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ARTICLE INFO ABSTRACT

Keywords: Objective: The aim of this study was to elucidate the genetic pathways associated with Moyamoya
Moyamoya disease disease (MMD) and Moyamoya syndrome (MMS), compare the functional activities, and validate
Moyamoya syndrome relevant related genes in an independent dataset.

Genetic pathology

. X . Methods: We conducted a comprehensive search for genetic studies on MMD and MMS across
Bioinformatics analysis

KEGG multiple databases and identified related genes. Gene Ontology (GO) and Kyoto Encyclopedia of

GO term Genes and Genomes (KEGG) pathway enrichments analyses were performed for these genes.

Protein-protein interaction Commonly shared genes were selected for further validation in the independent dataset,
GSE189993. The Sangerbox platform was used to perform statistical analysis and visualize the
results. P<0.05 indicated a statistically significant result.
Results: We included 52 MMD and 51 MMS-related publications and identified 126 and 51 rele-
vant genes, respectively. GO analysis for MMD showed significant enrichment in cytokine ac-
tivity, cell membrane receptors, enzyme binding, and immune activity. A broader range of terms
was enriched for MMS. KEGG pathway analysis for MMD highlighted immune and cellular ac-
tivities and pathways related to MMS prominently featured inflammation and metabolic disor-
ders. Notably, nine overlapping genes were identified and validated. The expressions of RNF213,
PTPN11, and MTHFR demonstrated significant differences in GSE189993. A combined receiver
operating characteristic curve showed high diagnostic accuracy (AUC = 0.918).
Conclusions: The findings indicate a close relationship of MMD with immune activity and MMS
with inflammation, metabolic processes and other environmental factors in a given genetic
background. Differentiating between MMD and MMS can enhance the understanding of their
pathophysiology and inform the strategies for their diagnoses and treatment.
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Abbreviations

MMD Moyamoya disease

MMS Moyamoya syndrome
MMV Moyamoya vasculopathy
MMA Moyamoya arteriopathy

ICA Internal carotid artery

SNP Single-nucleotide polymorphisms
DSA Digital subtraction angiography
PPI Protein-protein interactions

GO Gene Ontology

KEGG  Kyoto Encyclopedia of Genes and Genomes
BP Biological process

CC Cellular component

MF Molecular function

MCA Middle cerebral artery

ROC Receiver operating characteristic

1. Introduction

Moyamoya disease (MMD), a rare cerebrovascular disease, is characterized by progressive spontaneous bilateral occlusion of the
intracranial internal cerebral arteries (ICA) and their major branches with compensatory capillary collaterals resembling a "puff of
smoke" [1]. Likewise, moyamoya syndrome (MMS) corresponds to a typical moyamoya angiopathy accompanied by another under-
lying condition quasi-moyamoya disease. According to the definition, the pathologic cerebral arteries are bilateral in MMD [1]. Ce-
rebral angiography with unilateral findings suggests MMS, even if no other associated risk factors are present [2]. However,
contralateral disease eventually develops in up to 40 % of patients who initially present with unilateral findings [3]. Altered vessels in
pathological angiopathy are referred to as moyamoya vasculopathy (MMV) or moyamoya arteriopathy (MMA). Though clinical
presentation [4], imaging features [5] and surgical management [6,7] of MMD and MMS have been reviewed previously, few studies
have extensively compared and distinguished the relationship between MMD and MMS in biological processes. MMD and MMS could
be triggered by different reasons but present the same imaging features. They may share common pathways in pathological devel-
opment. It is crucial to differentiate MMD from MMS at the genetic and functional levels to advance the comparative study of MMD and
MMS in the field of pathogenesis. Therefore, understanding the functional differences between MMD and MMS is critical to achieving
potential far-reaching clinical implications in the future, including revealing pathological mechanisms, obtaining more accurate
diagnostic markers, and developing clinical treatment strategies.

Though MMD has been reported worldwide, its pathophysiology remains unknown. Genetic factors are likely to play an essential
role in moyamoya. There is a higher incidence of MMD in East Asia, especially Japan, Korea, and China, than in Europe, America,
Africa, and Latin America [8]. The proportion of affected first-degree relatives reaches up to 15 % in Japan, and a corresponding rate of
6 % has been reported in the United States [9]. Familial cases are rare and limited to few reports in Caucasians [10]. The lower familial
occurrence may account for the higher influence of genetic factors in Asian populations [11]. Over the last decades in genetic research,
genetic linkage studies, association studies, and DNA sequencing techniques have been rapidly developed and applied. Linkage an-
alyses have demonstrated five loci linked to MMD: 3p24.2-p26 [12], 6q25 [13], 8923 [14], 12p12 [14], and 17925 [15]. Association
studies have revealed the association between single-nucleotide polymorphisms (SNPs) and MMD. Sequencing techniques have also
revealed several potential candidate genes. These findings have contributed to a better understanding of the pathophysiological
mechanism underlying MMD. Previous studies have identified genetic markers for MMD and MMS, such as RNF213 [16,17], however,
the functional activities linking these diseases remain poorly understood.

In the study, we aimed to uncover the similarities and differences in signaling pathways between MMD and MMS. Specifically, we
attempted to: a) identify the genetic pathways involved in MMD and MMS; b) evaluate the functional similarities between MMD and
MMS, and c) validate these identified genes in an independent dataset. This study is the first to compare functional activities based on
genetic network analysis. We employed a novel approach by analyzing previously published susceptibility-related genes identified by
bioinformatics analysis.

2. Methods and materials
2.1. Data collection

Articles for this study were screened by searching databases until March 2023, including PubMed, Web of Science and Google
Scholar. No filters were applied during the search process. For Moyamoya disease, the following key terms were used: “Moyamoya
disease”, “RNF213”, “gene”, “genetic”, “mutation”, “exome sequencing” were used. For Moyamoya syndrome, the following key terms

were employed: “Moyamoya syndrome”, “quasi-moyamoya disease”, “Moyamoya angiopathy”, “gene”, “genetic”, and “mutation”. We
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searched reference lists of relevant articles. The inclusion and exclusion criteria were as follows:

Inclusion criteria: (1) genetic studies and case reports that revealed susceptibility genes; (2) positive genes identified in studies or
validated in microarray data and high-throughput sequencing; (3) data on all patients, including children, adults and different races
were included. Exclusion criteria: (1) studies not related to MMD and MMS were excluded; (2) if the susceptibility genes were reported
by different studies, the first article that identified the risk gene was included, and the duplicates were removed. Finally, the list of
articles covering this topic was selected and the susceptibility genes were separately collected for MMD and MMS. The design of the
study is illustrated in Fig. 1.

This study was approved by the Institutional Ethics Committee of The First Affiliated Hospital of Zhengzhou University.

2.2. Bioinformatics analysis

2.2.1. Gene Ontology (GO) analysis

We employed Sangerbox ( version 1.1.3, http://sangerbox.com/ ) to obtain GO terms. Sangerbox is a comprehensive, interaction-
friendly clinical bioinformatics analysis web-based tool platform [18].

MMD susceptibility genes were identified from the selected relevant articles. For GO functional enrichment analysis for MMD, we
first downloaded the c¢5.go.bp.v7.4.symbols.gmt, c5.go.cc.v7.4.symbols.gmt and c5.go.mf.v7.4.symbols.gmt subset from the Molec-
ular Signatures Database, which was used as the background for mapping the gene to the background set. The clusterProfiler package
in R (version 3.14.3) was used for gene enrichment analysis and the results were obtained. The minimum and maximum gene sets were
5 and 5000, respectively. We chose Benjamini & Hochberg as the false discovery rate (FDR) correction method and a FDR <0.1 was
used as the selection criterion.

MMS susceptibility genes were identified from the selected articles on MMS, and the same process described above was followed.

2.2.2. Kyoto Encyclopedia of Genes and Genomes (KEGG)analysis

Sangerbox was used for KEGG functional enrichment analysis. In brief, for the identified MMD susceptibility genes, the latest
annotation for enriched KEGG pathways was obtained using KEGG rest API (https://www.kegg.jp/kegg/rest/keggapi.html). It was
used as the background to map the gene to the background set. The clusterProfiler package in R (version 3.14.3) was used for
enrichment analysis. The minimum and maximum gene sets were 5 and 5000, respectively. We chose Benjamini & Hochberg as FDR
correction method and a FDR<0.1 was used as the selection threshold.

For KEGG functional enrichment of the identified MMS susceptibility genes, the same process and manual criteria were employed.

2.2.3. Analysis of protein-protein interactions (PPIs)

Since functional protein interactions usually occur between two or more components, PPI plays a major role in understanding the
molecular mechanism [19]. For PPI analysis of the identified MMD susceptibility genes, the STRING (version 12.0, https://cn.string-
db.org/) database [20]was used to create PPI networks with a confidence level of 0.700. In the network: a) Disconnected nodes were
hidden. b) Nodes represent proteins and edges represent protein-protein associations. c) 3D bubbles were used for visualization and
structures were previewed inside network bubbles. Hub genes and the most significant model were identified using the cytoHubba
(version 0.1) and MCODE (version 2.0.0) plugins of Cytoscape (version 3.9.1), respectively.

The same process and criteria described above were used for PPI analysis of the identified MMS susceptibility genes.

MMD articles identified MMS articles identified
from databasc, N=1106 from database, N=988

MMD excluded MMS excluded
Invalid=996 Invalid=895

Articl;sj;l;luded Repetitive=157 Repetitive=42

Articles included
N=51

Idcntificd genes
N=126

——-*[ GO enrichment 1

Identified genes
N=51

J
_{ KEGG enrichment ]
————-[ PPI networks ]
—'[ Overlapped genes ]

!
[ Validation of ROC curve for diagnosis

GSE189993

Fig. 1. The flow chart of the study design. This flow diagram includes bioinformatics analysis and validation to identify the major functional
activities and risk-predictive genes between MMD and MMS.
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2.3. Validation of overlapping genes and receiver operating characteristic (ROC) curve analysis

For the identified susceptibility genes in MMD and MMS, overlapping genes between MMD and MMS were screened using jvenn
(http://jvenn.toulouse.inra.fr/) [21]. We selected the GSE189993 dataset considering the larger number of samples from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/), a public functional genomics data repository, to verify these commonly shared genes.
The selected GSE189993 dataset contained data from 32 patients. Micro-samples of the middle cerebral artery (MCA) were collected
during surgery from patients with MMD (n = 21) and those from control (internal carotid artery aneurysm n = 4, epilepsy n = 5). The
GSE189993 dataset was downloaded and samples were divided into MMD and control groups. Information on expressions of all genes
were extracted and the expression of overlapping genes were compared.

Finally, ROC curves were plotted to assess the predictive value of the validated genes in MMD, and the diagnostic ability of
identified genes. The default parameters were adopted during the analysis, and no operation was manually modified. The sensitivity
and specificity for diagnosis were evaluated by calculating the AUC value of the ROC curve using SPSS (Version 19.0).

2.4. Statistical analysis

Continuous and normally distributed variables are presented as mean + standard deviation. Comparisons were conducted by
Student’s t-test or Mann-Whitney test using GraphPad Prism (Version 7.0). The validation using ROC curves of identified genes was
plotted using SPSS software (version 19.0). Statistical significance was defined at a p-value less than 0.05.
3. Results

3.1. Common genes between MMD and MMS

According to the criteria stated above, we searched published papers, as shown in supplementary information (Supplementaryl
Identified genetic studies).
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Fig. 2. Circos plot for GO functional enrichment results for MMD and bubble plot for GO functional enrichment results for MMS. GO terms related to
the identified MMD susceptibility genes were enriched, and the top 10 terms were visualized using a Circos plot (A-C). Circos plot is a chart
displaying complex data on functional enrichment. GO terms are colored in the right semicircle; the linked genes are colored in the left semicircle;
the right inner semicircle represents -log10(p value) in red. A biological process, B cellular component, C molecular function. GO terms were
enriched for the identified genes related to MMS. The top 10 terms were visualized using a bubble plot (D-F). Bubble chart is a multidimensional
data display tool, which can simultaneously display multiple variables. The X-axis represents GeneRatio, the Y-axis represents enriched GO terms,
and the dot represents the gene count. D biological process, E cellular component, F molecular function.
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Related to MMD, 1106 articles were screened and 52 articles were enrolled, a total of 126 susceptibility genes were identified
(supplementary2 Table S1). There were different types of genetic studies, including case-control studies, microarray studies,
sequencing studies, case reports and bioinformatics analysis using GEO.

Related to MMS, 988 articles were screened and 51 articles were enrolled, a total of 51 susceptibility genes were identified finally.
Included studies were case reports and other studies (Supplementary2. Table S1).

3.2. Results of bioinformatics analysis

3.2.1. GO enrichment between MMD and MMS

GO terms were annotated as biological processes (BP), cellular components (CC) and molecular functions (MF). The enrichment p-
values for MMD and MMS were p <1.0e-16 and p = 4.48e-06, respectively. Significant BP terms included response to cytokine,
cytokine mediated signaling pathway, cell differentiation and activation (Fig. 2A). Significant CC terms included cell surface, plasma
membrane and receptor complex (Fig. 2B). Significant MF terms included enzyme binding, kinase binding and immune receptor
activity (Fig. 2C). The top5 most significant MF, BP and CC terms are shown in Supplementary2. Table S2.

For MMS-related susceptibility genes, GO-BP terms included heart development, locomotion, circulatory system development, tube
morphogenesis and regulation of type I interferon mediated signaling pathway (Fig. 2D). Go-CC terms included motile cilium,
endoplasmic reticulum lumen, dynein complex, membrane microdomain and Brce36 isopeptidase (BRISC) complex (Fig. 2E). GO-MF
terms included deoxyribonucleotide binding, insulin receptor substrate binding, DNA binding, and ATP dependent microtubule motor
activity minus end directed (Fig. 2F). Top10 most significant MF, BP and CC terms are illustrated in Supplementary2. Table S3.

3.2.2. Results of KEGG enrichment analysis between MMD and MMS

Susceptibility-related genes in MMD and MMS were subjected to KEGG signaling pathway enrichment analysis. For MMD, the
environmental information processing was mainly enriched in the MAPK signaling pathway and Jak-STAT signaling pathway, human
disease or substances were mainly involved in pathways related to proteoglycans in cancer, chronic myeloid leukemia, graft-versus-
host disease, allograft rejection and autoimmune thyroid disease. The top 20 significant KEGG enrichments for MMD are shown in
Fig. 3A (Supplementary2. Table S4).

For MMS, the environmental information processing was mainly enriched in the Ras signaling pathway, Notch signaling pathway
and AMPK signaling pathway, the kinds of human disease were mainly involved in Pathways in breast cancer, chronic myeloid leu-
kemia, and endocrine resistance. One carbon pool by folate steroid hormone biosynthesis was enriched in metabolism. The top20
significant KEGG enrichments results for MMS are shown in Fig. 3B (Supplementary2. Table S5).

3.2.3. Results of PPI analysis

For the identified susceptibility genes, we constructed the PPI networks using an online tool. Abnormal PPI can cause a rare
disorder. Protein subnetworks representing MMD and MMS were screened. The PPI networks of MMD included 116 nodes and 158
edges, the p-value of PPI enrichment was p < 1.0e 16 (Fig. 4A). We used the cytoHubba plugin to identify the hub genes in the net-
works. PTPN11, GRB2, CBL, CRK, ITGB3, PDGFRB, HIF1A, CCND1, MMP9, and CD44 were identified as the top 10 genes in MMD
(Fig. 4B). We used the MCODE plugin to identify the two most significant modules in MMD. The first contained 15 genes (Fig. 4C) and
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Fig. 3. Lollipop chart for KEGG functional enrichment in MMD and MMS. A KEGG signaling pathways were enriched for identified MMD sus-
ceptibility genes, in particular, and immune activities were mainly enriched. B KEGG signaling pathways were enriched for identified MMS sus-
ceptibility genes, in particular, and immune, inflammatory, and metabolic activities were enriched. The top 20 pathways were visualized using a
lollipop chart, a variation of a bar chart, which compares numerical values based on the length of lines and the size of nodes. X-axis represents -log10
(FDR), the Y-axis represents enriched KEGG pathways, the dot represents gene count, and the color represents a group of KEGG pathways.
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NF1

Fig. 4. Protein-protein interaction (PPI) networks, hub genes, and significant modules for MMD and MMS. PPI is an analytical approach that
describes the interactions between a group of proteins. Not only can it clarify the interaction relationship between proteins but it also screens key
proteins in the network. The networks were built with an interaction score of 0.700, and disconnected nodes in the network were hidden. Nodes
were displayed using 3D bubbles representing proteins, protein structures were previewed inside network bubbles. Edges represent protein-protein
associations. GRB2, PTPN11, CBL, PDGFRB, CRK, ITGB3, HIF1A, CCND1, MMP9 and CD44 were identified as hub genes in MMD. PTPN11, NF1,
IGFIR, PDGFRB, SHOC2, SPRED1, CBL, RET and NOTCH3 were identified as hub genes in MMS. A PPI network for MMD, B Hub genes identified in
MMD, C The first significant model identified in MMD, D The second significant module identified in MMD. E PPI network for MMS, F Hub genes
identified in MMS. G the first significant model identified in MMS, H The second significant model identified in MMS.

the second contained five genes (Fig. 4D).

The PPI network of MMS included 48 nodes and 18 edges, with a p-value PPI for enrichment of p = 4.48¢~% (Fig. 4E). PTPN11,
NF1, IGF1R, PDGFRB, CBL, SPRED1, SHOC2, NOTCH3, RET and OFD1 were identified as top10 hub genes in MMS using the MCC
cytoHubba algorithm (Fig. 4F). Among the identified hub genes, three were shared between MMD and MMS, namely PTPN11, CBL,
PDGFRB. The MCODE plugin was used to identify the two most significant modules in MMS. The first contained five genes (Fig. 4G)
and the second contains three genes (Fig. 4H).

3.3. Validation of overlapping genes and ROC curve analysis results

We compared the susceptibility genes related to MMD and MMS to identify the shared risk genes underlying the development of
MMD and MMS. Nine shared genes were identified between 126 susceptibility genes in MMD and 51 in MMS, including MTHFR,
PTPN11, CBL, GUCY1A3, BRCC3, PDGFRB, RNF213, CNOT3, and SAMHDI1(Fig. 5A).

We used the microarray dataset GSE189993 from the GEO platform (Supplementary 3 Validation by the dataset GSE189993) to
verify the expression of these shared susceptibility genes. The expression profiles of the nine genes were compared between the MMD
and control groups, and the results showed a significant difference in RNF213(Fig. 5B), PTPN11 (Fig. 5C) and MTHFR genes (Fig. 5D).
Finally, we evaluated the diagnostic ability of the three genes for MMD using ROC curves. The AUCs of RNF213(Fig. 5E), PTPN11
(Fig. 5F), and MTHFR (Fig. 5G) gene were 0.749, 0.874, and 0.710, respectively. For combined diagnosis with two of three genes,
PTPN11 combined with MTHFR demonstrated the highest diagnostic accuracy with an AUC of 0.905 and a 95 % confidence interval
(CD) from 0.801 to 1.000 (Fig. 5H). For combined diagnosis using three genes, the highest diagnostic accuracy was obtained with an
AUC value of 0.918 and 95 % CI from 0.824 to 1.000 (Fig. 5I).

3.4. Representative case

An 11-year-old boy was admitted to the hospital with the main complaint of intermittent fever for two weeks. The main clinical
symptom of the patient was temporal headache with a peak of fever at 39.6 °C. There was noAnotable previous history or family hisgory.
Hematology examination revealed the following: White blood cell count 2.68%10°/L; red blood cell count 4.18*10°/L;
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Fig. 5. Validation of common genes and diagnostic ROC curves for identified genes. A Venn plot of overlapped genes between MMD and MMS. Nine
genes were identified between two groups, namely MTHFR, PTPN11, CBL, GUCY1A3, BRCC3, PDGFRB, RNF213, CNOT3, and SAMHDI1. B gene
expression of RNF213. C Gene expression of PTPN11. D Gene expression of MTHFR. E ROC curve for RNF213. F ROC curve for PTPN11. G ROC curve
for MTHFR. H ROC curve for PTPN11 combined with MTHFR. I ROC curve for the combination of RNF213, PTPN11, and MTHFR. *p < 0.05, **p <

0.01, ***p < 0.05 by Student’s t-test.

hemoglobin, 114 g/L; platelet count, 259*10 °/L; absolute neutrophil count, 1.36*10 °/L; neutrophil percentage, 50.7 %; Lymphocyte
percentage, 33.5 %; uric acid, 121 pmol/L; glutamic-pyruvic transaminase, 86U/L; glutamic oxaloacetic transaminase (GOT), 87U/L;
creatine kinase, 21 U/L; lactate dehydrogenase (LDH), 543 U/L; lactate, 2.97 mmol/L; erythrocyte sedimentation rate (ESR), 79 mm/
h, and C-reactive protein (CRP), 21.87 mg/L. There were no abnormalities in terms of the morphology of bone marrow cells and
peripheral blood cells.

Fig. 6. Examination of our case. A Axial position of T2 FLARE magnetic resonance image. B Magnetic resonance angiography. C Ultrasound ex-
amination of cervical lymph nodes. D-F Pathology of lymphatic tissue.
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Imaging examination revealed the following: magnetic resonance imaging of the head showed moyamoya vessel angiogenesis in
the brain (Fig. 6A and B). The results of an ultrasound examination showed several lymph node echoes on both sides of the neck, with
the larger ones located in the left IV region with a size of approximately 17.4 mm * 11 mm. CDFI showed grade I blood flow signals
(Fig. 6C). However, the patient did not undergo a digital subtraction angiography examination. Cerebrospinal fluid examination
showed no abnormalities.

Subsequently, the patient underwent a "left cervical lymph node resection and fascial tissue flap plasty" surgery. The pathological
results showed lymphoid tissue hyperplasia with small focal necrosis. The overall view of the tissue is presented in Fig. 6D. The results
of immunohistochemical analysis showed AE1/AE3 (-), CD20 (+), CD79 (+), CD3 (+), CD10(-), Bcl-2(+), Bcl-6(+), CD30(+), CD56
(+), TIA-1(+), GranzymeB(+), ALK(5A4)(—),MPO(+), CD123(+),CD68(+),S-100(+), Ki-67(70 %-+), and in situ hybridization results
EBER (—) status (Fig. 6E and F). After treatment, the patient’s temperature remained normal, and he was discharged from the hospital.
The patient was diagnosed with necrotizing lymphadenitis and moyamoya syndrome.

4. Discussion

In this study, we incorporated comprehensive and multiple types of genetic data analysis to explore the functional activities of
Moyamoya disorders. The utilization of bioinformatics analysis techniques demonstrates a rigorously and skillfully implemented
methodology, and the study leverages insights from multiple disciplines for a more comprehensive understanding of the disease in
pathway analyses. A series of genomic and clinical MMD studies have been carried out [17,22,23], but those on MMS are limited to
case reports [24,25]. A few studies focused on their pathological relationship and potential clinical impact. We first distinguished
MMD and MMS based on genetic functional enrichment, bridging gaps in the field. It makes a noteworthy contribution to compre-
hending both illnesses and offers useful insights into pathological research. Our results revealed the close association of MMD with
immune activity, MMS showed a close relationship with inflammatory response, metabolism disorders, and other environmental
factors with the susceptible genetic background. For KEGG functional enrichment, immunological activities were involved in both
MMD and MMS, including autoimmune thyroid disease, thyroid hormone signaling pathway, type I diabetes mellitus, Th1 and Th2 cell
differentiation, and allograft rejection. A growing number of molecular and clinical reports have described MMD emerging as
immune-related angiopathy [26]. Immune infiltration analysis demonstrated a significantly different proportion of eosinophils,
neutrophils, monocytes, Th2 cells and natural killer cells in MMD [27]. Our results were consistent with those of previous studies. The
human disease pathway in cancers and chronic myeloid leukemia was enriched in both MMD and MMS in our study. Though the
cerebral vascular disease was not cancer, moyamoya disorders associated with brain glioblastoma [28] and other cancers have been
investigated. Studies based on bioinformatics analysis have demonstrated shared molecular biomarkers that link MMD and glio-
blastoma [29]. These studies suggest that the Moyamoya vessels may share common complex and potential molecular mechanisms in
the pathogenesis of these diseases, mainly through new vessel formation during tumor growth [30]. Notably, the signaling pathways
enriched in MMD mainly regulate the immune and cell activities, while the pathways enriched in MMS are closely related to
inflammation and metabolism. Interestingly, signaling pathways showed greater enrichment in MMS compared to MMD in this study,
suggesting heterogeneous and complex activities underlying the development of MMS. Considering the similarities and differences
between MMD and MMS, our results reveal new clues for disease prevention, clinical management, and treatment strategies, especially
targeting the pathological mechanisms during disease progression.

Furthermore, we identified nine common genes shared between MMD and MMS. The expressions of RNF213, PTPN11, and MTHFR
showed significant differences in the validation dataset. Validation provides critical evidence for the reliability and potential appli-
cability of these results. As the first identified risk gene for MMD [17], multiple studies have confirmed the strong association between
RNF213 and MMD, and elucidated the function of RNF213 in the East Asian population [31]. It is a multifunctional protein involved in
several key cellular processes, including LD stability [32], WNT [33] NF-kB signaling and inflammation [34]. Changes in di-saturated
glycerolipids are central to lipotoxicity, and the depletion of RNF213 protects cells from lipotoxicity [35]. Thus, RNF213 variants, such
as p.R4810K, should be considered susceptibility rather than causative variants for MMD. However, the roles of PTPN11 and MTHFR in
Moyamoya have not been fully understood. PTPN11 encodes the protein tyrosine phosphatase SHP-2, which regulates the RAS
signaling pathway. PTPN11 mutations are commonly associated with Noonan syndrome [36] and MMS occurs with Noonan syndrome.
MTHER is crucial in folate metabolism, the pathway involved in the functional activities for cell metabolism in RNA, DNA, and protein
methylation [37], for example, the remethylation of homocysteine to methionine and one-carbon cycle [38]. Both RNF213 and MTHFR
are significant in the metabolism process. Metabolism pathways were enriched in MMS, including one carbon pool by folate and
steroid hormone biosynthesis. These identified and validated genes may have important implications for the diagnosis, treatment, and
management of MMD and MMS.

Recently, a second hit theory has been hypothesized as the pathological mechanism underlying MMD. There are strongly suspected
genetic contributions in the published research, and environmental factors play an important role in triggering the MMD. Several
studies suggest radiation, autoimmune conditions, bacterial infections and viral infections, including varicella zoster virus (VZV),
cytomegalovirus (CMV) and Epstein-Barr virus (EBV) infections as potential environmental triggers; however, these have not been
detected in most of the affected populations [39]. A majority of growth factors, enzymes, and peptides increase in MMD, including
basic fibroblast growth factor, hypoxia-inducing factor, hepatocyte growth factor, transforming growth factor, vascular endothelial
growth factor, intracellular adhesion molecules and matrix metalloproteinases. However, it’s difficult to determine whether these
changes are primary or secondary to chronic ischemia. Combining the literature and our results, Moyamoya vasculopathy seems more
likely to be a polygenic and multifactorial disease entity.

Some limitations in the study should be acknowledged. First, the study relied on published literature, especially on certain ethnic
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groups at higher risk for MMD. Thus, there may be a publication bias toward positive findings. Second, there were limitations inherent
in bioinformatics analysis and the use of databases for GO, KEGG enrichment, and PPI analyses. Updates to these databases or dif-
ferences in algorithms could potentially affect the results. Third, the approaches used might simplify the complex interactions and
regulatory mechanisms involved in MMD and MMS pathogenesis, and may potentially overlook epistatic effects or gene-environment
interactions. Finally, MMD is a complex disease involving multiple factors, such as race, age, sex, genetic and environmental factors
along with comorbidities. Overlooking these factors in the research could affect the observed associations between genetic markers
and MMD/MMS.

5. Conclusions

In summary, we clarified the functional activities and overlapping genes to distinguish MMD from MMS. Functional enrichment of
MMD was mainly involved in immune activities while MMS was involved in different types of functional activities, such as inflam-
matory activity and metabolic activity. RNF213, PTPN11 and MTHFR were shared between MMD and MMS and validated in an in-
dependent dataset. Differential functional activities provided a deeper understanding of the Moyamoya disorders, while the shared
functional activities may suggest major pathological mechanisms. The findings can importantly guide clinical practice and may have
wider ramifications in pathological research and clinical management. These findings provided novel avenues for future pathological
mechanism research and potential impact on diagnosis and therapy. In the future, more in-depth studies of immune, inflammatory,
and metabolic activities should be focused on and carried out.
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