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Abstract

The RASopathies are a group of clinically and genetically heterogeneous developmental disorders caused by dysregulation
of the RAS/MAPK signalling pathway. Variants in several components and regulators of this pathway have been identified
as the pathogenetic cause. In 2015, missense variants in A2MLI were reported in three unrelated families with clinical
diagnosis of Noonan syndrome (NS) and a zebrafish model was presented showing heart and craniofacial defects similar to
those caused by a NS-associated Shp2 variant. However, a causal role of A2MLI variants in NS has not been confirmed
since. Herein, we report on 15 individuals who underwent screening of RASopathy-associated genes and were found to carry
rare variants in A2MLI, including variants previously proposed to be causative for NS. In cases where parental DNA was
available, the respective A2ML1 variant was found to be inherited from an unaffected parent. Seven index patients carrying
an A2ML]I variant presented with an alternate disease-causing genetic aberration. These findings underscore that current
evidence is insufficient to support a causal relation between variants in AZMLI and NS, questioning the inclusion of A2ZMLI
screening in diagnostic RASopathy testing.

Supplementary information The online version of this article (https://
doi.org/10.1038/s41431-020-00743-3) contains supplementary
material, which is available to authorized users.
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Introduction

The RASopathies comprise a group of syndromes sharing
craniofacial features, cardiac anomalies, short stature, and
variable developmental delay [1]. Noonan syndrome (NS;
OMIM 163950) is the most common disorder among them.
The molecular basis underlying NS is dysregulation of the
RAS/MAPK pathway leading to increased ERK activation.
Accordingly, the demonstration of an increased phospho-
ERK/ERK ratio basally and/or after receptor tyrosine kinase
(RTK) stimulation is a well-established functional assay for
NS-associated mutants [2]. Variants in over 15 genes
encoding components and direct modulators of the RAS/
MAPK-pathway have been associated with NS, and further
heterogeneity is anticipated [3]. NS-associated variants act in
a dominant manner, with the exception of LZTRI1, for which
dominant and recessive inheritance is observed [4]. In 2015,
Vissers et al. reported the association of heterozygous germ-
line variants in A2MLI with a disorder clinically related to NS
[5]. Two subsequent publications reported three additional
A2MLI variants in NS patients [6, 7]. A2MLI encodes alpha-
2-macroglobulin-like 1, a protein of the a2-macroglobulin
protease inhibitor superfamily, which acts as a protease
inhibitor and component of the complement system [8, 9]. It
is most abundantly expressed in keratinocytes, but also found
in placenta, thymus and testis [9]. Its physiological role is
largely unknown and no effect on the RAS/MAPK pathway
has been demonstrated so far [10]. Genomic A2MLI variants
are also reported in different clinical context, namely as
genetic factor conferring susceptibility to otitis media [11, 12].
Furthermore, autoantibodies against A2ML1 are frequently
detected in individuals with paraneoplastic pemphigus
[13, 14]. Herein, we report our experience with A2MLI
mutational screening in 1029 patients with clinical suspicion
of NS or another RASopathy.

Patients and methods
Subjects

Two prospective cohorts of 369 (University Hospital Mag-
deburg, Germany) and 470 (San Giovanni Rotondo, Italy)
patients with clinical signs of NS/RASopathy underwent
multigene panel sequencing of RASopathy-related genes
including A2MLI in a diagnostic setting. Two additional
cohorts including 95 patients each (Rome, Italy; Paris,
France) with clinical features suggestive of NS/RASopathy
were retrospectively screened for A2ZMLI variants in the frame
of research projects. Informed consent was obtained from
individuals or their legal guardians for genetic testing
according to national legal regulations and for the anonymous
publication of genotype and phenotype data. Individuals for

which phenotype data are reported here were assessed by
experienced clinical geneticists (Supplementary Methods).

Molecular analysis and variant classification

Genomic DNA was extracted from blood or saliva samples,
according to standard procedures. Multigene panel sequen-
cing was performed using different techniques according to
standard protocols (for further details see Supplementary
Methods). Standard and RASopathy-adapted ACMGe-criteria
were applied to classify identified and previously published
variants [2, 15]. Accession version numbers on which variant
descriptions are based are given in Supplementary Table 1.

Results

We identified 15 individuals with rare and novel non-
synonymous variants in A2ML1 (Supplementary Table 1). In
ten cases, variants were inherited from a clinically unaffected
parent (case 3, 5, 6, 8, 9, 10, 12, 13, 14, 15). Seven indivi-
duals were found to have a concurrent known (likely) causal
genetic variant explaining the phenotype: six (case 2, 3, 4, 7,
8, 13) had variants in established RASopathy genes (Sup-
plementary Table 1) and one turned out to have a micro-
deletion 7ql1.2 confirming clinical diagnosis of Williams-
Beuren syndrome (case 12). In patient 3, we detected a known
HRAS variant, reported to cause a mild Costello syndrome-
phenotype [16], together with an A2MLI variant, c.1769C>T,
p-(Ala590Val), located closely to the site of the reported
missense variant p.(Arg592Leu) [S]. The HRAS variant was
inherited from her similarly affected mother while the A2MLI
variant was inherited from the unaffected father. Subject 7
harboured a known NS-causing RAFI variant, ¢.770C>T, p.
(Ser257Leu) [17], and subject 8 (previously published [18])
harboured a likely causal de novo variant in MAP2KI
¢.275T>G, p.(Leu92Arg) consistent with a clinical phenotype
of cardio-facio-cutaneous (CFC) syndrome [2]. Both were
also carrying the same A2MLI variant p.(Arg802His) that had
been previously reported as a de novo variant in the index
family reported by Vissers et al. [5]. For subject 8, the A2MLI
variant was inherited from the unaffected father. The clinical
presentation of patients with concurrent known RASopathy-
causing variants was fitting with the expected phenotype and
no additional or extraordinarily severe symptoms were
exhibited that could not be accounted by their respective
variant in CBL, HRAS, RIT1, RAF1, MAP2KI and PTPNI1.

In one of the eight remaining individuals (case 1) without
an alternate variant in an established gene for NS, parental
DNAs were not available to test segregation, but careful re-
analysis of the phenotype indicated that clinical features
were insufficient to meet the criteria for a definite clinical
diagnosis of NS [19]. The A2ML]1 variant observed in this
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case was formally classified as VUS. Subject 11 inherited
the A2ML1 variant from her father who was also considered
as possibly affected by NS, but this variant was classified as
LBEN/BEN, because of its population frequency. A sum-
mary of all variants from this study as well as variants
previously reported in the literature and their classification
is shown in Supplementary Table 1. All identified variants
were submitted to ClinVar (www.ncbi.nlm.nih.gov/clinvar/
under the submission number SUB7750339. Accession
numbers are shown in Supplementary Table 1).

Discussion

Three previous reports associated A2MLI variants with NS/
NS-like-phenotypes [5—7]. Vissers et al. identified a de novo
¢.2405G>A, p.(Arg802His) variant by trio exome sequen-
cing in a girl with craniofacial and thoracic anomalies sug-
gestive of NS, intellectual disability, anxiety disorder, easy
bruising, failure to thrive in infancy, prenatally detected
hygroma colli and polyhydramnios. Two additional variants,
¢.2405G>T, p.(Arg802Leu) and c.1775G>T, p.(Arg592Leu),
were detected by targeted sequencing in a cohort of 155
individuals with a clinical suspicion of NS. Both variants
were familial, and carriers displayed variable symptoms
mostly belonging to the various non-specific anomalies that
may occur in NS (pigmented nevi, anxiety disorder, easy
bruising, intellectual disability, prenatally detected poly-
hydramnios or failure to thrive). Only one out of seven
A2MLI variant carriers had a heart defect typical of NS
(pulmonary stenosis) and only two had short stature. One
carrier was completely asymptomatic [5]. Several A2MLI
variant carriers from these families were classified as having
facial features of NS. However, after critical review of the
published facial photographs, the presence of a “suggestive
face” or “NS-like-features” in cases 3, 5 and 7 from this
publication is disputable [5], although it has to be admitted
that there is a considerable subjective bias judging the phe-
notype and evaluation of photographs may not be equal to
personal examination. We therefore argue that with strict
application of published diagnostic criteria [19] hardly any-
one of the families 2 and 3 in the paper by Vissers et al.
would meet the diagnosis of NS. Absence of a clear NS
phenotype in two A2MLI variant carriers was also reported
by Leung et al. [7]. Van Trier et al. reported the variant
¢.406141G>A in one patient from a cohort of 97 individuals
with NS, who were examined for external ear abnormalities
and hearing impairment but no phenotypic details were
provided [6]. Consistently, application of diagnostic criteria
for NS [19] revealed that the majority of A2MLI variant
carriers from our cohort, who had no alternate variant in an
established RASopathy gene, did not meet the criteria for a
definite diagnosis of NS (Supplementary Table 1).

SPRINGER NATURE

Vissers et al. could not detect significant RAS/MAPK
pathway activation for transfected A2ML1 mutant HEK-
293T and COS7 cells. Expression of the mutants in zebra-
fish, however, was observed to lead to craniofacial and
cardiac defects similar to those induced by a NS-causing
Shp2 mutant, but abnormalities were milder and appeared
later. Leung et al. reported in vitro and in vivo functional
assessment of the variants ¢.256C>T, p.(Pro86Ser) and
c.4261C>T, p.(GIn1421%*) and could not show activation of
the RAS/MAPK pathway, nor abnormal development of
zebrafish embryos [7]. In the frame of this study, no func-
tional studies where performed that could either support or
disprove the data published by Vissers et al. [5]. A2ZMLI is a
large gene with considerable variation in the normal
population. Analysis of constraint metrics of population
databases showed that the probability of loss of function
intolerance for A2MLI is very low (ExAC/gnomAD pLlI
0.00, gnomAD observed/expected ratio 0.77). Vissers et al.
also reported further 36 non-pathogenic A2MLI variants
from a total of 295 cases (Supplementary Information) [5],
adding to this perception. Taken together, the previously
published evidence regarding association of A2MLI with
NS has left several points of concern: (i) failure to
demonstrate an impact of A2MLI variants on RAS/MAPK
activation by well-established assays, (ii) presence of
reported NS-associated A2MLI variants in the general
population, (iii) incomplete segregation of a definite NS
phenotype with familial A2MLI variants, and (iv) lack of
plausible concept for effect of mutant A2ML1 proteins
(gain of function, loss of function, dominant negative). This
was also noted in a recent article reviewing gene-disease
associations for RASopathies [3].

The present study provides further evidence against a
driver role of A2MLI in RASopathies. In more than 1000
individuals that underwent A2MLI sequencing, we did not
observe any variant in A2ML]1 that could be considered as
pathogenic or likely pathogenic for NS. Instead, inheritance
from an unaffected parent in cases where samples could be
obtained (10/15) and a high rate of concurrence with other
causal aberrations fully explaining the phenotype (7/15)
argue against pathogenicity for most identified A2MLI
variants. Specifically, we demonstrate concurrence with a
NS causing RAFI variant and a likely pathogenic de novo
MAP2K] variant as well as inheritance from an unaffected
parent for the previously reported variant p.(Arg802His)
[5]. Re-assessment of previously reported A2ML1 variants
also demonstrated that three out of six had a population
frequency that is far greater than expected for NS (Sup-
plementary Table 1) [2].

In conclusion, our findings genuinely challenge the role
of A2ML]I variants as cause of NS. It has been argued that
incomplete penetrance might explain the observed lack of
segregation [5], which is difficult to exclude definitely.
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However, concurrence of A2MLI variants with clearly
disease-causing variants in alternate genes in individuals
affected by NS, and particularly the fact that this was
observed for the same variant that was originally reported as
a de novo NS-associated variant, leave little room for a NS-
causing role of those A2MLI variants. We do not exclude
that variants in A2MLI may cause any other human phe-
notype, but at least for the variants observed in this study,
the presented findings do not support a dominant patho-
genic effect. Based on this evidence, we conclude that
screening of A2MLI in the diagnostic setting is question-
able, and particularly advice against A2MLI testing in
prenatal settings, as there is imminent risk of misjudgement.
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