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Abstract. Moyamoya disease (MMD), a chronic cerebro-
vascular disorder, is characterized by progressive stenosis
of major intracranial arteries. However, the mechanisms
underlying the pathological narrowing have remained largely
elusive. Disulfidptosis is a new mode of cell death caused by
the vulnerability of the actin cytoskeleton to disulfide stress,
and proteomic profiling of MMD has revealed that abnormal
proliferation of endothelial cells may be induced by upregula-
tion of focal adhesion-related proteins. However, the role of
disulfidptosis in MMD has not yet been reported. The Gene
Expression Omnibus database was searched for datasets with
a sample size of more than six and four microarray datasets
(GSE189993, GSE157628, GSE141024 and GSE141022) were
downloaded. Based on the expression profiles of DRGs in each
sample, MMD was clustered into three discrete molecular
subtypes. Differential expression analysis was performed
using the R package ‘limma’ to analyze the differences in gene
expression between MMD and controls. Functional enrich-
ment analysis was used to explore the molecular functions and
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mechanisms of the differentially expressed DRGs in MMD.
Based on the results of differential expression analysis, the
intersection among four comparison groups, which included
Cl1 vs. C2,Cl1 vs. C3, C2 vs. C3, and MMD vs. controls, were
taken and four hub genes were selected for further study. In
addition, the expression and distribution of 22 types of immune
cells in each sample was analyzed. Spearman's correlation
analysis was performed to explore the correlation between the
hub genes and the proportion of immune cells. MMD-related
genes were identified and the relationship between them and
hub genes was analyzed. Furthermore, ELISA was performed
to verify the expression of the four MMD hub genes. In the
present study, a novel molecular classification of MMD based
on disulfidptosis gene expression was established and a total
of 348 upregulated and 801 downregulated genes were identi-
fied in patients with MMD compared with controls. A total of
four hub genes (WDR27, OSBPLI11, MSOM1I and NEIL2) were
selected as biomarkers for the different subtypes of MMD.
The DRG results indicated that disulfidptosis may affect the
progression of MMD pathogenesis. Based on this, MMD
molecular subtypes were constructed and four hub genes were
selected. Immune infiltration analysis indicated a relationship
between hub genes and immune dysfunction, which could
lead to abnormal migration and proliferation of endothelial
cells in MMD. The results of the gene set enrichment analysis
and gene set variation analysis correlated with the results of
immune dysfunction. Differential analysis of MMD-related
genes revealed that MEG3, NCL, NFIB and others were
significantly differentially expressed in patients with MMD
compared to controls. NEIL2 showed a significant positive
correlation with MEG3 expression (Pearson's r=0.4), whereas
WDR27 showed a significant negative correlation with MEG3
expression (Pearson's r=0.415). Correlation analysis showed
that the four hub genes were significantly associated with
endothelial migration- and proliferation-related genes. ELISA
revealed that four hub genes (WDR27, OSBPLI11, MSOM1
and NEIL2) were significantly decreased in MMD compared
to healthy controls, which correlated with the results of the
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present bioinformatic analyses. In conclusion, disulfidptosis
may be involved in the pathogenesis of MMD. Immune infil-
tration analysis demonstrated immune dysregulation among
different disulfidptosis subtypes, which may lead to the
migration and proliferation of endothelial cells. The present
study was the first to explore the correlation between MMD
pathogenesis and disulfidptosis, providing novel insights and
identifying potential subtype classifications and biomarkers
for the diagnosis of MMD.

Introduction

Moyamoya disease (MMD), first described by Suzuki and
Takaku (1) in 1969, is a chronic cerebrovascular disease
presenting with an abnormal vessel net resembling a ‘puff of
smoke’ at the skull base on angiography. MMD presents with
progressive occlusion of the terminal portion of the internal
carotid artery and circle of Willis, which is recognized as a
major cause of ischemic and hemorrhagic strokes (2). The
etiology and pathogenesis of MMD remain to be fully eluci-
dated; however, numerous studies have demonstrated that
genetic factors, immune function and hemodynamic factors
may be responsible for disease progression (3-5). An autopsy
case report demonstrated that marked narrowing of cerebral
arteries and fibrocellular intimal thickening, which was
composed of smooth muscle cells, existed in a patient with
MMD (6). The proteomic profiling of MMD has revealed that
abnormal endothelial cell proliferation may be induced by the
upregulation of focal adhesion-related proteins (7). However,
there are still no efficient and sensitive biomarkers for MMD
diagnosis or treatment and there is an urgent need to eluci-
date molecular mechanisms underlying MMD initiation and
progression to identify therapeutic and diagnostic targets.

Disulfidptosis is a newly identified form of cell death
caused by the vulnerability of the actin cytoskeleton to
disulfide stress induced by the collapse of aberrant disulfide
bonds in actin cytoskeleton proteins and F-actin (8). The
amino acid transporter protein solute carrier family 7 member
11 helps transport cystine to cancer cells, which promotes
tumor growth. Cystine, a toxic disulfide, accumulates in tumor
cells and triggers disulfidptosis when cells lack glucose, and
NADPH production decreases, which can convert cystine into
non-toxic molecules (8,9). RNF213 was identified as a suscepti-
bility gene for MMD. RNF213 knockdown in vascular smooth
muscle cells led to alteration in cytoskeletal organization and
contractility (10). The protein profiling of MMD also revealed
upregulated cytoskeletal proteins (7). Furthermore, exosomal
micro (mi)RNA profiling revealed significant differences in
the expression of miRNAs involved in vascular cytoskeleton
reconstruction in MMD (11). The dysregulation of the cyto-
skeleton in MMD may be involved in abnormal disulfidptosis,
which is caused by the vulnerability of the actin cytoskeleton,
and aberrant disulfidptosis may be involved in abnormal cell
proliferation during the pathogenesis of MMD.

The present study aimed to identify possible pathogenic
mechanisms of MMD, and comprehensive bioinformatics
analyses were used to explore disulfidptosis-related genes
(DRGs) in MMD using the Gene Expression Omnibus (GEO)
database. The expression profiles of DRGs in MMD were
analyzed, and consistency clustering analysis was performed

to construct subclusters of MMD. Functional enrichment
analysis was also performed for different molecular subtypes
of MMD. Furthermore, hub genes with intersecting gene sets
of differential DRGs were identified among different molec-
ular subtypes and between patients with MMD and controls.
Immune infiltration was further explored and its correlation
with hub genes was assessed. Analyses of signaling pathways
and transcription regulation were used to explore the func-
tions and regulatory mechanisms of hub genes in MMD. The
whole study provides comprehensive analyses of disulfidptosis
in MMD and new insights into the molecular pathological
mechanisms of MMD.

Materials and methods

Data processing. This study was approved by the Ethics
Committee of Beijing Tiantan Hospital (Beijing, China;
approval no. KY-2023-2024-02). To identify relevant gene
expression datasets, a comprehensive search was performed
using the keyword ‘moyamoya disease’ in the GEO database
(https://www.ncbi.nlm.nih.gov/geo/), selecting studies with
Homo sapiens as the species. Datasets with a sample size
greater than six were included to ensure sufficient statistical
power and four microarray datasets (GSE189993, GSE157628,
GSE141024 and GSE141022) were obtained (12,13). For
each dataset, gene expression files were downloaded and
the same platform, GPL16699, was used for data analysis.
These datasets were composed of gene expression profiles
from middle cerebral artery (MCA) samples. Specifically, the
matrix data file of GSE189993 included the gene expression
data of 32 participants (21 patients with MMD and 11 healthy
controls), and GSE157628 contained the gene expression
data of 20 participants (11 patients with MMD and 9 healthy
controls). The matrix data file GSE141024 was obtained
from eight participants (four patients with MMD and four
healthy controls), and GSE141022 included the expression
profiles from eight participants (four patients with MMD and
four healthy controls). Detailed sample information for each
dataset, including the number of patients with MMD and
control subjects, is presented in Table SI. The R package SVA
was used to correct the microarrays and display the status
of the batches before and after correction using principal
component analysis.

Consistency clustering analysis of DRGs. The DRG gene
set was obtained from a study by Liu et al (8). Based on the
expression profiles of the DRGs for each sample, the data were
clustered into discrete molecular clusters, and 90% of the total
samples were clustered using 300 iterations (8). A consensus
cumulative distribution function (CDF) curve was constructed
and a consensus matrix heatmap analysis was performed to
choose the best cluster number « (k=3) to distinguish different
molecular subtypes of MMD (C1, C2 and C3) for further
analyses.

Differential expression analysis. Differential expression
analysis was performed using the R package ‘limma’ with
R (version 4.2.2) to analyze the differences in gene expres-
sion between subjects with MMD and controls with the
Mann-Whitney U-test. Differences in the expression profiles
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were also identified among the molecular subtypes of MMD
with the Kruskal-Wallis H-test. Differentially expressed genes
were selected using the conditions of P<0.05, llog,fold change
(FO)I>1. Heatmaps were drawn to show the gene expression
differences using the R package ‘ggplot2’ with R (version
4.2.2). Differential DRGs were obtained and further analyzed
using Spearman correlation analysis in patients with MMD
and controls.

Functional enrichment analysis. Functional enrichment
analysis was used to explore the molecular functions and mech-
anisms of the differentially expressed DRGs in MMD. Gene
ontology (GO) enrichment analysis and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis
were performed using the R package ‘clusterProfiler’ with
R (version 4.2.2). P- and g-values of less than 0.05 were
considered to indicate statistical significance.

Identification of hub genes in MMD. Based on the results of
the differential expression analysis that selected genes with a
P-value <0.05 and llog2FCI>1, the intersecting differentially
expressed genes were selected from four comparison groups,
which included C1 vs. C2, C1 vs. C3, C2 vs. C3, and MMD
vs. controls, which included 29 differentially expressed genes.
Using the intersecting gene sets, they were ranked according
to the average functional similarity correlation using Friend
analysis and the top five genes with the highest correlation
were selected as candidate hub genes. Furthermore, intergroup
differential expression analysis was performed using the
Kruskal-Wallis H-test with candidate hub genes among C1,
C2, C3 and the controls, which were used to select signifi-
cantly differentially expressed genes among these groups as
hub genes for further study.

Immune infiltration analysis. Immune cell profiling was
performed using the CIBERSORT algorithm, a robust
method for evaluating immune cell composition in tissue
samples. The CIBERSORT tool is based on a reference set of
547 gene markers representing 22 distinct human immune cell
types (14). A differential analysis of immune cell expression
was conducted to investigate the immune characteristics across
different molecular MMD subtypes with the Kruskal-Wallis
H-test. This analysis revealed significant differences in
immune cell infiltration between patients with MMD and
healthy controls with the Mann-Whitney U-test. Additionally,
Spearman correlation analysis was performed to explore the
potential associations between the expression of hub genes and
the relative proportions of specific immune cell types.

Gene set enrichment analyses (GSEA) of hub genes. The differ-
ences in the signaling pathways of the hub genes between the
high- and low-expression groups were further analyzed using
GSEA. The annotated gene set of version 7.0 was obtained
from the MsigDB database (https://www.gsea-msigdb.
org/gsea/msigdb). Significantly enriched gene sets (with an
adjusted P<0.05) were sorted based on consistency scores.

Gene set variation analysis (GSVA). GSVA, a nonparametric
and unsupervised method, is used for evaluating the enrich-
ment of transcriptome gene sets. Gene sets were downloaded
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from the molecular signature database and the GSVA algo-
rithm was used to comprehensively score each gene set and
evaluate the differential biological functions of the hub genes
in different samples.

Transcription regulation analysis. The prediction of tran-
scription factors was performed with hub genes using the
R package ‘RcisTarget’ with R (version 4.2.2). All calcula-
tions were based on motifs, and the normalized enrichment
scores of motifs were scored using motifs from the database
and annotation files based on motif similarity and gene
sequences. Visualization of a comprehensive transcriptional
regulatory network of hub genes for disulfideptosis in MMD
was constructed using Cytoscape (version 3.2.1; http://www.
cytoscape.org/).

MMD-related gene correlation analysis. MMD-related genes
were obtained from the GeneCards database (https:/www.
genecards.org/) and differential expression analysis was
performed using the R package ‘limma’ with R (version
4.2.2) to compare the expression level of MMD-related genes
between disease and control groups with the Mann-Whitney
U-test. The relationship between MMD-related genes and
hub genes was visualized using a bubble chart and Pearson
correlation analysis.

Endothelial migration and proliferation-related gene correla-
tion analysis. Endothelial migration- and proliferation-related
genes were obtained from the GeneCards database. Pearson
correlation analysis was used to explore the relationship
between endothelial migration- and proliferation-related genes
and hub genes.

Statistical analysis. All analyses were performed using R
(version 4.2.2), and P<0.05 was considered to indicate statis-
tical significance. Comparisons between two groups were
performed using the Mann-Whitney U-test and comparisons
between three or more groups were performed using the
Kruskal-Wallis H-test. All of the correlation analyses used in
the study were Pearson correlation analyses.

Participants and sample preparation. A total of three
Chinese and Han individuals were enrolled who underwent
digital subtraction angiography to check for MMD at the
Department of Neurosurgery, Beijing Tiantan Hospital,
Capital Medical University (Beijing, China) from July 2021
to December 2022 (15). Detailed consultations and physical
examinations of patients with MMD were performed to
ensure that they did not have any underlying diseases, such
as hypertension, diabetes, hyperlipidemia or hyperthyroidism,
or any surgical history, which could have affected the results
of this study. Table SII shows the clinical and demographic
characteristics of the patients. 3 MMD patients (1 male and
2 females) with an age range of 39 to 51 years were included.
And 3 healthy controls (1 male and 2 females) with an age
range of 30 to 45 years were included. In addition, three
healthy controls (age range, 18-45 years) were recruited with
clinical notice in Beijing Tiantan Hospital from July 2021 to
December 2022. Written informed consent was obtained from
all participants in accordance with the Declaration of Helsinki
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and the study protocol was approved by the Ethics Committee
of Beijing Tiantan Hospital (Beijing, China; approval no. KY
2020-045-02), which informed the patients that the blood
samples would be used in studies of MMD pathogenesis in the
future. Blood samples (2 ml) were collected from all patients
with MMD and centrifuged at 1,500 x g for 10 min at room
temperature, followed by storage at -80°C for analysis.

Enzyme-linked immunosorbent assay (ELISA). The serum
of six participants was obtained after centrifugation and
a standard solution was prepared according to the manu-
facturer's instructions. The Human WDR27 ELISA Kit
(cat. no. E16199h; Elabscience; https:/www.elabscience.
cn/), Human NEIL2 ELISA Kit (cat. no. abx534990), Human
MSMOI1 ELISA Kit (cat. no. abx385151; both from Abbexa)
and Human OSBPLI11 ELISA Kit (cat. no. MBS166713;
MyBioSource, Inc.) were obtained to perform the assays.
Standard, blank and sample wells were used in the ELISA
kits. To the standard wells, 100 ul of diluted standard solution
was added, while 100 ul of standard diluent buffer was added
to the blank wells, and 100 ul of the sample was added to the
remaining wells, which were incubated at 37°C for 1 h. After
adding detection reagents A and B to each well by suction
and washing, each well was sealed and incubated at 37°C in
the dark for 20 min. Subsequently, 50 ul stop solution was
added to each well and the optical density value at 450 nm
was measured. Data were analyzed and visualized using
GraphPad Prism 9 (version 9.4.0; Dotmatics) and Adobe
[Mlustrator (version 26.3.1; Adobe Systems, Inc.) was used to
organize and combine figures. All data are expressed as the
mean + standard deviation. Statistical differences between
groups were tested using one-way ANOVA with Tukey's
post-hoc test. P<0.05 was considered to indicate statistical
significance.

Results

Differential expression analysis of DRGs in MMD. The
GSE189993, GSE157628, GSE141024 and GSE141022 data-
sets were downloaded from the GEO database and expression
profile data were obtained from 68 participants (40 patients
with MMD and 28 controls). The results showed that the
batch effect among microarrays was reduced after correction
(Fig. 1A). The expression levels of DRGs in samples from
MMD and controls were analyzed and the results demonstrated
that LRPPRC (FC=-10.4 and P=0.01), NCKAP1 (FC=0.49 and
P=7.33x10) and NDUFS1(FC=0.86 and P=0.04) genes were
differentially expressed in MMD compared with the controls
(Fig. 1B). A heatmap was drawn to show the expression of
DRGs in each sample (Fig. 1C). In addition, a correlation
analysis of these genes between the control and MMD samples
was conducted, as shown in Fig. 1D.

Functional enrichment analysis of differentially expressed
genes. GO and KEGG enrichment analyses were performed
and the results are shown as a heatmap in Fig. 1E and F. GO
enrichment analysis revealed that the barbed-end actin filament
capping process (P=0.005) and myosin V binding (P=0.007)
were significantly enriched in differentially expressed genes
in MMD (Fig. 1F). KEGG enrichment analysis revealed that

DNA replication (P=0.03) and aminoacyl tRNA biosynthesis
(P=0.02) pathways were significantly enriched (Fig. 1E).

Molecular subtypes classification based on DRGs in MMD.
Consistency clustering was performed and a molecular clas-
sification of MMD based on DRG expression levels was
constructed. Although the CDF curve showed that k=2 was
the best choice of molecular subtypes classification, the results
showed that the boundaries of the subtypes in the samples
were clearer when k=3 compared with k=2 in Fig. 2A-C, which
indicated that MMD should be divided into three clusters.

Identification and expression profiles of hub genes in MMD.
To identify hub genes related to MMD and its molecular
subtypes, the R package limma was used to perform differ-
ential expression analyses of four groups with R (version
4.2.2): Cl1 vs.C3,C2 vs.C3,Cl1 vs. C3,and MMD vs. control.
The standard for selecting differentially expressed genes
was P<0.05 and IlogFCI>1. A total of 2,264 differentially
expressed genes were identified for C1 vs. C2, including
1,207 upregulated and 1,057 downregulated genes. A total
of 6,547 differentially expressed genes were screened for C2
vs. C3, including 2,976 upregulated and 3,571 downregulated
genes. For C1 vs. C3, 5,368 differentially expressed genes
were detected, including 2,228 upregulated and 3,140 down-
regulated genes. Finally, 1,149 differentially expressed genes
were screened for MMD vs. controls, including 348 upregu-
lated and 801 downregulated genes. Among the four gene
sets, 29 intersecting genes were identified, which are shown
as Venn plots (Fig. 2D). Furthermore, the 29 intersecting
genes were sorted based on the average functional similarity
relationships among proteins and the results showed that
TMEM97, WDR27, OSBPL11, MSMOI and NEIL2 were the
top five genes (Fig. 2G). Intergroup analysis of these five
genes in the control and three MMD molecular subtypes was
also performed, and the results showed significant differences
among the WDR27 (P=0.03), OSBPLI11 (P=0.04), MSMO1
(P=3.79x10"°) and NEIL2 (P=0.003) genes (Fig. 2E and F).
Therefore, these four genes were considered hub genes for
further analysis.

Immune infiltration analysis and correlation between immune
function and hub genes. The distribution of immune cells in
each sample is shown in Fig. 3A. An immune cell correla-
tion heatmap is also provided (Fig. 3B). Furthermore, the
expression of different immune cells was compared among
MMD subtypes. The results showed significant differences
in monocyte (P=0.02) and M2 macrophage (P=0.005) counts
among the different molecular subtypes (Fig. 3C). The corre-
lation between the hub genes and immune cells in patients
with MMD was further explored. WDR27 was significantly
positively correlated with CD4 memory T cells (r=0.40,
P=0.01) and memory B cells (r=0.36, P=0.02), but negatively
correlated with T cells CD4 naive (r=-0.24, P=0.03) (Fig. 3D).
OSBPLI1 was significantly positively correlated with neutro-
phils (r=0.57 and P=0.0001), but negatively correlated with
MO macrophages (r=-0.47 and P=0.002) and regulatory T cells
(Tregs; r=-0.43, P=0.006; Fig. 3E). MSMOI was positively
correlated with resting dendritic cells (r=0.34, P=0.03), while
it was negatively correlated with activated dendritic cells
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Figure 1. Differential analysis and functional enrichment analysis with gene datasets. (A) PCA plots after correlation. The different colored circles represent
different datasets. (B) Box plot of DRGs between MMD group and control group. Blue represents the control group and red represents the MMD group.
"P<0.05; “"P<0.001; ns, no significance. (C) Heatmap of DRG expression in MMD and controls. Different colors represent expression levels in each sample.
Red indicates upregulation and blue indicates downregulation. (D) Heatmap of correlation analysis among various DRGs in patients with MMD. Red indicates
a positive correlation and blue indicates a negative correlation. (E) KEGG enrichment analysis of DRGs in MMD. (F) GO enrichment analysis of DRGs
in MMD. The two different columns indicate the different groups, the red one is the disease group and the blue one is the control group. PCA, principal
component analysis; GO, gene ontology; BP, Biological Process; CC, Cellular Component; MF, Molecular Function; KEGG, Kyoto Encyclopedia of Genes and
Genomes; DRG, disulfide-ptosis-related gene; MMD, moyamoya disease.

(r=-0.32, P=0.04; Fig. 3F). NEIL2 was significantly positively
correlated with neutrophils (r=0.46, P=0.003) and gamma
delta T cells (r=0.35, P=0.03), while it was significantly nega-
tively correlated with eosinophils (r=-0.39, P=0.01) and resting
natural killer cells (r=-0.32, P=0.04; Fig. 3G).

GSEA and GSVA pathway enrichment analysis. The
enriched signaling pathways associated with the four hub
genes and the potential molecular mechanisms by which hub
genes affect the pathogenesis of MMD were investigated.
The GSEA results demonstrated that NEIL2 was enriched
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Figure 2. Consistency clustering analysis of disulfide-ptosis-related genes and selection of hub genes in Moya-Moya disease. (A) Consensus matrix map of the
consistency clustering analysis when the cluster number is «=3. (B) Consensus CDF curve of different cluster numbers in the consistency clustering analysis.
(C) The delta area curve of different cluster numbers in the consistency clustering analysis. (D) Venn plot of the differentially expressed genes among the four
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in pathways, including the chemokine signaling pathway
(P=0.0002), ErbB signaling pathway (P=0.006) and phago-
some pathway (P=1.43x10"; Fig. 4A). GSVA indicated that
high NEIL2 expression was enriched in the interferon gamma
response (GSVA score=2.94) and apical junction signaling
pathways (GSVA score=2.68; Fig. 4B). The pathways
enriched by OSBPLII included the IL-17 (P=0.002), PPAR

(P=0.001) and TNF signaling pathways (P=0.0003; Fig. 4C).
GSVA analysis revealed that high expression of OSBPLI1
was enriched in signaling pathways such as interferon
gamma response (GSVA score=4.78), apical junction (GSVA
score=3.26) and reactive oxygen species pathways (GSVA
score=3.35; Fig. 4D). The pathways enriched by MSMOI
include DNA replication (P=0.005), propanoate metabolism
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(P=0.004) and protein export pathways (P=0.002; Fig. 4E)  protein secretion (GSVA score=2.96) and HEME metabo-
and high MSMOI expression was enriched in signaling path-  lism (GSVA score=2.86; Fig. 4F). WDR27 enriched pathways
ways including inflammatory response (GSVA score=3.19), included DNA replication (P=0.002), ErbB signaling pathway
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(P=0.002) and mRNA surveillance pathway (P=0.001;
Fig. 5A and B). The GSVA results showed that high expres-
sion of WDR27 was enriched in the inflammatory (GSVA
score=3.12) and IL6 JAK STAT3 signaling pathways (GSVA
score=2.22; Fig. 5D).

Transcriptional regulation of hub gene analysis. Four hub genes
were used as gene sets for this analysis to further explore the tran-
scriptional regulatory networks involved in the hub genes. Using
the Cistrome DB database, 69 transcription factors were predicted
using MSMOI, 104 using NEIL2, 88 transcription factors were
predicted using OSBPLI1 and 107 transcription factors were
predicted using WDR27. Visualization of a comprehensive tran-
scriptional regulatory network of hub genes for disulfide ptosis in
MMD was constructed using Cytoscape (Fig. 5C).

MMD-related genes correlation analysis. Differential analysis
of MMD-related genes revealed that MEG3, NCL, NFIB and
others were significantly differentially expressed in different
molecular groups of MMD, which indicated different gene
phenotypes in the molecular classification based on disul-
fidptosis-related genes (Fig. 6A). The expression levels of hub
genes were also significantly correlated with those of various
MMD-related genes (Fig. 6B). NEIL2 showed a significant posi-
tive correlation with MEG3 (Pearson's r=0.4), whereas WDR27
was negatively correlated with MEG3 (Pearson's r=0.415).

Endothelial migration and proliferation-related genes
correlation analysis. The expression levels of the hub genes
were significantly correlated with various endothelial migra-
tion-related genes (Table SIII). In particular, OSBPLI1 showed
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“P<0.05; “P<0.01. MMD, moyamoya disease; HC, healthy control.

a significant negative correlation with GIPCI (Pearson's
r=-0.613) and NEIL?2 was significantly correlated with SOX18
(Pearson's r=-0.575). Hub genes were also significantly related
to various endothelial proliferation-related genes (Table SIV).
MSMOI showed a significant positive correlation with
SEMASA (Pearson's r=0.582) and WDR27 was significantly
correlated with MSMOI (Pearson's r=0.737).

ELISA. The results showed that WDR27 (P=0.045), NEIL2
(P=0.0008), OSBPLI11 (P=0.037) and MSMOI (P=0.0015)
were all significantly decreased in patients with MMD

compared to healthy controls, as shown in Fig. 6C-F, which
correlated with the results of previous bioinformatics analyses.

Discussion

The potential etiology and pathogenesis of MMD have long
been studied. Reduced RNF213 expression increases endothe-
lial cell proliferation, migration and tube formation by inducing
vascular endothelial growth factor receptor 2 overexpres-
sion (16). Takagi et al (17) indicated that caspase-3-dependent
apoptosis occurred in the MCA media of MMD. The cell
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death mechanisms may be important for exploring the
potential molecular pathogenesis of MMD. Recent studies
have discovered a new type of disulfide-induced cell death in
human cells known as disulfidptosis. Dysregulated disulfidp-
tosis in target cells may lead to the abnormal proliferation of
endothelial cells, which could lead to chronic vascular stenosis
during MMD pathogenesis. In the present study, the effects of
disulfidptosis on the expression profiles of arteries occluded by
MMD were explored.

The current study identified 29 significantly differen-
tially expressed DRGs and four hub genes, namely WDR27,
OSBPLI1I, MSMOI and NEIL2, were selected. It was hypoth-
esized that these hub genes may be potential biomarkers for the
molecular classification of MMD based on disulfidptosis. The
expression levels of these four hub genes were validated using
ELISA performed using serum samples from patients with
MMD and healthy controls. Thereby, an additional clinical
cohort was recruited to verify the differentially expressed hub
genes, to validate the results obtained from the bioinformatics
analyses. Disulfidptosis plays an important role in cancer
and is reported to be significantly different in most cancers,
such as lung adenocarcinoma and uterine corpus endometrial
carcinoma, and it is also related to physiological discrepan-
cies in different parts of the body (18). Neurological tumors
are more likely to experience glucose starvation, leading to
high disulfidptosis rates, affecting the response to antitumor
drugs and prognosis (18). MMD, which affects the brain, may
have a similar status to neurological tumors and may express
abnormal levels of disulfidptosis.

A clinical trial from Japan identified the significant
difference between a surgical and nonsurgical group, which
suggested the preventive effect of the direct bypass against
rebleeding in MMD. Furthermore, the results showed that the
subgroup with perforating arteries from the choroidal artery
or posterior cerebral artery had a higher risk of rebleeding,
which suggested the association of hemorrhage with different
vascular phenotypes in patients with MMD (19). The current
study focused on the differential expression of disulfidptosis in
patients with MMD and explored the effects of disulfidptosis
on MMD pathogenesis. Using bioinformatic analyses of this
novel cell death mechanism, a novel molecular classification
of MMD was discovered, which may be validated in the future
to explain the different risks in clinical MMD subgroups
identified in previous studies from a molecular perspective.

Soluble CD163 and CXCLS5 are reportedly increased in
patients with MMD and correlated with CD163+ M2-polarized
macrophages, which may be implicated in the pathogenesis of
MMD (4). Wang et al (20) identified through proteomics that
certain expressed proteins that were significantly related to the
immune response may lead to increased endothelial prolifera-
tion in MMD. Therefore, in the present study, specific immune
cells were chosen for the correlation analysis with hub genes by
performing an immune infiltration analysis in MMD, to identify
which cell types may be involved in MMD pathogenesis.

WDR?27 is a scaffold protein that contains multiple WD
repeats. It has been demonstrated that WDR27 is involved
in the anti-tumor necrosis factor response in rheumatoid
arthritis (21). Furthermore, WDR27 was also found to be
related to immunity and cell movement in monkeypox infec-
tion (22). In the present study, WDR27 was also found to
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be significantly correlated with immune responses, such as
resting CD4 memory T cells and memory B cells in MMD,
which could lead to immune dysregulation related to chronic
vascular stenosis. Of note, genome-wide association analyses
of sleep disturbances revealed that WDR27 is related to
insomnia symptoms (23).

OSBPLI11 has a similar structure and sequence to
OSBP, leading to similar biological functions. OSBP binds
to oxysterols, which inhibit cholesterol synthesis (24).
Bouchard er al (25) identified that OSBPLI11 is related to
cholesterol and glucose metabolism in obesity, which could
lead to high cardiovascular disease risk. In the present study,
KEGG enrichment analysis also revealed that glycan degrada-
tion pathways were significantly different between patients
with MMD and controls, which may be due to abnormal
glucose metabolism induced by downregulated OSBPLI11 in
MMD. A characteristic glucose hypometabolic pattern has
been reported in patients with MMD with vascular cognitive
impairment, and it has been indicated that abnormal brain
glucose metabolism is related to cognitive impairment in
MMD (26).

MSOMI1 plays an important role in cholesterol
synthesis (27). Previous studies have reported that MSMOL1
promotes the development of different cancers, such as
liver, breast and oligodendrogliomas (28-30). It was identi-
fied that downregulation of MSMOIL in pancreatic cancer is
associated with advanced progression and poor prognosis.
Epithelial-mesenchymal transition-like cell morphology and
cell mobility were activated by MSMOI1 knockout, indicating
that MSMOI1 may induce cell motility and cell migration (31).
The present results also showed a similar downregulation
of MSMOI1 in MMD compared to controls, which may be
involved in the abnormal endothelial migration in MMD.

NEIL?2 is generally required to protect against oxidative
DNA damage and maintain gene stability (32). A previous study
has demonstrated that NEIL2-deficient mice have an increased
susceptibility to inflammation with pro-inflammatory media-
tors (33). It has also been suggested that NEIL2 inhibits the
inflammatory response in bacterial and viral infections (34).
The present results also showed a significant downregulation
of NEIL2 in MMD, and NEIL2 was significantly correlated
with neutrophils, which indicated abnormal inflammation in
the arterial wall that may lead to chronic occlusion in MMD.
NEIL2 may have a tumor-suppressive role in various cancers,
including lung adenocarcinoma, cervical cancer and breast
cancer (35,36).

The current study has several limitations. First, more
participants with MMD should be enrolled in studies on
disulfidptosis in MMD. As the annual incidence of MMD
is 0.5-1.5 per 100,000 individuals in East Asian countries
but as low as 0.1 per 100,000 in other regions, including
North America, the datasets retrieved with a sample size
>6 yielded only four microarray datasets (2). The small
sample size may increase the risk of overfitting the data
and lead to bias in the results, which means that the results
may not be generalized to larger populations. Second, the
datasets included in the present study lacked the clinical
prognosis of patients with MMD, and a prognostic model
could not be constructed for different subtypes of MMD.
Third, the roles of disulfidptosis in MMD were studied using
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only bioinformatics analyses, which were not verified with
in vitro experiments. The cell models could be constructed
using gene knockdown/overexpression to validate the effects
of differentially expressed genes in MMD. The cell viability,
cell migration and ability of vascular formation could be
explored between different cell groups with various cell
functional assays. Bioinformatic analysis could lead to bias
in the results. The connection between disulfidptosis and
MMD needs to be examined in future studies. Fourth, the
CIBERSORT method, a type of deconvolution algorithm,
was used to perform immune infiltration analysis, which
can predict the proportion of cell types that are not actu-
ally present and decrease the accuracy of the results. A high
correlation may exist in the gene expression of different cell
types during analysis, which might lead to unstable analysis
results and decrease their accuracy.

In conclusion, in the present study, a novel molecular
classification of MMD based on disulfidptosis gene expres-
sion was constructed and 348 upregulated genes and 801
downregulated genes were identified in MMD compared
to controls. A total of four hub genes (WDR27, OSBPLII,
MSOM]1 and NEIL2) were selected as biomarkers for the
different subtypes of MMD. The DRG results identified
that disulfidptosis may affect the progression of MMD
pathogenesis. Based on this, MMD molecular subtypes
were established and four hub genes were selected. Immune
infiltration analysis indicated that the correlation between
hub genes and immune dysfunction could lead to abnormal
migration and proliferation of endothelial cells in MMD.
The results of GSEA and GSVA correlated with the results
of immune dysfunction. Furthermore, the expression of hub
genes was validated in an internal cohort using ELISA, which
was in agreement with previous analyses. To the best of our
knowledge, this study was the first to explore the relation-
ship between MMD and disulfidptosis, which may provide a
new perspective to indicate a novel subtype classification of
MMD and new biomarkers for the diagnosis of MMD.
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