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Abstract

The RASopathies are a group of genetic syndromes caused by upregulated RAS signaling. Noonan syndrome (NS), the most
common entity among the RASopathies, is characterized mainly by short stature, cardiac anomalies and distinctive facial
features. Mutations in multiple RAS-MAPK pathway-related genes have been associated with NS and related phenotypes.
We describe two unrelated patients presenting with hypertrophic cardiomyopathy (HCM) and dysmorphic features
suggestive of NS. One of them died in the neonatal period because of cardiac failure. Targeted sequencing revealed de novo
MRAS variants, ¢.203C > T (p.Thr68Ile) and c.67G > C (p.Gly23Arg) as causative events. MRAS has only recently been related to
NS based on the observation of two unrelated affected individuals with de novo variants involving the same codons here
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found mutated. Gly23 and Thr68 are highly conserved residues, and the corresponding codons are known hotspots for
RASopathy-associated mutations in other RAS proteins. Functional analyses documented high level of activation of MRAS
mutants due to impaired GTPase activity, which was associated with constitutive plasma membrane targeting, prolonged
localization in non-raft microdomains, enhanced binding to PPP1CB and SHOC2 protein, and variably increased MAPK and
PI3K-AKT activation. This report provides additional evidence that a narrow spectrum of activating mutations in MRAS
represents another rare cause of NS, and that MRAS has to be counted among the RASopathy genes predisposing to HCM.
Moreover, our findings further emphasize the relevance of the MRAS-SHOC2-PPP1CB axis in the control of MAPK signaling,
and the contribution of both MAPK and PI3K-AKT pathways in MRAS functional upregulation.

Introduction

The RASopathies are a group of genetic disorders caused by
germline mutations in genes that encode components and reg-
ulators of the RAS/mitogen activated protein kinase (MAPK)
pathway, an intracellular signaling cascade that is involved in
many cellular, developmental and physiological processes (1-3).
Taken together, the RASopathies represent the most common
non-chromosomal diseases affecting development, with an esti-
mated prevalence of 1 in 2000 individuals. This clinically vari-
able group of disorders includes Noonan syndrome (NS, OMIM
PS163950), Costello syndrome (OMIM 218040), cardiofaciocuta-
neous syndrome (OMIM PS115150), NS with multiple lentigines
(LEOPARD syndrome; OMIM PS151100), Mazzanti syndrome (NS-
like disorder with loose anagen hair; OMIM PS607721), neu-
rofibromatosis type 1 (OMIM 162200), Legius syndrome (OMIM
611431), and an increasing number of related conditions. These
disorders share some major clinical features, such as a dis-
tinctive pattern of facial dysmorphisms, post-natal growth fail-
ure, cutaneous, cardiac and skeletal defects, cognitive deficits,
behavioral abnormalities, and a variable increased risk for can-
cer (1-3).

NS, the most common entity among the RASopathies, is
characterized mainly by short stature, a wide spectrum of
congenital cardiac anomalies and hypertrophic cardiomyopathy
(HCM) (50%-80% of the affected subjects), and a recognizable
facies, which includes hypertelorism with down-slanting
palpebral fissures and low-set, posteriorly rotated ears as major
features (4,5). In addition, patients with NS show an increased
risk for bleeding disorders and certain malignancies, and may
have variable developmental delay and cognitive deficits. The
syndrome has been associated with mutations in more than 10
genes (6), and itis mainly transmitted as an autosomal dominant
trait with a high proportion of de novo mutations, although
a recessive form of NS related to biallelic inactivating/hypo-
morphic mutations in LZTR1 gene (OMIM #600574) has recently
been recognized and characterized (7-9). Mutations affect genes
encoding signal transducers participating in the RAS-MAPK
backbone as well as proteins functioning in signaling circuits
with positive or negative modulatory role on this signaling
cascade. While this evidence strongly points to the upregulation
of MAPK signaling as a major event implicated in disease patho-
genesis, the contribution of other signaling pathways to disease
pathogenesis has recently been suggested and documented
(10-14). Notably, several clinically relevant genotype-phenotype
correlations have been recognized. Among these, an increased
prevalence of HCM among affected subjects heterozygous for a
specific class of missense mutations in RAF1, and mutations
affecting the RIT1 and LZTR1 genes has been described
(15-20).

One of the genes recently reported to be implicated in NS
is MRAS (MIM #608435), encoding a small monomeric GTPase

belonging to the RAS family controlling multiple signaling path-
ways, including the MAPK and PI3K-AKT cascades (20,21). One
subject with clinical diagnosis of NS showing HCM as associ-
ated feature was reported to carry a de novo missense mutation
(p.Gly23Vval) that was documented to stabilize MRAS in its active
conformation, and to slightly enhance signaling through the
MAPK cascade (22). The same team identified a second subject
carrying a different de novo MRAS variant (p.Thr68Ile) among a
relatively large cohort of mutation-negative patients with clini-
cal diagnosis of NS associated with HCM (22), pointing to MRAS
as a novel disease gene implicated in NS and predisposing to
HCM, when mutated.

In this work, we report on two patients with clinical features
of NS caused by a de novo activating mutation of MRAS, represent-
ing the third and fourth individual with this particular genetic
etiology reported to date. We characterize the biochemical con-
sequences of the three NS-causing mutations reported thus far
on MRAS protein behavior and demonstrate their activating
effect in modulating the MAPK and PI3K-AKT cascades, with the
former found to be upregulated in a cell-specific manner. We
also provide evidence that the upregulation of MAPK signaling is
associated with enhanced binding of the three NS-causing MRAS
mutants to PPP1CB and SHOC2 proteins, confirming further the
relevance of the MRAS-SHOC2-PPP1CB complex in positively
modulating MAPK signaling. The presence of cardiac hypertro-
phy in all reported individuals with MRAS mutations suggests
that MRAS has to be counted among the RASopathy genes pre-
disposing to HCM, further emphasizing the importance of a com-
prehensive mutation screening approach for a more effective
patient management.

Results
Clinical description

Patient 1, first child of healthy non-consanguineous, North
African Jewish parents, was born after 38 weeks of an uneventful
pregnancy and was delivered without complications. His birth
weight, head circumference and body length were 2945 g
(-1.1 SD), 33.5 cm (—1.1 SD) and 47 cm (—1.6 SD), respectively.
Apgar score was 9/10, and initial physical examination noted
only mild pectus excavatum. Three days after the delivery,
the patient was admitted to neonatal intensive care unit
due to dyspnea and treated by intravenous antibiotics due to
suspected pneumonia. Echocardiography at the age of four days
demonstrated a patent foramen ovale and an atrial septal defect.
After recovery from his infection the patient was discharged
at age 10 days. Repeated echocardiography at age 10 months
revealed dilatation of coronary sinus, with normal ventricular
function. However, at age 14 months mild left ventricular
hypertrophy was first noted, together with a small septal
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defect causing left-to-right shunting. At the age of 15 months,
growth delay with appropriate weight was noted (height
and weight at —2.0 SD), along with obstructive sleep apnea.
Ophthalmological examination demonstrated intermittent
exotropia, mainly on the right. The patient was hospitalized
few times due to infectious diseases (RSV bronchiolitis at
age four months, and recurrent otitis media and infectious
mononucleosis at age 15 months). Sweat test and nasal nitric
oxide were normal. Audiological examination showed moderate
hearing loss due to middle ear effusions. At age 20 months,
adenoidectomy and myringotomy with hollow tube insertion
were performed. Independent walking was achieved at the age
of 17 months. At age two years, the child had no active speech
and was diagnosed with mild global developmental delay.
Endocrinological evaluation at that age showed normal levels
of prolactin, IGF1, IGFBP3, and thyroid function tests. However,
glucagon stimulation test was suggestive of growth hormone
(GH) deficiency (GH values ranging from 1.1 to 4.2 pg/L, lower
than the accepted cutoff of 7.5 pg/L). The patient was referred
for genetic evaluation at age two years and three months. His
height and weight were both slightly below normal values (82 cm
and 10.7 kg, respectively; both —2.0 SD), head circumference
was 47.5 cm (+1.0 SD). Facial features were suggestive of NS,
with hypertelorism, downslanting palpebral fissures, palpebral
ptosis, a short bulbous nose with low nasal bridge and upturned
nostrils, long and smooth philtrum, full drooping cheeks with
prominent nasolabial folds, small mouth, and mild retrognathia.
Parents declined the publication of photos, but the evaluation
of the craniofacial phenotype by a RASopathy expert (M.Z.)
confirmed it to be typical of NS. In addition, evaluation of
the facial photograph using face2gene (https://www.face2gene.
com/) yielded NS and cardiofaciocutaneous syndrome as the
best hits. One café-au-lait spot sized 10x3 mm was noted on
his right lower abdomen, as well as mild pectus excavatum
and relatively thin scalp hair. Following the genetic diagnosis,
treatment with GH was started. Follow-up neurodevelopmental
evaluation showed significant global developmental delay in all
fields (Developmental Quotient score of 56). Echocardiography
at the age of 3 years documented concentric hypertrophy of
cardiac ventricles.

Patient 2, a first child of healthy, non-consanguineous Ger-
man parents, was born spontaneously without complications at
37 gestational weeks after uneventful pregnancy. Apgar scores
were 6/8/10 and umbilical cord pH was 7.34. Her birth weight was
3440 g (+0.5 SD), length was 49 cm (—0.7 SD), and head circum-
ference was 34 cm (—0.5 SD). Respiratory distress was noticed
immediately after birth and required CPAP support. Clinical
examination showed a short neck with excess skin folds, low set
ears, a broad forehead, mild ptosis, hypertelorism, and a systolic
heart murmur. X-ray examination of the chest and echocar-
diography were performed because of persistent tachydyspnea
without laboratory signs of a neonatal infection. These tests
disclosed significant cardiomegaly (Fig. 1A) with marked biven-
tricular hypertrophic cardiomyopathy (HCM). The patient was
treated with propranolol. Although respiratory support could be
discontinued after two weeks, cardiac hypertrophy worsened,
obstruction of the left-ventricular outflow tract occurred, and
cardiac function declined. At age four weeks, echocardiogra-
phy revealed HCM with severe diastolic dysfunction and mitral
valve insufficiency grade 3. Interventricular septal (IVS) thick-
ness was 12 mm (z-score+5.6) during diastole and 15 mm
(z-score + 6) during systole. Left-ventricular posterior wall thick-
ness was 10 mm (z-score+5.4) during diastole and 12 mm
(z-score +5.6) during systole. The left ventricular outflow gradi-

Figure 1. X-ray and echocardiographic findings in patient 2. A, Chest x-ray
of the patient at birth revealing marked cardiomegaly. B-C, Echocardiography
during diastole (B) and systole (C) of the patient at age 4 weeks demonstrating
biventricular hypertrophy, increased echogenicity, ‘kissing’ phenomenon of the
left ventricular walls during systole, and substantially reduced left ventricular
lumen during systole.

ent was increased to 70 mmHg reflecting marked obstruction
(Fig. 1B, C). In addition, an increasing obstruction of the right
ventricular outflow tract with a moderate stenosis of 35 mmHg
was observed. A RASopathy was suspected because of the facial
gestalt in conjunction with the severe biventricular obstructive
HCM. After discussing the limited therapeutic options with the
parents, they voted for palliative care. The girl was discharged
home and deceased at age two months due to cardiac failure.
Facial photos are not available.

Mutation analyses

In patient 1, multi-gene panel sequencing identified a heterozy-
gous missense variant c.203C > T in exon 3 of MRAS, predicting
the substitution of a threonine residue by isoleucine (p.Thr68Ile)
(Supplementary Material, Fig. S1). No other variants in NS-
related genes were qualified as clinically relevant. Molecular
genetic testing of both parents excluded the MRAS variant in
leukocyte DNA, indicating a de novo origin of the missense
substitution. The identical sequence change in this gene had
recently been reported as a de novo event in a patient affected
by NS with cardiac hypertrophy (22). Patient 1 belonged to a
cohort of 288 individuals with a clinical diagnosis of a RASopathy
who had previously been tested negative for all known
RASopathy-associated genes. The absence of a specific bias
in enrollment of these subjects suggest that MRAS mutations
account for a very small proportion of NS cases. In patient
2, multi-gene panel sequencing revealed the heterozygous
MRAS missense variant, c.67G > C (p.Gly23Arg), which was again
confirmed to be de novo (not present in parental leukocyte DNA
samples) (Supplementary Material, Fig. S1). A different amino
acid substitution at the same codon, p.Gly23Val, had been
reported as NS-causing mutation previously (22). Both variants
were not reported in major databases (EXAC, gnomAD, 1000G)
(Supplementary Material, Table S1). The amino acid residues
corresponding to Gly?® and Thr® in MRAS are highly conserved
in all RAS paralogs and orthologs, from bacteria to mammals
(Supplementary Material, Fig. S2). According to various pre-
diction programs, the variants were consistently predicted as
pathogenic (Supplementary Material, Table S1). Finally, MRAS
mutation scan was also performed on a cohort of 1840 consec-
utive patients with clinical diagnosis of RASopathy or having a
phenotype suggestive of these disorders. No putative pathogenic
MRAS change was identified, while a large proportion of subjects
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Figure 2. Location of disease-causing MRAS mutations and their structural impact. A, Structural modeling of MRAS in complex with p120 RASGAP showing conserved
regions and the positions of affected residues. Gly?> and Thr®8, which are affected in Noonan syndrome, are shown (green), together with the catalytic Arg’8? of p120
RASGAP. B, Gly?3 (upper panel) is located in the P-loop of MRAS, which is involved in GDP/GTP binding. Arg’8° of p120 RASGAP interacts with the P-loop and the
catalytic Gln’?, and stimulates GTP hydrolysis by stabilizing the transition state of this reaction. Substitution of the glycine residue by arginine (middle panel) or valine
(lower panel) lead to steric clashes of this interaction, and consequently in an impaired RASGAP function to stimulate the GTPase reaction; as a consequence, MRAS
accumulates in its active form. C, Thr®8 is located in the interswitch region of MRAS stabilizing the active site. Asp®” of MRAS interacts with Ser?” and a water molecule,
leading to an indirect interaction with the Mg2™ ion and stabilizing the conformation of the switch regions (upper panel). Substitution by isoleucine (lower panel) is
predicted to lead to a stronger interaction with Arg’8 of the switch II region, and potentiate the interaction with effector proteins.

was found positive for disease-causing mutations in other genes
(e.g. PTPN11, n=213; SOS1, n=>56; BRAF, n=49, RAF1, n=23).
Overall, these findings indicate that MRAS mutations represent
a rare event in NS.

Structural and biochemical characterization of the
NS-causing MRAS mutations

Similar to the other members of the RAS superfamily of
GTPases, MRAS cycles between a GTP-bound (active) and a GDP-
bound (inactive) form. The transition between the two states is
tightly regulated by proteins promoting GDP release (guanine
nucleotide exchange factors, GEFs) and those stimulating the
basally low GTPase activity (GTPase-activating proteins, GAPs).
In their GTP-bound, active state, MRAS interacts with effector
proteins via its effector binding regions (switch I and switch II). Of
note, MRAS possesses a different structure of the switch I region
(residues 33 to 49) as compared to other human paralogs, which
has been proposed to be based on an impaired intramolecular
interaction of Thr* and the y-phosphate of GTP (23,24). Though
this uniqueness, the functions of Gly?® and Thr® in MRAS are
comparable to those of the corresponding residues of other
RAS paralogs, as they are part of the highly conserved guanine
nucleotide binding motifs 1 and 3, which are also known as the
phosphate-binding loop (Gly? to Ser?”) and the switch II region
(Asp® to Arg®), respectively (Fig. 2A). These amino acid residues
stabilize the nucleotide bound state by contacting Asp® with
Ser? and a water molecule coordinating the magnesium ion in
the MRAS active site (Fig. 2B) (22,25). Notably, the P-loop region
is critical for the GTP binding and hydrolysis and thus for the
function of GAPs, which stimulate GTP hydrolysis by stabilizing
the transition state of this reaction. Substitution of the glycine
residue by arginine or valine causes a steric clash, resulting in
an impaired or defective response of the GTPase to GAPs (26). A
similar consideration applies for Thr®®, which is adjacent to the
catalytic Gln’?, and is located in the interswitch region of MRAS
stabilizing the active site. Based on these considerations, the
p-Gly23Val/Arg and p.Thr68Ile changes are predicted to affect
proper GDP/GTP exchange and GTP hydrolysis, and thus cause

a gain of function effect. Based on the tight interaction of Thr®
with the switch II, however, a perturbation of proper binding
with effector proteins as the result of the substitution of this
residue by isoleucine cannot be ruled out.

To evaluate the impact of the mutations on MRAS functional
behavior, HEK 293 T cells were transiently transfected to express
wild-type MRAS or each of three generated mutants (MRAS®?3R,
MRASS%V and MRAS™®) and the active state and subcellular
localization of the GTPases were assessed. Pull-down assays
directed to measure the GTP-bound levels of the four Myc-
tagged proteins revealed a higher level of GTP-bound MRASC%R,
MRAS®?V and MRAS™® compared to the wild-type protein
in both serum-free condition and following EGF stimulation
(Fig. 3A). This finding indicates hyperactivation of the three
mutants, which is likely to be the result of defective nucleotide
binding and/or impaired GTPase activity, as predicted by the
structural analysis.

Localization of RAS proteins is finely modulated, and con-
trols the specific activation of different signaling platforms,
which mediate both the extent and dynamics of signal flow
and the differential activation of effectors. Based on these con-
siderations, we assessed the subcellular localization of wild-
type and mutant MRAS proteins. To this goal, immunofluo-
rescence microscopy analysis was performed in COS-1 cells
transiently expressing the Myc-tagged MRAS constructs. The
wild-type MRAS protein was widely distributed in endomem-
branes in cells under serum-starved condition, but massively
translocated to the plasma membrane following stimulation,
as shown by the extensive colocalization with cortical actin
(Fig. 3B). In contrast, MRAS®?*R, MRASS?3V and MRAS™®® appeared
to be specifically targeted to the cell membrane both in serum-
starved and EGF-stimulated cells. Of note, it has been shown that
the dynamic redistribution in intracellular membranes of the
RAS proteins includes their reallocation in structurally distinct
microdomains of the plasma membrane. Among these, lipid
rafts are cholesterol/sphingolipid-rich domains documented to
serve as reservoirs for inactive signal transducers or sorting
platforms for signal transduction mediating both compartmen-
talization and fine tuning of signaling events (27-29). By using
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Figure 3. Biochemical and functional characterization of the MRAS mutants. A, Determination of active GTP-bound MRAS levels in HEK 293 T cells transiently expressing
wild-type or mutant Myc-tagged MRAS proteins. Pull-down assays were performed using glutathione S-transferase fused to the RAS binding domain of the RAF1 kinase
(GST-RAF1-RBD) in serum starved condition or after EGF (30 ng/ml) stimulation for 5 min. An anti-Myc antibody was used for MRAS detection and the g-actin was utilized
as loading control. B, Subcellular localization of transiently expressed Myc-tagged wild-type or mutated MRAS proteins in COS-1 cells during starvation or following
EGF stimulation revealed by confocal microscopy analysis. Cells were stained with anti-Myc antibody and Alexa Fluor 594 goat anti-mouse secondary antibody (red).
The F-actin dye Alexa Fluor 488 phalloidin was used to stain the cortical actin associated with the plasma membrane (green). Merged images with nuclei (blue) are
displayed on the right panels. Colocalization of MRAS with F-actin is shown in yellow. Note the extensive colocalization of the MRAS mutants with cortical actin even
in the absence of EGF stimulation. Scale bar, 10 pm. C, Membrane microdomain partitioning of Myc-tagged wild-type and mutant MRAS proteins transiently expressed
in HEK 293 T cells, serum starved and then stimulated with EGF (30 ng/ml) or left untreated. Wild-type and mutant MRAS proteins localize in both insoluble fractions
(fractions 4 to 6, containing lipid rafts) and soluble fractions (fractions 7 to 10, including other membrane domains and cytosol) basally. Note that the relocalization
of MRAS mutants in the lipid rafts after 10 min of stimulation with EGF is retarded compared to that of wild-type protein. The detergent-insoluble lipid rafts were
separated by sucrose gradient ultracentrifugation, and fractions were analyzed by western blotting using flotillin as lipid raft marker.

cell fractionation experiments, localization of MRAS in lipid rafts
was found to be dynamic since it was distributed in insoluble
fractions containinglipid rafts (fractions 4-6) as well as in soluble
fractions (fractions 7-10), the latter including proteins located
in other membrane domains or in the cytosol, under serum
starved condition (Fig. 3C). The GTPase translocated to non-raft
domains of the plasma membrane following 1 minute of EGF
stimulation, but redistributed from non-raft to raft domains
after 10 minutes of stimulation, strongly suggesting that MRAS
exerts its function in non-raft plasma membrane subdomains,
similarly to what documented for HRAS (30,31). We assessed the
dynamic distribution of the MRAS®?*V and MRAS™® mutants in
different plasma membrane domains. As we previously docu-
mented for other RAS mutants (32), differently from the wild-
type protein, a prolonged localization of both MRAS®®V and
MRAST™®! in non-rafts fractions was appreciated (Fig. 3C). This
finding and the prevalent GTP-bound state of both MRAS®?3V
and MRAS™8! proteins supports the idea that, similarly to what
has been reported for HRAS, hyperactive MRAS mutants are
preferentially associated with non-raft domains of the plasma
membrane.

NS-causing MRAS mutations promote enhanced MAPK
and PI3K-AKT signaling and increased binding to
SHOC2 and PPP1CB

To evaluate the consequences of constitutive activation of the
mutants on intracellular signaling, the extent of ERK and AKT

phosphorylation was assessed. Transient overexpression of the
MRAS®?*V and MRAS™® mutants in HEK 293 T cells was found to
promote only a slightly increased, transient EGF-dependent ERK
phosphorylation after 5 minutes of stimulation. By contrast,
a more evident increased level of AKT phosphorylation was
observed basally in cells expressing each of the two mutants
(Fig. 4A). Increased levels of phosphorylated AKT were further
boosted by EGF stimulation. Remarkably, the same assays
performed in transiently transfected Neuro2A cells provided
evidence for a significantly enhanced stimulus-dependent ERK
phosphorylation promoted by the three MRAS mutants and con-
firmed the constitutive increased level of AKT phosphorylation
even though to a lesser extent (Fig. 4B). These data document
that the three MRAS mutants behave as hypermorph proteins
promoting the activation of the RAF-MEK-ERK and PI3K-AKT
pathways, with a modulatory effect depending on the cellular
contextin both cascades, atleastin our experimental conditions.

MRAS positively modulates MAPK signaling by promoting
SHOC2-mediated translocation of the catalytic protein phos-
phatase 1 (PP1C) subunit to the plasma membrane, which is a
required step for a stable interaction of RAF1 with RAS proteins
and subsequent activation of the kinase (33). Based on these
considerations, we evaluated the binding properties of the three
MRAS mutants to both SHOC2 and PPP1CB, the latter being one
of the three catalytic PP1 subunits. Co-immunoprecipitation
assays were performed using cell lysates collected from Neuro2A
cells transiently co-expressing each of the four Myc-tagged
MRAS proteins with V5-tagged SHOC2 (Fig. 4C, left panel). As
shown, the three mutants showed an increased binding to
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Figure 4. Disease-causing MRAS mutations promote enhanced activation of the MAPK and PI3K-AKT pathways. A, Transient overexpression of MRAS mutants in HEK
293 T cells promotes enhanced AKT phosphorylation basally and after EGF stimulation, and a weak increased stimulus-dependent phosphorylation of ERK, as assessed
by time-course experiments. Representative blots (below) and mean =+ SD densitometry values (above) of three independent experiments are shown. HEK 293 T cells were
transiently transfected with the Myc-tagged MRAS constructs, serum starved and treated with 30 ng/ml EGF for 5, 15 or 30 min or left unstimulated. Equal amounts
of cell lysates were resolved on 10% polyacrylamide gel. Asterisks indicate significant differences compared with wild-type MRAS at the corresponding time upon
EGF stimulation (*P <0.05, **P <0.01; Student’s t-test). B, Transient overexpression of MRAS mutants in Neuro2A cells promotes enhanced stimulus-dependent ERK
phosphorylation (above) and increases the level of AKT phosphorylation (below) basally and after growth factor stimulation, as assessed by time-course experiments.
Experiments were performed as reported above. C, NS-causing MRAS mutants show enhanced/more stable binding to SHOC2 and PPP1CB. Co-immunoprecipitation
assays were performed using cell lysates collected from Neuro2A cells transiently co-expressing each of the four Myc-tagged MRAS proteins with V5-tagged SHOC2

(left panel) or V5-tagged PPP1CB (right panel).

SHOC2 when compared to the wild-type protein. Similarly, co-
immunoprecipitation analyses using lysates collected from cells
transfected to co-express the Myc-tagged MRAS proteins with
V5-tagged PPP1CB documented an augmented binding of the
three mutants to the catalytic subunit of PP1 compared to wild-
type MRAS (Fig. 4C, right panel). These data indicate that the
three NS-causing MRAS mutations are activating and enhance
signaling through the MAPK cascade by promoting an increased
and/or more stable binding of MRAS to both SHOC2 and PP1C,
which is in line with recently published data (34).

Discussion

Here, we report on two patients in whom the clinical diagnosis
of NS was found to be causally associated with de novo activating
mutations of MRAS, and provide biochemical and functional data
documenting the activating effect of these mutations on MAPK
and PI3K-AKT signaling. Our findings strengthen a recent report
proposing the involvement of upregulated MRAS function in NS,
emphasize the association between MRAS mutations and HCM,
and support the view that multiple signaling pathways triggered
by MRAS functional upregulation are likely implicated in disease
pathogenesis.

MRAS mutations had previously been reported to underlie
NS in two unrelated subjects (22). One patient was a 15-year-
old girl with clinical features fitting NS and having cardiac
hypertrophy. Trio-based whole exome sequencing revealed a
de novo missense mutation (c.68G> T, p.Gly23Val). The second
subject was heterozygous for a different de novo MRAS variant
(c.203C > T, p.Thré68lle), identified by the same team through tar-

geted mutational analysis in 109 unrelated patients with a sus-
pected RASopathy and concomitant cardiac hypertrophy, who
had previously been tested negative for mutations in previously
identified genes implicated in NS. Notably, the latter variant is
identical to the one identified as a de novo event in patient 1 of the
present report, while the other missense change reported by Hig-
gins et al. (22) affects the same codon as in our patient 2. These
findings indicate that a narrow spectrum of missense mutations
of MRAS cause NS. In the present study, patient 1 was the only
case identified with a MRAS mutation among 288 individuals
with a clinical diagnosis of a RASopathy who had previously
been tested negative for all known RASopathy-associated genes,
and no MRAS mutation was identified in an unselected cohort
of 1840 subjects with a clinical diagnosis of RASopathy or with
features suggestive of these disorders. We therefore assume that
the frequency of MRAS-related NS is relatively rare.

The RAS superfamily of GTP/GDP-binding proteins includes
a number of membrane-associated GTPases that control several
cellular processes in response to a variety of extracellular
stimuli, by cycling between an active, GTP-bound state and an
inactive, GDP-bound state (20,21,35). Within this large group,
a relatively small subfamily of structurally and functionally
related proteins (i.e. HRAS, NRAS, and two KRAS isoforms)
play a major role in controlling key cellular processes (e.g.
proliferation, differentiation, survival and metabolism) as well
as early and late developmental programs. Their importance
in these processes is exemplified by the role of somatic
mutations in these genes as driver events in oncogenesis, and
the involvement of these genes in RASopathies when their
mutations have germline origin (1-3,36; COSMIC database,
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https://cancer.sanger.ac.uk/cosmic). Germline mutations in
NRAS account for a small proportion of NS, while those affecting
HRAS and KRAS underlie CS and a fraction of CFCS and NS,
respectively (37-41). A closely related subfamily of GTPases
includes RRAS, RRAS2 and MRAS. Similarly to the classical
p21 RAS proteins, these GTPases control multiple cellular
and developmental processes, and contribute to cancer when
mutated (COSMIC database). Remarkably, recent studies have
also established that activating mutations in these proteins
underlie a small fraction of NS or related phenotypes when
inherited from the germline (22,42-44). Likewise the other
RAS members, MRAS is a membrane-associated protein. It
shares about 50% sequence identity with the four classical
p21 RAS proteins, and a higher level of conservation within
the regions that mediate GTP/GDP binding and interactions
with positive and negative regulators, and several effector
proteins (20,21,35,45). MRAS is expressed in multiple tissues
and cell types (Human Protein Atlas, https://www.proteinatlas.
org/), and participates in a wide variety of signaling pathways
with functions in various biological processes including bone
and neural tissue formation (45-49). While MRAS has been
shown to be a relatively weak activator of the RAF-MEK-
ERK cascade when compared to HRAS, it has been reported
to more efficiently enhance PI3K-AKT signaling (50). Higgins
and colleagues were able to show that p.Gly23Val results in a
protein that is more abundant in its active GTP-bound form and
that weakly enhances MAPK signaling in response to growth
factors (22). Biochemical/functional validation assays were not
performed for the p.Thr68lle variant. In a more recent study, the
two MRAS mutants, p.Gly23Val and p.Thr68Ile, have been shown
to confer MAPK pathway upregulation (34). Those observations
are consistent with our findings indicating an activating role of
all the three NS-causing MRAS mutations in promoting a GTP-
bound, active state of the GTPase, its steady targeting to the
plasma membrane, and a variable upregulation of the MAPK
cascade, which however appears to be dependent on the cellular
context. Of note, we observed that all mutants are also able to
substantially upregulate the PI3K-AKT cascade, at both the basal
level and upon EGF stimulation, which is in line with the known
modulatory role of MRAS on this signal cascade (50).

In the context of the RAF-MEK-ERK signaling cascade, MRAS
has specific functions that appear to be unique among the RAS
family: active GTP-bound MRAS together with SHOC2 form a
ternary complex with PP1C that has a key role in promoting
SHOC2-mediated PP1C translocation to the plasma membrane,
which is required for dephosphorylating a regulatory serine
residue of RAF1 inhibiting stable interaction of the kinase
with RAS proteins (33,34). Remarkably, missense mutations
in SHOC2 and PPPICB cause Mazzanti syndrome (51,52), a
RASopathy clinically related to NS, by promoting a more stable
and/or prolonged formation of the complex, which in turn
promotes an enhanced and sustained activation of the MAPK
cascade (34, 51; our present and unpublished observations).
We originally reported that the recurrent missense change in
SHOC2 (p.Ser2Gly) underlying Mazzanti syndrome promotes N-
myristoylation and constitutive plasma membrane targeting
of the mutant protein, and enhanced ERK activation in a cell
type-specific fashion (51). Recent studies have shown that
myristylated SHOC2 has enhanced/stable binding to both MRAS
and PPP1CB (34), suggesting a more efficient plasma membrane
targeting of the ternary complex. Young and colleagues also
demonstrated a similar behavior for disease-causing MRAS and
PPP1CB mutants, which were further confirmed by the present
observations, supporting a model in which the perturbing role

of SHOC2, PPP1CB and MRAS mutations on MAPK signaling
is exerted by enhancing the MRAS-SHOC2-PPP1CB complex
formation at the plasma membrane, with consequent more
efficient/prolonged RAF1 dephosphorylation at Ser® (34).
Notably, the constitutive targeting of all MRAS mutants and their
abnormal cycling between lipid rafts and non-raft membrane
microdomains here documented reinforce the concept of the
required targeting of this protein to the plasma membrane for
the specific function of the MRAS-SHOC2-PPP1CB complex, and
that formation and function of this ternary complex is attained
in non-raft microdomains of the plasma membrane.

Missense changes p.Gly13Arg and p.Thr58lle in KRAS, NRAS,
and HRAS, which are corresponding to p.Gly23Arg and p.Thré68Ile
in MRAS, have been reported in tumors, mosaic RASopathies and
RASopathies (i.e. NS and Costello syndrome) (Supplementary
Material, Table S1), respectively, and have activating effects
(39,53-55). HRAS substitutions at codon 13 (e.g. p.Gly13Cys,
p-Gly13Ser, and Gly13Val) have been shown to confer impaired
GAP-stimulated GTPase acivity (56). Similarly, mutant RAS
proteins with the p.Thr58lle substitution have been shown
to upregulate the function of the protein, even though with
a milder extent compared with the Gly*? and Gly®® changes
(25,39,54). As in the case of KRAST#! (25), substitution at Thr® to
Ile in MRAS most likely leads to increased GDP/GTP exchange
and thus to its accumulation in the active state of the GTPase.
Being integral parts of the nucleotide binding motifs of MRAS,
Gly? is responsible for binding to the phosphate groups of
GTP/GDP, while Thr® contacts Ser?” and Asp® from the P-loop
and switch II region of MRAS and is involved in magnesium ion
coordination. Substitution of Gly?® and Thr® thus is predicted
to impair GTP hydrolysis and GTP/GDP binding, respectively,
thereby promoting an overall stabilized GTP-bound state of
the protein and enhanced downstream signaling, which was
confirmed experimentally.

Analysis of clinical characteristics of the two previously pub-
lished cases with MRAS mutations and the ones reported here
shows that generally the individuals affected by these mutations
appear to have all the characteristic signs and symptoms of
NS, making it impossible at the current stage to distinguish
MRAS mutation-related NS from NS of other genetic etiologies.
Of note, the presence of cardiac hypertrophy in all four patients
reported to date suggests that MRAS belongs to the NS genes
with particular association to HCM (similar to RAF1 and RIT1).
This was already suggested by Higgins et al. (22) and it is further
corroborated by the two additional observations we present here.
The course of HCM was variable in the four patients with MRAS
mutation-related NS known so far. One patient reported in the
original paper required myectomy for biventricular outflow tract
obstruction at age 8 years, while little information is available
from the second case. The present patient 2 displayed progres-
sive HCM leading to early lethality. This patient had the most
severe outcome, which may be related to more severe activating
effects of this particular mutation.

Based on the specific association between heterozygous
mutations in genes encoding other partners of the com-
plex, SHOC2 and PPP1CB, and Mazzanti syndrome, activating
mutations in MRAS gene might also be anticipated to lead to
phenotypic features characteristic of this RASopathy (e.g. loose
anagen hair, characteristic facies, high frequency of growth
hormone deficiency). However, typical phenotypic features of
Mazzanti syndrome have not been documented in the previously
reported cases and were not obvious in the present patients
either. While the number of reported individuals with MRAS
mutations are insufficient to make a final conclusion about a
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possible relation of MRAS mutations with Mazzanti syndrome,
the available clinical data support the idea that MRAS mutations
are specifically linked to NS, which is likely to be associated with
the more articulated impact of dysregulated MRAS function on
intracellular signaling (e.g. enhanced PI3K-AKT signaling).

We documented that depending upon the cellular context,
NS-causing MRAS mutants differentially impact MAPK and
PI3K-AKT signaling cascades. This finding has relevant clinical
implications, which are linked to the current effort to generate
pharmacological targeted therapeutic approaches to treat the
evolutive complications of RASopathies, including HCM. Indeed,
accumulated evidence indicates that both the MAPK and
PIBK-AKT-mTOR pathways contribute to HCM in RASopathies.
Enhanced MAPK signaling has been demonstrated to contribute
to HCM in the case of activating NS-causing mutations affecting
PTPN11, SOS1 and RAF1 in multiple experimental models
(57-59). These findings suggest that blockade of MAPK signaling
by inhibitors targeting signal transducers participating in this
cassette (e.g. the MEK inhibitor, PD0325901) could be efficacious
in post-natal treatments directed to block the emergence of
HCM or disease progression, depending upon when therapy is
initiated. On the other hand, a specific class of mutations of
PTPN11 affecting the catalytic activity of the phosphatase and
causing LEOPARD syndrome has been demonstrated to promote
enhanced signaling through the PI3K-AKT-mTOR cascade (60).
In this case, treatment with rapamycin, a drug specifically
targeting MTOR, was found to prevent the emergence of HCM
or reverse it depending on the age at which the drug was
started in a mouse model of disease (61-63). These observations
indicate that multiple pathways underlie HCM in RASopathies,
and that distinct therapeutic approaches tailored for the
specific molecular perturbation are required. For these reasons,
understanding of the mechanism of disease is a required step
for the identification of appropriate small molecules directed to
treat HCM in RASopathies, including the form of NS caused by
MRAS mutations.

In conclusion, the demonstration of de novo activating MRAS
mutations in two patients with NS reinforces the evidence
causally linking variants in MRAS to NS and confirms codons
23 and 68 as hot spots for NS-associated mutations in this
gene. Importantly, our findings further strengthen the specific
association of MRAS mutations with HCM and point to both the
MAPK and PI3K-AKT-mTOR pathways as contributing to disease
pathogenesis. Further studies are required to dissect the specific
contribution of individual signaling cascades in HCM, a major
evolutive complication of MRAS-associated NS, to the design of
targeted therapeutic approaches.

Materials and Methods
Mutation screening

Diagnostic genetic analysis was performed after obtaining
parental consent according to national regulations. Genomic
DNA derived from venous blood samples was analyzed
by sequencing of a custom multi-gene panel covering the
previously published RASopathy genes (PTPN11, SOS1, SOS2,
RAF1, RIT1, KRAS, NRAS, RRAS, HRAS, MRAS, SHOC2, LZTRI,
CBL, CDC42, A2ML1, BRAF, MAP 2 K1, MAP 2 K2, NF1, SPRED1,
PPP1CB, and RASA2). Coverage was >50x for the entire coding
region of the aforementioned genes. Enrichment of exonic and
flanking intronic regions of these genes was achieved using
a Nextera Rapid Capture Custom Enrichment Kit (llumina,
San Diego, CA) (patient 1) and a custom SureSelect XT Target
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Enrichment kit (Agilent Technologies Inc., Santa Clara, CA)
(patient 2). Libraries were analyzed by parallel sequencing on
a MiSeq (patient 1)/NextSeq 500 (patient 2) Sequencing System
(Mumina). Obtained reads were aligned and compared to the
reference sequences (hg37) using the CLC Genomics Workbench
(Quiagen, Venlo, The Netherlands). Filtering of variants was
based on occurrence in public databases (MAF <0.5% in ExAC
and gnomAD) and predicted functional impact (PolyPhen-2,
SIFT, MutationTaster, PROVEAN, and CADD). Identified variants
of presumed pathogenic relevance were validated on the
original DNA sample as well as parental DNA samples using
conventional Sanger sequencing on an automated capillary
sequencer (3500xL Genetic Analyzer, Applied Biosystems, Foster
City, CA).

Structural analysis

The crystal structure of active, GppNHp-bound MRAS (PDB: 1X1S)
was used to assess the impact of the identified substitutions
affecting residues Gly*® and Thr® (Gly'®* and Thr*® in HRAS). To
elucidate the consequence of the NS-causing mutations on GTP
hydrolysis function, the structure of HRAS in complex with the
catalytic domain of p120 RASGAP (PDB: 1WQ1) was analyzed,
using Pymol molecular viewer (64).

Antibodies

The following antibodies were used: mouse monoclonal anti-
Myc, rabbit polyclonal anti-p44/42 MAPK, mouse monoclonal
anti-phospho-p44/42 MAPK (Thr?%?/Tyr?°#), rabbit monoclonal
anti-AKT, rabbit monoclonal anti-phospho-AKT (Ser473) (Cell
Signaling Technology, Danvers, MA); mouse monoclonal anti-
Flotillin (BD Transduction Laboratories, Franklin Lakes, NJ);
mouse monoclonal anti-V5 (Invitrogen, Carlsbad, CA); mouse
monoclonal anti-GAPDH (Santa Cruz, Dallas, CA); mouse mon-
oclonal anti-g-actin, horseradish peroxidase-conjugated anti-
rabbit or anti-mouse (Sigma-Aldrich); anti-mouse conjugated to
Alexa Fluor 594 (Molecular Probes, Eugene, OR).

Constructs

The entire coding sequence of wild-type (WT) MRAS was
cloned into the pcDNA3.1/Myc A eukaryotic expression vector
(Addgene, Cambridge, MA). Mutant MRAS constructs carrying
the p.Gly23Val, p.Gly23Arg and p.Thr68lle amino acid substi-
tutions were generated by PCR-based site-directed mutage-
nesis using the QuikChange II Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA). The identity of each construct was
verified by bidirectional Sanger sequencing.

Cell culture, transfection, and EGF stimulation

COS-1, Neuro2A and HEK 293 T cells (American Type Culture
Collection, Manassas, VA) were cultured in DMEM supplemented
with 10% heat-inactivated FBS, 2mM glutamine, 100 units/ml of
penicillin and 100 pg/ml of streptomycin (Euroclone, Wetherby,
UK), and maintained at 37°C in a humidified atmosphere con-
taining 5% CO2. Subconfluent cells were transfected using the
Fugene6 transfection reagent (Roche Diagnostics, Mannheim,
Germany), according to the manufacturer’s instructions. Serum-
free DMEM and EGF (30 ng/ml) (Invitrogen, Carlsbad, CA) were
utilized to starve and stimulate cells, respectively.
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Immunoblotting

Assays were preformed as previously reported (8,65). Briefly, cells
were lysed in radio-immunoprecipitation assay (RIPA) buffer,
pH 8.0, containing 20mM NaF, 1 mM Na3;VO, and protease
inhibitors. Lysates were kept on ice for 30 min and then
centrifuged at 16000 g for 20min at 4°C. Supernatants were
collected and their protein concentration was determined by
bicinchoninic acid (BCA) assay (66), using bovine serum albumin
(BSA) as a standard. Load samples containing equal amount of
total proteins were resolved by 10% sodium dodecyl sulphate
(SDS)-polyacrylamide gel. After electrophoresis, proteins were
transferred to nitrocellulose membrane using the Trans-Blot
Turbo transfer system (Bio-Rad Laboratories, Hercules, CA). Blots
were blocked with 5% non-fat milk powder in PBS containing
0.1% Tween-20 for 1h and incubated with specific antibodies
for 1h. Primary and secondary antibodies were diluted in
blocking solution. Immunoreactive proteins were detected by
an enhanced chemiluminescence (ECL) detection kit (Pierce
Biotechnology, Rockford, IL). Densitometric analysis of protein
bands was performed using Alpha View SA image software
(Protein Simple, Santa Clara, CA).

Confocal laser scanning microscopy

COS-1 cells (3 x 10*) were seeded on glass coverslips, transfected
with the various Myc-tagged constructs for 24 h, serum starved
for 16 h and stimulated with EGF for 5 or 15 min. Cells were fixed
with 4% paraformaldehyde for 30 min at 4°C and permeabilized
with 0.5% Triton X-100 for 10 min at room temperature. Cells
were then incubated with mouse anti-Myc antibody for 1h at
room temperature, rinsed twice with PBS, and incubated with
a secondary goat anti-mouse antibody conjugated with Alexa
Fluor 594 for 1 h at room temperature. After washing with PBS,
cells were stained with Alexa Fluor 488 phalloidin dye to stain
the filamentous actin (F-actin). Finally, glass coverslips were
mounted on microscope slides using the Vectashield antifade
medium containing DAPI (Vector Laboratories, Burlingame, CA)
and analyzed by an Olympus FluoView FV1000 apparatus, using
excitation spectral laser lines at 405, 488 and 568 nm. Signals
from different fluorescent probes were taken in sequential scan-
ning mode. Image processing used Adobe Photoshop 7.0 (Adobe
Systems Incorporated, San Jose, CA).

RAS activation assay

RAS activation assays were carried out using a RAS activa-
tion assay kit (Millipore, Temecula, CA), according to the man-
ufacturer’s instructions. In brief, HEK 293 T cells were trans-
fected with the various constructs for 24h, serum starved for
16 h, stimulated with EGF for 5 min or left untreated, washed
in ice-cold PBS and collected in Magnesium-containing Lysis
Buffer (MLB). Cell lysates were further subjected to pull-down,
using glutathione S-transferase fused to the RAS binding domain
of the RAF1 kinase (GST-RAF1-RBD). Pulled down samples and
whole cell lysates for immunoblotting analyses were mixed with
sample buffer and denatured at 95°C for 5 min.

Isolation of lipid raft-enriched membrane fractions

Lipid raft-enriched membrane fractions were isolated as previ-
ously described (32,65,67). Briefly, HEK 293 T cells were trans-
fected with different constructs for 24 h, starved 4 h, stimulated
with EGF at the specified time or left untreated, rinsed twice

with cold PBS, and harvested in MES-buffered saline [(MBS)
25mM 2-(N-morpholino) ethanesulfonic acid, pH 6.5, 150 mM
NaCl] containing 1% Triton X-100, 1 mM Na;VO, and protease
inhibitors. Each cell lysate was Dounce homogenized, adjusted
to 40% sucrose and placed at the bottom of an ultracentrifuge
tube. A 5-30% linear sucrose gradient was then placed above the
homogenate and the mixture was centrifuged at 45000 rpm for
18h at 4°C in a SW60Ti rotor (Beckman Instruments, Palo Alto,
CA). Twelve fractions were harvested from top of gradient and
stored at—20°C until analysis.

Co-immunoprecipitation assays

For co-immunoprecipitation (co-IP) analyses, Neuro2A cells were
co-transfected with wild-type SHOC2 (pcDNA6-V5-SHOC2) or
PPP1CB (pcDNAG6-V5-PPP1CB), and each of the various MRAS
constructs for 24 h, serum starved for 16 h, stimulated with EGF
for 5min, and then lysed in IP buffer containing 25 mM Tris-
HCl, pH 7.4, 1% Triton X-100, 2 mM EDTA, pH 8.0, 150 mM NaCl
and protease inhibitors. Samples were centrifuged at 10000 g for
20 min at 4°C, supernatants were collected, and equal amounts
of total proteins were immunoprecipitated with 2 pg of anti-Myc
antibody for 2 h at 4°C, followed by a 2 h incubation with 20 pL
protein G-sepharose beads (GE Healthcare, Freiburg, Germany) at
4°C. The beads were recovered by centrifugation and washed six
times with IP buffer. Finally, the immunoprecipitated proteins
were eluted with sample buffer by incubating for 5 min at 95°C
and stored at —20°C for western blot analyses.

Supplementary Material

Supplementary Material is available at HMG online.
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