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Introduction
Noonan syndrome (NS; MIM 163950) is an autosomal dominant developmental disorder affecting 
approximately 1 in every 1,000 to 2,500 live births (1, 2). NS is characterized by wide phenotypic 
variability, including distinct facial dysmorphisms, such as broad forehead, hypertelorism, ptosis, and 
low-set posteriorly rotated ears. Additionally, affected individuals may have skeletal malformations, 
short stature, developmental delay, learning difficulties, and bleeding disorders (2, 3). Eighty percent 
of  patients with clinically diagnosed NS also have congenital cardiovascular abnormalities, including 
pulmonary valve stenosis, cardiac hypertrophy, or septal defects (4, 5).

Although NS is a genetically heterogeneous disorder, nearly all genes associated with NS encode 
proteins that are either components or regulators of  the RAS/MAPK signaling pathway. To date, 
besides the most common NS-susceptibility gene, PTPN11 (6), which characteristically yields a cardiac 

Noonan syndrome (NS; MIM 163950) is an autosomal dominant disorder and a member of a family 
of developmental disorders termed “RASopathies,” which are caused mainly by gain-of-function 
mutations in genes encoding RAS/MAPK signaling pathway proteins. Whole exome sequencing 
(WES) and trio-based genomic triangulation of a 15-year-old female with a clinical diagnosis of 
NS and concomitant cardiac hypertrophy and her unaffected parents identified a de novo variant 
in MRAS-encoded RAS-related protein 3 as the cause of her disease. Mutation analysis using 
in silico mutation prediction tools and molecular dynamics simulations predicted the identified 
variant, p.Gly23Val-MRAS, to be damaging to normal protein function and adversely affect effector 
interaction regions and the GTP-binding site. Subsequent ectopic expression experiments revealed 
a 40-fold increase in MRAS activation for p.Gly23Val-MRAS compared with WT-MRAS. Additional 
biochemical assays demonstrated enhanced activation of both RAS/MAPK pathway signaling 
and downstream gene expression in cells expressing p.Gly23Val-MRAS. Mutational analysis of 
MRAS in a cohort of 109 unrelated patients with phenotype-positive/genotype-negative NS and 
cardiac hypertrophy yielded another patient with a sporadic de novo MRAS variant (p.Thr68Ile, 
c.203C>T). Herein, we describe the discovery of mutations in MRAS in patients with NS and cardiac 
hypertrophy, establishing MRAS as the newest NS with cardiac hypertrophy-susceptibility gene.
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phenotype of  pulmonary valve stenosis rather than cardiac hypertrophy, there are at least 9 additional 
NS-susceptibility genes, including SOS1 (7, 8), RAF1 (9, 10), KRAS (11), RIT1 (12, 13), NRAS (14), 
RRAS (15), CBL (16), and SOS2 and LZTR1 (17). A mutation in SHOC2 is responsible for NS-like 
disorder with loose anagen hair (NS-LAH; MIM 607721) (18). Most recently, PPP1CB mutations have 
been identified in a syndrome closely resembling NS-LAH (19).

The RAS/MAPK pathway is associated with a number of  fundamental cellular processes, including 
proliferation, differentiation, migration, and apoptosis and is particularly important for normal early devel-
opment (20, 21). NS and a number of  other phenotypically overlapping developmental disorders termed 
“RASopathies” are caused by dysregulation, which is generally embodied by an increase in signaling, of  
this pathway early in development. Other RASopathies include Costello syndrome (MIM 218040), car-
diofaciocutaneous syndrome (MIM 115150), and NS with multiple lentigines (previously referred to as 
LEOPARD syndrome; MIM 151100); these RASopathies, like NS, are caused by germline mutations in 
genes encoding proteins involved in Ras/MAPK signaling (22).

Although understanding of  the genetic underpinnings of  NS has continued to grow over the last 
decade, approximately 20% of  all NS cases remain elusive genetically. Identifying the remaining NS genes 
is critical for proper patient diagnosis and management, as well as elucidating genotype-phenotype correla-
tions, which remain limited. Herein, using whole exome sequencing (WES) with proband/parent genomic 
triangulation, molecular dynamic simulations (MDS), and experimental/functional validation studies, we 
describe the identification of  MRAS as what we believe to be the newest NS-susceptibility gene.

Results
WES and proband/parent genomic triangulation elucidate a sporadic p.Gly23Val-MRAS variant in a proband 
with NS with concomitant cardiac hypertrophy. A family with presumed sporadic, possibly autosomal 
recessive, NS was referred to the Mayo Clinic’s Windland Smith Rice Sudden Death Genomics Lab-
oratory for further research-based genetic testing following negative commercially available clinical 
genetic testing for most NS- and myofilament-associated hypertrophic cardiomyopathy genes (Figure 
1A). At the time of  WES, the index case was a 15-year-old female who was diagnosed with biventric-
ular cardiac hypertrophy in infancy following evaluation of  a cardiac murmur. In addition to cardiac 
hypertrophy, she presented with short stature and facial dysmorphisms and with mildly posteriorly 
rotated ears (Figure 1B). She also displayed a static pattern of  globally delayed acquisition of  develop-
mental milestones and cognitive disability. She underwent surgical myectomy for biventricular outflow 
tract obstruction at age 8 and was diagnosed with NS at that time as well (Figure 1C). Both parents 
were considered unaffected, with repeated normal echocardiograms and no identifiable characteristics 
of  NS; there was no family history of  NS or related disorders.

WES was performed on the index case and her unaffected parents. Given the lack of  phenotype 
in both parents, the mutational results from the WES were scrutinized based on a sporadic de novo 
model of  inheritance. Since there are some reports of  autosomal recessive forms of  NS, the results 
were evaluated for an autosomal recessive inheritance pattern as well (Figure 1A). Following initial 
filtering, a total of  102,948 variants with an acceptable quality score (read depth of  at least 10, geno-
type quality of  at least 20, and present in genes outside the top 1% of  genes with high variability) were 
identified (Figure 1D). Of  these, 7,414 variants were nonsynonymous or protein-altering variants. In 
the sporadic model, the total variants were limited to only ultra-rare variants with a minor allele fre-
quency (MAF) <0.005% in the Allele Frequency Community (AFC), Exome Aggregation Consortium 
(ExAC), 1000 Genomes Project (1KG), and Exome Sequencing Project (ESP) databases, resulting 
in a total of  91 variants. Of  these, one single de novo variant (present in the case and absent in both 
parents) was discovered. In the recessive model, 882 rare variants with a MAF <1.0% in the AFC, 
ExAC, 1KG, and ESP databases were identified. Of  these, rare nonsynonymous variants, 5 variants 
in 3 different genes fit a recessive, either homozygous or compound heterozygous, inheritance pattern 
based on parent exome subtraction/inclusion criteria (Figure 1D).

Following WES and genomic triangulation, 4 candidate genes (one from the sporadic model and 3 from the 
autosomal recessive model) were subjected to disease-network analysis ranking using ToppGene and Endeav-
our. MRAS (NM_012219), which encodes the muscle RAS oncogene homolog (MRAS, R-RAS3, NP_036351) 
and is a member of the Ras super family of proteins and a regulator of Ras/MAPK pathway signaling, was 
ranked as the most likely candidate gene based on the provided training genes (genes listed in Methods section). 
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Figure 1. Whole exome sequencing and familial genomic triangulation for the elucidation of a genetic substrate for Noonan syndrome. (A) Noonan 
syndrome pedigree with presumed sporadic or autosomal recessive (compound heterozygous or homozygous) inheritance pattern showing the case- 
parent trio with the affected index case (black circle) and unaffected family members (white symbols). (B) Clinical appearance of the patient at 17 years 
old, showing facial characteristics of Noonan syndrome, such as long facies and low-set posteriorly rotated ears. Images were obtained and published with 
both patient’s and parents’ permission. (C) Parasternal long-axis view of the index case’s echocardiogram performed at age 8 (October 27, 2006) and age 
17 (August 30, 2016). The echocardiogram shows left ventricular hypertrophy with maximal septal thickness of 18 and 17 mm for these 2 echocardiograms, 
respectively (Ao, aorta; LA, left atrium; LV, left ventricle). (D) A flow diagram of the variant filtering process following whole exome sequencing, and results 
for both a sporadic and autosomal recessive inheritance model.
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Following additional analyses assessing the frequency of each mutation in gnomAD, ExAC constraint score, 
tissue expression for each gene, and pathogenic mutation prediction using in silico tools (Supplemental Table 1;  
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.91225DS1), 
MRAS emerged as the top ranked NS-susceptibility gene (Table 1).

Sanger DNA sequencing confirmed the de novo, heterozygous p.Gly23Val-MRAS (c.68G>T) missense 
mutation in the patient. As implicated by the WES data, both parents again tested negative for this muta-
tion, and maternity/paternity was verified. p.Gly23Val-MRAS is ultra-rare, being absent in all individuals 
from the Genome Aggregation Database (i.e., absent in >280,000 alleles) (gnomAD, n = 141,353) (23).

Detailed sequence and structural based bioinformatic studies predict that the p.Gly23Val-MRAS variant yields a 
constitutively active form of  this protein. We first sought to gain insight into the potential damaging effect of  
p.Gly23Val-MRAS using commonly used in silico tools developed to assess the phylogenetic and/or phys-
iochemical properties of  amino acids altered by a genetic mutation in order to predict the “pathogenic” 
likelihood of  patient-derived protein mutations. All six tools (PolyPhen2, PROVEAN, SIFT, Mutation 
Assessor, fathmm, and Align GVGD) predicted a damaging or deleterious effect of  p.Gly23Val-MRAS, 
providing in silico support for its consideration as a pathogenic mutation.

From a structural bioinformatics perspective, paralog annotation analyses and ELM searches (24) 
demonstrated that the p.Gly23Val-MRAS substitution resides within the GTP-binding domain of  the 
protein, as defined by the GXGGXGKS consensus motif. This well-characterized motif, also known as 
the Walker A box or P-loop, is present in many GTPases and binds the α and β phosphates of  the nucle-
otide. Additionally, a multiple sequence alignment with better studied MRAS paralogs demonstrated 
that despite differences in the sequence among these proteins (homology of  these proteins compared 
with MRAS: HRAS, 57.3%; NRAS, 56.7%; KRAS, 55.4%), the regions corresponding to the nucleo-
tide-binding site, switch I and II as well as helix 3, which are critical for the activation of  these proteins, 

Figure 2. Multiple sequence alignment of MRAS in comparison with HRAS, KRAS, and NRAS paralogs. Multiple sequence alignment was performed 
using T-COFFEE as previously described (62). Note that, in spite of differences in the sequence among these proteins (HRAS: 57.3%; NRAS: 56.7%; KRAS: 
55.4%), the regions corresponding to the switch I and II and helix 3, which are critical for the activation of these proteins, are highly conserved. Additional-
ly, sequence alignment demonstrated that the MRAS variants aligned to critical and conserved regions, matching previously identified disease-associated 
variants in one or more of the MRAS paralogs.
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were conserved highly among all 4 proteins (Figure 2). This analysis revealed that p.Gly23Val-MRAS is 
equivalent to the constitutively active p.Gly13Val mutation in other RAS proteins, including H-, N-, and 
K-RAS, previously shown to induce cell growth and neoplastic transformation (25).

Molecular modeling and MDS were also performed. This method has been used extensively to 
define whether variants in Ras proteins are able to induce the state I–to–state II transition, which 
underlies the activation of  these proteins (26). These studies indicate that when compared with 
WT-MRAS, p.Gly23Val-MRAS displays differences in molecular dynamics (Figure 3, A–D). The most 
conspicuous of  these differences was a dramatic increase in root-mean-square fluctuations (Figure 3, C 
and D) from WT to mutant, corresponding to the switch II region.

Careful analyses of  the switch II region indicate that switch II is indeed remodeled in a manner that has 
been described previously (26) to characterize the GDP- to GTP-bound state of  this protein (Supplemental 
Figure 1). Subsequently, we measured the distance between amino acids T45 and G70 (Figure 4). This dis-
tance is a surrogate for detecting the remodeling in the GDP/GTP-binding site. Notably, as expected from 
a transition between state I and state II, the distance between these residues decreased dramatically in the 
mutant (9.106A ± 0.410 SD for WT-MRAS compared with 6.145A ± 0.683 for p.Gly23Val-MRAS). This 
attenuation in the T45-to-G70 distance remodels the active site in a manner that brings it in closer contact 
with the nucleotide, reflecting a tendency of  p.Gly23Val-MRAS to have a higher affinity for GTP.

Last, since these changes should have an effect on exposing distinct interphase surfaces for interaction 
with effectors, we performed a comparative surface analysis between WT-MRAS and p.Gly23Val-MRAS. 
As shown in Supplemental Figure 2, after 20 ns of  MDS, the p.Gly23Val-MRAS protein displayed surface 
changes, in particular at the switch II region and those covering the nucleotide-binding site, which have 
been associated previously with a state II transition (26). Collectively, the in silico analyses, molecular 
modeling, and MDS predict that this sporadic de novo missense mutation, p.Gly23Val-MRAS, will be 
disruptive functionally, creating a constitutively active form of  this protein that resides primarily in a 
GTP-bound state.

Biochemical studies confirm that the p.Gly23Val-MRAS variant yields a constitutively active form of  this protein 
with the ability to stimulate cytoplasmic-to-nuclear signaling cascades. The effect of  p.Gly23Val-MRAS mutation 
on MRAS activation and GTP loading was analyzed by Raf-RBD pulldown followed by Western blotting 
in transfected HEK293T/17 cells. Western blot followed by quantification analysis showed that, when 
normalized for MRAS expression, p.Gly23Val-MRAS precipitated a 4.2-fold increase (SD: 0.73, SEM: 
0.42) in GTP loading compared with cells transfected with WT-MRAS following a 5-minute stimulation 
with EGF (100 ng/ml) (Figure 5, A and B). These findings are consistent with the in silico prediction that 
p.Gly23Val-MRAS is an activating mutation, leading to increased GTP loading and constitutive activation 
of  MRAS. Similarly, p.Gly23Val-MRAS precipitated a 40-fold increase (SD: 25.53, SEM: 12.77) in GTP 

Table 1. Disease-network analysis of candidate gene ranking and in silico analyses of the 4 potential genes of interest

Rank
Gene Gene name Variant gnomAD 

(MAF)
Constraint 

score (ExAC)
Tissue 

expressionA
No. of in silico 

tools predicting 
mutation as 
pathogenic

Combined rank 
of Endeavour/

ToppGene

Total rank

MRAS Muscle RAS oncogene 
homolog

p.Gly23Val 0 2.73 Breast, heart, 
brain, ovary

6 3 1

MICAL2 Microtubule associated 
monooxygenase, 
calponin and LIM 

domain containing 2

p.Cys25Gly 
p.Arg559Gln

2.12e-3 
3.35e-3

0.77 Testis, brain, 
leukocyte, colon

5 
5

4 2

RPL14 Ribosomal protein L14 p.Ala153_Ala154 
insValAlaAlaAlaAla

3.89e-2 0.94B Ovary, adrenal, 
prostate, adipose

N/A 6 3

CCDC78 Coiled-coil domain 
containing 78

c.492G>A 
p.Gly164Gly

2.4e-3 
0

0.00B 

–0.79
Lung, lymph 
node, ovary, 

adrenal

N/A 7 4

AFor each gene, the top 4 tissues with highest levels of gene expression are listed in order from greatest to lowest level of expression. BpLI, probability of 
being loss-of-function intolerant score. MAF, minor allele frequency; ExAC, Exome Aggregation Consortium.
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loading compared with cells transfected with WT-MRAS following a 30-minute stimulation with EGF 
(100 ng/ml) (Figure 5, C and D). Taken together, these results indicate both enhanced and prolonged 
activation of  p.Gly23Val-MRAS, suggesting increased activation of  downstream Ras/MAPK pathway sig-
naling, consistent with the known final common pathway for NS pathogenesis.

To further test this hypothesis, we determined the functional effect of  the p.Gly23Val-MRAS mutation 
on Ras/MAPK signal transduction by evaluating EGF-induced ERK activation. Expression of  WT-MRAS 
in HEK293T/17 cells resulted in negligible ERK activation in serum-deprived cells and a modest, rapid 
increase after EGF stimulation (Figure 6). While the basal level of  p-ERK following serum deprivation was 
similar in p.Gly23Val-MRAS–expressing cells compared with WT-MRAS–expressing cells (P = 0.9), the 
phosphorylation of  ERK was accentuated significantly in cells transfected with p.Gly23Val-MRAS 5 min-
utes after EGF stimulation (P = 0.006; Figure 6). Overall, ERK activation remained lower in cells expressing 
WT-MRAS compared with p.Gly23Val-MRAS for the remainder of  the time course; however, this differ-
ence was not statistically significant (10 minutes: P = 0.1; 15 minutes: P = 0.2; 30 minutes: P = 0.08; 60 
minutes: P = 0.8; Figure 6B). This increased activation of  ERK in cells expressing p.Gly23Val-MRAS con-
firms an enhanced activation of  Ras/MAPK pathway signaling compared with cells expressing WT-MRAS, 
which should activate downstream transcription factor pathways.

Following Ras/MAPK/ERK signaling activation, phosphorylated Elk1 forms a complex with serum 
response factor and binds to the serum response element (SRE), resulting in the expression of  numerous 

Figure 3. Root-mean-square deviation and root-mean-square fluctuation values of both WT-MRAS and p.Gly23Val-MRAS during the molecular 
dynamic simulations. (A and B) Root-mean-square deviation (RMSD) values for WT-MRAS (A) and p.Gly23Val-MRAS (B). (C and D) Root-mean-square 
fluctuation (RMSF) values for WT-MRAS (C) and p.Gly23Val-MRAS (D) are used here as a measure of the flexibility of different regions of the protein 
during the 20-ns molecular dynamic simulations (MDS). The black boxes represent the switch I region and the blue boxes represent the switch II region. 
The dynamics of these regions are critical for the transition from state I to state II.
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mitogen-inducible genes. To evaluate the effect of  the p.Gly23Val-MRAS mutation on the downstream 
activity of  the Ras/MAPK signaling pathway, a SRE reporter assay was used. The reporter construct 
contained the firefly luciferase gene under the control of  an SRE located upstream of  a minimal report-
er. After stimulation with EGF, mouse embryonic fibroblast (MEF) cells transfected with WT-MRAS, 
p.Gly23Val-MRAS, or an empty vector demonstrated an increase in luciferase expression over time fol-
lowing EGF treatment. While there was a significant difference between cells expressing WT-MRAS and 
cells transfected with an empty vector only at the 2-hour time point (P < 0.01), luciferase expression was 
significantly higher (P < 0.01) at all but the 0-hour time point in cells transfected with p.Gly23Val-MRAS 
(Figure 7). Increased luciferase expression following stimulation with EGF further validates p.Gly-
23Val-MRAS–precipitated accentuation of  Ras/MAPK pathway signaling and the subsequent increase 
in downstream gene transcription activation. This modulation of  downstream gene transcription, which 
includes the activation of  transcription factors, such as early activators of  the hypertrophic gene program 
MEF2, JUN, and GATA4, is what ultimately underlies and drives cellular signaling changes that result 
in clinically observable phenotypes (27, 28).

Throughout the described biochemical assays, it was noted that p.Gly23Val-MRAS consistently 
appeared to be expressed at a lower level than WT-MRAS. The exact reason for this discrepancy in 
expression level is not completely clear, although we hypothesize that this is caused by enhanced deg-
radation of  mutated MRAS or decreased expression of  the p.Gly23Val-containing vector. However, in 
the context of  these experiments, it is ultimately the level of  active, GTP-bound MRAS, rather than total 
MRAS, that is critical for the observed cellular phenotypes. In this regard, using Ras activation assays, 
we have demonstrated that p.Gly23Val-MRAS–expressing cells consistently maintain significantly high-
er levels of  active, GTP-bound MRAS, regardless of  level of  total MRAS.

MRAS mutational analysis in unrelated patients with phenotype-positive/genotype-negative NS and concomitant 
cardiac hypertrophy yields another patient with a sporadic de novo MRAS variant. To determine the frequency of  
MRAS-mediated NS with cardiac hypertrophy, we assembled a cohort of  109 additional unrelated patients 
that were clinically diagnosed with suspected RASopathy along with concomitant cardiac hypertrophy (i.e., 
phenotype positive) but were genotype negative based on contemporary NS genetic testing and sent this 
cohort to the Mayo Clinic for MRAS mutational analysis. Of  these 109 cases, 44 were female and 65 were 
male. Demographics of  this cohort are summarized in Table 2. Following mutational analysis of  MRAS, one 

Figure 4. Changes of the switch region and remodeling of the active site of p.Gly23Val-MRAS after molecular dynamic sim-
ulations. WT-MRAS (white) and p.Gly23Val-MRAS (red) variants are shown after 20-ns molecular dynamic simulations. Muta-
tion-associated remodeling of the switch I and switch II regions as well as the nucleotide-binding site are noticeable by com-
parison. This missense mutation results in a marked attenuation of the distance between the T45 and G70 residues by 2.871A, 
resulting in these two residues being brought closer to the phosphate groups of the bound nucleotide and the magnesium ion.
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additional patient had a novel missense muta-
tion, p.Thr68Ile-MRAS (c.203C>T-MRAS). 
Akin to the first patient, this patient demon-
strated clinical characteristics of  NS combined 
with moderate developmental and intellectual 
delays. She had low set and mildly posteriorly 
angulated ears, very mild pectus excavatum, 
numerous wrinkles in her palms with slight 
redundancy of  the soft tissue, mild hyperexten-
sibility of  her small joints, and hypotonia (Sup-
plemental Figure 3). She walked independently 
at 2.5 years, used signs at around 15 months and 
spoken words at age 4 years, and was not fully 
toilet trained until age 6. At 6 years of  age, she 
attended kindergarten in a mixed mainstream 
and special education setting with an aide and a 
learning support teacher.

Similar to our WES-based finding, there was 
no family history of  NS, other RASopathies, or 
cardiac disorders in this family. Following direct 
DNA sequencing, this MRAS mutation was not 
detected in either parent, confirming that it too 
was a sporadic de novo variant. The biological 
relationship was confirmed for each parent. The 
patient’s younger sister is phenotypically normal 
and, due to the absence of  the mutation in both 
parents, she was not genetically tested.

While in silico analyses of  p.Thr68Ile-
MRAS also predict a damaging/deleterious 
effect of  this mutation, MDS and additional 
biochemical/functional validation assays will be 
necessary in the future to fully assess the effect 
of  this mutation on MRAS activity and Ras/
MAPK pathway regulation. The clinical pheno-
type of  both patients with MRAS-mediated NS 
is summarized in Table 3.

Discussion
Trio-based WES, genomic triangulation, and 
systems biology/disease network analysis-based 
gene ranking is a useful technique to identify 
pathogenetic mechanisms of disease. This tech-
nique is particularly useful in patients with a clear 
phenotype for which commercial genetic testing 

for the known disease-causative genes has failed to elucidate a cause. Herein, we identified MRAS as a NS-sus-
ceptibility gene using this strategy. Additionally, in a cohort of 109 genetically elusive RASopathy patients with 
concomitant cardiac hypertrophy, one other NS patient had an ultra-rare, sporadic mutation in MRAS.

MRAS has variable expression throughout the body, with high expression in the heart, brain, breast, and 
ovaries. MRAS encodes a 208–amino acid, membrane-associated protein. MRAS participates in Ras/MAPK 
pathway signaling, similar to nearly all genes previously associated with NS, supporting this disease’s RASop-
athy-centric final common pathway. MRAS specifically functions within the Ras/MAPK pathway by form-
ing a ternary complex with SHOC2 and PP1. The formation of this complex localizes SHOC2 and PP1 to 
the cell membrane where SHOC2 acts as a regulatory subunit of PP1c, targeting it to specifically dephos-
phorylate the P-S259 inhibitory site of RAF1 kinase. The removal of this inhibitory phosphate stimulates 

Figure 5. Ras activation assay. Full-length, hemaglutinin-tagged (HA-tagged) WT-MRAS or 
p.Gly23Val-MRAS was expressed in HEK293T/17 cells. Cells were stimulated with EGF (100 ng/
ml) for either 5 or 30 minutes. Cells were collected in 1× Mg2

+ Lysis/Wash Buffer (MLB), and 
active MRAS was pulled down by incubation of cell lysates with GST-Raf–Ras-binding domain 
(GST-Raf-RBD) prebound to glutathione sepharose. Following resuspension of beads in 4× 
Laemmli sample buffer, bound proteins were subjected to electrophoresis and blotted with an 
anti-HA tag antibody. (A) Total MRAS, detected immunologically with anti-HA in the whole-
cell lysates collected from cells treated with EGF (100 ng/ml) for 5 minutes, and activated 
MRAS, detected immunologically with anti-HA. Immunoblots are representative for 3 indepen-
dent experiments. (B) MRAS activation as a multiple of WT-MRAS activation 5 minutes after 
EGF (100 ng/ml) treatment. p.Gly23Val-MRAS precipitated a 4-fold increase (SD: 0.73, SEM: 
0.42) in GTP loading compared with cells transfected with WT-MRAS. Data are presented as 
mean ± SEM. n = 3 per group. *P < 0.05 by 2-tailed Student’s t test. (C) Total MRAS, detected 
immunologically with anti-HA in the whole-cell lysates collected from cells treated with EGF 
(100 ng/ml) for 30 minutes, and activated MRAS, detected immunologically with anti-HA. 
Immunoblots are representative for 3 independent experiments. (D) MRAS activation as a 
multiple of WT-MRAS activation 30 minutes after after EGF (100 ng/ml) treatment. p.Gly-
23Val-MRAS precipitated a 40-fold increase (SD: 25.53, SEM: 12.77) in GTP loading compared 
with cells transfected with WT-MRAS. Data are presented as mean ± SEM. n = 4 per group.  
*P < 0.05 by 2-tailed Student’s t test.
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Raf1 activity and, thereby, activity of downstream MAPK pathway 
signaling (29). MRAS, therefore, makes a critical contribution to ERK 
activation by receptor tyrosine kinases and downstream MAPK signal-
ing (30). Mutations in the other components of this ternary complex, 
SHOC2 and PP1, have been implicated previously in the pathogenesis 
of RASopathies. A gain-of-function mutation in SHOC2, as well as 
gain-of-function mutations in PPP1CB, have been demonstrated pre-
viously to cause NS-LAH and PPP1CB-related NS-LAH, respectively 
(18, 19). Additionally, gain-of-function RAF1 mutations cause NS. In 
fact, these mutations seem to cluster around the S259 phosphorylation 
site, emphasizing the importance of MRAS/SHOC2/PP1C-mediat-
ed dephosphorylation of RAF1’s serine residue at amino acid 259 in 
RAF/ERK/MAPK pathway activation and associated disease patho-
genesis (9, 30, 31). Our data suggest that activating mutations in MRAS 
similarly lead to enhanced Ras/MAPK pathway signaling, likely 
through the activity of this MRAS/SHOC2/PP1C complex.

MRAS is a member of  the Ras super family of  proteins, which includes HRAS, KRAS, NRAS, Rit1, 
and RRAS, several of  which have been associated with NS or related RASopathies (11, 12, 14, 15, 32). 
All Ras proteins belong to a class of  small GTPases and cycle between an active GTP-bound state and 
an inactive, GDP-bound state. In the active, GTP-bound state, Ras proteins undergo a conformational 
change allowing binding to other effector proteins and participation in signaling cascades. The intrinsic 
Ras GTPase hydrolyzes Ras-GTP back to Ras-GDP, with the aid of  GTPase-activating proteins (GAPs), 
to terminate activity and signaling. Somatic KRAS and NRAS mutations, which introduce amino acid 
substitutions at codons 12, 13, and 61, have been observed previously in myeloid malignancies and other 
cancers and encode proteins with defective intrinsic GTPase activity and resistance to GAPs, leading to 
an accumulation in the GTP-bound conformation (25, 33, 34). Similar activating mutations in KRAS, 
NRAS, and HRAS, including those at amino acids 12, 13, and 58, have been observed in NS and Costello 
syndrome (11, 14, 32, 35). Sequence alignment (Figure 2) demonstrates that while MRAS is less similar to 

Figure 6. ERK activation assay. Full-length, hemaglutinin-tagged (HA-tagged) WT-MRAS or p.Gly23Val-MRAS was expressed in HEK293T/17 cells. 
Serum-starved cells were stimulated with EGF (100 ng/ml) and collected in 4× Laemmli sample buffer. Following sonication of the cell lysates, proteins 
were subjected to electrophoresis and blotted with the indicated antibody. The fraction of ERK that was phosphorylated was calculated for each sample 
at each time point. (A) Representative immunoblots for 3 independent experiments. (B) ERK activation in cells transfected with p.Gly23Val-MRAS as a 
multiple of ERK activation in cells transfected with WT-MRAS and normalized for MRAS expression. ERK activation for p.Gly23Val-MRAS–expressing 
cells was calculated as a multiple of ERK activation in WT-MRAS–expressing cells from 3 separate experiments and demonstrated that the phosphor-
ylation of ERK was accentuated significantly in cells transfected with p.Gly23Val-MRAS 5 minutes after EGF stimulation (P = 0.006). Overall, ERK 
activation remained lower in cells expressing WT-MRAS compared with p.Gly23Val-MRAS for the remainder of the time course; however, this difference 
was not statistically significant (10 minutes: P = 0.1; 15 minutes: P = 0.2; 30 minutes: P = 0.08; 60 minutes: P = 0.8). Data are presented as mean ± SEM. 
n = 3 per group. *P < 0.0083 by 2-tailed Student’s t test with Bonferroni multiple-significance-test correction.

Table 2. Demographics of the RASopathy with concomitant 
cardiac hypertrophy cohort

n = 109
Sex (male/female) 65/44
Mean age at genetic testing (yr [range]) 8.6 (2 d to 68 yr)
Diagnosis
Suspected RASopathy (n) 65
NS (n) 36
CFC syndrome (n) 2
NS with multiple lentigines (n) 2
Multiple diagnoses (n) 4
Negative family history for NS n (%) 96 (88)

NS, Noonan syndrome; CFC, cardiofaciocutaneous syndrome.
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the well-known Ras oncogenes (overall homology ~55%), the switch I and II domains as well as helix 3 are 
conserved highly among all 4 paralogs. The dynamic behavior of  these regions forms the structural basis 
of  the state I to state II transition, namely the transition from an inactive-to-active form. Furthermore, the 
alignment shows that MRAS’s glycine 23, the amino acid mutated to valine in our index case (p.Gly23Val), 
corresponds to Gly13 of  N-, K-, and H-RAS, respectively (Figure 2). Similarly, Thr68-MRAS, the amino 
acid mutated to isoleucine in a second patient from the cohort analysis, corresponds to Thr58- N-, K-, and 
H-RAS (Figure 2). These comparisons lend further paralog support for NS secondary to either p.Gly23Val 
or p.Thr68Ile mutations in MRAS.

Figure 7. Serum response element reporter assay. Full-length, hemaglutinin-tagged WT-MRAS or p.Gly23Val-MRAS was coexpressed in MEF cells along 
with the serum response element reporter plasmid. Serum-starved cells were stimulated with EGF (100 ng/ml) for the indicated time intervals and 
collected in 1X passive lysis buffer (PLB). The luciferase activity was measured and normalized to protein concentration, as measured by bicinchoninic acid 
assay. Luciferase activity was calculated relative to the empty vector construct from 4 independent experiments. While there was a significant difference 
between cells expressing WT-MRAS compared with cells transfected with an empty vector only at the 2-hour time point (P < 0.01), luciferase expression 
was significantly higher (P < 0.01) at all but the 0-hour time point in cells transfected with p.Gly23Val-MRAS. Data are presented as mean ± SEM. n = 8 per 
group. *P < 0.01 by 2-way ANOVA with Tukey’s multiple comparison test.

Table 3. MRAS mutation-positive patient summary

Patient Sex Ethnicity Clinical  
phenotype

Age at initial 
diagnosis

Family  
history

Nucleotide  
change

Protein  
change

1 F European descent Cardiac hypertrophy, short stature,  
facial dysmorphisms, and motor/

developmental delays

8 yr No c.68G>T p.Gly23Val

2 F European descent Cardiac hypertrophy, pulmonary valve 
stenosis, ASD, facial dysmorphisms,  

ptosis, and developmental delays

3 yr No c.203C>T p.Thr68Ile

ASD, atrial septal defect; F, female; Gly, glycine; Ile, isoleucine; Thr, threonine; Val, valine.
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In silico analyses of  patient-derived MRAS mutations p.Gly23Val and p.Thr68Ile predict that both 
mutations are deleterious or damaging to normal function. Initial MDS models, as described in the Results, 
indicate that p.Gly23Val adversely affects effector interaction regions and the GTP-binding site, supporting 
the subsequent functional evidence that p.Gly23Val-MRAS yields an activated form of  MRAS. Notably, 
artificially engineered variants, p.Gly22Val and p.Gln71Leu, were shown previously to also be constitu-
tively active variants, akin to our patients’ p.Gly23Val and p.Thr68Ile NS-causing variants, and have been 
utilized as activated forms of  MRAS to study MRAS function and behavior (36, 37). These models demon-
strate the role of  MRAS in MAPK signaling and pathway activity and demonstrated that activating muta-
tions enhance MRAS activity in MAPK regulation (37).

Despite the phenotypic overlap among the RASopathies due to shared pathogenesis resulting from Ras/
MAPK pathway dysregulation, there are distinct intersyndromic as well as intrasyndromic phenotypic differ-
ences that provide evidence that mutations in different genes, and potentially even specific lesions within those 
genes, lead to different phenotypic outcomes. Several examples provide evidence to suggest that mutations in 
specific genes may be associated with a particular phenotype, such as cardiac hypertrophy, compared with 
other genes that cause the same disease with a different phenotypic profile. The identification of  MRAS muta-
tions in two different NS patients with similar phenotypic profiles, including extensive cardiac hypertrophy, 
indicates that MRAS may be one of  these genes. This is further evidenced by initial functional studies indicat-
ing that p.Gly23Val-MRAS is an activating mutation that leads to enhanced Ras/MAPK pathway signaling, 
a pathway critical in cardiac development and the development of  cardiac hypertrophy (reviewed in ref. 38). 
Additionally, activation and dysregulation of  pathways parallel to the Ras/MAPK signaling pathway may 
play a role in phenotypic heterogeneity and the development particular phenotypes (39). p.Gln71Leu-MRAS 
has previously been shown to lead to activation of  the PI3K/AKT signaling pathway, which has been associ-
ated with the development of  cardiac hypertrophy (ref. 40; reviewed in ref. 41). In fact, transactivation of  the 
PI3K/AKT pathway may provide an additional avenue whereby activating mutations in MRAS may lead to 
NS with a specific cardiac hypertrophy phenotype. All of  the various aforementioned lines of  evidence com-
bined make a cogent case for causality for MRAS-mediated NS with cardiac hypertrophy.

In summary, genetic studies, based on the identification and filtering of  variants identified by next-gen-
eration sequencing as well as their validation in an independent cohort of  patients, identify MRAS as 
a disease-associated gene in patients with clinically diagnosed NS that includes the cardiac phenotype 
of  cardiac hypertrophy. Both sequence- and structure-based bioinformatics approaches predict that the 
p.Gly23Val-MRAS variant identified in our index case yields a constitutively active form of  MRAS. Key 
biochemical/functional validation assays confirmed the in silico predictions by demonstrating that p.Gly-
23Val-MRAS resides within the cell in a primarily GTP-bound form. Cells expressing the patient’s mutant 
MRAS also display enhanced ERK activation and signaling as well as gene transcription activation in 
response to growth factors. These studies justify the classification of  MRAS as a NS-causative gene.

Methods
WES. WES and subsequent variant analysis was performed on genomic DNA derived from the symp-
tomatic index case, the unaffected father, and the unaffected mother by the Mayo Clinic Advanced 
Genomics Technology Center and Bioinformatics Core facility as previously described (42, 43). In 
brief, blood was collected for all 3 family members and genomic DNA was isolated. Paired-end libraries 
were prepared following the manufacturer’s protocol (Agilent) using the Bravo liquid handler from Agi-
lent. A Covaris E210 sonicator was used to fragment 1–3 μg genomic DNA to 150–200 bp. Ends were 
repaired and an “A” base was added to the 3′ ends. Paired-end Index DNA adaptors (Agilent) with a 
single “T” base overhang at the 3′ end were ligated. Resulting constructs were purified using AMPure 
SPRI beads (Agencourt). Adapter-modified DNA fragments were enriched by 4 cycles of  PCR using 
SureSelect forward and SureSelect ILM Pre-Capture Indexing reverse (Agilent) primers. The Agilent 
Bioanalyzer DNA 1000 chip determined the concentration and size distribution of  the libraries.

Whole exon capture was performed based on the protocol for Agilent’s Sure SelectXT Human All 
Exon V5+UTR kit. Whole exon biotinylated RNA capture baits were incubated with 750 ng of  the 
prepped library for 24 hours at 65°C. Captured DNA/RNA hybrids were recovered with Dynabeads 
MyOne Streptavidin T1 (Dynal) and DNA was eluted from the beads and purified using Ampure XP 
beads (Agencourt). Sure Select Post-Capture Indexing forward and Index PCR reverse primers (Agilent) 
were used to amplify purified capture products.
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Exome libraries were loaded onto paired-end flow cells at equimolar concentrations of  7–8 pM to 
generate cluster densities of  600,000–800,000/mm2 using the Illumina cBot and HiSeq Paired-end clus-
ter kit version 3, following Illumina’s standard protocol. Each lane of  a HiSeq flow cell produced 21–39 
gigabases of  sequence, and the level of  sample pooling was controlled by the size of  the capture region 
and the desired depth of  coverage. The flow cells were sequenced as 101 × 2 paired-end reads on an 
Illumina HiSeq 2000 using TruSeq SBS sequencing kit version 3 and HiSeq data collect version 2.0.12.0 
software. Base calling was performed using Illumina’s RTA version 1.17.21.3.

The Illumina paired-end reads were aligned to the hg19 reference genome using NovoAlign (Novacraft), fol-
lowed by the sorting and marking of duplicate reads with Picard (http://picard.sourceforge.net). The Genome 
Analysis Toolkit (GATK; Broad Institute) was used for local realignment of insertions/deletions (INDELs) and 
base quality score recalibration. Single nucleotide variants and INDELs were called across all of the samples 
simultaneously using GATK’s UnifiedGenotyper (Broad Institute) with variant quality score recalibration (44).

Following WES, sequencing data were analyzed using QIAGEN’s Ingenuity Variant Analysis Software 
(Qiagen) and filtered following steps and criteria outline in Figure 1D. First, only variants with acceptable 
quality scores (read depth of  at least 10, genotype quality of  at least 20, and present in genes outside the top 
1% of genes with high variability) were put through the filtering process. Next, filters identified nonsynon-
ymous or protein-altering variants, including frameshift INDEL, in-frame INDEL, missense, nonsense, or 
splice error. Because of  the complete absence of  a NS and/or cardiac phenotype in both parents, WES data 
were analyzed assuming either a sporadic or autosomal recessive inheritance model. Protein-altering variants 
considered for the sporadic model were filtered to include only ultra-rare variants (MAF < 0.005% in AFC, n 
= 13,000, ref. 45; ExAC, n = 60,706, ref. 23; 1KG, n = 1,094, ref. 46; and the National Heart, Lung and Blood 
Institute Grand Opportunity ESP, n = 6,503, ref. 47) that were absent in the exomes of  both parents. For the 
recessive inheritance model, only rare (MAF < 1.0% in the AFC, ExAC, 1KG, and ESP databases) variants 
present as either homozygotes (same mutation inherited from both parents) or compound heterozygotes (two 
unique mutations in the same gene each inherited from a different parent) were considered.

Candidate gene priority ranking was performed on candidate genes identified by Ingenuity anal-
ysis. Candidate genes were ranked by ToppGene (48) and Endeavour (49) disease-network analysis 
candidate gene–ranking algorithms based on association with the currently known NS-susceptibility 
genes (PTPN11, SOS1, RAF1, KRAS, NRAS, RIT1, BRAF, MEK1, SHOC2, and CBL). Default settings 
for each tool were used. A cumulative “rank list” was assembled based on the combination of  each 
algorithm’s read out to determine the best overall candidate between the two tools. The MAF of  each 
variant in gnomAD was determined as well as the constraint score in ExAC. Constraint scores were 
calculated by ExAC to determine a gene’s intolerance to variation. For synonymous and missense 
variants, a signed Z score was calculated based on the deviation of  the observed number of  variants 
from the expected number. Positive Z scores indicate increased constraint and, therefore, intolerance 
to variation. Negative Z scores indicate that a gene has more variants than expected. For loss-of-func-
tion variants, a pLI (probability of  being loss-of-function intolerant) was calculated. The number of  
observed and expected variants were used to determine the probability that a given gene was extremely 
intolerant to loss-of-function variation. A pLI ≥ 0.9 is considered an extremely loss-of-function intol-
erant gene (23). Tissue expression was evaluated by Expression Atlas (50).

In silico analysis. The phylogenetic and physiochemical properties of  patient-derived MRAS and MICAL2 
mutations were assessed by commonly used in silico prediction tools: PolyPhen2 (polymorphism phenotyp-
ing), PROVEAN (Protein Variation Effect Analyzer), SIFT (Sorting Intolerant From Tolerant), Mutation 
Assessor, fathmm (functional analysis through hidden Markov models), and Align-GVGD. The assumptions 
and exact methodology employed by each tool have been described previously (51–58).

DNA Sanger sequencing for variant confirmation. Following design of  variant-specific primers (Supplemental 
Table 2), standard DNA dye terminator cycle sequencing protocols and an ABI Prism 377 automated sequenc-
er (Applied Biosystems Inc.) were used for direct DNA sequencing confirmation of  the MRAS (NM_012219) 
mutation (c.68G>T) in the index case. Absence of  the mutation was also confirmed in both parents, and 
maternity/paternity was verified. DNA sequence and chromatograms were analyzed using Chromas version 
1.45 (Technelysium) and Sequencher version 5.4.1 sequence analysis software (Gene Codes Corporation).

Structural bioinformatics, molecular modeling, and molecular dynamics simulations. Linear motif  and paral-
og annotation analyses were performed as previously described (59, 60). Briefly, for this purpose multi-
ple sequence alignment of  paralogs was generated using paralog sequences gathered from Ensembl (61) 
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gene ENSG00000158186 using annotations from GRCh38.p8. The multiple sequence alignment was con-
structed using T-COFFEE as previously described (62). Published variants in paralogs were obtained from 
PubMed and projected on the sequence of  human MRAS (Figure 2) (11, 14, 32, 35).

For structural modeling, we followed an approach previously described by our laboratory (63). 
Homology-based protein structure models were constructed using Modeller version 9.15 (64, 65). Using 
the previously modeled state I structure of  the murine MRAS protein (PDB: 1X1R), WT-MRAS and 
p.Gly23Val-MRAS were modeled by homology and modified by in silico mutagenesis followed by ener-
gy minimization (Supplemental Figure 4) (66, 67). The quality of  this model was determined by generat-
ing Ramachandran plots (Psi vs. Phi angles plots), using PROCHECK (68), which revealed that 97% of  
residues were in favored and allowed regions (Supplemental Figure 4). Twenty nanosecond MDS were 
performed using the all-atom force field in CHARMM c36b2 at a temperature of  300 K (NPT ensemble). 
A distance-dependent, dielectrics-implicit solvent model was used with a dielectric constant of  80 and a 
pH of  7.4 (66). Changes in bonding patterns, root-mean-square deviations, and root-mean-square fluctu-
ations and the state of  the switch I and II regions were measured. Comparative changes in the structure 
of  WT-MRAS and p.Gly23Val-MRAS, after MDS, were visualized by both superimpositions on a sur-
face level as well as secondary structure component. For the surface analyses, water-accessible surface 
parameters and representation were used.

Plasmids and antibodies. A pcDNA3.1+C-HA vector customized with MRAS cDNA subcloned in 
at 5′BamHI-3′XhoI sites was purchased from GenScript. cDNA sequence was verified by sequencing. 
p.Gly23Val-MRAS missense mutations were engineered into pcDNA3.1-MRAS-C-HA vector using 
primers containing the missense mutations with the Quikchange II XL Site-Directed Mutagenesis Kit 
(Stratagene). The mutant constructs were verified by sequencing.

Primary antibodies were used at the following dilutions: anti-phospho-ERK1/2 (1:1,000, Cell Sig-
naling 9101) in 3% BSA, anti-ERK1/2 (1:1,000, Cell Signaling 9102) in 3% BSA, anti-HA tag (1:1,000, 
Santa Cruz Biotechnology SC-7392) in 3% BSA, and β-actin (1:5,000, Sigma-Aldrich A2228) in 5% 
nonfat dried milk. Phospho-ERK1/2, ERK1/2, HA-tagged MRAS, and β-actin proteins were detect-
ed with horseradish peroxidase–conjugated secondary antibody. Secondary antibodies were used at 
the following dilutions: anti-rabbit-HRP (1:5,000, phopho-ERK and ERK1/2) or anti-mouse-HRP 
(1:5,000, HA-tag and β-actin).

Transfection and immunoblotting. HEK293T/17 cells (ATCC CRL-11268) were cultured in DMEM 
(ThermoFisher) supplemented with 10% FBS and 1% antibiotic/antimycotic in a 5% CO2 incubator at 
37°C. MEF (MTI-GlobalStem GSC-6002) cells were cultured in DMEM supplemented with 15% FBS, 1% 
antibiotic/antimycotic in a 5% CO2 incubator at 37°C.

For Ras and ERK activation assays, prior to transfection, HEK293T/17 cells were seeded in 100-mm 
dishes at a density of  3 × 106 to 5 × 106 cells per plate. Expression of  MRAS was accomplished by transfect-
ing 10 μg MRAS WT or mutant p.Gly23Val-MRAS cDNA with the use of  Effectene Transfection Reagent 
(Qiagen) according to the manufacturer’s instructions. Transfection media were removed after 15 hours 
and replaced with complete DMEM media containing 10% FBS. Twenty-four hours after transfection, cells 
were cultured in serum starvation medium (0% DMEM) for an additional 24 hours prior to EGF treatment.

For luciferase reporter assays, prior to transfection, MEF cells were seeded in 100-mm dishes at a 
density of  4 × 106 cells per plate. Coexpression of  MRAS and SRE was accomplished by transfecting 
9 μg MRAS WT or mutant p.Gly23Val-MRAS cDNA and 3 μg pSRE-Luc plasmid cis-reporter plasmid 
(Agilent) with the use of  Lipofectamine 3000 Reagent (ThermoFisher) according to the manufacturer’s 
instruction. Coexpression with the empty effector vector allowed for normalization to basal transcriptional 
activity. Twenty-four hours after transfection, MEF cells were plated on 6-well plates in 15% DMEM. Eight 
hours after plating, complete medium (15% DMEM) was removed and cells were cultured in serum starva-
tion medium (0% DMEM) for 24 hours prior to EGF treatment.

For Western blot analyses, protein was run on 14% gel over 3 hours at 80 V, followed by transfer to 
Immobilon-P transfer membrane (Millipore). Membranes were incubated for 1 hour in blocking solu-
tion (Tris-buffered saline solution containing 3% BSA or 5% nonfat dried milk and 0.1% Tween-20). 
After blocking, immunoblotting was performed with specified primary antibodies overnight at 4°C. 
Immune complexes were visualized using an ECL luminescence detection kit (ThermoScientific, 
Pierce ECL Western Blotting Substrate) and resolved on X-ray film. Exposed films were scanned, and 
digitized images were analyzed using ImageJ software (NIH).
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Ras activation assay. In order to assess the effect of  the p.Gly23Val mutation on MRAS activation and 
GTP loading, Ras activation assays were carried out using a Ras activation assay kit (Millipore 17-218) 
according to the manufacturer’s instructions. Briefly, after stimulation with EGF (100 ng/ml) for 5 or 30 
minutes at 37°C, cells were washed in ice-cold PBS and collected in 1× MLB lysis buffer. Active Ras was 
pulled down by incubation of  cell lysates with GST-Raf-RBD prebound to glutathione sepharose, followed 
by centrifugation and resuspension of  beads in 4× Laemmli sample buffer. Bound proteins were then sub-
jected to electrophoresis and blotted with an anti-HA tag (1:1,000, Santa Cruz Biotechnology) in 3% BSA 
overnight followed by an anti-mouse-HRP (1:5000) conjugate and ECL luminescence detection (Thermo-
Scientific, Pierce ECL Western Blotting Substrate).

MRAS activation was assessed by densitometry using ImageJ software. For each sample, the ratio of  
GTP-MRAS to total MRAS was calculated. The relative MRAS activation for p.Gly23Val-MRAS was 
calculated by normalizing the WT-MRAS sample to 1.

ERK activation assay. In order to assess the effect of  p.Gly23Val-MRAS on MAPK pathway regulation, 
ERK activation assays were carried out. Briefly, after stimulation with EGF (100 ng/ml) for the indicated 
time intervals at 37°C, cells were lysed in 4× Laemmli sample buffer and sonicated for 10–15 seconds. 
Lysates were then subjected to electrophoresis and blotted with antibodies against Phospho-ERK1/2, 
ERK1/2, HA-tagged MRAS, and β-actin as described.

ERK activation was assessed by densitometry using ImageJ software. For each sample, the ratio of  
pERK to total ERK was calculated. This ratio was normalized for HA-MRAS expression in the sample. 
The relative ERK activation for p.Gly23Val-MRAS was calculated by normalizing the WT-MRAS sample 
for each time point to the average ERK activation of  the 3 WT biological replicates at each time point.

Luciferase reporter assay. Luciferase reporter assays were used to assess the effect of  p.Gly23Val-MRAS on 
RAS/MAPK pathway signaling and downstream transcriptional activity. Fifty-six hours after transfection, 
cells were stimulated with EGF (100 ng/ml) for the indicated time intervals at 37°C. Cell lysates were pre-
pared by adding 150 μl PLB to each well. The relative luciferase activity was measured using the luciferase 
assay system (Promega) and read using a Turner 20/20 luminometer. Luciferase activities were normalized 
to protein concentration, as measured by bicinchoninic acid assay, for each sample. The relative luciferase 
expression for each sample was calculated by normalizing empty vector at time 0 (hour) to 1.

MRAS candidate gene mutational analysis in a cohort of  unrelated patients with phenotype-positive/geno-
type-negative NS with concomitant cardiac hypertrophy. A cohort composed of  109 unrelated patients with 
cardiac hypertrophy and a clinical diagnosis of  NS, other RASopathy, or suspected RASopathy, who were 
heretofore mutation negative after analysis of  the known NS-susceptibility genes (i.e., genotype negative/
phenotype positive), was analyzed for MRAS mutations.

Comprehensive mutational analysis of  all 5 coding region exons of  MRAS was performed on genomic 
DNA from these 109 patients using PCR and direct DNA sequencing. Only rare, nonsynonymous muta-
tions absent in the gnomAD database were considered to be pathogenic. PCR reactions were performed 
in 20-μl volumes using 50 ng DNA, 16 pmol of  each primer, 200 μM of  each dNTP, 50 mMol/l KCl, 10 
mMol/l Tris-HCl (pH 8.3), 2 mMol/l MgCl2, and 1.0 U Amplitaq Gold (Roche Molecular Systems). PCR 
amplification was performed using a DNA Engine Tetrad 2 thermal cycler (Bio-Rad) using the following 
thermal cycling conditions: 94°C initial denaturation for 15 minutes; followed by 35 cycles of  94°C for 30 
seconds, 58°C for 30 seconds, and 72°C for 30 seconds; and a final extension of  72°C for 10 minutes. PCR 
primer sequences are available in Supplemental Table 2.

Statistics. Results are presented as mean ± SEM. For Ras activation assays, statistical differences between 
WT-MRAS– and p.Gly23Val-MRAS–expressing cells were analyzed by unpaired, 2-tailed Student’s t test. 
Differences were considered statistically significant at P ≤ 0.05. For ERK activation assays, statistical differ-
ences between WT-MRAS– and p.Gly23Val-MRAS–expressing cells were analyzed by unpaired, 2-tailed 
Student’s t test with Bonferroni multiple-significance-test correction, with P ≤ 0.008 considered statistically 
significant. Luciferase reporter assays were analyzed by 2-way ANOVA with Tukey’s multiple-compari-
son-test correction. P ≤ 0.01 was considered significant for luciferase reporter assays.

Study approval. WES and subsequent studies of  the index case were performed following written 
informed consent and were approved by the Mayo Clinic IRB. For the cohort analysis, all patient samples 
had been submitted previously to the Laboratory of  Molecular Medicine, Partners Healthcare, for com-
mercial genetic testing for suspected NS or related RASopathy; testing of  these samples was approved by 
the Partners HealthCare IRB. Informed written patient/guardian consent for each patient was obtained at 
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their respective institutions (Mayo Clinic and Alfred I. duPont Hospital for Children) for the publication of  
genetic test results, photographs, and imaging study results.
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