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Preface

More than 60 years have passed since the first case of moyamoya disease was
reported in 1955 by Japanese neurosurgeons. In the 1970s, this unique cerebrovas-
cular occlusive disease was named moyamoya disease, and its distinctive-sounding
name, together with the concomitant development of surgical treatments for moy-
amoya by Japanese surgeons, facilitated its international recognition. Further recog-
nition for moyamoya was earned after the late 1980s by Japanese neurosurgeons
through clinical epidemiological studies that suggested the involvement of genetic
factors in the development of moyamoya and the demonstration that moyamoya was
one of the major causes of stroke in the younger population. All these breakthroughs
were made by pioneer neurosurgeon groups.

At the turn of the twenty-first century, I joined a research group on moyamoya
disease as an expert of social medicine. The group was supported by the Ministry
Health and Labor of Japan and organized by Dr. Nobuo Hashimoto, professor emer-
itus of Kyoto University and one of the most prominent neurosurgeons in Japan. He
expected me as a social medicine researcher to expand the investigations on the
genetic factor(s) involved with moyamoya in collaboration with neurosurgeons.
Fortunately, in 2010 we were able to identify RNF213 R4810K (mysterin) as a
genetic factor for moyamoya disease. (Please see Chapter 1 for the official report by
this group.) However, elucidation of this genetic factor unveiled unexpected com-
plexities: given that the carrier prevalence of RNF213 R4810K is 0.8-2.0% in the
general population in East Asian countries, there is a large gap between the preva-
lence of moyamoya patients (roughly 1/10000 population) and carriers (1/50 in the
general population). This discrepancy required a rational explanation and led us to
postulate that there were additional factors, i.e., non-genetic factors, such as envi-
ronmental factors or infection, for the development of moyamoya disease.

Such a gap also strongly implies that prevention of moyamoya disease can be
best achieved by a high-risk strategy focusing on carriers. On the other hand, it
raises additional unresolved questions: what is the health risk of R4810K for carri-
ers, what is the function of RNF213, how does R4810K impair RNF213 functions,
and how does it lead to moyamoya disease in concert with non-genetic factors?
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Addressing such unresolved questions is not only interesting, but also critical for
developing nonsurgical therapeutic approaches and disease-prevention strategies.
Those unsolved mysteries for RNF213 need further expansion on the horizon of
moyamoya disease with the combined efforts of molecular biologists and
biochemists.

The aim of the present book is to provide the most up-to-date information on the
role of RNF213 in moyamoya disease, not only for neurosurgeons, but also for pub-
lic health researchers and basic biological scientists. Special emphasis, therefore,
has been placed on a more comprehensive approach towards the clinical aspects,
genetic epidemiology, and biochemical and physiological functions of RNF213.
Contributors are well-known frontline clinical, social medicine, and molecular biol-
ogy researchers of moyamoya disease and RNF213 in different disciplines beyond
neurosurgery.

Current topics in our journal, i.e., Environmental Health and Preventive Medicine,
published in partnership with the Japanese Society of Hygiene, aim to deliver
cutting-edge information as explored by frontline experts from the around the globe
in a diverse area of expertise, focusing on prevention of diseases and environmental
health related to health risks. The book series is a valuable resource to researchers,
clinicians, and administrators who are seeking comprehensive information on envi-
ronmental health and health promotion. Therefore, I am very proud of this book, not
only as a researcher in social medicine, but also as the president of the Japanese
Society of Hygiene, because I am certain that our society can contribute to the pre-
vention of moyamoya disease and clearly demonstrate a pivotal role of social medi-
cine in modern health issues. Finally, all the contributors hope that this book
stimulates research on vascular diseases through the study of RNF213 and paves the
way to novel innovations for the prevention, treatment, and management of cerebro-
vascular diseases.

On the behalf of all the contributors and editors.

Kyoto, Japan Akio Koizumi
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Part I
Prologue



Chapter 1
A Prologue to Moyamoya Disease and RNF213

AKio Koizumi and Shohab Youssefian

Abstract Almost 20 years after the first case reported in 1955, moyamoya disease
(MMD) was still thought to be specific to Asian populations. During the past 60
years, however, MMD has become globally recognized and tremendous therapeutic
advances have been made. In 2011, RNF213 (mysterin) was identified as the major
susceptibility gene for MMD. RNF213 is a large protein (591 kDa) and contains
both AAA+ ATPase and E3 ligase domains. The p.R4810K variant, a founder muta-
tion common to East Asians, is found at a rate of 70-90% in Japanese and Korean
MMD patients and even shows a 1-3% allelic frequency in the general Japanese and
Korean populations. As only a minor proportion (approx. 1 out of 200) of carriers
develop MMD, environmental factors are thought to be major contributors to the
progress of MMD. Recent in vitro molecular studies have revealed that p.R4810K
induces endothelial dysfunction, which may ultimately lead to arterial stenosis and
development of moyamoya vessels. Furthermore, RNF213 is found to be involved
in interferon (IFN), noncanonical wnt, and PTP1B/a-ketoglutarate-dependent diox-
ygenase signal cascades. Such pathways are known to be activated in response to
environmental stress signals, such as infection, inflammation, or hypoxia, which
may therefore be involved in promoting the development of MMD.

Keywords Moyamoya ® RNF213 ¢ p.R4810K ¢ Inflammation * Hypoxia
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4 A. Koizumi and S. Youssefian

1.1 History of the Discovery of Moyamoya Disease

1.1.1 Dawn of Moyamoya Disease

The first case of moyamoya disease (MMD) was reported by Shimizu and Takeuchi
in 1955 at the 14th Annual Meeting of Japan Neurosurgical Society [1], followed by
a case with “bilateral hypoplasia” of the internal carotid artery in 1957 [2]. In 1963,
Suzuki et al. reported six cases of MMD and established the clinical entity of MMD
[3], pointing out that the moyamoya vessels, which displayed a fuzzy appearance
similar to a “puff of smoke,” were collaterals that compensated for the decreased
blood flow resulting from stenosis at the Circle of Willis. In 1968, Kudo suggested
that the prevalence of MMD was high in the Japanese population [4].

More complete pathological studies were reported in 1984 by Yamashita et al.
[5], who demonstrated that the observed arterial stenosis was a consequence of
intimal thickening. However, Ikeda et al. (1991) confirmed that intimal thickening
was not limited to the internal carotid artery but occurred in systemic arteries [6].

In 1969, Suzuki and Takaku [7] named the disease as MMD based on two para-
digms/concepts: the collateral vessels appeared fuzzy and resembled a “puff of
smoke” in angiography and the pathogenesis, prognosis, and epidemiology of
MMD were completely obscure at that time and in quite a state of “moyamoya” in
Japanese. Currently, this name is well accepted internationally and is formally des-
ignated as such in the International Classification of Diseases (ICD) 10.

1.1.2 Emergence of Moyamoya Disease as a Globally
Recognized Cerebrovascular Disease

While MMD was globally recognized by the early 1970s, through the development
of diagnostic modalities, such as computerized tomography and diagnostic imag-
ing, there was no major progress in MMD therapy. However, Karasawa et al. (1978)
developed an epoch-making surgical intervention for revascularization [8]. Through
this direct bypass procedure, which included superficial temporal artery to middle
cerebral artery anastomosis, cerebral hemodynamics could be normalized and the
risk of stroke drastically reduced, thereby contributing to improved prognosis. In
1997, the first clinical guidelines for MMD were published by the Research
Committee on Spontaneous Occlusion of Circle of Willis (Moyamoya Disease).

1.2 Road to Genetic Studies Identifying RNF213 R4810K

Enhanced recognition of MMD among neurosurgeons emerged worldwide as
patients, not only in Japan but also in the USA and Europe, were diagnosed with the
disease. However, epidemiological studies revealed that the prevalence of MMD per
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10° population was much higher in East Asian countries, i.e., 10.5 in Japan [9],
9.0 in Korea, and [9] 3.9 in China [10], than in Western countries, for example,
0.086 in the USA [11]. This large difference in prevalence was attributed to a puta-
tive common genetic factor in East Asians, and, accordingly, 10-15% of Asian
patients were found to have family histories. Such lines of evidence strongly sug-
gested the involvement of genetic factor(s) in the development of MMD in East
Asian populations, stimulating genetic studies into MMD. The need for such analy-
sis was timely met by recent developments in genetic analysis techniques.
Furthermore, success in the genetic analysis of moyamoya syndrome, in which
MMD was associated with various monogenic diseases, encouraged the genetic dis-
section of MMD [12].

Early studies revealed five potential genetic loci in Japanese patients: 3p24-p26,
6925, 8923, and 1725 [12]. However, the identification of such multiple loci among
Japanese patients was unexpected, as a common genetic factor among these patients
had been postulated by many researchers. These initial studies, however, suffered
from a serious theoretical flaw, known as the “skipping generation phenomenon,”
which resulted from the low penetrance of MMD. To compensate for this phenom-
enon, the carrier had to be treated as an “affected” individual, i.e., assuming a “car-
rier state” that would include cases with various vascular abnormalities, such as
stenosis only or unilateral moyamoya. This problem was thereby resolved in 2007
by Mineharu et al. who identified a single locus on 17q25.3. Further details of these
studies are available in our recent review [12].

Three years after these rigorous linkage studies, the RING finger protein 213
gene (RNF213, i.e., mysterin) was identified as the major susceptibility gene for
MMD. The RNF213 variant p.R4810K (c.14429G>A, rs112735431, ss179362673,
or simply R4810K hereafter) was first reported by the Kyoto group, with a high
level of association (odds ratio 63.9, 95%, confidence interval 33.9—120.4) [13], and
later confirmed by an association study [14] and familial linkage analysis with
exome sequencing [15]. The R4859K [14] and R4810K [15] variants identified in
these studies were found to correspond to rs112735431. Genetic epidemiology
demonstrated that R4810K is a common founder mutation among East Asian
patients as initially postulated: R4810K carrier prevalence is 90.1% in Japanese
patients, 78.9% in Korean patients, and 23.1% in Chinese patients [15]. Interestingly,
R4810K is also found in the general population at rates of 2.5% in Japanese, 2.7%
in Korean, and 0.9% in Chinese [15], as also confirmed by later studies (see review
[12]). Although the R4810K mutation has not yet been identified in Caucasian
patients (see review [12] and [15]), various polymorphisms in both East Asian and
Western populations (Fig. 1.1a) have been reported [12] as of 2016.
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Fig. 1.1 RNF213 structure and mutations, and negative effects of RNF213 suppression on ocular
arteries. (a) Structure and mutations of RNF213 found in patients with moyamoya cited from [12].
(b) Extraocular arteries in zebrafish embryos 72 h after administration of morpholino oligomer to
inhibit RNF213 (Cited from [15])

1.3 RNF213 and Moyamoya Disease

The study by Liu et al. [15] was the first to clone the full-length RNF213 cDNA, to
characterize RNF213 biochemically and demonstrate that it has both E3 ligase and
ATPase activities (Fig. 1.1a). They also showed that inhibition of RNF213 expres-
sion induced an abnormal development of ocular arteries in zebrafish (Fig. 1.1b).

1.3.1 Molecular Characteristics of RNF213

RNF213 is composed of 5207 amino acids with a molecular mass of 591 kDa.
Morito et al. [16] demonstrated that RNF213 has two AAA+ modules that are
involved in the formation of a hexameric ring: oligomerization is initiated by ATP
binding by the Walker A motif of the first AAA+ module, whereas ATP hydrolysis
by the Walker B motif relaxes the oligomeric complex. The physical movement of
the hexameric ring, through rhythmical ATP binding and hydrolysis, is thought to
modify substrate(s) interacting with the hexamer. RNF213 has an additional RING
domain, encoding an E3 ligase, which is involved in the ubiquitination of substrates
targeted for either proteosomal degradation or signal transduction.
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RNF213 orthologues are found in biota higher than the animal phylum, Chordata
(Fig. 1.2a) [17]. The RNF213 evolutionary tree (Fig. 1.2a) provides clues to the
evolutionary pathway of RNF213, in which an N-terminal region with the AAA+
domain combined with a C-terminal region containing the E3 ligase domain.
Phylogenic analysis indicates that vertebrate RNF213 possesses both AAA+ and E3
ligase domains, including lampreys, representatives of an ancient vertebrate lin-
eage, and the Ciona sea squirt, a tunicate (Fig. 1.2b). Comparisons among biota
may imply that C-terminal portion of RNF213 may be more functionally essential
than N-terminal one.

1.3.2 Molecular Pathology of RNF213

RNF213 mutations in MMD patients reported to date are all missense mutations or
in-frame insertions or deletions and cluster around the RING finger domain and
C-terminal portion of RNF213 rather than in its AAA+ domain and N-terminal
region (Fig. 1.1a).

Hitomi et al. established iPS cells (iPSCs) from patients carrying R4810K, suc-
cessfully differentiated them into vascular endothelial cells (ECs), and proved that
these Ecs have impaired angiogenic functions, based on tube formation and migra-
tion assays, and also display mitotic abnormalities [18].
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Kobayashi et al. [19] and Ohkubo et al. [20] independently demonstrated that
specific cytokines upregulated RNF213 expression. Interferons (IFNs) are one such
group of cytokines, which are also well known to inhibit angiogenesis, and
Kobayashi et al. [19] provided clear evidence that this inhibition was mediated
through RNF213.

These data collectively suggest that RNF213 upregulation in response to IFNs
and also R4810K expression induce EC dysfunction and thereby have an inhibitory
effect on angiogenesis. Such EC dysfunction, with subsequent proliferation of
smooth muscle cells, may explain the vascular constriction at the end of the internal
carotid artery in patients reported by Kaku et al. [21]. However, no study so far has
successfully demonstrated a pathological consequence of R4810K on stenotic
lesion formation around the circle of Willis in in vivo models.

1.3.3 Involvement of RNF213 in Diverse Biological Processes

Recent studies have revealed that RNF213 is associated with various signal trans-
duction pathways, such as INF and STAT [19, 20], noncanonical wnt signaling [22],
and a PTPIB /a-ketoglutarate-dependent dioxygenase axis [23].

This latter pathway, which has emerged as a novel signal transduction system
that may link vascular and metabolic phenotypes, implies that RNF213 may regu-
late non-mitochondrial oxygen consumption in Her2* breast cancer cells [23]. The
transcription factor HIF-1 is well known as a major oxygen sensor that decreases
oxygen consumption in mitochondria under hypoxia (oxygen concentrations of
1-10%). Under more severe hypoxia (oxygen concentrations as low as 0.1%), how-
ever, non-mitochondrial oxygen consumption turns out to be the primary oxygen
sink and one that is mainly regulated by a protein tyrosine phosphatase, PTP1B,
through RNF213 and o-ketoglutarate-dependent dioxygenases [23]. This process
minimizes oxygen consumption in the non-mitochondrial fraction and thereby pro-
vides cancer cells with an adaptive strategy through which they can survive severe
hypoxic stress. When PTPIB is ablated, RNF213 is constitutively activated, and the
dysregulated non-mitochondrial oxygen consumption reduces oxygen availability
and leads to hypoxia-induced death of the cancer cells. Such novel functions of
RNF213 in Her2* cells under severe hypoxia may be indicative of the role that
RNF213 is thought to play in angiogenesis under hypoxia as reported by Kobayashi
etal. [19].

1.3.4 Putative Signal Transduction (Fig. 1.3)

As discussed above, upregulation of RNF213 by IFN or overexpression of R4810K,
but not overexpression of wild-type RNF213, in ECs has been shown to impair cel-
lular angiogenic potential [19]. These findings suggest that IFNs, in addition to
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Fig. 1.3 RNF213 involved in multiple putative signal cascades. Refer to the text for details

upregulating RNF213 expression, also modify other signaling pathways that impact
EC functions. One possibility is the AKT-mTOR signal pathway, which is known to
play key roles in cellular functions as diverse as angiogenesis, autophagy, glucose
metabolism, cell migration, and invasion. Indeed, AKT phosphorylation, and also
angiogenesis, is found to be inhibited by IFN-induced IRF-1 [24] as well as by
RNF213 knockdown in ECs [20] and to be essential for hypoxia-induced activation
of HIF-1 and subsequent VEGF-induced stimulation of angiogenesis or autophagy
[25]. Interestingly, AKT is also known to phosphorylate PTP1B [26]. Furthermore,
the AKT pathway has been implicated eNOS production and the subsequent regula-
tion of angiogenesis through NO signaling in ECs [27]. Finally, mTOR is also
known to be suppressed by severe hypoxia and to play a critical role in autophagy,
i.e., cell survival under stress conditions.

While speculative, we currently consider that RNF213 R4810K may downregu-
late the AKT-mTOR pathway and, through changes in autophagy, particularly under
hypoxic conditions, impair EC functions. Similarly, WT RNF213, when stimulated
by IFN, may also deactivate the AKT-mTOR pathway and lead to a comparable
dysfunction in ECs, thereby leading to smooth muscle cell proliferation, arterial
stenosis, and the resulting MMD phenotype.
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1.4 Future Perspectives

It is surprising that a case with a rare cerebrovascular abnormality found in 1955 has
opened the door to the now globally recognized moyamoya disease. Although the
identification of RNF213 provides us with the unique opportunity of dissecting
MMD from a molecular aspect, yet new questions have arisen that must be addressed
through strategic approaches. For example, do environmental factors impact the low
penetrance of RNF213, which signal pathways modulate RNF213 action, how does
RNF213 lead to vascular stenosis, and what are the possible health risks for the 15
million East Asians that are R4810K carriers?

The first research approach is to identify the environmental factors that may
affect RNF213 expression. So far, neither ablation of RNF213 nor R4810K expres-
sion in knock-in mice or overexpression in transgenic mice shows any discernible
vascular phenotypes under normal conditions, although the transgenics do display
lowered angiogenesis under hypoxia [19]. Therefore, R4810K expression alone
may not be sufficient to induce the modified vascular phenotypes and may require
specific environmental inducers, such as infection, inflammation, or hypoxia. These
environmental signals need to be identified.

The second research approach is to elucidate the signal transduction cascades
associated with RNF213. Although RNF213 is known to be involved in numerous
biological processes (Fig. 1.3), our understanding of the RNF213 involvement in
these pathways is still quite rudimentary.

The third approach is to elucidate the molecular functions of RNF213, through
its AAA+ ATPase and E3 ligase activities, and thereby identify its direct substrates
and cofactors and the various pathways in which it plays a role.

The fourth approach is an epidemiological one. It is quite important to identify
the health risks for R4810K carriers on a population basis. Although there are sev-
eral reports that suggest health risks of carriers (e.g., hypertension, renovascular
hypertension, coronary heart disease, or cerebrovascular stenosis) [12], no large-
scale epidemiological study has ever been reported.

Such strategic approaches will provide us with a more comprehensive under-
standing of RNF213, its role in vascular stenosis, and how the cerebral vascular
system adapts to environmental stress. Such information is essential for establishing
an effective preventative strategy for cerebrovascular diseases.
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Chapter 2
Concept of Moyamoya Disease

Haruto Uchino, Ken Kazumata, and Kiyohiro Houkin

Abstract Moyamoya disease is characterized by progressive stenosis or occlusion
of the major cerebral arteries, which often results in cerebral strokes. The concept
of moyamoya disease was first proposed in Japan during the late 1960s. Recently,
global recognition of this disease has increased. From a global perspective, this
disease entity may be more appropriately classified as a syndrome that includes a
broad spectrum of diseases of differing etiology sharing similar morphologies of the
involved cerebral arteries. Indeed, current diagnosis depends on the morphological
features of these cerebral arteries. However, it is often difficult to predict prognosis
based upon cerebral artery morphology alone, and biomarkers are required in order
to discern the various clinical phenotypes. The susceptibility gene RNF213 has been
identified to have strong association with moyamoya diagnosis in East Asian
patients and has proven useful as a clinical biomarker. Nevertheless, the trigger of
the disease has yet to be clarified, and susceptibility genes have not been detected in
non-Asian patients. Multiple common genetic variants and some secondary factors,
including epigenetic factors, contribute to the development of the diverse clinical
phenotypes of the disease. Therefore, deep phenotyping by proper stratification of
heterogeneous populations using clinical, radiological, and biomarker patterns is
essential in order to analyze individual etiological factors.

Keywords Moyamoya ¢ Deep phenotyping © Etiology ¢ Epigenome ¢ Syndrome

2.1 Concept and Pathophysiology

Moyamoya disease (MMD) is characterized by progressive stenosis or occlusion of
the terminal branches of the internal carotid arteries (ICAs). The steno-occlusive
changes are observed in the proximal portion of the middle and anterior cerebral
arteries (MCAs and ACAs). Furthermore, the posterior cerebral arteries (PCAs) are
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sometimes involved, often resulting in poor prognosis. The disease is characterized
by the development of an abnormal fine vascular network (“moyamoya vessels™) at
the base of the brain, which is regarded as a compensatory mechanism that occurs
in response to cerebral ischemia, resulting in the dilation of perforating arteries as
well as the abnormal formation of collateral networks.

The major clinical presentations of MMD involve cerebral ischemic symptoms
due to steno-occlusive lesions of the cerebral arteries and intracranial bleeding due
to rupture of the fragile vessels in the compensatory network. Most pediatric patients
present with ischemic symptoms such as transient ischemic attack or cerebral
infarction, while adult patients exhibit increased rates of intracranial bleeding.
Furthermore, chronic cerebral ischemia may result in cognitive dysfunction in both
pediatric and adult patients even without history of stroke [1, 2]. Recent develop-
ments in magnetic resonance imaging and angiography (MRI and MRA) have
afforded clinicians increased opportunities to diagnose asymptomatic MMD [3].
Even asymptomatic patients are known to have a potential risk of cerebral strokes,
and evidence suggests that pathology in such patients may not be much different
from that in symptomatic patients [4]. Surgical revascularization procedures such as
direct and indirect bypasses have been effective in improving cerebral hemody-
namic compromises [5]. In particular, indirect bypasses using vascularized donor
tissues such as temporal muscles and dura mater tissue are considered specific
methods for treating MMD pathology. Revascularizations via indirect bypass are
more successful in pediatric patients compared with adults, although the degree of
revascularization varies in each patient even when the same surgical methods are
utilized [6]. Furthermore, some patients require additional surgeries when conven-
tional surgeries are refractory. The molecular mechanism underlying this difference
in the responsiveness to surgery, however, remains to be elucidated.

In 1957, Takeuchi et al. first reported the disease as involving bilateral occlusion
of terminal ICAs [7]. In 1969, Suzuki et al. named this entity moyamoya disease
and established the concept of the disease internationally [8]. (Moyamoya means
“puff of smoke” in Japanese, and the name was chosen to describe the appearance
of the abnormal vascular network.) Since then, for more than half a century, epide-
miological/etiological studies in the field have progressed, along with the develop-
ment of effective surgical revascularization procedures [3]. Furthermore,
international recognition and diagnoses of the disease have continued to increase.
According to a PubMed search, 162 papers were published in the first decade fol-
lowing recognition of the disease (1969-1980); however, in the last decade (2005—
2015), 1526 papers have been published.

Guidelines for the diagnosis of MMD have been published by the Research
Committee of MMD in Japan [5]. However, international diagnostic criteria have
not been established. Diagnosis relies on the aforementioned morphological fea-
tures of cerebral arteries, yet MMD may be more appropriately regarded as a syn-
drome encompassing a broad spectrum of distinct diseases of varying etiology that
share common morphological features of the involved arteries. Discrimination of
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cerebral atherosclerosis is sometimes difficult using radiological findings alone,
though a recent study of RNF213 indicates that a particular subset of patients share
a common genetic predisposition for MMD [9]. Current diagnostic standards, which
rely solely on morphological traits, render preclinical diagnosis for disease preven-
tion and ultra-early diagnosis of initial lesions difficult. Therefore, in terms of clini-
cal significance, research should focus on developing objective diagnostic criteria
involving novel biomarkers and/or diagnostic algorithms.

The angiographic features of MMD exhibit dynamic changes during the course
of the disease: Initially, steno-occlusive changes in the terminal ICAs are observed,
though the lesions may gradually progress depending upon the extent of the com-
pensatory collateral vessels from the external carotid arteries [8, 10]. These initially
developed moyamoya vessels at the base of the brain then disappear, as in a “puff of
smoke.” In some cases, these steno-occlusive changes are observed unilaterally.
Classical Suzuki’s staging well represents this temporal profile of compensatory
changes, not the clinical severity of the disease, which is sometimes misunderstood.
Prediction of the severity or prognosis only by angiographic features remains lim-
ited. Indeed, a subset of patients exhibit malignant clinical courses, though most
newly diagnosed patients are classified in Suzuki’s stage 3 or 4. A new grading
system that takes hemodynamic insufficiency into account has been proposed for
assessing prognosis in patients with MMD [11]. However, it is often difficult to
distinguish patients exhibiting progressive clinical courses from others.

Furthermore, the aforementioned angiographic changes are associated with sev-
eral other diseases or acquired conditions as well [5, 12]. In such cases, these condi-
tions are referred to as moyamoya syndrome (MMS) or quasi-moyamoya disease.
Common MMS-associated diseases include thyroid disease, neurofibromatosis type
1, Down syndrome, cranial irradiation, and sickle cell anemia [13]. This categoriza-
tion scheme is a historical concept based on the idea that typical MMD is idiopathic.
Although the morphological features of cerebral arteries and clinical courses may
vary depending on the associated diseases, surgical revascularization is effective in
improving cerebral hemodynamic compromises even in MMS [5, 12]. Especially in
non-Asian populations, several gene mutations are also known to be associated with
MMS (e.g., Noonan syndrome, Costello syndrome, Alagille syndrome, GUCYIA3
mutations, SAMHD I mutations, Majewski syndrome, Seckel syndrome, deletion of
BRCC3/MTCPI, and ACTA2 mutations) [14]. The strong association between
MMD and RNF213 mutation observed in East Asian people may therefore be
regarded as a kind of MMS. Importantly, some groups of patients with MMD exhibit
stenotic lesions of extracranial arteries such as the renal, coronary, pulmonary, pan-
creatic, or iliac arteries [15]. This suggests that MMD may involve systemic factors
that affect the extracranial arteries. The aforementioned findings indicate that the
concept or definition of MMD and MMS may change as research in the field con-
tinues to progress.



16 H. Uchino et al.
2.2 Epidemiology

As mentioned previously, global recognition of MMD has increased, though
research suggests that the prevalence and incidence are predominantly high in East
Asian countries such as Japan and Korea [16—18]. In Japan, the female-to-male ratio
is approximately 2:1, and the distribution of onset age exhibits a bimodal pattern,
with a first peak between 5 and 10 years of age and a second peak at about 40 years
of age. Although the precise reason remains unknown, the female predominance
and bimodal pattern of onset age suggest the involvement of some hormonal influ-
ences. Familial occurrence is noted in about 10-15% of patients, and these familial
cases exhibit a higher female ratio and lower onset age than sporadic cases [5].
Although the data for non-Asian populations are limited, these epidemiological
features also vary according to race. MMD in Caucasian patients is characterized by
higher onset age, lower rate of hemorrhagic stroke in adults, and lower familial
occurrence compared with MMD in East Asian patients [19-21]. However, reports
indicate that the incidence rate of MMD for people with Asian ethnic origins in the
USA is similar to that in Japan [17]. In light of this finding, the regional difference
in epidemiological features may be mainly due to genetic factors, though it is likely
that unknown environmental factors are also involved. Future collaborative research
regarding the epidemiological aspects of MMD around the world may elucidate
those factors related to the development and different clinical expressions of MMD.

2.3 Pathological Nature

In MMD, typical histopathological findings in the terminal portion of ICAs include
fibrocellular thickening of the intima resulting in stenosis of the vascular lumen, an
irregular formation of the internal elastic lamina, and attenuation of the media [22].
These findings are also observed in peripheral arterial walls, and the fragility of the
involved structures may result in intracranial bleeding [23]. The thickened intimal
layer is predominantly composed of smooth muscle cells (SMCs) and characterized
by the absence of inflammatory cells or atherosclerotic changes [24]. Furthermore,
reductions in the outer diameter of involved vessels are noteworthy in terms of diag-
nostics and etiology [3, 25]. The changes in hemodynamics or shear stress due to
this decreased vessel diameter may result in intimal thickening by inducing cell
accumulation. An abnormal thrombogenesis in the internal wall of moyamoya arter-
ies has also been reported [26], though this may be the result of chronic inflamma-
tion rather than the cause of MMD. Nevertheless, several prothrombotic disorders
such as sickle cell disease, antiphospholipid syndrome, and protein-S deficiency are
known to be associated with MMS [5, 12, 14].

Though the precise cellular abnormalities leading to the development of MMD
remain unclear, quantitative and qualitative abnormalities have been observed in
endothelial cells (ECs) [27, 28], SMCs [29, 30], and vascular progenitor cells
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(VPCs) [12, 14, 31]. The exact origin of the accumulating SMCs in the intimal
thickening also remains to be elucidated. These cells may originate from the under-
lying media, but not necessarily from SMCs. Alternatively, VPCs such as endothe-
lial progenitor cells (EPCs) or smooth muscle progenitor cells (SMPCs) may cause
abnormal intimal thickening [32]. EPCs, first identified in 1997, are implicated in
vasculogenesis and intimal repair in some pathological conditions [33]. Functional
and qualitative abnormalities in EPCs have also been reported in MMD [12]. Recent
research has further revealed that SMPCs, first identified in 2002, exhibit differen-
tial gene expression in MMD [34]. Furthermore, direct evidence suggests that such
progenitor cells accumulate in the intima of terminal ICAs [35]. The tunica adven-
titia has been identified as a progenitor cell-rich compartment that regulates vascu-
lar wall progenitor cells [32], suggesting that the adventitia is involved in some
vascular disease conditions and vascular wall pathogenesis. The decrease of vascu-
lar diameter in MMD may therefore be linked to abnormalities in the adventitia, and
different types of cells/interactions may be involved in the variation in pathogenesis
among individual patients.

A number of studies have focused on angiogenesis in MMD, reporting increases
in basic fibroblast growth factor (b-FGF) and hepatocyte growth factor (HGF) in
cerebrospinal fluid, as well as increases in serum levels of transforming growth fac-
tor (TGF)-beta [36-38]. These cytokines may be related to certain elements of
MMD pathogenesis, such as endothelial proliferation and the development of
abnormal vessels. However, studies to date have not allowed researchers to con-
clude whether these abnormalities are purely a response to ischemia or a cause of
the disease. Recently, however, some research has indicated that differential expres-
sion and disruptions in the balance of metalloproteinases (MMPs) and their tissue
inhibitors may lead to instability of vascular structures [39, 40].

However, studies utilizing pathological approaches have had difficulty in collect-
ing specimens of vessel stenosis. Though molecular research using induced pluripo-
tent stem cells (iPSCs) and animal models has progressed significantly, stenosis of
cerebral vessels has yet to be reproduced.

2.4 Genome, Epigenome, and Other Factors in MMD

The contributions of genetic factors have been assumed since the initial recognition
of the disease due to regional differences in occurrence and familial diagnoses.
Since the 1990s, many association analyses and linkage analyses have been con-
ducted [12, 14, 41], supporting this initial assumption. In 2011, the susceptibility
gene RNF213 was identified in East Asian patients [42, 43], which greatly advanced
the work of the etiologic studies described in other chapters.

On the other hand, RNF213 alone does not explain several issues. First, RNF213
p- R4810K, which has been strongly associated with MMD in Japanese patients, is
absent in Caucasian patients. Genome-wide association studies (GWAS) have failed
to identify any significantly associated genes in Caucasians [44]. Therefore, it is
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likely that multiple common genetic variants and environmental factors contribute
to aspects of the disease. Second, RNF213 is a susceptibility gene, not a disease-
causing gene, for MMD that exhibits low penetration, while specific triggers of the
disease remain to be elucidated. Most of the Japanese or Korean patients are hetero-
zygous for RNF213 p. R4810K, yet this subgroup is composed of various pheno-
types (e.g., pediatric vs. adult patients, ischemic vs. hemorrhagic, bilateral vs.
unilateral, or progressive vs. stable), suggesting that many unknown factors other
than RNF213 contribute to the development and modification of the disease.

Double-hit theory has been used to explain the mechanism of MMD [12, 45].
This theory postulates that genetically susceptible individuals develop MMD when
they experience secondary factors. Indeed, several types of infection and certain
autoimmune diseases have been reported to be associated with MMD [5, 12]. The
latest RNF213 research also indicates that some inflammation (infection or autoim-
mune related) is necessary to cause MMD, in addition to RNF213 mutation [30].
Shear stress may also play an important role, as the stenosis occurs mainly in termi-
nal ICAs, and the velocity of cerebral blood flow increases in several anemias (e.g.,
sickle cell, aplastic, and Fanconi anemia) and hyperthyroidism [46, 47]. Such
research indicates the potential contribution of shear stress in addition to genetic or
autoimmune factors in the aforementioned conditions.

Epigenetic factors, such as histone modification, DNA methylation, and noncod-
ing RNAs, are also important for explaining variations in clinical expression in a
number of conditions. Recent publications indicate that epigenetic studies of MMD
have been initiated [48, 49], which may allow for the development of potential diag-
nostic and therapeutic targets in the future.

Given the aforementioned research, various factors account for the wide range of
phenotypes observed, though the double-hit theory is insufficient in explaining this
variation. The “pinball” metaphor may more appropriately describe the complicated
aspects of the disease (Fig. 2.1). This model is derived from Waddington’s epigen-
etic landscape [50], who originally proposed the model to represent how individual
cells differentiate into many different cell types during development. In the meta-
phor, a ball (representing a cell) rolls down a slope to different outcomes or cell
fates depending upon the epigenetic phenomena encountered, like a pinball whose
fate is determined based upon the bumpers struck during the game.

In order to advance pathogenesis research, it is therefore necessary to properly
stratify these heterogeneous patient populations. Deep phenotyping combining clin-
ical, radiological, and biomarker patterns may allow for deeper analysis of drivers
or effectors of the disease. As most cases of MMSs occur within stratified subgroups
and the associated diseases have well-recognized etiology or pathophysiology, it is
possible to explore pathogenic mechanisms in individual MMS. Furthermore,
molecular research is expected to ultimately open up a new pathway toward pre-
clinical diagnosis, evaluation of disease activity, prediction of prognosis, and
mechanism-specific treatment in the future.
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Fig. 2.1 Pinball model representing the development of MMD. Balls rolling down to different
outcomes represent individual East Asian people. Most people are healthy even with RNF213
mutations. RNF213 mutation is a major susceptibility factor, but multiple other factors interact and
contribute to the development and the different clinical expressions of MMD. The contributing
factors likely vary according to race
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Chapter 3
Molecular Epidemiology in East Asian
Countries and in the World

Wanyang Liu

Abstract Although the etiology of moyamoya disease (MMD) remains unknown,
recent genetic studies have identified RNF213 p.R4810K in the 17q25-ter region as
the most important founder susceptibility gene for MMD among East Asian popula-
tions, mainly including Japanese, Korean, and Chinese. Following the discovery
studies, RNF213 p.R4810K was replicated as an important founder susceptibility
gene for MMD among many additional cohorts of East Asian populations. Moreover,
many rare variants other than the founder one in RNF213 also contributed to MMD
across different populations in the world. Possibly because of the presence of the
major founder effects of RNF213 p.R4810K in East Asian patients, but not in
Caucasian patients, the incidence and prevalence of MMD is relatively higher in
East Asian countries than those in other countries. This chapter will discuss the
molecular epidemiology of MMD in Asian and other populations in the world.

Keywords Moyamoya disease ¢ Intracranial major artery stenosis/occlusion e
RNF213 » Molecular epidemiology ¢ East Asian

Although moyamoya disease (MMD) etiology remains unknown, strong Asian
ethnicity-related effect, a high disease concordance rate among monozygotic twins,
and approximately 10—15% familial history of the patients with MMD strongly sug-
gest the genetic components play an important role in the development of MMD. So
far, five genetic loci have been identified to be linked to MMD in Japanese patients,
including 3p24.2—p26, 6925, 8q23, 12p12, and 17q25 [1-5]. Although the previ-
ously genetic results were conflicting and unrepeatable, a dozen of candidate genes
or alleles have been reported to increase the susceptibility of MMD among the dif-
ferent ethnicities in the world [6—12]. Until recently, p.R4810K in RNF213 located
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in 17q25.3-ter was identified as the first major founder susceptibility gene for MMD
in East Asians, such as Japanese, Korean, and Chinese (Table 3.1) [13, 14]. Shortly
after the discovery studies, p.R4810K, and other rare variants in RNF213, was col-
lectively confirmed to be an important susceptibility gene among the different popu-
lations in the world by many research groups (Table 3.1) [15-32]. This chapter will
mainly focus on the research findings of the genetic studies of RNF213 of MMD
among different populations in East Asia and in the world.

3.1 Discovery Stage: Identification of RNF213, the Most
Important Founder Susceptibility Gene for MMD

In 2011, RNF213 located in the previous linkage region of 17q25.3 was identified
as the first important susceptibility gene for MMD by two Japanese research groups
using the different approaches (Table 3.1) [13, 14]. Liu et al. performed a combined
study of genome-wide linkage analysis and whole exome sequencing (WES) in
eight Japanese familial MMD with at least three-generation affected members.
Genome-wide linkage analysis revealed MMD linkage to 17q25.3 with a LOD
score of 8.46 at D17S784. Fine mapping in the linkage region further narrowed the
region to a 1.5-Mb disease locus bounded by D17S1806 and rs2280147, harboring
21 candidate genes. WES revealed p.R4810K in RNF213 in the 1.5-Mb linkage
region common to the eight index cases from eight families. Sequencing RNF213 in
42 Japanese pedigrees with familial history for MMD confirmed p.R4810K to be
segregated with disease perfectly. The SNPs genotyping around RNF213 p.R4810K
revealed a common haplotype transmitted in 42 families, which strongly suggested
that RNF213 p.R4810K was a founder susceptibility gene for MMD. A case-control
association study across different ethnicities revealed that RNF213 p.R4810K
was significantly associated with sporadic MMD in East Asian populations
(P=6.61x10"12°, OR=111.84, 95% CI=64.01-195.39), including Japanese
(P=1.05x10"1%, OR=338.94, 95% Cl=147.82-777.44), Korean (P=7.58x1077,
OR=135.63, 95% CI=43.03-427.52), and Chinese (P=2.63x107°, OR=14.70, 95%
CI=3.05-70.81). Five novel variants, p.D4863N, p.E4950D, p.A5021V, p.D5160E,
and p.E5176G, were identified in non-p.R4810K East Asian patients. The p.R4810K
and its founder haplotype were not identified among Caucasian cases; however, four
rare variants p.N3962D, p.D4013N, p.R4062Q, and p.P4608S were identified
(Table 3.1) [13]. This East Asian specific founder susceptibility gene of RNF213
p-R4810K may be responsible for the high prevalence of MMD among East Asians
and its low prevalence among Caucasians. The identification of MMD susceptibility
gene in this study indicates that the combined WES with linkage analysis is useful
to identify novel susceptibility loci to human diseases or traits.

At the same time, Kamada et al. performed a genome-wide association study
(GWAYS) to identify MMD susceptibility gene in a Japanese cohort comparing 72
MMD patients and 45 controls. A genome-wide significant association locus was
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found at 17q25-ter with Japanese MMD risk (P<107%). A locus-specific association
study in the 17q25-ter further confirmed the genome-wide association locus and
identified a haplotype at the RNF213 locus significantly associated with MMD risk
(P=5.3x1019). Sequencing of RNF213 revealed a founder variant p.R4810K, in
95% of MMD families, 73% of non-familial MMD cases, and 1.4% of controls
among Japanese population. The p.R4810K dramatically increased the risk of
MMD with an odds ratio of 190.8 (P=1.2x10"%, 95% CI=71.7-507.9). Three addi-
tional missense variants, p. M3891V, p.V4567M, and p.V4765M, were detected in
three non-p.R4810K sporadic patients (Table 3.1) [14]. These two discovery studies
successfully identified the same susceptibility genes of RNF213 p.R4810K for
MMD in various East Asian ethnicities using the different approaches, which sug-
gest MMD with different ethnicities may share common major susceptibility genes
and disease etiology. Further genetic studies are needed to validate this hypothesis
in the different ethnicities with a large number of sample sizes.

3.2 Replication Stage: Replication of RNF213
as a Susceptibility Gene for MMD Across Different
Ethnicities

3.2.1 Japanese MMD

Shortly after the discovery studies, RNF213 has been subsequently confirmed to be
a major susceptibility gene in many additional studies across different ethnicities,
including Japanese, Korean, Chinese, Europeans, and American (Table 3.1) [13—
32]. Miyatake et al. sequenced the entire coding regions of the RNF213 gene in 204
patients with MMD and evaluate the risk of corresponding variants detected in the
parents of the patients and 283 controls. The p.R4810K variant was confirmed to be
strongly associated with MMD in this additional Japanese cohort (P<0.001,
OR=259, 95% CI=100-674). The p.R4810K was identified in 95.1% of familial
MMD cases, 79.2% of sporadic cases, and 1.8% of normal controls. Moreover, the
correlations of genotype-phenotype associated with gene dosage were also observed.
Compared with heterozygotes or wild types, homozygotes of p.R4810K had a sig-
nificantly earlier age at onset, significantly higher frequencies of infarctions at ini-
tial presentation, and involvement of posterior cerebral arteries (PCAs) than those
in heterozygotes and wild types. Eighteen other rare variants were also identified in
the patients without p. R4810K and were not associated with any clinical pheno-
types of MMD (Table 3.1) [15]. Followed by their first study on the gene dosage
effects of the RNF213 variant, RNF213 p.R4810K also showed the gene doses
effects in Japanese sibling cases with MMD. In this study, RNF213 p.R4810K
showed a significant association with MMD, as well as different clinical course and
disease severity. The patients with the homozygote of p.R4810K in the sibling pair
showed an early-onset age and rapid disease progress, compared with those with the
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heterozygote of the variant (Table 3.1) [16]. These two studies suggest an obvious
correlation of genotype-phenotype of RNF213 p.R4810K with MMD.

Additional two studies reported by the same research group replicated the previ-
ous association of the RNF213 p.R4810K with Japanese MMD risk (Table 3.1) [17,
18]. The first study evaluated the frequencies of p.R4810K variant in 48 patients
with MMD, as well as in 41 patients with intracranial major artery stenosis/occlu-
sion (ICASO) without signs of MMD (non-MMD ICASO). The 85.4% patients
with MMD and 21.9% patients with non-MMD ICASO had the risk allele of p.
R4810K. The p.R4810K showed significant associations with MMD (P<0.0001,
OR=292.8, 95% CI=15.4-5153) and with non-MMD ICASO (P=0.01, OR=14.9,
95% CI=0.82-268.4), but no association with either cerebral aneurysm or cervical
disease. This study, for the first time, suggests the p.R4810K variant in RNF213
common to both MMD and non-MMD ICASO (Table 3.1) [17]. To confirm the real-
ity of the association of p.R4810K variant with non-MMD ICASO, Miyawaki et al.
investigated the frequencies of p.R4810K variant in 323 patients with various phe-
notypes of intracranial major artery stenosis/occlusion and 110 control subjects in a
different larger Japanese cohort from the previous one. Sixteen of 22 patients with
definite MMD, 4/8 patients with unilateral MMD, 20/84 patients with non-MMD
ICASO, 1/34 patients with extracranial carotid atherosclerosis, 0/44 patients with
cerebral aneurysm, 0/21 patients with intracerebral hemorrhage, and 1.8% controls
had the risk allele of p.R4810K. RNF213 p.R4810K showed significant associations
with definite MMD (P<0.0001, OR=144.0, 95% C1=26.7-775.9), unilateral MMD
(P=0.0001, OR=54.0, 95% CI=7.5-386.8), and non-MMD ICASO (P<0.0001,
OR=16.8, 95% CI=3.81-74.5), but no associations with extracranial carotid athero-
sclerosis, cerebral aneurysm, or intracerebral hemorrhage (Table 3.1) [18]. The
authors replicated the previous findings and proposed the existence of a new entity
of ICASO caused by the p.R4810K variant in RNF213 at least for Japanese
ethnicity.

3.2.2 Korean MMD

Following on from the discovery studies [13, 14], several studies have replicated the
association of RNF213 p.R4810K with MMD risk in Korean population (Table 3.1)
[19-23]. Chung et al. evaluated the association between clinical, genetic, and radio-
logic factors and basal collaterals in 146 Korean patients with MMD. The RNF213
p-R4810K was observed in 50 (65.8%) adult-onset MMD patients and not associ-
ated with the degree of basal collaterals (P=0.289) (Table 3.1) [19]. Actually, this
study did not evaluate the association between the p.R4810K and MMD risk, due to
a lack of allele frequency information in the controls. However, the significant asso-
ciation should exist in this Korean cohort based on the frequency data from other
studies (Table 3.1) [12, 13, 20, 21].

Another study investigated the RNF213 p.R4810K genotype and genotype-
phenotype correlations in 165 Korean MMD patients and 294 controls by direct
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sequencing of the major RNF213 SNPs. The p.R4810K was detected in 75.8% of
MMD patients and in 2.72% of controls, respectively. The p.R4810K significantly
associated with the risk of Korean MMD, with an OR of 52.11 (P<0.001) compared
with controls. Moreover, p.R4810K risk genotypes occurred more frequently in
familial MMD patients than in sporadic patients. The homozygous p.R4810K
showed a significant association with early age at onset, cerebral infarction at initial
diagnosis, and cognitive impairment in long-term outcome (Table 3.1) [22]. The
findings indicate that the p.R4810K risk allele is strongly associated with Korean
patients with MMD and homozygous p.R4810K may be a good biomarker for
early-onset MMD or unstable MMD with cerebral infarction, which requires early
diagnosis and revascularization treatment.

Due to the high prevalence of both intracranial atherosclerotic stenosis (ICAS)
and MMD in Asians, Bang, et al. hypothesized that the RNF273 p.R4810K is also a
susceptibility gene for the Korean patients with ICAS. The participants included
234 patients with ICAS and 288 with MMD. The RNF213 p.R4810K was observed
in 21.4% patients with ICAS and in 69.1% patients with MMD. ICAS patients with
RNF213 p.R4810K were younger and more likely to have a family MMD history
than the patients without the variant were. Multivariate analysis revealed that only
the age of ICAS onset was independently associated with the RNF213 p.R4810K
(OR=0.97, 95% CI1=0.944-0.99) (Table 3.1) [23]. This study further demonstrated
that RNF213 is a susceptibility gene not only for MMD but also for ICAS in East
Asians. Further studies on the association of RNF213 variants in ICAS patients
outside East Asian populations are needed.

3.2.3 Chinese MMD

After the identification of the founder variant p.R4810K and other rare patient-
specific variants in RNF213 as the important susceptibility genes for Chinese MMD
(Table 3.1) [13], several genetic studies have also perfectly replicated the associa-
tion of RNF213 variants with MMD in Chinese population (Table 3.1) [24-29]. Wu
et al. performed the first replication study on molecular analysis of RNF213 in 170
MMD patients and 507 controls from Chinese Han population. The p.R4810K was
detected in 13% of cases with MMD and 0.4% of 507 normal controls, respectively.
The association of p.R4810K was perfectly replicated to greatly increase the risk for
Chinese Han MMD (P=6.1x107"%, OR=36.7, 95% CI=8.6-156.6). The allele fre-
quency of R4810K was significantly higher in ischemic versus hemorrhagic MMD
(P=0.001, OR=5.4, 95% CI=1.8-16.1). Genomic sequencing covering later part of
RNF213 also identified eight other non-p.R4810K variants: p.P4007R, p.Q4367L,
p-A4399T, p.T4586P, p.L4631V, p.E4950D, p.A5021V, and p.M5136I. Among
them, p.A4399T variant was found in 16.5% of cases and 8.9% of controls and
was significantly associated with MMD (P=0.004, OR=2.0, 95% CI=1.2-3.3),
especially with hemorrhage (P=0.014, OR=2.8, 95% CI=1.2-6.5) (Table 3.1) [24].
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This study validated the association of p.R4810K and expanded the spectrum of
RNF213 mutations in Chinese Han MMD.

Wang et al. evaluated the contributions and interactions of the polymorphisms of
RNF213 and other previously associated genes in 96 Chinese Han cases and 96
controls. Again, p.R4810K in RNF213 showed a significant association with
Chinese Han MMD (8.33%) compared with controls (1.04%) (P=0.018, OR=8.74).
The significant association of the polymorphism rs148731719 in RNF213 was also
identified, but no association between MMD and other three loci in the genes of
PDGFRB, MMP-3, and TIMP-2. There was no any significant interaction among
these five loci by multifactor dimensionality reduction analysis. This study indi-
cated that RNF213 p.R4810K and rs148731719 may exert a significant influence on
MMD occurrence than other genes in Chinese Han population (Table 3.1) [25].
Further studies in a larger sample size across different ethnicities are necessary to
validate these contributions and interactions.

RNF213 p.R4810K has been associated with non-MMD ICASO patients in
Japanese population (Table 3.1) [17, 18], but a lack of data in other populations. To
validate the previous findings, Shang et al. explored the association between
RNF213 p.R4810K and ischemic stroke in a Chinese Han population with 285
patients and 300 controls. The patients with ischemic stroke were divided into
ICASO subgroup (139) and non-ICASO subgroup (146). One of 285 patients with
ischemic stroke, one of 139 patients with ICASO, none in non-ICASO subgroup,
and one of 300 controls had the p.R4810K risk variant. Compared with controls,
p.R4810K variant had no associations with ischemic stroke (P=1, OR=1.053,
95%C1=0.066-16.912) and ICASO (P=0.533, OR=2.167, 95%CI=0.135-34.894),
respectively. This study failed to replicate the associations previously reported in
Japanese patients with ICASO, indicating that RNF213 p.R4810K variant may be
not associated with ICASO in Chinese Han population (Table 3.1) [26]. Further
studies are needed to validate the association between p.R4810K and ICASO phe-
notype in different ethnicities. Huang et al. investigated the association between
rs138130613, p.R4810K, and rs148731719 variants of RNF213 and the genetic sus-
ceptibility of adult MMD in a Guangxi Zhuang population. The participants con-
sisted of 52 consecutive adult patients with MMD, 64 non-MMD ICASO, and 80
gender- and age-matched healthy controls. Compared with the control group,
RNF213 p.R4810K was found to be significantly associated with both MMD group
and non-MMD ICASO group (P=0.006, OR=12.29, 95% CI=1.47-103.10;
P=0.045, OR=8.17, 95% CI=0.96-69.74, respectively), but no associations for
rs138130613 and rs148731719 in RNF213. These findings suggest that RNF213 p.
R4810K might be a genetic marker for MMD and might be related to the formation
of ICASO in Guangxi Zhuang population (Table 3.1) [27]. Interestingly, the fre-
quency difference in RNF213 p.R4810K between Han [26] and Guangxi Zhuang
populations with non-MMD ICASO indicates that the genetic background may be
different even in different ethnic groups among Chinese population. Further genetic
studies are needed to clarify the genetic etiology among different Chinese
nationalities.
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Zhang et al. performed a genetic study to identify disease-causing mutations in
MMD association genes, including RNF213, ACTA2, BRCC3, and GUCYIA3 in
255 Chinese MMD patients and 300 controls. Twenty-seven rare missense variants
of RNF213 were identified. Among them, p.R4810K was identified in 31.4% (80 of
255) of patients with MMD. Significantly higher frequencies of the p.R4810K in
MMD patients were observed compared with controls (¥?=104.166, P<0.000).
Twenty-five rare variants were identified in 10.6% (27 of 255) of non-p.R4810K
patients. The frequencies of rare and founder variants identified in this study (42%)
were relatively higher than those of the previous studies (10-20%). In contrast, no
disease-causing variants were identified in ACTA2, BRCC3, or GUCYIA3.
Compared with patients without the rare RNF213 variants, the patients with p.
R4810K were younger at diagnosis (25 vs 29 years old, P=0.049) and had more
familial cases (24% vs 4.4%, P=0.000), ischemic cases (81.3% vs 67.5%, P=0.037),
and involvement of the PCA (52% vs 32.5%, P=0.007) (Table 3.1) [28]. Although
the total proportion of RNF213 variants was relatively lower than that in Japanese
and Korean, RNF213 is the major susceptibility gene in Chinese MMD patients.
Compared to patients without the rare RNF213 variants, the patients with p.R4810K
showed relatively severe clinical features of MMD. One study sequenced all coding
exons of RNF213 in 36 Taiwanese MMD patients. Four different RNF213 variants,
p-R4810K, p.A1622V, p.V3933M, and p.R4131C, were identified in 11 patients
(30.6%) (Table 3.1) [29]. This study replicated the previous association data and
was the first genetic epidemiological study for MMD in Taiwan.

3.2.4 Caucasian MMD

Although several RNF213 rare variants have been identified in Caucasian MMD
[13], the mutation spectrum of MMD in Caucasian population still remains largely
unknown. Liu et al. performed a GWAS in 38 cases and 41 controls to identify
whether there is a major founder susceptibility gene for Caucasian MMD. This
study failed to identify any major founder variant in Caucasian MMD as it is in East
Asian MMD. However, several suggestive association regions were identified for
Caucasian MMD (Table 3.1) [30].

More recently, two research groups independently investigated disease variants
in multiethnic populations of MMD patients based in the United States by target
exons sequencing and WES. These two genetic studies consistently replicated pre-
vious results and identified many novel rare variants in RNF213 and other genes
(Table 3.1) [31, 32]. Cecchi et al. investigated the contribution of RNF213 variants
to MMD among an ethnicities diverse population in the United States using targeted
exon sequencing of RNF213 or WES. The East Asian founder variant RNF213
p-R4810K was found in 56% (9/16) of MMD patients of Asian descent, but not in
94 patients of the European, Hispanic, or African descent. Among nine patients of
Asian descent carrying RNF213 p.R4810K, seven were East Asian origin as previ-
ously reported; other were in novel groups not previously reported, including
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Bangladeshi, Indian, and Filipino origin. Four rare RNF213 variants were identified
by Sanger sequencing: p.C3997Y, p.D4013N, p.R4019C, and p.I4076V. Seven
additional rare variants were also identified in 29% (7/24) via WES: p.A529del, p.
R3922Q, p.K4115del, p.D4237E, p.K4732T, p.E4950_F4951ins7, and p.
V5163I. This study further confirms that rare genetic variants in RNF213 predis-
pose patients of diverse ethnicities to MMD and that the p.R4810K founder variant
predisposes patients of Asian descent in the United States to MMD (Table 3.1) [31].
To further search the mutations for MMD, Shoemaker et al. conducted WES of 125
unrelated ethnically diverse MMD patients and 125 matched controls. According to
ethnicity of the studied subjects, they established three subpopulations: Asian,
Caucasian, and non-p.R4810K case. This study replicated the previously identified
RNF213 p.R4810K founder variant in Asian cases (P=6.01x1075) that was enriched
among East Asians compared to Southeast Asian and Pacific Islander cases
(P=9.52x107*) and was completely absent in all Caucasian cases and controls.
Among Caucasian and non-p.R4810K cases, two most enriched variants were iden-
tified: ZXDC (p.P562L), a gene involved in MHC class II activation, and OBSCN, a
gene involved in myofibrillogenesis. This study provides additional evidence on the
East Asian origins of the RNF213 p.R4810K variant and revealed novel, alternative
candidate variants and genes that may be important in the etiology of MMD with
multiethnicities (Table 3.1) [32].

3.3 Significance and Future Perspectives of RNF213
on MMD

To date, many loci and genes were identified to be associated with the risk of MMD;
however, the results were completely unrepeatable in different studies. In contrast,
RNF213 was confirmed to be the most important founder susceptibility gene for
MMD with various ethnicities by many research groups in the world. The carrier
frequencies of p.R4810K in East Asia were about 1-3% for controls and 20-80%
for cases [13-29], but none in Caucasian cases and controls (Table 3.1) [30-32].
The previous data strongly suggest that the genetic background of MMD in East
Asian is distinct from that in Westerners and the high incidence of MMD in East
Asian countries may be attributable to the major founder effect of RNF213.

The homozygotes of RNF213 p.R4810K had a significantly earlier-onset age,
higher frequency of cerebral infarctions at diagnosis, and involvement of PCAs
compared with heterozygotes or wild types, which strongly suggest that the homo-
zygous RNF213 p.R4810K could be a good biomarker for predicting the severe
type, progression, and prognosis of MMD, for which early clinical intervention is
recommended (Table 3.1) [15, 16, 22, 24, 28]. In addition, RNF213 p.R4810K was
significantly associated with not only MMD but also non-MMD ICASO in East
Asian (Table 3.1) [17, 18, 23, 27], suggesting RNF213 may be also important in the
occurrence of ICASO phenotypes.
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However, several questions remain and need to be elucidated. First, the large gap
between the prevalence of carriers of the p.R4810K (1-3%) and the prevalence of
MMD (1 in 10,000) strongly suggests that p.R4810K is a susceptibility factor to
MMD, with an involvement of other unknown factors in the moyamoya phenotype.
Further studies will need to figure out the mysterious other factors involved in MMD
etiology in addition to RNF213. Secondly, the frequency of RNF213 variants is rela-
tively lower in Chinese MMD patients, compared to that in Japanese and Korean
patients. The p.R4810K and other rare variants in RNF213 could only explain about
20% cases in Chinese population. The major novel susceptibility genes for Chinese,
as well as Caucasian MMD, remain to be discovered by next-generation sequencing
tools in a large number of study populations.
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Chapter 4
Molecular Biology of Mysterin/RNF213

Daisuke Morito and Kazuhiro Nagata

Abstract Mysterin, also called RNF213, is a large intracellular protein (591 kDa)
that contains two tandem AAA+ ATPase modules and a RING finger ubiquitin
ligase motif. Although its physiological role remains unclear, mysterin is consid-
ered to be the most prominent susceptibility factor for moyamoya disease, an idio-
pathic cerebrovascular disorder in humans. The C-terminal R4810K mutation of
mysterin significantly increases the risk of moyamoya disease, but its molecular
effect on the mysterin protein remains largely unclear. Multiple studies have
explored the physiological and pathological roles of mysterin at the molecular, cel-
lular, and tissue/individual levels since its identification and molecular cloning, and
the results obtained to date suggest that mysterin is involved in angiogenesis and/or
endothelial cell behavior; however, no unified and precise understanding has yet
been established. In this chapter, we provide an overview of mysterin’s genomic
composition, enzymatic activities, structure, and mutant phenotypes in vitro and
in vivo and discuss its potential physiological and pathological roles from the stand-
point of molecular biology.

Keywords Mysterin « RNF213 ¢ Moyamoya disease ®* AAA+ protein ¢ Ubiquitin
ligase
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4.1 Composition of the mysterin Gene

Extensive genetic analyses of moyamoya disease ultimately succeeded in identify-
ing a rare missense single-nucleotide polymorphism (SNP), R4810K, on human
chromosome 17 [1-4]. The SNP significantly elevates the risk of moyamoya disease
and is considered to be the most prominent risk factor for the disorder (the sympto-
mology and epidemiology of moyamoya disease are described in the preceding
chapters and the literature [5]). A very large gene that has come to be known as
RNF213 (hereafter referred to as mysterin, moyamoya steno-occlusive disease-
associated AAA+ and RING finger protein [6]) was shown to harbor the R4810K
mutation, but the composition of the gene had not been fully elucidated even after
completion of the human genome project. Instead, it was improperly annotated as
two shorter genes, ALO!7 and RNF213 (not identical to the currently recognized
full-length mysterin /RNF213 gene), until its first complete molecular cloning by
our group (Fig. 4.1) [3].

ALO17 was identified in 2002 as a fusion partner of anaplastic lymphoma kinase
(ALK) in anaplastic large-cell lymphoma [7]. Its partial cloning and prediction
based on human expressed sequence tag (EST) clones suggested that ALOI7
encodes a protein consisting of 1550 or 1599 amino acids (two alternative splicing
isoforms), of which the N-terminal region overlaps with the mysterin protein.
However, a subsequent Northern blot analysis using a probe targeting the 5’ region
of mysterin did not detect any significant expression of a shorter isoform corre-
sponding to ALO17 [3], suggesting that the previously identified ALO/7 locus does
not constitute a bona fide gene but instead arose from imprecise EST-based predic-
tion. The alternative exon splicing in ALO17 was predicted to clip 49 amino acids
off the ALO17 polypeptide and was reproducibly detected as skipping of exon 4 of
mysterin [3]. This alternative splicing results in generation of the predominant short
and the less abundant long isoforms of full-length mysterin, with lengths of 5207
and 5256 amino acids, respectively. The R4810K mutation in the major mysterin

ALO17/KIAA1618 uu RNF213/C170rf27
— — —

mysterin/RNF213 5207

— I || —
1st AAA+: 2397-2628 RING: 3992-4040
2nd AAA+: 2738-2987 R4810K

—_

Fig. 4.1 Composition of the mysterin gene. ALO17 and RNF213 were previously recognized as
independent genes (upper figure). We identified four unidentified exons (arrows) between the two
genes by RT-PCR and sequencing and found that these erroneously annotated units constitute a
single gene (lower figure). The encoded protein, which we named mysterin (moyamoya steno-
occlusive disease-associated AAA+ and RING finger protein), harbors two tandem AAA+ mod-
ules and a RING finger domain. The C-terminal R4810K mutation significantly increases the risk
of moyamoya disease
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isoform corresponds to the R4859K mutation in the minor isoform [3, 4]. The role
of the mysterin N-terminal region fused with ALK in anaplastic large-cell lym-
phoma remains largely unclear.

The gene previously annotated as immediately downstream of ALOI7 was
RNF213, which was predicted to encode a polypeptide with a length of 3602 amino
acids, although this polypeptide was not identical to full-length mysterin (Fig. 4.1).
The previously recognized RNF213 is a false gene that was annotated without suf-
ficient experimental assessment. Although neither molecular evaluation nor cloning
of the initially identified RNF213 gene had been reported, this genetic unit was clas-
sified as a sensitive genetic marker for phylogenic studies of acanthomorph teleosts
(i.e., teleost fish with spiny rays, including many well-known species such as floun-
der) [8]. The true status of the locus was ultimately elucidated through sequencing
of reverse transcription polymerase chain reaction (RT-PCR) products during the
molecular cloning of mysterin [3]. Our current understanding is that the previous
ALO17 and previous RNF213 genes in fact constitute a single large gene, mysterin,
consisting of 68 or 69 exons.

4.2 Molecular Properties of Mysterin Protein

The mysterin gene encodes an intracellular protein with multiple unique properties.
One immediately obvious feature is its enormous size, 5207/5256 amino acids,
making it the 21st longest of 20,191 reliable gene products encoded by the human
genome (UniProt: http://www.uniprot.org/). Furthermore, mysterin protein forms a
putative hexameric oligomer with a predicted molecular mass of 3.5 MDa [6]. This
size is comparable to that of the ribosome, the largest class of macromolecular com-
plex in all living organisms. Mysterin also has a unique combination of enzymatic
activities, containing two mechanical-type ATPase modules and a single ubiquitin
ligase domain (Fig. 4.1). To date, no other enzyme has been shown to harbor these
two types of domains. How this enormous protein coordinates energy-dependent
mechanical activity and protein modification/regulation activity, as well as how it
contributes to physiological/pathological processes in the cell, represent intriguing
questions in molecular and cellular biology.

4.2.1 AAA+ ATPase Activity of Mysterin Protein

Early studies, and even some recent work, reported that mysterin contains a single
ATPase domain consisting of approximately a hundred amino acids [3, 4]. This
domain harbors a nucleoside triphosphate (NTP)-binding Walker A motif and a
magnesium ion-binding Walker B motif, which together constitute a P-loop NTPase
domain and cooperatively hydrolyze NTP. Although BLAST analysis detected a
single compact NTPase domain at the site, recent structural prediction detected
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Fig. 4.2 The two tandem AAA+ modules of mysterin. Each AAA+ module consists of nine
a-helical and five B-strand regions, whose order and number are similar to those in typical AAA+/
AAA modules. The two modules of mysterin preserve essential sequences in the Walker A and B
motifs, but not the second region of homology (SRH) motifs that define classical AAA modules.
Thus, mysterin is a derivative, rather than canonical, AAA protein. BLAST analysis detects only
the former region of the first AAA+ module. The two AAA+ modules are connected by a charac-
teristic helical middle region around a hundred amino acids in length

additional accessory structures around the NTPase domain that are not detectable
by BLAST (Fig. 4.2) [6]. Together, the NTPase core motifs and accessory structures
constitute an AAA+ (ATPases associated with diverse cellular activities) module, a
subclass of the P-loop NTPase domain, over 200 amino acids long [9]. Surprisingly,
structural prediction of the entire mysterin polypeptide identified another AAA+
module, including a set of Walker motifs, immediately C-terminal to the first AAA+
module; BLAST analysis had also failed to detect the second module (Fig. 4.2). In
vitro enzymatic assay confirmed that both modules exhibit significant ATP hydroly-
sis activity [6]. Thus, mysterin harbors tandem AAA+ modules, and the failure of
BLAST analysis to detect these features has caused mild confusion in the field (i.e.,
some of the literature states that mysterin contains a single compact ATPase mod-
ule). It should be noted that mysterin lacks a second region of homology (SRH)
motif, a consensus element of canonical AAA proteins, and is thus classified as a
derivative AAA+ protein rather than classical AAA protein (Fig. 4.2) [9]. This issue
has also been the subject of several errors in the literature.

Two common characteristics of the AAA+ proteins, including the classical AAA
proteins, are formation of toroidal oligomers (usually hexamers) and mediation of
various biophysical/mechanical processes in the cell via dynamic changes in overall
structure coupled to ATP hydrolysis [10]. For example, dynein forms an intramo-
lecular toroidal structure with its six intrinsic AAA+ modules and moves direction-
ally on microtubules using energy from ATP hydrolysis (Fig. 4.3a). ClpB forms a
hexameric toroidal oligomer through its tandem AAA+ modules and threads
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Fig. 4.3 Diverse modalities of AAA+ activities. (a) Dynein, which harbors six AAA+ modules in
a single heavy chain molecule, forms an intramolecular ring structure and generates motive force
for directed motion on microtubule filaments (striped). Two dynein heavy chains form a 1.2 MDa
complex with other chains. (b) Bacterial ClpB and yeast Hsp104 harbor two tandem AAA+ mod-
ules connected by a long helical middle region as in mysterin. These proteins form hexamers and
pull polypeptides from protein aggregates in cooperation with other molecular chaperones such as
Hsp70, resulting in resolution and detoxification of protein aggregates. This function is often
referred to as unfoldase activity. (¢) Katanin remains in the monomeric or dimeric (not shown)
state in the cytosol and forms hexamers on its substrate, microtubule filaments. ATP-bound katanin
(red) dissects microtubule filaments via ATP hydrolysis, and the resultant ADP-bound katanin
returns to the diffuse monomeric or dimeric state (blue). (d) Hypothetical dynamics of mysterin.
Mysterin routinely remains in the ADP-bound monomeric state (blue) and is converted to the ATP-
binding form (red) (1). ATP binding by the first AAA+ module triggers oligomer formation (2).
The mysterin oligomer hydrolyzes ATP and presumably mediates an unidentified biophysical pro-
cess in the cell (3, ATP to ADP state). ATP hydrolysis on the second AAA+ module triggers disas-
sembly of mysterin oligomer (4)

polypeptides through its center pore, resulting in resolution of entangled polypep-
tide aggregates (Fig. 4.3b). Katanin assembles on its substrate, microtubule fila-
ments, and physically dissects them (Fig. 4.3c). Vps4 also assembles on the substrate
ESCRT-III complex and drives membrane neck constriction by dissociating the
ESCRT-III complex. Thus, AAA+ proteins mediate a wide variety of mechanical
processes in the cell, whereas the process mediated by mysterin has not yet been
identified. Intriguingly, the two AAA+ modules of mysterin are connected by a heli-
cal middle region of about a hundred amino acids resembling an analogous region
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in ClpB (Fig. 4.2) that regulates the protein’s overall activity [11]. The middle
region of mysterin may also play a role in regulating its activity.

Most known AAA+/AAA proteins form stable toroidal oligomers (as noted
above, usually hexamers) in the presence of physiological concentrations of ATP
and magnesium ions, but the situation is somewhat different for mysterin [6].
Electron microscopic study demonstrated that purified full-length mysterin has the
ability to form a toroidal oligomer comparable in size to the ribosome. However,
biophysical and biochemical evaluations demonstrated that most mysterin mole-
cules in the cell remain in the monomer state. Although more precise and multifac-
eted analyses of this issue are warranted, the current biochemical data suggest that
mysterin forms oligomers with ATP bound to its first AAA+ module and disas-
sembles with ATP hydrolysis by its second AAA+ module (Fig. 4.3d) [6]. This
cyclic oligomer formation and dissociation resembles that of katanin (Fig. 4.3c) and
Vps4, which routinely remain in the monomeric state and assemble on their sub-
strates (microtubules or ESCRT-III complex, respectively); they then mediate disas-
sembly of the substrates via ATP hydrolysis and return to the monomeric/dimeric
state [10]. Although the role of the AAA+ modules of mysterin remains unclear,
recent studies suggest that they are physiologically and pathologically important
in vivo, as discussed in the next chapter.

4.2.2 Ubiquitin Ligase Activity of Mysterin Protein

The other prominent domain structure in mysterin is a really interesting new gene
(RING) finger domain (Fig. 4.1), through which mysterin exerts its ubiquitin ligase
activity [3]. This class of enzyme is involved in the last step of protein ubiquity-
lation (Fig. 4.4a) [12]. During this process, a small protein (ubiquitin) is initially
activated by ubiquitin-activating enzyme (E1) in an energy-dependent manner,
transferred to a ubiquitin-conjugating enzyme (E2), and ultimately covalently con-
jugated to a substrate protein by a ubiquitin ligase (E3) [13]. The target site for
ubiquitylation is typically a lysine residue in the substrate protein. Although ubiqui-
tylation is a “one-shot deal” in some cases (monoubiquitylation), multiple cycles of
ubiquitylation can occur on a lysine residue of a ubiquitin that is already conjugated
to a target protein, resulting in generation of a polyubiquitin chain on the substrate
(polyubiquitylation) (Fig. 4.4a). In this situation, one of the seven lysine residues in
ubiquitin is selectively ubiquitylated, leading to formation of a polyubiquitin chain
with a particular type of chain linkage [14]. The best understood modality of polyu-
biquitylation is mediated by the 48th lysine of ubiquitin (K48-linked polyubiquity-
lation), and it is well established that K48-linked polyubiquitin chains serve as a
protein degradation signal [13]. The proteasome specifically recognizes K48-linked
polyubiquitin chains and degrades ubiquitylated substrates into short polypeptides.
An E3 usually exhibits enzymatic activity in cooperation with one or a few specific
E2s and generates polyubiquitin chains of one or more types. Such selectivity for
E2s and modalities of polyubiquitylation are often associated with substrates or
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Fig. 4.4 Multistep ubiquitylation reaction and structure of RING finger protein. (a) Ubiquitin is a
small protein, 76 amino acids in length (1). Its C-terminus is chemically activated by ubiquitin-
activating enzyme (E1) using ATP (2). Ubiquitin is transferred to a ubiquitin-conjugating enzyme
(E2) (3). A specific type of ubiquitin ligase (E3) harboring a RING finger domain and substrate-
binding domain (SB) mediates transfer of ubiquitin from E2 to a lysine residue of the substrate (4).
Another cycle of ubiquitin transfer generates a polyubiquitin chain on the substrate (5). (b) Eight
cysteine (red) and histidine (blue) residues (other residues: X) are conserved in a single RING
finger domain. The RING finger in mysterin includes eight cysteine residues and belongs to the
RING-C2 subgroup, although we cannot exclude the possibility that two histidine residues around
the center of the RING finger contribute to zinc binding. (¢) The RING finger domain clasps two
ions of zinc to form a “cross-brace” structure

biological conditions, as well as the intrinsic characteristics of the E3 itself. In addi-
tion to the major modality of ubiquitylation described above, many exceptional
instances with biological relevance have been identified, and these have been exten-
sively described in the protein ubiquitylation literature [14]. Although mysterin
exhibits obvious ubiquitin ligase activity, its partner E2 and modality of ubiquity-
lation, as well as its in vivo substrates, remain largely unknown.

From a structural standpoint, mysterin belongs to a rare subclass of RING finger
E3s. The RING finger domain forms a structure analogous to the zinc finger domain
[15]. Canonical types of RING finger domains, which consist of dozens of amino
acids, are referred to as RING-C3HC4 (or RING-HC) and RING-C3H2C3 (or
RING-H2) according to the number and the order of conserved cysteine (C) and
histidine (H) residues (Fig. 4.4b) [12]. The domain clasps two atoms of zinc with
eight ligands (cysteine and histidine residues) in a “cross-brace” orientation, thus
creating the binding surface for E2 (Fig. 4.4c) [15]. However, human mysterin
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includes eight cysteines and no histidines at the predicted zinc chelation sites. To
date, this orientation, referred to as RING-C4C4 (or RING-C2), has been detected
in only a small number of RING family members [16]. The characteristic composi-
tion of the mysterin RING finger domain might affect its ubiquitylation modality or
biological role, which remain elusive.

4.3 Biological Role of Mysterin

Our knowledge of the physiological and pathological relevance of mysterin still
remains limited. The protein’s substrates, its contribution to intra- and intercellular
processes, and the effects of disease-associated mutations remain largely unclear.
Multiple studies have investigated these issues at the molecular, cellular, and tissue/
organism levels, and proposed potential roles of mysterin on the basis of their find-
ings, but a precise and unified understanding remains to be established. In this sec-
tion, we review functional studies of mysterin at multiple levels and discuss the
protein’s potential physiological and pathological roles.

4.3.1 Potential Physiological Roles

The involvement of the mysterin mutation in human moyamoya cerebrovascular
disease led us to examine mysterin’s contribution to the physiological structure and/
or function of blood vessels. Knockdown and knockout of the mysterin gene resulted
in abnormal vascular morphology in zebra fish embryos, supporting the hypothesis
that moyamoya disease is caused by functional aberration of a gene physiologically
involved in blood vessels [3, 17]. Vascular network formation is supported by two
fundamental processes, vasculogenesis and angiogenesis [18]. The former includes
differentiation of hemangioblasts into vascular endothelial cells and formation of
primitive vascular plexus, whereas the latter is initiated by migration and prolifera-
tion of vascular endothelial cells from preexisting vascular plexus. Mysterin knock-
down/knockout zebra fish embryos retain the ability to develop blood vessels via
both processes, although they exhibit somewhat excessive and broadly misguided
angiogenesis [3, 17], suggesting that mysterin plays a role in vascular patterning,
rather than vascular outgrowth, including differentiation, proliferation, and migra-
tion of vascular endothelial cells. Patterning in angiogenesis is determined by the
balance of extracellular attractive and repulsive signals, as well as by direct com-
munication between the tip and stalk cells in growing blood vessels [19-21].
Mysterin may play a role in regulatory pathways mediated by cell surface receptors
such as VEGF receptor, Plexin, and Notch (also discussed in the next chapter).
Further studies are necessary to elucidate the molecular mechanism underlying the
vascular phenotypes of mysterin mutants in zebra fish.
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Despite the obvious phenotype in zebra fish, the involvement of mysterin in vas-
cular structure and/or function in mammals remains controversial. Mysterin knock-
out mice exhibit no spontaneous vascular phenotype and few if any vascular
anomalies under ischemic conditions [22-25], and mysterin knockdown causes lit-
tle or no interference with proliferation and tube formation of human endothelial
cells in vitro [26-28]. Although the reason for this discrepancy between the zebra
fish and mammalian systems remains unclear, mice are often less sensitive to gene
targeting than zebra fish, presumably owing to one or more mechanisms that can
compensate for loss of the gene function. Further elucidation of the vascular func-
tion of mouse/human mysterin is warranted.

Other potential target processes of mysterin have been proposed, including insu-
lin production and pancreatic f-cell survival [22], matrix metalloproteinase produc-
tion in vascular endothelial cells [24, 28], zebra fish myogenesis [29], WNT and
calcium signaling in the endothelial cells that mediate vascular regression [30], and
non-mitochondrial oxygen consumption in breast cancer [31]. Here again, however,
the underlying mechanisms mostly remain elusive.

Mysterin is conserved across vertebrates and ubiquitously expressed in multiple
tissues in human and mouse [3, 4]. Mysterin is distributed throughout the cytosol,
and a subset of mysterin molecules is associated with unidentified intracellular
structures [3]. Although typical AAA+ ATPases exert their biological activity in the
form of toroidal oligomers, most mysterin remains in a monomeric state despite its
ability to form such oligomers [6], suggesting that it exhibits its biological activity
at a limited number of sites or upon specific stimulation. As discussed in the next
chapter, the ATPase and ubiquitin ligase activities of mysterin are both prerequisite
for zebra fish organogenesis [29], suggesting that they play indispensable roles
in vivo. Future in vitro and in vivo studies should seek to elucidate its target sub-
strate, site(s), and process(es).

4.3.2 Potential Pathogenic Roles

Genetic studies have revealed that the R4810K SNP significantly elevates the risk of
moyamoya disease, although the underlying molecular and cellular mechanism
remains largely unclear. Because arginine (R) and lysine (K) share similar structural
and electrical properties (Fig. 4.5), RK mutations are generally predicted to have
limited effects on the biochemical properties of proteins. Our group has failed to
detect significant changes in stability, subcellular distribution, ubiquitin ligase activ-
ity, and oligomer formation of the R4810K mutant in cells [3, 6], whereas Koizumi
and colleagues reported that the mutation negatively affects the ATP hydrolysis
activity of the first AAA+ module [32] and impairs cell-cycle progression by inter-
fering with mitotic factors such as Securin and MAD?2, resulting in reduced endo-
thelial cell proliferation and angiogenesis in vitro [26, 27]. Notably, some of these
results were obtained using patient iPS-derived endothelial cells. Transgenic mice
that harbor a mutation corresponding to human R4810K exhibit no spontaneous
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Fig. 4.5 Structures and H.N NH.*
electrical properties of z Y : NH,*
arginine and lysine. Both NH

amino acid residues have
similar isoelectric points
(PI), ~10, and are therefore
positively charged at
neutral pH

H,N~ “COOH H,N~ “COOH
Arginine (R) Lysine (K)
Pl: 10.76 Pl: 9.74

vascular anomalies and no/modest inhibition of angiogenesis under ischemic condi-
tions [32, 33]. Thus, involvement of wild-type and mutant mysterin in mammalian
angiogenesis still remains controversial, but the R4810K mutation may modulate its
intrinsic angiogenic activity or confer a novel activity (i.e., a negative effect on
angiogenesis) on mysterin in mammals. Future studies are warranted to elucidate
the molecular effect of the R4810K mutation and the roles of wild-type and mutant
mysterin in angiogenesis in vitro and in vivo.

It was reported that R4810K homozygosity is positively associated with the dis-
ease severity, suggesting that higher expression of mutant mysterin causes more
severe vascular anomaly [34]. Recent studies showed that mysterin is strongly
induced in endothelial cells by stimulation of interferons f and y [28, 32].
Upregulation of mutant mysterin upon the inflammatory stimulation may perturb
endothermal cell proliferation and/or survival and contribute to more severe endo-
thelial dysfunction in moyamoya disease. Previous report identified low penetrance
of inherited moyamoya disease, which also suggests involvement of additional
genetic and/or environmental factor(s) [35]. Inflammatory response is a candidate
factor that possibly contributes to the onset and progression of moyamoya disease.

4.3.3 Perspectives

After identification of the R4810K mutation by Koizumi and colleagues, our group
successfully performed the first complete molecular cloning of the full-length mys-
terin gene [3]. The gene product has a number of intriguing properties such as its
enormous size, unique combination of enzymatic activities, and involvement in a
mysterious human disease. These features inspired us and other researchers to fur-
ther explore its physiological and pathological relevance at the molecular, cellular,
and organismal levels. Our knowledge of mysterin is still limited, but a top-down
approach using animal models and bottom-up approach from the molecular and cel-
lular levels should complement each other, allowing us to fully comprehend the
physiological and pathological roles of mysterin in the future.
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Chapter 5
Physiological Role of Mysterin/RNF213
in Zebrafish

Daisuke Morito and Kazuhiro Nagata

Abstract Mysterin, also known as RNF213, is a very large intracellular protein of
591 kDa with unknown function. Long-standing genetic analyses ultimately
revealed that its C-terminal mutation (R4810K) is the key genetic factor for moy-
amoya disease, an inheritable idiopathic cerebrovascular disorder with arterial ste-
nosis and occlusion at a limited site in the brain. Although the pathologic mechanism
has remained largely unclear, a leading hypothesis is that mysterin plays a role in
the blood vessel and that the R4810K mutation interferes with the vascular function
of mysterin, resulting in the development of moyamoya disease. The first evidence
that mysterin participates in normal vascular structure and/or function was obtained
from zebrafish, a powerful model vertebrate. In this chapter, we overview the vascu-
lar and other phenotypes of mysterin knockdown/knockout zebrafish and discuss its
possible roles in vivo.

Keywords Mysterin ® RNF213 ¢ Zebrafish  Moyamoya disease * AAA+ protein ®
Ubiquitin ligase

D. Morito (<)
Institute of Protein Dynamics, Kyoto Sangyo University,
Motoyama, Kamigamo, Kita-ku, Kyoto 603-8555, Japan

CREST, Japan Science and Technology Agency, Kawaguchi 332-0012, Japan
e-mail: morito@cc.kyoto-su.ac.jp

K. Nagata (P<)

Institute of Protein Dynamics, Kyoto Sangyo University,

Motoyama, Kamigamo, Kita-ku, Kyoto 603-8555, Japan

CREST, Japan Science and Technology Agency, Kawaguchi 332-0012, Japan

Faculty of Life Sciences, Kyoto Sangyo University, Kyoto, Japan
e-mail: nagata@cc.kyoto-su.ac.jp

© Springer Nature Singapore Pte Ltd. 2017 59
A. Koizumi et al. (eds.), Moyamoya Disease Explored Through RNF213,

Current Topics in Environmental Health and Preventive Medicine,

DOI 10.1007/978-981-10-2711-6_5


mailto:morito@cc.kyoto-su.ac.jp
mailto:nagata@cc.kyoto-su.ac.jp

60 D. Morito and K. Nagata

5.1 Introduction

RNF213 (hereafter referred to as mysterin, the name that we have proposed [1]) is
a very large intracellular protein with unknown function. It exhibits mechanical
ATPase and protein ubiquitylation activities through two intrinsic AAA+ ATPase
modules and a RING finger ubiquitin ligase motif, respectively [1, 2]. The gene
encoding mysterin was originally identified and cloned after extensive genetic anal-
yses of moyamoya disease, a human idiopathic cerebrovascular disorder that runs in
several families [2-5]. As discussed in other chapters of this book and the literature,
moyamoya disease is characterized by the progressive stenosis and occlusion of a
specific region of the cerebral artery, resulting in the relapsing cerebral infarction,
ischemic stroke, and the formation of fragile collateral capillary vessels that cause
severe intracranial hemorrhage [6]. Although genetic analyses have revealed that a
mutation in the C-terminal region of mysterin (R4810K) significantly increases the
risk of moyamoya disease by 100- to 200-fold, its pathophysiological mechanism
has remained largely unclear. A leading hypothesis is that mysterin facilitates physi-
ological vascular structure/function in vivo and that the R4810K mutation interferes
with the vascular function of mysterin, resulting in the vascular anomalies in moy-
amoya disease. The first experimental evidence of the functional involvement of
mysterin in blood vessels was obtained from the zebrafish, Danio rerio [2].

The zebrafish is a small tropical freshwater fish (the adult is ~4-5 cm in length)
that is closely related to the carp. Although many genetic studies involve unicellular
organisms or invertebrates (some uses plants), several employ the zebrafish, a ver-
tebrate model that is easy to work with, because of its short generation time (~3—4
months), enormous reproductive ability (laying hundreds of eggs per week), and
usefulness in a variety of genetic techniques (e.g., mutagenesis, morpholino-
mediated transient gene knockdown, transgenesis, gene targeting, genome editing,
and transposon technique) [7]. The sequencing of its entire genome, which was
completed a few years ago, is another advantage [8]. There are further benefits of
using the zebrafish as a research model; the zebrafish has many unique properties
such as organs that are similar to those of the human, rapid and external develop-
ment, and the optical transparency of embryo and mutant adult (i.e., the casper
mutant, named after Casper the Friendly Ghost [9]). In particular, the entire body
transparency enables straightforward histological analysis of any organs including
the blood vessels. The transgenic zebrafish expressing green fluorescent protein
(GFP) under the control of the vascular endothelial cell-specific promoter allows
researchers to clearly visualize the vascular system even within deep tissues without
fixation, sectioning, staining, or autopsy [10]. This property allows researchers to
easily and extensively explore vascular anomalies in mutants, which, if using the
mouse, would need much more effort.
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5.2 Preservation and Duplication of the mysterin Gene
in Zebrafish

Despite the usefulness of the zebrafish, a potential disadvantage is the extra duplica-
tion of the entire genome that is unique to teleost fish. The “two rounds (2R) hypoth-
esis,” which is now widely accepted, states that the vertebrate genome underwent
two rounds of genome duplication at a very early stage of vertebrate evolution (i.e.,
before the divergence of jawless and jawed vertebrates) [11]. However, teleost fish
underwent an additional round of genome duplication, resulting in the creation of a
couple of paralogous genes corresponding to a single human gene [12]. The zebraf-
ish retains two mysterin genes, alpha and beta, that are found on different chromo-
somes, although a single mysterin gene is conserved across vertebrates other than
teleost fish [2]. The consensus sequences of both sets of Walker NTPase motifs and
the single RING finger domain are preserved in zebrafish mysterin alpha and beta
genes (Fig. 5.1), suggesting that the zebrafish mysterin paralogues exhibit enzy-
matic activities similarly with their human orthologue [13]. Although their tissue
distribution patterns and functional divergence/redundancy remain unknown, the
alpha isoform is predominantly expressed in the zebrafish embryo, where it plays a
significant role in the early formation of blood vessels and the motor system [2, 13].

1st Walker A 1st Walker B

consensus: GxxxxGKS/T consensus: hhhhDE
hmysterin: GETGCGKT hmysterin: ILFFDE
zmysterin-a: GETGCGKT zmysterin-a: VLFFDE
zmysterin-b: GETGCGKT zmysterin-b: VLFFDE
2nd Walker A 2nd Walker B

consensus: GxxxxGKS/T consensus: hhhhDE
hmysterin: GKPGSSKS hmysterin: VVVLDE
zmysterin-a: GKPGSSKS zmysterin-a: VVVLDE
zmysterin-b: GKPGSSKS zmysterin-b: VVVLDE

RING finger

consensus: CXXC Xn CXXC Xn CXXC Xn CXXC
hmysterin: CSICLGDAFDPVCLPCDHVHCLRCLRAWFASEQMI CPYC
zmysterin-a: CPVCMGDPRDPLS LPCDHIYCLTCIRQﬁLVPGQMH:C PLC
zmysterin-b: CRVCLMELSEPFALPCEHVFCRSCLRRSMEREEAQHCPVC

Fig. 5.1 Conserved motifs in human and zebrafish mysterin. ATP-binding Walker A motifs and
magnesium ion-binding B motifs in two AAA+ modules are highly conserved in human and
zebrafish mysterin. Seven out of eight cysteine residues in the RING finger domain are conserved
in zebrafish mysterin alpha and beta (zmysterin-a and zmysterin-b), whereas the third position is
replaced with a serine or alanine residue in mysterin alpha and beta, respectively. How these
replacements affect the ubiquitin ligase activity of mysterin remains elusive. x and 4 indicate any
amino acid and any hydrophobic amino acid, respectively
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5.3 Mysterin in Zebrafish Angiogenesis

The formation of the vascular system involves two processes, vasculogenesis and
angiogenesis, which are common to all vertebrates [14]. Vasculogenesis is the pre-
ceding process in which hemangioblasts differentiate into vascular endothelial cells
and form the primitive vascular plexus. Angiogenesis, on the other hand, involves
the proliferation of vascular endothelial cells and their migration from the preexist-
ing vascular plexus to form sprouting vessels. Although an atlas of the vascular
network in the zebrafish, as well as its formation process in ovo, has been precisely
described, the underlying molecular mechanisms remain largely unclear [15, 16]. A
simple circulatory loop is firstly formed at 1 day postfertilization (dpf), which con-
sists of the dorsal aorta (DA), the cardinal vein, and the primitive cranial vascula-
ture, and mediates early embryonic circulation. Arteriovenous (AV) identity with
unique genetic and functional properties is already acquired at this stage of develop-
ment. Thereafter, the expansion of the vascular network occurs by angiogenesis.
Morpholino antisense oligonucleotides (MOs) were designed to target the exon—
intron boundaries in mysterin alpha and beta, which effectively prevented the proper
splicing of each transcription products in vivo and interrupted translation by the
introduction of frameshift [2]. The MOs were injected into transgenic zebrafish,
whose endothelial cells expressed enhanced GFP (EGFP) under the control of the
flil promoter, at the 1- to 8-cell stage. Both alpha and beta morphants (animals
treated with MOs) showed no apparent anomaly in vasculogenesis and AV specifi-
cation, whereas the alpha but not the beta morphants showed significant anomalies
in angiogenic formation of the intersegmental vessels (ISVs) and the cranial vessels
including the inner optic circle IOC) [2]. ISVs initially emerge from the preexisting
DA via angiogenesis and faithfully track somite boundaries (Fig. 5.2a) [15]. The
mysterin alpha morphants showed normal angiogenic activity, whereas excessive
sprouting was observed in several ISVs of the morphants (Fig. 5.2b). Moreover, the

T

Fig. 5.2 Rough sketch of the intersegmental vessels in the zebrafish. (a) The intersegmental ves-
sels (ISVs) initially emerge from the dorsal aorta (DA), grow dorsally along the vertical somite
boundaries, and connect to form the dorsal longitudinal anastomotic vessel (DLAV). The connec-
tion with the DA is replaced after 1.5 dpf with that of the posterior cardinal vein (PCV).
Arteriovenous identities are acquired in response to the directed blood flow (the artery and vein are
shown in red and blue, respectively). (b) The ISVs develop by straying from the somite boundaries
in the mysterin morphants. The morphants also show excessive sprouting (Illustrated by Ayano
Kasai)
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- Stalk

Fig. 5.3 Angiogenic regulatory pathways in the trunk of the zebrafish. The tip cell migrates dor-
sally after VEGF-induced filopodial formation, leading to angiogenesis dorsally. The tip cell main-
tains the identity of the stalk cell via Notch-Delta (DLL4: Delta-like 4) signaling not to respond to
VEGE. Semaphorin and plexin signaling contributes to vascular patterning via suppression of the
DLL4 (Illustrated by Ayano Kasai)

mysterin alpha morphants showed severe straying of ISVs from the somite bound-
aries, although somite boundaries per se formed normally, and the initiation sites for
the vessel sprouting were also normal (Fig. 5.2b). Excessive vascular sprouting was
observed also in the nasal ciliary artery (NCA) of the alpha morphants, resulting in
severe malformation of the IOC. Notably, the malformation of the IOC is a unique
phenotype previously not reported in the ZFIN database (https://zfin.org/) [2]. Thus,
the mysterin morphants showed over-sprouting and mispatterning of ISVs in the
trunk region and over-sprouting in IOC. Although questions were recently raised
about the reliability of the morpholino technique [17], these phenotypes were
recently successfully reproduced in mysterin alpha knockout zebrafishes [18].

Our knowledge of mysterin function in angiogenesis in zebrafish is limited, but
mysterin function should fall into either of two categories: (1) direct participation in
angiogenic pathways that are mediated by canonical signaling factors such as
VEGEF, Notch, and plexin and (2) indirect participation in angiogenesis via nonclas-
sical mechanisms such as RNA processing and lipid metabolism. As depicted in
Fig. 5.3, the tip cell, a subtype of vascular endothelial cell that is distributed at the
tip of the developing vasculature, is stimulated by VEGF, leading to angiogenic
vascular extension [16]. The tip cell affects the stalk cell through Delta—Notch sig-
naling and prevents conversion of the stalk cell into the second tip cell that may
sprout from middle of the developing vessel. The direction of the vessel extension
is also affected by the semaphorin/plexin signaling pathway (Fig. 5.3). Plexin
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mutant zebrafish shows an aberrant ISV patterning similar to that seen in the mys-
terin morphants [19]. Thus, vascular guidance is regulated through the balance
between attractive (e.g., VEGF) and potential repulsive (e.g., plexin) signaling that
include multiple pathways besides those mentioned in this review [16]. A plausible
model is that mysterin alpha is a factor that mildly inhibits basal angiogenic activi-
ties such as endothelial cell proliferation and migration under physiological condi-
tion, while the other possibility is that mysterin is involved in vascular patterning/
guidance rather than in the basal angiogenic activities. Deregulation in vascular
elongation, which is physiologically under precise control, may cause both exces-
sive branching and straying from the proper route (e.g., somite boundaries in ISVs).

The second major possibility is that mysterin contributes to vascular formation
through nonclassical pathways that have not been suspected to participate in angio-
genesis. TDP-43 is a RNA-binding protein that functions in multiple RNA-related
processes such as gene expression, alternative splicing, RNA transportation, and
stabilization [20]. Loss of TDP-43 in zebrafish surprisingly leads to severe vascular
mispatterning in ISVs and the cranial region, although embryogenesis and vasculo-
genesis proceed normally [21]. The underlying mechanism for the observed pheno-
type, however, remains unknown. The mutation of a conserved amino acid in
microsomal triglyceride transfer protein, which is required for the biosynthesis of
ApoB-containing lipoprotein complexes such as the low density lipoprotein (LDL),
caused excessive angiogenesis in zebrafish, while the underlying mechanism
remains also unknown [22]. Given the involvements of nonclassical factors in the
zebrafish angiogenesis, we cannot exclude the possibility that mysterin functions
outside of classic endothelial and/or vascular pathways.

5.4 Mysterin in Zebrafish Myogenesis

The mysterin alpha morphants showed an interesting phenotype other than vascular
anomaly. Most of the mysterin alpha morphants did not hatch even at 3 dpf when
the control animals had completed hatching [13]. Similar to baby chicks, zebrafish
embryos need to physically break out of their eggshells. However, the mysterin
morphants showed severely reduced motor activity in ovo, which appeared to affect
the ability to hatch. We evaluated the motor system including the muscles and moto-
neurons and found a severely reduced number of myofibrils that led to the formation
of thin and fragile muscle fibers (Fig. 5.4a, b) [13]. This anomaly was detected only
in the fast muscle and not in the slow muscle (the fast and slow muscles are clearly
divided in fish), suggesting that mysterin plays a specific role in the fast muscle. In
addition, ectopically expressed wild-type but not enzymatic mutants of mysterin
rescued the fast muscle anomaly (Fig. 5.4c), indicating that both enzymatic
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Fig. 5.4 Impaired fast muscle fiber formation and its recovery by ectopic expression of human
mysterin. (a) Control zebrafish embryos (2 dpf) show thick muscle fibers consisting of multiple
myofibrils in an electromicroscopic image of a vertical section of the trunk fast muscle. (b) The
mysterin alpha morphants show thinner muscle fibers consisting of a few myofibrils (a fragile
muscle fiber in this image is composed of a single myofibril). (¢) Ectopic expression of human
mysterin in the fast muscle recovers impaired fast muscle formation in the mysterin morphants,
although enzymatic mutants did not recover the muscle anomaly (data not shown) (These images
were obtained simultaneously with those already published [13])

activities of mysterin are involved, while how mysterin participates in myogenesis
in zebrafish via the two enzymatic activities remains elusive. The participation of
mysterin beta in these processes is also unknown. Notably, the TDP-43 knockout
zebrafish similarly showed thinner muscle fibers, as well as vascular mispatterning,
while its phenotypical and functional relationship with mysterin remains totally
unknown.

5.5 Perspectives

Mysterin knockout mice and knockdown mammalian cells developed no/modest
spontaneous vascular/endothelial anomalies [23-29], although zebrafish showed
spontaneous and significant vascular phenotypes by mysterin knockdown/knockout
[2, 13, 18]. We cannot simply apply the vascular and other phenotypes observed in
the zebrafishes to mammals, but underlying molecular mechanisms in zebrafish
might be translatable to mice and humans. Identifying the molecular mechanisms
that underlie the vascular and other anomalies in zebrafish and their reevaluation in
mammalian systems might provide key insights into the physiological and patho-
logical roles of mysterin in humans.
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Chapter 6

Pathological Investigation on RNF213: Animal
Models Knockout and Transgenic Mice

in Diabetes and Signal Transduction

Hatasu Kobayashi

Abstract RNF213 (Ring finger protein 213, Mysterin) was identified as a suscepti-
bility gene for moyamoya disease (MMD). The first variant identified in RNF213
was p.R4810K, which was strongly associated with MMD in East Asian patients. To
establish MMD animal models and to investigate the pathological role of RNF213
in MMD, genetically modified mice have been produced, including the Rnf213
knockout (KO) mouse, which is based on a loss-of-function model, and Rnf213
transgenic (Tg) mice, which do not assume a genetic mechanism.

Rnf213 KO mice display thinning of the common carotid artery (CCA) intima
and medial layers after CCA ligation, although the cerebrovascular stenotic changes
seen in MMD have not been observed. This vascular wall thinness might represent
constrictive arterial remodeling, a very early hallmark of MMD. Furthermore,
Rnf213 ablation improves the diabetic phenotype in Akita mice, an endoplasmic
reticulum stress-associated diabetic mouse model, by protecting pancreatic  cells,
suggesting that RNF213 is involved in the unfolded protein response.

On the other hand, endothelial cell (EC)-specific mutant Rnf213 Tg mice, but not
EC-specific wild-type Rnf213 Tg mice, smooth muscle cell-specific mutant Rnf213
Tg mice, and Rnf213 KO mice, revealed suppression of responsive cerebral angio-
genesis after hypoxia exposure, which is consistent with reduced angiogenesis
found in MMD cell models. These results support the hypothesis that RNF213
R4810K overexpression in ECs may induce EC dysfunction, leading to consequent
MMD onset.

Conflicting conclusions have been drawn from Rnf27/3 KO and Tg mouse stud-
ies, and it remains to be determined whether the Rnf213 KO mouse or Tg mouse is
more appropriate as an MMD model. Further studies are needed to establish con-
vincing MMD animal models displaying cerebrovascular stenotic change.
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6.1 Introduction

RNF213 (Ring finger protein 213, Mysterin) was first reported in 2010 as a suscep-
tibility gene for moyamoya disease (MMD) [1], which was confirmed 1 year later
[2, 3]. RNF213 encodes a relatively large protein that functions both as an
AAA+ATPase and an E3 ligase [3, 4]. The founder RNF213 variant, p.R4810K, was
found at high frequency and with strong association in East Asian MMD patients
(Japan and Korea, 80%—-90%; China, approximately 25%), but was a rare variant in
the general East Asian population (Japan and Korea, 2—3%; China, approximately
1%) [3, 5]. Most RNF213 R4810K carriers are not affected with MMD (MMD inci-
dence was estimated at 1/200-300 carriers), although RNF213 R4810K carriers
develop MMD more frequently than noncarriers (odds ratio is more than 100) [5].
This low penetrance of RNF213 R4810K could be explained by the involvement of
environmental factors in MMD etiology.

To investigate the pathological role of RNF213 in MMD, genetically modified
mice, Rnf213 knockout (KO) and Rnf213 transgenic (Tg) mice, have been produced.
In this chapter we describe the phenotypes observed in these mice and discuss puta-
tive mechanisms involved in these findings.

6.2 Rnf213 KO Mice

6.2.1 Rnf213 KO Mice Under Normal Conditions

RNF213 knockdown zebrafish model using antisense oligos showed abnormal
sprouting of vessels in the head region [3]. In addition, fast myofibrils and immature
projection of primary motor neurons were reduced, resulting into severe motor defi-
cits [6]. However, under normal conditions, Rnf2/3 KO mice did not display any
neuromuscular abnormality or cerebrovascular phenotype similar to MMD and
appeared to be overtly healthy, even at around 80 weeks of age [7]. Sonobe et al.
also showed an absence of any cerebrovascular abnormality in Rrf213 KO mice by
MRA imaging and histopathological analyses [8]. These species differences sug-
gest that RNF213 is essential for vascular and neuromuscular development in
zebrafish, but not in mice. Further studies of these species differences, which might
reveal the existence of compensatory pathways in mammals, are required to deter-
mine the physiological roles of RNF213.
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6.2.2 Rnf213 KO Mice Exposed to Ischemia and Hypoxia

Rnf213 KO mice have been studied under several stressful conditions, such as artery
ligation [8—10] and hypoxia [11]. Following common carotid artery (CCA) ligation,
which induces temporary vascular remodeling, thinning of the medial layer and
inhibition of intimal hyperplasia in the CCA were observed in Rnf213 KO mice [8].
The suppression of intimal hyperplasia did not match the stenotic changes observed
in MMD; however, the medial layer thinning was consistent with MMD. The
authors raised the possibility that thinning of the entire vascular wall, including sup-
pression of intimal hyperplasia, may reflect a very early finding of constrictive
remodeling [12], which Kaku et al. recently described as a characteristic of MMD
[13]. Ito et al. estimated the effect of ischemia on vascular remodeling in Rnf213 KO
mice [10]. They observed enhanced angiogenesis in the hind limb after permanent
femoral artery ligation, but not in the brain after transient middle cerebral artery
occlusion. Although conflicting results were obtained between the brain and hind
limb, they speculated that RNF213 influences vascular remodeling in chronic isch-
emia. Recently, Kobayashi et al. reported that there were no differences in cerebrum
angiogenesis between Rnf213 KO and WT mice exposed to hypoxia [11], indicating
an absence of angiogenic change in the brain of Rnf273 KO mice.

6.2.3 Rnf213 KO Mice and Diabetes

To test the effect of Rnf213 ablation on the angiopathy induced by hyperglycemia,
Rnf213 KO mice were interbred with Akita mice, a diabetic mouse model. Akita
mice harbor the /ns2 C96Y mutation and develop diabetes through endoplasmic
reticulum (ER) stress-induced pancreatic {3 cell apoptosis [14, 15]. Although Rnf213
KO/Akita mice did not develop cerebrovascular stenotic changes, disruption of
Rnf213 unexpectedly improved glucose tolerance in Akita mice [7]. Plasma and
pancreatic insulin levels were higher in Rnf213 KO/Akita mice than in Akita mice,
which was consistent with the observed glucose tolerance improvement.
Hyperphagia, a finding associated with diabetes in Akita mice, was reduced in
Rnf213 KO/Akita mice, but levels of plasma leptin, a feeding regulation hormone,
were not altered in these mice. These results suggest that hyperphagia was inhibited
by elevated plasma insulin concentrations, which stimulate overlapping insulin-
leptin signaling pathways in the central nervous system [16]. Interestingly, electron
microscopy and immunohistochemistry for insulin and CHOP, a marker for ER
stress-associated apoptosis, indicated reduced pancreatic § cell damage in Rnf213
KO/Akita mice. Collectively, these findings show that disruption of Rnf213 is likely
to improve the diabetic phenotype in Akita mice by protecting B cells from
apoptosis.

The Ins2 C96Y mutation in Akita mice causes a conformational change in the
insulin molecule and the resulting ER stress in pancreatic f cells, leading to hyper-
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glycemia with reduced B cell mass. ER stress induces an unfolded protein response
(UPR), such as degradation of unfolded proteins by ER-associated degradation
(ERAD) [17]. The Ins2*Y allele has been reported to act dominantly to enhance
degradation of both the C96Y and wild-type proinsulins by the ERAD pathway [18,
19], raising the possibility that ablation of Rnf213 may impair ERAD and lead to the
sparing of wild-type proinsulin. It is thus speculated that RNF213 may be involved
in the ERAD pathway as an E3 ligase in the proteasome.

6.3 Rnf213 Tg Mice

To obtain an MMD cell model, induced pluripotent stem cells (iPSCs) were estab-
lished from MMD patients with the RNF213 R4810K variant. Functional assays
using endothelial cells (ECs) differentiated from these iPSCs (iPSECs) revealed
inhibition of angiogenesis [20]. Inhibited angiogenesis was also observed in
RNF213 R4810K-overexpressing human umbilical venous endothelial cells
(HUVECS) but not in RNF213 WT RNF2]3-overexpressing HUVECS. In contrast,
RNF213 suppression by RNA interference did not reduce angiogenesis in HUVECs,
consistent with the absence of vascular phenotypes in Rnf273 KO mice.

Based on these findings, mice overexpressing RNF213 R4810K in ECs are con-
sidered to be appropriate for an MMD model. Kobayashi et al. produced three types
of tissue-specific Rnf213 Tg mice: vascular EC-specific Rnf213 R4757K Tg mice
(EC-Mut Tg) (R4757K is equivalent to R4810K in human RNF213), vascular
EC-specific Rnf213 WT Tg mice (EC-WT Tg), and vascular smooth muscle cell
(SMC)-specific Rnf213 R4757K Tg mice (SMC-Mut Tg) [11]. The authors esti-
mated cerebellar angiogenesis in vivo by capillary staining of the cerebral cortex of
mice exposed to hypoxia. Hypoxia experiments were performed in five groups of
mice: (1) EC-Mut Tg, (2) EC-WT Tg, (3) SMC-Mut Tg, (4) KO, and (5) WT mice.
Hypoxia-induced angiogenesis was inhibited in EC-Mut Tg mice, while angiogen-
esis was significantly induced by hypoxia in EC-WT Tg, SMC-Mut Tg, KO, and
WT mice (Fig. 6.1). In addition, magnetic resonance angiogram (MRA) imaging
was performed using these mice under hypoxia. However, no stenotic lesions, moy-
amoya vessels, or lesions indicative of cerebral infarction were observed in mice of
any genotype (Fig. 6.2). These results reproduced the reduced angiogenesis observed
in iPSECs from MMD patients [20], suggesting that RNF213 R4810K is likely to
be a gain-of-function rather than a loss-of-function variant. However, a recent cell
biological study reports opposite results of an inhibitory effect of RNF213 knock-
down on angiogenesis in HUVECs [21]. Therefore, the genetic mechanism of
RNF213 R4810K remains controversial as to whether RNF213 R4810K is a
loss-of-function or gain-of-function mutation. Further studies are needed to resolve
these controversies.

Hitomi et al. [20] first established iPSCs from MMD patients with R4810K and
non-affected R4810K carriers and demonstrated a deleterious effect of RNF213
R4810K on angiogenic activity of iPSECs. Microarray analysis showed downregu-
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Fig. 6.1 Suppressive effect of in vivo angiogenesis by Rnf213 mutants in ECs (reproduced from
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lation of cell cycle-associated genes in MMD iPSECs [20]; therefore, the authors
tested the effect of RNF213 R4810K on cell cycle function. RNF213 R4810K over-
expression, but not RNF213 WT overexpression or RNF213 suppression, inhibited
cell proliferation of HUVEC and HeLa cells [22]. Further investigation using HeLa
cells demonstrated that RNF213 R4810K overexpression extended the duration of
mitosis and increased the rate of cell division failure, indicating mitotic dysfunction.
Mitotic dysfunction was confirmed in iPSECs from MMD patients. In addition, a
key regulator of mitosis, mitotic arrest deficiency 2 (MAD2), was found to be co-
localized with RNF213 R4810K during mitosis. RNF213 R4810K complexes
formed with MAD2 were more abundant than those formed with RNF213 WT. These
results suggested that RNF213 R4810K adversely affected the localization of
MAD?2 to the kinetochore during mitosis, leading to mitotic abnormality.
Furthermore, aneuploidy, a hallmark of genomic instability, occurred more fre-
quently in fibroblasts from MMD patients compared with fibroblasts from control
subjects under mitotic arrest induced by an antimitotic agent, nocodazole. Taken
together, in MMD patients, RNF213 R4810K induced mitotic abnormalities and
increased the risk of genomic instability, which might be associated with reduced
angiogenesis through EC dysfunction and/or apoptosis. It is interesting that cell
cycle abnormalities are common to some monogenic diseases showing comorbidity
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Fig. 6.2 Representative MRI images of the brain of EC-Mut Tg, EC-WT Tg, SMC-Mut Tg, KO,
and WT mice with hypoxia (reproduced from [11]). MRA (upper panel) represents MRA images.
No stenotic lesions or moyamoya vessels were detected in the brain. T2 (lower panel) represents
T2-weighted images. No infarctions were detected in the brains. Absence of stenotic lesion, moy-
amoya vessels, and infarction was also confirmed in two other mice of each genotype

with angiopathy like MMD such as Schimke immuno-osseous dysplasia [23],
microcephalic osteodysplastic primordial dwarfism type II (MOPDII) [24], and
Seckel syndrome [25]. Notably, recent reports demonstrated important roles of
RNF213 in angiogenesis regulated by WNT signaling in ECs [26] and in non-
mitochondrial oxygen consumption in Her2+ breast cancer cells [27]. These molec-
ular pathways should be investigated in RNF213 R4810K-induced reduced
angiogenesis under hypoxic conditions.

Overexpression of RNF213 R4810K reduced angiogenesis and mitotic abnor-
malities; therefore, stimuli that regulate RNF213 expression are likely to play an
important role in MMD etiology as environmental factors. Recently, two studies
reported that RNF213 is upregulated by interferon (IFN) and pro-inflammatory
cytokines [11, 21], suggesting the importance of inflammatory signals as environ-
mental factors. Kobayashi et al. [11] demonstrated that INF-f and INF-y increased
RNF213 expression in HUVECs. IFN- increased RNF213 expression levels in an
EC-specific manner, whereas IFN-y did not. RNF213 upregulation by INF- was
mediated by a STAT binding site located in the promoter of RNF213. RNF213
upregulation by INF-f, which has an anti-angiogenic effect [28], was consistently
accompanied by reduced angiogenesis, and RNF213 suppression using RNA inter-
ference partially rescued the IFN-f anti-angiogenic action (Fig. 6.3). Okubo et al.
[21] also showed that RNF213 transcription was strongly activated by synergistic
effects of INF-y and TNF-« in vitro and in vivo. They revealed that AKT and PKR
are two major upstream regulators of cytokine-induced RNF213 expression in ECs.
These studies indicated that RNF213 is a key mediator downstream of the IFN-
signaling pathway in ECs. IFN production by infection and/or inflammation could
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to be related to MMD etiology through RNF213 upregulation, which is supported
by association between MMD and type I interferonopathies (Aicardi-Goutieres
syndrome) [29].

6.4 Conclusions

Cerebrovascular stenotic changes and moyamoya vessel formation, as seen in
MMD, have not been observed in Rnf2/3 KO mice under either physiological or
stress conditions [7, 8, 10]. In contrast, thinning of the CCA intima and medial lay-
ers in Rnf213KO mice was observed after CCA ligation [8], which might represent
the constrictive arterial remodeling recently reported as a very early morphological
change in MMD [13]. Furthermore, Rnf213 ablation improved the diabetic pheno-
type in an ER stress-associated diabetic model mouse by protecting pancreatic §
cells from apoptosis, suggesting involvement of RNF213 in UPR, including ERAD
[7]. On the other hand, EC-specific Rnf213 R4810K-equivalent Tg mice exposed to
hypoxia showed suppression of responsive cerebral angiogenesis [11], which is
consistent with the lowered angiogenesis found in MMD iPSECs and RNF213
R4810K-overexpressing ECs [20]. In addition, cell biological studies demonstrated
mitotic dysfunction caused by RNF213 R4810K [22] or INF-induced upregulation
of RNF213 [11, 21]. These results support the hypothesis that RNF213 R4810K
overexpression in ECs, which could result from inflammation/infection, may induce
EC dysfunction and cell division abnormalities, leading to MMD onset. Collectively,
there is an obvious conflict between the RNF213 KO and RNF213 R4810K overex-
pression models. The former assumes R4810K to be a loss-of-function mutation
and the latter does not postulate any genetic assumption. It is still undetermined
which of the Rnf213 KO or Tg mouse model is more appropriate as an MMD model.
Further efforts to reproduce MMD-like vascular changes, such as stenosis, in ani-
mal models are required.
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Chapter 7

Pathological Investigation on RNF213: Animal
Models of Rnf213-Knockout and Knock-in
Mice

Miki Fujimura, Shigeo Kure, and Teiji Tominaga

Abstract Moyamoya disease (MMD) is a rare cerebrovascular disease character-
ized by a progressive stenosis at the terminal portion of the internal carotid artery
and an abnormal vascular network at the base of the brain. Although its etiology is
undetermined, recent genome-wide and locus-specific association studies identified
RNF213 as an important susceptibility gene for MMD among East Asian popula-
tion. A polymorphism in ¢.14576G>A in RNF213 was evident in almost all of the
familial patients with MMD and 80% of sporadic cases, but the exact role of
RNF213 polymorphism in the development of MMD remains unknown. To answer
this question, we generated genetically engineered mice lacking Rnf213 by homolo-
gous recombination (Rnf213-knockout mice), as well as Rnf213-knock-in mice
expressing a missense mutation in mouse Rnf213, p. R4828K, corresponding to
human RNF213, p. R4859K, in MMD patients. Although both mice did not sponta-
neously develop MMD up to 64 weeks of age as shown by high-resolution magnetic
resonance angiography and carbon black injection analysis of the circle of Willis,
the biological response of these mice under a variety of insults, such as ischemia or
immunological stimuli, provided new insights for the pathogenesis of this rare
entity.

Keywords Moyamoya disease ® Genetics ®* RNF213  Susceptibility gene

M. Fujimura (<) » T. Tominaga

Department of Neurosurgery, Tohoku University Graduate School of Medicine,
1-1 Seiryo-machi, Aoba-ku, Sendai 980-8574, Japan

e-mail: fujimur @nsg.med.tohoku.ac.jp

S. Kure
Department of Pediatrics, Tohoku University School of Medicine, Sendai, Japan

© Springer Nature Singapore Pte Ltd. 2017 79
A. Koizumi et al. (eds.), Moyamoya Disease Explored Through RNF213,

Current Topics in Environmental Health and Preventive Medicine,

DOI 10.1007/978-981-10-2711-6_7


mailto:fujimur@nsg.med.tohoku.ac.jp

80 M. Fujimura et al.
7.1 Introduction

Moyamoya disease (MMD) is characterized by a progressive stenosis at the termi-
nal portion of the internal carotid artery (ICA) and an abnormal vascular network at
the base of the brain [1, 2]. The etiology of MMD remains unknown, but the role of
genetic factors had been implicated in the etiology of this rare entity. Previous stud-
ies suggested several loci associated with MMD: 3p24—p26 [3], 6q25 [4], 8923 [5],
and 1725 [6]. More recently, the RING finger protein 213 gene (RNF213) in the
17q25-ter region was identified as a novel susceptibility gene for MMD [7-9]. We
have reported that a single nucleotide polymorphism (SNP) in c.14576G>A in
RNF213 was identified in 100% of familial MMD patients and 79% of sporadic
cases [7]. This SNP of RNF213 was also found to be associated with the earlier
onset and severer forms of MMD, suggesting its value as a favorable biomarker for
predicting prognosis [10]. But the mechanism underlying the RNF213 polymor-
phism leads to MMD remains unclear, thus we sought to answer this question by
generating Rnf213-knockout mice (Rnf213—/-) [11] and Rnf213-knock-in mice
[12]. In this chapter, we focus on the pathophysiology of MMD elucidated by the
most recent observations of these Rnf213 mutant mice.

7.2 Generation of Rnf213-Deficient Mice (Rnf213 —/-)
and Their Phenotype

The conventional knockout mice of Rnf213 were generated by deleting the exon 32,
the largest exon of this gene [11] (Fig. 7.1). The targeting vector was produced by
cloning a loxP site into the 5’ site of exon 32 and a fragment containing a FRT-
flanked neomycin resistance gene and a loxP site into the 3’ site of exon 32. The
gene construct was linearized and electroporated into C57BL/6 ES cells and selected
with G418 and ganciclovir. Correctly targeted clones were injected into Balb/c blas-
tocysts to generate chimeric mice with the targeted allele incorporated into the germ
lines. The chimeric male mice were mated with female C57BL/6 mice, and germ
line transmission of the targeted allele was examined in the offspring. Offspring
carrying the target allele were bred with transgenic C57BL/6 mice expressing Flp
recombinase gene under the control of the CAG promoter to generate mice carrying
the floxed allele, which could be bred for conditional gene targeting. Offspring car-
rying the floxed allele were bred with transgenic C57BL/6 mice expressing the Cre
recombinase gene under the control of the CAG promoter to generate mice hetero-
zygous for the Rnf213 deficiency (RNF213 —/+) by the deletion of exon 32.
Heterozygous male and female mice were bred to produce homozygous offspring
(Rnf213 —/-). Genotyping was performed by polymerase chain reaction (PCR)
using specific primers to exon 32 [11].

As a result, Rnf213—/— were born and grew normally (Fig. 7.1), and complete
removal of Rnf213 exon 32 from genomic DNA was confirmed by PCR [11].
Then we subjected these mice to time sequential analysis by magnetic resonance
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Fig. 7.2 (a) The 9.4 tesla high-resolution magnetic resonance (MR) system. (b) MR angiography
finding of Rnf213—/— at 64 weeks of age, indicating the absence of characteristic findings of
MMD. (¢) Microscopic view of the base of the brain at 40 weeks demonstrated no steno-occlusive
changes in the vascular structure of the circle of Willis in Rnf213—/—

angiography (MRA) using a dedicated small animal scanner with a 5 cm bore oper-
ating at 9.4 tesla field strengths (AV400WYV, Bruker BioSpin) [11] (Fig. 7.2a). The
Rnf213 —/— did not spontaneously develop MMD, and there were no characteristic
angio-architectures mimicking MMD by MRA up to 64 weeks of age [11] (Fig. 7.2b).
The anatomy of the circle of Willis was further evaluated by a trans-cardiac injec-
tion of carbon black dye in Rnf213—/—, but there were no characteristic findings of
MMD up to 64 weeks of age [11] (Fig. 7.2c). Taken together, target disruption of
Rnf213 in knockout mice did not sufficiently induce MMD-like morphology.
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7.3 Generation of Rnf213-Knock-in Mice and Their
Phenotype

The Rnf213 gene was modified to generate Rnf21/3 R4828K mice using a gene-
targeting approach such that exon 61 contained the human RNF213 R4859K muta-
tion [12]. In the targeting vector, the original AGA triplet codon 4828 was changed
to AAA by site-directed mutagenesis, creating the R4828K mutation corresponding
to the human RNF213, R4859K mutation. A neomycin cassette flanked by LoxP
sites was introduced upstream of exon 61. C57BL/6 embryonic stem cells were
electroporated, and positive clones were screened for homologous recombination
by a Southern blot analysis. Integration of the targeting vector into the mouse
genome by homologous recombination was confirmed in a targeted Bac clone by
direct sequencing of the PCR products [12]. Correctly targeted embryonic stem
cells were injected into Balb/c blastocysts to create chimerical animals. Chimeric
mice were mated with C57BL/6 mice, and offspring coated with black hair were
selected. Offspring that were heterozygous for the R4828K+Neo allele were crossed
with CAG-Cre delete mice to excise the neomycin cassette. Rnf213-knock-in mice
in which the neomycin cassette was successfully deleted were backcrossed with
C57BL/6 wild-type mice to excise the Cre transgene. Heterozygous Cre transgene-
deleted Rnf213-knock-in male and female mice were bred to produce homozygous
offspring (homozygous Cre transgene-deleted Rnf213-knock-in mice).

As a result, homozygous mutant and heterozygous mutant mice were born and
grew normally [12]. The Rnf213-knock-in mice did not spontaneously develop
MMD, and there were no characteristic angio-architectures of MMD by MRA up to
64 weeks of age [12] (Fig. 7.3a). We further evaluated the vascular anatomy of the

N\ o ACA

“Termlnal .
) T f ICA

Rnf213 knock-in (64 weeks ) L M Rnf213 knock-in (64 weeks )

Fig. 7.3 (a) MR angiography finding of Rnf213-knock-in mice at 64 weeks of age, indicating the
absence of characteristic findings of MMD. (b) Microscopic view of the base of the brain at
64 weeks demonstrated no steno-occlusive changes in the vascular structure of the circle of Willis
in knock-in mice
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circle of Willis by a trans-cardiac injection of Dil, but there were no characteristic
findings of MMD up to 64 weeks of age [12]. No steno-occlusive changes were
detected at the terminal portion of the ICA, without any development of the abnor-
mal vascular network at the base of the brain (Fig. 7.3b).

7.4 Explanation Why Rnf213-Mutant Mice Did Not
Spontaneously Develop MMD

The reasons why both Rnf213—/— and Rnf213-knock-in mice did not spontaneously
develop MMD could be explained as follows. Firstly, it is has not yet been estab-
lished whether the RNF213 polymorphism in patients with MMD is a loss-of-
function or gain-of-function mutation. If the SNP of RNF213 is a gain-of-function
mutation in patients with MMD, it is natural that we failed to induce MMD in
Rnf213—/-, having a loss-of function mutation of Rnf213. In fact, tube formation in
induced pluripotent stem cells (iPSCs) derived from the vascular endothelial cells
collected from MMD patients with R4810K in RNF213 were downregulated [13],
and the overexpression of RNF213 R4810K, mimicking SNP in patients with
MMD, in endothelial cells was reported to result in the suppression of angiogenesis
[14]. These findings together indicate the characteristic polymorphism in RNF213
could be a gain-of-function mutation. Alternatively, zebrafish lacking RNF213
through the knockdown of RNF213 showed abnormal sprouting vessels in head
lesions, particularly from the optic vessels, suggesting that RNF213 could be a loss-
of-function mutation [8].

Another possible explanation why the Rnf213 mutant mice did not spontane-
ously develop MMD is that a RNF213 mutation in MMD patients was not sufficient
to induce the phenotype of MMD, and additional environmental factors in addition
to genetic factor were needed for the development of MMD. This observation is in
accordance with the fact that the characteristic SNPs of RNF213 were found among
2% of the general Japanese population [8], but the prevalence of MMD is as low as
6.03 per 100,000 population [15], indicating the very low penetrance rate of
MMD. Therefore, we speculated that not only RNF213 polymorphisms but also
additional environmental factors are necessary to induce MMD [16]. Thus, we con-
ceived to load a variety of insults such as ischemia or immunological adjuvant
administration to Rnf213 mutant mice in the subsequent experiments. The demo-
graphic view of the possible mechanism underlying the development of MMD is
shown in Fig. 7.4. The results of our in vivo experiment using Rnf213-knockout
mice subjected to a variety of insults were summarized in Table 7.1.
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RNF213: Single nucleotide polymorphism
c.14576G>A in RNF213

Y

+Environmental factors (secondary insults)

Autoimmune response

Ischemia

Infection/Inflammation

Radlation
Others

Vascular anatomy alteration of the circle of Willis

Thinning of intracranial vascular wall
Outer diameter narrowing
Steno-occlusive changes

Development of abnormal vascular networks
Conversion of vascular supply to ECA system

v

Clinical presentation of MMD
Transient ischemic attack/cerebral infarction
Intracranial hemorrhage
Epilepsy etc.

Fig. 7.4 Demographic view of the possible mechanism underlying the development of MMD.
ECA external carotid artery

Table 7.1 Results of the in vivo experiment using Rnf213-knockout mice subjected to a variety of

insults

Insults (stimuli)
CCA ligation

MCAO

Femoral artery ligation

Immunological adjuvant
administration

Evaluation items
Wall structure

Vascular MMP-9

Infarction volume
Angiogenesis
(CD31)
Angiogenesis
(CD31)

Blood flow (hind
limb)
Ambulatory
impairment
Regulatory T cell
ratio

Timing after
the insults
14 days

1 day, 7 days

48 hours
28 days

28 days
28 days
7 days

28 days

Results in Rnf213—-/-

Altered remodeling
pattern

Increased vascular
MMP-9

No difference
No difference
Enhanced
Increased

Improved

Decreased

CCA common carotid artery, MCAO middle cerebral artery occlusion, MMP matrix metallopro-
teinase, RNF213—/— Rnf213-knockout mice
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7.5 Vascular Remodeling and Angiogenesis Under Ischemic
Insults in Rnf213—/-

7.5.1 Altered Vascular Remodeling Pattern After Common
Carotid Artery (CCA) Ligation in Rnf213—-/-

We also evaluated the histopathological characteristics of the vascular wall structure
and showed no apparent abnormality in Rnf213—/— including intimal hyperplasia or
medial layer thinness, both of which are the characteristic findings of MMD. Thus,
we employed a common CCA ligation model, which reproducibly induces arterial
wall hyperplasia [17]. After CCA ligation, wild-type mice showed temporary hyper-
plasia of the intima and medial layers 14 days after the insult, but Rnf213—/— exhib-
ited different remodeling pattern [11]. The vascular wall structures including medial
layer were significantly thinner in Rnf213—/— 14 days after CCA ligation [11],
which could partly explain the early characteristic change of MMD including vas-
cular wall thinning as shown by high-resolution magnetic resonance imaging (MRI)
in MMD patients [18]. In fact, immune-histochemical analysis of the alternative
section revealed increased expression of matrix metalloproteinase (MMP)-9 in
Rnf213—/- after CCA ligation [19], which is consistent with the increased serum
expression of MMP-9 in patients with MMD [20].

7.5.2 Angiogenesis After Middle Cerebral Artery Occlusion
(MCAO) and Hind Limb Ischemia in Rnf213—-/-

To evaluate angiogenic activity in the chronic state after transient MCAO, we evalu-
ated the vascular density in the cerebral parenchyma by immunohistochemistry
using anti-CD31 antibody 28 days after 90 minutes MCAO [21]. The mortality rates
in Rnf213—/— and wild-type mice were both 50%. No significant difference was
observed in cerebral parenchymal vascular density as indicated by CD31-positive
cells between wild-type mice and Rnf213—/—- [21].

Systemic angiogenesis after hind limb ischemia was also evaluated by immuno-
histochemistry in the gastrocnemius (GC) muscle with the anti-CD31 antibody
28 days after the induction of ischemia. We found that the density of CD31-positive
cells was significantly higher in Rnf213 —/— than in wild-type mice, indicating that
angiogenesis in the GC muscle was enhanced more in Rnf213 —/— after chronic
hind limb ischemia [21]. Accordingly, the ambulatory impairment score was signifi-
cantly improved in Rnf213 —/— than in wild-type mice 3 and 7 days after chronic
hind limb ischemia [21], indicating the increased angiogenesis and improved func-
tional outcome in Rnf213—/— after chronic hind limb ischemia.

Taken together with the result of CCA ligation model, Rnf213—/- exhibited vas-
cular wall thinning and increased angiogenic activity after chronic ischemia. These
results could partly reflect the characteristic feature of MMD.
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7.6 Decreased Ratio of Regulatory T Cells After
Immunological Adjuvant Administration to Rnf213—/-

7.6.1 Rationale of the Immunological Stimuli as Supplemental
Insult in Addition to Rnf213 Mutation

While considering the role of environmental factors in addition to the RNF213
abnormality in MMD, it should be noted that higher RNF213 mRNA levels were
detected particularly in human immune tissues, such as the spleen, leukocytes, and
lymph nodes [7]. Furthermore, autoimmune responses have been implicated in the
pathophysiology of MMD among East Asian populations [22, 23], among which the
prevalence of the RNF213 polymorphism is higher than the other races. Based on
these findings, it is conceivable that immunological reactions are one of the stron-
gest candidates for a secondary insult in addition to genetic factors in the pathogen-
esis of MMD (Fig. 7.4). Therefore, we sought to expose Rnf213—/— to various
immunological adjuvants including muramyl dipeptide (MDP)-Lys (L18) or com-
plete Freund’s adjuvant (CFA) and determined whether they developed MMD by
evaluating the role of an immunological stimulation as a supplementary insult to the
target disruption of Rnf213 in the pathophysiology of MMD [24].

7.6.2 Failure of MMD Induction in Rnf213—/-
After Immunological Adjuvant Administration

MRA was performed continuously in the same mouse administered MDP-Lys (L18)
or complete Freund’s adjuvant (CFA) as the immunological adjuvant up to 40 weeks
of age [24]. MDP-Lys (L18) is a peptide present in the bacterial cell wall, is a
nucleotide-binding oligomerization domain (NOD)-2 agonist that controls the acti-
vation of the transcription factor NF-kB, and has been implicated in a number of
autoimmune reactions. CFA was composed of inactivated and dried M. tuberculo-
sis. As a result, there were no characteristic angio-architecture mimicking MMD,
such as bilateral steno-occlusive changes in the terminal portion of the ICA, and an
abnormal vascular network did not develop at the base of the brain in mice up to
40 weeks of age after the immunological adjuvant administration. No significant
difference was observed in MRA findings or the anatomy of the circle of Willis
between wild-type mice and Rnf213—/— after the administration of MDP-Lys (L18).
There was also no characteristic finding of MMD, and no significant difference was
noted in MRA findings or the anatomy of the circle of Willis between wild-type
mice and Rnf213-deficient mice up to 40 weeks after the administration of CFA.
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7.6.3 Decreased Ratio of Regulatory T Cells After
Immunological Adjuvant Administration to Rnf213—/—

To evaluate the immunological conditions in Rnf213—/— after the immunological
adjuvant administration, we measured the weight of the spleen and performed flow
cytometry on splenocytes for CD4, CD25, and Foxp3. The weight of the spleen
slightly increased 4 weeks after the administration of immunological adjuvants,
which confirmed appropriate immunological responses. Interestingly, the ratio of
regulatory T cells was significantly lower in Rnf213—/— than in wild-type mice
4 weeks after the administration of MDP-Lys (L18) [24]. These results were con-
firmed by an immune-histochemical analysis of Foxp3 in the spleen 4 weeks after
the administration of immunological adjuvants [24]. In order to further evaluate the
ability to produce regulatory T cells, we administered PC61, a CD25 antibody that
induces the depletion of Foxp3-positive cells, to both animals twice a week for
4 weeks and then performed flow cytometry. The ratio of regulatory T cells was
significantly lower in Rnf213——/— than in wild-type mice after the administration
of PC61 [24]. These results suggested the potential role of RNF213 in the differen-
tiation of regulatory T cells. Taken together with the predominant expression of
RNF213 in human immune tissues [7], it is conceivable that the RNF213 abnormal-
ity may compromise immunological self-tolerance, thereby contributing to the
development of MMD in the patients [24]. The demographic view of our hypothesis
is shown in Fig. 7.5. Further evaluation of immune status in patients with MMD is
necessary to address this important issue.

Target disruption of Rnf213 by homologous recombination
in mice (Rnf213-/-)

+Immunologic adjuvant administration
MDP-Lys (L18)
Complete Freund’s adjuvant (CFA)

Decreased ratio of regulatory T cells (Tregs)

N

. . . 1
| Compromised immunologic self tolerance I

S ———— — — — — — — — ————— — —

LEnhanced autoimmunity? ll

| Potential role in MMD development? |

Fig. 7.5 Demographic view of our hypothesis: possible role of Rnf213 deficiency in autoimmu-
nity and its involvement in the development of MMD. MDP muramyl dipeptide
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7.7 Conclusion

To evaluate the potential role of RNF213 in the development of MMD, we gener-
ated both Rnf213-deficient mice and Rnf213-knock-in mice expressing a missense
mutation in mouse Rnf213, p. R4828K, corresponding to human RNF213, p.
R4859K, in MMD patients. Although both mice did not spontaneously develop
MMD up to 64 weeks of age as shown by the 9.4 tesla MRA, the biological response
of these mice under a variety of insults, such as ischemia or immunological stimuli
(Table 7.1), provided new insights for the pathogenesis of this rare entity.
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Chapter 8
RNF213 and Circulating Factors in Patients
with Moyamoya Disease

Oh Young Bang

Abstract Moyamoya disease (MMD) is a unique cerebrovascular disease charac-
terized by the progressive stenosis of large intracranial arteries and a hazy network
of basal collaterals. Because the etiology of MMD is unknown, the diagnosis of
MMD is based on characteristic angiographic findings, and there is no specific treat-
ment to prevent MMD progression. This review summarizes the recent advances in
MMD pathophysiology, including the genetic and circulating factors related to dis-
ease development. Recently, the Ring finger 213 (RNF213) gene in the 17q25-ter
region was identified as the susceptibility gene for MMD in East Asians. Although
the exact function of RNF213 is unknown, the RNF213 genetic variant may be asso-
ciated with the changes in circulating factors and the response to environmental
factors. Such interactions of the RNF213 genetic variant with circulating factors or
environmental factors may play important roles in the development of the vascular
stenosis and aberrant angiogenesis in complex ways. Circulating factors include the
related changes in circulating vascular progenitor cells, cytokines related to vascu-
lar remodeling and angiogenesis, and endothelium, such as caveolin which is a
plasma membrane protein. With a better understanding of MMD pathophysiology,
nonsurgical approaches targeting MMD pathogenesis may be available to stop or
slow the progression of this disease in the future.
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8.1 Introduction

Moyamoya disease (MMD) is a unique cerebrovascular disease characterized by the
progressive stenosis of the distal internal carotid artery (ICA) and the resulting hazy
network of basal collaterals called moyamoya vessels.

The main pathological changes of the stenotic segment in MMD are the fibrocel-
lular thickening of the intima (e.g., the hyper-proliferation of the vessel wall com-
ponents, active angiogenesis, and matrix accumulation), irregular undulation of the
internal elastic laminae, medial thinness (e.g., an attenuation of media), and a
decrease in the outer diameter [1-6]. Recent neuroimaging techniques, such as
high-resolution magnetic resonance imaging studies of patients with MMD, have
demonstrated a constrictive remodeling (e.g., the narrowing of the arterial outer
diameter) and a long-segment concentric enhancement in affected segments and a
concentric enhancement of the symptomatic segments [7]. These findings are con-
sistent with the results of previous pathological reports that showed intimal hyper-
plasia and medial thinness [2, 3]. The complicated pathologic features of the stenotic
segments of MMD (e.g., a coexistence of proliferation and shrinkage) and the
unknown nature of the neovascularization (e.g., an aberrant vs. compensatory pro-
cess) suggest that MMD pathophysiology is a complex process.

Owing to the currently limited understanding of MMD, there is no specific bio-
marker for the diagnosis of MMD or treatment to prevent MMD progression. The
criteria for the diagnosis of MMD are based on characteristic angiographic findings.
However, the angiographic findings may not be sensitive or specific to MMD. The
current diagnostic criteria require the presence of prominent basal collaterals for the
diagnosis of MMD, but a decision on the presence of basal collaterals can be subjec-
tive. In patients with MMD, the angiographic findings can differ according to the
progressive stage and age of presentation, and the characteristic angiographic find-
ings are not consistently observed in all courses of MMD [8-11]. In patients with an
early stage of Suzuki’s angiographic grading, the abnormal vascular network is not
yet evident [12]. In addition, unlike in childhood-onset MMD, the basal collaterals
are often not prominent in adult-onset MMD (Fig. 8.1) [10, 11].

The purpose of this review is to summarize the recent advances in MMD patho-
physiology, including the genetic and circulating factors related to disease
development.

8.2 Genetic Biomarkers of MMD

Approximately 10% of individuals with MMD exhibit a familial occurrence. In
addition, MMD is also associated with many genetically transmitted disorders,
including neurofibromatosis, Down syndrome, sickle cell anemia, and collagen vas-
cular disease. These findings suggest the importance of genetic factors.
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Fig. 8.1 Angiographic progression of MMD in an adult patient with intracranial stenosis (Figure
from Bang et al. [10].). A 42-year-old female presented with transient numbness and clumsiness of
her left hand. She had mild stenosis on bilateral and proximal middle cerebral arteries. There was
no stenosis of the distal internal carotid artery and basal collaterals, called moyamoya vessels, on
conventional angiography (upper lane). Angiographic findings taken 1 year later show the progres-
sion of stenosis and moyamoya vessels bilaterally (lower lane). Genetic study revealed RNF213
mutation associated with MMD (p.Arg4810Lys)

8.2.1 RNF213 as a Susceptible Gene for MMD

The Ring finger 213 (RNF213) gene in the 17q25-ter region was identified as the
strongest susceptibility gene for MMD in East Asian people using a genome-wide
linkage and exome analysis [13, 14]. The p.R4810K (c.14576G>A) variant of the
RNF213 genetic variant was identified in 95% of patients with familial MMD, 80%
with sporadic MMD, and 1.8% of control subjects in a Japanese population [13].
The homozygous p.R4810K variant of RNF213 predicted an early onset and severe
form of MMD in both Japanese [15] and Korean [16] patients with MMD. The
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population that is susceptible to MMD, such as carriers of the RNF213 p.R4810K
variant, is estimated to be 16.2 million people in East Asian countries [17]. The
number of patients with MMD, which was conservatively estimated at 1 per 300
carriers of the RNF213 p.R4810K variant, is considered to be 53,800 in East Asian
populations [17, 18].

Several susceptibility genes have been identified for MMD and are the basis of
disease classification as follows: MMD-2 (gene: RNF213), MMD-5 (ACTA2), and
MMD-6 with achalasia (GUCYI1A3) [13, 14, 19, 20]. Loci for the disorder have
been mapped to chromosome 3p (MMD-1), 8q23 (MMD-3), and Xq28 (MMD-4)
[21-23]. Thus, RNF213 p.Arg4810Lys variant is not the single risk factor for MMD,
and other modifying factors, such as other RNF213 rare variants, another genetic
factor, or environmental factors, might provide further insight into the pathogenesis
of MMD. Further genetic studies for MMD are warranted, particularly in popula-
tions outside East Asia, because the single nucleotide polymorphism (SNP) of p.
R4828K in RNF213 is not the susceptibility gene for MMD in Westerners or South
Asian individuals. Novel variants in RNF213 in non-p.R4828K were recently found
in Caucasian and Chinese cases with MMD [14] and in the United States [24]. For
example, several variants of RNF2I3 in non-p.R4810K (i.e., rs148731719,
1s397514563) were recently found in Caucasian and East and South Asian patients
with MMD [14, 24-26]. In addition, the clinical manifestations and possibly angio-
graphic findings may differ between Westerners and East Asians [27]. The p.
R4810K RNF213 variant was related to the ischemic type of MMD, while the
non-p.R4810K RNF213 variants, particularly A4399T, were associated with the
hemorrhagic type of MMD [25].

8.2.2 RNF213 as a Susceptible Gene for Vascular Injury

The exact function of RNF213 is unknown. Recent in vivo experiments using genet-
ically engineered Rnf213 mice addressed the mechanism underlying the RNF213
SNPs in the development of MMD pathology. The target disruption or missense
mutation of Rnf213 did not induce MMD under normal conditions [28, 29]. These
negative results together with the findings of the enhanced postischemic angiogen-
esis in the mice lacking Rnf213 after a chronic hind limb ischemia may indicate the
importance of environmental factors in addition to the RNF2/3 abnormality in the
development of abnormal vascular networks in chronic ischemia [30, 31]. There is
growing evidence that RNF213 plays a unique role in endothelial cells regarding the
proper gene expression in response to inflammatory signals from the environment
[32-34].

In addition to the preclinical data, clinical data has also shown that exposure to
environmental factors, such as an autoimmune response and infection/inflamma-
tion, in MMD-susceptible subjects may be associated with the angiographic fea-
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tures of MMD [30]. For example, autoimmune thyroid disease has been reported
in different MMD populations and may be involved in MMD development [35-37].
In addition, the RNF213 genetic variant may be associated with vascular risk fac-
tors, such as hypertension [38], and also could lead to vascular fragility, which may
make vessels more vulnerable to hemodynamic stress and secondary insults [30].
Our recent study showed that RNF213 genetic variant was observed in 21.4% of
high-resolution magnetic resonance imaging-confirmed patients with intracranial
atherosclerotic stenosis (especially in younger onset), whereas only 1.2% of healthy
control subjects had this variant [39]. This finding suggests that RNF213 is a sus-
ceptibility gene not only for MMD but also for intracranial atherosclerotic stenosis
in East Asians.

8.3 Circulating Biomarkers of MMD

In addition to genetic biomarkers, there are circulating factors that may be involved
in MMD pathogenesis, including circulating vascular progenitor cells, cytokines,
caveolin, and microRNAs (miRs).

8.3.1 Circulating Vascular Progenitor Cells

Circulating endothelial progenitor cells (EPCs) that originate from the bone marrow
potentially contribute to the neovascularization at the ischemic brain injury site in
patients with MMD [40]. In both pediatric and adult patients with MMD, impaired
function of circulating EPCs was observed, indicating there is abnormal angiogen-
esis during MMD pathogenesis [41, 42]. In pediatric patients with MMD, a down-
regulation of retinaldehyde dehydrogenase 2 (RALDH?2) of EPCs was observed,
which could contributed to the defective function of EPCs that could be rescued by
supplying retinoic acid [43].

In addition to endothelial cells, SMCs (smooth muscle cells) are also involved in
this disease process. The MMD pathology is characterized by SMC hyperplasia in
the intima. Mutations in SMCs, such as smooth muscle alpha-actin, which is
encoded by ACTA2, may be involved in the increased proliferation of SMCs, con-
tributing to occlusive diseases [19]. It was also reported that circulating smooth
muscle progenitor cells (SPCs) of patients with MMD tended to make more irregu-
larly arranged and thickened tubules, as well as express differential genes compared
to that of the healthy controls [44]. These findings suggest a defect in the cell matu-
ration process that might have occurred in the SPCs from MMD patients.
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8.3.2 Cytokine and Their Polymorphisms

Various cytokines and their polymorphisms are associated with MMD, including (a)
growth factors, such as vascular endothelial growth factor (VEGF); (b) cytokines
related to vascular remodeling and angiogenesis, such as matrix metalloproteinases
(MMPs) and their inhibitors, hypoxia-inducible factor-la, and cellular retinoic
binding protein-1 (CRABP-1); and (c) cytokines related to inflammation [45-50].
The investigations regarding the role of these factors have been inconclusive.

A genetic study of familial MMD investigated the balance between MMPs and
their inhibitors and found that the presence of a certain MMP inhibitor genotype
may be a predisposing genetic factor for familial MMD [51]. In addition, the levels
of several trophic factors, including VEGF, were increased, but the VEGF receptor
levels were decreased in MMD compared to that of controls [46, 52, 53]. Certain
VEGF polymorphisms were associated with pediatric MMD and poor collateral
vessel formation [48]. However, these findings were not observed in other studies
[54]. The induction of pro-inflammation cascades and VEGF expression could be
secondary to the infarct rather than part of the primary MMD pathology [55].

Kim and colleagues identified a polypeptide spot, CRABP-1, in cerebrospinal
fluid from pediatric patients with MMD using a proteomics analysis [49]. A higher
CRABP-1 level in the CSF was associated with a typical bilateral involvement and
a decrease in the basal collaterals postoperatively in adult MMD [56]. It has been
proposed that the retinoids attenuate growth factor-stimulated SMC migration and
proliferation, and CRABP-1 can negatively regulate retinoic acid activity [49].
These findings suggest an important role for retinoid signaling in MMD pathogen-
esis by controlling the growth factor expression [49].

Although pathological analyses have revealed that the affected vessels do not
show any inflammatory changes that lead to occlusion [57], the role of inflammation
in the fibrocellular thickening of the intima and the disease pathogenesis are also
being investigated. The plasma levels of MMPs, monocyte chemoattractant protein-
1, E-selectin, and inflammatory cytokines (interleukin-1p) were higher in patients
with MMD compared to those in controls [46, 58].

8.3.3 Caveolin

Caveolae are 50-100 nm cell surface plasma membrane invaginations that are abun-
dant in endothelial cells and play a major role in the regulation of endothelial vesic-
ular trafficking and signal transduction [59]. Caveolin-1, a scaffolding protein of the
caveolae plasma membrane, is involved in the pathogenesis of cancers and vascular
diseases [59]. Caveolin-1 overexpression enhanced caveolae generation and accel-
erated the capillary tube formation by nearly threefold, while caveolin-1 downregu-
lation reduced the in vitro and in vivo capillary formation and was associated with
pathological angiogenesis [59-61]. Both endothelial nitric oxide synthase and
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VEGFR2 co-localized in the caveolae, while caveolin-1 expression was critical for
VEGF-induced angiogenesis in an ischemic hind limb model [62] and endothelial
nitric oxide-related tumor angiogenesis [63]. One study that used an ischemic hind
limb model demonstrated that caveolin-1 was also involved in EPC recruitment
from the bone marrow [64].

Our recent study showed that caveolin-1 is a key mediator for MMD [65]. The
caveolin-1 serum levels decreased in adult patients with MMD and were markedly
decreased in those with the RNF213 variant. Liu and colleagues showed the differ-
ential roles of caveolin-1 during the differential phases of angiogenesis, such as
caveolin-1 negatively regulating an earlier phase of angiogenesis (i.e., endothelial
cell proliferation), but positively regulating a later phase of angiogenesis (i.e., tube
formation) [60]. Collectively, the decreased caveolin-1 levels may result in increased
proliferation and decreased stabilization/tube formation in patients with MMD. One
study investigated the effects of cerebral ischemia in caveolin-1 knockout mice and
demonstrated impaired angiogenesis and increased apoptotic cell death [66]. The
elucidation of mechanisms of the caveolin-1-related pathological angiogenesis may
pave the way for various therapeutic strategies [64, 67].

8.3.4 MicroRNAs

miRs, small noncoding RNAs (~23 nucleopeptides), negatively regulate the expres-
sion of many proteins by altering their gene expression through posttranscriptional
repression or mRNA degradation [68]. miRs may play an essential role in the regu-
lation of proliferation, differentiation, survival, and aging of various tissues and
cells, including vessels and stem cells [69]. A genome-wide miR array analysis of
the serum from patients with MMD showed elevated serum levels of miRs associ-
ated with RNF213 and BRCC3 (i.e., BRCA1/BRCA2-containing complex, an
important angiogenesis-related protein), both of which are involved in MMD patho-
genesis [70]. In addition, a SNP of miR-196a was associated with MMD [71].
ANXAI, which is expressed in endothelium and SMC [72], is a gene target of
miR196a and mediates the apoptosis and inhibition of cell proliferation [73].

8.4 Conclusion and Perspectives

Although the pathogenic mechanisms of MMD are still unknown, there is growing
evidence that genetic factors and related changes in circulating factors, as well as
environmental factors, may play important roles in complex ways (Fig. 8.2). Further
studies are needed because there is no relevant MMD animal model using these
factors.

With a better understanding of MMD pathophysiology, nonsurgical approaches
targeting MMD pathogenesis may be available to stop or slow the progression of
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Fig. 8.2 Potential mechanisms of moyamoya disease. The association between genetic, circulat-
ing, and environmental factors (Figure modified with permission from Bang et al. [74]. RNF213
Ring finger 213, EPCs endothelial progenitor cells, SPCs smooth muscle progenitor cells, miRNAs
microRNAs, CRABP-1 cellular retinoic acid-binding protein-I)

this disease. The possible strategies include targeting growth factors, retinoic acid,
caveolin-1, and stem cells. In addition, diagnostic criteria for MMD based on
genetic and circulating factors may be available with collaborative works between
the clinical hospital bed and the laboratory bench. We have an ongoing prospective
follow-up study of patients with MMD involving multimodal biomarkers
(NCT2074111 at clinical.trial@gov).
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Chapter 9
Genetics of Moyamoya Beyond RNF213:

Monogenic Moyamoya Syndromes

S. Guey, M. Kraemer, L. Grangeon, F. Riant, M. Kossorotoff, D. Hervé,
and E. Tournier-Lasserve

Abstract Moyamoya angiopathy (MMA), in addition to its idiopathic form, so-
called moyamoya disease (MMD), is also part of a broad spectrum of various dis-
eases. In that situation, it is designated by the term moyamoya syndrome (MMS).
Most MMS have a strong genetic component and include a heterogeneous group of
monogenic disorders with highly variable clinical features and patterns of inheri-
tance and penetrance. The recognition of known monogenic MMS entities and the
delineation of novel ones are of major importance for disease prognosis, clinical
care, accurate genetic counseling, gene identification, and MMA pathomechanisms
understanding. In this chapter, we will focus on (i) RASopathies, a well-known
group of Mendelian diseases whose gene identification established the role of the
RAS/MAPK pathway in MMA, despite the low prevalence of MMA in those
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conditions and on (ii) some recently identified very rare Mendelian conditions with
a highly penetrant MMA. We will also emphasize the importance of novel high-
throughput methodologies to identify the genes involved in the numerous yet
uncharacterized MMS.

Keywords Moyamoya syndrome * Moyamoya disease ® RASopathies ® NO path-
way * BRCC3

9.1 Introduction

The moyamoya angiopathy (MMA) was first defined as an idiopathic bilateral occlu-
sion of distal internal carotids and/or its main branches and the development of basal
collaterals [1, 2]. This idiopathic disease, designated by the term moyamoya disease
(MMD), has been strongly associated with the RNF213 p.R4810K variant in East
Asian populations in which the prevalence of MMD is ten times higher than in
Caucasians [3, 4]. However, it is increasingly obvious that the MMA is also part of a
broad spectrum of various diseases. In that situation, it has been designated by vari-
ous terms such as moyamoya syndrome (MMS) or quasi-moyamoya disease. A
nationwide survey conducted in Japan in 2006 showed that the prevalence and annual
incidence of MMD were 5/100,000 and 1.13/100,000, whereas those of MMS/quasi-
MMD were 0.34/100,000 and 0.11/100,000 [5]. The proportion of MMS (including
monogenic MMS) versus MMD seems to be higher in Western countries than in East
Asian countries [6, 7]. However, rigorous epidemiological studies of moyamoya in
Europe and the USA would be needed to establish this MMS/MMD ratio in
Caucasian patients. The difference may relate partly to the epidemiology of underly-
ing conditions. For example, sickle-cell disease is a frequent cause of moyamoya in
people from African origin, who are more numerous in the USA and in Europe than
in Asia. Interestingly, MMA prevalence in Afro-Americans and white Caucasians is
similar when patients with sickle-cell disease are excluded [8].

Ten to fifteen percent of MMD cases are familial. The pattern of inheritance in
familial MMD cases is so far unclear and most likely heterogeneous, based on the
observed familial aggregation. The number of affected members in MMD families
with more than one case is most often limited, suggesting an oligogenic or multifac-
torial inheritance. However, a few large MMD families consistent with an autoso-
mal dominant pattern of inheritance have been reported in Japan [9]. In those
families, affected cases share the RNF213 p.R4810K [4].

Most MMS (except radiation-induced MMS) have a strong genetic component.
Diseases associated with MMA include a number of either polygenic/multifactorial
conditions (particularly autoimmune disorders), chromosomal anomalies, or
monogenic, so-called Mendelian, disorders [10]. Monogenic disorders associated
with MMA constitute a highly heterogeneous group with either autosomal dominant,
autosomal recessive, or X-linked pattern of inheritance. The penetrance of MMA is
also highly variable. Indeed, the proportions of affected cases showing MMA range
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from less than 2% in most of these conditions, such as Noonan syndrome (NS), to
90% in BRCC3-mutated patients [10]. Several MMS causative genes have been
identified including genes involved in the RAS, genomic maintenance, or nitric
oxide (NO) pathways. However, in most MMS, the genes have yet to be identified.

The recognition of known monogenic MMS entities and the delineation of novel
ones are of major importance for disease prognosis, clinical care, accurate genetic
counseling, gene identification, and MMA pathomechanisms understanding.
Indeed, identification of MMS genes whose mutations would lead to a highly pen-
etrant MMA could provide important clues to the cellular pathways involved in the
pathogenesis of this highly heterogeneous condition and to the “moyamoya
interactome.”

9.2 Heterogeneity of Monogenic Moyamoya Syndromes

MMA has been reported in several Mendelian diseases whose causative genes have
been identified [10]. These MMS constitute a highly heterogeneous group regarding
prevalence, clinical presentation, and patterns of inheritance and penetrance of the
MMA. Monogenic diseases with a minimum of two reported unrelated patients with
MMA are presented in the enclosed Table 9.1.

In the following sections, we choose to focus on (i) RASopathies, a well-known
group of Mendelian diseases whose gene identification established the role of the
RAS/MAPK pathway in MMA, despite the low prevalence of MMA in those condi-
tions and on (ii) some recently identified very rare Mendelian conditions with a
highly penetrant MMA.

9.2.1 Monogenic Moyamoya Syndromes Caused by Mutations
in the RAS/MAPK Pathway Genes

RASopathies are a group of phenotypically overlapping conditions caused by germ-
line mutations of genes encoding components of the RAS/MAPK signaling path-
way. [11] The vast majority of these mutations leads to an increased signal
transduction down the RAS/MAPK pathway. Several Mendelian autosomal domi-
nant RASopathies have been associated with MMA, including neurofibromatosis
type 1 (NF1), Noonan syndrome (NS), and Noonan-like syndromes. Despite the
low penetrance of MMA in these conditions, its association with RASopathies has
long been known since the prevalence of NF1 and NS is close to 1 out of 3000,
among the highest prevalences of Mendelian diseases.
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Table 9.1 Monogenic moyamoya syndromes

S. Guey et al.

Proportion or

Disease name, pattern number of
of inheritance, and Disease MMA reported | Hallmark symptoms of the
mutated gene(s) prevalence cases disease
Neurofibromatosis type | 1/3000 2—7% of NF1 “Café au lait” macules
1 cases have a
NF1 cerebral Cutaneous/subcutaneous
vasculopathy neurofibroma
AD 50% of NF1 Axillary or groin freckling
patients witha | Optic pathway glioma
LOF mutations leading cerebral Lisch nodules (iris
to an activation of the vasculopathy hamartomas)
RAS pathway have MMA Bone dysplasia
>70 MMA Additional malignant tumors
reported cases | Possible systemic vasculopathy
(aortic coarctation, renal artery
stenosis...)
Noonan syndrome 172500 9 cases Short stature

PTPNI1 (50% NS
patients)

SOS1

RAFI

KRAS, NRAS, BRAF,
MAP2KI1

AD

GOF mutations leading
to an activation of the
RAS pathway

Congenital heart defect
(pulmonary valve stenosis,
hypertrophic
cardiomyopathy...)

Developmental delay

Dysmorphism (broad or
webbed neck, unusual chest
shape, low-set nipple, facial
dysmorphism)

Cryptorchidism, male
infertility

Ocular abnormalities

Cutaneous abnormalities (“café
au lait” macules, lentigines)

(continued)
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Table 9.1 (continued)
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Proportion or

Disease name, pattern number of
of inheritance, and Disease MMA reported | Hallmark symptoms of the
mutated gene(s) prevalence cases disease
Alagille syndrome 1/70,000 1/268 in one Quasi-constant symptoms
JAGI in most cases study (>80%):
(60% de novo Cholestasis
mutations) Congenital heart disease:
NOTCH?2 in less than pulmonary artery stenosis >
1% of cases others
Butterfly vertebrae
AD Posterior embryotoxon
Less frequent symptoms:
Dysmorphic face
Systemic angiopathy (aortic
coarctation or aneurysms,
renal artery stenosis...)
Renal anomalies
Growth retardation
Pancreatic insufficiency
Learning difficulties
Sickle-cell disease Variable Moyamoya Vaso-occlusive events (bone
HBB according to collateral and organs) leading to acute or
ethnic origins vessels in chronic pain and organ
20—40% of dysfunction

patients with
sickle-cell

Chronic hemolytic anemia

Increased risk of bacterial

AR Il;lrlég\}zince in disease Who infections
' have a history
African, . of stroke
Afro-American,
Caribbean, or
Mediterranean
populations
MMA with achalasia ? 5 families Severe achalasia
reported
GUCYIA3 MMA in 1/3 of | Hypertension
subjects Raynaud syndrome, livedo
AR Erectile dysfunction

LOF mutations in the
al-chain of the major
NO receptor, leading to
an alteration of the NO
pathway

Low platelet count

(continued)
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Table 9.1 (continued)
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Proportion or

Disease name, pattern number of
of inheritance, and Disease MMA reported | Hallmark symptoms of the
mutated gene(s) prevalence cases disease
MMA with SAMHD1 ? 3 families Aicardi-Goutieres syndrome
mutations reported
SAMHDI1 MMA in about | Aseptic subacute (relapsing)
AR 50% of encephalopathy in early
mutation childhood leading to
carriers psychomotor regression and
epilepsy
LOF mutations Chilblains, poor adaptation to
cold
MRI: leukodystrophy, cerebral
calcifications
CSF: lymphocytic meningitis,
high interferon-alpha and
neopterin levels
Other symptoms in SAMHD
mutations:
Congenital glaucoma
Arthritis
MOPDII or Majewski ? More than 50 Intrauterine growth retardation
syndrome cases reported | Severe proportionate short

(microcephalic
primordial dwarfism)

PCNT

LOF mutations in the
pericentrin protein
leading to various

functional consequences

including alteration of
genomic maintenance

stature

Cerebral Microcephaly

arteriopathy in | Bone radiologic abnormalities
19-52% of

subjects

MMA in most | Absent or mild mental

PCNT patients | retardation

with a cerebral | [nsulin resistance

arteriopathy

(continued)
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Table 9.1 (continued)

Proportion or

Disease name, pattern number of

of inheritance, and Disease MMA reported | Hallmark symptoms of the
mutated gene(s) prevalence cases disease

Seckel syndrome 1/10,000 2 case reports Intrauterine growth retardation

(microcephalic
primordial dwarfism)

ATR

RBBPS8

CENPJ

CEPI152

CEP63

NIN

AR

LOF in genes involved in
cycle cell progression,
centrosomal function, or

Severe proportionate short
stature

Microcephaly

Characteristic “bird-headed”
facial appearance

Absence of skeletal dysplasia

Mental retardation

DNA repair
MMA with ? 4 families Constant or frequent (>50%)
hypergonadotropic reported symptoms:
hypogonadism, including one Short stature
dysmorphism, and with an F8
cardiopathy hemophilia
X-linked recessive 9/10 patients Facial dysmorphism
had MMA (hypertelorism, long

Xq28 deletion leading
to loss of expression of
BRCC3 and MTCPI

Loss-of-function
mutations

philtrum, mild ptosis)

Hypergonadotropic
hypogonadism

Premature hair graying

Less frequent symptoms
(<50%):

Premature coronary heart
disease

Arterial hypertension

Early-onset cataract

Developmental delay

(continued)
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Table 9.1 (continued)
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Proportion or

Disease name, pattern number of
of inheritance, and Disease MMA reported | Hallmark symptoms of the
mutated gene(s) prevalence cases disease

Pseudo moyamoya

?

Quasi-constant

Constant features:

with ACTA 2 cerebral TAAD
mutations angiopathy in
ACTA2 ACTAZ R179 Premature coronary heart
AD mutations disease
Unknown functional Livedo reticularis
consequences No basal Features specific to R179H
collateral mutations:
network Persistent ductus arteriosus

(constant)

Congenital mydriasis
(constant)

Arterial pulmonary
hypertension

Hypotonic bladder

Malrotation and
hypoperistalsis of the gut

Monogenic disorders including at least two published patients with a well-defined moyamoya
angiopathy. Bold genes: genes shown to be mutated in monogenic MMS patients, GOF gain of
function, /CA internal carotid artery, LOF loss of function, MMA moyamoya angiopathy, MMS
moyamoya syndrome, TAAD thoracic aortic aneurysms and dissections, and sGC soluble guanyl-
ate cyclase

9.2.1.1 Neurofibromatosis Type 1

NF1 is an autosomal dominant disorder affecting approximately 1 in 3000 new-
borns which is caused by heterozygous loss-of-function mutations in the NF'/ gene
[12]. The NFI gene is a tumor suppressor gene which encodes neurofibromin, a
GTPase-activating protein that negatively regulates Ras. Close to 50% of patients
are sporadic cases harboring de novo mutations. It is a pleiotropic disorder associat-
ing café au lait maculae, cutaneous freckling, neurofibromas, iris hamartomas, and
a predisposition to various malignant tumors. In addition, brain and periphery vas-
culopathies are important features of this condition.

More than 70 pediatric NF1 cases with a cerebral vasculopathy have been
reported so far in the literature [13—16]. Between 2 and 7% of NF1 pediatric cases
who undergo cerebral neuroimaging have a cerebral vasculopathy, which is in half
cases an MMA. MMA features in NF/-mutated patients are very similar to those
observed in MMD patients [17]. These data strongly suggest that NF/ is the
RASopathy with the highest association with MMA, 1-4% of NF1 cases showing
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an MMA. However, additional environmental and genetic factors most likely play a
role in the occurrence of MMA in NF1 patients. Indeed, it has been strongly estab-
lished that NF1 is the main genetic factor of radiation-induced cerebral vasculopa-
thy [18]. In addition, the presence of the pR4810K variant has been strongly
associated with MMA in a cohort of NF1 Korean patients [19].

The mechanisms of cerebral vasculopathy and MMA, which seem acquired and
not congenital abnormalities in NF1 patients, are unknown. Neurofibromin is
expressed in endothelial cells (EC) and vascular smooth muscle cells (VSMC). NF1
vascular lesions are characterized by an intima hyperplasia leading to stenosis and
it has been hypothesized that loss of NF/ in cells of the vascular wall might lead to
altered vascular maintenance and repair processes [20]. Indeed, NF1+/— mice have
been shown to have increased neointima formation in response to mechanical stress,
increased numbers of proliferative VSMC, and MAPK/ERK activation [21]. The
cellular components involved in this process might include not only EC and VSMC
but also bone marrow-derived cells [22]. Altogether, these data provide a framework
for understanding the pathogenesis of NF1 vasculopathy, including MMA.

9.2.1.2 Noonan Syndrome

NS is a relatively common, pleiotropic, developmental disorder affecting approxi-
mately 1/2500 newborns [23]. It is characterized by variously associated features
including reduced postnatal growth, craniofacial dysmorphism, cardiovascular
defects (most often pulmonary stenosis), variable cognitive deficits, bleeding ten-
dency, skeletal defects, cryptorchidism, lymphangiectasia, and an increased risk to
childhood hematologic malignancies, including juvenile myelomonocytic leukemia
(JMML). Diagnosis is most often made by clinical examination. However, the diag-
nosis can be difficult in mild forms or in the adult since the phenotype is less pro-
nounced with age. Four genes, PTPNI11, KRAS, SOSI, and RAF1, account for 70%
of NS patients. PTPNII which encodes the tyrosine phosphatase SHP2 protein
accounts for 50% of NS.

The occurrence of MMA in an NS patient was first reported in 1997 [24]. Since
then, eight other cases have been reported to our knowledge [25-28]. Although the
proportion of NS patients showing MMA has not been investigated in large series of
patients, the limited number of reported cases strongly suggests that the penetrance
of MMA in NS is quite low. This very limited number of NS patients with MMA
and the absence of molecular data in most of them preclude any genotype-phenotype
correlation. Clinical and molecular characterization of larger number of NS patients
with MMA would be of importance to better define clinical management [28]. The
mechanisms leading from NS gene mutations to MMA are so far unknown, but the
association of this rare cerebrovascular angiopathy with NS in several patients
strongly suggests that a dysregulation of the RAS/MAPK pathway is involved.
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9.2.1.3 Noonan-Like Syndromes

Two distinct NS-like syndromes caused by SHOC2 and CBL gene mutations have
been associated with moyamoya. The NS-like syndrome with loose anagen hair,
which is caused by a SHOC2 mutation, has been initially described in 2003 [29].
This autosomal dominant syndrome associates some of the NS features with several
additional features, including macrocephaly, proven growth hormone (GH) defi-
ciency, distinctive hyperactive behavior, increased skin pigmentation, and hair
anomalies called loose anagen hair. This syndrome is caused by a unique Ser2Gly
mutation in the SHOC?2 gene which introduces an N-myristoylation site in this posi-
tive modulator of the Ras signaling pathway, leading to its constitutive membrane
translocation [30]. Three children with moyamoya and a SHOC2 p.Ser2Gly muta-
tion have recently been reported in Korea and Taiwan [31, 32]. The clinical features
of these three cases, besides MMA, were very similar to those previously reported
in SHOC2-mutated patients.

Germline missense heterozygous mutations in CBL have been shown to cause a
developmental disorder sharing some of the clinical features (impaired growth,
developmental delay, cryptorchidism, increased risk for JIMML) encountered in NS
patients, although facial dysmorphic features of these patients may be subtle [33—
35]. The CBL gene encodes a RING finger E3 ubiquitin ligase that acts as a negative
regulator of Ras signaling. CBL protein contains a tyrosine kinase-binding domain
and a RING finger domain that mediates the E3 ubiquitin ligase activity. These two
domains are separated by a linker sequence which is crucial for the ubiquitin ligase
activity of the protein. It controls proliferative signals via the ubiquitination of acti-
vated growth factor receptor tyrosine kinases, endocytosis, and degradation of these
receptors. In addition, CBL is a multiadaptor protein that controls intracellular
trafficking.

Heterozygous germline CBL mutations are encountered in a small portion of
patients (less than 1%) whose features fit NS [34]. Among those, two patients were
very recently reported to have moyamoya [36, 37]. The first one was a 7-year-old
girl, previously diagnosed at 1 y.o. with IMML?’, who carried a highly recurrent
JMML mutation, p.Tyr371His. The second one, initially referred for splenomegaly
and xanthogranuloma, was diagnosed as having moyamoya at age 14 y.o. [36]. She
carried a p.Arg420GIn mutation located in the CBL ring finger domain. It would be
important in the next future to investigate the putative role of CBL mutations in the
development of MMA in non-JMML patients.
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9.2.2 Recently Identified Highly Penetrant Monogenic
Moyamoya Syndromes

9.2.2.1 X-Linked MMS and BRCC3/MTCP1 Deletion

A recessive X-linked MMS due to loss of expression of BRCC3/MTCPI was
recently reported in three families [38, 39]. All patients were males, and pedigrees
showed a maternal inheritance. Bilateral moyamoya angiopathy was present in
nine out of ten mutation carriers, a penetrance which is very high and much higher
than in any other MMS ever reported. Age at onset of acute neurological symptoms
ranged from 4 to 32 years. Other frequent symptoms include short stature of post-
natal onset, hypergonadotropic hypogonadism, stereotyped facial dysmorphism,
and heart involvement (isolated left ventricular enlargement or symptomatic
dilated cardiomyopathy). Inconstantly, patients presented arterial hypertension,
premature coronary heart disease, and early-onset bilateral cataract. Developmental
delay was reported in one family. This stereotyped phenotype has been observed in
four additional families (FR & ETL personal communication). The disease is
caused by an Xq28 deletion that leads to a complete loss of expression of BRCC3
and MTCP1 genes. Interestingly, patients showing a similar phenotype associated
with hemophilia have been reported to carry an Xq28 deletion encompassing
BRCC3 and F§ [40].

BRCC3 (also called BRCC36) is a ubiquitously expressed K63-specific deubiq-
uitinating (DUB) enzyme containing a JAMM (JAB 1/MPN/Mov34 metalloenzyme)
domain [41]. It is a member of two distinct protein complexes, the nuclear BRCA1
DNA repair complex and the cytoplasmic BRISC isopeptidase complex [42]. The
BRCAL1 complex plays a major role in DNA double-strand breaks repair pathway.
The biological function of the BRISC complex is still largely unknown, but recent
data unraveled its role in two cellular pathways. Firstly, the BRISC complex has
been involved in spindle mitotic assembly [43]. The BRISC complex has also been
shown to deubiquitinate IFNAR1, one of the two chains of the interferon-alpha
(IFN) receptor, thus limiting its endocytosis and controlling cellular responses to
IFN [44]. BRISC-deficient cells and mice exhibit attenuate responses to IFN and are
protected from IFN-associated immunopathology. How alterations of anyone of
these pathways could lead to MMA would be speculative at this point. However,
several lines of evidence suggest possible links between MMA and genomic main-
tenance, such as the role of neck irradiation as a major environmental factor for
MMA and the association of MMA with pericentrin and Seckel primordial dwarf-
isms [45]. Interestingly, RNF213 has also been involved in genomic maintenance
[46]. As regards the IFN pathway, mutations of SAMHDI, a gene encoding a tri-
phosphohydrolase enzyme that controls the intracellular level of dNTPs and the
innate immune response, have also been associated with MMA in several families
[47]. The development of conditional BRCC3 mouse mutants leading to the ablation
of BRCC3 in various cellular compartments including EC, VSMC, and bone
marrow-derived cells would be an important tool to sort out the pathomechanisms
of this highly penetrant MMS.
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9.2.2.2 MMS Caused by Mutations of GUCY1A3, Encoding
the a1-Chain of the Major Nitric Oxide Receptor

Another MMS associating moyamoya and achalasia was identified recently [48]. It
is caused by mutations in GUCY1A3, which encodes the a1-subunit of soluble gua-
nylate cyclase (sGC), the major receptor for nitric oxide (NO). This receptor is a
heterodimer composed of one a-chain and a f-chain [49]. Three consanguineous
families including a total of nine affected children (six males and three females)
were reported. Early-onset moyamoya angiopathy led to ischemic events occurring
before 2 years of age. Moyamoya was unilateral or bilateral, and the posterior cir-
culation could be affected. Three cases with intracranial angiopathy had typical
MMA angiopathy. One additional child presented a unilateral long arterial stenosis
of MCA and ACA without moyamoya neovessels network. All mutation carriers
also had a severe achalasia, leading to regurgitations during the first weeks of life.
Other hallmark features were arterial hypertension, present in 50% of affected sub-
jects, and more rarely, vasomotor dysfunction such as Raynaud phenomenon or
livedo, erectile dysfunction, and low platelet count without history of abnormal
bleeding. In each family, a homozygous loss-of-function mutation was identified in
affected subjects that led to absence of expression of the protein (one nonsense
mutation, one splice-site mutation, and one frameshift deletion). Two additional
unrelated GUCY1A3 mutation carriers have recently been reported [50]. The pheno-
type of these two patients was similar to the one observed in the three families previ-
ously reported with the exception of the absence of achalasia in one of these patients,
aged 3 y.o., and the late onset of achalasia in the second one. Interestingly, the
patient without achalasia was a compound heterozygote with a frameshift and a
missense mutation.

GUCYIA3 encodes the most abundant a-isoform of sGC, an NO-dependent
enzyme that regulates SMC relaxation in the vascular and extravascular systems. A
striking feature of this condition is the apparent cerebrovascular preference of vas-
cular lesions, the sole other vascular symptoms encountered in some of these
patients being hypertension and livedo. The mechanisms underlying this cerebro-
vascular selectivity are so far unknown. The histological analysis of internal carotid
arteries (ICA) in constitutive C57B16 mouse mutants ablated for GUCYIA3 did not
show stenosis of ICA bifurcations (Boulday G & ETL personal communication).
Sensitization of these mouse models or the use of more severe sGC mouse mutants,
such as sGC p-chain-ablated mouse mutants, might provide relevant MMA mouse
models.
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9.3 Clinical Implications and Future Challenges
in Monogenic Moyamoya Syndromes

Monogenic MMS constitute a very heterogeneous group with various clinical pre-
sentations and patterns of inheritance. The penetrance of the MMA is also highly
variable, from less than 2% in most RASopathies to more than 90% in BRCC3-
associated MMS. The diagnostic of a known monogenic MMS entity in a given
patient through its specific clinical features and/or its molecular signature is of
major importance for disease prognosis, clinical care, and accurate genetic counsel-
ing. For example, the identification of a BRCC3 deletion in a male child with an
MMA should lead to a tight cardiac follow-up, and his female relatives should be
provided adequate genetic counseling. Another example relates to the hematologi-
cal follow-up to be proposed to MMS patients with a CBL mutation. Molecular
diagnostic of these various MMS could be oriented by specific associated clinical
features. For example, the association of MMA with achalasia should lead to a
GUCYIA3 screening, whereas the presence of Noonan features should lead to
screening of NS genes. However, in some patients, specific features are mild or
absent, raising the question of the sequencing of a targeted panel of MMS genes
using currently available high-throughput sequencing methodologies.

In addition to clinical care improvement, the identification of the genes involved
in several monogenic MMS unraveled different pathways involved in the develop-
ment of this angiopathy, for example, the NO, RAS, and NOTCH pathways as well
as pathways involved in genomic maintenance. Some of these genes, such as
BRCC(C3, are involved in more than one pathway, and it is not yet clear which one(s)
are involved in MMA pathogenesis. The development of MMA animal models
through the conditional ablation of one of the recently identified highly penetrant
MMS conditions would be of major importance for a better understanding of MMA
mechanisms and the identification of druggable therapeutical targets.

Altogether these data suggest that various signaling pathways may be involved in
MMA determination and progression. These pathways might cross each other at
some point. However, most genes causing MMA in MMS patients are yet unknown,
and the putative functional links between the candidate pathways already identified
are unclear. Identification of most monogenic MMS genes could provide important
clues to the cellular pathways involved in the pathogenesis of this highly heteroge-
neous condition and the “moyamoya interactome.” Recent technological develop-
ments in genomics now allow the entire coding regions (exome) to be interrogated
for rare genetic variants, and candidate genes for Mendelian disorders can now be
identified by whole-exome sequencing even in small families [51]. Identification of
those so far unknown MMS genes will be the basis for future projects aiming at the
development of cellular models and an animal model, both urgently needed for this
disease.
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Chapter 10

Natural History and Long-Term Clinical
Outcome After Conservative and Surgical
Management

Won-Sang Cho and Jeong Eun Kim

Abstract Moyamoya disease (MMD) is a rare but interesting subject in the field of
cerebrovascular diseases because of its unique angiographic features and clinical
characteristics, partly satisfactory surgical outcomes, and still unknown cause and
remaining controversies. Here, the authors reviewed the previous studies about both
pediatric and adult MMD with our experience in the management of adult patients.
Taking a look at the natural history of MMD, the significance of surgical treatment
for ischemic and hemorrhagic presentation was considered. Bypass surgery seems
to be effective in prevention of ischemic stroke; however, the perioperative compli-
cations are the big obstacle to change the natural clinical course. Among surgical
skills, combined bypass surgery is expected to have a better role than indirect sur-
gery in the long term, in terms of the extent of flow augmentation and detailed
neurological/cognitive functions. Until now, however, gross clinical outcomes look
not so different between combined and indirect procedures. The effectiveness of
surgery to prevent from rebleeding in hemorrhage MMD is still inconclusive.
Antiplatelet medication may be effective in some situations with no increase in
hemorrhagic complication. Now, randomized prospective study is needed to make a
standard treatment guideline, and basic research should be kept parallel to clinical
studies to find out the causes, stop the progression, and apply the appropriate treat-
ment modalities.
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10.1 Natural History of Moyamoya Disease (MMD)

10.1.1 Ischemic MMD

There have been few studies about the natural history of pure pediatric MMD [11,
19], but most of studies have dealt with mainly adult MMD with a small number of
pediatric patients [6, 7, 13, 14, 20, 36, 38, 44, 56]. Choi et al. reported that 33.3% of
adult and 60% of pediatric patients were aggravated in ischemic symptoms during
conservative management [11]. Imaizumi et al. reported that 60% of nonsurgical
patients ranged from disabled to death during follow-up [19]. Patients younger than
3-5 years tended to show rapid progression and poor surgical outcomes [32].
Although recuperative power is greater in pediatrics than adults, development delay,
cognitive dysfunction, and chronic seizure as well as neurological deficits can occur
in the developing brain. In such reasons, most of symptomatic pediatric patients
have undergone bypass surgery, and the results are satisfactory [11, 19, 31, 40, 48].

Reviewing severe studies about the natural clinical course of adult MMD [6, 7,
13, 14, 36, 44, 55], recurrence rate of stroke such as infarction and hemorrhage is
quite considerable than expected although there is some difference among ethnic
groups. Here we are to think about the ischemic MMD, dealing with the hemor-
rhagic MMD in the latter part. According to the Hallemeier et al.’s study following
34 adult patients over 5.1 years [14], 5-year stroke occurrence was about 65%.
Gross et al. reported that infarction and hemorrhage respectively occurred in 13.3%/
person-year and 1.7%/person-year during 2.9-year follow-up of 42 adult patients
[13]. In Chiu et al.’s study [6], 35 patients experienced 10.3%/person-year of stroke
during 40 months, which consisted of 1.7% of hemorrhage and 8.6% of ischemic
symptoms. In our natural course study following 241 adult MMD patients with
hemodynamic stability (more than 50% of reserve capacity) and mild symptoms
[7], overall stroke rate was 4.5%/person-year in which hemorrhage and ischemia
were 2.3% and 2.2%, respectively. Clinical outcome was worst in patients with
hemorrhagic presentation other than ischemic and asymptomatic presentations.
Initial clinical presentation tended to recur, and patients with family history of
MMD showed high occurrence of stroke. Noh et al.’s recent study showed that 1-
and 5-year recurrence rates in patients with ischemic MMD under conservative
management were 1.6% and 11.8%, respectively [46]. Risk factors of recurrent
ischemic stroke included hypertension, diabetes mellitus, decrease in reserve capac-
ity, and stenosis at the posterior cerebral arteries.

Asymptomatic MMD patients are considered to have not a low incidence of
stroke [7, 20, 38, 56]. In our recent study [7], 35 adult patients with asymptomatic
MMD showed 2.5%/person-year of hemorrhage and 0.8% of ischemic stroke. Five-
year stroke rate was about 15%, and asymptomatic patients showed best clinical
course, compared to the patients with hemorrhagic or ischemic presentations.
Kuroda et al. analyzed that 40 patients presented with 3.2%/person-year of stroke
for a mean follow-up of 43.7 months, in which hemorrhage and infarction each
were 2.4% and 0.8% [38]. Twenty-one percent of the patients eventually experienced
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neurological symptoms; however, 97.5% of them showed tolerable neurological sta-
tus (modified Rankin score of 2 or less). Yang et al. showed 4% of hemorrhage and
1.3% of ischemia in 42 patients with 75 hemispheres during the mean 37.3 months
[56]. Risk factor of clinical deterioration was solely the preoperative decrease in
cerebrovascular reserve capacity. Jo et al.’s report showed 7.5% of transient isch-
emic attack and none with infarction and hemorrhage in 40 adults with 74 hemi-
spheres for about 32 months [20]. Risk factors included smoking and compromise
in preoperative reserve capacity. Therefore, routine follow-up should be performed
in patients with asymptomatic presentation, especially in those with risk factors.

10.1.2 Hemorrhagic MMD

Majority of pediatric patients present with ischemic symptoms, and about 3% of
them is known to manifest cerebral hemorrhage [3]. Meanwhile, adults present with
cerebral hemorrhage in about 20-30% [7]. Generally, intraventricular hemorrhage
is more common than intracerebral hemorrhage [30], and bleeding risk factors
include cerebral microbleeds, older age, presence of prominent anterior choroidal,
and posterior communicating arteries [24, 36, 4345, 52].

It is well known that hemorrhagic MMD usually has a poor clinical course if
untreated [7, 36, 42, 44]. According to Kobayashi et al.’s study, 33.3% of the patients
experienced rebleeding for a mean follow-up of 80.6 months, recovery rate after
rebleeding decreased into half of that after initial bleeding, and mortality rate
increased four times [36]. Morioka et al. reported that rebleeding occurred in 61.1%
of the patients during 12.7 years, and 77.3% of the patients with rebleeding were
clinically aggravated [44]. Presenting age of the initial bleeding 36 years or more
was a risk factor of rebleeding. In a recent prospective study from Japan [42],
rebleeding rate was 34.2% in patients untreated for 5 years. As the follow-up period
was longer and patients were older, rebleeding rate was considered to increase. A
risk factor of rebleeding in the same patient group was analyzed as the initial poste-
rior hemorrhage which was defined as one attributable to perforating arteries from
the posterior cerebral artery or choroidal arteries, including those located in the
thalamus, posterior half of the temporal lobe, parietal lobe, occipital lobe, subepen-
dymal area of the posterior part of the lateral ventricle including the trigon, or pos-
terior half of the corpus callosum [53].

10.1.3 Fate of Unilateral MMD

Previously, unilateral involvement with moyamoya vessels and unknown causes
was defined as probable MMD. As the cases of unilateral involvement increase and
bilateral progression is well known [16, 18, 21, 25, 27, 28, 39, 41, 47, 57], however,
unilateral involvement in children became definitive MMD in the 2012 Japan
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Fig. 10.1 Unilateral to bilateral progression. A young adult female presented with ischemic symp-
toms related to left-sided hemisphere. Preoperative cerebral angiography showed steno-occlusion
of left distal ICA and proximal ACA and MCA (b) and stenosis of right ACA (a). On 8-month
follow-up angiography after left combined bypass surgery, new revascularization was abundant at
the left MCA territory (d); however, new progression of severe stenosis at the right proximal MCA
and ACA was identified (¢). Figure is available in color online only

guideline [50]. Incidence of unilateral MMD is about 8.5-20%, 0-58.8% of which
is reported to progress into the bilateral disease [16, 18, 25, 39, 41, 47, 57]. The
reason why the incidences of bilateral progression are widely various is thought to
be related with the various range of follow-up duration from 13 to 73 months and
the different ethnicity. Prognostic factors of bilateral progression included vascular
abnormality contralateral to the involved side of internal carotid artery, female,
younger age, and family history [25, 39, 41,47, 57]. Progression of bilateral involve-
ment as well as disease stage is known to be more rapid and commonly occur in
pediatrics than in adults. However, progression in adult patients is recently thought
as frequent as in pediatrics [39, 41]. Therefore, patients with unilateral involvement
should be managed based on the clinical symptoms and diagnostic results. Moreover,
routine imaging follow-up is needed (Fig. 10.1).

10.2 Surgical Outcomes

10.2.1 Ischemic MMD

Surgical outcomes in ischemic MMD are satisfactory. Most of pediatric cases were
treated with indirect bypass surgery, with a stroke risk of 0.2—1.6%/year after sur-
gery [31]. In addition, most of them surgically treated grew up well and had a nor-
mal life [48]. On the other hand, there has been a mood of superiority of direct/
combined bypass surgery over indirect procedure in adult patients even though there
is no high level of evidences. The stroke risk is known to be 0-1.6%/year after
direct/combined bypass surgery and 0—14.3%/year after indirect bypass [34].
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Fig. 10.2 Kaplan-Meier survival curves of hemorrhage (a) and infarction (b). The 5-year event-
free survival rates for symptomatic hemorrhage and infarction ipsilateral to the operated hemi-
spheres were all 98.7% (Reproduced from Cho et al. [8] under the permission by Wolters Kluwer
Health, Inc.)

10.2.1.1 Surgery vs Conservative Management

Few comparative studies about the conservation and surgery exist. Choi et al.’s
observation study about pediatric MMD said that 57% of the patients with conser-
vative management became aggravated; however, 14% of those who got surgery
became worse [11]. According to a recent meta-analysis comparing surgery to con-
servative management in all aged patients with MMD [49], stroke risk was signifi-
cantly lower in surgery group than conservative group. In our long-term surgical
outcome in terms of clinical, angiographic, and hemodynamic aspects [8], all the
aspects continued to improve till 6 months after surgery and thereafter became sta-
tionary in 5 years. Five-year infarction- and hemorrhage-free survival rates were
98.7% each, and infarction and hemorrhagic risks were 0.2% and 0.4%/person-year,
respectively (Fig. 10.2). Considering the natural history of hemodynamically stable
MMD patients in our institution as 2.2%/person-year of infarction and 2.3% of
hemorrhage (Fig. 10.3) [7], stroke recurrence rate is much lower in surgery group
than in observation group although the surgery group had worse preoperative condi-
tions than observation group. Merely, permanent postoperative complication rate
was 3.9%, for which a few years would be needed to overcome the natural history
of conservative group. Recently, our affiliated group retrospectively compared
direct/combined bypass surgery group of 301 adults in their institution to observa-
tion group of 140 patients in our institution [35]. One- and 5-year ischemic stroke
rates did not differ; however, 10-year rate was superior in surgery group than obser-
vation group (3.9% versus 13.3%). In addition, the only independent protective fac-
tor was bypass surgery. Postoperative stroke complication rate in this study was



126 W.-S. Cho and J.E. Kim

a ] — b1 0+

1.0 Hemorrhage : === Hemorrhagic group

0.9 Ischemia 0.9 - Ischemic grqup

== « Asymptomatic group

0.84 0.8

0.74 0.7
[ [}

=

S 0.6 S 0.61
K] 7
2 0.5 2 051
s s
g 0.41 2 0.4
= S
o o

0.3 0.3

0.21 0.2+

0.11 0.1

0.01 0.0

T T T T T T T T T T T T T
0 60 120 180 240 300 360 0 60 120 180 240 300
Follow-up duration (months) Follow-up duration (months)

Fig. 10.3 Kaplan-Meier curves of stroke events during conservative follow-up. There was no
significant difference between hemorrhagic and ischemic strokes in all patients (p = 0.857) (a).
Among the groups with different clinical presentations, there was no significant difference in over-
all stroke events (p = 0.461) (b). Figure is available in color online only (Modified from Cho et al.
[7] under the permission by American Association of Neurological Surgery)

2.7%, and more than 5 years of time period was needed for surgical benefit to over-
come the natural history of observation group (Fig. 10.4). So, complication rate of
each institution’s own as well as patients’ condition and age should be considered
before deciding the surgery.

10.2.1.2 Direct/Combined vs Indirect Bypass Surgery

According to some comparative studies between direct/combined and indirect
bypass surgeries in adult MMD [1, 4, 8, 26], overall neurological outcomes are
similarly satisfactory; however, detailed clinical outcomes were better, and angio-
graphic areas were wider in direct/combined bypass than indirect procedures. A
recent meta-analysis showed that long-term prevention of hemorrhage and ischemia
and favorable clinical outcomes were better in direct/combined procedures, although
overall complication rates were not different [51]. Kazumata et al.’s systemic review
analyzed that there was no difference in postoperative stroke complication between
direct/combined and indirect surgeries (7.6% versus 5.1%, respectively); however,
neorevascularization was significantly better in direct/combined procedures [23].
Moreover, comparing some patients with long-term follow-up of about 4 years,
recurrent stroke rate was higher in indirect bypass surgery (11.2% versus 3.5%). We
once analyzed the short-term outcomes of combined and indirect bypasses although
unpublished, in which clinical and hemodynamic outcomes were similar; however,
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revascularization area was significantly wider in combined bypass group. Which
clinical impact would be had on by wider revascularization after combined bypass
surgery is needed to be observed for a longer period. As most of cases reported on
papers are small numbers and different in basal characteristics, evaluation modali-
ties, surgical skills, and follow-up period, which kind of bypass surgery be more
advantageous is still hard to determine. Merely, considerable exercise and experi-
ence are needed to perform direct bypass surgery. Thus, if direct bypass is not avail-
able, indirect bypass surgery can be a good alternative.

10.2.2 Hemorrhagic MMD

Bypass surgery for ischemic MMD is well known to be effective in both pediatric
and adult patients [34]. Meanwhile, the efficacy of bypass surgery in preventing
from rebleeding in hemorrhagic MMD has been controversial. A 10-year prospec-
tive study concluded that there was no significant difference in rebleeding risk
between surgery and non-surgery groups [55]. A recent meta-analysis showed the
protective effect of bypass surgery on the rebleeding [49]. According to a multi-
center prospective and randomized trial from Japan [42], surgery group showed
significantly lower incidence of rebleeding than non-surgery group (14.3% versus
34.2%). Annual rebleeding rate was 3.2%/year in surgery group and 8.2%/year on
conservative group. This trial is the only prospective and randomized study, and
there was no dropout case during follow-up. However, the result is not considered
to be complete because the statistical significance varied according to the statistical
methods. So, further study is needed.

10.2.3 Cerebral Hyperperfusion Syndrome (CHS) and Other
Complications

Postoperative complications include infarction, hemorrhage, cerebral hyperperfu-
sion syndrome, wound problem, infection, and so on. Complication rate is reported
in about 1.6-16%, among which permanent ischemic complication is 0.9-8% and
permanent hemorrhagic one is 0.7-8%, and the occurrence is more common in
adult patients [23, 34]. Noh et al. reported that 50% of ischemic stroke occurred
within 1 month after surgery and 1- and 5-year stroke recurrence rates were 24.4%
each [46]. In our long-term surgical outcomes [8], 5-year infarction and hemorrhage
risks were 1.3% each; however, permanent perioperative neurological complication
rate was 6.7%. Therefore, perioperative management to prevent or recover from
complications is a critical step to improve the surgical outcomes.

CHS is well documented in patients with carotid stenosis, and it was also identi-
fied in adult patients with MMD after low-flow direct bypass surgery [12, 29].
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In our previous report, the incidence of clinical CHS was identified in 17% of the
patients, and cerebral hyperperfusion became maximal around in the third day after
surgery [29]. The presumptive pathomechanism is transient dysfunction of cerebral
autoregulation: autoregulatory function has been chronically impaired, and clinical
symptoms corresponding to the hyperperfusion areas by direct bypass pedicle can
occur until the recovery of its function. CHS is reported to occur in about 21.5-50%
after direct bypass surgery [34], and various clinical symptoms manifest from head-
ache to neurological deficits and intracerebral hemorrhage. We experienced similar
situations even after indirect bypass surgery for adult MMD [10]. Hyperperfusion
corresponding to the clinical symptoms was identified on brain single-photon emis-
sion computed tomography. It is not clear whether this was real hyperperfusion or
manifestation by different mechanisms; however, similar suspicion was also identi-
fied in pediatric cases after indirect bypass surgery. So, we plan to keep a close
watch about it. When CHS is suspicious after combined bypass surgery in our insti-
tution, brain computed tomography + diffusion-weighted magnetic resonance (MR)
imaging or MR imaging with diffusion-weighted images + susceptibility-weighted
images + arterial spin labelling images are acquired to differentially diagnose hem-
orrhage, infarction, and CHS. After CHS is diagnosed, protocolized medical man-
agement is started: normotension or slight hypotension within —10% of the usual
systolic blood pressure, normohydration, and the transient use of steroid.

10.2.4 Other Surgical Considerations

10.2.4.1 Coverage of Other Territories Beyond the Middle Cerebral
Artery (MCA) Territory by Bypass Surgery at the Cortical
Branches of MCA

There are many kinds of surgical skills for MMD which are as follows: direct/com-
bined bypass and indirect bypass; single- and double-barrel direct bypass; encepha-
loduroarterio-, encephalgaleo-, and encephalomyo-synangiosis as indirect bypass;
and multiple burr hole trephination. Irrespective of the surgical skills, most of them
are performed at the MCA territory because MCA territory is the widest, most of
clinical symptoms are related with MCA, surgery at the MCA territory is feasible,
and surgical outcomes have been satisfactory. Rarely, bypass surgery at the other
territories, such as anterior (ACA) and posterior cerebral arteries (PCA), has been
reported on occasion [15, 22]. Except for some cases necessitating other kinds of
bypass surgery, our institution has generally performed superficial temporal artery-
MCA single pedicle microanastomosis and encephalodurogaleosynangiosis, result-
ing in satisfactory outcomes [8]. Recently, we found out that combined bypass
surgery at the MCA territory could improve the ACA as well as MCA-related hemo-
dynamic and clinical states (Fig. 10.5) [9]. Such phenomenon was more prominent
in patients with preoperative symptoms related to ACA territory. According to a
systemic review [23] and our unpublished data, revascularization area seems to be
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Fig. 10.5 A case of 35-year adult MMD patient treated with right-sided combined bypass surgery
(superficial temporal artery angular branch of middle cerebral artery single direct bypass + enceph-
alogaleosynangiosis). Preoperative evaluation exhibited near occlusion of right distal ICA with
limited basal moyamoya vessels on cerebral angiography (a), decrease in basal perfusion (b) and
reserve capacity (c) of right ICA territory on Diamox® single-photon emission computed tomog-
raphy, and subacute infarction at the right corona radiata on MR imaging (d). On 6-month follow-
up work-up, abundant revascularization dominantly by direct pedicle in the territories of ACA as
well as MCA (e and f) was demonstrated with a finding of regression of the right distal ICA and
basal moyamoya vessels (e). In addition, basal perfusion (g) and reserve capacity (h) much
improved

wider in combined bypass surgery than in indirect procedure. Although previous
studies failed to show a significant difference in clinical outcomes between com-
bined/direct and indirect bypass surgeries [1, 4, 8, 23, 26, 51], combined bypass
surgery is thought to be more beneficial in cases necessitating wider flow augmenta-
tion, for example, accompanying ACA or PCA as well as MCA-related symptoms,
and considering the cognition as an important function of medial frontal lobe. In the
same vein, double-barrel direct bypass surgery with indirect procedures may be
more effective than single direct bypass in patients with hemodynamic impairment
beyond the MCA territory. Kim et al. compared two different surgical skills (indi-
rect bypass at MCA territory alone versus indirect bypass at MCA and ACA territo-
ries) in pediatric patients [33]. Additional indirect bypass at the ACA territory
significantly improved ACA-related symptoms and surgical outcomes in terms of
hemodynamic and angiographic states. Considering case-by-case conditions, per-
sonalized surgical strategies would be more helpful.
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10.2.4.2 Role of Direct and Indirect Bypasses in the Combined Surgery

The roles of indirect flap and direct pedicle in the combined bypass surgery have
long been discussed. One opinion is that direct pedicle would play a dominant role
for flow augmentation, and the other is that indirect flap would become dominant
and direct pedicle slowly regress [8, 17, 54]. In our previous study [8], revascular-
ization area continued to widen until 5 years after surgery, while dominant, comple-
mentary, and poor developments of direct or indirect components were various and
the patterns changed over time. One of the interesting findings was that the inci-
dence of occlusion of direct pedicle was 6.6% in 6 months after surgery and 23% in
5 years. So, it was speculated that direct pedicle would play a role of acute flow
augmentation in the early phase and indirect flap would replace the areas in which
blood flow from direct pedicle could not reach because of the progressive occlusion
of the intracranial arteries (named compartmentation) in the later phase. This
hypothesis is indirectly confirmed also in Uchino et al.’s recent report [54], in which
dominancy of indirect and direct bypass differed in pediatric and adult patients;
however, each component of indirect and direct bypass showed reciprocal roles, and
development of indirect bypass was significant in patients with advanced stages of
MMD (Suzuki grade 4 or more). Therefore, direct and indirect bypasses seem to
play complementary roles according to the temporal and spatial situations. In that
sense, combined bypass surgery may be superior to direct or indirect procedures
alone.

10.3 Medical Management

Angiographic feature of MMD is the progressive steno-occlusion of the distal inter-
nal carotid artery and proximal anterior and middle cerebral arteries. Histologic
feature is the intimal thickening by proliferation of smooth muscle cells with no
inflammatory/atheromatous changes. The cause of MMD is still idiopathic, and it is
different from the intracranial atherosclerotic stenosis or vasculitis accompanying
endothelial damage. So, there have been no fundamental treatment modalities;
instead, symptomatic medical treatment and bypass surgery for flow augmentation
have been performed. Among the medical treatment, the use of antiplatelets has
been controversial. Because the main pathophysiology in MMD is the hemody-
namic insufficiency following steno-occlusion of the intracranial vessels, drugs,
such as antiplatelets inhibiting platelet adhesion/aggregation and statin stabilizing
the plaque, are traditionally considered not effective. However, microthromboem-
bolism is reported to occur even in MMD, and it was closely related with the devel-
opment of ischemic events [5]. In addition, atherosclerotic vessel change can be
superimposed as adult patients get older, and drugs can be selectively needed in
order to maintain the patency at the bypass site. According to a recent Kraemer
et al.’s report, about 31% of the responders used antiplatelets for the MMD patients
[37]. Interestingly, Asian experts tended to prescribe antiplatelets less frequently
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than Western doctors, the reason of which was speculated that Asian patients show
higher incidence of hemorrhagic presentation. Actually, there is ethnic difference in
hemorrhagic presentation: less than 15% in Western countries, 29% in Hawaii
where the proportion of Asian inhabitants is high, and 30-60% in East Asian coun-
tries [2, 7]. A recent prospective study reported that ischemic events did not differ
between antiplatelet and non-antiplatelet groups, and hemorrhagic events were
higher in the non-antiplatelet group than in the antiplatelet group [55]. Further stud-
ies are needed to make a conclusion in the use of antiplatelets.
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Chapter 11
Significance of RNF213 in Clinical

Management in Japan
Yohei Mineharu, Yasushi Takagi, and Susumu Miyamoto

Abstract RNF213 is a main susceptibility gene for moyamoya disease. Worldwide,
many mutations of RNF213 have been reported in association with moyamoya dis-
ease. Among these, p.R4810K is the most frequent variant and is found in approxi-
mately 95% of patients with familial moyamoya disease and in approximately 80%
of sporadic cases in Japan. The variant is strongly associated with moyamoya dis-
ease, with an odds ratio of nearly 200, but caution is necessary when it is used in
clinical practice because there are approximately 2% of p.R4810K carriers who do
not develop moyamoya disease in the general population. The clinical impact of the
p-R4810K variant has been assessed by recent studies. Patients who are homozy-
gous for the p.R4810K variant had an earlier onset age (mostly under the age of 4
years), and there was wider distribution (involvement of bilateral hemispheres and
posterior circulation) and a more severe form of the disease with this variant. A
contribution of RNF213 to various types of intracranial steno-occlusive disease
including unilateral moyamoya disease, quasi-moyamoya disease, and other intra-
cranial steno-occlusive disease was also reported. In this chapter, we will summa-
rize genetic characteristics of moyamoya disease including familial cases and
discuss clinical application of RNF213 genotyping in patients with moyamoya dis-
ease and other intracranial steno-occlusive diseases.
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11.1 Introduction

RNF213 has been recognized as a main susceptibility gene for moyamoya disease
[1, 2]. This gene is also important in other intracranial steno-occlusive diseases [3,
4]. Although the gene plays an important role, RNF213 used for genetic testing is
not sufficient alone to make a diagnosis or to fully understand the pathophysiology
of the disease. Clarification of other factors, including environmental and other
genetic factors, in the development of moyamoya disease is essential. In Japan as
well as in Korea and China, p.R4810K is the most frequent variant of RNF213 that
is associated with moyamoya disease, and it has the potential to be used for genetic
diagnosis [1, 2, 5-13].

11.2 Genetics of Moyamoya Disease

To understand the genetics of moyamoya disease and the clinical significance of
RNF213, it is essential to understand the characteristics of familial moyamoya dis-
ease (Fig. 11.1a—d) [3, 14]. There are five main characteristics of familial moyam-
oya disease, which are (1) the inheritance pattern is autosomal dominant with low
penetrance; (2) a variety of phenotypes are seen in a single family including moy-
amoya disease, unilateral moyamoya disease, and steno-occlusive lesions around
the terminal portion of the internal carotid arteries (ICA) without apparent moy-
amoya vessels; (3) females are predominantly affected, with a female-to-male ratio
of 2.71:1; (4) affected twins are mostly identical and female, and some show discor-
dant phenotypes; and (5) affected mothers are more likely to produce female off-
spring with late-onset disease (adult-onset or asymptomatic), suggesting that
genomic imprinting is involved in moyamoya disease.

11.2.1 Autosomal Dominant with Low Penetrance

The inheritance pattern of moyamoya disease is autosomal dominant with incom-
plete penetrance in most cases, although some patients might show a polygenic
pattern. In 2006, Mineharu et al. examined the characteristics of 15 highly aggre-
gated Japanese families with three or more affected members; in total, there were 52
patients enrolled, comprising 38 women and 14 men [14]. In all of these families,
there were three or more generations without consanguinity, and all types of trans-
mission, including father-to-son, were observed. Among 135 offspring of affected
individuals, nearly half (59/135, 43.7%) were patients with moyamoya disease or
obligate carriers (individuals who are clinically unaffected but who carry a genetic
risk factor according to the family pedigree analysis), suggesting that the transmission
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(A) Autosomal dominant inheritance (B) Incomplete penetrance
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Fig. 11.1 Characteristics of familial moyamoya disease are helpful to determine the genetics of
moyamoya disease and RNF213 gene involvement. All patients with filled, half-filled, and quarter-
filled symbols and obligate carriers with dotted symbols have the RNF213 p. R4810K variant. (a)
Patients in three consecutive generations indicate that the inheritance pattern of familial moyam-
oya disease is autosomal dominant. Both homozygous and heterozygous individuals have an
increased risk of moyamoya disease. (b) Skipping a generation and discordant phenotypes in twin
pairs suggest that penetrance of RNF213 is incomplete. (¢) RNF213 p.R4810K is associated with
moyamoya disease, unilateral moyamoya disease, and non-moyamoya intracranial steno-occlusive
diseases such as middle cerebral artery stenosis. (d) Only females are affected in some families.
Twin pairs are mostly female and identical.

Filled symbols indicate patients with moyamoya disease; half-filled symbols indicate unilateral
moyamoya disease; quarter-filled symbols indicate intracranial steno-occlusive disease without
moyamoya vessels; MMD moyamoya disease, MCAS middle cerebral artery stenosis

pattern was autosomal dominant with incomplete penetrance (Fig. 11.1a, b). Based
on this assumption, parametric linkage analysis identified a disease locus at 17q25.3
[3], where the p.R4810K variant (c.14429G>A, rs112735431) in the RNF213 gene
was found to be associated with moyamoya disease [1, 2]. The homozygous (AA
genotype; two risk alleles) and heterozygous (GA genotype; one risk allele) alleles
of the p.R4810K variant were equally associated with moyamoya disease compared
with the wild-type (GG genotype) control, and the odds ratio was as high as 300
using the dominant model [1, 2]. While p.R4810K was found in more than 80% of
patients with moyamoya disease, the observation that the p.R4810K was found in
about 2% of general population in East Asian countries [15] represents a low pene-
trance of this risk variant.
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11.2.2 Moyamoya Disease Variant (Moyamoya Spectrum)

Pedigree analysis for familial moyamoya disease revealed that moyamoya disease
and unilateral moyamoya disease or steno-occlusive lesions around the terminal
portion of ICA without apparent moyamoya vessels (i.e., proximal middle cerebral
artery stenosis) were present in a single family (Fig. 11.1c). These conditions were
seen together in approximately 30% of families with familial moyamoya disease
[3]. The occurrence of various phenotypes together in a single family suggests that
these phenotypes may be a spectrum of moyamoya disease. Miyawaki et al. exam-
ined sporadic cases of intracranial steno-occlusive disease (mostly proximal middle
cerebral artery stenosis or occlusion), and they reported that RNF213 was found in
approximately 25% of patients and that it was associated with moyamoya disease
with an odds ratio of 16.8 [4, 16].

11.2.3 Female Predominance and Discordant Phenotypes

Patients with moyamoya disease are predominantly female, with a female-to-male
ratio of 1.8-2.2:1 [17-19]. In familial moyamoya disease, for females to be affected
predominantly was more prominent. The female-to-male ratio was 2.7:1 and the
ratio of maternal transmission-to-paternal transmission was 3.44:1, showing mater-
nal predominance, and mother-to-daughter transmission was most commonly
observed (60.0%) [14]. Although underlying mechanisms are not known, most twin
pairs with familial moyamoya disease are identical twins and female (Fig. 11.1d).
Additionally, among the 12 monozygotic twins reported to date, five pairs showed
discordant phenotypes (symptomatic vs. asymptomatic, bilateral vs. unilateral, or
patients vs. non-patients) [14]. These findings suggest that genomic imprinting or
epigenetic modification may be associated with moyamoya disease. Although recall
bias may be associated with these phenomena, tissue-specific epigenetic studies
such as methylation analysis may improve our understanding of moyamoya disease
pathophysiology.

11.3 RNF213-Related Intracranial Steno-occlusive Disease

RNF213 was first identified as a susceptibility gene for moyamoya disease. A pedi-
gree analysis and intensive genotyping and sequencing of RNF213 showed that it is
also associated with unilateral moyamoya disease and partially associated with
intracranial steno-occlusive disease without moyamoya vessels and quasi-
moyamoya disease. These diseases can be partly recognized as RNF213-related
intracranial steno-occlusive disease (Fig. 11.2; Table 11.1A).
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Fig. 11.2 Contribution of RNF213 to the moyamoya spectrum

The contribution of RNF213 is different among subtypes on the moyamoya spectrum including
moyamoya disease, unilateral moyamoya disease, quasi-moyamoya disease, and non-moyamoya
intracranial steno-occlusive disease (without moyamoya vessels). RNF213 may also be associated
with atherosclerosis. Other factors may include Down syndrome, neurofibromatosis type 1, or
inflammatory disorders, but they have not yet been well clarified. Whether RNF213 determines the
therapeutic response to revascularization surgery remains unknown

11.3.1 Upnilateral Moyamoya Disease

Unilateral moyamoya disease used to be regarded as probable moyamoya disease
and was distinguished from (bilateral) moyamoya disease in adults. Moyamoya dis-
ease and unilateral moyamoya disease occurring together in a single family and
identification of the p.R4810K variant as a common risk factor for both diseases
influenced the current Guidelines of the Research Committee for Diagnosis of
Moyamoya Disease in Japan, which recognizes both unilateral and bilateral lesions
as definite moyamoya disease.

11.3.2 Intracranial Vascular Disease Without Moyamoya
Vessels

As mentioned in Sect. 12.2.2, intracranial steno-occlusive disease around the termi-
nal portion of the ICA without moyamoya vessels, such as proximal middle cerebral
artery occlusion, may partially belong to the spectrum of moyamoya disease,
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Table 11.1 Clinical significance of RNF213 in moyamoya disease and related diseases

(A) RNF213-related intracranial steno-occlusive disease

1. Moyamoya disease

2. Unilateral moyamoya disease

3. Quasi-moyamoya disease

4. Non-moyamoya intracranial steno-occlusive disease (partly)
(B) Application of genetic testing by RNF213 p.R4810K

1. Estimation of disease severity and progression

2. Family member screening to identify individuals who need periodical MRI examinations

3. Risk assessment of intracranial steno-occlusive disease in general population

(C) Unsolved issues in moyamoya spectrum
1. Other risk factors than RNF213 are not known
2. Epigenetic modification in moyamoya spectrum is not well understood
3. Prospective study of genetic testing of RNF213 p.R4810K is not performed
4. Efficacy of surgery for p.R4810K positive non-moyamoya patients is not tested

although it is difficult to distinguish such phenotypes from atherosclerotic disease.
Bang et al. showed that a substantial proportion of Korean patients with intracranial
steno-occlusive disease who did not fulfill the three diagnostic criteria for moyam-
oya disease (terminal ICA involvement, basal moyamoya, and bilateral involve-
ment) had the p.R4810K variant. The variant was found in patients who met all
three moyamoya criteria (75.6%), in those who met two criteria (57.5%), in those
who met one criterion (28.6%), and also in those who met no criteria (20.0%), sup-
porting the hypothesis that part of intracranial steno-occlusive disease without moy-
amoya vessels is associated with RNF213 [20]. The presence of basal collaterals
and bilateral involvement on angiography were independently associated with the
presence of the p.R4810K variant. Negative remodeling of the terminal ICA and
proximal middle cerebral artery is postulated as a marker to distinguish the moy-
amoya phenotype and the atherosclerotic phenotype [21-23]. Intracranial steno-
occlusive disease is a complex disease that involves many factors. Further research
on RNF213 will improve our understanding of the entire disease.

11.3.3 Quasi-moyamoya Disease

Quasi-moyamoya disease is an angiographic moyamoya disease equivalent that is
accompanied by known underlying diseases. In Japan, quasi-moyamoya disease
constitutes 5.4% of all moyamoya cases [24]. Morimoto et al. showed that the
p-R4810K variant was also associated with quasi-moyamoya disease [25]. They
found this variant in 12 of 18 quasi-moyamoya disease patients. The frequency of
p-R4810K carriers was significantly higher in patients with quasi-moyamoya
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Table 11.2 The RNF213 p.R4810K variant was observed in quasi-moyamoya disease patients
with various comorbidities

Age at onset Affected Symptoms
ID | (years) Sex | hemisphere | Comorbidity at onset Genotype
1 11 F B NF1 TIA Heterozygotes
2 |4 F U NF1 Seizure Wild type
3 19 M |U NF1 Higher brain | Wild type
dysfunction
4 |35 F B NF1 IS Wild type
5 |17 M |B NF1 IS Wild type
6 |41 F B Noonan syndrome | IS Heterozygotes
7 126 F B Hyperthyroidism TIA Heterozygotes
8 28 F B Hyperthyroidism TIA Heterozygotes
9 |59 F U Hyperthyroidism IS Heterozygotes
10 |24 M |B Hyperthyroidism IS Wild type
11 38 F B Hyperthyroidism IS Wild type
12 |61 F U RA Headache Heterozygotes
13 |70 F B RA ICH Heterozygotes
14 58 M |B RA Headache Wild type
15 31 F B Down syndrome ICH Heterozygotes
16 |15 M |B Down syndrome TIA Wild type
17 |5 F B Kawasaki disease TIA Heterozygotes
18 133 M |B Kawasaki disease TIA Heterozygotes
19 |57 F B SLE ICH Heterozygotes
20 |61 F B Autoimmune IS Heterozygotes
pancreatitis
21 |69 F B Sjogren’s syndrome | ICH Heterozygotes
Hashimoto’s
thyroiditis

F represents female, M male, B bilateral, U unilateral, NF'/ neurofibromatosis type 1, RA rheuma-
toid arthritis, SLE systemic lupus erythematosus, 77A transient ischemic attack, IS ischemic stroke,
ICH intracranial hemorrhage

disease than in controls (66.7% vs. 2.2%, odds ratio 89.0). The pR4810K variant
was found in all types of comorbidities, although the frequency was different for
each comorbidity (Table 11.2). The risk variant was found in 1 of 4 (25%) of patients
with neurofibromatosis type 1 (NF1), 2/4 (50%) of patients with hyperthyroidism, 1
of 2 (50%) of patients with Down syndrome, and 100% of patients with other disor-
ders such as Kawasaki disease (n=3), rheumatoid arthritis (n=2), or Noonan syn-
drome (n=1). Miyawaki et al., however, showed no association between p.R4810K
and quasi-moyamoya disease [26], but this may be because of the different comor-
bidities such as irradiation (n=3) and central nervous system infection (n=2) and
because of the small number in each population.

Clinical features of quasi-moyamoya disease are similar to that of moyamoya
disease. Both of them show female predominance, familial occurrence (7%), and
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two peak pattern of age distribution with higher peak at the first decade of life [27].
Given that revascularization surgery was also effective for quasi-moyamoya disease
[28], a positive association of RNF213 with quasi-moyamoya disease suggests that
moyamoya disease and quasi-moyamoya disease may have common pathological
background. Comorbidities such as Down syndrome or NFI might increase the
penetrance of the p.R4810K variant and increase the likelihood of having the
moyamoya phenotype [25]. The proportion of unilateral cases is larger in quasi-
moyamoya disease than moyamoya disease [27]. This may be due to smaller
proportion of patients with the p.R4810K variant in quasi-moyamoya disease since
the variant is associated with higher chances of bilateral involvement [6].

11.4 Clinical Application of p.R4810K Genotyping

There are three main possible applications of p.R4810K clinical testing, which
include (1) estimation of disease severity and progression in patients with moyam-
oya disease, (2) screening of family members of patients with moyamoya disease to
identify individuals who need periodic magnetic resonance imaging (MRI) screen-
ing examination, and (3) risk assessment of intracranial steno-occlusive disease in
the general population (Table 11.1B).

11.4.1 Estimation of Disease Progression: Age at Onset
and Disease Severity

The homozygous (AA genotype) p.R4810K variant was reported to be associated
with an earlier age at onset compared with the heterozygous (GA genotype) variant
and the wild-type (GG genotype) control [5, 6]. Most patients with the AA genotype
develop moyamoya disease before 4 years of age. Homozygosity was also associ-
ated with involvement of bilateral hemispheres and posterior circulation, which
might increase the severity of the disease [5, 6, 29]. Therefore, genetic testing to
find patients homozygous for p.R4810K could be used to predict disease severity
and progression (Fig. 11.3). Given that most patients with homozygotes develop
moyamoya disease by 4 years of age, genetic testing would be necessary at their
infancy, and genetic counseling should adequately be provided. Involvement of pos-
terior circulation is associated with poor clinical outcome [30], and therefore revas-
cularization surgery in an earlier stage may be considered. Importantly, some
patients with homozygotes develop moyamoya disease between 50 and 60 years of
age, and some are not affected by moyamoya disease. Additionally, the proportion
of the AA genotype is low (<10%) [1, 5], and thus, clinical benefit of this genetic
testing to predict disease severity may be limited. On the other hand, there were no
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Fig. 11.3 Difference in age distribution and the proportion of bilateral involvement among the
genotypes of RNF213 p.R4810K in patients with moyamoya disease. Homozygotes (two alleles of
p-R4810K variant) were associated with an earlier age at onset, and most patients developed moy-
amoya disease by the age of 4 years. Gene dose effect of p.R4810K was observed for the propor-
tion of bilateral involvement. Genotyping of the p.R4810K variant may be useful to estimate the
severity and the risk of progression of moyamoya disease

significant differences in clinical features between patients with the heterozygous
variant and patients with the wild type, although bilateral involvement seems to be
higher in patients with the heterozygous variant.

11.4.2 Risk Assessment of Cerebrovascular Disease for Family
Members of Moyamoya Disease Patients

The proportion of familial moyamoya disease has been reported to be 10.0-15.4%
[17, 19]. This percentage has been increasing, probably because of an increasing
number of asymptomatic patients who have been diagnosed using MRI. In fact,
after the screening examination by transcranial Doppler sonography followed by
MR angiography for family members of patients with moyamoya disease, the pro-
portion of familial moyamoya disease patients increased from 7 to 15% in the
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Fig.11.4 Contribution of RNF213 in moyamoya disease in different ethnic populations. According
to the data of published article by Liu et al., RNF213 mutations were observed in all of the familial
cases of familial moyamoya disease. The p.R4810K variant was observed in the Japanese and
Korean families, and the p.D4013N variant was observed in the Caucasian family. In the Chinese
population, the proportion of p.R4810K was lower than that in the Japanese or Korean populations,
but other mutations were detected in 14% of cases. In Europe, p.R4810K was not observed in
either patients with moyamoya disease or in the general population. Other mutations were observed
in 8% of the patients. These data showed that significance of RNF213 and its main susceptibility
variant, p.R4810K, was different among the populations

Chinese population [31]. Genetic testing for p.R4810K in family members of moy-
amoya disease patients is expected to be effective to find individuals who may ben-
efit from periodic MRI screening examinations; however, it has not been proved yet.

In Japan, p.R4810K was detected in 95-100% of patients with familial moyam-
oya disease, and other mutations were infrequent (Fig. 11.4) [1]. Therefore, p.
R4810K genotyping, but not sequencing, would be sufficient in most cases to esti-
mate the risk of developing intracranial steno-occlusive disease. However, in
Western countries, p.R4810K was not polymorphic, and no familial moyamoya
disease related to p.R4810K has been reported. D4013N was found in Caucasian
families with familial moyamoya disease (Fig. 11.4) [1, 10]. Although genetic test-
ing of D4013N cannot be performed for all family members of patients with spo-
radic moyamoya disease, it may be useful for family members of patients with
familial moyamoya disease where two or more people are affected. In China, p.
A4399T is another common variant found in 16.5% of patients, whereas p.R4810K
was found in 13.1-31.4% [1, 7, 32]. The p.A4399T variant was shown to be associ-
ated with the hemorrhagic presentation of moyamoya disease in the Chinese popu-
lation [7]. The benefits of p.A4399T genotyping in family members of Chinese
patients with moyamoya disease need to be investigated.
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11.4.3 Significance of p.R4810K for Risk Assessment
in the General Population

Recently, direct-to-consumer (DTC) genetic testing, which is commercially based
genetic testing to assess the risk of various kinds of diseases, has become widely
available. Clinicians who do not specialize in genetics still have some genetic
knowledge. In 2014, DTC genetic testing to assess the risk of moyamoya disease
began, but rs6565681 instead of rs112735431 (p.R4810K) was used. The variant
rs6565681 is observed in 36.7% of the general population, and the odds ratio of
having moyamoya disease was only approximately 4.8 [2]. Considering that moy-
amoya disease is a rare disease, even if a person has the rs6565681 variant, there is
no substantial risk of developing moyamoya disease (the risk of developing
moyamoya disease is about 1 in 10,000 individuals for those who have rs6565681).
Thus, a more specific strategy is needed for the genetic screening test for moyamoya
disease in those without a family history of this disease.

The usefulness of p.R4810K genotyping for the risk assessment of intracranial
steno-occlusive disease in the general population remains unknown. A prospective
cohort study assessing the natural history of asymptomatic patients with moyamoya
disease is ongoing (AMORE study). Additionally, the natural history of patients
with RNF213-related vascular disease needs to be investigated in future studies.

11.5 Future Prospective

Although identification of a susceptibility gene RNF213 revealed many aspects of
moyamoya spectrum disease, there remains a lot of issues to be solved for better
diagnosis and treatment for the disease (Table 11.1C).

11.5.1 Environmental Risk Factors and Associated Genetic
Factors

Because penetrance of the p.R4810K variant is low, other factors should be involved
in the pathogenesis of moyamoya disease and other related steno-occlusive dis-
eases. Interaction of RNF213 with diabetes and hypertension was shown in both
animal and human studies. The p.R4810K variant was inversely associated with
diabetes [20], and it was positively associated with higher systolic blood pressure
[33]. Interaction of the RNF213 variants with smoking or other atherosclerotic risk
factors remains undetermined. Elucidation of modifiable risk factors that affect
RNF213 p.R4810K function may lead to the development of new treatment for
intracranial steno-occlusive disease including moyamoya disease.
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11.5.2 Epigenetic Modification

The difference in the prevalence between men and women, discordant phenotypes
between identical twin pairs, and different clinical characteristics between paternal
and maternal transmission suggest that epigenetic modification is involved in the
pathogenesis of moyamoya disease [14]. Therefore, tissue-specific methylation
analysis may provide important information. If epigenetic mechanisms are associ-
ated with a reduced risk of moyamoya disease, the mechanism may be used to
control the risk of this disease.

11.5.3 Development of Novel Biomarkers and New Treatment
Options

In non-Asian populations, p.R4810K is not polymorphic, and the variant cannot be
used for a genetic screening examination [1, 10]. If the main signaling pathway that
is common to patients with moyamoya disease worldwide is determined by investi-
gating RNF213 and other susceptibility genes, it could lead to the development of a
novel biomarker for moyamoya disease and related disorders.

As shown in the Japan Adult Moyamoya (JAM) trial and other studies [34, 35],
revascularization surgery is effective to prevent stroke in patients with moyamoya
disease. However, efficacy of revascularization surgery was not shown in patients
with atherosclerotic cerebrovascular disease, as indicated by the Carotid Occlusion
Surgery Study (COSS) [36]. However, the effectiveness of revascularization surgery
for patients with RNF213-related steno-occlusive disease remains unknown. The
RNF2]3 mutation may be a marker to identify patients with intracranial steno-
occlusive diseases who will benefit from revascularization surgery.

11.6 Conclusions

RNF21]3 is a key molecule to better understand the pathogenesis of moyamoya dis-
ease and its related steno-occlusive disease, although identification of other cofac-
tors and their relationship with RNF213 is also required. Genetic testing by the
p-R4810K has an impact on clinical practice of intracranial steno-occlusive disease
including moyamoya disease in East Asian populations. Further research on
RNF213 will show the difference between moyamoya disease and atherosclerotic
steno-occlusive disease.
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Chapter 12
Significance of RNF213 in Clinical
Management in China

Zheng-Shan Zhang and Lian Duan

Abstract The ring finger protein 213 gene (RNF213) is the most important suscep-
tibility gene for moyamoya disease (MMD). The relationship between the RNF213
polymorphisms and MMD risk has also been identified in Chinese population. As
the most common polymorphism in East Asian population, the p.R4810K
(c.14576G>A) variant in RNF213 has been considered a founder mutation; how-
ever, the prevalence of p.R4810K variant is different between Japanese, Korean, and
Chinese. In addition, several novel variants are identified only in Chinese patients
but not in Korean and Japanese patients. These results suggest that the mutational
spectrum of RNF213 gene may be different among different populations. MMD in
Chinese population probably has more complex genetic background compared to
Japanese and Korean MMD. We review the recent progress and significance of
RNF213 in clinical management in Chinese MMD patients in this chapter.

Keywords RNF213 ¢ China ¢ Clinical management

12.1 Introduction

The ring finger protein 213 gene (RNF213) is the only susceptibility gene for moy-
amoya disease (MMD) identified by both genome-wide association studies and
exon sequencing. Several studies have been conducted to identify the relationship
between the RNF213 polymorphisms and MMD risk [1-5]. These studies demon-
strate that p.R4810K (c.14576G>A) variant is a founder mutation identified com-
monly in East Asian population; however, the prevalence of p.R4810K variant is
different between Japanese, Korean, and Chinese [6—8]. One research found that the
p-R4810Kvariant is found in 90% of Japanese, 79% of Korean, and 23% of Chinese
MMD patients. The presence of this variant strongly increases the risk of
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developing MMD with an odds ratio (OR) of 338.9 (p=10-'") in Japanese, 135.6
(p=10"%) in Korean, and 14.7 (p=10-*) in Chinese populations. In addition, several
novel variants are identified only in Chinese patients but not in Korean and Japanese
patients [2]. We hypothesize that MMD in Chinese population has more complex
genetic background compared to Japanese and Korean MMD.

The study of RNF213 and MMD in Chinese is still at early stage currently, and
there are only a small number of reports in this area (Table 12.1). We will review the
recent progress and significance of RNF213 in clinical management in Chinese
MMD patients.

12.2 Significance of Mutations in RNF213 in Chinese
Population

12.2.1 p.R4810K Mutation

The p.R4810K mutation in RNF213 is the most common and important single
nucleotide polymorphism found in Chinese MMD patients. A strong association
between the p.R4810K polymorphism and MMD in Chinese patients is first demon-
strated by a research group in Japan in 2011 [2]. Several studies in China have been
performed to focus on the p.R4810K polymorphism susceptibility in Chinese MMD
patients [9-15] (Table 12.2). Among Chinese Han ethnic group with MMD, the
prevalence of p.R4810K mutant in sporadic MMD ranges from 9.3% to 10.9%, and
the prevalence reaches 80% in familial MMD. However, the prevalence of p.R4810K
mutant in control group of Chinese Han population (without MMD) is only 0.39—
1.03%. These studies confirm that the p.R4810K mutation is much more frequently
found in Chinese MMD patients than in the general population, and p.R4810K
mutation is associated with MMD susceptibility in Chinese and increases the risk
for MMD. In addition, these results suggest that the risk of MMD is higher in the
familiar MMD patients carrying AA and AG genotypes of p.R4810K than the spo-
radic patients, indicating that p.R4810K screening would be an appropriate approach
to identify asymptomatic patients, especially those who have a family history of
MMD. Screening of the p.R4810K variant should be performed in Chinese MMD
patients, especially those patients with positive family history.

Moreover, the p.R4810K mutation may be related to the subtype of MMD in
Chinese Hans. One study found that the frequency of the mutant A allele is signifi-
cantly higher in the ischemic group than in the hemorrhagic group [9]. This finding
is consistent with another research demonstrating that p.R4810K homozygote
patients present initially with infarction more often than p.R4810K heterozygotes
and wild types [5]. These results further suggest that clinical manifestations of
MMD may be associated with genetic background.

The association between the p.R4810K mutant and the genetic susceptibility of
MMD in other Chinese ethnic groups such as Taiwanese population and Guangxi
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Table 12.1 RNF213 mutations associated with MMD patients in Chinese
Patients’ Cases/
Mutations background controls Main findings References
p.R4810K Chinese 52/150 p-R4810K polymorphism increases | [2]
risk of MMD
Han 170/507 p-R4810K polymorphism increases | [9]
nationality risk of MMD and the significant
association between p.R4810K and
ischemia MMD
Han 64/96 p-R4810K polymorphism increases |[11]
nationality risk of MMD
Han 96/96 p-R4810K polymorphism increases | [10]
nationality risk of MMD
Zhuang 52/80 p-R4810K polymorphism increases | [12]
nationality risk of MMD
Taiwanese 36/500 p-R4810K mutation is the most [13]
common mutation among the
RNF213 mutations (54.5%), and
the incidence of the p.R4810K
mutation in Taiwan is 16.7 %
(6/36). The prevalence of this
mutation among the general
population of Taiwan remains to be
determined
p-A4399T Han 170/507 p-A4399T polymorphism increases | [9]
nationality risk of MMD and the significant
association between p.A4399T and
hemorrhage MMD
Han 96/96 p-A4399T polymorphism increases | [11]
nationality risk of MMD
Zhuang 52/80 No association between p.A4399T | [12]
nationality and hemorrhage MMD
p-A5021V Chinese 52/150 p.A5021V mutation was found in 2 | [2]
out of 52 Chinese MMD patients
Han 20/20 p-A5021V was detected in 1 out of | [9]
nationality 20 cases by gene sequencing
Han 96/96 No association between p.A5021V | [11]
nationality and MMD
Zhuang 52/80 No association between p.A5021V | [12]
nationality and MMD
p-E4950D Chinese 52/150 p. E4950D mutation was found in | [2]
2 out of 52 Chinese MMD patients
Han 20/20 p. E4950D was detected in 1 out of | [9]
nationality 20 cases by gene sequencing
p.E5176G Chinese 52/150 p.E5176G mutation was found in 1 | [2]
out of 52 Chinese MMD patients
p-D5160E Chinese 52/150 p.D5160E mutation was found in 1 | [2]

out of 52 Chinese MMD patients

(continued)
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Table 12.1 (continued)

Patients’ Cases/
Mutations background controls Main findings References
p.D4863N Chinese 52/150 p-D4863N mutation was found in 1 | [2]
out of 52 Chinese MMD patients
p.T4586P Han 20/20 p.T4586P was detected in 1 out of | [9]
nationality 20 cases by gene sequencing
p.Q4367L Han 20/20 p-Q4367L was detected as a new [9]
nationality mutation in 1 out of 20 cases by
gene sequencing
p-P4007R Han 20/20 p-P4007R was detected as a new [9]
nationality mutation in 1 out of 20 cases by
gene sequencing
p-M51361 Han 20/20 p-M51361 was detected in 1 out of | [9]
nationality 20 cases by gene sequencing
p.L4631V Han 20/20 p.L4631V was detected as a new [9]
nationality mutation in 1 out of 20 cases by
gene sequencing
p-Al1622V Taiwanese 36/500 p-A1622V mutation was found in 1 | [13]
out of 36 Taiwanese MMD patients
p-R4131C Taiwanese 36/500 p-R4131C mutation was found in 2 | [13]
out of 36 Taiwanese MMD patients
p-V3933M Taiwanese 36/500 p-V3933M mutation was found in | [13]
2 out of 36 Taiwanese MMD
patients

Zhuang ethnic group has been studied recently [12, 13]. It has been found that
30.6% of Taiwanese MMD patients carry an RNF213 mutation, and the missense
p-R4810K mutation is the most common mutation among the RNF213 mutations in
Taiwanese population. Although the prevalence of this mutation among the general
population of Taiwanese remains to be determined, these data suggest that the p.
R4810K mutation is probably associated with MMD in Taiwanese population.
Another study performed in Guangxi Zhuang ethnic group also found that the geno-
type (GA+AA) frequencies of p.R4810K mutant in RNF213 are significantly higher
in MMD group than in the normal control group. Therefore, the p.R4810K mutation
may be associated with MMD patients in both Chinese Hans and other ethnic
groups.

Furthermore, studies conducted in Taiwanese population and Guangxi Zhuang
ethnic group have found that the genotype (GA+AA) frequencies of p.R4810K
mutant in both MMD group and non-MMD group with intracranial major artery
stenosis/occlusion (ICASO) are significantly higher than in the normal control
group [12, 13]. This finding is consistent with another research conducted in
Japanese population [16]. Therefore, polymorphisms of p.R4810K in RNF213
might be related to MMD and non-MMD patients with ICASO in Taiwanese and
Guangxi Zhuang ethnic group.
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Table 12.2 Distribution of p.R4810K mutation in Chinese MMD patients
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References Cases/controls Subtype MMD Control
[2] 52/100 GG 40(76.9) 98(98.0)
GA 11(21.1) 2(2.0)
AA 1(2.0) 0(0)
G 91(87.5) 198(99.0)
A 13(12.5) 2(1.0)
[11] 64/96 GG 57(89.1) 95(99.0)
GA 6(9.4) 1(1.0)
AA 1(1.5) 0(0)
G 120(93.0) 191(99.5)
A 8(7.0) 1(0.5)
[10] 96/96 GG 87(90.6) 95(99.0)
GA 8(8.4) 1(1.0)
AA 1(1.0) 0(0)
G 182(94.8) 191(99.5)
A 10(5.2) 1(0.5)
[9] 170/507 GG 148(87.0) 505(99.6)
GA 21(12.4) 2(0.4)
AA 1(0.6) 0(0)
G 317(93.2) 1012(99.8)
A 23(6.8) 2(0.2)
[12] 52/80 GG 45(86.5) 79(98.8)
GA 6(11.5) 1(1.2)
AA 1(2.0) 0(0)
G 96(92.3) 159(99.4)
A 8(7.7) 1(0.6)
[13] 36/500 GG 30(83.3) NA
GA+AA 6(16.7) NA
G NA NA
A NA NA
NA not applicable

12.2.2 p.A4399T Mutation

The p.A4399T mutation is considered a potential risk factor for MMD, especially
the hemorrhagic subtype in Chinese population. Two studies conducted in Chinese
Hans have suggested that the p.A4399T variation which is a common polymor-
phism in both disease and control groups also increases the risk for MMD [9, 10].
The frequency of G allele and G/G genotype of p.A4399T in sporadic MMD patients
of Chinese Hans is higher than in controls (Table 12.3). In addition, there is a sig-
nificant difference in both the RNF213 p.A4399T genotype and allele frequency
between the hemorrhagic and ischemic groups. Meanwhile, comparing with
p-R4810K, p.A4399T is less frequent in familial cases, further confirming that the
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Table 12.3 Distribution of p.A4399T and p.A5021V mutations in Chinese MMD patients

Mutations References | Cases/controls Subtype | MMD(%) Control(%)
p-A4399T [91 170/507 GG 142(83.5) 462(91.1)
GA 27(15.9) 45(8.9)
AA 1(0.6) 0(0)
G 311(91.5) 969(95.6)
A 29(8.5) 45(4.4)
[12] 52/80 GG 49(94.2) 80(100.0)
GA 3(5.8) 0(0)
AA 0(0) 0(0)
G 101(97.1) 160(100.0)
A 3(2.9) 0(0)
[10] 96/96 GG 96(100.0) 85(88.5)
GA 0(0) 11(11.5)
AA 0(0) 0(0)
G 192(100.0) 170(88.5)
A 0(0) 22(11.5)
p.A5021V [2] 52/100 CC 50(96.2) 100(100.0)
CT 2(3.8) 0(0)
TT 0(0) 0(0)
C 102(98.1) 200(100.0)
T 2(1.9) 0(0)
[11] 50/90 CcC 47(94.0) 89(98.9)
CT 3(6.0) 1(1.1)
TT 0(0) 0(0)
C 97(97.0) 179(99.4)
T 3(3.0) 1(0.6)
[12] 52/80 CC 49(94.2) 78(97.5)
CT 3(5.8) 2(2.5)
TT 0(0) 0(0)
C 101(97.1) 158(98.8)
T 3(2.9) 2(1.2)
NA not applicable

p-R4810K mutation is the main genetic driver for MMD. Furthermore, different
variations with no LD (D’ = 0.496, 2 = 0.00) (p.R4810K and p.A4399T) are
involved in pathogenic risks of different clinical manifestations (ischemia and hem-
orrhage) [9]. However, the allele and genotype frequencies of p.A4399T show no
statistical significance between MMD and normal control group in Guangxi Zhuang
population [12]. A meta-analysis of the association between the ring finger protein
213 (RNF213) polymorphisms and MMD susceptibility shows that p.A4399T is not
related with MMD risk in any genetic model, neither in the Japanese population nor
the Chinese population [15]. It is possible that the minor allele frequency (MAF) of
p.-A4399T is too low and the sample size is too small to show statistical

significance.
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12.2.3 p.A5021V Mutation

The p.A5021V mutation is a rare variant in RNF213 which may be related to the
Chinese MMD patients. It is first found in 2 out of 52Chinese MMD patients by Liu
etal.in 2011, [2] and it is not found in non-MMD Chinese. Several studies later also
detected p.A5021V mutation in some Chinese MMD patients and few controls [9,
11, 12]. But the allele and genotype frequencies of p.A5021V show no statistical
significance between MMD group and normal control group. This may represent a
random mutation because of the low frequency. However, a recent meta-analysis
has found that the p.A5021V mutation is associated with MMD risk only in Chinese
Han population, but not in other ethnicities [15]. More studies with larger sample
size and better study design are needed to validate the association between p.A5021V
mutation and MMD patients in Chinese population.

12.2.4 Other Mutations

Several other variants in RNF213 have been identified in Chinese MMD patients.
Among these variants, p.E4950D is detected in studies conducted by Liu et al. [2]
and Wu et al. [9] Three other variants (p.D4863N, p.D5160E, and p.E5176G) are
found only in Chinese MMD patients by Liu et al. in 2011 [2]. Five other variants
(p-L4631V, p.Q4367L, p.P4007R, p.M51361, and p.T4586P) are found by Wu et al.
[9], and three mutations (p.A1622V, p.V3933M, p.R4131C) are found in MMD
patients of Taiwanese [13]. However, the frequencies of all these variants are so low,
and it is uncertain if there is a relationship between these variants and Chinese
MMD patients.

12.3 Conclusions

In summary, these results suggest that the RNF213 gene is associated with MMD in
the Chinese population, and the mutational spectrum of RNF213 gene is different
among different populations. However, the sample size of cases and controls ana-
lyzed in these studies is small; studies with larger sample size and better design are
needed to validate these results in the future. Secondly, no study has been done so
far to analyze the relationship between RNF213 gene polymorphisms and unilateral
or bilateral MMD, age of onset, and other clinical aspects of MMD due to insuffi-
cient information. Well-designed studies should be conducted to confirm the role of
RNF213 and other susceptibility genes in pathogenesis and pathophysiology of
MMD.
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12.4 Future Prospects

Moyamoya disease is a progressive disease in most patients and can lead to devas-
tating neurologic deficits and intellectual impairments if untreated. Early diagnosis
and surgical intervention are very important. However, there is no biomarker for
early diagnosis of MMD so far. In addition, the current diagnosis of MMD is based
on the angiographic characteristics, and there are some unanswered questions,
including (1) the relationship and differences between MMD and moyamoya syn-
drome, (2) whether bilateral and unilateral MMD belong to a single entity, and (3)
how many subgroups MMD should divide into. Now, the genetic progress of
RNF123 in MMD may provide us a tool to resolve these problems. In the future,
RNF213 may be applied as the biomarker of MMD to illustrate the entire spectrum
of MMD and delineate the natural course of carriers of RNF2/3 mutations in
epidemiology.

With the increasing number of patients diagnosed with MMD in China, some
MMD clinical centers have been formed throughout the country in the past 10 years,
such as the Neurosurgery Department of PLA 307 hospital. Large number of speci-
mens and clinical data of Chinese MMD patients are collected and archived in these
institutions. We will conduct more multicenter, large sample, and comprehensive
researches to combine clinical information, genetics, and other fields such as auto-
immunity and endothelial progenitor cells to further understand the etiology and
pathogenesis of MMD.
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Chapter 13
The Different Forms of Moyamoya Disease
and Their Clinical Management

Niklas von Spreckelsen and Boris Krischek

Abstract Ever since the first description of moyamoya in 1957, many advances in
diagnosis and treatment have been made. While the treatment of the disease mainly
remains surgical due to lack of medical treatment options, the general clinical man-
agement as well as pre-, peri-, and postoperative care is of utmost importance in
order to minimize the ramifications of the disease. In this chapter we try to depict
the characteristics of different forms of moyamoya; discuss regional differences;
give an overview of current methods in diagnosis, conservative, as well as surgical
treatment; and illustrate crucial steps in the clinical management of moyamoya.

Keywords Clinical management ¢ Regional differences * Moyamoya syndrome ¢
Moyamoya disease

13.1 Disease and Syndrome

Patients harboring the “puff of smoke phenomenon” first described as a hypoplasia
of the internal carotid artery [ICA] and its compensatory collateral vessels in 1957
[1] and later specified as a discrete pathology denominated “moyamoya” [2], per
definition, either have the moyamoya disease or a moyamoya syndrome.

A variety of underlying factors, including genetic predispositions such as
RNF213 [3], are suspected to lead to the occlusion of the ICA; however, a common
origin is yet to be discovered, and therefore the diagnosis of both, the syndrome and
the disease, relies on the imaging of cerebral vessels by MRI and digital subtraction
angiography.

Only if a patient has bilateral stenosis of the ICA and no associated systemic
syndrome or condition, a “moyamoya disease” [MMD] can be diagnosed. In other
cases where there is only a unilateral ICA stenosis present or there is an associated
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Table 13.1 Associated syndromes/diseases with moyamoya syndrome [5]

Fairly common

Sickle cell disease

Neurofibromatosis type 1

Cranial therapeutic irradiation

Down’s syndrome

Rare (single or few case reports) Reported cases include
Infectious diseases Meningitis, HIV, leptospirosis
Hematologic conditions other than Beta thalassemia, Fanconi anemia, hereditary
sickle cell disease spherocytosis
Vasculitis and autoimmune diseases Systemic lupus erythematosus, diabetes mellitus type

1, Graves’ disease and thyroiditis

Renal artery stenosis

Congenital cardiac anomaly

Due to the wide variety of cases connected to moyamoya, only part of the reported cases can be
displayed here

disease or syndrome linked to moyamoya in addition to the ICA stenosis (bilateral
or unilateral) (Table 13.1), it is called “moyamoya syndrome” [MMS]. Furthermore,
patients with either MMD or MMS can be divided into an adult and a pediatric
cohort. The diagnosis following the onset of symptoms spikes at the age of 5-10
years and in the fourth decade [4].

13.2 Regional Differences

Moyamoya is most frequently diagnosed in Japan; however, over the past years, an
increasing number of cases have been reported all over the world, and with these,
certain differences in clinical onset and disease progression have been reported.
According to recent data, one can assume that not only a regional but also an ethnic
aspect is a variable influencing certain characteristics of the disease. The incidence
of moyamoya differs heavily within certain regions. The European form of moy-
amoya disease clearly differs from the Asian form. Clinically the timing of vascu-
lopathy onset differs, and there is a lower rate of hemorrhage as compared to the
Asian moyamoya disease. Single-nucleotide polymorphisms that play a role in ath-
erosclerosis, vascular growth, and transformation processes have been found to be
associated with the European form. Candidate gene associations found in Asian
patients could not be replicated in European patients [6].

While the incidence in Japan is said to be 0.34—-0.94/100,000, in North America
it is estimated to be 0.086/100,000 [7]. However, a strong genetic predisposition
seems to be at hand, since there was a much higher incidence of moyamoya in
people with an Asian background living in California and Hawaii as compared to
the Caucasian population [7]. Acker et al. were able to demonstrate similarities
between European and North American moyamoya patients and concluded that a
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Table 13.2 Clinical No. of patients (1=962)
manifestations of moyamoya TIA 353 (37%)
Frequent TIA 63 (7%)
Cerebral infarction 165 (17%)
Intracerebral hemorrhage 186 (19%)
Headache 57 (6%)
Epilepsy 29 (3%)
Asymptomatic 32 (3%)
Others 13 (1%)
Details unknown 64 (7%)

Hashimoto et al. (2012). Guidelines for diagnosis and
treatment of Moyamoya disease (spontaneous occlusion
of the circle of Willis) [15]

“MMD in a non-Asian ethnic background could be a distinct cerebrovascular dis-
ease entity”” [8]. While the latest Japanese report shows the main peak of incidence
in the pediatric cohort at 5-9 years and a secondary peak at around 40 years, the
European cohort had a much later onset peak at the age of 40—49 and a secondary
peak at the age of 11. In addition, there is a less frequent hemorrhage rate in the
adult population in non-Asian patients. While 21-62% of patients in Asia present
with intracranial hemorrhage, only 15% in North America and 8.5% in Europe
become symptomatic through hemorrhage [7-10]. Also, unilateral moyamoya
seems to be more common in non-Asian cohorts (10.6% of MMD patients in Japan
vs. 17% in Europe and 17.8% in North America) [7-11].

13.3 Onset and Diagnosis

In general, symptoms experienced by moyamoya patients can be categorized in
either ischemic symptoms, caused directly by the stenosis of the ICA such as tran-
sient ischemic attacks [TIAs], stroke, and seizures, or indirect symptoms caused by
the collateralization, ranging from headaches, presumably caused by an increased
blood flow in the meningeal arteries [12], to hemorrhagic events of vulnerable col-
lateral vessels.

Whereas pediatric patients mostly present with ischemic symptoms, adult
patients tend to become symptomatic due to hemorrhage [13, 14] (Table 13.2).

Because these symptoms caused by stroke, TIAs, or hemorrhage can occur due
to a variety of reasons other than moyamoya, the diagnosis of MMD or MMS can
only be made once MRI and/or DSA imaging is obtained. With the help of these
angiographic images, the progress of the disease can be categorized in six different
stages first introduced in 1969 by Suzuki [2] (Table 13.3). In addition to these stages
and the DSA, other modalities prove useful in order to assess the individual progress
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Table 13.3 Suzuki grading [2]

Suzuki and Takaku first described moyamoya and its staging in 1969
Stage |
“Narrowing of the carotid fork™ *
Narrowed ICA bifurcation
Stage 11
“Initiation of the moyamoya”

Dilated ACA, MCA, and narrowed ICA bifurcation with moyamoya change
Stage 111
“Intensification of the moyamoya”

Further increase in moyamoya change of the ICA bifurcation and narrowed ACA and MCA
Stage IV
“Minimization of the moyamoya”

Moyamoya change reducing with occlusive changes in ICA and tenuous ACA and MCA
Stage V
“Reduction of the moyamoya”

Further decrease in moyamoya change with occlusion of ICA, ACA, and MCA
Stage VI
“Disappearance of the moyamoya”

ICA essentially disappeared with supply of the brain from ECA

“The description in inverted commas is that of Suzuki in the original paper

of MMD or MMS. Parenchymal damage as well as the degree of vascular stenosis
can be visualized by MRI. A wide variety of functional imaging (SPECT, PET,
fMRI) analyzing hemodynamics is available and can be used to further quantify the
impairment of the cerebral blood flow [CBF] which has been shown to correlate
with the incidence of stroke [16]. So far no standard imaging technique has been
established to assess the hemodynamic status. All of the abovementioned modalities
however can be helpful in treatment decisions and especially pre- and postoperative
monitoring of the disease.

13.4 Screening

Due to the rarity of the disease, there are no recommendations for indiscriminate
screening for moyamoya. However, there has been a recent study by Han et al. that
might warrant the screening of first-degree relatives of MMD patients by noninva-
sive TCD [17, 18]. In patients with high-risk syndromes for MMS such as sickle cell
disease, Down’s syndrome, and neurofibromatosis type 1, special attention should
be paid to possible ischemic-related symptoms, and imaging should be performed
generously [19-22].
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13.5 Medical Management

To date, there is no medical treatment available to halt or alter the progression of the
ICA occlusion, and medical care in MMD or MMS mainly implies secondary pro-
phylaxis of symptoms such as TIAs, stroke, and headaches.

Inhibitors of platelet aggregation such as acetylsalicylic acid (ASA) are used to
prevent TIAs and strokes triggered by emboli due to microthrombi developed in
areas of vascular stenosis [13, 23].

Calcium channel blockers are the second group of agents which help to manage
some symptoms of MMD/MMS. Although the mechanism remains unclear, cal-
cium channel blockers may alleviate headaches linked to moyamoya. Furthermore,
they can mitigate or prevent TIAs by elevating the cerebral blood flow. With hypo-
tension as a common side effect, calcium channel blockers have to be administered
with great caution to avoid iatrogenic TIAs or stroke [19].

Only few studies have been performed looking explicitly at the natural history of
MMS [24, 25]. However, in solely medically treated patients, Hallemeier found a
risk for recurrence of stroke over the course of 5 years to be 65% in the same hemi-
sphere if the hemodynamic reserve is derogated; in bilateral impairment, the risk
was even higher with 82% over the same time frame [26].

In addition to the risk of recurrent stroke, a chronically reduced hemodynamic
reserve can lead to impaired cognition and daily function most prominently in chil-
dren, but also in adults [27-29].

Taking all of this into account, any symptomatic MMD or MMS should at least
be considered for surgical intervention.

13.6 Surgical Management

Surgical revascularization in symptomatic MMD is increasingly accepted as the
primary treatment. Several studies have shown the benefits of surgery compared to
conservative medical treatment in short- as well as long-term follow-up [13, 26].
While the goal in surgery will always be to enhance the intracranial perfusion by
connecting the intracranial to the extracranial blood supply, usually using the exter-
nal carotid artery and therefore bypassing the ICA stenosis, there are two funda-
mentally different approaches which each have been adjusted and evolved over the
past decades: the direct and the indirect bypass.

Direct techniques involve an immediate anastomosis of the extracranial vessel
with the post-stenotic part of the ICA. Indirect procedures facilitate the growth of
collateral vessels from extracranial tissue into the brain in watershed regions in
danger of ischemic events.

Both approaches have been shown to lower the number of strokes and prevent
further hemorrhage; however, so far there is no guideline for when to apply a direct
or indirect technique. Historically, the direct approach has been used more frequently
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in adults, while due to the small pediatric vessels and the greater surgical chal-
lenges, indirect approaches are often chosen in children. The majority of the litera-
ture comparing direct and indirect bypass has found no significant difference in
long-term outcome between the two procedures [29-31], so each patient has to be
assessed individually to determine the best approach. Several different techniques
in direct anastomosis (e.g., STA to MCA bypass, STA to MCA/ACA bypass),
indirect anastomosis (e.g., encephalodurosynangiosis, encephalomyosynangiosis,
or encephaloduroarteriosynangiosis), or a combination of both have been described
[31-34].

The perioperative management in both direct and indirect anastomoses however
is similar in each approach and of utmost importance to avoid perioperative stroke
and hemorrhage.

13.7 Perioperative and Acute Management

In all symptomatic patients, but especially in children, the threshold to a new isch-
emic event being induced due to temporary lowered blood pressure is very little. At
the same time, such episodes are likely to be the cause of intermittent TIAs, strokes,
and hemorrhages so that the acute treatment and perioperative management follow
the same principles and aim to avoid:

Hypotension
— Hypovolemia
Hyperthermia
— Hypo- and hypercarbia

Hypovolemia and hyperthermia both can lead directly to hypotension and therefore
lower the CBF. The autoregulated vasodilation of cerebral vessels caused by an
increased pCO?2 in diseased vessels compared to healthy arteries is minimal and by
shifting the blood flow to dilated healthy vessels reduces the perfusion in affected
areas [35]. Hypocapnia on the other hand leads to a general cerebral vasoconstric-
tion and downregulates the overall CBF [35].

Therefore, special attention should be paid to an adequate pain management
especially in children to avoid crying and concomitant hyperventilation. Furthermore,
pre- and postoperative hydration with 1.25 or 1.5 of the normal maintenance rate as
well as the administration of supplemental oxygen is suggested [13, 19, 35, 36].

Intraoperative management involves a rigorous monitoring and adjustment of
blood pressure as well as extensive neurophysiological monitoring. Ideally, an arte-
rial catheter should be placed before anesthesia induction. In children, however, the
advantage of preinductional monitoring has to be weighed against the induced stress
of placing the arterial catheter on the awake patient. Neurophysiological monitoring
includes somatosensory-evoked potentials (SEPs), transcranial motor-evoked
potentials (MEPs), and electroencephalography (EEG) and serves to detect any
intraoperative changes in neurological function.
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Chapter 14

Vascular Diseases Attributable to RNF213
Other Than Moyamoya Disease

Satoru Miyawaki, Hideaki Imai, and Nobuhito Saito

Abstract Ring finger protein 213 (RNF213) has been reported to have association
with various vascular diseases other than moyamoya disease (MMD). MMD-
associated genetic variant RNF213 c.14576G>A had association with various
degrees of intracranial major artery stenotic lesions including intracranial athero-
sclerosis (ICAS). RNF213 ¢.14576G>A could be the candidate genetic variant for
this prevalence of ICAS in East Asian population. The presence of RNF213
¢.14576G>A may associate with high blood pressure. Thus, RNF213 ¢.14576G>A
could be a robust genetic risk indicator for ischemic stroke in East Asian population.
RNF213 ¢.14576G>A may also have some association with quasi-MMD in East
Asian population. Associations of RNF213 with fibromuscular dysplasia and intra-
cranial aneurysm have also been reported in European population. These results
indicate that RNF213 has a fundamental role in the pathophysiology of various
vascular diseases.

Keywords Intracranial atherosclerosis ® Quasi-moyamoya disease ® Fibromuscular
dysplasia ¢ Intracranial aneurysm ° Risk allele for ischemic stroke

14.1 Introduction

There have been several reports showing the association of ring finger protein 213
(RNF213) with various vascular diseases other than moyamoya disease (MMD). In
this chapter, vascular diseases attributable to RNF2 13 other than MMD are reviewed.

S. Miyawaki (<) « H. Imai ¢ N. Saito

Department of Neurosurgery, Faculty of Medicine, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan

e-mail: miyawaki-tky @umin.ac.jp

© Springer Nature Singapore Pte Ltd. 2017 169
A. Koizumi et al. (eds.), Moyamoya Disease Explored Through RNF213,

Current Topics in Environmental Health and Preventive Medicine,

DOI 10.1007/978-981-10-2711-6_14


mailto:miyawaki-tky@umin.ac.jp

170 S. Miyawaki et al.

14.2 Intracranial Atherosclerosis

Steno-occlusive lesion of intracranial major artery (for instance, internal carotid
artery, anterior cerebral artery, middle cerebral artery, and so on) is one of the main
causes of ischemic stroke. Severe steno-occlusive lesion of intracranial major artery
may highly lead to ischemic stroke, the annual recurrence rate of which reported to
be 10-24% even under medication [1-3].

The pathogenesis of intracranial major artery stenotic lesions usually involves
atherosclerosis or cardiac embolism, occasionally MMD, vasculitis, or dissection
and rarely autoimmune diseases and others. The most common cause of intracranial
major artery stenotic lesions is atherosclerosis, caused by acquired factors, such as
hypertension, diabetes mellitus, dyslipidemia, and smoking. Intracranial atheroscle-
rosis (ICAS) has been reported to occur more often in Asian population, including
the Japanese population, than in European population, suggesting the existence of a
potential genetic factor [4-6].

There is a strict diagnostic criteria for MMD [7]. The diagnostic criteria consist
of imaging studies and diagnosis by exclusion. In short, the criteria consist of the
following three conditions:

1. The presence of a progressive stenotic lesion at the terminal of the internal
carotid artery and the development of moyamoya vessels in the basal ganglia as
collateral circulation

2. The presence of the abovementioned finding on both sides

3. Lack of underlying diseases that may cause arteriostenosis (e.g., chromosomal
disorder, genetic disease, inflammatory disease, injury, and tumor)

However, in clinical practice, it is sometimes difficult to distinguish MMD
clearly from other pathogenesis, especially atherosclerosis. The intracranial major
arteries undergo atherosclerotic changes to some degree, particularly in the
elderly; therefore, when intracranial major artery stenotic lesions are discovered in
the elderly, it cannot be easily distinguished whether the cause is MMD or
atherosclerosis.

In addition, previous clinical studies revealed that a wide spectrum of pheno-
types could occur within a family unit, with some individuals showing the typical
phenotype of MMD such as bilateral stenosis/occlusion of the terminal portion of
the internal carotid arteries, some showing only unilateral or middle cerebral artery
stenosis/occlusion, and others with no abnormalities. These symptoms along with
the family history suggest that these patients have MMD. In other words, the phe-
notypic spectrum of MMD appears to be wider than that allowed by the current
diagnostic criteria. However, when such cases are sporadically found, they are not
being categorized as MMD, and in most cases, they will be diagnosed as ICAS.

Thus, we hypothesized the MMD-associated genetic variant RNF213
c.14576G>A (rs112735431) is involved in various phenotypes of intracranial major
artery stenotic lesions that do not meet the diagnostic criteria for MMD. In other
words, we predicted that RNF213 c.14576G>A is a genetic factor for intracranial
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519 subjects joined this study

T

{ l

203 patients with intracranial major artery 55 patients with cervical disease
stenosis or occlusion 105 patients with cerebral aneurysm
l, 21 patients with intracerebral hemorrhage

64 patients diagnosed as
Bilateral Moyamoya disease
(Definite MMD)

{

14 patients diagnosed as
Unilateral Moyamoya disease
(Unilateral MMD)

135 control subjects

125 patients with Intracranial atherosclerosis
(ICAS)

Fig. 14.1 Difterential diagnosis algorithm and clinical profiles of the study participants

major artery stenosis of varying degrees, including atherosclerosis, whose cause has
been previously attributed to acquired factors. To examine this hypothesis, we con-
ducted association studies of RNF213 ¢.14576G>A in various cerebrovascular dis-
eases [8, 9].

An association study of RNF213 c.14576G>A variant with various phenotypes
of cerebrovascular diseases was conducted. Occurrence rate of RNF213 ¢.14576G>A
variant in patients with ICAS compared with the occurrence in patients with MMD
and other cerebrovascular diseases associated with extracranial carotid atheroscle-
rosis (ECAS), cerebral aneurysm, and intracerebral hemorrhage (ICH) as control
groups.

The algorithm and profile of the differential diagnosis of these phenotypes are
shown in Fig. 14.1. The result of the association study is shown in Table 14.1. There
was a significant association between the RNF213 c.14576G>A variant and the
MMD group (p < 0.0001, odds ratio 320.4, 95% CI 68.6—-1494.4). In addition, there
was a significant association between the variant and the unilateral MMD group (p
<0.0001, odds ratio 88.6, 95% CI 15.3-511.3) and the ICAS group (p <0.0001, odds
ratio 20.0, 95% CI 4.68-86.2). Meanwhile, there was no significant association
between the variant and the other groups (ECAS, cerebral aneurysm, and ICH
groups).

From these analysis, the RNF213 ¢.14576G>A variant was revealed to be associ-
ated with stenotic lesions of the intracranial major arteries in various degrees. We
discovered a significant association between the MMD-related genetic variant
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Table 14.1 Comparison of the occurrence rate of ¢.14576G>A variant in each phenotype group
with the control group

Definite Unilateral Cerebral

MMD MMD ICAS ECAS | aneurysm |ICH | Control
Rate of 53/64 8/14 29/125 1/55 1/105 0/21 |2/135
occurrence, n* | (82.8) (57.1) (23.2) (1.8) 0.9) 0) (1.5)
(%)
p value <0.0001 <0.0001 <0.0001 1.00 1.00 1.00
OR 320.4 88.6 20.0 1.23 0.63 0
95% C1 68.6— 15.3— 4.68-86.2 | 0.10- 0.05-7.1

1494 .4 511.3 13.8

MMD indicates moyamoya disease, /CAS intracranial atherosclerosis, ECAS extracranial carotid
atherosclerosis, /CH intracranial hemorrhage, OR odds ratio, CI confidence interval
“No. of patients with ¢.14576G&gt;A variant (G/A + A/A)/total no. of patients

RNF213 ¢.14576G>A and stenotic lesions in the intracranial major arteries in vari-
ous phenotypes, including unilateral MMD and ICAS, in addition to MMD [8, 9].

This result was also confirmed by other groups. Bang et al. reported the signifi-
cant association of RNF213 ¢.14576G>A variant and ICAS in Korean population
[10, 11].

As mentioned before, several previous reports have shown that Asians experi-
ence development of ICAS with significantly higher rates than whites, suggesting
that a genetic factor peculiar to Asians might be responsible. The ¢.14576G>A vari-
ant in RNF213 could be the candidate genetic variant for this epidemiological dif-
ference because the RNF213 ¢.14576G>A variant is present in 2% of East Asian
populations, a relatively higher rate compared with European population [12, 13].
The presence of RNF213 c.14576G>A may associate with high blood pressure.
Thus, RNF213 c.14576G>A could be a robust genetic risk allele for ischemic stroke
in East Asian population.

14.3 Quasi-Moyamoya Disase

Quasi-moyamoya disease (quasi-MMD) or moyamoya syndrome defined as a vas-
culopathy which is angiographically equivalent to MMD and has underlying comor-
bidities such as neurofibromatosis type 1 (NF1), Down syndrome, thyroid disease,
cranial irradiation, or sickle cell anemia. Association study of RNF213 c.14576G>A
variant and quasi-MMD was reported from several groups, to determine whether
quasi-MMD and MMD have any common etiology or genetic background.

We reported the result of the genetic analysis of RNF213 ¢.14576G>A variant in
nine Japanese quasi-MMD patients. The nine patients with quasi-MMD disease
included three patients with previous irradiation, two with hyperthyroidism, one
with Turner syndrome, one with meningitis, one with Behcet disease, and one with
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idiopathic pachymeningitis. All of the quasi-MMD patients did not have the RNF213
¢.14576G>A variant [14].

Phi et al. reported an association study of RNF213 variant had significant asso-
ciation with quasi-MMD patients with NF-1. Three out of 16 quasi-MMD patients
with NF-1 had the RNF213 variant. RNF213 variant had significant with quasi-
MMD patients with NF-1 [15].

Morimoto et al. analyzed RNF213 c.14576G>A variant in 18 quasi-MMD
patients. Underlying diseases in the 18 quasi-MMD patients are shown in Table
14.2. The variant was found in 12 of 18 quasi-MMD patients. The frequency of
RNF213 c.14576G>A carriers was significantly higher in quasi-MMD cases than in
controls [16].

The result of the above three studies are summarized in Table 14.2. From these
results, RNF213 variant is present in quasi-MMD to some extent, although lower
rate than that in the definite MMD. A larger study is needed to analyze the effect
of the RNF213 c.14576G>A genotype on the pathogenesis and the clinical charac-
teristics of quasi-MMD.

14.4 Other Vascular Diseases

Association of RNF213 variant and other vascular diseases has also been reported.

Kiando et al. reported the association with RNF213 and fibromuscular dysplasia
in European population, which is characterized by the vasculopathy leading to ste-
nosis, aneurysm, and dissection, mainly of renal arteries and carotids [17].

Zhou et al. reported the association of RNF213 and intracranial aneurysms in the
French-Canadian population [18]. They found several deleterious variants in the
AAA domains, whereas other studies focused on MMD affected individuals did not
[19, 20]. They assumed that variants in different locations of RNF213 act as risk
factors for different cerebrovascular disorders by affecting gene function differ-
ently. Whereas Cecchi et al. [19] suggested that the C-terminal domain of RNF213
is the main risk region for MMD, exon 29, which encodes AAA domains, might be
the risk region for intracranial aneurysms. Thus, RNF213 variations might be asso-
ciated with different vascular disorders in different populations.

14.5 Conclusion

Association of RNF213 and various vascular diseases implies the important and
fundamental role of RNF213 in the pathophysiology of various vascular diseases.
Molecular functional analysis of RNF213 may lead to new treatment for stroke. For
East Asian population, RNF213 c.14576G>A may be a robust genetic risk allele for
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ischemic stroke. Preventive treatment for stroke, such as blood pressure manage-
ment, and image screening, such as MR angiography, for intracranial cerebral arte-
rial lesion would be very important, especially for individuals with this specific
allele in this population.
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Chapter 15
Future Clinical Perspectives on RNF213
in Moyamoya Disease

Shigeo Kure

Abstract Early diagnosis and early surgical intervention are critical for improving
the prognosis of moyamoya disease (MMD). For early diagnosis, it is necessary to
develop biomarkers that can be used for the evaluation of MMD risk. In this chapter,
biomarkers such as clinical symptoms, radiographic findings, protein markers, and
genetic markers are discussed. RNF213 is the first susceptibility gene for MMD
identified in East Asian countries. Genetic testing for the ¢.14576G>A variant in
RNF213 has been shown to be useful for the evaluation of risk and the prediction of
the severity of MMD. We are currently genotyping the c.14576G>A variant and
providing genetic counseling to improve patients’ understanding of the disease risk.
How the RNF2I3 variant causes the vascular abnormalities of MMD remains
unknown. The elucidation of the physiological function of the RNF213 gene prod-
uct may lead to the development of a new drug that is effective for the treatment or
prevention of MMD.

Keywords Biomarkers of MMD ¢ Genetic testing of RNF213 » Gene-dose effect of
RNF213 » Evaluation of risk of MMD by genetic testing ® Genetic counseling with
RNF213 genetic testing

15.1 Present Clinical Problems

Moyamoya disease (MMD) is a rare cerebrovascular disease in children and adults,
which is characterized by steno-occlusion in the terminal portion of the internal
carotid artery (ICA) and an abnormal fine vascular network at the base of the
brain [1]. The only established therapy for MMD is surgical intervention involving
direct and/or indirect revascularization [2]. The most important goal of surgical
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revascularization is to prevent cerebral infarction by improving blood flow. Because
MMD is more progressive in children than in adults, surgical revascularization is
indicated in most pediatric patients with MMD. To improve the prognosis, it is
therefore very important to establish an early diagnosis and active intervention
before severe brain damage occurs. The diagnosis of MMD in suspected patients is
commonly confirmed by MRI and MR angiography (MRA). For early diagnosis,
the following two issues are important: (1) how to identify individuals with a high
risk of MMD and (2) how to facilitate MRI/MRA testing among high-risk individu-
als. In this chapter, we will discuss clinical symptoms and biomarkers that facilitate
the early diagnosis of MMD.

15.2 Clinical Symptoms Leading to Early Diagnosis

Pediatric patients usually develop transient ischemic attack (TIA) as initial symp-
tom, thus providing an opportunity for early diagnosis. However, TIA symptoms,
such as short syncope after crying in infants or younger children, tend to be over-
looked. Much more attention should be paid to TIA in the pediatric period, because
it sometimes takes several years for some patients with TIA to receive a diagnosis
of MMD. Crescendo TIA, which represents two or more TIAs in a week, is a high-
risk symptom of MMD. In younger children, sedation is usually needed to perform
MR angiography, which may delay the timing of MR angiography. In a brain dock,
MMD is sometimes diagnosed in asymptomatic adults by MRI/MRA testing.
Follow-up MRI/MRA testing would provide valuable information regarding the
timing and methods of surgical intervention.

15.3 Radiographic Makers

The MRI/MRA test provides information on the abnormality of cerebral arteries,
the parenchyma of the brain, and cerebral perfusion, which are essential for follow-
up. The important findings in MRI/MRA testing used for the diagnosis of MMD are
(1) stenosis or occlusion of the terminal internal cervical artery (ICA) and/or the
proximal part of the anterior cervical artery (ACA) and/or middle cervical artery
(MCA) and (2) visualization of an abnormal arterial network in the vicinity of the
steno-occlusive lesions. If these findings are observed bilaterally, the diagnosis is
“definite MMD.” If they are unilateral, the diagnosis is “probable MMD.”
Asymptomatic microbleeds are usually observed in MRI imaging in adult patients
but rarely in pediatric patients. The microbleeds may be a sign of a high risk of
hemorrhagic stroke [3]. In FLAIR imaging, prominent leptomeningeal collaterals
result in vivid contrast enhancement and high signals due to slow flow, which are
called the “ivy sign” [4].
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15.4 Protein Markers

It would be beneficial to develop blood protein markers that can be detected in the
early phase of MMD. Many proteins in the blood have been reported to have signifi-
cantly different levels in MMD patients compared with controls: alphal antitrypsin
[5], MMP-3, MMP-9, TIMP-1, TIMP-2, VEGF, PDGF-BB, MCP-1, IL-1 [6],
ANCA [7] and SDF-1 alpha [8]. However, none have been studied in blood samples
obtained from patients prior to the onset of MMD. It therefore remains to be clari-
fied which proteins can be used as predictive markers. A recent mass spectrometric
analysis has identified a novel 4.4-kDa protein in the cerebrospinal fluid that corre-
lates with collateral development after revascularization surgery [9]; this protein
may be a useful marker in the follow-up period.

15.5 Genetic Markers

15.5.1 Genetic Factors of MMD

The involvement of genetic factors in the etiology of MMD has been strongly sug-
gested by the high concordance rate observed in monozygotic twins, the 10-15 %
portion of the MMD family with multiple affected members, and strong ethnicity-
related effects with a high prevalence in East Asian countries and a low prevalence
in Western countries [10]. Several genome-wide linkage analyses performed in
Japan have identified five MMD loci: 3p24.2—p26 [11], 6p25 [12], 8p23 [13], 12p12
[13], and 17925 [14, 15].

15.5.2 Identification of RNF213 as a Susceptibility Gene
Jor MMD

In 2011, we performed a genome-wide association study (GWAS) using Japanese
MMD patients and control individuals and found a very strong association on chro-
mosome 1725 (Fig. 15.1). This strong association was present in the SNPs located
in the RNF213 gene region [16]. Sequencing analysis of the RNF213 gene in MMD
patients identified a risk variant, p.R4859K (c.14576G>A on the basis of the
National Center for Biotechnology Information NCBI Reference sequence number
NM_020914.4). The p.R4859K variant has a surprisingly high prevalence of 95 %
in familial cases and 73 % in nonfamilial cases. The prevalence of the SNP is 1.4 %
in the normal population, thus suggesting that the SNP carriers are at high risk for
MMD (odds ratio=190.8, 95 % confidence interval=71.7-507.9). In the same year,
a research group from Kyoto University independently identified RNF213 as a
MMD gene by linkage analysis and by sequencing analysis of the risk SNP
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Fig. 15.1 The result of GWAS with the MMD patients and control individuals is shown in
Manhattan plot. A strong association is observed on chromosome 7p25 (arrow) (This figure is
cited from Ref. [16])

p.-R4810K (c.14429G>A on the basis of NCBI reference sequence number
NM_001256071) [17]. RNF213 exhibits tissue-specific alternative splicing with or
without exon 4, which encodes 49 amino acids [17], thus resulting in different
amino acid numbers (pR4859K and p.R4810K) and different cDNA nucleotide
numbers (c.14576G>A and c.14429G>A) for the same SNP. This SNP is prevalent
in East Asia but is extremely rare in Western countries, thus suggesting that it can be
used for the estimation of genetic risk for MMD in East Asian countries.

15.5.3 Gene-Dose Effect of the RNF213 Mutation

Miyatake et al. have studied the correlation between the RNF213 genotype of
¢.14576G>A (c.14429G>A) variant and clinical features [18]. As shown in Fig.
15.2, in patients homozygous for ¢.14576G>A, 60 % were diagnosed with MMD
before the age of 4, and all of them had infarctions as the first symptom. Infarctions
upon initial presentation and the involvement of posterior cerebral arteries, both
known as poor prognostic factors for MMD, were significantly more prevalent
among homozygotes than in heterozygotes and the wild type, thus suggesting that
the RNF213 mutant allele has a gene-dose effect. This effect has been illustrated by
asibling case of a homozygous brother and a heterozygous sister for the ¢.14576G>A
variant [19]. The brother presented with initial symptoms at 2 years of age, and his
neurological deficits were severe. In contrast, the sister showed initial symptoms of
TIA at 17 years of age and a mild clinical course with a limited distribution of vas-
culopathy. The genotyping of the c.14576G>A variant would be useful not only for
the evaluation of risk for MMD but also for the prediction of the severe type of
MMD.
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Fig. 15.2 The clinical characteristics of MMD for the three groups of patients (a total of 204
patients) with either the homozygote (AA), heterozygote (GA), or wild type (GG) of the
¢.14576G>A variant. The numbers of total patients with clinical records regarding either the pres-
ence or absence of each characteristic are indicated below the bars, and the numbers of patients in
each group are indicated above the respective bars. Bil bilateral vasculopathy, Epi epilepsy, FH
with family history, ICH/IVH intracranial hemorrhage/intraventricular hemorrhage, Infarct infarc-
tion, Intel intellectual impairment, PCA posterior cerebral artery involvement (This figure is cited

from Ref. [18])
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Fig. 15.3 A typical case of MMD family who visited Tohoku University Hospital for the genetic
testing and genetic counseling. The family have three children; the elder sister was diagnosed as
having MMD and treated by the bypass operation at the age of 5. Age of each family member is
indicated in the left side. The genotype of ¢.14576G>A variant is shown as GA heterozygotes, GG
wild type (no risk allele)

15.5.4 RNF213 Genetic Testing and Genetic Counseling

Because it has been clinically useful to genotype the c.14576G>A, we began to
perform genetic testing. RNF213 is a susceptibility gene, not a causative gene, for
MMD, thus making it difficult to understand the results of the genetic testing. To
improve patient understanding, we have provided genetic counseling as well as
genetic testing for MMD. Figure 15.3 represents a typical case of genetic
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counseling. The patient’s parents were anxious that MMD might develop because
they had researched the heritability of MMD on the Internet. Before the genetic test-
ing, we emphasized to the parents that a carrier of the c.14576G>A variant has a
higher risk of MMD but does not always develop MMD. In the first step of the test,
the affected brother was genotyped, and the results confirmed that he was heterozy-
gous for the ¢.14576G>A variant. In the second step, both parents and two younger
siblings were tested. The mother, but not the father, carried the risk allele, thus sug-
gesting that the risk allele is maternal. The younger brother, but not the younger
sister, was a carrier of the risk allele. We explained to the parents that a follow-up
examination was no longer required for the younger sister. We also explained that
the younger brother had an increased risk of MMD and recommended a yearly fol-
low-up with MRI/MRA testing. The mother also carried the risk allele, and we
recommended MRI/MRA testing with a periodic brain dock. A follow-up protocol
for asymptomatic carriers of the risk allele has not been established. The interval
and duration of MRI/MRA testing should be discussed for the follow-up of pediat-
ric as well as adult patients.

15.6 Conclusion

The ¢.14576G>A variant in RNF213 is a useful biomarker in genetic testing to
evaluate the risk for MMD in East Asia; it may facilitate the early diagnosis of
MMD. Clarification of the physiological function of the RNF213 gene product
would be useful because it might lead to the development of a new drug that is effec-
tive for the treatment or prevention of MMD. The development of new biomarkers
would facilitate a more accurate evaluation of the risk and predicted onset of MMD.
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