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REPORT

Activating Mutations of RRAS2 Are
a Rare Cause of Noonan Syndrome

Yline Capri,1,20 Elisabetta Flex,2,20 Oliver H.F. Krumbach,3,20 Giovanna Carpentieri,2,4 Serena Cecchetti,5

Christina Lißewski,6 Soheila Rezaei Adariani,3 Denny Schanze,6 Julia Brinkmann,6 Juliette Piard,7

Francesca Pantaleoni,4 Francesca R. Lepri,4 Elaine Suk-Ying Goh,8 Karen Chong,9 Elliot Stieglitz,10

Julia Meyer,10 Alma Kuechler,11 Nuria C. Bramswig,11 Stephanie Sacharow,12 Marion Strullu,1,13

Yoann Vial,1,13 Cédric Vignal,1 George Kensah,14 Goran Cuturilo,15,16 Neda S. Kazemein Jasemi,3

Radovan Dvorsky,3 Kristin G. Monaghan,17 Lisa M. Vincent,17,18 Hélène Cavé,1,13 Alain Verloes,1,19

Mohammad R. Ahmadian,3,21 Marco Tartaglia,4,21,* and Martin Zenker6,21,*

Aberrant signaling through pathways controlling cell response to extracellular stimuli constitutes a central theme in disorders affecting

development. Signaling through RAS and the MAPK cascade controls a variety of cell decisions in response to cytokines, hormones, and

growth factors, and its upregulation causes Noonan syndrome (NS), a developmental disorder whosemajor features include a distinctive

facies, a wide spectrum of cardiac defects, short stature, variable cognitive impairment, and predisposition to malignancies. NS is genet-

ically heterogeneous, and mutations in more than ten genes have been reported to underlie this disorder. Despite the large number of

genes implicated, about10%–20%of affected individualswith a clinical diagnosis ofNSdonothavemutations inknownRASopathy-asso-

ciated genes, indicating that additional unidentified genes contribute to the disease, when mutated. By using a mixed strategy of func-

tional candidacy and exome sequencing, we identify RRAS2 as a gene implicated in NS in six unrelated subjects/families. We show

that the NS-causing RRAS2 variants affect highly conserved residues localized around the nucleotide binding pocket of the GTPase and

are predicted to variably affect diverse aspects of RRAS2 biochemical behavior, including nucleotide binding, GTP hydrolysis, and inter-

action with effectors. Additionally, all pathogenic variants increase activation of theMAPK cascade and variably impact cell morphology

and cytoskeletal rearrangement. Finally, we provide a characterization of the clinical phenotype associated with RRAS2 mutations.
Noonan syndrome (NS [MIM: PS163950]) is one of the

most common monogenic disorders affecting develop-

ment and growth.1 The phenotype of NS comprises a

distinctive facies (e.g., hypertelorism, downslanting palpe-

bral fissures, ptosis, and low-set/posteriorly rotated ears),

cardiac abnormalities (a wide spectrum of congenital heart

defects and cardiomyopathy), postnatally reduced growth,

skeletal defects (chest and spine), cryptorchidism, bleeding

diathesis, as well as variable neurocognitive impairment

and predisposition to malignancies,1,2 most commonly ju-

venile myelomonocytic leukemia (JMML [MIM: 607785]).3

NS is generally transmitted as an autosomal-dominant trait

and is genetically heterogeneous. So far, pathogenic vari-

ants in more than ten genes have been reported as causa-

tive events underlying this disorder.4 While mutations in

PTPN11 (MIM: 176876), SOS1 (MIM: 182530), RAF1

(MIM: 164760), and RIT1 (MIM: 609591) have been docu-
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mented to occur most frequently,5–11 a smaller proportion

of cases has been ascribed to mutations in other function-

ally related genes, including NRAS (MIM: 164790), KRAS

(MIM: 190070), BRAF (MIM: 164757), MAP2K1 (MIM:

176872), SOS2 (MIM: 601247), LZTR1 (MIM: 600574),

MRAS (MIM: 608435), and RASA2 (MIM: 601589).12–20

Although the causal link between mutations in a subset

of these genes and the disorder still remains to be

confirmed,4 the accumulated molecular evidence strongly

supports the view that NS is caused by upregulated intra-

cellular traffic through the RAS-mitogen-activated protein

kinase (MAPK) signaling pathway.21,22 Other disorders

clinically related to NS (e.g., cardio-facio-cutaneous syn-

drome [MIM: PS115150], Costello syndrome [MIM:

218040], neurofibromatosis type 1 [MIM: 162200], Legius

syndrome [MIM: 611431], Mazzanti syndrome [MIM:

607721], and Noonan syndrome with multiple lentigines
) Hôpital Robert Debré, 75019 Paris, France; 2Department of Oncology and
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[MIM: PS151100]) are also caused by mutations in genes

encoding key proteins of the RAS-MAPK signaling back-

bone or upstream regulators (i.e., CBL, HRAS, KRAS, NF1,

SPRED1, SHOC2, BRAF, MAP2K1, and MAP2K2).21,22 In all

these related conditions, termed RASopathies, increased

signaling through RAS and the MAPK cascade can result

from upregulated activity of RAS proteins, enhanced func-

tion of upstream signal transducers (e.g., proteins

positively controlling RAS function) or downstream RAS

effectors, as well as from the inefficient signaling switch-

off by feedback mechanisms (e.g., neurofibromin and

CBL loss of function). More recently, the use of whole-

exome sequencing (WES) has allowed the discovery of

RASopathy-associated genes encoding signal transducers

or modulators that do not belong to the canonical RAS-

MAPK pathway, but when functionally perturbed, are pre-

dicted to impact RAS signaling by still poorly characterized

circuits.20,23–29

A remarkable finding of themolecular genetics of NS and

other RASopathies is the occurrence of conserved themes

in the mechanism of disease. This applies in particular to

mutations affecting genes encoding the various members

of the RAS superfamily of GTPases that have been impli-

cated in these disorders, including KRAS, HRAS, NRAS,

RRAS, MRAS, and CDC42.11–14,20,23–26,30 Missense muta-

tions in these genes affect a small number of highly

conserved amino acid residues that lead to overactivation

of these proteins by decreasing/impairing their GTPase ac-

tivity in response to GTPase-activating proteins (GAPs),

increasing guanine nucleotide exchange factor (GEF)-inde-

pendent GDP release, altering binding properties to effec-

tors, or a combination of these mechanisms.31 Notably,

while these germline mutations may affect the same resi-

dues that are generally mutated in cancer, multiple lines

of evidence indicate that RASopathy-causing changes are

generally less activating than their respective cancer-asso-

ciated somatic lesions.21

Despite the large number of genes implicated in NS and

related phenotypes, about 10%–20% of affected individ-

uals with a convincing clinical diagnosis of NS do not

have mutations in currently known RASopathy-associated

genes, indicating that other unidentified genes contribute

to this disorder. Through the use of complementary

approaches based on ‘‘functional candidacy’’ (parallel

sequencing of selected gene panels containing function-

ally related candidate genes) or WES, we identified RRAS2

(MIM: 600098; GenBank: NM_012250.5) as a gene impli-

cated in NS. We provide structural, biochemical, and

functional data to support the causal link between RRAS2

mutations and NS, outline the mechanisms by which

mutations perturb RRAS2 function, and characterize the

clinical phenotype associated with these gene lesions.

Subjects from six unrelated families were included in the

study. Clinical data and DNA samples were collected from

the participating families after written informed consent

was obtained. DNA samples were stored and used under

research projects approved by the Review Boards of the
1224 The American Journal of Human Genetics 104, 1223–1232, Jun
participating institutions. Because of a suspected

RASopathy, subjects 1, 2, 3-III-1, and 5 were referred for

diagnostic genetic testing by sequencing of an ‘‘extended’’

panel of RASopathy-associated genes designed to include a

set of candidate disease genes selected in the frame

of the NSEuroNet Consortium, while subjects 4 and 6

were analyzed by WES (Supplemental Subjects and

Methods). In five cases, the RRAS2 variant (c.68G>T

[p.Gly23Val], c.65_73dup [p.Gly22_Gly24dup], c.70_78dup

[p.Gly24_Gly26dup], c.208G>A [p.Ala70Thr], c.215A>T

[p.Gln72Leu]) arose de novo (i.e., it was not identified in

parental blood DNA samples). In family 3, mutation scan

in one affected family member (3-III-1) identified the het-

erozygous c.208G>Amissense change, and subsequent co-

segregation analysis confirmed the occurrence of the

variant in three similarly affected relatives. All variants

were validated by Sanger sequencing. In all cases, no other

candidate variant was identified, further supporting the

clinical relevance of this finding. In subject 4, the RRAS2

variant was detected in both amniocyte and peripheral

blood DNA, at 44% and 46% of reads, respectively, indi-

cating the heterozygous mutation was present in the germ-

line of the subject. The clinical data of the affected subjects

from the six families are shown in Table 1, facial features of

four affected individuals as well as the pedigree of family 3

are presented in Figure 1, and a detailed clinical history is

provided in the Supplemental Note. Taken together, the

identified RRAS2 variants included three different nucleo-

tide substitutions predicting missense changes of highly

conserved amino acid residues (Gly23, Ala70, and Gln72)

among RRAS2 orthologs and paralogs (Figure S1). Alter-

ations to the corresponding positions in other GTPases of

the RAS superfamily have already been reported to cause

RASopathies or to contribute to oncogenesis (Table S1).

In the remaining cases, we identified two small in-frame

duplications (p.Gly22_Gly24dup, p.Gly24_Gly26dup)

affecting the well-established mutational hotspot of RAS

proteins (Figure 2A). Of note, p.Gly22_Gly24dup had

previously been reported as somatic event in an uterine

leiomyosarcoma specimen,32 and other similar, but not

identical, small in-frame duplications affecting these resi-

dues have also been reported in association with different

cancers in the Catalogue of Somatic Mutations in Cancer

(COSMIC database). The two small in-frame duplications

and c.68G>T (p.Gly23Val) and c.215A>T (p.Gln72Leu)

substitutions were absent from general population data-

bases, while the c.208G>A (p.Ala70Thr) change had

previously been reported in two subjects in gnomAD (het-

erozygous state, frequency < 0.00001) (Table S2). Multiple

in silico prediction algorithms uniformly rated these

changes as deleterious/pathogenic (Table S2).

RRAS2 (RAS related 2, also known as TC21, teratocarci-

noma 21) is a member of the RAS superfamily of GTPases,

originally described in 1990.33 The protein shares the

same four conserved functional domains with HRAS,

KRAS, and NRAS, and about 55% amino acid sequence

homology with HRAS (Figure 2A), which reaches 80%
e 6, 2019



Table 1. Clinical Features and Genotype of Individuals with RRAS2 Variants

Subject 1 Subject 2

Family 3

Subject 4 Subject 5 Subject 63-II-1 3-II-2 3-III-1 3-III-2

Origin Algerian Sri Lanka German Indian Serbian South American/
Ashkenazi

Gender M M F F F M M F M

Age at last visit 7 y 11 m 12 y 2 m 32 y 40 y 7 y 1 m 1 y 7 m 2 weeks 8 y 10 m 22 m (last measurement
18 m)

RRAS2 variant c.65_73dup
(p.Gly22_Gly24dup)

c.68G>T
(p.Gly23Val)

c.208G>A
(p.Ala70Thr)

c.208G>A
(p.Ala70Thr)

c.208G>A
(p.Ala70Thr)

c.208G>A
(p.Ala70Thr)

c.215A>T (p.Gln72Leu) c.208G>A (p.Ala70Thr) c.70_78dup (p.Gly24_
Gly26dup)

Inheritance de novo de novo presumed
paternal

presumed
paternal

maternal maternal de novo de novo de novo

Prenatal features NE, PH PH NA NA NA N NE, fetal ventriculo-
megaly and cardiac
abnormalities

NE PH, LGA

Birth measurements:
weight, length, OFC
(weeks GA)

3,730 g, 50.5 cm,
37 cm (35)

3,180 g, 46.5 cm,
35 cm (35)

NA 3,740 g,
51 cm, 36 cm

3,110 g,
48 cm,
36 cm (39)

2,440 g,
48 cm,
32 cm (35)

2,400 g (33) NA 3,600 g, 51 cm,
38 cm (35)

Feeding difficulties PF PF, TF NA NA PF N NA N N

Height at last
examination

125.5 cm (þ0.3 SD) 139.5 (�1.5 SD)
85 cm (�3.3 SD)a

160 cm
(�1.3 SD)

170 cm
(þ0.3 SD)

108 cm
(�3.0 SD)

78 cm
(�1.8 SD)

NA 122 cm (�2.1 SD) 84.5 cm (þ0.5 SD)

Weight 27.5 kg (þ0.5 SD) 32.5 kg (�1.4 SD) NA 59 kg
(þ0.1 SD)

18.6 kg
(�1.8 SD)

11 kg
(�0.4 SD)

NA 22 kg (�1.9 SD) 12.5 kg (þ0.7 SD)

OFC 54 cm (þ1.2 SD) 57 cm (þ2.5 SD) 52.5 cm
(�2.2 SD)

55.5 cm
(þ0.2 SD)

52 cm
(þ0.4 SD)

49 cm
(þ0.2 SD)

NA 52.5 cm (þ0.2 SD) 54.5 cm (þ5.0 SD)

Cryptorchidism N N NA NA NA N hypoplastic scrotum NA N

Congenital heart
defect

SVAoS VSD VSD N N N TOF AVSD, multiple VSDs N

Lymphatic anomalies N N N N N N N N N

Facial anomalies typical NS typical NS suggestive NS very mild in
adulthood

typical NS typical NS multiple anomalies suggestive NS typical NS

Development N mild MD, mild LD N N mild MD,
mild LD

N NA N mild global delay

Neurology N Chiari malformation N N N N non-obstructive
hydrocephalus

N mild ventriculomegaly,
hypotonia

Skeletal N N N N N N 11 rib pairs, proximally
placed thumb, spinal
canal stenosis

pectus excavatum N

(Continued on next page)
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when considering the region between residues 5 to 120

(i.e., excluding the hypervariable tail at the C termi-

nus).34,35 RRAS2 controls multiple cellular processes,

including proliferation, survival, and migration, and its

functional dysregulation has been documented to

contribute to oncogenesis.34,36,37 Indeed, a number of

oncogenic RRAS2 variants have been reported, including

the p.Gly23Val, p.Ala70Thr, and p.Gln72Leu changes, in

a variety of solid tumors (Table S1). More recently, the

p.Gln72Leu change in RRAS2 has been identified in sub-

jects with isolated JMML,38 which represents the arche-

typal somatic RASopathy. Notably, germline mutations in

other RAS genes affecting analogous codons to those

observed in the present cases have also been identified

(Table S1), including the missense mutation p.Gln87Leu

in RRAS (homologous to p.Gln72Leu in RRAS2), previously

reported in individuals having features reminiscent

of NS.23

In order to decipher the consequences of the observed

amino acid changes and the small in-frame duplications

on the molecular structure of RRAS2, we performed struc-

tural modeling. A closer view into the active site of

RRAS2 structure in its active form (Figure 2B, left) revealed

that the identified RRAS2 mutations affect residues local-

ized around the nucleotide binding pocket of the GTPase.

The corresponding amino acids, including Gly22-Gly26,

Ala70, and Gln72, do not only play a critical role in

GDP/GTP exchange and GTP hydrolysis but also are

involved in stabilization of the switch regions (Figure 2B,

right), which are the binding sites for both RRAS2 regula-

tors (GEFs and GAPs) and effectors.39 Specifically, the

amino acid stretch encompassing Gly22 to Gly26 consti-

tutes part of the phosphate-binding loop (P loop; residues

Gly21 to Ser28) that is responsible for binding to the phos-

phate groups of either GTP or GDP. These residues play a

critical role in nucleotide binding and hydrolysis by con-

tacting both the b-g phosphates of GTP (shown as

GppNHp, a non-hydrolyzable GTP analog in Figure 2B)

and residues 67 to 69 of the switch II region (SwII; Asp68

to Arg84). Val25 stabilizes the P loop by contacting

Val92, Ser94, and Ser100. The Gly22-to-Gly24 and

Gly24-to-Gly26 duplications were predicted to destabilize

the P loop and result in increased nucleotide exchange

and decreased GTP hydrolysis reactions. Differently,

Ala70 and Gln72 are located in the switch II region of

the GTPase and are directly involved inMg2þ coordination

and GTP hydrolysis reaction. Additionally, Ala70 and

Gln72 stabilize the switch I region (SwI; Phe39-Ser50) by

contacting Ile47 and Glu48, respectively. Based on these

considerations, the NS-associated amino acid changes

were expected to affect various aspects of RRAS2 biochem-

ical behavior, including a faster nucleotide exchange, an

impaired GTP hydrolysis, and a decrease in GEF, GAP,

and effector interactions. Subsequent biochemical analysis

of RRAS2p.Ala70Thr clearly confirmed these structural predic-

tions, as assessment of the intrinsic and stimulated nucle-

otide exchange demonstrated a significantly increased
e 6, 2019



Figure 1. Clinical Features of Individuals
with Heterozygous Noonan Syndrome-
Causing RRAS2 Variants
(A) Clinical appearance of subject 1 at 7
years and 11 months. Note the distinctive
NS features, including bitemporal narrow-
ing, downslanting palpebral fissures, pto-
sis, low-set ears, and low posterior hairline.
(B) Facial features of subject 2 at 2 years and
6 months. Facial features overlap those
characterizing subject 1, even though a
‘‘coarse’’ face is also observed.
(C) Subject 2 brain MRI at 11 years and
9 months showing Chiari type 1 malfor-
mation and bilateral ventricular dilatation.
(D) Pedigree of family 3.
(E) Clinical appearance of subject 3-II-1 at
the age of 11 months and 4.5 years.
(F) Facial features of subject 3-II-2 at
9 months and 5 years. The NS facial gestalt
of subjects 3-II-1 and 3-II-2 became less
obvious in adulthood.
response of the RRAS2p.Ala70Thr protein to GEF as compared

to wild-type RRAS2 (Figure 2C). In contrast, the GTP hy-

drolysis reactions of the mutant were reduced compared

to the wild-type protein. Particularly, the GAP-stimulated

GTPase activity of RRAS2p.Ala70Thr was significantly

decreased (9-fold) (Figure 2C). Finally, the binding proper-

ties to two RRAS2 effectors, RAF1 (CRAF) and RASSF5, were

assessed. While the affinity of the interaction with CRAF

was comparable to that of wild-type RRAS2, binding to

RASSF5 was abolished (Figure 2C). This suggests the

p.Ala70Thr change leads to a structural rearrangement of

RRAS2 switch II, which is a key binding site for RASSF5

but not for CRAF. Overall, these data support that the

p.Ala70Thr change leads to an accumulation of RRAS2 in

its GTP-bound active state, which predicts an increase in

signaling activity. The impaired binding to RASSF5, how-

ever, suggest a possible differential impact of the missense

change on downstream signaling pathways.

RRAS2 shares downstream effectors with the other mem-

bers of the RAS subfamily;35 however, little information ex-

ists about the function of this protein in cellular processes

and development. Similarly, scant data exist on the specific

role of this protein in intracellular signaling as well as on

the extent of functional overlap with the other RAS

proteins implicated in RASopathies. To explore the conse-

quences of NS-associated RRAS2mutations on the intracel-
The American Journal of Human Ge
lular signaling pathways affected in

NS, the signaling flows through the

MAPK and phosphatidylinostiol-3

kinase (PI3K)-AKT cascades were eval-

uated using transient expression in

HEK293T cells. Expression of all mu-

tants resulted in variably enhanced

ERK phosphorylation compared

to cells overexpressing the wild-

type protein (Figure 3A). Notably,
RRAS2p.Ala70Thr and RRAS2p.Gln72Leu were observed to

constitutively promote increased ERK phosphorylation,

while only a slight increase was observed basally in cells

expressing the RRAS2p.Gly22_Gly24dup and RRAS2p.Gly23Val

mutants. However, this slight increase substantially

strengthened after stimulation with EGF. This activating

role of p.Gly22_Gly24dup is in line with previous evidence

supporting the gain-of-function role of short insertional

mutations in the P loop of other members of the RAS

family.40 Based on previous data indicating that upregu-

lated RRAS2 promotes tumorigenesis in a PI3K-dependent

manner,41 the impact of NS-associated mutants on PI3K-

AKT signaling was also assessed. No significant difference

in the extent of AKT phosphorylation was documented,

indicating a specific functional link between RRAS2 and

the MAPK signaling cascade, at least in the present experi-

mental conditions. In line with these findings, Rras2 KO

mice showed a downmodulation of Erk activation and un-

altered levels of phosphorylated Akt.42

RAS proteins interact with multiple signaling platforms,

which allow these proteins to differentially control multi-

ple signaling pathways.43 Such complex behavior is

attained by their dynamic interaction with the plasma

membrane and other intracellular membranes (i.e., endo-

somes, endoplasmic reticulum, and Golgi). To explore

any perturbing effect of mutations on the subcellular
netics 104, 1223–1232, June 6, 2019 1227



Figure 2. RRAS2 Structure and Location and Functional Impact of Noonan Syndrome-Causing Variants
(A) Schematic representation of RRAS2 and HRAS proteins. Conserved motifs critical for tight guanine nucleotide binding and hydro-
lysis, and position of the disease-causing RRAS2 variants are illustrated together with the homologous residues of HRAS. The three res-
idues representing the mutational hotspots of oncogenic HRAS mutations are shown in red.
(B) Structural modeling of RRAS2 variants. A structural model of the active GTP-bound RRAS2 protein highlights the relative position of
the disease-causingmissense or insertionmutations. All RRAS2mutations affect residues that are located in the nucleotide binding active
site region, which contains integral elements involved in GDP/GTP binding, GTP hydrolysis, and interactions with regulators (GEFs and
GAPs) and effectors.
(C) Biochemical assessment of RRAS2p.Ala70Thr. RRAS2WT and RRAS2p.Ala70Thr proteins were biochemically characterized regarding their
nucleotide exchange (left), GTP hydrolysis (middle), and effector binding (right) properties. The nucleotide exchange reaction was
measured in the absence (intrinsic) and in the presence of the catalytic RASGEF domain of mouse RASGRF1, while the catalytic activity
of the GTPase was assessed in the absence (intrinsic) and in the presence of the p120 RASGAP GAP domain. The RAS-binding and RAS
association domains of CRAF and RASSF5 were used to evaluate the binding behavior of the RRAS2p.Ala70Thr mutant to RAS effectors.
Overall, the data indicate that the p.Ala70Thr change leads to an accumulation of the protein in its GTP-bound active state, resulting
to an increased signaling activity. The missense change, however, is predicted to differentially impact on the diverse downstream
signaling pathways.
localization and distribution of RRAS2, including possible

preferential targeting to specific intracellular domains,

confocal laser scanning microscopy analysis was per-

formed in HEK293T cells transiently expressing Myc-

tagged RRAS2 constructs under starved condition.

Similarly to the wild-type protein, a fraction of all RRAS2

mutant proteins co-localized with GM130, indicating their

targeting to the Golgi apparatus, and the remainder were

largely found at the plasma membrane (Figure 3B, left),

indicating that mutations do not cause any overt subcellu-

lar redistribution of the GTPase. Notably, transient expres-

sion of all mutants was found to variably impact cell

morphology and cytoskeletal rearrangement, with all

mutant proteins promoting spreading and adhesion

(Figure 3B, right). Taken together, these experimental

data suggest that NS-associated RRAS2 mutations

variably upregulate MAPK signaling and are likely to affect

cellular processes depending on cytoskeleton rearrange-

ment similar to observations of RASopathy-causing KRAS

mutants.44

Our findings establish RRAS2 germline mutations as a

cause of NS. Although previous screening of a cohort of
1228 The American Journal of Human Genetics 104, 1223–1232, Jun
116 subjects with a clinical diagnosis of NS without a ge-

netic explanation did not identify germline pathogenic

RRAS2 variants,45 the present collaborative effort allowed

to identify six unrelated affected individuals. Of the case

subjects reported here, two individuals carrying de novo

germline NS-causing RRAS2 variants (subjects 1 and 2)

were identified among 1,220 samples addressed to Robert

Debré Hospital, Paris, for diagnostic testing for NS, be-

tween February 2016 and September 2018. Within the

same period, 181 of these subjects were found to carry a

PTPN11 mutation. At the University Hospital of Magde-

burg, screening of a multigene panel including RRAS2 in

a cohort of 280 subjects with a tentative diagnosis of NS

and negative results for mutations in previously known

genes yielded two RRAS2 mutation-positive cases. Finally,

no putative RRAS2 mutation was identified among 150

case subjects with a clinical diagnosis of NS from Ospedale

Pediatrico Bambino Gesù, Rome. Overall, these findings

indicate that RRAS2 mutations are rare events in NS.

The phenotypes associatedwith the two RRAS2mutation

hotspots were found to fit well within the clinical spectrum

of NS even though they appeared variable in terms of
e 6, 2019



Figure 3. Biochemical and Functional
Characterization of Noonan Syndrome-
Causing RRAS2 Variants
(A) ERK and AKT phosphorylation assays.
HEK293T cells were transfected with the
indicated Myc-tagged RRAS2 constructs.
Following starvation (18 h) and EGF stimu-
lation (30 ng/mL for 15min), ERK and AKT
phosphorylation levels were evaluated us-
ing a mouse monoclonal anti-phospho-
p44/42 ERK (Thr202/Tyr204) antibody
and a rabbit polyclonal anti-phospho-AKT
(Ser473) antibody, respectively. To assess
myc-RRAS2 protein levels, 20 mg of total
lysates were immunoblotted with a mouse
monoclonal anti-Myc antibody. Mem-
branes were re-probed with mouse mono-
clonal anti-GAPDH antibody for protein
normalization. Representative blot of three
performed experiments are shown.
(B) RRAS2 subcellular localization showed
by confocal laser scanning microscopy
(CLSM) observations (left). Assays were
performed on HEK293T cells starved over-
night and stained with an anti-Myc mouse
monoclonal antibody, followed by goat
anti-mouse Alexa Fluor-488 (green), and
an anti-GM130 (Golgi marker) rabbit
polyclonal antibody, followed by goat
anti-rabbit Alexa Fluor-594 (red). Nuclei
are visualized by DAPI staining (blue). Co-
localization areas were detected in yellow.
CLSM observation were also performed at
the basal level of cells to show the distinc-
tive pattern of adhesion-like structures
and cytoskeletal rearrangement in cells ex-
pressing the RRAS2 mutants (right). In all
panels, bars correspond to 21 mm.
severity.While individuals 1, 2, 5, and 6 had features fitting

typical NS, the phenotype in some affected members of

family 3 was relatively mild. On the other hand, subject 4

showed a complex and particularly severe phenotype with

multiple congenital anomalies and neonatal lethality. Of

note, prenatal features (nuchal edema, polyhydramnios,

and/or cardiomyopathy) were reported in five of six sub-

jects, and none showed pulmonary valve stenosis or hyper-

trophic cardiomyopathy.While the small size of the studied

cohort does not allow us to outline specific genotype-

phenotype correlations, we hypothesize that such variable

expressivity likely reflects the differential strength of indi-

vidual variants to perturb RRAS2 function and intracellular
The American Journal of Human Ge
signaling. Consistent with the

collected functional data, p.Gln72Leu

(analogous to p.Gln61Leu in HRAS,

NRAS, and KRAS) is a strong activating

mutation and has not been observed

to occur as a germline event in HRAS,

KRAS, or NRAS. Similar differences

in the biological and phenotypic

consequences have previously been

reported for HRAS, NRAS, and

KRAS,12–14,30,31,46–53 including the
positions corresponding to the presently identified RRAS2

mutations. The genotype-phenotype correlations in HRAS

are illustrative and correlate well with the present findings:

while p.Ala59Thr has been associated with Costello syn-

drome and p.Gly12Val has been reported with severe

expression of Costello syndrome,46 p.Gln61Leu and other

changes at this codon have only been reported as somatic

events in cancer (Table S1).

A noticeable finding of this study is the observation of a

diverse impact of the p.Ala70Thr on RRAS2 binding to

CRAF/RAF1 and RASSF5. These data suggest the possibility

that multiple signaling pathways downstream of RRAS2

may contribute to dysregulation of cellular processes
netics 104, 1223–1232, June 6, 2019 1229



(e.g., cell proliferation). As expected, a variable hyperacti-

vation of the MAPK pathway resulting from the hyperac-

tive state of the GTPase and unaltered binding to CRAF

was observed for the NS-causing RRAS2Ala70Thr protein.

Remarkably, impaired binding of this mutant to RASSF5,

a known tumor suppressor protein negatively modulating

YAP1 levels through activation of the Hippo pathway, was

also observed. YAP1 is a transcriptional cofactor promoting

cell proliferation, which undergoes RASSF5-mediated

phosphorylation and degradation.54 The impaired binding

of RRAS2 to RASSF5 raises the possibility that a less effec-

tive Hippo-mediated control of YAP1 levels may contribute

to disease pathogenesis in NS.

Among RAS GTPases, RRAS2 exhibits the highest amino

acid identity toHRAS,KRAS,andNRAS.35Somaticmutations

inRRAS2havebeenestablishedtocontribute tooncogenesis,

even though in a substantially restricted tumor type and less

frequently compared to HRAS, KRAS, and NRAS. Consis-

tently, it was originally demonstrated that RRAS2 proteins

containing amino acid substitutions analogous to those

with oncogenic role in HRAS, KRAS, and NRAS have trans-

forming properties comparable to the strong transforming

activityofRASoncoproteins and similarlypromote constitu-

tive activation of the MAPK cascade.55 Our findings, which

are in line with the data presented in an accompanying

report by Niihori et al. published in this issue,56 further

extend these observations by demonstrating the clinical

relevance of a narrow spectrum of germline pathogenic var-

iants inRRAS2 as the event underlying a small fraction ofNS

cases via upregulation ofMAPK signaling. Further studies are

required to more accurately define the precise mechanisms

and circuits linking upregulated RRAS2 function and RAS-

MAPK signaling dysregulation.
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