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Abstract
Background and purpose: Moyamoya angiopathy (MA) is a progressive cerebrovascular
disease with a poorly understood pathophysiology. It is mainly characterized by progres-
sive bilateral stenosis of the terminal intracranial part of the supraclinoid internal carotid
arteries and the proximal parts of the middle and anterior cerebral arteries. This results
in early-onset ischemic or hemorrhagic strokes. The disease may be idiopathic (known
as Moyamoya disease) or associated with other heritable or acquired conditions, includ-
ing type 1 neurofibromatosis or other RASopathies, sickle cell disease, Down syndrome,
or autoimmune disorders (known as Moyamoya syndrome). Apart from the brain, other
organ manifestations including cutaneous ones have also been described in MA patients.

Materials and methods: A literature research on PubMed was performed for articles
mentioning the cutaneous association in MA and published between 1994 and October
2020.

Conclusion: The present review summarizes the cutaneous associations as well as the
coincidental dermatological findings seen in MA patients. Those include changes in the
epidermis, dermis, or skin appendages for example café-au-lait spots, hypomelanosis of

Ito, livedo racemosa, hemangiomas, premature graying of hair, chilblains etc.
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criteria which include the presence of bilateral internal carotid artery

occlusions on cerebral angiography. The diagnosis should be sup-

Moyamoya angiopathy (MA) is a cerebrovascular condition character-
ized by progressive bilateral stenosis of the terminal part of the supr-
aclinoid internal carotid arteries and proximal branches of the middle
and cerebral arteries, as well as the development of a fragile collat-

eral network [1]. The diagnosis is based on clinical and radiological

ported by cerebral magnetic resonance imaging (MRI) and magnetic
resonance angiography (MRA) [2]. The pathogenesis of MA is still
not fully understood. A genetic component is plausible, given the ob-
served variations of the RING finger 213 gene (RNF213) in East Asian
MA patients, the ethnic differences of the diseased population, the
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association with several monogenic disorders, and the high famil-
ial rate [3]. Nevertheless, endogenous factors, such as blood flow,
or exogenous factors, such as autoimmune disorders and infections,
also seem to play a role in disease etiology. An imbalance of angio-
genic factors has also been implicated [4]. MA can be idiopathic, also
called Moyamoya disease, or part of a systemic syndrome (Moyamoya
syndrome).

The most common disease features are cerebrovascular events,
both ischemic and hemorrhagic [5,6]. Although MA primarily affects
the vessels of the brain, a systemic involvement has also been ob-
served, affecting, for example, the kidneys (renal artery stenosis),
eyes (optic nerve malformations) [7], musculoskeletal system (facial
dysmorphia) [8], and skin. Cutaneous manifestations often go un-
noticed by physicians. They may represent either a known associ-
ation or, in some cases, a mere coincidence. In cases where disease
involvement goes beyond the brain vessels, the term Moyamoya
syndrome is traditionally used. However, recent studies have shown
that, even in cases previously thought to be idiopathic, systemic
signs, in addition to brain vessel involvement, can be observed [8,9].
This leads to the assumption that the disease probably involves more
organs than previously thought. In the present review, we outline
the dermatological manifestations associated with MA. The recog-
nition of such lesions may be useful in identifying misdiagnosed syn-
dromes and should lead to the initiation of proper treatment.

METHODS

We performed a literature search in PubMed for articles pub-
lished between 1994 and October 2020 using the search terms
“Moyamoya’”, “Moyamoya disease”,

“Moyamoya syndrome”,

n o«

“Moyamoya arteriopathy” AND “cutaneous manifestations”, “skin

I

lesions”, “neurofibromatosis type 1", “neurofibroma”, Raynaud's”,
“PHACE syndrome”, “loose skin”, “malar rash”, “Becker nevus”, “chil-
blain”, “livedo racemosa”, “hemangioma”, “Café-au-lait”, “hypomela-
nosis of ito”, “phakomatosis pigmentovascularis”, “hair graying”,

“melanocytic nevi” and “capillary malformation”.

Established cutaneous manifestations in
Moyamoya syndromes

Café-au-lait macules, neurofibromas and axillary/
inguinal freckling

Neurofibromas are benign tumors of nerves and skin presenting as
skin-colored papules or nodules (Figure 1). Café-au-lait spots (CLS)
are areas of hyperpigmentation that typically include pale or light
brown macules. Both, along with freckling in intertriginous areas
such as the axillary (Figure 2) and inguinal regions, represent diag-
nostic criteria of neurofibromatosis type 1 (NF1). NF1 is an autoso-
mal dominant neurocutaneous disorder caused by a mutation of a
gene on chromosome 17 coding for a protein called neurofibromin.

FIGURE 1 Numerous skin-colored and firm nodules
(neurofibromas) as well as brown macules (café-au-lait spots) on
the torso of a neurofibromatosis type 1 patient with Moyamoya
angiopathy [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Adxillary freckling in the patient also illustrated in
Figure 1 with Moyamoya angiopathy [Colour figure can be viewed
at wileyonlinelibrary.com]

The diagnosis of NF1 is based on clinical criteria established by the
National Institute of Health [10]. The skin changes in NF1 are often
evident in the first year of life and tend to increase in size and num-
ber over time.

The association between MA and NF1 has been reported in
several cases. The prevalence of MA in NF1 pediatric patients is
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approximately 0.6% [11,12]. Furthermore, MA was found in almost
50% of patients with both cerebral vasculopathy and NF1 [3]. Despite
the proximity of the NF1 gene (17g11.2) to the RNF213 gene (17925)
involved in familial Moyamoya disease; the role of the NF1 in the oc-
currence of MA is controversial [13]. Nevertheless, it was suggested
that the lack of neurofibromin expression may account for the prolif-
eration of vascular smooth muscle cells, which is responsible for the
development of obstructive vascular diseases. Variants of the murine
retrovirus integration site 1 homolog (MRVI1) gene might represent a
genetic susceptibility factor for MA in NF1 patients of European an-
cestry [14]. CLS have also been reported in Majewski osteodysplastic
primordial dwarfism type Il (MOPD Il), a pediatric disease caused by
loss of function of the pericentrin protein gene (PCNT). In this case,
CLS appear more frequently with age and could reach up to 2 cm
in diameter [15]. They have also been described in Legius syndrome
in association with MA. Legius syndrome shares clinical features of
both NF1 regarding skin manifestations and Noonan syndrome re-
garding macrocephaly and facial dysmorphism. It is associated with
Sprouty-related EVH1 domain-containing 1 (SPRED1) mutations in-

volved in growth factor-regulating cascades [16].

Hypomelanosis of Ito

Hypomelanosis of Ito is a neurocutaneous condition characterized
by bizarre, swirly hypopigmentations along the Blaschko skin lines
of the trunk and occasionally the extremities. These lines represent
those of normal cell devolvement in the skin. Hypomelanosis of Ito
is associated with neurological and musculoskeletal disorders in
approximately 33%-94% of patients [17]. The most common neu-
rological abnormalities are autistic behavior, seizures, and mental
retardation. Craniofacial abnormalities such as a high forehead, a
depressed nasal bridge, and hypertelorism have also been described.
Hypomelanosis of Ito has been sporadically associated with MA in
young female patients [18,19]. Karyotyping is recommended in pa-
tients presenting with this neurocutaneous disorder as it has been

associated with chromosomal aberrations including trisomy 18 [20].

Livedo racemosa and Raynaud's phenomenon

Livedo racemosa is a pathological, netlike violaceous skin pattern
that persists in warmth due to an intraluminal or vessel wall pa-
thology [21] (Figure 3). It has an incidence of up to 12.8% in MA
patients, thus reflecting a possible sign of global vasomotor dys-
function [22,23]. Livedo racemosa is also one of the hallmarks of
Sneddon syndrome (SS) both in association with phospholipid an-
tibodies or not. SS is a rare vasculopathy with infrequent reports
of MA in affected patients [24,25]. At present, it is not known
whether there is a common pathogenic mechanism for both SS
and MA or whether their association is merely coincidental. It
has been hypothesized that a chronic state of hypoxia, conse-
quent to SS vasculopathy, causes dynamics alterations leading to

FIGURE 3 Livedo racemosa, a netlike livedoid pattern of the
skin on the thighs of a patient with Moyamoya syndrome [Colour
figure can be viewed at wileyonlinelibrary.com]

Moyamoya vessel pattern [24]. Although not specifically observed
in MA, NOTCH3 gene mutations have been found in SS familial
cases with pediatric strokes, supporting the hypophysis that the
loss of NOTCH3 signaling may be an underlying disease mecha-
nism for SS [26]. Other syndromes known to be associated with
MA, such as MOPD II, can also present with livedo racemosa [27].
Raynaud's phenomenon is a condition in which a decrease in blood
flow often leads to whitish then bluish discolorations of the fin-
gers and/or toes. Another disease in which Raynaud's phenom-
enon and livedo are simultaneously found is autosomal recessive
and characterized by loss of function mutations in GUCY1A3, the
gene encoding a1p1 soluble guanylate cyclase, a major nitric oxide
receptor. Here, Raynaud's phenomenon is sometimes diffuse and
can involve whole fingers, hands, toes, and feet (Figure 4). No sig-
nificant abnormality is detected upon a capillaroscopic examina-
tion. The GUCY1A3 mutation commonly leads to MA and achalasia
[22]. The latter occurs very early in life and often requires sur-
gery. The penetrance of MA in this disease is close to 50%, caus-
ing childhood-onset strokes. The fact that Raynaud's phenomenon
and livedo are observed could suggest the presence of microvas-
cular dysfunction.

Facial hemangiomas in PHACE syndrome

Large infantile hemangiomas of the face, neck, and/or scalp, that are
associated with developmental defects, are characteristic of PHACE
syndrome (posterior fossa anomalies, hemangioma, arterial lesions,
cardiac abnormalities/coarctation of the aorta, eye anomalies) [28].
The larger the hemangioma, the higher the risk of having PHACE
syndrome [29]. An example of a violaceous, well-circumscribed
congenital plaque on a child with MA and PHACE syndrome can be
seen in Figure 5. Congenital cerebral vascular malformations are the
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FIGURE 4 Peripheral whitening of the left hand in an 18-year-
old patient with Moyamoya angiopathy [Colour figure can be
viewed at wileyonlinelibrary.com]

most frequent extracutaneous manifestations of this syndrome [30].
Despite the numerous cases in the literature, only a few with MA
have been reported so far. Progressive arterial occlusion and ste-
nosis have been reported in approximately one-fifth of cases with
PHACE syndrome [31]. Structural brain abnormalities, congenital
heart disease, aortic arch as well as brachiocephalic abnormalities
can also be seen. RNF213 heterozygous variants in a child with
PHACE and MA have been reported, suggesting a possible role of
RNF213 also in the etiology of PHACE syndrome [32]. However,
Hadisurya et al. [30] did not find RNF213 variants in a German pa-
tient with PHACE syndrome.

Melanocytic lesions in phakomatosis
pigmentovascularis

Birthmark lesions, including Mongolian spots (bluish-black lesions
predominantly on the lumbosacral area), nevus spilus (congenital
nevus with a speckled appearance), and nevus anemicus (a localized
area of pale skin) are, along with vascular malformations, the charac-
teristics of a congenital syndrome known as phakomatosis pigmen-
tovascularis (PPV). It is classified into four types (I to IV) depending
on the presence of certain skin lesions [33]. The presence of an
extracutaneous manifestation confers the letter “b” to the disease

FIGURE 5 Exophytic erythematous, well-circumscribed
hemangioma on the face of a young child with PHACE syndrome
[Colour figure can be viewed at wileyonlinelibrary.com]

type. Tsuruta et al. [34] described the case of a Japanese baby with
MA, nevus flammeus, and nevus spilus, classified as PPV Type Il b. A
true association between PPV and MA has been postulated because
of the vascular abnormalities present in both. Recent genetic stud-
ies showed mutations in GNA11 and GNAQ genes encoding for G
proteins in patients with PPV and MA. Interestingly, transgenic mo-
saic zebrafish models expressing mutant GNA11 developed dermal
melanocytosis [35].

Thin, loose anagen hair in Noonan-like syndrome

Loose anagen hair is a hair disorder characterized by loose, thin
hair that can be easily and painlessly plucked from the scalp. Loose
anagen hair has been observed both in MA and in Noonan syn-
drome, which is an autosomal dominant disorder characterized
by typical facial features (deep groove in the area between the
nose and the mouth, widely spaced eyes, low set ears, and micro-
gnathia), short stature skeletal anomalies, heart defects, mental
retardation, and undescended testis [36]. Noonan syndrome has
been reported in a few MA cases [37]. Noonan-like syndrome with
loose anagen hair as well as MA has been associated with muta-
tions in the SHOC2 (leucine-rich repeat scaffold protein) gene [38].
Along with loose hair, those patients tend to have other cutaneous
manifestations such as hyperpigmentations and hairless skin [39].
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Another syndrome with thin hair, characterized by growth failure,
ectodermal abnormalities, and heart defects is cardiofaciocuta-
neous syndrome (CFC). The latter has also been associated with
MA. Although there is a phenotypic overlap between Noonan syn-
drome and CFC, neck abnormalities and familial occurrences are
rare in CFC [40].

Constellation of loose and dark skin with deep
palmar and plantar creases

Costello syndrome has also been associated with MA. It has similar
features to Noonan syndrome and CFC [41]. Nevertheless, low-set
ears with large/thick lobes, thick lips, nasal papilloma, loose skin on
hands and feet, dark skin, deep palmar and plantar creases, and hy-
perkeratotic palms and soles are frequently present in Costello syn-
drome and infrequently in the other two [42]. Loose and dark skin
is pathognomonic for Costello syndrome. Because of the reduced
expression of elastin messenger ribonucleic acid, a disturbed elas-

togenesis has been implicated in this disease [43].

Canities

Canities or premature graying of hair has been observed in pa-
tients with an X-linked Moyamoya syndrome characterized by
Xq28 deletions. These overlapping deletions remove mature T-cell
proliferation 1 (MTCP1)/mature T-cell proliferation 1 neighbor pro-
tein (MTCPINB) and BRCA1/BRCA2-containing complex 3 (BRCC3).
BRCC3 is a deubiquitinating enzyme involved in angiogenesis. This
Moyamoya syndrome is characterized by the association of MA
with hypergonadotropic hypogonadism, short stature, dilated car-
diomyopathy, premature coronary heart disease, early bilateral ac-
quired cataract, and a stereotyped facial dysmorphism. Over 75%
of these patients display significant graying of the hair around the
age of 25 years (Figure 6). Further studies are needed to confirm
that this observation is not an incidental finding, since the mo-
lecular and genetic etiology of premature graying of hair is poorly
studied, its pathophysiology in this Moyamoya syndrome remains

unknown [3].

Vesicles, verrucae, hyper- then hypopigmentation: the
stages of incontinentia pigmenti

Incontinentia pigmenti (IP) is an X-linked genodermatosis caused by
mutations in the inhibitor of kappa beta kinase gamma gene (IKBKG)
on locus Xg28 [44]. This disease is typically lethal in males. Its first
manifestations are dermatologic and develop in four stages, along
the Blaschko lines. The stages usually appear sequentially, however,
they may overlap [45]. In the first few weeks of life, the vesiculobul-
lous stage starts, followed by the verrucous, the hyperpigmented
(Figure 7a), and finally the hypopigmented stages.

FIGURE 6 Premature graying of hair in a Moyamoya
patient with Xq28 deletions [Colour figure can be viewed at
wileyonlinelibrary.com]

Neurologic manifestations include seizures, learning disabilities,
motor delay, hemiplegia, cerebellar ataxia, microcephaly, encepha-
lomyelitis, and pediatric ischemic strokes [46]. MA and IP share sev-
eral clinical similarities. Specifically, corpus callosum abnormalities,
mainly hypoplasia, are seen in both diseases [23]. However, in IP, col-
lateral vessels are not noted, resembling MA in Suzuki stage | [47].
Interestingly, a reported MRA of a 4-year-old patient with IP demon-
strated partial occlusion of the left middle cerebral artery [48], indi-
cating a Moyamoya-like pattern. Other patients with IP and MA have
been described [49]. Mini¢ et al. [50] hypothesized that the central
nervous system (CNS) lesions in IP are distributed in lines analogous

to the Blaschko skin lines.

Incidental dermatological associations
Hemangioma and capillary malformations

Hemangioma is a benign vascular tumor caused by the proliferation
of vascular endothelial cells. It appears clinically as an asymptomatic
firm, blue, red or purple plaque or papule. Its most common form is
infantile. Several cases of facial hemangiomas in association with
MA and morning glory disc anomaly (MGDA) have been described.
MGDA is a congenital condition characterized by an abnormal optic
disc with whitish glial tissue at the center and radial blood vessels
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FIGURE 7 (a)Linear
hyperpigmentations along the Blaschko
lines on the right thigh of a young

patient with incontinentia pigmenti. (b)
Violaceous, well-circumscribed congenital
plaque on the neck of a young Moyamoya
patient [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 8 (a) A congenital nevus, a mildly elevated brown plaque, on the back of a young otherwise healthy patient. The surrounding
hyperpigmentation is post-inflammatory. (b) Reddish purple plaques initiated by cold exposure on the toes of a young patient with chilblain
lupus erythematosus without Moyamoya angiopathy [Colour figure can be viewed at wileyonlinelibrary.com]

emerging from the rim of the disc [51]. An embryonic origin, mainly
mesectodermal dysgenesis, has been postulated as the culprit of ex-
tensive capillary hemangiomas seen in association with MGDA [52].

Interestingly, similarly to PPV, mutations in GNAQ or GNA11 have
also been reported in congenital hemangiomas as well as those that
arise later in life, leading to the constitutive activation of mitogen-
activated protein kinase (MAPK) and/or Yes-associated protein (YAP)
signaling [53]. Nevus flammeus or port-wine stains are the most
common head and neck vascular malformation, with a similar clinical
appearance to infantile hemangioma, however, they do not blanch
under pressure [54]. A case of MA in the setting of Sturge-Weber
syndrome accompanied by a large port-wine stain on the face has
also been described [55]. An example of nevus flammeus in a young

patient with MA can be seen in Figure 7b.

Congenital melanocytic nevi and Becker's nevus

Congenital melanocytic nevi (CMN) are benign proliferations of cu-
taneous melanocytes (example in Figure 8a). They are usually pre-
sent at birth and are caused by abnormal growth, development, or
migration of melanoblasts. Their incidence among newborns is ap-
proximately 1% [56]. Puri et al. [57] described a case of a young man

with Hirayama disease (or juvenile muscular atrophy of the distal
upper extremity), Moyamoya vessel pattern, and a CMN on the
neck. The coexistence of these three manifestations was postu-
lated to represent an unknown syndrome. In the case of large CMN,
brain and spinal MRI should be performed to rule out neurocutane-
ous melanosis [58]. Becker's nevus is a late-onset epidermal nevus
mainly found on the torso and shoulders. It has also been described
in a Japanese girl with both MA and NF1. She had hairy pigmented
macules in the form of Becker's nevus on the forearms [59].

Those melanocytic lesions are usually segmental and mainly pres-
ent in the pediatric population. It is important to differentiate be-
tween isolated epidermal nevi and oculoneurocutaneous syndromes
characterized by somatic cutaneous mosaicism. The mosaicism for
mutations in genes involved in the Ras/MAPK signaling pathways
is the cause of a group of disorders termed mosaic RASopathies,
for example, oculoectodermal syndrome and Schimmelpenning-
Feuerstein-Mims syndrome [60].

Malar rash

Malar rash, also known as the butterfly rash, is an erythematous
rash on the cheeks and nose. This condition is mainly seen in
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patients with systemic lupus erythematosus (SLE) and has been
described in SLE patients with MA. CNS vasculitis in the setting
of lupus with malar rash, resulting in large vessel occlusions and
MA, has been described in a handful of reports [61]. CNS mani-
festations of SLE include neuropsychiatric symptoms, seizures, or
aseptic meningitis [62]. In the context of SLE, MA has been as-
sociated with complement component 1q (Clq) deficiency [63].
Interestingly, more than 90% of patients with C1q deficiency de-
velop SLE [64].

Chilblains

Chilblains are an inflammatory skin condition presenting as painful
or itchy erythematous or livedoid lesions after cold exposure, on
the toes and fingers. After cold exposure, chilblain lesions have
been described in many individuals affected by Aicardi-Goutiére
syndrome (AGS), which is a neurodevelopmental disorder charac-
terized by a loss of function mutation in the SAMHD1 (SAM and
HD domain containing deoxynucleoside triphosphate) gene on
20g11.3. MA is seen in AGS and is present in approximately 50%
of mutation carriers [3]. SAMHD1 is implicated in immunoregu-
lation and cerebral vascular hemostasis. Furthermore, SAMHD1
gene mutations have been described in an autosomal recessive
condition with cerebral vasculopathy and a highly heterogene-
ous phenotype with a developmental disability, Moyamoya arthe-
riopathy, acrocyanosis, Raynaud's, and chilblain lesions. A similar
constellation of symptoms in association with SAMHD1 mutation
was found in 14 Amish individuals without AGS [65]. An example
of chilblain lesions is depicted in Figure 8b in a young patient with

chilblain lupus erythematosus.

DISCUSSION AND CONCLUSION

Moyamoya angiopathy is the most common cause of stroke in Asian
children and young adults. MA may be idiopathic or associated with
coexistent or heritable diseases. These include NF1, Noonan syn-
drome, sickle cell anemia, polyarteritis nodosa, Down syndrome,
Fanconi anemia, as well as autoimmune or inflammatory diseases.
The identification of such disorders is important to implement
correct therapy and prophylactic measures as well to provide ge-
netic counseling for patients and their families in cases of heritable
disorders.

The disorders associated with MA can be characterized by sev-
eral systemic features including facial dysmorphisms, cardiac ab-
normalities, developmental delay, ophthalmologic disorders, short
stature, macrocephaly, short neck, and various skin manifestations.
The latter include pigmentation abnormalities, hairless skin, livedo
racemosa, hemangiomas, malar rash, melanocytic nevi, hair graying,
and neurofibromas. Herein, we reported the main cutaneous mani-
festations observed in MA, supporting physicians in the search and
identification of possible underlying disorders in association with

MA. The recognition of occult MA in patients manifesting with pri-
mary skin lesions may lead to stroke prevention through initiating
early antiplatelet therapy or even indicating superficial temporal ar-
tery to middle cerebral artery (STA-MCA) bypass surgery [66-68].

For this reason, MA patients should undergo, not only a neurologic
evaluation, but also a detailed medical history, physical examination
including ophthalmic, skeletal, cardiac signs, but also an examination
of the skin, hair and nails; both in the first visit as well as in follow-
ups. MA patients with skin lesions, especially if associated with sys-
temic features, should merit further investigations. For instance, MA
patients with CLS should be investigated for neurofibromas, freck-
les in the axillary or inguinal regions, optic nerve glioma, Lisch nod-
ules, or cortical thinning of the long bones. PHACE syndrome should
be suspected in children with large segmental hemangiomas in the
cervical-facial region. These subjects should undergo echocardiogra-
phy, ophthalmological evaluation, radiographic imaging of the bones,
and especially duplex ultrasonography or MRA to detect MA.

Livedo racemosa could support a coexistent SS or phospholipid
antibodies syndrome and should, in the presence of neurological
symptoms, raise the suspicion of MA [24]. A careful family history
collection and investigation of similar skin signs in relatives is also
essential to identify heritable traits. Contrarily, infants or children
presenting with skin lesions, especially birthmarks, both in the pres-
ence or absence of associated systemic features, might require neu-
roimaging to exclude MA.

The exact etiological link between these skin lesions and MA is
unknown. Since they are only reported in Moyamoya syndromes,
they are likely more related to the syndrome itself then to MA.
Although they might only represent an incidental finding, a possible
association between those disorders and MA can be traced back to
embryology. As previously mentioned, MGDA, which is often as-
sociated with Moyamoya, may be caused by mesenchymal dysgen-
esis of the cerebral vasculature which can also be responsible for
hemangioma formation. Albrecht et al. [9] found a reduction of optic
nerve head volume and of retinal nerve fiber layer in patients with
idiopathic MA compared to control patients. The authors raised the
question of whether the optic nerve anomalies observed in patients
with idiopathic MA and MGDA could occur during embryogenesis
as a primary mesenchymal defect or primary neuroectodermal dys-
genesis with resulting mesodermal changes [69]. Mini¢ et al. [50]
hypothesized that the CNS lesions in IP are distributed in lines anal-
ogous to the Blaschko skin lines since MRI findings in IP point to the
radial unit hypothesis in embryogenesis and not to vascular terri-
tories. Since there is a common embryonic origin of skin, CNS, and
eyes; these authors also propose that CNS Blaschko line analogs,
similar to those in the skin, represent the trace of the development
of clones of neurons and glial cells arising from a cell with IKBKG
mutation. Lastly, they argued that parenchymal abnormalities were
most severe in patients with severe neonatal cutaneous lesions,
especially if they were located on the scalp [45,70]. Moreover, the
extracutaneous “lines of Blaschko” have also been described in the
brain and the eye, reinforcing the concept of mosaicism in the pre-
sentation of X-linked disorders [45,50].
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Notably, mild facial abnormalities and cutaneous signs were
found in MA patients normally interpreted as idiopathic [8]. These
findings argue for a wider spectrum of systemic symptoms in pa-
tients traditionally labeled as idiopathic MA having “only” bilateral
intracranial stenoses.

At the molecular level, the association between cutaneous le-
sions and MA could be explained by the proliferation of smooth
muscle cells and their migration from medial to intimal linings of the
vessels, in MA. Elevated levels of basic fibroblast growth factors,
soluble adhesion molecules, cellular retinoic acid-binding protein I,
and hepatocyte growth factor were found in MA patients [6].

Common genetic pathways can also be hypothesized in heritable
conditions associated with MA. Genetic studies showed that DNA
maintenance and the DNA damage response/repair may also play a
central role in MA and the development of associated heritable condi-
tions [71,72]. Pericentrin mutations in Seckel syndrome and MOPD |,
both systemic diseases associated with MA, also argue for a crucial role
of the DNA damage repair system in the pathophysiology of MA [72].
The above-mentioned Xq28 deletion in three families with MA results
in loss of BRCC3, which results in defective angiogenesis in zebrafish
[73]. Furthermore, the NFKB pathway could play a role since mutations
in the IKBKG on Xq28 also cause the various cutaneous, CNS, bone, and
ocular manifestations of incontinentia pigmenti [45]. The associations
with other RASopathies (NF1, Noonan, Costello, Legius syndrome) sup-
port a possible role for dysregulation of the Ras/MAPK pathway in the
pathogenesis of MA [16]. The role of the so-called “Moyamoya disease
factor: RNF213” in Asian MA is still unclear. The RNF213 gene encodes
a RING finger protein that possesses both ubiquitin ligase activity
and ATPases associated with diverse cellular activities [74]. A founder
mutation in this gene is mainly found in familial and sporadic patients
with MA in Japan and Korea. Experimental data suggested multiple
pathogenic mechanisms involving endothelial function, smooth muscle
cell proliferation, inflammatory signaling pathways, hemostasis, angio-
genesis, and vascular remodeling [74-77]. Currently, the exact role of
RNF213 in vascular disorders remains controversial. Furthermore, it
has not been shown to play a role in the pathology of skin lesions.

Recently, MRVI1 was identified as a potential susceptibility gene
of MA in NF1 [14]. In response to nitric oxide, MRVI1 induces the
relaxation of smooth muscle cells of the colon and aorta. MRVI1-
knockout mice display a gastrointestinal phenotype that partially
overlaps that observed in humans, intracranial vessels were not
investigated in the study [78]. MRVI1 also plays an important role
in platelet adhesion, secretion, and aggregation [79]. However, the
exact role of MRVI1 gene in the pathophysiology of skin lesions is
yet to be explored.

Overall, these pathophysiological mechanisms might also
play a role in skin lesions and also systemic manifestations of
MA. Although further studies are necessary to clarify the exact
relationship between cutaneous lesions and MA, skin lesions
widen the clinical spectrum of MA, making the multidisciplinary
approach, including neurologists but also geneticists, dermatolo-
gists and cardiologists, crucial not only for a correct diagnosis but
also for the management of all MA features.

ACKNOWLEDGMENTS
None. Open Access funding enabled and organized by Projekt DEAL.
WOA RUPRECHT KARLS UNIVERSITAET
HEIDELBERG
Blended DEAL: Projekt DEAL

Institution:

CONFLICT OF INTEREST

None.

AUTHOR CONTRIBUTIONS

Fouad Mitri: data curation (equal); methodology (equal); writing -- orig-
inal draft (equal), writing -- review and editing (equal); Anna Bersano:
data curation (equal), writing -- original draft (equal), writing -- review
and editing (equal); Dominique Hervé: writing -- original draft (equal);
Markus Kraemer: conceptualization (equal); methodology (equal);

writing -- review and editing (equal).

ETHICAL APPROVAL
Formal institutional board approval was not needed, the review was
performed using literature research tools. The principles outlined in

the Declaration of Helsinki were followed.

CONSENT OF PUBLICATION
All authors agree to the publication of this manuscript.

DATA AVAILABILITY STATEMENT
Data sharing does not apply to this article as no new data were cre-

ated or analyzed in this study.

ORCID
Fouad Mitri " https://orcid.org/0000-0002-3450-9636
REFERENCES

1. Scott RM, Smith ER. Moyamoya disease and Moyamoya syndrome.
N Engl J Med. 2009;360:1226-1237.

2. Natori Y, lkezaki K, Fukui M, et al. ‘Angiographic Moyamoya’
its definition, classification, and therapy. Clin Neurol Neurosurg.
1997;99(Suppl 2):5168-5172.

3. Guey S, Kraemer M, Tournier-Lasserve E, et al. Genetics of
Moyamoya beyond RNF213: monogenic Moyamoya syndromes.
London, UK: Springer Nature; 2017. Chapter 9. Issn: 2364-8333.

4. Houkin K, Ito M, Sugiyama T, et al. Review of past research and
current concepts on the etiology of moyamoya disease. Neurol Med
Chir (Tokyo). 2012;52(5):267-277.PMID: 22688062.

5. Guey S, Kraemer M, Tournier-Lasserve E, et al. Rare RNF213 vari-
ants in the C-terminal region encompassing the RING-finger do-
main are associated with Moyamoya angiopathy in caucasians. Eur
J Hum Genet. 2017;25(8):995-1003.

6. Bersano A, Guey S, Bedini G, et al. Research progresses in under-
standing the pathophysiology of Moyamoya disease. Cerebrovasc
Dis. 2016;41:105-118.

7. Quah BL, Hamilton J, Tehrani NN, et al. Morning glory disc anomaly,
midline cranial defects and abnormal carotid circulation: an associa-
tion worth looking for. Pediatr Radiol. 2005;35:525-528.

8. Kraemer M, Huynh QB, Boehringer S, et al. Distinctive facial fea-
tures in idiopathic Moyamoya disease in Caucasians: a first system-
atic analysis. PeerJ. 2018;6:e4740. PMID 29977664.


https://orcid.org/0000-0002-3450-9636
https://orcid.org/0000-0002-3450-9636

1792

MITRI €T AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Albrecht P, Blasberg C, Lukas S, et al. Retinal pathology in idiopathic
moyamoya angiopathy detected by optical coherence tomography.
Neurology. 2015;85:521-527.PMID 26180140.

Rodrigues LO, Batista PB, Goloni-Bertollo EM, et al
Neurofibromatoses: part 1 - diagnosis and differential diagnosis.
Arq Neuropsiquiatr. 2014,;72(3):241-250.

Serafani NB, Serafini CB, Godinho MB, et al. Moyamoya syndrome
associated with neurofibromatosis type 1 in a pediatric patient. An
Bras Dermatol. 2017;92(6):870-873.

Yamamoto Y, Kodama K, Michishita S, et al. A pleural solitary fi-
brous tumor, multiple gastrointestinal stromal tumors, Moyamoya
disease, and hyperparathyroidism in a patient associated with NF1.
Case Rep Surg. 2015;2015:1-5.

Vargiami E, Sapountzi E, Samakovitis D, et al. Moyamoya syndrome
and neurofibromatosis type 1. Ital J Pediatr. 2014;40:59.

Santoro C, Giugliano T, Kraemer M, et al. Whole exome sequencing
identifies MRVI1 as a susceptibility gene for moyamoya syndrome
in neurofibromatosis type 1. PLoS One. 2018;13(7):e0200446.

Hall JG, Flora C, Tanaka KiI, et al. Majewski osteodysplastic primor-
dial dwarfism type Il (MOPD Il): natural history and clinical findings.
Am J Med Genet A. 2004;130A(1):55-72.

Pabst L, Carroll J, Lo W, Truxal KV. Moyamoya syndrome in a child
with Legius syndrome: introducing a cerebral vasculopathy to the
SPRED1 phenotype? Am J Med Genet Part A. 2021;185A:223-227.
https://doi.org/10.1002/ajmg.a.61921

Kentab AY, Hassan HH, Alhumidi A, et al. The neurologic aspects
of hypomelanosis of Ito: case report and review of the literature.
Sudan J Paediatr. 2014;14:61-70.

Rafay MF, Al-Futaisi A, Armstrong D, et al. Hypomelanosis of Ito
and Moyamoya disease. J Child Neurol. 2005;20:924-926.

Echenne BP, Leboucq N, Humbertclaude V. Ito hypomelanosis and
moyamoya disease. Pediatr Neurol. 1995;13:169-171.

Sybert VP, Pagon RA, Bradley CM, et al. Pigmentary abnormal-
ities and mosaicism for chromosomal aberration: association
with clinical features similar to hypomelanosis of Ito. J Pediatr.
1990;116:581-586.

Mitri F, Bersano A, Kraemer M, et al. Livedo racemosa in neurolog-
ical diseases: an update on the differential diagnoses. Eur J Neurol.
2020;27(10):1832-1843.

Hervé D, Tournier-Lasserve E. Loss of albl soluble guanylate cy-
clase, the major nitric oxide receptor, leads to moyamoya and acha-
lasia. Am J Hum Genet. 2014;94:385-394.

Kramer M. Clinical presentation of Moyamoya angiopathy in
Europeans: experiences from Germany with 200 patients. J Neurol.
2019;266(6):1421-1428.

Fierini F, Barilaro A, Pantoni L, et al. Moyamoya in a patient with
Sneddon's syndrome. Clin Neurol Neurosurg. 2015;129:34-36.
Carhuapoma JR, D'Olhaberriague L, Levine SR. Moyamoya syn-
drome associated with Sneddon's syndrome and antiphospholipid-
protein antibodies. J Stroke Cerebrovasc Dis. 1999;8(2):51-56.PMID:
17895140.

Greisenegger EK, Llufriu S, Chamorro A, et al. A NOTCH3 homo-
zygous nonsense mutation in familial Sneddon syndrome with
pediatric stroke. J Neurol. 2020. https://doi.org/10.1007/s00415-
020-10081-5

Brancati F, Dallapiccola B. Majewski osteodysplastic primordial
dwarfism type Il (MOPD Il) complicated by stroke: clinical re-
port and review of cerebral vascular anomalies. Am J Med Gen.
2005;139A:212-215.

Garzon MC, Epstein LG, Heyer GL, et al. PHACE syndrome:
consensus-derived diagnosis and care recommendations. J Pediatr.
2016;178:24-33.e2.

Metry D, Frieden |, Drolet B, et al. Conference PSR (2009) con-
sensus statement on diagnostic criteria for PHACE syndrome.
Pediatrics. 2009;124(5):1447-1456. https://doi.org/10.1542/
peds.2009-0082.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Hadisurya J, Guey S, Kraemer M, et al. Moyamoya angiopathy in
PHACE syndrome not associated with RNF213 variants. Childs Nerv
Syst. 2019;35:1231-1237.

Tortora D, Severino M, Pavanello M, et al. Moyamoya vasculopathy
in PHACE syndrome: six new cases and review of the literature.
World Neurosurg. 2017;108:291-302.

Schilter KF, Steiner JE, Worthey E, et al. RNF213 variants in a child
with PHACE syndrome and moyamoya vasculopathy. Am J Med
Genet A. 2017;173(9):2557-2561.

Happle R. Phacomatosis pigmentovascularis revisited and reclassi-
fied. Arch Dermatol. 2005;141:385-388.

Tsuruta D, Hamada T, Ishii M, et al. Phakomatosis pigmentovascu-
laris type llIb associated with moyamoya disease. Pediatr Dermatol.
1999;16:35-38.

Thomas AC, Zeng Z, Riviére JB, et al. Mosaic activating mutations
in GNA11 and GNAQ are associated with phakomatosis pigmento-
vascularis and extensive dermal melanocytosis. J Invest Dermatol.
2016;136(4):770-778.

Noonan JA, Ehmke DA. Associated cardiac malformations in chil-
dren with congenital heat disease. J Pediatr. 1963;63:468-470.
Gupta M, Choudhri OA, Feroze AH, Do HM, Grant GA, Steinberg
GK. Management of moyamoya syndrome in patients with Noonan
syndrome. J Clin Neurosci. 2016;28:107-111.

Cordeddu V, Di Schiavi E, Tartaglia M. Mutation of SHOC2 pro-
motes aberrant protein N-myristoylation and causes Noonan-like
syndrome with loose anagen hair. Nat Genet. 2009;41:1022-1026.
Lo FS, Wang CJ, Lee NC, et al. Moyamoya disease in two patients
with Noonan-like Syndrome with loose anagen hair.Am J Med Genet
Part A. 2015;167(6):1285-1288.

Ishiguro Y, Kubota T, Watanabe K. Cardio-facio-cutaneous syn-
drome and Moyamoya syndrome. Brain Dev. 2020;24(4):245-249.
Hennekam RC. Costello syndrome: an overview. Am J Med Genet.
2003;117C:42-48.

Shiihara T, Kato M, Mitsuhashi Y, Hayasaka K. Costello syn-
drome showing moyamoya-like vasculopathy. Pediatr Neurol.
2005;32(5):361-363.

Hatamochi A, Nagayama H, Kuroda K, et al. Costello syndrome with
decreased gene expression of elastin in cultured dermal fibroblasts.
Dermatology. 2000;201:366-369.

Smahi A, Courtois G, Nelson DL. Genomic rearrangement in NEMO
impairs NF-kappaB activation and is a cause of incontinentia pig-
menti. The International Incontinentia Pigmenti (IP) Consortium.
Nature. 2000;405(6785):466-472.

Kirkorian AY, Cohen B. Incontinentia Pigmenti. In: Pascual JM,
Rosenberg RN, eds. Rosenberg's molecular and genetic basis of
neurological and psychiatric disease, 5th edn. London, UK: Elsevier
Inc. 2014:963-969. https://doi.org/10.1016/B978-0-12-410529-
4.00083-8

Meuwissen ME, Mancini GM. Neurological findings in incontinentia
pigmenti; a review. Eur J Med Genet. 2012;55(5):323-331.

Samanta D. Unilateral cerebral atrophy: severe neuroimaging
feature of incontinentia pigmenti without acute encephalopathic
state. J Pediatr Neurosci. 2018;13(2):270-272.

Pellegrino RJ, Shah AJ. Vascular occlusion associated with inconti-
nentia pigmenti. Pediatr Neurol. 1994;10(1):73-74.

Beni SM, Hoffmann C, Ben-Zeev B, et al. Stroke-like episodes inrare
neurocutaneous syndromes. Neuropediatrics. 2006;37(51):MP84.
Mini¢ S, Trpinac D, Obradovic¢ M. Incontinentia pigmenti diagnostic
criteria update. Clin Genet. 2014;85:536-542.

Sathyan S, Chackochan M. Morning glory disc anomaly and fa-
cial hemangiomas in a girl with moyamoya syndrome. Indian J
Ophthalmol. 2018;66(11):1644-1646.

Holmstrém G, Taylor D. Capillary haemangiomas in association with
morning glory discanomaly. Acta Ophthalmol Scand. 1998;76:613-616.
Ayturk UM, Couto JA, Hann S, et al. Somatic activating mutations
in GNAQ and GNA11 are associated with congenital hemangioma


https://doi.org/10.1002/ajmg.a.61921
https://doi.org/10.1007/s00415-020-10081-5
https://doi.org/10.1007/s00415-020-10081-5
https://doi.org/10.1542/peds.2009-0082
https://doi.org/10.1542/peds.2009-0082
https://doi.org/10.1016/B978-0-12-410529-4.00083-8
https://doi.org/10.1016/B978-0-12-410529-4.00083-8

SKIN MANIFESTATIONS OF MOYAMOYA ANGIOPATHY

1793

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

[published correction appears in Am J Hum Genet. 2016 Jun 2;98
(6):1271]. Am J Hum Genet. 2016;98(4):789-795.

Callahan AB, Yoon MK. Infantile hemangiomas: a review. Saudi J
Ophthalmol. 2012;26(3):283-291.

Hao Z, Lai X. Sturge-Weber syndrome coexisting with Moyamoya
disease in the fifth decade: a case report and literature review.
Neurologist. 2019;24(1):13-16.

Tannous ZS, Sober AJ, Duncan LM, et al. Congenital melanocytic
nevi: clinical and histopathologic features, risk of melanoma, and
clinical management. J Am Acad Dermatol. 2005;52(2):197-203.
Puri I, Vibha D, Bhatia R, et al. Is congenital melanocytic naevus a
link between Hirayama disease and moyamoya pattern: a new syn-
dromeoraco-incidence? BMJCaseRep.2016;2016:bcr2015212894.
Jakchairoongruang K, Khakoo Y, Beckwith M, et al. New insights
into neurocutaneous melanosis. Pediatr Radiol. 2018;48(12):1786-
1796.PMID: 30074086; PMCID: PMC7469866.

Fujimura T, Terui T, Tagami H. Neurofibromatosis 1 associtaed
with an intracranial artery abnormality, Moyamoya disease and
bilateral congenital large hairy pigmented macules. Br J Dermatol.
2004;150(3):611-613.

Chacon-Camacho OF, Lopez-Moreno D, Morales-Sanchez MA,
et al. Expansion of the phenotypic spectrum and description of mo-
lecular findings in a cohort of patients with oculocutaneous mosaic
RASopathies. Mol Genet Genomic Med. 2019;7(5):e625.

Zhou G, An Z, Gokhale S. Moyamoya syndrome as an unusual pre-
senting manifestation of systemic lupus erythematosus in a young
woman. Med Princ Pract. 2014;23:279-281.

Hochberg MC. Updating the American College of rheumatology
revised criteria for the classification of systemic lupus erythemato-
sus. Arthritis Rheum. 1997;40(9):1725.

Troedson C, Crow YJ, Dale RC, et al. Systemic lupus erythematosus
due to Clq deficiency with progressive encephalopathy, intracra-
nial calcification and acquired moyamoya cerebral vasculopathy.
Lupus. 2013;22:639-643.

Al-Mayouf SM, Abanomi H, Eldali A, et al. Impact of C1q deficiency
on the severity and outcome of childhood systemic lupus erythe-
matosus. Int J Rheum Dis. 2011;14(1):81-85.

Xin B, Jones S, Wang H. Homozygous mutation in SAMHD1 gene
causes cerebral vasculopathy and early onset stroke. Proc Natl Acad
Sci USA. 2011;108(13):5372-5377.

Kraemer M, Sassen J, Diesner F, et al. Moyamoya angiopathy: early
postoperative course within 3 months after STA-MCA-bypass sur-
gery in Europe-a retrospective analysis of 64 procedures. J Neurol.
2018;265(10):2370-2378.

Graf J, Schwitalla JC, Kraemer M, et al. Misdiagnoses and delay of
diagnoses in Moyamoya angiopathy-a large Caucasian case series. J
Neurol. 2019;266(5):1153-1159.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Kraemer M, Karakaya R, Diesner F, et al. Efficacy of STA-MCA by-
pass surgery in moyamoya angiopathy: long-term follow-up of the
Caucasian Krupp Hospital cohort with 81 procedures. J Neurol.
2018;265(10):2425-2433.

Pollock S. The morning glory disc anomaly: contractile move-
ment, classification, and embryogenesis. Doc Ophthalmol.
1987;65:439-460.

Rott HD. Extracutaneous analogies of Blaschko lines. Am J Med
Genet. 1999;85(4):338-341.

Achrol AS, Guzman R, Steinberg GK, et al. Pathophysiology and ge-
netic factors in moyamoya disease. Neurosurg Focus. 2009;26(4):E4.
Sigdel TK, Shoemaker LD, Chen R, et al. Immune response profiling
identifies autoantibodies specific to Moyamoya patients. Orphanet
J Rare Dis. 2013;8:45.

Miskinyte S, Butler MG, Tournier-Lasserve E. Loss of BRCC3 deubig-
uitinating enzyme leads to abnormal angiogenesis and Is associated
with Syndromic Moyamoya. Am J Hum Genet. 2011;88(6):718-728.
Kim J, Park YS, Woo MH, et al. Distribution of intracranial major
artery stenosis/occlusion according to RNF213 polymorphisms. Int
J Mol Sci. 2020;21(6):1956

Ohkubo K, Sakai Y, Hara T, et al. Moyamoya disease susceptibility
gene RNF213 links inflammatory and angiogenic signals in endo-
thelial cells. Sci Rep. 2015;17(5):13191.

Hitomi T, Habu T, Koizumi A, et al. Downregulation of Securin by
the variant RNF213 R4810K (rs112735431, G>A) reduces angio-
genic activity of induced pluripotent stem cell-derived vascular
endothelial cells from moyamoya patients. Biochem Biophys Res
Commun. 2013;438(1):13-19.

Ma YG, Zhang Q, Zhao JZ. Role of Ring finger protein 213 in moy-
amoya disease. Chin Med J (Engl). 2016;129(20):2497-2501.
Geiselhoringer A, Werner M, Acheo L, et al. IRAG is essential for re-
laxation of receptor-triggered smooth muscle contraction by cGMP
kinase. EMBO J. 2004;23(21):4222-4231.

Johnson AD, Yanek LR, Tofler G, et al. Genome-wide meta-analyses
identifies seven loci associated with platelet aggregation in re-
sponse to agonists. Nat Genet. 2010;42(7):608-613.

How to cite this article: Mitri F, Bersano A, Hervé D, Kraemer
M. Cutaneous manifestations in Moyamoya angiopathy: A
review. Eur J Neurol. 2021;28:1784-1793. https://doi.
org/10.1111/ene.14754



https://doi.org/10.1111/ene.14754
https://doi.org/10.1111/ene.14754

