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RAS/mitogen activated protein kinase (MAPK) pathway dysregulation, triggered by germline mutations in the involved genes, leads to a congenital syndrome termed “RASopathy.” Each form of RASopathy expresses a unique clinical phenotype; however, they share a series of functional and morphological organ abnormalities, including cardiac malformations, specific facial features, skeletal abnormalities, and intellectual disabilities. Secondary hypertrophic cardiomyopathy is the characteristic cardiac phenotype of RASopathy; its presence is strongly associated with heart failure-related mortality and sudden death. Therefore, RASopathy-associated hypertrophic cardiomyopathy (RAS-CMP) is a disease of priority in pediatric cardiology. However, the complete picture of its pathogenesis remains to be elucidated. Along with the development of novel molecular therapeutics, improving the quality of RASopathy care through collaborations between basic research and clinical practice is significantly needed. This review aimed to introduce the current evidence surrounding RAS-CMP and outline the knowledge gaps that should be addressed. Moreover, from the viewpoint of biological analogies between RAS/MAPK-related cancers and RASopathies, we deepen our discussion of recently emerging clues for exploring novel therapeutic approaches to RASopathy care.
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Introduction
Noonan syndrome was first reported by the American pediatric cardiologist Jacqueline Noonan in 1962 and later turned out to actually constitute a group of disorders exhibiting overlapping clinical characteristics. Having been revealed that a series of genetic mutations with similar attributes cause the circumstance, these syndromic disorders are now known collectively as the “RASopathies.” All of the RASopathy-related genes are involved in the regulation of the RAS/MAPK (mitogen-activated protein kinase) signal transduction pathway, and disease-causing mutations lead to hyperactivation of this pathway.1) The RAS/MAPK pathway, as its nomenclature suggests, was initially found as a cardinal signaling cascade for cell proliferation, and is now known to be involved in the multifaceted biological processes of differentiation and cell survival. The spatiotemporal dysregulation of RAS/MAPK activation during embryogenesis can result in a wide range of congenital abnormalities including the cardiovascular system.
The RASopathies are of core importance in the field of pediatric cardiology, comprising over 10% of childhood-onset cardiomyopathy with hypertrophic features, and even up to one-third of the infantile form.2, 3) RASopathy-associated cardiomyopathy (RAS-CMP) differs from primary hypertrophic cardiomyopathy (HCM) that is non-syndromic and isolated; RAS-CMP shows earlier onset and exhibits a more extreme phenotype, such as the propensity towards advanced hypertrophy that affects both left and right ventricles, eventually leading to severe outflow tract obstruction. RAS-CMP is known to be associated with a higher risk of heart failure death. Recent research has shown that RAS-CMP also carries a comparably high risk of sudden arrhythmic death as primary HCM does, while the appropriate preventative measures are less often allocated.4) There is an urgent need for improvement in the quality of care for RASopathies, and this requires a concerted effort from the fields of clinical cardiology and cardiovascular research.
Identifying new causative genes still further in recent years, the RASopathies emerge as an expanding disease entity. This review will focus on the current evidence gaps hampering our molecular understanding of RASopathy pathogenesis, rather than detailing the full clinical spectrum of RASopathies, hoping to set a guide to our next approaches potentially elucidating pathophysiology of the diseases.

Genotype-Phenotype Correlation in RASopathies
RASopathies are, by definition, caused by germline mutations in the molecular components of the RAS/MAPK pathway. Causative genes may encode the RAS molecules, such as HRAS, KRAS, and NRAS, as well as LZTR1,5) a regulator of RAS ubiquitination and quantity control, NF1, a RAS GTPase-activator controlling its cycling between the active and inactive forms, and the downstream effector molecules B/C-RAF, MEK1/2, SHOC2, and SPRED1, among others. The different clinical subtypes of RASopathies include Noonan syndrome, Noonan syndrome with multiple lentigines (NSML), Cardio-facio-cutaneous syndrome, and Costello syndrome. Stemming from the common dysregulation of the RAS/MAPK pathway, it is not surprising to observe shared multi-system abnormalities among different RASopathies, while associated with each RASopathy form are some characteristic features which set the phenotype apart from the others. In this review, we particularly focus on the RASopathy-associated cardiac manifestations, namely RAS-CMP, and discuss how commonly the symptoms can affect RASopathy patients, but with variable frequency and severity. The incidence of RAS-CMP is dependent on the RASopathy subtype, as well as the genotype6); in NSML (caused by mutations in BRAF, RAF1, and PTPN11) and Costello syndrome (caused by mutations in HRAS), RAS-CMP is seen with an incidence as high as 60–80%, while in Noonan syndrome the overall RAS-CMP incidence stays rather low, approximating 20%. Detailing the correlation between the heterogeneous genetic background in Noonan syndrome and the RAS-CMP manifestations, RAF1 and RIT1 mutations are frequently accompanied by RAS-CMP (80 and 50%, respectively), while PTPN11 mutations are less so (10%). When discussing the frequency and severity of RAS-CMP manifestations, it is critical to precisely classify patients and/or diseases not only by the syndromic subtypes, but also by the causative genes (Table 1).7–10)
Table 1 Prevalence of the hypertrophic cardiac phenotype among different RASopathy mutations


Proposed Molecular Mechanisms to Explain the Variability in RASopathy Phenotypic Expression
To further consider in depth the variability in RASopathy phenotypes, or in other words the RASopathy genotype-phenotype correlation, we herein take the different PTPN11 mutations for example and discuss their associations with RAS-CMP expression. PTPN11 encodes SHP2, a non-receptor tyrosine phosphatase, which contains two N-terminal Src homology 2 (SH2) domains and a C-terminal protein-tyrosine phosphatase (PTP) domain that exhibits the catalytic function. At steady state, the N-terminal SH2 domains cover the center of catalytic activity, thus maintaining the SHP2 inactive conformation and preventing interaction with its partner molecules and/or substrates. When mitogenic stimuli are transmitted via receptors on the cellular membrane, the SH2 domain binds to the receptor or its scaffold protein, opening up the center of catalytic activity and transforming SHP2 into its active conformation (Fig. 1). PTPN11 is the mutated gene most commonly found in NSML, a RASopathy commonly presenting with severe RAS-CMP, as well as Noonan syndrome, which to the contrary shows lower frequency of RAS-CMP manifestations. Why would the cardiac abnormalities triggered by the same mutated gene show such contrasting phenotypic expression along the RAS-CMP spectrum? The clues to answer this question may be found in the regulatory mechanism of SHP2 phosphatase activity and substrate selectivity. An attractive hypothesis has been presented that the derangements in SHP2 enzymatic activity and the imposed bias in its substrate selection are specific to each PTPN11 mutation, and thus lead to distinct propagating influences upon the downstream signal transduction. The PTPN11 mutations seen in Noonan syndrome are of gain-of-function (GOF) nature. The GOF mutations affect the SH2-PTP interaction, leading to a conformational change favoring exposure of the catalytic center, and result in a constitutively active form of SHP2. The PTPN11 mutations seen in NSML, however, cluster in the catalytic PTP domain destroying its activity and thus are considered loss-of-function (LOF) mutations.11) Changes in SHP2 phosphatase activity may well affect the phosphorylation/dephosphorylation state of its signaling substrate. Bias in substrate selectivity by the mutant SHP2 shall further add complexity to the aberrancy in downstream signaling, namely the RAS/MAPK or the PI3K/AKT pathways. If the RAS-CMP phenotypic expression is to be a summation of the skewed irregularity in the multiple downstream pathways, unveiling the molecular mechanism behind variability in RAS-CMP expression requires a detailed patterning of the downstream deregulation brought about by individual mutations. Intensive efforts are currently in progress to identify SHP2 partner proteins and dephosphorylation targets.12)
[image: ]Fig. 1 Structure of the SHP2 protein and regulation of its enzymatic activity. In the inactive form, the N-terminal SH2 domain covers the PTP domain, the SHP2 active site, interfering the enzymes interaction with its substrate. When stimuli are transmitted via cellular membrane receptors, the SH2 domain becomes bound to the receptor or its scaffold protein changing SHP2 structure into its active form, thus opening up the active site PTP domain


Histopathological Hallmarks of RASopathy-Associated Cardiac Hypertrophy: Classic and Current Perspectives
The most recent studies have suggested that RAS-CMPs have poorer cardiac outcomes than primary HCMs. The distinct pathologies behind these two groups of cardiomyopathies shall explain the observed differences in their clinical presentation and prognosis. The classic histopathological hallmark of primary HCMs is myocardial cellular hypertrophy, defined by increase in the cross-sectional area of individual cardiomyocytes. It has long been argued that activation of the RAS/MAPK pathway, acting downstream of the angiotensin and catecholaminergic receptors, contributes to cellular hypertrophy seen in primary HCMs. Since RASopathies are, by definition, a disorder of RAS/MAPK pathway hyperactivation, the natural consequence shall be that the hypertrophied cardiomyocytes comprise the thickened myocardial wall in RAS-CMPs. Indeed, previous histopathological investigations involving RAS-CMPs have documented such cellular hypertrophy of the cardiomyocytes.13, 14) Therefore, substantial overlap in the molecular pathology has been assumed between RAS-CMPs and primary HCMs, and it has generally been held that myocardial cellular hypertrophy is a common trait to both disease entities.
Recently, however, conflicting findings have increasingly been reported. We ourselves have reported on a case with NSML, caused by a LOF mutation in PTPN11, showing fetal-onset myocardial thickening and circulatory failure. At autopsy, it revealed that the thickened myocardium of the patient was not the collective result of individually hypertrophied cardiomyocytes, in other words cellular hypertrophy, but rather associated with an abundancy (∼10% of total) in atypical cardiomyocytes, with reduced cell cross-sectional area, staining positive for the cell proliferation marker Ki67.15) It is known that cardiomyocytes are supposedly terminally-differentiated and have lost their proliferative capacity in exchange of acquiring their unique cellular potential as cardiomyocytes. Therefore, the patient’s autopsy findings reminiscent of cellular ‘hyperplasia,’ at a glance, appeared paradoxical. Following our case, nevertheless, further evidence alluding to the hyperplasia-like phenotype was reported from different animal and cellular models, as well as human cases of RASopathies. It seems that an emerging paradigm for the histopathological hallmarks of RAS-CMPs has begun to take shape. Takahara et al., through their analysis on mice carrying RIT1 (A57G) mutations, have reported myocardial wall thickening, along with an increase in the number of Ki67-positive cardiomyocytes.16) Meier et al. analyzed cardiac histopathology in infants with Noonan syndrome, and their results showed a high proportion of multinucleated cardiomyocytes, indicative of proliferative potential, and also an increase in the number of cardiomyocytes forming the heart. They also analyzed induced pluripotent stem cell-derived cardiomyocytes generated from a RAS-CMP patient harboring a PTPN11 (N308S) mutation, and found similar results indicating an increase in number of multinucleated and Ki67-positive cardiomyocytes.17) Drenckhahn et al. carried out cardiac histopathological analyses on Noonan syndrome patients with RAF1 and PTPN11 mutations, and found an increase in the number of cardiomyocytes forming the thickened myocardial wall.18) The findings collectively suggest that these RAS/MAPK-related mutations harbor the potential of triggering the cardiomyocyte cell-cycle and (re-)stimulating their proliferative potential. Mitosis was thought not to occur in mature adult cardiomyocytes, and to date no similar observations have been reported with primary HCM or secondary cardiomyopathy; hence, it appears that cardiomyocyte hyperplasia is unique to RAS-CMP. Although the hyperplasia-like histopathology has so far only been linked to a subset of mutations, investigating to which extent the aberrant RAS/MAPK signaling in RAS-CMP shall result in excessive cardiomyocyte proliferation appears intriguing.
In addition, understanding the regulatory machinery that converts cardiomyocytes from initiating a hypertrophic response to a hyperplastic response, under aberrant RAS/MAPK signaling, will aid in elucidating its unique pathogenesis. It has been reported that KRAS-null mice show embryonic death due to thinning of the myocardium, and KRAS mutant (V14I) mice exhibit hypertrophic hearts accompanied by cellular hyperplasia. These observations suggest that, whereas HRAS is known for its major involvement in cellular hypertrophy, KRAS may contribute to cardiomyocyte proliferation; however, whether this argument applies to all KRAS mutations needs verification.19, 20) Likewise, a better molecular characterization of these atypically hyperplastic cardiomyocytes that are contributing to the RAS-CMP phenotype, shall map novel drug targets for RAS-CMP. In a study performing single-cell RNA sequencing using cardiac tissue from Noonan syndrome patients, Drenckhahn et al. showed that Noonan syndrome hearts showed an increase in MYH6/MYH7 expression ratio, as well as a reduction in the fatty acid metabolism-related gene expression, both serving as markers of fetal-reprogramming of the cardiomyocyte. A key characteristic of RAS-CMP, therefore, could be the preservation of cardiomyocytes’ characteristics related to immaturity of the cellular phenotype.18) Indeed, immature cardiomyocytes are known to display diminished contractile capabilities and reduced efficiency in energy production and, therefore, may be susceptible to collapsing of compensatory mechanisms when subjected to increased mechanical load. Furthermore, the proposed increase in cellular proliferation and turnover complicating RAS-CMPs could also lead to accumulation of DNA damage through replicative stress, leading to functional deterioration through the so-called ‘premature aging’ of cardiomyocytes. Understanding the effects that aberrant RAS/MAPK signaling has on cardiomyocytes from the perspective of ‘cellular senescence’ is another intriguing approach in light of its downstream histopathological effects including inflammatory or fibrotic changes. Pathological investigations focused on myocardial cellular senescence seem currently underway in an effort to elucidate the unfavorable prognoses observed in RAS-CMP.21) These emerging concepts prompt a recharacterization of the cellular pathologies behind RAS-CMPs.

The Cellular Origin of RAS-CMPs
Since the 1980s, extensive analyses on RAS-CMP mouse models have led to considerable advances in our understanding of the functional role of the RAS/MAPK signaling in cardiac pathology. Especially, the cell type-specific genetically engineered animal models have contributed greatly to pinpointing critical signaling pathways leading to RASopathy-associated cardiac phenotypes, including cardiac hypertrophy, as well as structural heart abnormalities, by identifying the exact cell populations and their intercellular crosstalk that are responsible for the holistic phenotypic expression. Kontaridis et al. reported that mice with cardiomyocyte-specific deletion of PTPN11 show a dilated cardiomyopathy-like phenotype.22) Subsequently, Schramm et al. generated a murine model that selectively expressed mutant PTPN11 in cardiomyocytes, leading to the development of cardiac hypertrophy in these mice.23) These findings suggest that the aberrant signaling taking place endogenously in the cardiomyocytes themselves trigger the onset of RAS-CMP heart lesions, supporting the notion that the cellular origin of RAS-CMP lies within the cardiomyocytes. Conversely, Lauriol et al. found that cardiac hypertrophy was induced in endothelium-specific PTPN11 knock-in mice,24) and they argue that the aberrant RAS/MAPK signaling in the Tie2-positive endothelial cells lead to forming a hypertrophic heart tissue. Araki et al. investigated mice carrying PTPN11 mutations specific to various cell lineages, and found that cardiac septal defects were specifically associated with enhancement in Tie2-positive, endothelial cell ERK signaling and upregulated epithelial-mesenchymal transition.25) Septal defects have also been found in approximately two-thirds of Nkx2.5-positive, cardiac progenitor-specific RAS/MAPK activation.24) In addition, mice with mutant SHP2 expression and downstream ERK activation in the endothelial cell lineages have shown abnormal enhancement in epithelial-mesenchymal transition involving the right ventricular outflow, recapitulating the characteristic right heart defects seen in Noonan syndrome patients.26) A series of studies have not demonstrated thus far that the cellular origin of RAS-CMP is limited to the cardiomyocytes, but have proven suggestive of a diverse multicellular crosstalk, including the endothelium-cardiac progenitor crosstalk, to act upstream during cardiac morphogenesis.
Originating from the first neurofibromatosis type 1 mouse model reported in 1994, a variety of RASopathy animal models using drosophila, mice, and zebrafish have been published. These animal models have clearly shown that intracellular signaling pathways, such as PI3K/AKT/mTOR, as well as the RAS/MAPK pathway, are involved in RAS-CMP pathogenesis. Cardiac hypertrophy associated with RAF1 mutations are induced by downstream ERK activation.27) As for the cardiac hypertrophy in mice harboring a LOF PTPN11 mutation, however, it appears not the ERK signaling but the AKT/mTOR pathway which activates downstream to drive the pathogenesis.23) In addition, in the heart of a zebrafish model of HRAS-mutated Costello syndrome, no activation was seen in either ERK or AKT signaling, but instead findings were suggestive of promoted cellular senescence.28) We may therefore assume that there are numerous pathways other than the RAS/MAPK pathway, the contribution of which are still underestimated, culminating in the full spectrum of RASopathy-associated cardiac pathologies. Each RASopathy-related mutation shall thus trigger the respective pathways to variable extents. A systematic understanding to how the respective downstream signaling act differently in each RASopathy case will be important in assessing pathophysiology, as well as interpreting their responses to pharmaceutical interventions. For example, with the NSML-related PTPN11 LOF mutation that led to over-activation of the mTOR/AKT pathway, the targeted inhibition of mTOR/AKT may offer a greater chance of treatment success than targeting the RAS/MAPK downstream effectors such as MEK—this is in contrast to the NS-related GOF mutation, which mainly activates the RAS/MAPK pathway.
As we have seen, it appears that cell lineages other than cardiomyocytes may influence RAS-CMP pathogenesis. The conundrum therefore remains; what kind of abnormalities in which cell types are actually causing the tissue hypertrophy in RAS-CMPs? A clear conclusion has yet to be reached, but the gaps in knowledge are on the way of becoming fulfilled, as we further stress the importance of subclassifying the RAS-CMP pathologies based on their downstream signaling aberrancies.

RASopathies as the Intersection of Cancer Biology and Myocardial Pathology
As noted in the introduction of this article, the RAS/MAPK pathway, which was found to be a key signaling pathway in cell proliferation, is involved in multiple aspects of the biological processes of cells, such as differentiation, maturation, senescence, and death. Thus, RAS/MAPK-related genes may serve as the drivers of carcinogenesis through their somatic mutations; mutations in KRAS, followed by NRAS and HRAS, are reported to be involved in various human cancers, while BRAF mutations are found with high frequency in malignant melanomas. In turn, germline mutations of the same genes may affect organogenesis and become the cause of RASopathies. Among the abnormalities common to variable RASopathies are predisposition to specific cancer risks and cardiac disease, including malformations and myocardial disease. RASopathies, residing at the intersection of cancer and cardiac biology, form a unique pathological entity enabling researchers to explore the extent of overlap between cellular pathologies of the heart and cancer tissues. Also, it is of note that when we look at the single nucleotide level, disease-related mutations that lie within the same gene tend to fall into two distinct categories: mutations that contribute strongly to carcinogenesis and mutations that cause RASopathies. According to the hypothesis by a dermatologist Happle, mutations with the most deleterious influence on protein function, so-called “strong alleles,” will not occur as germline mutations, because they are irrevocably detrimental to the survival of the individual if occurring during the embryonic stage. It is thus an intriguing possibility that a similar relationship between allele strength and mutational patterns might exist between cancer- and RASopathy-related mutations.29)
How analogous are the cellular abnormalities in RAS-CMP cardiomyocytes to those in RAS/MAPK-related cancer cells (Fig. 2)? In their review, “The Hallmarks of Cancer,” Weinberg et al. put forward six cardinal traits that define a cancer cell.29) Normal somatic cells acquire these traits sequentially, ultimately leading to complete carcinogenesis. Among these traits, the self-sufficiency in growth signals and insensitivity to antigrowth signals are the important, classic hallmarks of cancer, as cancer cells exhibit autonomous abnormal growth activity that is independent of the environment. As noted above, cardiomyocytic hyperplasia-like changes in the myocardium of different RAS-CMPs have been recently reported. The findings suggest that both the abnormal cancer and cardiac tissues stemming from aberrant RAS/MAPK signaling may share overlapping cellular abnormalities resulting in a similar hyperproliferative phenotype. Cancer cells further harbor instabilities surrounding their genome that promotes the accumulation of somatic mutations, which act to solidify and/or promote the malignant cellular abnormalities including their hyperproliferative traits. In relation to this cancer genome instability, the cardiomyocyte genome similarly exhibits susceptiveness to oxidative damage, being most intensively exposed to oxidative stress in return for the active aerobic respiration fueling the heart. Recent advances in cardiovascular research have shown that, just as genomic instability creates a predisposition to the acquisition of cancer traits, constant exposure of the cardiomyocyte genome to oxidative damage plays a central role in the acquisition of senescent traits in cardiomyocytes and their microenvironment through the accumulation of detrimental mutations.30)
[image: ]Fig. 2 Hallmarks of cellular pathologies under aberrant RAS/MAPK signaling

In cancer biology, reprogramming in the energy metabolism is meant to couple the abnormal cellular proliferative activity. In normal somatic cells, glucose-derived pyruvate is either fueled to the mitochondria under aerobic conditions, or converted to lactate under anerobic conditions to balance oxygen consumption. The RAS/MAPK pathway is known as a major factor in the cellular metabolic switching, and the cancer cell’s skewedness towards active use of glycolysis, even under aerobic conditions, is termed aerobic glycolysis. Enhancement of the glycolytic pathway plays a central role in diverting or supplying glycolysis metabolic intermediates to pathways for biosynthesis of nucleotides and amino acids that are essential for the construction of new cells, and this appears to be part of the purposeful survival strategy of cancer cells.31) Such uniqueness in cellular energy metabolism has been best described in Costello syndrome. This form of RASopathy, caused by a heterozygous mutation in HRAS, often presents with severe cardiac hypertrophy. Costello syndrome patients exhibit an exacerbated basal energy expenditure, and a tendency towards hypoglycemia and hypercholesterolemia, accompanied by other derangements in cellular energy metabolism. Costello syndrome model mice with HRAS (G12S) mutation also replicate the metabolic phenotype of human patients, including hypoglycemia and impaired fatty acid oxidation in the mitochondria.32) These findings may be considered as evidence for RAS-CMP metabolic reprogramming that echoes increased glucose utilization seen in RAS/MAPK-related malignancies. The cardiomyocytes’ metabolic phenotype favoring cell proliferation and the cellular hyperplasia observed in RAS-CMPs seems likely to be bridged by a causal relationship. Such reprogramming of energy metabolism has been observed in other RASopathies as well. In NS caused by the PTPN11 mutation, decreased enzymatic activity of the mitochondrial respiratory chain, decrease in cellular ATP content, and increased levels of reactive oxygen species have been reported.33) RASopathies associated with BRAF and NF1 mutations have exhibited impairment in mitochondrial bioenergetics related with reduced mitochondrial respiratory chain activity.34, 35) Whether the causal relationship between RAS/MAPK metabolic reprogramming and RAS-CMP pathology underlies the whole spectrum of RASopathies is yet to be fully clarified.
Understanding the entirety of such RAS-CMP compensatory mechanisms from the viewpoint of its analogies with RAS/MAPK-mediated cancer biology is another attractive approach towards searching for new druggable targets. Internal or external biological stressors such as malignant transformation or invasive pathogens are robustly compensated by the human host through innate cellular defense mechanisms. While the cardiomyocytes in RAS-CMPs shall encounter a spectrum of cellular stressors as a consequence of aberrant RAS/MAPK signaling, our appreciation of the compensatory mechanisms at play remains even more incomplete.

Conclusion
Various molecular-targeted therapies are now increasingly being developed for heart diseases, ushering in a new era of cardiovascular medicine. With RAS-CMP, however, the clinical development of RAS-CMP-specific therapies has currently been outstripped by that for primary HCM. Still, small case series have been reported on the compassionate use of MEK inhibitors (e.g., trametinib) against Noonan syndrome cardiac hypertrophy.33) While it is essential to await results from larger scale clinical trials, momentum is building toward overcoming the unmet need of RAS-CMP-specific molecular therapeutics. As the development of novel anti-cancer drugs that target the RAS/MAPK pathway gain pace, it is highly likely that a portion of these drugs will exert therapeutic potential against RAS-CMPs. The major focus for now includes creating a translational framework for comprehensive clinical data collection and evidence accumulation, from both the bedside and bench, in order to make the leap from elucidating disease pathophysiology to developing novel therapeutics for RAS-CMPs.
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Table 1 Prevalence of the hypertrophic cardiac phenotype among different RASopathy mutations		Syndrome		Causative gene mutation		Prevalence of cardiac hypertrophy

		Noonan syndrome		PTPN11		15–20%7, 8)

		SOS1		approximately 15%7)

		RIT1		approximately 50%7)

		RAF1		approximately 80%7)

		LZTR1		approximately 50%7)

		Noonan syndromewith multiple lentigines		PTPN11		approximately 60%9, 10)

		BRAF		N.A.

		RAF1		N.A.

		Costello syndrome		HRAS		approximately 80%7)

		Cardio-facio-cutaneous syndrome		BRAF		60–100%7, 10)

		MAP2K1		N.A.

		MAP2K2		N.A.
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