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1 | INTRODUCTION
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Abstract

Gain of function pathogenic variants in MRAS have been found in a small subset of
pediatric subjects presenting with Noonan syndrome (NS) associated with hypertro-
phic cardiomyopathy (HCM) and moderate to severe intellectual disability. These var-
iants are considered to confer a high-risk for the development of severe HCM with
poor prognosis and fatal outcome. We report on the natural history of the first adult
subject with NS carrying the recurrent pathogenic p.Thré8lle amino acid substitution.
Different from what had previously been observed, he presented with a mild, late-
onset left ventricular hypertrophy, and a constellation of additional symptoms rarely
seen in NS. The present case provides evidence that HCM does not represent an
obligatory, early-onset and severe complication in subjects with MRAS variants. It
also adds new data about late-onset features suggesting that other unexpected com-
plications might be observed in adult subjects providing anticipatory guidance for

individuals of all age.
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mainly characterized by short stature, a wide spectrum of congenital

heart defects (CHDs), and a distinctive facial gestalt (e.g., relative

The term “RASopathies” refers to a group of genetic conditions
caused by upregulated RAS signaling through the mitogen-activated
protein kinase (MAPK) pathway (Tartaglia & Gelb, 2010). This class of
diseases represents one of the most frequent nonchromosomal disor-
ders affecting development. Noonan syndrome (NS [MIM
PS163950]), the most common entity among the RASopathies, is

macrocephaly, hypertelorism with downslanted palpebral fissures,
ptosis, and low-set posteriorly rotated ears), associated with a recog-
nizable pattern of features, including short stature, pectus anomalies,
low posterior hairline, and a broad/webbed neck (Roberts, Allanson,
Tartaglia, & Gelb, 2013; Tartaglia, Gelb, & Zenker, 2011). Subjects

with NS show an increased risk for bleeding disorders and certain

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. American Journal of Medical Genetics Part C: Seminars in Medical Genetics published by Wiley Periodicals LLC.

Am J Med Genet. 2023;1-7.

wileyonlinelibrary.com/journal/ajmgc 1

519017 SUOWWIOD BAIRBIO 3o idde ) Aq PaUBAOB 3.8 DI VO ‘35N J0 S9INJ 10} AIRIGITBUIIUO /B|I UO (SUONIPUO-PUE-SWiS) w003 1w ATRJq1puluo//SdIy) SUOIPUOD PUE LB 1 843 39S *[£202/20/TT] U0 AkiqiT8uliuo A |IM BIRIPURIL0D AQ 1E0ZE 9" Buiie/Z00T 0T/10p/w00 5| 1 AZeId1pujuo//Sdiy Wosj Papeo|umod ‘0 ‘9/8rZaST


https://orcid.org/0000-0002-8318-7231
https://orcid.org/0000-0001-7736-9672
mailto:prioloma@libero.it
mailto:marco.tartaglia@opbg.net
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ajmgc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fajmg.c.32034&domain=pdf&date_stamp=2023-02-03

MERICAN JOURNAL OF

2_|_W] L_E'Y —medical genetics

PRIOLO ET AL

Seminars in Medical Genetics

malignancies, and may have variable developmental delay/intellectual
disability (DD/ID), cognitive deficits and behavioral abnormalities, as
well (Zenker, 2022). CHDs include a high prevalence of pulmonic
valve stenosis (PVS) and hypertrophic cardiomyopathy (HCM), the lat-
ter occurring in approximately 20% of the general NS population
(Roberts et al., 2013). Many of these features are shared with other
RASopathies (e.g., cardiofaciocutaneous syndrome [MIM PS115150],
Mazzanti syndrome [MIM PS607721], Costello syndrome [MIM
218040], Legius syndrome [MIM 611431], and neurofibromatosis
type | [MIM 162200]) (Tartaglia, Aoki, & Gelb, 2022).

Usually, HCM has an early-onset, with a greater rate of conges-
tive heart failure, left ventricular outflow obstruction, and earlier mor-
tality with respect to other pediatric forms of HCM (Lioncino
et al., 2022). NS has been associated with pathogenic variants in more
than 12 genes encoding proteins with a role in the RAS-MAPK signal-
ing pathway (Tartaglia et al., 2022), and is mainly transmitted as an
autosomal dominant trait with a high proportion of de novo muta-
tions. Rare recessive forms associated with biallelic inactivating vari-
ants in LZTR1 and SPRED2 have been recently identified, as well
(Johnston et al., 2018; Motta et al., 2021).

MRAS (MIM 608435) encodes a small monomeric GTPase of the
RAS family controlling multiple signaling pathways including the
MAPK and PI3K-AKT cascades (Nakhaei-Rad et al., 2018; Wenner-
berg et al., 2005). Gain-of-function (GoF) variants in MRAS have been
found in six pediatric subjects presenting with NS (Higgins
et al., 2017; Motta et al., 2020; Pires et al., 2021; Suzuki et al., 2019).
All of them had moderate to severe ID and showed severe HCM,
which was fatal in two cases during the first months of life (Motta
et al., 2020; Pires et al., 2021). Here, we describe the natural history
of the first adult subject with the recurrent p.Thré8lle substitution
presenting with NS, who showed ID and developed mild late-onset
left ventricular hypertrophy associated with a rare cardiac malforma-
tion (i.e., interatrial septal aneurism [IASA]) and mitral valve prolapse.
He also presented with additional clinical features previously unre-
ported in MRAS-related NS and extremely rare in the overall NS popu-

lation, which recommend a specific long-term follow-up.

2 | CLINICAL REPORT

The proband is a 40-year-old man, the first son of nonconsanguineous
healthy parents. He has two healthy brothers and two sisters. The
mother had five first-trimester miscarriages during her reproductive
life. He was born at term by Cesarean section because of multiple
umbilical cord wrapping around the neck, after an uneventful preg-
nancy. His birth weight was 3,300 g (—0.42 SD, 34° centile), birth
length and occipital-frontal circumference (OFC) not being reported.
He had psychomotor delay: head control was achieved at 4 months,
he sat autonomously at 8 months, walked alone at 15 months, and
pronounced his first words at 4 years. At 5 years, slight abnormalities
in the EEG pattern without clinical relevance were noted. He subse-
quently suffered from complex partial seizures at 14 years, for which

he was pharmacologically treated with carbamazepine and partially

controlled. At 7 years and 7 months, growth parameters were as fol-
lows: height 119 cm (—1.15 SD, 12th centile), weight 23.5 kg (—0.30
SD, 38th centile), and OFC 55 cm (4-2 SD, 98th centile). At 14 years,
right convex scoliosis, dorsal kyphosis, and pectus carenatum were
documented. At 19 years, he developed psychiatric symptoms with
easily provoked outburst, heteroaggressive and autoaggressive behav-
ior, foul language, destructive and inappropriate social behavior, autis-
tic closure with a diagnosis of schizophrenic psychosis, which was
pharmacologically treated with multidrug therapy. At 20 years, a
lipoma at the right forearm with axillary reactive lymph nodes was
surgically removed.

At last observation (39 years), he had broad forehead, laterally
sparse bushy eyebrows, ptosis, downslanted palpebral fissures, low-
set posteriorly rotated ears, bulbous nasal tip, upturned nostrils, prom-
inence of nasolabial sulci, long deep philtrum, M-shaped upper lip with
full lower lip, pointed chin, mild short/webbed neck, and pectus cari-
natum. A clinical diagnosis of NS was made. The echocardiogram
revealed mild hypertrophic left ventriculum, with a ventricular pump
function within the normal range (ejection fraction 66%), IASA, and

mitral valve prolapse.

3 | MOLECULAR ANALYSES

Parallel sequencing using a multigene panel including all known genes
implicated in RASopathies (see Supplemental Methods of
Appendix S1) revealed a heterozygous pathogenic variant, c.203C>T
(NM_001085049.3), in exon 3 of MRAS, predicting the substitution of
a threonine residue by isoleucine at codon 68 (p.Thré8lle), which had
previously been reported as a de novo event in three individuals with
NS (Higgins et al., 2017; Motta et al., 2020; Pires et al., 2021). The
variant was validated by Sanger sequencing, which also confirmed its
presence in genomic DNA extracted from cultured fibroblasts. Paren-
tal DNA specimens were not available for segregation analysis. Since
the occurrence of the unusual psychiatric features, exome sequencing
was also performed using DNA from peripheral blood leukocytes
(Supplemental Methods of Appendix S1), which excluded the occur-
rence of additional clinically relevant variants in genes implicated in

neurobehavioral and psychiatric disorders (Table S1).

4 | DISCUSSION

Here, we report on the first adult individual carrying the recurrent
pathogenic ¢.203C>T change (p.Thré8lle) in MRAS and showing mild
cardiac findings associated with a constellation of unusual features in
NS. The p.Thré8lle substitution has previously been reported in three
other individuals showing severe neonatal/early-onset HCM. This
report highlights the variability in cardiac presentation of pathogenic
MRAS variants, and profile the natural history of NS caused by a GoF
variant in this gene.

MRAS is highly homologous to other GTPases of the RAS family
mutated in RASopathies (i.e., HRAS, NRAS, KRAS, Rand RRAS2). The
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FIGURE 1 Affected amino acid residues of RAS GTPases implicated in RASopathies. Residues of MRAS mutated in Noonan syndrome and

those affected in other RAS GTPases implicated in RASopathies are shown together with the major functional motifs/domains characterizing
these proteins. Only likely pathogenic/pathogenic variants are reported. Residues affected by somatic mutations contributing to oncogenesis are
also shown. Homologous residues are aligned. CFCS, cardiofaciocutaneous syndrome; CS, Costello syndrome; NS, Noonan syndrome.

recurrent pathogenic changes found in MRAS have also been found at
homologous residues in other RAS genes (Figure 1). These changes
can be either associated at germline level with NS and other RASopa-
thies (i.e., cardiofaciocutaneous syndrome and Costello syndrome) or,
somatically, with different types of tumors (Figure 1). Although the
small number of individuals carrying pathogenic MRAS variants, our
case supports the definition of a mutational hotspot, being the fourth
one found heterozygous for the p.Thré8lle substitution. Variants at
just two other MRAS residues (Gly23 and GIn71) have been identified,
indicating the occurrence of a narrow spectrum of missense variants
causing NS.

MRAS interacts with SHOC2 and the catalytic subunit of protein
phosphatase 1 (PP1C) to form a heterotrimeric holoenzyme with
phosphatase activity (Rodriguez-Viciana, Oses-Prieto, Burlingame,
Fried, & McCormick, 2006). RAF proteins are major RAS effectors
that, under basal conditions, are maintained in an autoinhibited con-
formation through 14-3-3 protein binding. The dephosphorylation of
the inhibitory Ser259 residue in RAF1 (Ser365 in BRAF) by the
MRAS-SHOC2-PP1C holophosphatase results in the partial dissocia-
tion of the RAF-14-3-3 protein complex, favoring stable RAF-RAS
binding and activation of the kinase (Liau et al., 2022). The Thré8lle
substitution is located in a region that does not directly interact with

the ternary complex MRAS-SHOC2-PP1C, but has been demon-
strated to maintain the GTPase in its active GTP-bound conformation
and has been proved to promote a more stable translocation of the
SHOC2-PP1C complex to the plasma membrane, leading to an
enhanced activation of the MAPK pathway (Liau et al., 2022; Motta
et al., 2020; Young et al., 2018).

We report on the oldest individual affected with MRAS-related
NS providing an overview of the clinical presentation and natural his-
tory of the disorder. In particular, he showed psychomotor and speech
delay, adolescent seizures (onset at 14 years), psychiatric symptoms,
late-onset cardiac involvement, mild musculoskeletal abnormalities,
and a lipoma at the right forearm. The clinical presentation of the sub-
ject offers a unique opportunity to re-evaluate the clinical presenta-
tion and natural history of MRAS-related NS. The subject showed mild
late-onset left ventricular hypertrophy. This finding is striking in con-
trast with what has previously been reported in other MRAS-related
NS individuals who presented with very early-onset HCM, character-
ized by a severe and progressive course including cardiac arrest in the
newborn period, eventually leading to cardiac failure and premature
death in two subjects (Table 1). The previously reported homogeneity
of the cardiac phenotype is in contrast with the overall prevalence of
HCM in NS, thus it was acknowledged that variants in MRAS are likely
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to confer a high-risk for the development of severe HCM with poor
prognosis and fatal outcome. To the best of our knowledge, the pre-
sent subject represents the first report of MRAS-related NS who
shows mild cardiac involvement (IASA and mild mitral valve prolapse).
IASA is an unusual CHD; it has rarely been seen in NS subjects, who
show ventricular septum aneurysms more frequently (Otsuka
et al, 2006). This finding has a relevant importance in long-term
follow-up, being IASA associated with a higher risk for cerebrovascu-
lar events (Gallet et al., 1985). It is possible that other MRAS-related
NS individuals may not have been evidenced with IASA due to their
young age or premature death. Of note, the p.Thré8lle change has
been found twice in patients with HCM and other associated CHDs:
atrial septum defect (ASD) and PVS (Higgins et al., 2017) and ASD
with left ventriculum apical aneurism (LVAA) (Pires et al., 2021).
Among them, LVAA seems to be the most functionally related anom-
aly with IASA.

The present subject presented with complex partial seizures at
14 years. Recurrent seizures have rarely been reported in NS individ-
uals (Romano et al., 2010), but are much more represented in CFCS
and, less frequently, in Mazzanti syndrome caused by pathogenic vari-
ants in BRAF, MAP2K1, MAP2K2, SHOC2, and PPP1CB (Battaglia
et al., 2021; Motta et al., 2022; Pierpont et al., 2022). All these pro-
teins physically interact with MRAS (i.e., forming the MRAS-SHOC2-
PP1C complex) and/or are tiers of the MAPK cascade, highlighting a
common molecular mechanism strictly related to MAPK signaling dys-
regulation in the pathogenesis of seizures.

The subject was also affected with severe psychosis diagnosed in
his twenties. Major psychiatric disorders are described as sporadic
cases in NS, typically with a mid-life onset and usually presenting with
co-occurring ID (Verhoeven, Wingbermihle, Egger, van der Burgt, &
Tuinier, 2008). Although we cannot definitely exclude the co-
occurrence of different neurological and psychiatric conditions in the
same individual, dedicated surveillance in MRAS-related NS subjects
after puberty could be eventually considered, to exclude late-onset
presentation.

The proband was also diagnosed with a large lipoma at the right
forearm with axillary reactive lymph nodes, which was surgically trea-
ted at 20 years. Lipomas are a rare finding in RASopathies. The review
of the literature evidenced one individual with NRAS-related NS and a
cerebral lipoma (Altmiller et al., 2017) and one case of dominantly
inherited LZTR1 pathogenic variant in a NS individual showing a tho-
racic lipoma (Farncombe, Thain, Barnett-Tapia, Sadeghian, &
Kim, 2022). On the other hand, somatic mutations in HRAS have
recently been reported in vascular malformation/overgrowth syn-
dromes (VMOS) characterized by congenital aberrant vascular struc-
tures combined with overgrowth of surrounding tissues, whose
characterization may also include histological description ascribed to
lipomas (Eijkelenboom et al., 2019). Most of the identified variants are
known pathogenic substitutions with oncogenic behavior, mainly
located at residues 12, 13, 61, and 146. In seven cases, a somatic
duplication of 7-10 amino acid residues within the switch Il region
was identified. Previously, two unrelated subjects affected with mild
CS and in-frame  duplication

carrying an  overlapping

Seminars in Medical Genetics

(p.Glu63_Asp69dup) have been described (Lorenz et al., 2013; Xu,
Wang, Lin, & Yu, 2015). A similar somatic and an addition germinal
insertion in KRAS have been found in one VMOS and in one NS indi-
vidual, respectively (Eijkelenboom et al., 2019). They are all located
very near to or comprising the Thr58 residue, which is homologous to
the Thré8 residue of MRAS. All these variants have been proved to
act as weakly but constitutively activating substitutions determining
an increased affinity for the RAS binding domain of RAF proteins.
Although it would have been interesting to more accurately classify
the nature of the lesion that was histologically identified as lipoma,
soft tissue MRI could not be performed in order to verify a possible
vascularization. Unfortunately, residual specimens were not available
for further analyses due to long time from the first evaluation.

The present report emphasizes the relevance of reaching a molec-
ular diagnosis in adult patients in terms of generating new knowledge.
The evolution of phenotypes in rare diseases is one of the most chal-
lenging diagnostic difficulties in clinical practice. The vast majority of
genetic diagnoses obtained through genomic sequencing are mostly
achieved in childhood to late adolescence, and due to the low preva-
lence of individual rare diseases, very little is known about their natu-
ral history and clinical spectrum during adulthood. Although
RASopathies are relatively frequent conditions, some of them are
caused by rare pathogenic variants in recently identified genes, with
very few subjects described, leading to uncertainty about prognosis.
Pathogenic MRAS variants have been commonly recognized as confer-
ring a high-risk for HCM and ID with a severe prognosis. The present
case provides evidence that HCM does not represent an obligatory,
early-onset, and severe complication in subjects with MRAS variants,
even in individuals with the recurrent p.Thré8lle substitution. It also
adds new data about late-onset features suggesting that other unex-
pected complications might be observed in adult subjects providing
anticipatory guidance for individuals of all age.

The profiling of the natural history in rare diseases is also of great
value in long-term follow-up and managing of concomitant diseases
whose course might be exacerbated by the pre-existing genetic disor-
der, eventually improving their healthcare outcomes. In this specific
case, the presence of IASA suggests a higher risk for cerebrovascular
events, recommending high blood pressure accurate monitoring and

treatment.
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