metabolism and lipid profiles significantly impact disease progression
in RASopathies. Increased glucose clearance can support tumor development and exacer-
bate disease symptoms, while abnormal lipid profiles, such as low HDL cholesterol and
high triglycerides, contribute to cardiovascular issues and metabolic complications. These
metabolic disruptions fuel tumor growth, elevate cardiovascular risks, and disrupt overall
metabolic balance, complicating patient management and outcomes.

4. Biomarkers in Histology and Molecular Tissue Characterization

In pathology, various techniques identify potential biomarkers that are essential for
diagnosis, prognosis, and treatment response. These biomarkers play a pivotal role in
clinical trials for disease prediction and treatment monitoring [120]. Histological and
molecular biomarkers of RASopathies have been utilized (Figure 3).

These include cellular and tissue structure changes, such as alterations in cell shape
and size or extracellular matrix modifications including fibrosis [40,121]. Tissue abnor-
malities, such as hypertrophic cardiomyopathy, skeletal muscle myopathy, and cutaneous
papillomas, are also significant [121–123]. Molecular markers involve the presence or
absence of specific proteins detectable through immunohistochemistry [124], including
Ki-67, p53, AXL, ERK phosphorylation, growth factors and hormone receptors, VEGF,
Interleukin-6, CXCR4/CXCL12, calbindin D, S100, p16, and CDKN2A, among others,
providing insights into tissue structure, function, and pathological states (Figure 3).
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Figure 3. Histological and molecular characterization of RASopathies. Schematic representation of
histological (left panel) and molecular (right panel) biomarkers commonly used in RASopathies
for diagnosis, prognosis, and treatment response. Created with BioRender.com (accessed on 3
August 2024).

In NF1, specific biomarkers identify clinical and histological features such as neurofi-
bromas [40], café-au-lait spots [125], optic gliomas [126], and Lisch nodules [127], high-
lighting distinct cellular compositions and tissue characteristics associated with the disease
(Figure 3). Additionally, specific biomarkers such as hypercellularity and nuclear atypia in
MPNSTs [128]; growth factors, hormone receptors, and signaling pathways in cNFs [120];
and insulin-like growth factor-1 and growth hormone receptors in neoplastic Schwann
cells [120], along with ERK phosphorylation; mTOR pathway targets [129]; and histological
markers such as calbindin D, S100, and nestin, are crucial for diagnosis, prognosis, patient
selection, and treatment assessment [130]. Additional markers such as TLE1, HMGA2,
p53, p16, CDKN2A, and miR-204 aid in differentiating tumor types and predicting patient
outcomes [131–133] (Figure 3). LS shares clinical features with NF1, such as café-au-lait
macules and freckling, but lacks neurofibromas [134], and while histological similarities
include increased melanin levels [135], specific histological biomarkers unique to LS have
not been identified.

Research on biomarkers in NS, NSML, and CS has provided valuable insights for their
diagnosis and management. In NS, salivary inflammatory biomarkers such as defensin α1
and thymosin β4 are elevated [136], and males may show specific biomarkers indicating
primary testicular insufficiency in Sertoli cells [137]. Histological findings in NS include
cellular hyperplasia in skin and connective tissues, with cardiac manifestations suggesting
potential histological changes in cardiac tissue [122,138,139]. NSML is characterized by
cardiac features such as pulmonary valve stenosis and hypertrophic cardiomyopathy, along
with lentigines on the skin [121]. CS presents with dysmorphic facial features, dermatologi-
cal manifestations, and cardiac anomalies, with histological biomarkers such as abnormal
collagen and elastic fibers contributing to its diagnosis and management [1]. Addition-
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ally, CS is associated with oncogenic predisposition, featuring both benign and malignant
neoplasms such as cutaneous papillomas and rhabdomyosarcoma [123]. Histologically,
specific biomarkers for CFC syndrome are not well defined. Clinically, CFC is character-
ized by cardiac anomalies such as pulmonic stenosis, septal defects, and hypertrophic
cardiomyopathy; distinct facial features; and various skin abnormalities include dryness,
hyperkeratosis, ichthyosis, keratosis pilaris, and hemangiomas [140]. Thus, histological
biomarkers are essential and more reliable for clinical practice in the accurate identification
and management of these diseases.

5. Physiologic Biomarkers

In delineating the physiologic markers of RASopathies, distinctions can be made
among cardiac, bone, and embryonic indicators (Figure 4).
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Figure 4. Cardiac, bone, and embryonic RASopathy physiological biomarkers. Each color represents a
specific RASopathy. NF1: blue; LS: gray; NS: brown; CS: violet; NSML: orange; CFC: pink. Biomarkers
common to all RASopathies are indicated in white. Created with BioRender.com (accessed on 3
August 2024).

Biomarkers pertaining to bone physiology, mainly increased bone resorption and loss
of mineral density, alterations in the skeleton, reduced growth, alterations in the pectus,
and alterations in the number of fingers, have been used in NF1, NS, NSML, CS, CFCS,
and LS [22,121,141–144]. Regarding detection, most bone physiological markers present
in RASopathies can be detected through X-rays. On the other hand, the loss of mineral
density in bones is detectable by dual-energy X-ray absorptiometry (DXA) or by detecting
urine pyridinium levels, since an increase leads to a decrease in mineral density [143].

Biomarkers of cardiac physiology, mainly arrhythmias and electrocardiogram abnor-
malities, pulmonary valve stenosis, septal defects, and hypertrophic cardiac diseases, are
used in the same RASopathies as bone markers [22,38,121,141,143,144]. The detection of
these biomarkers can be carried out during gestation through gestational ultrasonography.
In adulthood, it is possible to use both electrocardiograms, which detect defects in the
heart rhythm, and cardiac magnetic resonance, which can generate images to determine
ventricular volume and analyze function as well as ejection fraction and myocardial mass,
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providing non-invasive mechanisms that make it possible to identify alterations in car-
diac physiology [38,142,145]. During pregnancy, suspected prenatal RASopathies can be
detected by ultrasound, which allows for the detection of increased nuchal translucency
(>95th percentile), cystic hygroma, cardiac anomalies, hydrops fetalis, pleural effusion,
renal anomalies, ascites, distended jugular lymphatic sac, and polyhydramnios [146].

Neurodevelopmental and endocrine biomarkers are crucial for diagnosis and man-
agement of RASopathies. Common symptoms include developmental delays, cognitive
deficits, and structural brain malformations [147]. Neurodevelopmental biomarkers in-
clude cognitive and developmental assessments; neuroimaging findings; and variations in
brain structure, such as changes in cortical surface area and thickness, as well as subcortical
volume effects specific to each syndrome [148]. Conditions such as NF1, NS, and CS are as-
sociated with delays in speech and motor skills, learning disabilities, intellectual disabilities,
and behavioral issues such as ADHD and autism spectrum disorders [1,147]. Endocrine
complications frequently observed in RASopathies include short stature, reduced bone min-
eral density, and thyroid autoimmunity, with higher anti-TPO antibody levels noted in NS
and CFC syndrome [149] (Figure 4). NF1 also presents endocrine challenges such as central
precocious puberty, growth hormone deficiency, and hypersecretion, often associated with
OPG affecting the hypothalamic–pituitary region [150].

6. Conclusions

Future research on biomarkers for RASopathies should focus on expanding metabolomic
profiles, conducting longitudinal studies, and employing multi-omic approaches. Key
areas include standardizing biomarker measurements, identifying biomarkers across di-
verse populations, and utilizing advanced imaging techniques. Additionally, exploring
epigenetic biomarkers, validating therapeutic ones, and implementing artificial intelligence
to analyze complex data and predict disease progression are essential. These efforts will
enhance the understanding of disease progression, enable personalized treatment, and
support effective clinical implementation, addressing current gaps and improving the
management of RASopathies. Additionally, the transition from biomarker discovery to
clinical application is a complex process that involves several critical steps and challenges.
These include rigorous validation to ensure the biomarker’s reliability and accuracy, as well
as extensive clinical trials to establish its predictive value and utility in real-world settings.
Furthermore, integrating insights from disciplines such as bioinformatics and systems
biology can provide a more comprehensive understanding of the biomarker landscape.
These fields contribute valuable tools and methods for analyzing large datasets, identifying
patterns, and understanding the molecular mechanisms underlying disease processes. This
multidisciplinary approach is essential for overcoming the challenges of biomarker imple-
mentation in routine clinical practice, ultimately enhancing patient diagnosis, monitoring,
and treatment.

Biomarkers can provide a more objective way to diagnose RASopathies, which can
lead to earlier and more effective treatments. They can also help researchers better under-
stand how RASopathies progress, thereby aiding in the development of targeted therapies
that are more effective and have fewer side effects. In the study of RASopathies, genetic
markers remain the most crucial and widely used biomarkers due to their direct correlation
with disease-causing mutations. Non-coding RNAs, such as miRNAs and lncRNAs, are
emerging as important biomarkers but are still primarily in the research phase. Protein
expression levels are directly linked to the presence and severity of RASopathies but are less
frequently used in clinical practice. Phosphorylated proteins, including pAKT, pS6RP, and
pERK, show significant promise for monitoring disease progression and treatment efficacy,
although further clinical validation is needed. Metabolic markers, while less commonly
used, hold potential for monitoring disease severity and complications. Histological and
molecular biomarkers also play a vital role in the diagnosis and clinical management of
RASopathies, offering critical insights into tissue structure and pathological states. Specific
histopathological features, such as the presence of neurofibromas in NF1 or characteristic
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cardiac malformations in NS and NMSL, as well as dermatological features in CS, provide
critical diagnostic clues. The reliability of these biomarkers supports accurate diagnosis,
prognosis, and patient selection for targeted treatments. IHC, utilizing antibodies to detect
biomarkers such as Ki-67, p53, and S100, plays a crucial role on this process, enabling
precise clinical decision making and personalized therapeutic approaches. Physiological
biomarkers, including cardiac function assessments and neurodevelopmental evaluations,
are important for ongoing monitoring of patients with RASopathies. These non-invasive
assessments can help track disease progression and response to treatment, offering valuable
information for clinical management. One of the main concerns of current medicine is
to offer a personalized or precision approach, which consists of adapting medical treat-
ment according to the patient’s genomic variations, biochemical profile, environment, and
lifestyle. There is a significant research gap in translating these biomarkers from research
to clinical practice. Limited clinical validation, the need for standardized protocols, and
a lack of longitudinal studies are major challenges that need to be addressed. In conclu-
sion, while significant progress has been made in identifying and utilizing biomarkers for
RASopathies, much work remains to fully translate these findings into clinical practice.
Continued efforts in basic and clinical research will pave the way for more effective and
personalized approaches to managing these complex disorders, ultimately improving the
health and life expectancy of patients.
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