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Abstract

Variants in RNF213 lead to susceptibility to moyamoya disease, a rare cerebral angiopathy
characterized by bilateral stenosis of the internal carotid arteries and development of a
compensatory collateral network. We describe a 3-month-old female with seizures, arterial
narrowing involving the internal carotid and intracranial arteries and inferior abdominal aorta, and
persistently elevated transaminases. Whole exome sequencing demonstrated a novel de novo
variant in RNF213, securing a molecular diagnosis and directing appropriate intervention. This
report underscores the role of whole exome sequencing in cases for which a complex and atypical
presentation may mask diagnosis. Furthermore, the early and severe presentation in our patient, in
conjunction with a novel de novo RNF213 variant, suggests that specific variants in RNF213 may
lead to a Mendelian form of disease rather than simply conferring susceptibility to multifactorial
disease.
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INTRODUCTION

Moyamoya disease (OMIM # 607151) is a progressive cerebral angiopathy characterized by
stenosis of the bilateral internal carotid arteries with subsequent development of a fine
network of abnormal compensatory collateral vessels [Suzuki and Takaku 1969; Currie et
al., 2011; Fujimura et al., 2014]. This steno-occlusive change renders susceptibility to
cerebral infarction or transient ischemic attacks, and rupture of the collateral vessels can
cause intracranial hemorrhage [Kamada et al., 2011]. In fact, moyamoya disease accounts
for approximately 6% of pediatric strokes [Smith and Scott, 2012], with a peak incidence
rate at 5-9 years and a second higher peak in adulthood [Baba et al., 2008]. Strictly defined,
moyamoya disease is bilateral arteriopathy in the absence of any other associated systemic
disorder, whereas moyamoya syndrome includes intracranial arteriopathy in the setting of
well-recognized systemic disorders such as sickle cell disease, neurofibromatosis type 1,
Down syndrome, Alagille syndrome, congenital cardiac anomalies and renal artery stenosis
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[Smith and Scott, 2012]. The prevalence of moyamoya disease differs between populations
and is ten times greater in East Asia as compared to Western countries, reaching a
prevalence of approximately 3 cases per 100,000 children in Japan [Scott and Smith, 2009].

While the etiology of moyamoya disease is considered multifactorial, several lines of
evidence support a genetic susceptibility to disease, including a positive family history in
10-15% of cases, a high concordance rate in monozygotic twins, and an apparent autosomal
dominant mode of inheritance with incomplete penetrance in some families [Kamada et al.,
2011]. The RNF213 gene has been identified as a susceptibility gene for Moyamoya, with a
particular founder mutation p.R4810K showing strong association with disease in East
Asian populations [Kamada et al., 2011; Liu et al., 2011]. Additional rare variants in the
RNF213 gene have also been identified in moyamoya disease in ethnically diverse
populations, including Europeans and Hispanics [Cecchi et al., 2014].

In the present report, we describe an atypical infantile presentation of moyamoya disease
which was diagnosed molecularly by whole exome sequencing (WES) and only thereafter
confirmed by diagnostic radiology. To the best of our knowledge, this is the first report of a
de novo variant in RNF213 associated with infantile moyamoya, and adds to the spectrum of
RNF213 private variants in the Hispanic population. We demonstrate the direct impact of
early WES testing in pediatric stroke, affecting patient care and therapeutic intervention.

CASE PRESENTATION

The patient is a Hispanic (Mexican) female born to a non-consanguineous couple, a 47-year-
old father and 38-year-old mother, at 33 6/7 weeks gestation due to cervical incompetency
and premature contractions. Her birth weight was 2.27 kg (90t centile for gestational age)
(Fig. 1). At three months of age, the patient developed acute onset of focal seizures with
involvement of the right extremities and face. Further evaluation revealed age-appropriate
development with no prior history of fever or trauma. Physical exam, including neurologic
and ophthalmologic evaluation, demonstrated a well-appearing non-dysmorphic female with
symmetric anthropometric measurements (weight, height and head circumference at
percentiles 17, 17, and 10, respectively) without focal neurological deficits.

Initial labs were significant for an elevated AST (157 U/L; normal 20-60 U/L), ALT (143
U/L; normal 6-50 U/L), and GGT (190 U/L; normal 11-82 U/L); plasma homocysteine was
also elevated (11.7 umol/L; normal 3.3-8.3 umol/L). Repeat total plasma homocysteine and
methionine were normal. Lipid panels were within normal range, with LDL ranging from
48-94 (normal 0-109 mg/dL), VLDL 11 (normal 5-40 mg/dL), and maximal triglyceride
level 124 (normal 20-150 mg/dL). HDL was 81 (normal >39 mg/dL). Infectious work-up
including blood, urine, and cerebrospinal fluid cultures were negative.
Electroencephalogram showed evidence of bilateral independent potentially epileptogenic
foci in the posterior temporal regions; background activity appeared normal for age. Brain
CT demonstrated hyperdensities, thought to represent calcifications within the bilateral
distal branches of the middle and posterior cerebral arteries, and CT angiogram revealed
narrowing of these vessels. Brain MRI/MRA confirmed normal parenchyma with marked
narrowing at the bilateral internal carotid artery terminus and the supraclinoid internal
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carotid arteries, as well as narrowing of the vertebral arteries at the skull base with
involvement of the posterior cerebral and superior cerebellar arteries (Fig. 2A). Imaging of
extracranial vessels revealed moderate diffuse hypoplasia of the infrarenal abdominal aorta.
The aortic root and thoracic aorta were normal in caliber. A diagnosis of generalized arterial
calcification of infancy was considered, but molecular analysis of ENPP1 did not
demonstrate pathologic mutations or copy humber variants (Connective Tissue Gene Tests,
Allentown, PA).

At 4 months of age, a liver biopsy was performed for persistently elevated transaminases
and demonstrated lysosomal neutral fat droplets and cytoplasmic cholesterol crystals by
electron microscopy, concerning for cholesteryl ester storage disease. Plasma lysosomal acid
lipase activity (Seattle Children’s Hospital, Seattle, WA), as well as liver tissue acid lipase
content and LIPA gene sequencing (Medical Genetics Laboratories, Baylor College of
Medicine, Houston, TX) were normal. Due to lack of an underlying diagnosis in the setting
of a complex phenotype including intracranial vasculopathy, narrowing of the distal
abdominal aorta, persistently elevated liver enzymes, and negative targeted gene testing,
chromosomal microarray and clinical whole exome sequencing (WES) were sent at 7
months of age (Medical Genetic Laboratories, Baylor College of Medicine).

At ten months of age, the patient presented with bilateral acute MCA strokes, occurring
seven days apart. Review of her molecular testing demonstrated a normal chromosome
microarray (v9.1.1). Exome sequencing of the proband, followed by Sanger sequencing of
proband and parental samples for validation and segregation, revealed a de novo
heterozygous ¢.12353C>T (p.S4118F) novel variant in RNF213 (Table | and Fig. 3). This
finding prompted further investigation with a carotid angiogram that confirmed moyamoya
changes within the distal internal carotid arteries with associated arterial-arterial collaterals
and slow flow distally (Fig. 2). The patient underwent bilateral dural inversions at ten
months of age. She was seen at a follow-up clinic visit at 16 months of age, and was cruising
but not yet walking and had no specific words, concerning for mild motor and language
delay.

DISCUSSION

The discovery of the p.R4810K East Asian founder mutation established RNF213 as a key
susceptibility gene for moyamoya disease. Moyamoya disease can be inherited in an
autosomal dominant fashion with incomplete penetrance, and case-control studies have
demonstrated that p.R4810K confers at least a 100-fold risk of disease [Kamada et al., 2011,
Liu et al., 2011; Miyatake et al., 2012].

This report describes a Hispanic female who presented at 3 months of age with acute onset
of focal seizures, elevated transaminases, and abnormal vascular imaging including marked
narrowing of the bilateral internal carotid arteries in addition to involvement of the posterior
cerebral and superior cerebellar arteries and mild stenosis of the infrarenal abdominal aorta.
After initial targeted gene testing (LIPA, ENPP1) resulted negative, the unusual combination
of arterial narrowing and progressive hepatitis prompted a thorough genetic evaluation
including exome sequencing which identified a heterozygous de novo variant in the RNF213

AmJ Med Genet A. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harel et al.

Page 4

gene that is predicted to be damaging/probably damaging by SIFT/PolyPhen-2, respectively.
These results prompted a carotid angiogram that confirmed moyamoya disease and
subsequent revascularization surgery using the dural inversion procedure [Dauser et al.,
1997]. Whole exome sequencing did not provide a molecular explanation for the elevated
transaminases and abnormal liver biopsy seen in our patient; however, over time, her liver
enzymes almost normalized (AST 57 U/L; normal for age 3-69 U/L), ALT (76 U/L; normal
for age 5-30 U/L).

Early onset of moyamoya disease has been described in patients homozygous for the
RNF213 p.R4810K allele, with 60% of homozygotes diagnosed before age 4 [Miyatake et
al., 2012]. A study of 19 moyamoya patients diagnosed before the age of 2 yrs with no
molecular diagnosis revealed that the majority (58%) had an associated disease or genetic
condition [Jackson et al., 2014], better defining these as moyamoya syndrome. As our
patient presented at 3 months of age but was non-dysmorphic and had no obvious associated
genetic disease, we screened the exome data for additional risk factors that may have
contributed to her early morbidity. Two variants of unknown significance, both predicted
damaging by SIFT, were found in the MMADHC and MTR genes, associated with autosomal
recessive homocystinuria (Table 1). No second hit in these genes was identified. This is of
special interest in light of the initial elevation of homocysteine in our patient, albeit follow-
up studies including plasma homocysteine and methionine were normal.

The de novo p.S4118F variant identified in our patient has not been reported previously. It
affects an amino acid in the C-terminus of the RNF213 gene, consistent with previous
observations that pathogenic mutations affecting the RNF213 protein are clustered in this
region [Kamada et al., 2011; Liu et al., 2011; Cecchi et al., 2014]. Ours is only the second
report of a moyamoya patient with a documented de novo RNF213 variant; the first patient
presented at 10 months of age and was found to have a nhonframeshift 3 bp deletion
(p.K4115del) [Cecchi et al., 2014] positioned three residues from the amino acid altered in
our patient. Although further subjects are needed for genotype-phenotype correlations, this
may be indicative of the importance of this specific highly conserved region of the protein.
The extracranial vascular involvement in our patient in conjunction with the previously
reported premature coronary artery disease [Cecchi et al., 2014] suggest that RNF213 may
be associated with a more generalized vasculopathy than other moyamoya genes, and would
advocate for possible inclusion of RNF213 in vascular disease gene panels as well as
interrogation of the extracranial vasculature in patients with RNF213 mutations. Early
identification of at-risk individuals is instrumental in prevention of stroke and co-
morbidities, as various treatment options are available [Dauser et al, 2007, Jackson et al.,
2014].

RNF213 encodes a 526-amino acid protein harboring a RING (really interesting new gene)
finger motif and an AAA ATPase domain. It is presumed to function as an E3 ubiquitin
ligase and is highly expressed in spleen and leukocytes, with low but significant expression
in endothelial cells [Kamada et al., 2011]. It is still undetermined whether the p.R4810K
allele and additional variants in RNF213 are loss of function mutations, as initially
suggested by zebrafish morfants which exhibited aberrant angiogenesis in the head region
[Liu et al., 2011]; or gain of function mutations. Rnf213 knockout mice did not develop an

AmJ Med Genet A. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harel et al.

Page 5

abnormal vascular network at the base of the brain, but did exhibit abnormal vascular
remodeling after carotid artery ligation [Sonobe et al., 2014]. Several hypotheses have been
generated from the animal studies, including that RNF213 deficiency could lead to vascular
fragility with vulnerability of vessels to hemodynamic stress and secondary insults; proposal
of a two-hit model where an additional insult such as an autoimmune response or infection/
inflammation may be necessary for the development of moyamoya disease; or alternatively,
that the mechanism involves a gain of function not yet studied in a model system [Fujimura
et al., 2014]. The latter is supported by the observation that only missense variants and not
frame-shift or nonsense mutations have been associated with moyamoya disease [Cecchi et
al., 2014].

There is ongoing debate over whether Mendelian disorders and multifactorial traits present
opposite ends of the disease spectrum in humans or a continuum, and new genomic
technologies are allowing for renewed assessment of this question [Antonarakis et al., 2010].
Much of the speculation about missing heritability from genome-wide association studies
(GWAS) has focused on the possible contribution of variants of low minor allele frequency
(MAF) which may not be sufficiently frequent to be captured by GWAS nor carry
sufficiently large effect sizes to be detected by classical linkage analysis in family studies
[Manolio et al., 2009]. The RNF213 p.R4810K allele was first identified in a genome wide
association study with a frequency of 1/72 (0.014) and an odds ratio of 190.8 in cases versus
controls [Kamada et al., 2011], presenting a prime example of a variant of low minor allele
frequency with a high effect on a common disease. This mirrors a recent publication on the
TM4SF20 ancestral deletion and susceptibility to early language delay and cerebral white
matter hyperintensities, where a population specific allele (MAF~1%) in the Vietnamese
Kinh population was found to underlie an apparent common disease trait inherent to a
distinct world population [Wiszniewski et al., 2013].

The wide phenotypic variability in terms of severity and age at presentation in moyamoya
patients with the p.R4810K allele [Cecchi et al., 2014] further highlights the question of
penetrance and the contribution of modifier genes or environmental factors. Another yet
unanswered question is whether certain alleles of RNF213 lead to a Mendelian disease of
early onset, whereas other alleles confer susceptibility to moyamoya disease. Such a
paradigm is apparent for many neurodegenerative diseases (e.g., MAPT in autosomal
dominant frontotemporal dementia, sporadic progressive supranuclear palsy, and late-onset
Parkinson disease [Antonarakis et al., 2010; Martin et al., 2001]) and for disorders of lipid
metabolism (e.g., LDLR variants in familial hypercholesterolemia and sporadic disease
[Kathiresan et al., 2009; Varret et al., 2008]). This perhaps can be seen to complement
another situation wherein a homozygous mutation gives rise to a monogenic Mendelian
disorder while a heterozygous carrier state leads to susceptibility to a multifactorial disease,
as evident for Gaucher disease and susceptibility to Parkinson disease (GBA [Sidransky et
al., 2009]), cystic fibrosis and susceptibility to pancreatic insufficiency (CFTR [Cohn et al.,
1998; Sharer et al., 1998], Stargardt disease and susceptibility to age-related macular
degeneration (ABCA4 [Shroyer et al., 1999; Allikmets et al., 1997]), and others.

Genotype-phenotype correlation studies of RNF213 and moyamoya disease in the future will
likely concentrate on modifiers of the p.R4810K allele at other loci as well as on additional
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variants identified in different ethnicities. Publication of novel alleles that lead to early and
severe onset disease as reported here, in conjunction with functional studies, may be
especially helpful in ultimately understanding the possible continuum of Mendelian and
multifactorial inheritance in moyamoya disease.
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Pedigree of the reported family. (+) indicates a reference allele, (=) indicates a variant allele.
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Figure2.
Brain imaging of patient showing (A) bilateral narrowing of internal carotid arteries at 3

months (black arrows); (B) carotid angiogram with typical ‘puff of smoke” collateral vessels
at 10 months; (C) right MCA distribution stroke, 10 months; and (D) left MCA distribution
stroke, 10 months.
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Figure 3.
Evolutionary conservation of the altered amino acid (p.S4118F) in the RNF213 gene

(adapted from http://genome.ucsc.edu)
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