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RNF213 variant in a patient with Legius syndrome associated

with moyamoya syndrome

Neurofibromatosis type 1 (NF1) is a clinically heterogeneous
neurocutaneous genetic disorder that may occasionally be
associated with various cerebrovascular anomalies, includ-
ing moyamoya syndrome (Dlamini et al., 2019; Guey et al.,
2015; Sam et al., 2015). A similar vascular involvement has
been very recently reported in a patient with Legius syn-
drome, a rare condition characterized by café-au-lait spots
and macrocephaly either with or without axillary and ingui-
nal freckling, presenting with moyamoya syndrome (MMS)
(Pabst et al., 2020). Although MMS has been largely reported
in individuals with NF1, this recent association with Legius
syndrome is relevant with regard to the phenotypic expan-
sion of this rare condition. Legius syndrome has been long
considered a milder clinical form of NF1, but it is a distinct
autosomal dominant medical condition caused by pathogenic
variants in SPRED1 (OMIM *#609291). We report the second
case of moyamoya syndrome in a patient with Legius syn-
drome caused by a novel frameshift variant in SPRED].

A 20-year-old Caucasian woman was clinically diagnosed
with NF1 during the first years of life, according to the pres-
ence of multiple café-au-lait macules and axillary freckling.
At the age of 4 years, she developed left-arm hemiparesis and
motor weakness. Brain magnetic resonance imaging (MRI)
showed ischemic infarction of the right cerebellar hemi-
sphere and whole-body MRI revealed a mild aortic coarc-
tation, without flow obstruction. At the age of 9 years, she
presented with sudden generalized tonic—clonic seizures and
brain MRI showed acute brainstem and left cerebellar hemi-
sphere ischemia. One week later, an area of diffuse restriction
in the left antero-lateral portion of the pons-midbrain junc-
tion was observed on brain magnetic resonance angiography
(MRA) scans. No arterial narrowing could be noticed, but
conventional angiography revealed tortuosity and irregular-
ity of the distal branches of cerebellar arteries. One year later,
MRA showed tortuosity and caliber irregularities of the su-
perior cerebellar arteries, in combination with a moyamoya
syndrome. Follow-up brain MR As and perfusion studies were
stable. However, the electroencephalogram (EEG) at the age
of 19 years showed bilateral anterior and posterior irritative
abnormalities induced by hyperventilation, suggestive of the

typical “Re-build-up” phenomenon observed in moyamoya
disease. A prophylactic therapy with acetylsalicylic acid
(ASA) was therefore started.

A targeted Next Generation Sequencing (NGS) panel
including NFI (OMIM *613113), SPREDI, and RNF213
(OMIM *613768) was performed within a retrospective
study investigating the presence of RNF213 pathogenic vari-
ants in Caucasian subjects with NF1/Legius syndrome and
moyamoya syndrome. After written informed consent was
collected, DNA was extracted from blood samples of the pro-
band and the parents using QIAamp DNA Mini Kit accord-
ing to the manufacturer's instructions (Qiagen S.A.). DNA
concentrations were quantified using the Nanodrop ND-1000
UV-Vis spectrophotometer (Labtech France). We used the
high-throughput NGS machine Ion Torrent PGM in com-
bination with Ion AmpliSeq Designer Software v4.2 (Life
Technologies). After the identification of the candidate vari-
ant, the proband's peripheral blood was collected in PAXgene
Blood RNA tubes and subjected to total RNA extraction
using the PAXgene Blood RNA kit (Qiagen) for cDNA anal-
ysis (further data available in the Supplementary Material).
NGS analysis led to the identification of the novel paternally
inherited null variant NM_001256071.3:c.1471+1dupG;
p.(?) in RNF213 (NM_001256071.3, NP_001243000.2;
https://www.ncbi.nlm.nih.gov/gene/57674) in our patient
(Figure 1la) but, surprisingly, no pathogenic variant was ob-
served in NFI. The patient carried instead the novel de novo
NM_152594.3:¢.330_331delGG; p.(Argl10Serfs*3) variant
in SPREDI1 (NM_152594.3, NP_689807.1, https://www.ncbi.
nlm.nih.gov/gene/161742) (Figure 1b), leading to a diagnosis
of Legius syndrome. Both the RNF213 and SPRED] variants
are rare (absent from GnomAD database) and predicted dam-
age by in silico tools. The sequencing of RT-PCR products
generated by the RNF213 NM_001256071.3:¢.1471+1dupG
variant of the patient and wild-type allele showed the break-
point of junction between the first 82 bps of exon 8 and the
first bases of exon 9 causing by the intronic variant, support-
ing the pathogenic role of this variant (Figure 1c,d).

To our knowledge, this is the second patient with moy-
amoya syndrome and Legius syndrome to be reported in the
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FIGURE 1 Genetic results. Sanger sequencing results and functional analysis of the RNF213 c.1471+1dupG. Electropherograms of the
genomic sequence confirming the variants identified by NGS in the patient (PT), the RNF213 ¢.1471+1dupG (a) and SPRED] ¢.330_331delGG
(b). The wild-type alleles of a control individual (CT) are also showed. (c) Partial sequence of RT-PCR products generated by the RNF213
¢.1471+1dupG of the patient (PT) and by the wild-type allele (CT) showing the breakpoint of junction between the first 82 bps of exon 8 and the
first bases of exon 9 causing by the intronic variant. (d) Schematic representation of the alternative splicing of RNF213 ¢.1471+1dupG variant. The

position of intronic variant is highlighted by a red square

literature. Of note, our patient was first diagnosed with NF1
based on her clinical features, but genetic testing revealed the
correct diagnosis of Legius syndrome. Since NF1 and Legius
syndrome share common cutaneous manifestations, namely
café-au-lait spots and skinfold freckling, the differential di-
agnosis between these two conditions can be difficult. This
is especially true in young patients, in whom the additional
NF1-related clinical features (e.g., neurofibromas and Lisch
nodules) may still be absent. According to the current NIH
criteria (Neurofibromatosis., 1988), skin features are par-
ticularly relevant for a diagnosis of NF1. Indeed, NF1 is di-
agnosed in subjects fulfilling >2 of the 7 NIH criteria and
café-au-lait macules (>6 macules >5 mm in prepubertal or
>15 mm in postpubertal individuals) and skinfold freckling
(axillary and/or inguinal) both represent distinct diagnos-
tic criteria (Neurofibromatosis, 1988). However, due to the
multisystemic involvement and the severity of the clinical
manifestations associated with NF1, it is crucial to achieve a

correct diagnosis (NF1 versus Legius syndrome) in a patient
with suggestive cutaneous manifestations, with genetic test-
ing playing a pivotal role in this regard.

Both NF1 and Legius syndrome belongs to the group
of RASopathies or RAS/mitogen-activated protein kinase
(MAPK) syndromes. These severe conditions are caused by
germline variants in genes of the Ras/MAPK pathway. The
observation of moyamoya syndrome features in NF1 and
other RASopathies suggest the existence of genetic factors
underlying moyamoya pathogenesis, with the surgical man-
agement of the vascular disorder in these conditions being
particularly challenging (Scala et al., 2018). Moyamoya syn-
drome is considered a polygenic disease and several suscepti-
bility genes and genetic loci have been identified so far (Sam
et al., 2015). Several variants in ACTA2 (OMIM *102620),
TGFBI (OMIM *190180), PDGFRB (OMIM *173410), and
MRVII (OMIM *604673) have been identified in Caucasian
patients with both Moyamoya disease (MMD) and MMS
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(Dlamini et al., 2019; Guey et al., 2015). However, a locus
on chromosome 17q25.3 within the RNF213 locus was
identified as the first major gene locus for dominant MMD.
RNF213 encodes the mysterin, an enzyme with a poorly un-
derstood biological role. It has been recently supposed that
this protein might stabilize lipid droplets, suggesting a pos-
sible link between MMD pathogenesis and fat metabolism
(Sugihara et al., 2019). Some RNF213 variants have been
postulated to increase the risk of MMS in East-Asiatic pop-
ulations (Morimoto et al., 2016; Phi et al., 2016), while no
specific association was observed in Caucasian patients. We
identified a novel RNF213 variant localizing to the splicing
site of the intron 8 and likely impairing the splicing process.
Intriguingly, this is the first RNF213 splicing variant associ-
ated with the development of moyamoya syndrome. In con-
trast with most previously reported MMS and MMD patients
(Lin et al., 2011), the posterior cerebral arteries were affected
in our patient (Phi et al., 2015; Scott et al., 2004). The mech-
anisms underlying MMS in NF1 are poorly understood, but
a possible role might be played by the dysregulation of the
RAS-MAPK pathway. This is in line with the observation
of MMS in other RASopathies (Neurofibromatosis, 1988).
SPREDI protein plays instead a relevant role in inhibiting en-
dothelial cell migration and proliferation through an impair-
ment in cell motility and Rho-mediated actin reorganization
(Jansen et al., 2013). These observations suggest a possible
role of SPRED1 deficiency in the pathogenesis of the forma-
tion of the abnormal vascular networks observed in MMS.

This case illustrates that cerebral vasculopathy in
RASopathies is probably underestimated among asymptom-
atic patients, but can actually lead to permanent neurological
outcomes. In line with AHA/ASA guidelines, MRI/MRA
screening (preferably during childhood) represents the gold
standard for early diagnosis and follow-up. The evidence of
a novel RNF213 variant in a patient with Legius syndrome
associated with early-onset bilateral MMS might suggest that
RNF?213 variants act as negative prognostic factors. Although
this speculation is intriguing, further confirmation is needed.
Indeed, it was not possible to perform a brain-MRA and
investigate the presence of cerebral vasculopathy in the pa-
tient's healthy father, harboring the same RNF2I3 variant
identified in the proband.

The prevalence of cerebral vasculopathy in NF1 is approx-
imately 5%, ranging from 2.5 to 6.4%, whereas epidemiolog-
ical data remain elusive for other RASopathies, due to their
rarity (Scala et al., 2018). However, brain MRI can play a
pivotal role in the identification of brain abnormalities associ-
ated with these conditions (e.g., Chiari I malformation, hydro-
cephalus, optic pathway glioma) and the contribution of MRA
can be extremely relevant for the early detection of cerebral
vasculopathy, with a possible positive impact on the overall
patient management (Scala et al., 2018). Accordingly, we sug-
gest to perform MRI/MRA screening not only in patients with
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NF1 but also in subjects diagnosed with other RASopathies.
Furthermore, genetic testing for RNF213 variants is advisable
in order to identify patients who might deserve a more careful
and close follow-up due to a more severe clinical course.
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