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Abstract: Moyamoya disease (MMD) is a rare yet clinically significant cerebrovascular
disorder characterized by progressive stenosis of the distal internal carotid artery and/or
its principal branches, accompanied by the development of characteristic collateral vessel
networks. This disease demonstrates a complex multifactorial etiology with strong genetic
determinants, as evidenced by its distinct geographical distribution patterns and familial
clustering. Recent genetic researches have identified multiple pathogenic mutations con-
tributing to MMD development through three principal mechanisms: progressive vascular
stenosis, abnormal angiogenesis, and dysregulated inflammatory responses. Furthermore,
moyamoya syndrome frequently occurs as a secondary vascular complication in various
monogenic disorders. This review provides a comprehensive analysis of recent genetic
advances in MMD in view of diverse pathogenic pathways, offering valuable perspectives
on the molecular mechanisms underlying disease development and potential therapeutic
targets.
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1. Introduction
Moyamoya disease (MMD) is a rare and devastating cerebrovascular disease char-

acterized by progressive stenosis of the distal internal carotid artery and/or its major
branches, accompanied by the development of collateral vessel networks resembling a
“puff of smoke” on angiography [1,2]. When these characteristic vascular manifestations
coexist with identifiable risk factors or diseases (e.g., neurofibromatosis type 1, sickle cell
disease), the entity is classified as moyamoya syndrome (MMS) [2,3]. Although the exact
pathophysiology of MMD still remains incompletely understood, MMD is increasingly rec-
ognized as a polygenic disorder with environmental interactions [4]. The higher prevalence
of MMD in East Asia compared to non-East Asia and the obvious familial aggregation high-
light the significant role of genetic factors involved in the pathogenesis of this disease [3,4].
Advances in molecular genetics, including genome-wide linkage analyses, candidate gene
association studies, and next-generation sequencing, have identified various linked chromo-
somal regions and susceptibility genes associated with MMD and these findings have been
partially validated by functional research, which suggests that the pathogenesis of MMD
cannot be explained by a single gene mutation but is more likely the result of combined
effects from multiple genetic factors [4,5]. In aggregate, specific mutations linked to MMD
mainly involve the following two mechanisms derived from the pathological and genetic
studies: progressive vascular stenosis/occlusion secondary to intimal thickening, media
attenuation and internal elastic lamina damage; aberrant angiogenesis manifested as the
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formation of moyamoya collateral vessels [5,6]. Emerging evidence further implicates that
mutations associated with autoimmune and inflammatory responses are also important
susceptibility factors in the development of MMD [7]. Furthermore, several congenital
diseases can exhibit with moyamoya syndrome and the molecular pathways implicated in
their pathogenic genes may offer new insights into the genetic basis of MMD [6].

In this review, we systematically summarized current research findings on the genetics
of MMD through the lens of the above pathways. This synthesis specifically concen-
trates on high-impact studies from the past five years, incorporating novel findings from
next-generation sequencing, genome-wide association studies, and functional validations,
thereby not only updating the MMD genetic landscape but also offering clinically relevant
perspectives on the molecular pathogenesis of MMD and revealing emerging potential
therapeutic targets of this increasingly recognized cerebrovascular disorder.

2. Literature Search Strategy
To conduct a comprehensive review, a literature search was performed using electronic

databases including PubMed and Web of Science to identify relevant studies published
between January 2022 and February 2025. The search strategy incorporated a combination
of keywords, including “moyamoya disease”, “moyamoya syndrome”, “gene”, “genetic”,
“epigenetic”, ”mutations”, “RNF213”, “p.R4810K”, ”angiogenesis”, ”vascular stenosis”,
”inflammation”, and “congenital diseases”. We supplemented the search by reviewing
references from selected articles. The search was restricted to English-language publications.
The final reference list was generated based on the relevance of each article to the review’s
thematic focus. The graphic was designed and generated through Biorender.com.

3. RNF213 Gene
The RNF213 gene, recognized as the predominant susceptibility gene for MMD, en-

codes an exceptionally large (591 kDa) multidomain protein (mysterin/RNF213) possessing
bifunctional enzymatic properties: (i) AAA+ ATPase activity mediating mechanochemical
transduction through oligomeric ring formation coupled with putative physical motion,
and (ii) E3 ubiquitin ligase activity, mediating substrate ubiquitination for proteasomal
degradation or signaling modulation [8]. Previous studies have also demonstrated that
mysterin exhibits cell-autonomous antimicrobial activity [9,10]. Its expression is strongly
upregulated by pro-inflammatory cytokines particularly in endothelial cells, macrophages,
and fibroblasts [8,11]. Additionally, the dominant expression of mysterin eliminates adipose
triglyceride lipase from lipid droplets and prevents fat mobilization [8]. These pleiotropic
effects establish RNF213 as a central hub integrating hemodynamic stress response, neu-
roinflammation, and metabolic adaptation in MMD pathogenesis.

Through its modulation of multiple signaling pathways, including the phospho-
inositide 3-Kinase-AKT Serine/threonine kinase signaling cascade, matrix metallopro-
teinases (MMPs) activity, transforming growth factor β1(TGF-β1) signaling, basic fibroblast
growth factor (bFGF) pathway, WNT/calcium/nuclear factor of activated T-cells 1 axis,
and caveolin-1 system, the RNF213 gene mutations lead to dysfunction of endothelial cells
(ECs) and promote abnormal proliferation and migration of smooth muscle cells (SMCs),
ultimately resulting in pathological angiogenesis [12–16]. Recent advances in in vitro exper-
imental studies have provided substantial evidence supporting the pivotal role of RNF213
in the regulation of angiogenic processes. Roy et al. established an innovative in vitro MMD
model using CRISPR-Cas9-mediated RNF213 gene knockout and illustrated an enhanced
secretion of soluble pro-angiogenic factors and significant increase in angiogenesis in con-
fluent ECs devoid of RNF213 expression [13]. Findings from experimental studies utilizing
RNF213 knockdown in human umbilical vein endothelial cells have demonstrated that
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impaired angiogenesis is mediated, at least partially, through the downregulation of critical
DNA replication and cellular proliferation pathways [17]. Furthermore, experimental
evidence has indicated RNF213 knockdown induces significant alterations in cytoskeletal
organization and contractile function in SMCs [17]. These mechanistic insights into RNF213-
mediated angiogenesis regulation provide us with a more profound understanding of the
molecular pathophysiology underlying MMD.

RNF213 plays a multifaceted role in vascular pathophysiology, particularly through
its involvement in vascular stenosis mechanisms. Through the endothelial nitric oxide
synthase (eNOS)-derived nitric oxide (NO) pathway, RNF213 regulates vasodilation and the
vascular remodeling process [12,15]. It also modulates the extracellular matrix dynamics
by interacting with matrix metalloproteinases (MMPs) and tissue inhibitors of metallopro-
teinases (TIMPs) [15,16]. Recent investigations by Roy et al. demonstrated that RNF213
knockout in brain endothelial cells induces distinct morphological alterations and increases
blood–brain barrier permeability, highlighting its critical role in maintaining cerebral en-
dothelial integrity in MMD [14]. Moreover, previous studies have shown that the E3 ligase
module of RNF213 enhances nuclear factor kappa-B (NF-κB) signaling pathways, thereby
contributing to inflammation and immune responses in MMD [15,18,19]. Mutations in
RNF213 can also activate the nuclear factor of activated T-cells signaling in ECs, potentially
leading to the development of pathological moyamoya vessels [5]. Some cytokines, such as
tumor necrosis factor-α and interferon-γ, have been shown to activate RNF213 transcription
in ECs through the AKT/protein kinase R pathway and protein tyrosine phosphatase-1B
(PTP1B) [5,11,19]. In vitro studies have further confirmed that RNF213 can enhance the ECs
sensitivity to inflammatory stimulation [17]. Recent immunological studies have revealed
that ovabumin protein-pulsed dendritic cells with either RNF213-knockout or RNF213
c.14576G > A mutation-knockin modifications exhibited significant impairments in antigen
processing machinery, including reduced antigen uptake capacity, compromised proteolytic
activity, and decreased formation of endosomes and lysosomes, thereby suggesting the
essential role of RNF213 in regulating antigen uptake, processing and presentation [20].

The p.R4810K (p.Arg4810Lys, c.14429G > A) mutation in the RNF213 gene is the most
prevalent genetic variant associated with MMD, particularly in East Asian populations,
where it accounts for about 80% of familial MMD cases [21]. However, in Western moy-
amoya populations, RNF213 mutations are less frequent and more heterogeneous than in
East Asians, with rare variants such as p.R4810K occasionally reported, suggesting differ-
ent genetic contributions to disease pathogenesis across ethnicities [15,22]. The p.R4810K
variant demonstrated a gene dosage effect in MMD pathogenesis, with homozygous car-
riers exhibiting substantially more severe clinical phenotypes and earlier disease onset
compared to heterozygous individuals [4]. Mechanistically, many studies have shown that
the p.R4810K variant plays a critical role in angiogenesis dysregulation of MMD. Hitomi
et al. revealed that overexpression of p.R4810K downregulated securin, induced mitotic
abnormalities and increased the risk of genomic instability, thereby suppressing angiogenic
activity in induced pluripotent stem cell (iPSC)-derived vascular endothelial cells [23,24].
Further, p.R4810K has been shown to reduce ATPase activity, indicating its anti-angiogenic
role via oligomer stabilization, which was confirmed in endothelial cells carrying the
p.R4757K mutation (the ortholog of human p.R4810K) [25]. Recently, the human umbilical
vein endothelial cells with RNF213 p.R4810K variant showed autophagy inhibition after
exposure to oxygen-glucose deprivation, supporting the pivotal role of autophagy impair-
ment caused by the RNF213 variant in MMD-induced endothelial cell dysfunction [26]. In
conclusion, although the exact molecular mechanisms underlying RNF213 in MMD still
remain to be fully elucidated, current evidence strongly supports its multifunctional role in
disease development. Future research is expected to uncover additional pathways through
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which RNF213 contributes to MMD pathophysiology, potentially opening new avenues for
therapeutic interventions.

4. Specific Mutations Related to MMD
Specific mutations related to MMD refer to genetic biomarkers that have been identi-

fied in previous studies as having direct and specific correlations with MMD pathogene-
sis [6]. These genetic biomarkers demonstrate high sensitivity and specificity. Although
the relationship between these specific mutations and MMD is complex, pathological and
genetic studies have classified them into the following pathways: angiogenesis-related
genes, vascular stenosis-related genes, inflammation and immune-related genes, and novel
pathways proposed in recent years [5,6]. Notably, the majority of genes associated with
MMD are not confined to a single pathogenic mechanism but rather participate in mul-
tiple pathways, with certain pathways demonstrating more significant contributions to
disease pathogenesis than others. The interrelationships between various MMD-associated
pathogenic pathways are systematically summarized in Figure 1.

 

Figure 1. Integrated pathophysiological network of Moyamoya disease: Molecular crosstalk across
angiogenic dysregulation, epigenetic modulators, and metabolic-immune axis. Italicized text indicates
relevant genes; PDGF: platelet-derived growth factor; OGFR: opioid growth factor receptor; CCL2:
cell chemokine ligand 2; Ang-1/2: angiopoietin-1/2; Cav-1: caveolin-1; ICAM1: intercellular adhesion
molecule 1; TGF-β: transforming growth factor β; bFGF: basic fibroblast growth factor; VEGF:
vascular endothelial growth factor; NF-κB: nuclear factor κ-B; NFAT: nuclear factor of activated
T-cells; TNF-α: tumor necrosis factor-α; IFN-γ: interferon-γ; NO-sGC-cGMP: nitric oxide-soluble
guanylyl cyclase-cyclic guanosine monophosphate; MMPs: matrix metalloproteinases; TIMPs: tissue
inhibitors of metalloproteinases.

4.1. Angiogenesis-Related Genes

Physiologic angiogenesis is a tightly regulated cascade involving vasodilation, en-
dothelial cell migration and proliferation, lumen formation, endothelial survival, differenti-
ation, and vascular remodeling [27]. The regulation of the angiogenesis process involves
a complex interplay of growth factors and their signaling pathways, such as angiopoi-
etin (Ang-1/Ang-2), vascular endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and TGF-β [4,28]. These molecules mediate endothelial cell proliferation,
migration, and vascular stabilization through receptors such as VEGFR2, angiopoietin-1
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receptor (Tie-2), and PDGFR [27]. MMD-associated genetic variants promote aberrant
angiogenesis through dysregulated expression levels (upregulation or downregulation) or
functional deficits in these critical regulatory factors. Extensive sequencing research has
revealed distinct polymorphisms in various genes with differential expression in MMD
populations, which affect growth factor expression and their receptor signaling pathways,
including TIE1, TIE2, ANGPT2, PENK, VEGF, PDGFRB, TGFB1, ICAM1, CXCL12, and
CAV1 (summarized in Table 1) [29–38]. Recent investigations have expanded our under-
standing of angiogenesis-related genetic factors in MMD. Emerging evidence highlights
the role of RAPTOR, a key regulator of hypoxia-inducible factor, in human leukocyte anti-
gen class I antibody-mediated endothelial cell proliferation [39]. Notably, rare RAPTOR
polymorphism may account for the disparate prevalence of MMD between East Asians and
Caucasians [39]. The delicate equilibrium between MMPs and TIMPs, particularly MMP2
and TIMP2 expression, has been established as a critical regulator of angiogenesis [40,41].
Furthermore, the cell chemokine ligand 2 (CCL2) and its receptor (CCR2) signaling axis
has been implicated in the pathogenesis of MMD through its modulating of the angiogenic
responses of human endothelial cells [42]. Wang et al. performed whole exome sequencing
and functional validation and discovered that CAPN1 variants are a susceptibility gene of
Chinese MMD, which is involved in the maintenance of vascular endothelial cell integrity
and in the regulation of angiogenesis [43]. These findings suggest that MMD-associated
aberrant angiogenesis results not only from growth factor-related gene alterations but also
from disruptions in multiple pathways affecting ECs proliferation and vascular integrity.

Table 1. Growth factor-related genes.

Chromosome Gene Related Growth Factor Study Type Biomarker
Validation Status

Chromosome 1 TIE1 [35,38] angiopoietin-1 and
angiopoietin-2 functional analyses in vitro

Chromosome 9 TIE2 [35,36] angiopoietin-1 and
angiopoietin-2 functional analyses in vitro and clinical

Chromosome 8 ANGPT2 [38] angiopoietin-2 functional analyses in vitro

Chromosome 8 PENK [34]
opioid growth factor

receptor and delta
opioid receptor

functional analyses in vitro

Chromosome 6 VEGF [32] vascular endothelial
growth factor case-control clinical

Chromosome 22 PDGFRB [30] platelet-derived growth
factor case-control clinical

Chromosome 19 TGFB1 [30] transforming growth
factor β case-control clinical

Chromosome 19 ICAM1 [37] intercellular adhesion
molecule 1 case-control in vitro

Chromosome 10 CXCL12 [31]
C-X-C motif chemokines
and vascular endothelial

growth factor
case-control clinical

Chromosome 7 CAV1 [33] Caveolin-1 case-control in vitro and clinical

4.2. Vascular Stenosis-Related Genes

The pathogenesis of vascular stenosis in MMD primarily involves concentric fibrocellu-
lar intimal hyperplasia, characterized by the proliferation and migration of ECs and SMCs,
as well as extracellular matrix remodeling dominated by collagen deposition and elastin
fragmentation, ultimately resulting in progressive intimal thickening and thus luminal
occlusion [7]. Secondary to aberrant vascular anatomy, altered hemodynamics, patho-
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logical rheology, disturbances in wall shear stress, hypoxia and inflammatory responses,
downstream mediating factors further modulate vascular proliferation and vasomotor
tone at the molecular level, thereby contributing to stenotic progression in MMD [44,45].
Several genes have been reported to be involved in the above-mentioned mechanism via the
various pathways leading to vascular stenosis in MMD. Genomic analyses have revealed
significant differential expression of OBSCN (regulating obscurin-mediated cytoskeletal
organization), ACTA2 (α-smooth muscle actin polymerization), ELN (elastin fiber integrity),
and ENG (endoglin-dependent TGF-β signaling), between the MMD patients and con-
trols [31,46]. These genes regulate the expression and function of these key structural
proteins, influencing the cellular morphology and cytoskeleton of SMCs and ECs, and
thereby contributing to the pathogenesis of MMD [7,31,46–48]. The nitric oxide-soluble
guanylyl cyclase-cyclic guanosine monophosphate (NO-sGC-cGMP) signaling pathway,
curtail for vascular tone regulation [4,7], is frequently disrupted in MMD. Polymorphisms
in eNOS primarily affect its expression and activity, while mutations in GUCY1A3 impair
NO-sensitive soluble guanylyl cyclase function (sGC, the major receptor for NO), both
contributing to the pathogenesis in MMD [12,49,50]. Whole exome sequencing further
implicates disrupted NO metabolism through NOS, NR4A3 (hypoxia-responsive transcrip-
tion), ITGAV (ECs adhesion), GRB7 (signal transduction), and AGXT2 (de novo variants
altering asymmetric dimethylarginine catabolism), establishing a polygenic framework in
which cytoskeletal dysregulation, extracellular matrix instability, and NO-cGMP pathway
defects converge to drive stenotic progression [51].

The imbalance between MMPs and TIMPs, particularly involving TIMP1, MMP2,
MMP3, MMP12, and TIMP2, can also disrupt the dynamics of ECs and SMCs and pro-
mote the pathological features of MMD [4,7,40,52]. Metabolic factors also contribute to
vascular stenosis, with elevated homocysteine levels identified as a significant risk factor
for vascular stenosis in MMD patients [53]. MTHFR and TCN2, which regulate homocys-
teine metabolism, have been implicated as susceptibility genes for MMD [54]. Apart from
the above-mentioned pathways, several additional genes are recently recognized to be
involved in the vascular stenosis of MMD. The overexpression of circZXDC (ZXD family
zinc finger C) was found to upregulate ABCC6, which induces endoplasmic reticulum stress
and subsequently promotes SMCs phenotypic switching from the contractile to synthetic
states, ultimately contributing to the intimal thickening in MMD [55]. HDAC9 is a member
of a large family of genes that encode proteins responsible for the deacetylation of histones,
thereby regulating chromatin structure and gene transcription [56]. Duan et al. identified
HDAC9 with genome-wide significance in MMD patients [54]. CCL21, CEBPA, KRT18, and
TNFRSF11A were recently identified to be involved in endothelial-mesenchymal transition
processes and thus contribute to the pathogenesis of MMD [57]. The FOXM1 c.1205 C
> A variant in unilateral MMD significantly attenuated the proangiogenic effects of the
transcription factor forkhead box M1 in human brain endothelial cells, leading to reduced
proliferation, migration, and tube formation [58]. This comprehensive genetic landscape
underscores the complex interplay of multiple pathways in MMD vascular stenosis, high-
lighting potential targets for therapeutic intervention and personalized treatment strategies.

4.3. Inflammation and Immune-Related Genes

Although classic histopathology in patients with MMD did not reveal overt inflam-
matory changes [2], accumulating evidence suggests that dysregulated immune and in-
flammatory responses significantly contribute to intimal hyperplasia and pathological
vascularization in MMD [5,59,60]. Previous research has highlighted that inflammatory
responses may serve as a trigger for abnormal angiogenesis in MMD, with some immune
factors such as NF-κB and interferons involved in the signal transduction of pathological
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moyamoya vessel formation [27]. Vacuolated degenerated SMCs were observed migrating
into the thickened intima and exhibiting aberrant expression of IgG and S100A4, sug-
gesting that the deposition of these immune-related factors promotes abnormal SMCs
migration, thereby leading to intimal thickening and vascular stenosis [2,61]. Beyond the
well-established role of RNF213 in MMD-associated inflammation, several other inflam-
mation and immune-related genes are also considered to be involved in the pathogenesis
of MMD. Compared with the sera from healthy controls, six MMD-associated autoan-
tibodies targeting APP, GPS1, STRA13, CTNNB1, ROR1, and EDIL3 were identified in
the sera of MMD patients [62]. Human leukocyte antigen (HLA) genotypes demonstrate
ethnic-specific associations with MMD, though their role as susceptibility factors remains
inconclusive due to inconsistent study reproducibility [2,4]. The identification of a CIAS1
gene mutation in a case of neonatal onset multisystem inflammatory disease with moy-
amoya syndrome highlights the potential involvement of interleukin-1β [63]. Furthermore,
UNC13D was identified as a differentially expressed gene associated with neutrophil in-
filtration in MMD, demonstrating promising diagnostic specificity and sensitivity [60].
Twenty-eight key crosstalk genes, including CAMP, NLRP12, CCL4, HLA-DRB5, and CD68,
were identified both in MMD patients and systemic lupus erythematous (SLE) patients,
suggesting that the activation of T cells and monocyte-mediated immune responses play
a significant role in the association between these two conditions [64]. Altogether, these
findings underscore the complex interplay between inflammatory pathways and MMD
pathogenesis.

4.4. Novel Pathways Proposed in Recent Years

With the recent advancements in the genetic exploration of MMD, novel pathways
distinct from the aforementioned mechanisms also deserve attention. The application of
genome-wide approaches to epigenomic analysis has progressively expanded the scope
of observed pathological epigenetic alterations in MMD, and epigenetically dysregulated
endothelial cells and smooth muscle cells proliferation, apoptosis, and migration repre-
sent a key pathogenic mechanism underlying intracranial arterial stenosis/occlusion and
moyamoya vessel formation [65]. Accumulating evidence has revealed the important
role of epigenetic mechanisms, including DNA methylation, histone modifications and
non-coding RNAs networks, in regulating key cellular and molecular processes involved in
the pathogenesis of MMD [65,66]. Previous studies have demonstrated that MMD patients
exhibit sortilin 1 hypomethylation and upregulated expression in endothelial progenitor
cells, which dysregulates angiogenic factors (elevating VEGF, VEGFR-1, bFGF, MMP9
while suppressing angiopoietin-1 and thrombospondin 2). This epigenetic alteration exhib-
ited a positive correlation with proinflammatory cytokines (including C-reactive protein,
Interleukin-6 and Interferon-γ), suggesting its dual role in vascular pathogenesis and po-
tential as a clinical biomarker for MMD [65,67,68]. Impaired histone acetylation-mediated
suppression of retinaldehyde dehydrogenase 2 may drive pathological moyamoya vascu-
logenesis [65,69]. Concurrently, de novo variants in histone modification and chromatin
remodeling genes (CHD4, CNOT3, and SETD5) have been identified in the European MMD
population [65,70]. As key members of the non-coding RNA family, microRNAs (miRNAs)
have been implicated in MMD pathogenesis. Dai et al. demonstrated that dysregulated
serum miRNAs collectively suppress RNF213 and BRCC3 protein expression at the post-
transcriptional level, leading to impaired angiogenesis in MMD [71]. Additionally, elevated
miRNA let-7c levels in MMD patients may also contribute to disease pathogenesis by
targeting RNF213 [72]. Recently He et al. discovered key epigenetic regulators demon-
strate spatial specificity: downregulation of SOX6 and RBM33 correlates with vascular
occlusion, while the overexpression of KCNMA1 and GALNT2 appears to promote vascular
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hyperplasia responses to hemodynamic stress [73]. Crucially, genome-wide DNA methy-
lation profiling conducted by Tokairin et al. revealed that patients with MMD exhibited
decreased methylation variability at loci associated with critical biological processes, includ-
ing methylation and transcription, DNA repair, cytoskeletal remodeling, natural killer cell
signaling, and cellular migration [66]. These findings suggest epigenetic-immune crosstalk
drives disease progression. Altogether, this pioneering research may not only advance our
understanding of MMD pathogenesis but also facilitate the discovery of disease-specific
biomarkers and therapeutic targets.

Genomic analyses incorporating pedigree reporting and DNA sequencing have ex-
panded the repertoire of putative MMD susceptibility genes, with subsequent functional
validation studies elucidating novel pathomechanisms beyond traditional angiogenic path-
ways. Notably, dysregulation of ion channel homeostasis has emerged as a key contributor
in MMD pathophysiology. Ca2+-activated Cl− channels are of importance in depolar-
ization of vascular smooth muscle and contractile pericytes [74]. ANO1, encoding the
Ca2+-activated Cl− channel anoctamin-1, has been identified as a predisposing factor for
MMD, with gain-of-function variants predisposing to involvement of the posterior cir-
culation [75]. Furthermore, although the role of oxidative phosphorylation (OXPHOS)
in MMD remains unclear, four genes involved in the OXPHOS pathway, CSK, NARS2,
PTPN6, and SMAD2, were found to be differentially expressed between MMD patients and
controls [76]. These genes are associated with angiogenesis, the proliferation of SMCs and
ECs, and cytoskeleton regulation, suggesting their potential contribution to the pathogenic
process of MMD [76]. These findings highlight the expanding spectrum of molecular mech-
anisms underlying MMD, offering new perspectives for understanding disease etiology
and developing targeted therapeutic strategies.

5. Mutations Associated with Congenital Diseases Manifesting
with MMS

MMS frequently coexists with several monogenic genetic disorders, suggesting shared
molecular pathways in disease pathogenesis [2,3]. The underlying mechanisms involve
several critical signaling pathways, including the Ras-Raf-mitogen activated protein kinase
(MAPK) signaling pathway, the neurogenic locus notch homolog protein (Notch) signaling,
and the genomic stability signaling pathway, as summarized in Table 2 [7]. Recently, whole
exome sequencing studies have provided novel insights into the genetic architecture of
MMS, revealing that its development results from the interplay between primary causative
mutations and genetic modifiers [77]. Notably, specific modifier genes have been identified
in different genetic contexts: RNF213, MRVI1, BMPR2, and ABCC8 in neurofibromatosis
type 1, and RNF213, MRVI1, and NF1 in Down syndrome [77,78]. These findings strongly
support the conceptual framework of MMD as a complex, multifactorial disorder resulting
from the convergence of multiple genetic influences and molecular pathways.
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Table 2. Different pathways involving the pathogenic genes of primary genetic diseases with MMS.

Pathway Primary Genetic Disorder Chromosome Gene

Ras-Raf-MAPK signaling
pathway

neurofibromatosis type 1 [79,80] 17q11.2 NF1

Noonan syndrome [81,82]

1p13.2 NRAS

2p22.1 SOS1

3p25.2 RAF1

7q34 BRAF

11q23.3 CBL

12p12.1 KRAS

12q24.13 PTPN11

15q22.31 MAP2K1

Legius syndrome [83,84] 15q14 SPRED1

Costello syndrome [85,86] 11p15.5 HRAS

12p12.1 KRAS

Notch signaling pathway Alagille syndrome [87,88]
1p12-p11 NOTCH2

20p12.2 JAG1

Genomic stability signaling
pathway

Seckel syndrome [89,90]

3q23 ATR

3q22.2 CEP63

13q12.12-q12.13 CENPJ

14q22.1 NIN

15q21.1 CEP152

18q11.2 RBBP8

Microcephalic Osteodysplastic
Primordial Dwarfism Type II [91,92] 21q22.3 PCNT

CHOPS syndrome [93] 5q31.1 AFF4

Severe hemophilia A and moyamoya
(SHAM) syndrome [94] Xq28

F8, BRCC3

MECP2 duplication syndrome [95] MECP2

5.1. Ras-Raf-MAPK Signaling Pathway

Dysregulation of the Ras-Raf-MAPK signaling cascade, a master regulator of cellu-
lar proliferation, apoptosis, and differentiation, underlies a spectrum of developmental
disorders termed RASopathies, which exhibit strong associations with MMS [7,44]. In neu-
rofibromatosis type 1, downregulation of neurofibromin expression due to loss of function
mutations of NF1 breaks down the Ras-Raf-MAPK signaling pathway and thus results in
an enhanced mitotic signaling of ECs [79,80,96]. Meanwhile, the pathological consequences
of neurofibromin deficiency induce the aberrant migration of SMCs to the intima and sub-
sequent SMC proliferation [44]. Similarly, gain-of-function mutations in the NRAS, SOS1,
RAF1, BRAF, KRAS, PTPN1, and MAP2K1 genes observed in Noonan syndrome amplify
MAPK/ERK signaling, characterized by a short and webbed neck, developmental delay,
congenital cardiac defects, and skeletal abnormalities [7,81,82,86]. Costello syndrome arises
from HRAS and KRAS mutations that disrupt the Ras-Raf-MAPK signaling pathway [7,85].
The sustained cellular proliferation driven by H-Ras protein, impaired elastogenesis due to
reduced elastin gene expression, and elevated MMP-9 levels resulting from MAPK/ERK
pathway activation are all potential contributing factors to this syndrome [44,97]. Of partic-
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ular relevance to cerebrovascular pathology, mutations in SPRED1 have been reported to
cause Legius syndrome with MMS and the role of SPRED1 in inhibiting ECs proliferation
suggests that this may be responsible for the progressive cerebrovascular stenosis observed
in this condition [83,84]. These findings collectively position Ras-Raf-MAPK dysregulation
as a unifying mechanism across MMS-associated RASopathies, linking developmental
signaling defects to cerebrovascular remodeling through convergent pathways of cellular
hyperactivation, matrix instability, and hemodynamic stress potentiation.

5.2. Notch Signaling Pathway

The Notch signaling pathway serves as a critical regulator of vascular hemeostasis by
suppressing ECs proliferation and migration, thereby maintaining angiogenic quiescence
and stabilizing newly formed vessels through Delta-like ligand/Notch receptor cross-
talk [98]. Alagille syndrome is a multisystem autosomal dominant disorder that serves as a
major genetic etiology of moyamoya syndrome, primarily through pathogenic disruption
of the Notch signaling pathway [6,7,87,88,99]. Approximately 90% of Alagille syndrome
cases are caused by loss-of-function mutations in the JAG1 gene (encoding Jagged-1 lig-
and), while 5–7% are attributable to JAG1 gene deletions [6]. Endothelial-derived Jagged1
activates Notch signaling to drive adjacent vascular smooth muscle development, while
Jagged1 deficiency impairs SMCs recruitment and differentiation, resulting in compro-
mised vascular integrity [100]. Notably, a small subset of Alagille syndrome cases involves
mutations in the NOTCH2 receptor, although these occurrences are relatively rare [6,88].
These genetic alterations lead to deficiency of Notch pathway components, resulting in
characteristic cerebrovascular anomalies including progressive intracranial arterial stenosis
and collateral vessel formation [87].

5.3. Genomic Stability Signaling Pathway

Microcephalic osteodysplastic primordial dwarfism type II (MOPD II) and Seckel syn-
drome, characterized by intrauterine growth restriction, microcephaly, and short stature,
represent distinct genetic disorders converging on the genomic stability signaling pathway,
with MOPD II arising from PCNT mutations and Seckel syndrome resulting from muta-
tions in CEP63, ATR, CENPJ, NIN, CEP152, and RBBP8 [6,7]. The developmental mismatch
between cerebral growth and cerebrovascular maturation may serve as a triggering factor
for moyamoya syndrome formation [44]. The genes mentioned above contribute to both
primary genetic diseases and MMS through their critical roles in cell cycle progression
and DNA repair mechanisms, and other aspects [7,89–92,101]. Expanding the spectrum of
genomic instability-related disorders, CHOPS syndrome caused by AFF4 mutations has
been reported to share similar pathogenic mechanisms [93]. Furthermore, the chromosome
Xq28 region harbors several genes implicated in DNA repair and phosphorylation pro-
cesses. Notably, BRCC3 mutations underlie severe hemophilia A and moyamoya (SHAM)
syndrome, while MECP2 duplications are responsible for MECP2 duplication syndrome,
both demonstrating the critical role of X-linked genomic stability in cerebrovascular pathol-
ogy [94,95,102,103].

5.4. Other Unclassified Pathways

The expanding spectrum of moyamoya syndrome (MMS)-associated genetic disorders
reveals diverse pathomechanisms converging on cerebrovascular remodeling, extending
beyond canonical pathways to encompass hematologic, metabolic, and mitochondrial
pathologies. Sickle cell disease (SCD), caused by homozygous mutations in the HBB
gene encoding β-globin, demonstrates a particularly strong association with MMS-like
vasculopathy. The pathophysiology involves multiple mechanisms, including abnormal
sickle-shaped erythrocytes causing chronic hemolysis and endothelial damage, increased
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blood viscosity impairing cerebral perfusion, and recurrent vaso-occlusive crises triggering
hypoxic stress [6,104]. These factors collectively promote pathological vascular remodel-
ing characterized by intimal hyperplasia and neovascularization, closely resembling the
stenotic-occlusive lesions and collateral vessel formation seen in MMD. In Down syndrome,
the high prevalence of MMS suggests potential interactions between the RNF213 gene
and the genes on chromosome 21 regulating vascular physiology and elasticity in these
patients [105]. For Down syndrome patients with MMS, elevated endostatin levels and
consequent inhibition of angiogenesis appear to stimulate premature vascular branching,
resulting in pathological collateral networks that mimic the characteristic moyamoya ves-
sels [106]. The spectrum of MMS-associated disorders extends to immune dysregulation
syndromes, as exemplified by Aicardi-Goutières syndrome type 5, where SAMHD1 muta-
tions impair innate immune response through selectively inhibiting activation of the NF-κB
and interferon-1 pathways in cells [107,108]. Interestingly, a case of multiple endocrine
neoplasia type 2A (MEN2A) with concurrent RNF213 and RET mutations demonstrated
potential synergistic effects between genetic predisposition and catecholamine hypersecre-
tion in intracranial stenosis development [109]. Mitochondrial dysfunction has emerged
as another pathogenic mechanism, with the TOMM7 variant leading to microcephalic os-
teodysplastic dwarfism with MMS, underscoring the importance of mitochondrial function
and energy metabolism [110]. Glycogen storage disease type I, an autosomal recessive
disorder caused by glucose-6-phosphatase deficiency, manifests with life-threatening hy-
poglycemia and progressive hepatorenal pathology, demonstrating a significant clinical
association with MMS [111]. Hong et al. postulated that RNF213 variants in certain patients
may interact with metabolic dysfunction, potentially driving progressive steno-occlusive ar-
teriopathy in glycogen storage disease type I [112]. However, the genetic interplay between
these disorders requires further investigation. Although some other inherited metabolic
diseases such as 17a-hydroxylase/17,20-lyase deficiency and D-2-hydroxyglutaric aciduria
have been also associated with MMS, suggesting a broader metabolic-vascular crosstalk,
their mechanistic links to cerebrovascular pathology remain to be elucidated [113,114]. This
heterogeneity underscores MMS as a final common pathway for disparate genetic insults
converging on endothelial-hematopoietic-mesenchymal axis dysregulation.

6. Discussion and Perspectives
MMD represents a complex cerebrovascular disorder with multifactorial genetic un-

derpinnings, involving dysregulation of multiple interconnected pathways including an-
giogenesis, vascular remodeling, and inflammatory responses. In contrast, MMS typically
predominantly manifests as a secondary vasculopathy within monogenic disease frame-
works, where primary genetic defects (e.g., JAG1 in Alagille syndrome, NF1 in RASopathies)
disrupt cerebrovascular homeostasis through pathway-specific mechanisms. The recogni-
tion of these dual genetic mechanisms highlights the necessity for a comprehensive research
strategy that combines systems-level multi-omics analyses to establish genotype-phenotype
relationships, experimental validation of candidate genes using disease-specific models,
and the development of comprehensive and appropriate analytical approaches that simul-
taneously target both initiating factors and their downstream pathological consequences.
Emerging technologies such as CRISPR/Cas9 gene editing and single-cell RNA sequencing
(scRNA-seq) provide powerful tools to unravel the molecular pathogenesis of MMD. The
CRISPR/Cas9 platform enables precise functional characterization of disease-associated
variants in genes such as RNF213 and GUCY1A3 through isogenic cell line engineering,
facilitating mechanistic investigations into their contributions to vascular smooth muscle
dysfunction and angiogenic impairment [14,115]. Meanwhile, scRNA-seq provides un-
precedented resolution to map cellular heterogeneity within moyamoya vessels, identifying
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distinct pathogenic endothelial, smooth muscle, and immune cell subpopulations [116,117].
Integration of these approaches can delineate cell-type-specific molecular networks under-
lying characteristic intracranial stenosis and collateral formation. These methodological
advancements collectively bridge critical knowledge gaps between genetic associations
and functional pathophysiology, laying the foundation for a mechanism-driven therapeutic
development in MMD.

Author Contributions: Conceptualization: G.H., M.Y., J.N. Data collection and analysis: G.H. Draft:
G.H. Writing-review and editing: M.Y., J.N. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by grants from the CAMS Innovation Fund for Medical Sciences
(CIFMS #2021-I2M-1-025) and the National High Level Hospital Clinical Research Funding (2022-
PUMCH-D-007).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the associate editors and the reviewers for their useful feedback that
improved this paper.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ihara, M.; Yamamoto, Y.; Hattori, Y.; Liu, W.; Kobayashi, H.; Ishiyama, H.; Yoshimoto, T.; Miyawaki, S.; Clausen, T.; Bang, O.Y.;

et al. Moyamoya disease: Diagnosis and interventions. Lancet Neurol. 2022, 21, 747–758. [CrossRef] [PubMed]
2. He, S.; Zhou, Z.; Cheng, M.Y.; Hao, X.; Chiang, T.; Wang, Y.; Zhang, J.; Wang, X.; Ye, X.; Wang, R.; et al. Advances in moyamoya

disease: Pathogenesis, diagnosis, and therapeutic interventions. MedComm 2025, 6, e70054. [CrossRef] [PubMed]
3. Scott, R.M.; Smith, E.R. Moyamoya disease and moyamoya syndrome. N. Engl. J. Med. 2009, 360, 1226–1237. [CrossRef]
4. Mertens, R.; Graupera, M.; Gerhardt, H.; Bersano, A.; Tournier-Lasserve, E.; Mensah, M.A.; Mundlos, S.; Vajkoczy, P. The Genetic

Basis of Moyamoya Disease. Transl. Stroke Res. 2022, 13, 25–45. [CrossRef]
5. Chen, T.; Wei, W.; Yu, J.; Xu, S.; Zhang, J.; Li, X.; Chen, J. The Progression of Pathophysiology of Moyamoya Disease. Neurosurgery

2023, 93, 502–509. [CrossRef]
6. Dorschel, K.B.; Wanebo, J.E. Genetic and Proteomic Contributions to the Pathophysiology of Moyamoya Angiopathy and Related

Vascular Diseases. Appl. Clin. Genet. 2021, 14, 145–171. [CrossRef]
7. Fox, B.M.; Dorschel, K.B.; Lawton, M.T.; Wanebo, J.E. Pathophysiology of Vascular Stenosis and Remodeling in Moyamoya

Disease. Front. Neurol. 2021, 12, 661578. [CrossRef]
8. Morito, D. Molecular structure and function of mysterin/RNF213. J. Biochem. 2024, 175, 495–505. [CrossRef]
9. Otten, E.G.; Werner, E.; Crespillo-Casado, A.; Boyle, K.B.; Dharamdasani, V.; Pathe, C.; Santhanam, B.; Randow, F. Ubiquitylation

of lipopolysaccharide by RNF213 during bacterial infection. Nature 2021, 594, 111–116. [CrossRef]
10. Thery, F.; Martina, L.; Asselman, C.; Zhang, Y.; Vessely, M.; Repo, H.; Sedeyn, K.; Moschonas, G.D.; Bredow, C.; Teo, Q.W.; et al.

Ring finger protein 213 assembles into a sensor for ISGylated proteins with antimicrobial activity. Nat. Commun. 2021, 12, 5772.
[CrossRef]

11. Ohkubo, K.; Sakai, Y.; Inoue, H.; Akamine, S.; Ishizaki, Y.; Matsushita, Y.; Sanefuji, M.; Torisu, H.; Ihara, K.; Sardiello, M.; et al.
Moyamoya disease susceptibility gene RNF213 links inflammatory and angiogenic signals in endothelial cells. Sci. Rep. 2015, 5,
13191. [CrossRef]

12. Mineharu, Y.; Miyamoto, S. RNF213 and GUCY1A3 in Moyamoya Disease: Key Regulators of Metabolism, Inflammation, and
Vascular Stability. Front. Neurol. 2021, 12, 687088. [CrossRef] [PubMed]

13. Roy, V.; Brodeur, A.; Touzel Deschênes, L.; Dupré, N.; Gros-Louis, F. RNF213 Loss-of-Function Promotes Angiogenesis of Cerebral
Microvascular Endothelial Cells in a Cellular State Dependent Manner. Cells 2022, 12, 78. [CrossRef]

14. Roy, V.; Ross, J.P.; Pepin, R.; Cortez Ghio, S.; Brodeur, A.; Touzel Deschenes, L.; Le-Bel, G.; Phillips, D.E.; Milot, G.; Dion, P.A.; et al.
Moyamoya Disease Susceptibility Gene RNF213 Regulates Endothelial Barrier Function. Stroke 2022, 53, 1263–1275. [CrossRef]

15. Fang, J.; Yang, X.; Ni, J. RNF213 in moyamoya disease: Genotype-phenotype association and the underlying mechanism. Chin.
Med. J. (Engl.) 2024, 137, 2552–2560. [CrossRef] [PubMed]

https://doi.org/10.1016/S1474-4422(22)00165-X
https://www.ncbi.nlm.nih.gov/pubmed/35605621
https://doi.org/10.1002/mco2.70054
https://www.ncbi.nlm.nih.gov/pubmed/39822761
https://doi.org/10.1056/NEJMra0804622
https://doi.org/10.1007/s12975-021-00940-2
https://doi.org/10.1227/neu.0000000000002455
https://doi.org/10.2147/TACG.S252736
https://doi.org/10.3389/fneur.2021.661578
https://doi.org/10.1093/jb/mvae020
https://doi.org/10.1038/s41586-021-03566-4
https://doi.org/10.1038/s41467-021-26061-w
https://doi.org/10.1038/srep13191
https://doi.org/10.3389/fneur.2021.687088
https://www.ncbi.nlm.nih.gov/pubmed/34381413
https://doi.org/10.3390/cells12010078
https://doi.org/10.1161/STROKEAHA.120.032691
https://doi.org/10.1097/CM9.0000000000002985
https://www.ncbi.nlm.nih.gov/pubmed/38243713


Int. J. Mol. Sci. 2025, 26, 5241 13 of 17

16. Li, Z.; Liu, Y.; Li, X.; Yang, S.; Feng, S.; Li, G.; Jin, F.; Nie, S. Knockdown the moyamoya disease susceptibility gene, RNF213,
upregulates the expression of basic fibroblast growth factor and matrix metalloproteinase-9 in bone marrow derived mesenchymal
stem cells. Neurosurg. Rev. 2024, 47, 246. [CrossRef]

17. Zhang, L.; Rashad, S.; Zhou, Y.; Niizuma, K.; Tominaga, T. RNF213 loss of function reshapes vascular transcriptome and
spliceosome leading to disrupted angiogenesis and aggravated vascular inflammatory responses. J. Cereb. Blood Flow Metab. 2022,
42, 2107–2122. [CrossRef]

18. Takeda, M.; Tezuka, T.; Kim, M.; Choi, J.; Oichi, Y.; Kobayashi, H.; Harada, K.H.; Mizushima, T.; Taketani, S.; Koizumi, A.; et al.
Moyamoya disease patient mutations in the RING domain of RNF213 reduce its ubiquitin ligase activity and enhance NFκB
activation and apoptosis in an AAA+ domain-dependent manner. Biochem. Biophys. Res. Commun. 2020, 525, 668–674. [CrossRef]
[PubMed]

19. Asselman, C.; Hemelsoet, D.; Eggermont, D.; Dermaut, B.; Impens, F. Moyamoya disease emerging as an immune-related
angiopathy. Trends Mol. Med. 2022, 28, 939–950. [CrossRef]

20. Tashiro, R.; Niizuma, K.; Kasamatsu, J.; Okuyama, Y.; Rashad, S.; Kikuchi, A.; Fujimura, M.; Kure, S.; Ishii, N.; Tominaga, T.
Dysregulation of Rnf 213 gene contributes to T cell response via antigen uptake, processing, and presentation. J. Cell. Physiol.
2021, 236, 7554–7564. [CrossRef]

21. Liu, W.; Morito, D.; Takashima, S.; Mineharu, Y.; Kobayashi, H.; Hitomi, T.; Hashikata, H.; Matsuura, N.; Yamazaki, S.; Toyoda, A.;
et al. Identification of RNF213 as a susceptibility gene for moyamoya disease and its possible role in vascular development. PLoS
ONE 2011, 6, e22542. [CrossRef]

22. Tan, B.Y.Q.; Kok, C.H.P.; Ng, M.B.J.; Loong, S.; Jou, E.; Yeo, L.L.L.; Han, W.; Anderson, C.D.; Khor, C.C.; Lai, P.S. Exploring RNF213
in Ischemic Stroke and Moyamoya Disease: From Cellular Models to Clinical Insights. Biomedicines 2024, 13, 17. [CrossRef]

23. Hitomi, T.; Habu, T.; Kobayashi, H.; Okuda, H.; Harada, K.H.; Osafune, K.; Taura, D.; Sone, M.; Asaka, I.; Ameku, T.; et al.
Downregulation of Securin by the variant RNF213 R4810K (rs112735431, G>A) reduces angiogenic activity of induced pluripotent
stem cell-derived vascular endothelial cells from moyamoya patients. Biochem. Biophys. Res. Commun. 2013, 438, 13–19. [CrossRef]

24. Hitomi, T.; Habu, T.; Kobayashi, H.; Okuda, H.; Harada, K.H.; Osafune, K.; Taura, D.; Sone, M.; Asaka, I.; Ameku, T.; et al. The
moyamoya disease susceptibility variant RNF213 R4810K (rs112735431) induces genomic instability by mitotic abnormality.
Biochem. Biophys. Res. Commun. 2013, 439, 419–426. [CrossRef]

25. Kobayashi, H.; Matsuda, Y.; Hitomi, T.; Okuda, H.; Shioi, H.; Matsuda, T.; Imai, H.; Sone, M.; Taura, D.; Harada, K.H.; et al.
Biochemical and Functional Characterization of RNF213 (Mysterin) R4810K, a Susceptibility Mutation of Moyamoya Disease, in
Angiogenesis In Vitro and In Vivo. J. Am. Heart. Assoc. 2015, 4, e002146. [CrossRef]

26. Shin, H.S.; Park, G.H.; Choi, E.S.; Park, S.Y.; Kim, D.S.; Chang, J.; Hong, J.M. RNF213 variant and autophagic impairment: A
pivotal link to endothelial dysfunction in moyamoya disease. J. Cereb. Blood Flow Metab. 2024, 44, 1801–1815. [CrossRef]

27. Dorschel, K.B.; Wanebo, J.E. Physiological and pathophysiological mechanisms of the molecular and cellular biology of angiogen-
esis and inflammation in moyamoya angiopathy and related vascular diseases. Front. Neurol. 2023, 14, 661611. [CrossRef]

28. Fang, Y.C.; Wei, L.F.; Hu, C.J.; Tu, Y.K. Pathological Circulating Factors in Moyamoya Disease. Int. J. Mol. Sci. 2021, 22, 1696.
[CrossRef]

29. Achrol, A.S.; Guzman, R.; Lee, M.; Steinberg, G.K. Pathophysiology and genetic factors in moyamoya disease. Neurosurg. Focus
2009, 26, E4. [CrossRef]

30. Roder, C.; Peters, V.; Kasuya, H.; Nishizawa, T.; Takehara, Y.; Berg, D.; Schulte, C.; Khan, N.; Tatagiba, M.; Krischek, B.
Polymorphisms in TGFB1 and PDGFRB are associated with Moyamoya disease in European patients. Acta Neurochir. 2010, 152,
2153–2160. [CrossRef]

31. Roder, C.; Peters, V.; Kasuya, H.; Nishizawa, T.; Takehara, Y.; Berg, D.; Schulte, C.; Khan, N.; Tatagiba, M.; Krischek, B. Common
genetic polymorphisms in moyamoya and atherosclerotic disease in Europeans. Childs Nerv. Syst. 2011, 27, 245–252. [CrossRef]

32. Park, Y.S.; Jeon, Y.J.; Kim, H.S.; Chae, K.Y.; Oh, S.H.; Han, I.B.; Kim, H.S.; Kim, W.C.; Kim, O.J.; Kim, T.G.; et al. The role of VEGF
and KDR polymorphisms in moyamoya disease and collateral revascularization. PLoS ONE 2012, 7, e47158. [CrossRef]

33. Chung, J.W.; Kim, D.H.; Oh, M.J.; Cho, Y.H.; Kim, E.H.; Moon, G.J.; Ki, C.S.; Cha, J.; Kim, K.H.; Jeon, P.; et al. Cav-1 (Caveolin-1)
and Arterial Remodeling in Adult Moyamoya Disease. Stroke 2018, 49, 2597–2604. [CrossRef]

34. Yokoyama, K.; Maruwaka, M.; Yoshikawa, K.; Araki, Y.; Okamoto, S.; Sumitomo, M.; Kawamura, A.; Sakamoto, Y.; Shimizu, K.;
Izumi, T.; et al. Elevation of Proenkephalin 143-183 in Cerebrospinal Fluid in Moyamoya Disease. World Neurosurg. 2018, 109,
e446–e459. [CrossRef]

35. Akwii, R.G.; Sajib, M.S.; Zahra, F.T.; Mikelis, C.M. Role of Angiopoietin-2 in Vascular Physiology and Pathophysiology. Cells 2019,
8, 471. [CrossRef]

36. Chen, T.; Wei, W.; Zhang, J.; Yu, J.; Xu, S.; Wu, D.; Li, X.; Chen, J. Assessment of plasma soluble Tie-2 level to distinguish
moyamoya disease from atherosclerotic cerebrovascular disease and predict postoperative neovascularization. J. Neurosurg. 2023,
139, 1705–1714. [CrossRef]

https://doi.org/10.1007/s10143-024-02448-3
https://doi.org/10.1177/0271678X221110679
https://doi.org/10.1016/j.bbrc.2020.02.024
https://www.ncbi.nlm.nih.gov/pubmed/32139119
https://doi.org/10.1016/j.molmed.2022.08.009
https://doi.org/10.1002/jcp.30396
https://doi.org/10.1371/journal.pone.0022542
https://doi.org/10.3390/biomedicines13010017
https://doi.org/10.1016/j.bbrc.2013.07.004
https://doi.org/10.1016/j.bbrc.2013.08.067
https://doi.org/10.1161/JAHA.115.002146
https://doi.org/10.1177/0271678X241245557
https://doi.org/10.3389/fneur.2023.661611
https://doi.org/10.3390/ijms22041696
https://doi.org/10.3171/2009.1.FOCUS08302
https://doi.org/10.1007/s00701-010-0711-9
https://doi.org/10.1007/s00381-010-1241-8
https://doi.org/10.1371/journal.pone.0047158
https://doi.org/10.1161/STROKEAHA.118.021888
https://doi.org/10.1016/j.wneu.2017.09.204
https://doi.org/10.3390/cells8050471
https://doi.org/10.3171/2023.4.JNS23479


Int. J. Mol. Sci. 2025, 26, 5241 14 of 17

37. Abhinav, K.; Lee, A.G.; Pendharkar, A.V.; Bigder, M.; Bet, A.; Rosenberg-Hasson, Y.; Cheng, M.Y.; Steinberg, G.K. Comprehensive
Profiling of Secreted Factors in the Cerebrospinal Fluid of Moyamoya Disease Patients. Transl. Stroke Res. 2024, 15, 399–408.
[CrossRef]

38. Gorla, G.; Potenza, A.; Carrozzini, T.; Pollaci, G.; Acerbi, F.; Vetrano, I.G.; Ferroli, P.; Canavero, I.; Rifino, N.; Bersano, A.;
et al. Angiopoietin-2 associates with poor prognosis in Moyamoya angiopathy. Ann. Clin. Transl. Neurol. 2024, 11, 1590–1603.
[CrossRef]

39. Liu, W.; Hashikata, H.; Inoue, K.; Matsuura, N.; Mineharu, Y.; Kobayashi, H.; Kikuta, K.; Takagi, Y.; Hitomi, T.; Krischek, B.; et al.
A rare Asian founder polymorphism of Raptor may explain the high prevalence of Moyamoya disease among East Asians and its
low prevalence among Caucasians. Environ. Health Prev. Med. 2010, 15, 94–104. [CrossRef]

40. Park, Y.S.; Jeon, Y.J.; Kim, H.S.; Han, I.B.; Oh, S.H.; Kim, D.S.; Kim, N.K. The GC + CC genotype at position -418 in TIMP-2
promoter and the -1575GA/-1306CC genotype in MMP-2 is genetic predisposing factors for prevalence of moyamoya disease.
BMC Neurol. 2014, 14, 180. [CrossRef]

41. Wang, X.; Wang, Y.; Nie, F.; Li, Q.; Zhang, K.; Liu, M.; Yang, L.; Zhang, Q.; Liu, S.; Zeng, F.; et al. Association of Genetic Variants
With Moyamoya Disease in 13 000 Individuals: A Meta-Analysis. Stroke 2020, 51, 1647–1655. [CrossRef]

42. Kwon, W.K.; Yoo, C.M.; Kim, J.H.; Kim, T.W.; Kim, A.G.; Hwang, M.H.; Choi, H. Role of human dural fibroblasts in the angiogenic
responses of human endothelial cells: An in vitro dural model and the application of lab-on-a-chip for EDAS. Bioeng. Transl. Med.
2023, 8, e10589. [CrossRef]

43. Wang, Y.; Zou, Z.; Yang, Z.; Zhang, Z.; Xu, J.; Hao, F.; Shen, J.; Han, C.; Liu, W.; Duan, L. Whole exome sequencing and functional
validation identify CAPN1 variants as a cause of Chinese moyamoya disease. Genes Dis. 2024, 11, 101090. [CrossRef] [PubMed]

44. Sudhir, B.J.; Keelara, A.G.; Venkat, E.H.; Kazumata, K.; Sundararaman, A. The mechanobiological theory: A unifying hypothesis
on the pathogenesis of moyamoya disease based on a systematic review. Neurosurg. Focus 2021, 51, E6. [CrossRef]

45. Zhang, X.; Xiao, W.; Zhang, Q.; Xia, D.; Gao, P.; Su, J.; Yang, H.; Gao, X.; Ni, W.; Lei, Y.; et al. Progression in Moyamoya Disease:
Clinical Features, Neuroimaging Evaluation, and Treatment. Curr. Neuropharmacol. 2022, 20, 292–308. [CrossRef]

46. Shoemaker, L.D.; Clark, M.J.; Patwardhan, A.; Chandratillake, G.; Garcia, S.; Chen, R.; Morgan, A.A.; Leng, N.; Kirk, S.; Chen,
R.; et al. Disease Variant Landscape of a Large Multiethnic Population of Moyamoya Patients by Exome Sequencing. G3 Genes
Genomes Genet. 2015, 6, 41–49. [CrossRef]

47. Tschoe, C.; Kim, T.E.; Fargen, K.M.; Wolfe, S.Q. Cerebral arteriopathy in ACTA2 mutations: A spectrum of disease highlighted by
a case of variable penetrance in two siblings. J. Neurosurg. Pediatr. 2021, 27, 446–451. [CrossRef]

48. Kaw, A.; Kaw, K.; Hostetler, E.M.; Beleza-Meireles, A.; Smith-Collins, A.; Armstrong, C.; Scurr, I.; Cotts, T.; Aatre, R.; Bamshad,
M.J.; et al. Expanding ACTA2 genotypes with corresponding phenotypes overlapping with smooth muscle dysfunction syndrome.
Am. J. Med. Genet. A 2022, 188, 2389–2396. [CrossRef]

49. Hervé, D.; Philippi, A.; Belbouab, R.; Zerah, M.; Chabrier, S.; Collardeau-Frachon, S.; Bergametti, F.; Essongue, A.; Berrou, E.;
Krivosic, V.; et al. Loss of α1β1 soluble guanylate cyclase, the major nitric oxide receptor, leads to moyamoya and achalasia. Am.
J. Hum. Genet. 2014, 94, 385–394. [CrossRef]

50. Sharina, I.; Lezgyieva, K.; Krutsenko, Y.; Martin, E. Higher susceptibility to heme oxidation and lower protein stability of the rare
α(1)C517Yβ(1) sGC variant associated with moyamoya syndrome. Biochem. Pharmacol. 2021, 186, 114459. [CrossRef]

51. Wiedmann, M.K.H.; Steinsvåg, I.V.; Dinh, T.; Vigeland, M.D.; Larsson, P.G.; Hjorthaug, H.; Sheng, Y.; Mero, I.L.; Selmer, K.K.
Whole-exome sequencing in moyamoya patients of Northern-European origin identifies gene variants involved in Nitric Oxide
metabolism: A pilot study. Brain Spine 2023, 3, 101745. [CrossRef] [PubMed]

52. Wang, X.; Zhang, Z.; Liu, W.; Xiong, Y.; Sun, W.; Huang, X.; Jiang, Y.; Ni, G.; Sun, W.; Zhou, L.; et al. Impacts and interactions of
PDGFRB, MMP-3, TIMP-2, and RNF213 polymorphisms on the risk of Moyamoya disease in Han Chinese human subjects. Gene
2013, 526, 437–442. [CrossRef]

53. Li, J.; He, Q.; Liu, C.; Zeng, C.; Zheng, Z.; Zhang, B.; Mou, S.; Liu, W.; Sun, W.; Ge, P.; et al. Association Between Folate Metabolism
Risk, Collateral Circulation, and Hemorrhagic Risk in Moyamoya Disease. Transl. Stroke Res. 2025. [CrossRef] [PubMed]

54. Duan, L.; Wei, L.; Tian, Y.; Zhang, Z.; Hu, P.; Wei, Q.; Liu, S.; Zhang, J.; Wang, Y.; Li, D.; et al. Novel Susceptibility Loci for
Moyamoya Disease Revealed by a Genome-Wide Association Study. Stroke 2018, 49, 11–18. [CrossRef]

55. Liu, Y.; Huang, Y.; Zhang, X.; Ma, X.; He, X.; Gan, C.; Zou, X.; Wang, S.; Shu, K.; Lei, T.; et al. CircZXDC Promotes Vascular
Smooth Muscle Cell Transdifferentiation via Regulating miRNA-125a-3p/ABCC6 in Moyamoya Disease. Cells 2022, 11, 3792.
[CrossRef]

56. Bellenguez, C.; Bevan, S.; Gschwendtner, A.; Spencer, C.C.; Burgess, A.I.; Pirinen, M.; Jackson, C.A.; Traylor, M.; Strange, A.; Su,
Z.; et al. Genome-wide association study identifies a variant in HDAC9 associated with large vessel ischemic stroke. Nat. Genet.
2012, 44, 328–333. [CrossRef]

57. Li, J.; He, Q.; Zheng, Z.; Liu, C.; Zhang, B.; Mou, S.; Zeng, C.; Sun, W.; Liu, W.; Ge, P.; et al. Comprehensive Analysis and In Vitro
Verification of Endothelial-Mesenchymal Transition-Related Genes in Moyamoya Disease. Mol. Neurobiol. 2024, 62, 2515–2529.
[CrossRef] [PubMed]

https://doi.org/10.1007/s12975-023-01135-7
https://doi.org/10.1002/acn3.52076
https://doi.org/10.1007/s12199-009-0116-7
https://doi.org/10.1186/s12883-014-0180-5
https://doi.org/10.1161/STROKEAHA.120.029527
https://doi.org/10.1002/btm2.10589
https://doi.org/10.1016/j.gendis.2023.101090
https://www.ncbi.nlm.nih.gov/pubmed/38450100
https://doi.org/10.3171/2021.6.FOCUS21281
https://doi.org/10.2174/1570159X19666210716114016
https://doi.org/10.1534/g3.115.020321
https://doi.org/10.3171/2020.8.PEDS20391
https://doi.org/10.1002/ajmg.a.62775
https://doi.org/10.1016/j.ajhg.2014.01.018
https://doi.org/10.1016/j.bcp.2021.114459
https://doi.org/10.1016/j.bas.2023.101745
https://www.ncbi.nlm.nih.gov/pubmed/37383439
https://doi.org/10.1016/j.gene.2013.05.083
https://doi.org/10.1007/s12975-024-01324-y
https://www.ncbi.nlm.nih.gov/pubmed/39775251
https://doi.org/10.1161/STROKEAHA.117.017430
https://doi.org/10.3390/cells11233792
https://doi.org/10.1038/ng.1081
https://doi.org/10.1007/s12035-024-04423-x
https://www.ncbi.nlm.nih.gov/pubmed/39134827


Int. J. Mol. Sci. 2025, 26, 5241 15 of 17

58. Suo, S.; Fang, C.; Liu, W.; Liu, Q.; Zhang, Z.; Chang, J.; Li, G. FOXM1 c.1205 C > A mutation is associated with unilateral
Moyamoya disease and inhibits angiogenesis in human brain endothelial cells. Hum. Genet. 2024, 143, 939–953. [CrossRef]
[PubMed]

59. Mikami, T.; Suzuki, H.; Komatsu, K.; Mikuni, N. Influence of Inflammatory Disease on the Pathophysiology of Moyamoya
Disease and Quasi-moyamoya Disease. Neurol. Med. Chir. 2019, 59, 361–370. [CrossRef] [PubMed]

60. Jin, F.; Duan, C. Identification of immune-infiltrated hub genes as potential biomarkers of Moyamoya disease by bioinformatics
analysis. Orphanet J. Rare Dis. 2022, 17, 80. [CrossRef]

61. Lin, R.; Xie, Z.; Zhang, J.; Xu, H.; Su, H.; Tan, X.; Tian, D.; Su, M. Clinical and immunopathological features of Moyamoya disease.
PLoS ONE 2012, 7, e36386. [CrossRef]

62. Sigdel, T.K.; Shoemaker, L.D.; Chen, R.; Li, L.; Butte, A.J.; Sarwal, M.M.; Steinberg, G.K. Immune response profiling identifies
autoantibodies specific to Moyamoya patients. Orphanet J. Rare Dis. 2013, 8, 45. [CrossRef]

63. Wohlrab, F.; Bauknecht, C.; Meisel, C.; Dreier, J.P. A case of neonatal onset multisystem inflammatory disease supporting a role of
interleukin-1beta in moyamoya syndrome. Neurol. Neuroimmunol. Neuroinflamm. 2021, 8, e1-3. [CrossRef]

64. Guo, Q.; Fan, Y.N.; Xie, M.; Wang, Q.N.; Li, J.; Liu, S.; Wang, X.; Yu, D.; Zou, Z.; Gao, G.; et al. Exploring the transcriptomic
landscape of moyamoya disease and systemic lupus erythematosus: Insights into crosstalk genes and immune relationships.
Front. Immunol. 2024, 15, 1456392. [CrossRef]

65. Xu, S.; Chen, T.; Yu, J.; Wan, L.; Zhang, J.; Chen, J.; Wei, W.; Li, X. Insights into the regulatory role of epigenetics in moyamoya
disease: Current advances and future prospectives. Mol. Ther. Nucleic Acids 2024, 35, 102281. [CrossRef]

66. Tokairin, K.; Ito, M.; Lee, A.G.; Teo, M.; He, S.; Cheng, M.Y.; Steinberg, G.K. Genome-Wide DNA Methylation Profiling Reveals
Low Methylation Variability in Moyamoya Disease. Transl. Stroke Res. 2024. [CrossRef]

67. Sung, H.Y.; Lee, J.Y.; Park, A.K.; Moon, Y.J.; Jo, I.; Park, E.M.; Wang, K.C.; Phi, J.H.; Ahn, J.H.; Kim, S.K. Aberrant Promoter
Hypomethylation of Sortilin 1: A Moyamoya Disease Biomarker. J. Stroke 2018, 20, 350–361. [CrossRef]

68. Han, W.; Qiao, Y.; Zhang, H.; Geng, C.; Zhu, X.; Liao, D.; Guo, Y.; Yang, M.; Chen, D.; Jiang, P. Circulating sortilin levels are
associated with inflammation in patients with moyamoya disease. Metab. Brain Dis. 2021, 36, 103–109. [CrossRef]

69. Lee, J.Y.; Moon, Y.J.; Lee, H.O.; Park, A.K.; Choi, S.A.; Wang, K.C.; Han, J.W.; Joung, J.G.; Kang, H.S.; Kim, J.E.; et al. Deregulation
of Retinaldehyde Dehydrogenase 2 Leads to Defective Angiogenic Function of Endothelial Colony-Forming Cells in Pediatric
Moyamoya Disease. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 1670–1677. [CrossRef]

70. Pinard, A.; Guey, S.; Guo, D.; Cecchi, A.C.; Kharas, N.; Wallace, S.; Regalado, E.S.; Hostetler, E.M.; Sharrief, A.Z.; Bergametti, F.;
et al. The pleiotropy associated with de novo variants in CHD4, CNOT3, and SETD5 extends to moyamoya angiopathy. Genet.
Med. 2020, 22, 427–431. [CrossRef]

71. Dai, D.; Lu, Q.; Huang, Q.; Yang, P.; Hong, B.; Xu, Y.; Zhao, W.; Liu, J.; Li, Q. Serum miRNA signature in Moyamoya disease. PLoS
ONE 2014, 9, e102382. [CrossRef]

72. Zhao, S.; Gong, Z.; Zhang, J.; Xu, X.; Liu, P.; Guan, W.; Jing, L.; Peng, T.; Teng, J.; Jia, Y. Elevated Serum MicroRNA Let-7c in
Moyamoya Disease. J. Stroke Cerebrovasc. Dis. 2015, 24, 1709–1714. [CrossRef]

73. He, S.; Ye, X.; Duan, R.; Zhao, Y.; Wei, Y.; Wang, Y.; Liu, Z.; Hao, X.; Chen, X.; Hao, Q.; et al. Epigenome-Wide Association Study
Reveals Differential Methylation Sites and Association of Gene Expression Regulation with Ischemic Moyamoya Disease in
Adults. Oxidative Med. Cell. Longev. 2022, 2022, 7192060. [CrossRef]

74. Al-Hosni, R.; Kaye, R.; Choi, C.S.; Tammaro, P. The TMEM16A channel as a potential therapeutic target in vascular disease. Curr.
Opin. Nephrol. Hypertens. 2024, 33, 161–169. [CrossRef]

75. Pinard, A.; Ye, W.; Fraser, S.M.; Rosenfeld, J.A.; Pichurin, P.; Hickey, S.E.; Guo, D.; Cecchi, A.C.; Boerio, M.L.; Guey, S.; et al. Rare
variants in ANO1, encoding a calcium-activated chloride channel, predispose to moyamoya disease. Brain 2023, 146, 3616–3623.
[CrossRef]

76. Han, Z.; Zhang, J.; Su, Y.; Zhou, Z.; Wang, Y.; Xu, S.; Zhao, Y.; He, S.; Wang, R. Identification of oxidative phosphorylation-related
genes in moyamoya disease by combining bulk RNA-sequencing analysis and machine learning. Front. Genet. 2024, 15, 1417329.
[CrossRef]

77. Nakamura, A.; Nomura, S.; Hara, S.; Thamamongood, T.; Maehara, T.; Nariai, T.; Khairullah, S.; Tan, K.S.; Azuma, K.; Chida-
Nagai, A.; et al. Whole-exome sequencing reveals the genetic causes and modifiers of moyamoya syndrome. Sci. Rep. 2024, 14,
22720. [CrossRef]

78. Phi, J.H.; Choi, J.W.; Seong, M.W.; Kim, T.; Moon, Y.J.; Lee, J.; Koh, E.J.; Ryu, S.K.; Kang, T.H.; Bang, J.S.; et al. Association between
moyamoya syndrome and the RNF213 c.14576G>A variant in patients with neurofibromatosis Type 1. J. Neurosurg. Pediatr. 2016,
17, 717–722. [CrossRef]

79. Barreto-Duarte, B.; Andrade-Gomes, F.H.; Arriaga, M.B.; Araújo-Pereira, M.; Cubillos-Angulo, J.M.; Andrade, B.B. Association
between neurofibromatosis type 1 and cerebrovascular diseases in children: A systematic review. PLoS ONE 2021, 16, e0241096.
[CrossRef]

https://doi.org/10.1007/s00439-024-02685-y
https://www.ncbi.nlm.nih.gov/pubmed/38969938
https://doi.org/10.2176/nmc.ra.2019-0059
https://www.ncbi.nlm.nih.gov/pubmed/31281171
https://doi.org/10.1186/s13023-022-02238-4
https://doi.org/10.1371/journal.pone.0036386
https://doi.org/10.1186/1750-1172-8-45
https://doi.org/10.1212/NXI.0000000000000910
https://doi.org/10.3389/fimmu.2024.1456392
https://doi.org/10.1016/j.omtn.2024.102281
https://doi.org/10.1007/s12975-024-01299-w
https://doi.org/10.5853/jos.2018.00962
https://doi.org/10.1007/s11011-020-00616-0
https://doi.org/10.1161/ATVBAHA.115.305363
https://doi.org/10.1038/s41436-019-0639-2
https://doi.org/10.1371/journal.pone.0102382
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.01.041
https://doi.org/10.1155/2022/7192060
https://doi.org/10.1097/MNH.0000000000000967
https://doi.org/10.1093/brain/awad172
https://doi.org/10.3389/fgene.2024.1417329
https://doi.org/10.1038/s41598-024-72043-5
https://doi.org/10.3171/2015.10.PEDS15537
https://doi.org/10.1371/journal.pone.0241096


Int. J. Mol. Sci. 2025, 26, 5241 16 of 17

80. Ognibene, M.; Scala, M.; Iacomino, M.; Schiavetti, I.; Madia, F.; Traverso, M.; Guerrisi, S.; Di Duca, M.; Caroli, F.; Baldassari, S.;
et al. Moyamoya Vasculopathy in Neurofibromatosis Type 1 Pediatric Patients: The Role of Rare Variants of RNF213. Cancers
2023, 15, 1916. [CrossRef]

81. Hung, P.C.; Wang, H.S.; Wong, A.M. Moyamoya syndrome in a child with Noonan syndrome. Pediatr. Neurol. 2011, 45, 129–131.
[CrossRef]

82. Méreaux, J.L.; Triquenot, A.; Drunat, S.; Cavé, H.; Guyant-Maréchal, L.; Goldenberg, A. Late moyamoya-like angiopathy
syndrome revealing MAP2K1 Noonan syndrome. Rev. Neurol. 2022, 178, 263–265. [CrossRef]

83. Pabst, L.; Carroll, J.; Lo, W.; Truxal, K.V. Moyamoya syndrome in a child with Legius syndrome: Introducing a cerebral
vasculopathy to the SPRED1 phenotype? Am. J. Med. Genet. A 2021, 185, 223–227. [CrossRef]

84. Romanisio, G.; Chelleri, C.; Scala, M.; Piccolo, G.; Carlini, B.; Gatti, L.; Capra, V.; Zara, F.; Bersano, A.; Pavanello, M.; et al.
RNF213 variant in a patient with Legius syndrome associated with moyamoya syndrome. Mol. Genet. Genom. Med. 2021, 9, e1669.
[CrossRef]

85. Shiihara, T.; Kato, M.; Mitsuhashi, Y.; Hayasaka, K. Costello syndrome showing moyamoya-like vasculopathy. Pediatr. Neurol.
2005, 32, 361–363. [CrossRef]

86. Chida-Nagai, A.; Tonoki, H.; Makita, N.; Ishiyama, H.; Ihara, M.; Maruo, Y.; Tsujioka, T.; Sasaki, D.; Izumi, G.; Yamazawa, H.; et al.
A Noonan-like pediatric patient with a de novo CBL pathogenic variant and an RNF213 polymorphism p.R4810K presenting
with cardiopulmonary arrest due to left main coronary artery ostial atresia. Am. J. Med. Genet. A 2023, 191, 2837–2842. [CrossRef]

87. Kamath, B.M.; Spinner, N.B.; Emerick, K.M.; Chudley, A.E.; Booth, C.; Piccoli, D.A.; Krantz, I.D. Vascular anomalies in Alagille
syndrome: A significant cause of morbidity and mortality. Circulation 2004, 109, 1354–1358. [CrossRef]

88. Rocha, R.; Soro, I.; Leitão, A.; Silva, M.L.; Leão, M. Moyamoya vascular pattern in Alagille syndrome. Pediatr. Neurol. 2012, 47,
125–128. [CrossRef]

89. Khojah, O.; Alamoudi, S.; Aldawsari, N.; Babgi, M.; Lary, A. Central nervous system vasculopathy and Seckel syndrome: Case
illustration and systematic review. Childs Nerv. Syst. 2021, 37, 3847–3860. [CrossRef]

90. Donmez, Y.N.; Giray, D.; Epcacan, S.; Goktas, E.; Aypar, E. Cardiovascular anomalies in Seckel syndrome: Report of two patients
and review of the literature. Cardiol. Young 2022, 32, 487–490. [CrossRef]

91. Eslava, A.; Garcia-Puig, M.; Corripio, R. A 10-Year-Old Boy with Short Stature and Microcephaly, Diagnosed with Moyamoya
Syndrome and Microcephalic Osteodysplastic Primordial Dwarfism Type II (MOPD II). Am. J. Case Rep. 2021, 22, e933919.
[CrossRef]

92. Petraroli, M.; Percesepe, A.; Piane, M.; Ormitti, F.; Castellone, E.; Gnocchi, M.; Messina, G.; Bernardi, L.; Patianna, V.D.; Esposito,
S.M.R.; et al. Case Report: Short stature, kidney anomalies, and cerebral aneurysms in a novel homozygous mutation in the
PCNT gene associated with microcephalic osteodysplastic primordial dwarfism type II. Front. Endocrinol. 2023, 14, 1018441.
[CrossRef] [PubMed]

93. Kim, S.Y.; Kim, M.J.; Kim, S.J.; Lee, J.E.; Chae, J.H.; Ko, J.M. A case of CHOPS syndrome accompanied with moyamoya disease
and systemic vasculopathy. Brain Dev. 2021, 43, 454–458. [CrossRef]

94. Xu, R.; Kalluri, A.L.; Sun, L.R.; Lawrence, C.E.; Lee, J.K.; Kannan, S.; Cohen, A.R. The neurosurgical management of Severe
Hemophilia A and Moyamoya (SHAM): Challenges, strategies, and literature review. Childs Nerv. Syst. 2022, 38, 1077–1084.
[CrossRef]

95. Holover, G.; Adams, D.; Milligan, D.; Goldberg, R.; Rios, J.; Kornitzer, J.; Mazzola, C. Moya moya vasculopathy and MECP2
duplication syndrome. Childs Nerv. Syst. 2024, 40, 809–812. [CrossRef]

96. Mehkri, Y.; Rivas, L.F.; Jules, R.; Tuna, I.S.; Hoh, B.L.; Shuhaiber, H.H. Moyamoya Disease in a Young Female with Neurofibro-
matosis Type 1. Cureus 2021, 13, e19121. [CrossRef]

97. Tidyman, W.E.; Rauen, K.A. The RASopathies: Developmental syndromes of Ras/MAPK pathway dysregulation. Curr. Opin.
Genet. Dev. 2009, 19, 230–236. [CrossRef]

98. Murakami, M. Signaling required for blood vessel maintenance: Molecular basis and pathological manifestations. Int. J. Vasc.
Med. 2012, 2012, 293641. [CrossRef]

99. D'Amico, A.; Perillo, T.; Cuocolo, R.; Ugga, L.; Di Dato, F.; Caranci, F.; Iorio, R. Neuroradiological findings in Alagille syndrome.
Br. J. Radiol. 2022, 95, 20201241. [CrossRef]

100. High, F.A.; Lu, M.M.; Pear, W.S.; Loomes, K.M.; Kaestner, K.H.; Epstein, J.A. Endothelial expression of the Notch ligand Jagged1
is required for vascular smooth muscle development. Proc. Natl. Acad. Sci. USA 2008, 105, 1955–1959. [CrossRef]

101. Duker, A.L.; Kinderman, D.; Jordan, C.; Niiler, T.; Baker-Smith, C.M.; Thompson, L.; Parry, D.A.; Carroll, R.S.; Bober, M.B.
Microcephalic osteodysplastic primordial dwarfism type II is associated with global vascular disease. Orphanet J. Rare Dis. 2021,
16, 231. [CrossRef] [PubMed]

102. Miskinyte, S.; Butler, M.G.; Hervé, D.; Sarret, C.; Nicolino, M.; Petralia, J.D.; Bergametti, F.; Arnould, M.; Pham, V.N.; Gore, A.V.;
et al. Loss of BRCC3 deubiquitinating enzyme leads to abnormal angiogenesis and is associated with syndromic moyamoya. Am.
J. Hum. Genet. 2011, 88, 718–728. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers15061916
https://doi.org/10.1016/j.pediatrneurol.2011.03.007
https://doi.org/10.1016/j.neurol.2021.07.017
https://doi.org/10.1002/ajmg.a.61921
https://doi.org/10.1002/mgg3.1669
https://doi.org/10.1016/j.pediatrneurol.2004.12.010
https://doi.org/10.1002/ajmg.a.63370
https://doi.org/10.1161/01.CIR.0000121361.01862.A4
https://doi.org/10.1016/j.pediatrneurol.2012.04.014
https://doi.org/10.1007/s00381-021-05284-8
https://doi.org/10.1017/S1047951121003097
https://doi.org/10.12659/AJCR.933919
https://doi.org/10.3389/fendo.2023.1018441
https://www.ncbi.nlm.nih.gov/pubmed/37234811
https://doi.org/10.1016/j.braindev.2020.11.004
https://doi.org/10.1007/s00381-022-05489-5
https://doi.org/10.1007/s00381-023-06139-0
https://doi.org/10.7759/cureus.19121
https://doi.org/10.1016/j.gde.2009.04.001
https://doi.org/10.1155/2012/293641
https://doi.org/10.1259/bjr.20201241
https://doi.org/10.1073/pnas.0709663105
https://doi.org/10.1186/s13023-021-01852-y
https://www.ncbi.nlm.nih.gov/pubmed/34016138
https://doi.org/10.1016/j.ajhg.2011.04.017
https://www.ncbi.nlm.nih.gov/pubmed/21596366


Int. J. Mol. Sci. 2025, 26, 5241 17 of 17

103. Tzeravini, E.; Samara, S.; Kouramba, A.; Vakrinos, G.; Efthimiou, A.; Tzetis, M.; Androutsakos, T. Severe Hemophilia A and
Moyamoya Syndrome in a 19-Year-Old Boy Caused by Xq28 Microdeletion. Case Rep. Neurol. 2022, 14, 261–267. [CrossRef]

104. Kassim, A.A.; DeBaun, M.R. Sickle cell disease, vasculopathy, and therapeutics. Annu. Rev. Med. 2013, 64, 451–466. [CrossRef]
105. Abdelgadir, A.; Akram, H.; Dick, M.H.; Ahmed, N.R.; Chatterjee, A.; Pokhrel, S.; Vaijaya Kulkarni, V.; Khan, S. A Better

Understanding of Moyamoya in Trisomy 21: A Systematic Review. Cureus 2022, 14, e23502. [CrossRef] [PubMed]
106. Nakamura, H.; Sato, K.; Yoshimura, S.; Hayashi, Y.; Izumo, T.; Tokunaga, Y. Moyamoya Disease Associated with Graves' Disease

and Down Syndrome: A Case Report and Literature Review. J. Stroke Cerebrovasc. Dis. 2021, 30, 105414. [CrossRef]
107. Brar, J.S.; Verma, R.; Al-Omari, M.; Siu, V.M.; Andrade, A.V.; Jurkiewicz, M.T.; Lalgudi Ganesan, S. Moyamoya Syndrome in an

Infant with Aicardi-Goutières and Williams Syndromes: A Case Report. Neuropediatrics 2022, 53, 204–207. [CrossRef]
108. Karla, A.R.; Pinard, A.; Boerio, M.L.; Hemelsoet, D.; Tavernier, S.J.; De Pauw, M.; Vereecke, E.; Fraser, S.; Bamshad, M.J.; Guo, D.;

et al. SAMHD1 compound heterozygous rare variants associated with moyamoya and mitral valve disease in the absence of
other features of Aicardi-Goutières syndrome. Am. J. Med. Genet. A 2024, 194, e63486. [CrossRef]

109. Matano, F.; Murai, Y.; Watanabe, A.; Shirokane, K.; Igarashi, T.; Shimizu, K.; Shimada, T.; Morita, A. Case Report: A Case of
Moyamoya Syndrome Associated With Multiple Endocrine Neoplasia Type 2A. Front. Endocrinol. 2021, 12, 703410. [CrossRef]

110. Li, C.Y.; Chen, L.W.; Tsai, M.C.; Chou, Y.Y.; Lin, P.X.; Chang, Y.M.; Hwu, W.L.; Chien, Y.H.; Lin, J.L.; Chen, H.A.; et al. Homozygous
variant in translocase of outer mitochondrial membrane 7 leads to metabolic reprogramming and microcephalic osteodysplastic
dwarfism with moyamoya disease. EBioMedicine 2024, 110, 105476. [CrossRef]

111. Egashira, Y.; Takahashi, J.C.; Ohnishi, H.; Kawasaki, Y.; Higashigawa, M.; Iihara, K.; Miyamoto, S. Surgical treatment and
perioperative management of moyamoya disease associated with glycogen storage disease Type 1a. J. Neurosurg. Pediatr. 2011, 7,
11–14. [CrossRef] [PubMed]

112. Hong, Y.; Yuan, Y.; Shu, S.; Hou, B.; Dai, Y.; Ni, J.; Feng, F.; Qiu, Z.; Peng, B. Steno-occlusive cerebral arteriopathy in patients with
glycogen storage disease type I. J. Neurol. Neurosurg. Psychiatry 2020, 91, 434–435. [CrossRef] [PubMed]

113. Huang, J.; Zhou, D.; Dong, N.; Ding, C.; Liu, Y.; Li, F. Clinical and Genetic Analysis of a Patient With Coexisting 17a-
Hydroxylase/17,20-Lyase Deficiency and Moyamoya Disease. Front. Genet. 2022, 13, 845016. [CrossRef]

114. Kühnl, T.; Januschek, E.; Offenbach, S.K. Moyamoya syndrome in a patient with D-2-hydroxyglutaric aciduria type II: A rare
association. Childs Nerv. Syst. 2024, 40, 2241–2244. [CrossRef]

115. Luo, M.; Mo, D.; Li, J.; Liu, L.; Li, X.; Lin, J.; Liang, J.; Ye, F.; Lin, X.; Wang, P.; et al. The Guanylate Cyclase Soluble Subunit
Alpha-1 Deficiency Impairs Angiogenesis in Zebrafishes and Mice: In Vivo and In Vitro Studies. Mol. Neurobiol. 2025. [CrossRef]

116. Ge, P.; Tao, C.; Wang, W.; He, Q.; Liu, C.; Zheng, Z.; Mou, S.; Zhang, B.; Liu, X.; Zhang, Q.; et al. Circulating immune cell
landscape and T-cell abnormalities in patients with moyamoya disease. Clin. Transl. Med. 2024, 14, e1647. [CrossRef] [PubMed]

117. Tang, Q.; Li, W.; Huang, J.; Wu, Y.; Ma, C.; Tu, Y.; Zhu, Q.; Lu, J.; Xie, J.; Liu, Y.; et al. Single-cell sequencing analysis of peripheral
blood in patients with moyamoya disease. Orphanet J. Rare Dis. 2023, 18, 174. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1159/000524482
https://doi.org/10.1146/annurev-med-120611-143127
https://doi.org/10.7759/cureus.23502
https://www.ncbi.nlm.nih.gov/pubmed/35494994
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105414
https://doi.org/10.1055/s-0041-1739131
https://doi.org/10.1002/ajmg.a.63486
https://doi.org/10.3389/fendo.2021.703410
https://doi.org/10.1016/j.ebiom.2024.105476
https://doi.org/10.3171/2010.10.PEDS10175
https://www.ncbi.nlm.nih.gov/pubmed/21194280
https://doi.org/10.1136/jnnp-2019-321489
https://www.ncbi.nlm.nih.gov/pubmed/31852724
https://doi.org/10.3389/fgene.2022.845016
https://doi.org/10.1007/s00381-024-06340-9
https://doi.org/10.1007/s12035-025-04763-2
https://doi.org/10.1002/ctm2.1647
https://www.ncbi.nlm.nih.gov/pubmed/38566524
https://doi.org/10.1186/s13023-023-02781-8

	Introduction 
	Literature Search Strategy 
	RNF213 Gene 
	Specific Mutations Related to MMD 
	Angiogenesis-Related Genes 
	Vascular Stenosis-Related Genes 
	Inflammation and Immune-Related Genes 
	Novel Pathways Proposed in Recent Years 

	Mutations Associated with Congenital Diseases Manifesting with MMS 
	Ras-Raf-MAPK Signaling Pathway 
	Notch Signaling Pathway 
	Genomic Stability Signaling Pathway 
	Other Unclassified Pathways 

	Discussion and Perspectives 
	References

