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Background: Numerous clinical studies have shown that atherosclerosis is one

of the risk factors for intracranial aneurysms. Calcifications in the intracranial

aneurysm walls are frequently correlated with atherosclerosis. However, the

pathogenesis of atherosclerosis-related intracranial aneurysms remains unclear.

This study aims to investigate this mechanism.

Methods: The Gene Expression Omnibus (GEO) database was used to download

the gene expression profiles for atherosclerosis (GSE100927) and intracranial

aneurysms (GSE75436). Following the identification of the common di�erentially

expressed genes (DEGs) of atherosclerosis and intracranial aneurysm, the network

creation of protein interactions, functional annotation, the identification of hub

genes, and co-expression analysis were conducted. Thereafter, we predicted the

transcription factors (TF) of hub genes and verified their expressions.

Results: A total of 270 common (62 downregulated and 208 upregulated)

DEGs were identified for subsequent analysis. Functional analyses highlighted

the significant role of phagocytosis, cytotoxicity, and T-cell receptor signaling

pathways in this disease progression. Eight hub genes were identified and verified,

namely, CCR5, FCGR3A, IL10RA, ITGAX, LCP2, PTPRC, TLR2, and TYROBP. Two TFs

were also predicted and verified, which were IKZF1 and SPI1.

Conclusion: Intracranial aneurysms are correlated with atherosclerosis. We

identified several hub genes for atherosclerosis-related intracranial aneurysms and

explored the underlying pathogenesis. These discoveriesmay provide new insights

for future experiments and clinical practice.

KEYWORDS

intracranial aneurysms, atherosclerosis, bioinformatics, di�erentially expressed genes,

hub genes, transcription factor

1. Introduction

Intracranial aneurysm (IA) is a prevalent disease that affects ∼3% of the population

(1). The rupture of an IA leads to subarachnoid hemorrhage, with a high risk of

morbidity and death. Although the pathogenesis of IA remains unclear, it may be closely

related to atherosclerosis (AS). An increasing number of studies have found that IAs are

frequently complicated by AS, resulting in a worse prognosis. Killer-Oberpfalzer et al.

found atherosclerotic lesions in all their deaths from cystic IA (2). Evidence supports

the hypothesis that atherosclerosis, inflammation, and degenerative changes in aneurysm

walls play considerable roles in the development of IA, and the presence of atherosclerotic

plaques in the aneurysm wall may contribute to the degeneration and rupture of IA (3, 4).
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Aneurysm wall enhancement increases the instability of IA (5); it is

related to an increased level of atherogenic proteins and a decreased

level of anti-atherosclerotic proteins, and atherosclerosis can be

detected when these enhanced arterial walls are observed in vitro

(6, 7). In addition, inflammation-related atherosclerotic changes

and neovascularization of the aneurysm wall have been found

in larger unruptured IAs (4), and increased lipid infiltration was

observed in the ruptured cerebral aneurysm wall (8). In summary,

atherosclerosis-related intracranial aneurysms (AS-related IA) are

more unstable and require further care in clinical practice.

Although atherosclerosis is considered one of the risk factors

for IA, the pathogenic mechanism of the complication of IA and AS

remains unknown but may be connected to inflammation, smooth

muscle cell (SMC) proliferation, and macrophage phagocytosis

(9). Currently, histological studies have demonstrated that the

SMC phenotype, lipoprotein buildup, and production of foam cells

in intracranial aneurysm walls are similar to the alterations in

atherosclerotic artery walls (10–12), indicating that there may be

some common mechanisms leading to the occurrence of these

two diseases and triggering the onset of AS-related IA. The

increased rupture risk of AS-related IA may be mainly caused

by atherosclerosis-induced phenotypic modulation of SMC in

the aneurysm media layer (13). The adventitia of intracranial

aneurysms comprises collagen fibers, encasing the media layer

primarily composed of the SMC and extracellular matrix (ECM),

while the intima is the invasive site of atherosclerotic plaques.

When atherosclerosis occurs on the wall of intracranial aneurysms,

the SMC of the media layer transforms to the matrix remodeling

phenotype, resulting in ECM dysfunctional remodeling and the

destruction of elastic fibers (14). These pathological alterations

reduce the stability of the media layer of the aneurysm wall,

increasing the risk of AS-related IA rupture (Figure 1).

With the gradual revelation of the close association between

IA and AS, there is still a lack of effective treatments, and new

strategies are urgently required to prevent corresponding adverse

prognoses. This study aimed to identify the transcriptome signature

of AS-related IA. We retrieved differentially expressed genes

(DEGs) of IA and AS from the Gene Expression Omnibus (GEO)

database and used integrative bioinformatics tools to uncover

functional pathways, potential hub genes, and transcription

factors. Our findings are expected to shed new insights into

the pathogenic mechanisms and treatments of IAs complicated

with atherosclerosis.

2. Materials and methods

2.1. Data source

GEO (http://www.ncbi.nlm.nih.gov/geo/) is a vast online

database containing various high-throughput sequencing data

types. We downloaded sequencing datasets of IA (GSE75436)

and atherosclerotic vascular specimens (GSE100927) from the

GEO database. GSE75436 comprised 15 IA wall tissues and 15

matched control superficial temporal artery walls. GSE100927

comprised 69 atherosclerotic samples and 35 control arteries

without atherosclerosis.

2.2. Di�erential expression analysis

First, the acquired data were normalized, background adjusted,

and log2 transformed; the probes without gene annotation were

removed, and the values of duplicate probes were averaged. We

performed differential gene expression analysis on GSE75436

and GSE100927 using the “limma” R package (https:/www.

bioconductor.org/packages/3.5/bioc/html/limma.html) (15). DEGs

were identified as genes with an adjusted p-value of <0.05 and a

|logFC| of >1. Subsequently, we used Venny2.1 (http://bioinfogp.

cnb.csic.es/tools/venny/index.html) to generate a Venn diagram of

the intersection of the DEGs in these two datasets. Removing genes

with opposite expression trends, we obtained the common DEGs

(co-DEGs) in these two diseases.

2.3. Enrichment analyses of DEGs

Gene Ontology (GO) is a database that describes the related

biological processes, molecular functions, and cellular components

for gene collections. Kyoto Encyclopedia of Genes and Genomes

(KEGG) is supported by a database containing functional

annotation and gene pathway enrichment across multiple species.

The co-DEGs were submitted to enrichment analyses using the

clusterProfiler package (16), with an adjusted p-value of <0.05

serving as the screening criteria. The results were displayed using

the Ggplot2 package (https://ggplot2.tidyverse.org).

2.4. Protein–protein interaction network
construction and module analysis

The Search Tool for the Retrieval of Interacting Genes

(STRING; http://string-db.org) is a database that can search for

potential relationships between proteins (17) using the STRING

database to construct a PPI network of co-DEGs with a combined

score of >0.40 for meaningful interactions. To visualize the PPI

network, we imported the results into Cytoscape (http://www.

cytoscape.org) (18); subsequently, the MCODE plugin was used

to find the potential meaningful gene modules in co-DEGs.

Finally, we conducted an enrichment analysis on the most valuable

gene modules.

2.5. Selection and analysis of candidate hub
genes

Using the cytoHubba plugin in Cytoscape, we analyzed

the entire PPI network. DEGs were analyzed in cytoHubba

using 12 algorithms (MCC, DMNC, MNC, Degree, EPC,

BottleNeck, EcCentricity, Closeness, Radiality, Betweenness, Stress,

and ClusteringCoefficient), and each algorithm recorded the top 20

genes. Upset charts were constructed, calculating the frequency of

gene registrations. Subsequently, we selected the genes reported six

times or more as potential hub genes. GeneMANIA (http://www.

genemania.org/) (19) is a dependable instrument for determining
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FIGURE 1

Structural alterations of common rupture sites in AS-related IA.

gene correlations. Candidate hub genes were imported into

GeneMANIA for analysis.

2.6. Verification and analysis of hub genes

Two external datasets, GSE43292 (AS) and GSE122897 (IA),

were used to verify the expression of candidate hub genes.

GSE43292 included 32 carotid atherosclerotic plaques paired

with 32 distant macroscopic control tissue samples; GSE122897

included 44 IA samples and 16 control intracranial cortical

arterials. Data between groups were compared using the mean

t-test, with a p-value of <0.05 as the standard for significant

differences. The candidate genes that passed the verification

were considered hub genes, and enrichment analysis was

performed on them.

2.7. Prediction and verification of
transcription factors

ChEA3 (https://maayanlab.cloud/chea3/) is an internet

transcription factor (TF) enrichment analysis instrument

that can predict the regulatory relationship between TFs

and their corresponding target genes (20). The ENCODE

TF target library contains ChIP-seq experiments from

humans and mice. We imported hub genes into the

ChEA3 database, set library = “ENCODE”, and predicted

the top 10 TFs corresponding to them. Thereafter, we

verified the expression levels of these TFs in GSE75436

and GSE100927.

3. Results

3.1. Di�erential expression analysis

Differential expression analysis revealed that GSE75436

included 2,389 DEGs comprising 1,374 upregulated DEGs and

1,015 downregulated DEGs; GSE100927 contained 442 DEGs

consisting of 323 upregulated DEGs and 119 downregulated

DEGs (Figure 2A). DEGs with the same expression trend in IA

and AS were considered co-DEGs. Taking the intersection of

DEGs and removing genes that had opposite expression trends in

the two diseases, we obtained 208 upregulated co-DEGs and 62

downregulated co-DEGs (Figure 2B).

3.2. Enrichment analyses of DEGs

We performed enrichment analysis on 270 co-DEGs to

explore their potential biological functions and pathways.

According to GO analysis, these genes were primarily enriched in

leukocyte-mediated immunity, leukocyte cell-cell adhesion,

immune receptor activity, and endocytic vesicle, which

were related to leukocyte immunity and cell phagocytosis

(Figure 3B). Meanwhile, co-DEGs were substantially related

to the phagosome, lipid, and atherosclerosis, and the B-cell

receptor signaling pathway, as determined by KEGG analysis

(Figure 3C). These results provide additional evidence that

atherosclerosis induces the development of IA and reflect

that immune response, phagocytosis, lipid accumulation, and

other factors are implicated in the onset and progression of

AS-related IA.
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FIGURE 2

Results of di�erential expression analysis and intersection Venn diagram. (A) The volcano map of GSE75436 and GSE100927. Bright red color

indicates upregulated genes; blue color indicates downregulated ones. (B) From the DEGs of the two datasets, 270 co-DEGs were selected.

3.3. Construction and module analysis of
the PPI network

A PPI network of co-DEGs with 227 nodes and 2,379

interaction pairings was established (Figure 3A). Using the

MCODE plugin (set K-core = 2, degree cutoff = 2, max depth

= 100, and node score cutoff = 0.2), we analyzed this network

and identified the most significant gene module (score = 28.857,

36 genes, and 505 interaction pairs) (Figure 4A). Interestingly, all

genes in this module are upregulated co-DEGs, and heatmaps

display their expression levels in GSE75436 (Figure 4B) and

GSE100927 (Figure 4C). Moreover, we performed an enrichment

analysis on this gene module. GO analysis revealed that these genes

were predominantly engaged in immunologic inflammation and

cell response regulation (Figure 4D), and KEGG analysis revealed

their involvement in a toll-like receptor signaling pathway, a

chemokine signaling route, lipid and atherosclerosis, and other

pathways (Figure 4E).
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FIGURE 3

PPI network and enrichment analysis of common DEGs. (A) PPI network of common DEGs. Red signifies upregulated genes, while blue denotes

downregulated genes. (B, C) The outcomes of GO and KEGG pathway enrichment analyses. It was deemed significant if the adjusted P-value of

<0.05.
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FIGURE 4

MCODE-identified genes module and corresponding enrichment analysis results. (A) One essential module of gene clustering. (B, C) Distribution of

gene expression levels in the module. (D, E) The genes module underwent GO and KEGG analysis. It was deemed significant if the adjusted P-value <

0.05.
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FIGURE 5

Candidate hub gene co-expression network and upset plot. (A) The intersection of the top 20 genes within 12 methods of the cytoHubba module.

(B) GeneMANIA was used to analyze candidate hub genes and associated co-expression genes.

3.4. Selection and analysis of candidate hub
genes

We analyzed the PPI network of co-DEGs using 12 algorithms

in the cytoHubba plugin of Cytoscape software, and each

algorithm obtained the top 20 candidate hub genes. According

to the upset plot (Figure 5A), genes simultaneously selected

by six or more algorithms were considered candidate hub

genes, namely, PTPRC, TNF, ITGAM, TYROBP, IL1B, CSF1R,

FCGR3A, IRF8, LCP2, TLR2, CYBB, CCR5, ITGAX, IL10RA,

and C1QA, which were all upregulated genes. Based on the

GeneMANIA database, we created gene co-expression networks

and demonstrated their associated functions. These genes exhibited

a complicated PPI network with 88.81% co-expression, 7.24% co-

localization, 2.45% prediction, and 1.51% shared protein domains

(Figure 5B).
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FIGURE 6

The hub genes expression level in GSE43292. The mean t-test is used for the comparison of the two datasets. Statistical significance was determined

when the P-value < 0.05. AS, atherosclerotic plaque; CON, control artery samples. ***p < 0.001.

3.5. Verification and analysis of hub genes

We verified the expression of 15 candidate hub genes

with GSE43292 (AS) and GSE122897 (IA). All candidate hub

genes were significantly upregulated in GSE43292 (Figure 6).

While eight genes were remarkably upregulated in GSE122897,

and the expression of candidate hub genes showed an overall

upward trend in IA, except for IL1B and TNF (Figure 7). Eight

genes were confirmed as hub genes of AS-related IA, namely,

CCR5, FCGR3A, IL10RA, ITGAX, LCP2, PTPRC, TLR2, and

TYROBP. Supported by the GeneCards database (https://www.

genecards.org/), Table 1 displays their real names and associated

functions. Interestingly, each hub gene corresponds to the

MCODE algorithm’s most significant gene module. Following the

enrichment analysis of these genes, GO analysis demonstrated that

they are mainly involved in the immune response, macrophage

phagocytic function, and cytotoxicity (Figure 8A). Subsequently,

their involvement in natural killer cell-mediated cytotoxicity, FcR-

mediated phagocytosis, and the T cell receptor (TCR) signaling

pathway were revealed by KEGG analysis (Figure 8B).

3.6. Exploration and authentication of TFs

We predicted the top 10 TFs that may regulate hub gene

expression using the ChEA3 database (Figure 9A). Thereafter, we

verified the expression of these TFs in datasets. In total, two

TFs, IKZF1 and SPI1, were significantly upregulated in GSE75436

(Figure 9B) and GSE100927 (Figure 9C). Subsequently, a network

diagram of the TFs and hub genes was constructed. A total of five

hub genes (CCR5, IL10RA, LCP2, TYROBP, and PTPRC) were

coregulated by these two TFs (Figure 9D).
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FIGURE 7

The hub genes expression level in GSE122897. The mean t-test is used for the comparison of the two datasets. Statistical significance was determined

when the P-value < 0.05. IA, intracranial aneurysm samples; CON, control intracranial cortical arterials. *p < 0.05; **p < 0.01. ns, p > 0.05.

4. Discussion

This study determined new targets for preventing and treating

AS-related IA, revealing the potential biological mechanism in

the pathogenesis. A total of 270 co-DEGs were identified, and

then eight hub genes were selected and verified, namely, CCR5,

FCGR3A, IL10RA, ITGAX, LCP2, PTPRC, TLR2, and TYROBP.

After the enrichment analysis of hub genes, we found that these

genes were principally enriched in cytotoxicity, phagocytosis,

and TCR signaling pathways. SPI1 and IKZF1, two transcription

factors, were discovered to be significant for the development of

this disease, and they jointly regulate five hub genes, namely, CCR5,

IL10RA, LCP2, TYROBP, and PTPRC.

The enrichment analysis of hub genes showed that NK cell-

mediated cytotoxicity, FcγR-mediated phagocytosis, and the TCR

signaling pathwaymight play considerable roles in the pathogenesis

of AS-related IA. The atherosclerotic tissue is rich in NK cells that

express many biomarkers, such as IFN-γ. NK cell activation may

play a significant role in the exacerbation of AS (21), suggesting that

the increased cytotoxicity mediated by NK cells may contribute

to the development of AS. Moreover, the migration ability of NK

cells in the peripheral blood of patients with IA is also enhanced

(22). NK cells may aggregate and activate in the aneurysm wall

during the pathogenesis, which mediates cytotoxicity to promote

disease progression. In addition, phagocytosis appears to be

activated during pathogenesis. FcγR is a receptor for the Fc

portion of IgG, which activates the mitogen-activated protein

kinase signaling pathway by mediating low-density lipoprotein

immune complexes (LDL-ICs), thereby activating macrophages

(23, 24). Subsequently, macrophage infiltration and its polarization

toward the M1 phenotype increase the risk of IA pathogenesis and

rupture (25). Inflammatory macrophages in the arterial wall can
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TABLE 1 Specifics and functions of hub genes.

No. Gene
symbol

Full name Function

1 PTPRC Protein Tyrosine Phosphatase Receptor

Type C

PTPRC acts as a leukocyte antigen to regulate T- and B-cell immune signaling.

2 TYROBP Transmembrane Immune Signaling

Adaptor TYROBP

TYROBP triggers the mobilization of intracellular calcium ions, activates transcription factors

such as NF-κB, and promotes the occurrence of cellular inflammatory responses.

3 FCGR3A Fc Gamma Receptor IIIa FCGR3A encodes the receptor for the Fc portion of immunoglobulin G and is involved in

antibody-dependent biological processes such as mediating cytotoxicity.

4 LCP2 Lymphocyte Cytosolic Protein 2 LCP2 participates in the protein tyrosine kinase pathway activated by the T cell receptor,

regulates helper T cell function, and promotes the activation of serine phosphorylation.

5 TLR2 Toll-Like Receptor 2 TLR2 acts on MYD88 to activate NF-κB, activates inflammatory response and cytokine

secretion, promotes apoptosis, and affects the lipid portion of lipoproteins.

6 CCR5 C-C Motif Chemokine Receptor 5 As a receptor of inflammatory CC-chemokines, CCR5 can increase the intracellular calcium ion

level and transduce signals and can affect the inflammatory immune process by participating in

the migration of T lymphocytes to the site of action.

7 ITGAX Integrin Subunit Alpha X ITGAX encoded integrin α-X chain protein is involved in constituting leukocyte-specific

integrins, mediates cell–cell interactions in inflammation, and plays a vital role in monocyte

adhesion and chemotaxis.

8 IL10RA Interleukin 10 Receptor Subunit Alpha IL10RA can mediate IL-10 to transmit immunosuppressive signals and reduce the synthesis of

pro-inflammatory cytokines.

FIGURE 8

Chord diagram for enrichment analysis of hub genes. (A, B) GO and KEGG analysis of hub genes. The circles on the right and left, respectively,

indicate pathways and the corresponding hub genes.
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FIGURE 9

Exploration and verification of TFs and their regulatory networks. (A) Top 10 related TFs predicted using the ChEA3 database. (B, C) TFs expression

level in GSE75436 and GSE100927. The mean t-test is used for the comparison of the two datasets. Statistical significance was determined when the

P-value < 0.05. IA, intracranial aneurysm wall tissue; AS, atherosclerotic samples; CON, control arteries. *p < 0.05; **p < 0.01; ***p < 0.001. (D) The

regulatory network of TFs. The hub genes were highlighted in red, whereas TFs were highlighted in yellow.

uptake LDL-ICs through FcγRI and transform them into foam

cells (26), forming atherosclerotic plaques. FcγR may activate

inflammatory macrophages and promote their phagocytosis to

induce the aggregation of foam cells, leading to the development

of atherosclerotic plaque in the aneurysm wall, inducing the

deterioration of IA. The activation of the TCR signaling pathway
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will lead to the cascade reaction of the PKCθ-IKK-NFκB

pathway (27), stimulating the NFκB-mediated inflammatory

response and participating in the pathology process of

AS-related IA.

As a receptor of inflammatory CC-chemokines, CCR5 can

increase intracellular calcium ion levels to transduce signals. CCR5

transports blood monocytes to atherosclerotic plaques to promote

disease progression (28). Cipriani et al. treated AS model mice

with a CCR5 antagonist, which resulted in a 70% reduction in

plaque volume and a 50% attenuation of monocyte/macrophage

infiltration (29). T cells in the wall of IA express high levels

of the chemokine receptor CCR5 (30). We speculate that

CCR5 may promote disease progression by participating in

the chemotactic process of inflammatory macrophages in the

aneurysm wall. FCGR3A, also known as CD16, is involved in

mediating cytotoxicity. Previous studies have found more CD16+

intermediate monocytes in patients with IA (31). Decreased CD16

monocyte subsets are also associated with a decrease in subclinical

AS (32). Combined with our study, FCGR3A may induce disease

development by promoting the cytotoxic effect of monocytes and

macrophages. The protein encoded by IL10RA is a receptor for

interleukin 10 (IL10); It can mediate immunosuppressive signals

and reduce inflammatory responses. Patients with IA exhibit a

decrease in IL-10, suggesting that the low IL-10 level in vivo

may be associated with the development of IA (33). Moreover,

the IL10RA was highly expressed in AS (34), indicating that the

IL10RA-mediated inhibition of inflammation is similarly active in

AS. Therefore, IL10RA may play a protective role in AS-related IAs

by mediating the anti-inflammatory effect of IL-10, and activating

the expression of IL10RA can effectively prevent the occurrence of

AS-related IA. ITGAX, also known as CD11c, can mediate cell–cell

interactions in inflammation, monocyte adhesion, and chemotaxis.

The decrease in CD11c + cells can reduce the progression of

abdominal aortic aneurysms (AAA) (35). According to our results,

ITGAX may have a similar function in IA. Simultaneously, the

high expression of ITGAX is a prominent feature of unstable

carotid atherosclerotic plaques. CD11c + macrophages gather in

vulnerable plaques, resulting in the deterioration of AS (36). The

effect of ITGAX on AS-related IA may depend on affecting the

adhesion and chemotaxis of monocytes.

PTPRC, also known as CD45, encodes a leukocyte antigen that

regulates the immune response of T and B cells. PTPRC is involved

in the progression of AS as a regulatory T cell-related gene (37).

Hosaka et al. found the infiltration of CD45+ cells in IA walls

(38), reflecting the involvement of PTPRC in the pathogenesis

of IA. PTPRC may promote the inflammatory response of AS-

related IA by regulating immune lymphocytes. TLR2 activates

the inflammatory response and cytokine secretion by activating

the TLR2-Myd88-NF-κB pathway and can also activate immune

cells to promote apoptosis. Multiple studies have demonstrated

that the TLR2-Myd88-NF-κB pathway is activated in IA and AS

(39, 40). TLR2 may promote the pathogenesis of AS-related IA

mainly by activating the inflammatory response mediated by the

TLR2-Myd88-NF-κB pathway and apoptosis. TYROBP, also known

as DAP12, encodes a protein that can activate TFs, such as NF-

κB, and promote cellular inflammatory responses. Previous studies

have found that the expression level of TYROBP is significantly

upregulated in the atherosclerotic tissue and AAA, and TYROBP

promotes the pathogenesis of AAA through the activation of the

NK cell-mediated cytotoxicity pathway (41, 42). Combined with

our results, TYROBP may also have such a role in the progression

of AS-related IA, which may lead to disease by activating NF-

κB and affecting NK cell-mediated cytotoxicity. The association

between LCP2 and AS-related IA is still unclear, and the underlying

mechanism requires additional investigation.

Subsequently, we predicted and verified the TFs of hub genes.

Among the top 10 TFs predicted from the ChEA3 database, IKZF1

and SPI1 passed the verification, and they jointly regulated five

hub genes, namely, CCR5, IL10RA, LCP2, TYROBP, and PTPRC.

IKZF1 is considered a transcriptional regulator of hematopoietic

differentiation and participates in the development of lymphocytes,

B cells, and T cells (43). IKZF1 can promote the production of

the inflammatory cytokine INF-γ by regulating the balance of

Th1/Th2 (44). Increased IFN-γ levels can be observed in patients

with IA, especially when the aneurysm ruptures (33). Moreover,

the severity of AS is associated with genetic polymorphisms in the

arterial IFN-γ gene (45). IFN-γ affects immune cells, endothelial

cells, and SMCs (46, 47), leading to the progression of AS and may

play a similar role in the pathogenesis of AS-related IA. IKZF1 is

involved in regulating the expression of CCR5, IL10RA, LCP2, and

TYROBP and can also promote the production of INF-γ to affect

the pathogenesis process. IKZF1 may become a new therapeutic

target. Another TF, SPI1, regulates LCP2, PTPRC, and TYROBP.

SPI1 was significantly upregulated in aortic atherosclerotic plaques

in Tibetan minipigs (48). In addition, SPI1 was identified as a

significant regulator in peripheral blood samples of patients with IA

(49), which also corresponds to the results obtained in our study.

Due to the lack of relevant studies, the relationship between SPI1

and AS-related IA still needs to be explored.

Our findings contribute to elucidating the mechanism of the

link between IA and AS. However, there are still some flaws in

our study. First, the findings of our retrospective study need to be

further confirmed with external data. Second, hub genes need to be

further verified experimentally in in vitro models. Complementing

these shortcomings is the focus of our future study.

5. Conclusion

We identified and verified eight hub genes and two TFs for AS-

related IA, providing new study directions and therapeutic targets

for this disease. Eight genes, namely, CCR5, FCGR3A, IL10RA,

ITGAX, LCP2, PTPRC, TLR2, and TYROBP, are considered hub

genes, and their pathway enrichment results focus on phagocytosis,

NK cell-mediated cytotoxicity, and the TCR signaling pathway.

Moreover, IKZF1 and SPI1 were identified as the TFs of hub genes

and jointly involved in regulating the expression of five genes,

namely, CCR5, IL10RA, LCP2, TYROBP, and PTPRC.

Data availability statement

The original contributions presented in the study are included

in the article/supplementary material, further inquiries can be

directed to the corresponding author.

Frontiers inNeurology 12 frontiersin.org

https://doi.org/10.3389/fneur.2023.1055456
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhang et al. 10.3389/fneur.2023.1055456

Ethics statement

Ethical review and approval was not required for the

study on human participants in accordance with the local

legislation and institutional requirements. Written informed

consent from the patients/participants or patients/participants’

legal guardian/next of kin was not required to participate in

this study in accordance with the national legislation and the

institutional requirements.

Author contributions

QZ completed the data analysis and the writing of the

manuscript. HL critically revised the manuscript. MZ checked

for omissions in the study and provided comments. FL

and TL participated in the formulation of the draft study

design. The final manuscript has been read and approved by

all authors.

Funding

This research was supported by the Henan Province

Medical Science and Technology Research Project (Project

No. SB201901056).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

1. Thompson BG, Brown RD Jr, Amin-Hanjani S, Broderick JP, Cockroft
KM, Connolly ES Jr, et al. Guidelines for the management of patients with
unruptured intracranial aneurysms: a guideline for healthcare professionals from the
American Heart Association/American Stroke Association. Stroke. (2015) 46:2368–
400. doi: 10.1161/STR.0000000000000070

2. Killer-Oberpfalzer M, Aichholzer M, Weis S, Richling B, Jones R, Virmani
R, et al. Histological analysis of clipped human intracranial aneurysms and
parent arteries with short-term follow-up. Cardiovasc Pathol. (2012) 21:299–
306. doi: 10.1016/j.carpath.2011.09.010

3. Hashimoto Y, Matsushige T, Shimonaga K, Hosogai M, Kaneko M,
Ono C, et al. Vessel wall imaging predicts the presence of atherosclerotic
lesions in unruptured intracranial aneurysms. World Neurosurg. (2019)
132:e775–82. doi: 10.1016/j.wneu.2019.08.019

4. Matsushige T, Shimonaga K, Ishii D, Sakamoto S, Hosogai M, Hashimoto Y, et al.
Vessel wall imaging of evolving unruptured intracranial aneurysms. Stroke. (2019)
50:1891–4. doi: 10.1161/STROKEAHA.119.025245

5. Vergouwen MDI, Backes D, van der Schaaf IC, Hendrikse J, Kleinloog R, Algra
A, et al. Gadolinium enhancement of the aneurysm wall in unruptured intracranial
aneurysms is associated with an increased risk of aneurysm instability: a follow-up
study. Am J Neuroradiol. (2019) 40:1112–6. doi: 10.3174/ajnr.A6105

6. Ishii D, Matsushige T, Sakamoto S, Shimonaga K, Akiyama Y, Okazaki T, et al.
Decreased antiatherogenic protein levels are associated with aneurysm structure
alterations in MR vessel wall imaging. J Stroke Cerebrovasc Dis. (2019) 28:2221–
7. doi: 10.1016/j.jstrokecerebrovasdis.2019.05.002

7. Ishii D, Choi A, Piscopo A, Mehdi Z, Raghuram A, Zanaty M, et al. Increased
concentrations of atherogenic proteins in aneurysm sac are associated with wall
enhancement of unruptured intracranial aneurysm. Transl Stroke Res. (2022) 13:577–
82. doi: 10.1007/s12975-021-00975-5

8. Ou C, Qian Y, Zhang X, Liu J, Liu W, Su H, et al. Elevated lipid
infiltration is associated with cerebral aneurysm rupture. Front Neurol. (2020)
11:154. doi: 10.3389/fneur.2020.00154

9. Oka M, Shimo S, Ohno N, Imai H, Abekura Y, Koseki H, et al. Dedifferentiation
of smooth muscle cells in intracranial aneurysms and its potential contribution to the
pathogenesis. Sci Rep. (2020) 10:8330. doi: 10.1038/s41598-020-65361-x

10. Coen M, Burkhardt K, Bijlenga P, Gabbiani G, Schaller K, Kövari E, et al.
Smooth muscle cells of human intracranial aneurysms assume phenotypic features
similar to those of the atherosclerotic plaque. Cardiovasc Pathol. (2013) 22:339–
44. doi: 10.1016/j.carpath.2013.01.083

11. Ollikainen E, Tulamo R, Lehti S, Lee-Rueckert M, Hernesniemi J, Niemelä
M, et al. Smooth muscle cell foam cell formation, apolipoproteins, and ABCA1 in
intracranial aneurysms: implications for lipid accumulation as a promoter of aneurysm
wall rupture. J Neuropathol Exp Neurol. (2016) 75:689–99. doi: 10.1093/jnen/nlw041

12. Frösen J, Tulamo R, Paetau A, Laaksamo E, Korja M, Laakso A, et al. Saccular
intracranial aneurysm: pathology and mechanisms. Acta Neuropathol. (2012) 123:773–
86. doi: 10.1007/s00401-011-0939-3

13. Starke RM, Chalouhi N, Ding D, Raper DM, Mckisic MS, Owens GK, et al.
Vascular smooth muscle cells in cerebral aneurysm pathogenesis. Transl Stroke Res.
(2014) 5:338–46. doi: 10.1007/s12975-013-0290-1

14. Texakalidis P, Sweid A, Mouchtouris N, Peterson EC, Sioka C, Rangel-Castilla L,
et al. Aneurysm formation, growth, and rupture: the biology and physics of cerebral
aneurysms.World Neurosurg. (2019) 130:277–84. doi: 10.1016/j.wneu.2019.07.093

15. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic
Acids Res. (2015) 43:e47. doi: 10.1093/nar/gkv007

16. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for
comparing biological themes among gene clusters. OMICS. (2012) 16:284–
7. doi: 10.1089/omi.2011.0118

17. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J,
et al. STRING v11: protein-protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets. Nucleic Acids
Res. (2019) 47:D607–13. doi: 10.1093/nar/gky1131

18. Smoot ME, Ono K, Ruscheinski J, Wang PL, Ideker T. Cytoscape 28: new
features for data integration and network visualization. Bioinformatics. (2011) 27:431–
2. doi: 10.1093/bioinformatics/btq675

19. Warde-Farley D, Donaldson SL, Comes O, Zuberi K, Badrawi R, Chao P,
et al. The GeneMANIA prediction server: biological network integration for gene
prioritization and predicting gene function. Nucleic Acids Res. (2010) 38(Web Server
issue):W214–20. doi: 10.1093/nar/gkq537

20. Keenan AB, Torre D, Lachmann A, Leong AK, Wojciechowicz ML, Utti V, et al.
ChEA3: transcription factor enrichment analysis by orthogonal omics integration.
Nucleic Acids Res. (2019) 47:W212–24. doi: 10.1093/nar/gkz446

21. Bonaccorsi I, Spinelli D, Cantoni C, Barillà C, Pipitò N, De Pasquale C, et al.
Symptomatic carotid atherosclerotic plaques are associated with increased infiltration
of natural killer (NK) cells and higher serum levels of NK activating receptor ligands.
Front Immunol. (2019) 10:1503. doi: 10.3389/fimmu.2019.01503

22. Ge P, Liu C, Chan L, Pang Y, Li H, Zhang Q, et al. High-dimensional
immune profiling by mass cytometry revealed the circulating immune cell
landscape in patients with intracranial aneurysm. Front Immunol. (2022)
13:922000. doi: 10.3389/fimmu.2022.922000

23. Virella G, Muñoz JF, Galbraith GM, Gissinger C, Chassereau C, Lopes-Virella
MF. Activation of human monocyte-derived macrophages by immune complexes
containing low-density lipoprotein. Clin Immunol Immunopathol. (1995) 75:179–
89. doi: 10.1006/clin.1995.1069

Frontiers inNeurology 13 frontiersin.org

https://doi.org/10.3389/fneur.2023.1055456
https://doi.org/10.1161/STR.0000000000000070
https://doi.org/10.1016/j.carpath.2011.09.010
https://doi.org/10.1016/j.wneu.2019.08.019
https://doi.org/10.1161/STROKEAHA.119.025245
https://doi.org/10.3174/ajnr.A6105
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.05.002
https://doi.org/10.1007/s12975-021-00975-5
https://doi.org/10.3389/fneur.2020.00154
https://doi.org/10.1038/s41598-020-65361-x
https://doi.org/10.1016/j.carpath.2013.01.083
https://doi.org/10.1093/jnen/nlw041
https://doi.org/10.1007/s00401-011-0939-3
https://doi.org/10.1007/s12975-013-0290-1
https://doi.org/10.1016/j.wneu.2019.07.093
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/bioinformatics/btq675
https://doi.org/10.1093/nar/gkq537
https://doi.org/10.1093/nar/gkz446
https://doi.org/10.3389/fimmu.2019.01503
https://doi.org/10.3389/fimmu.2022.922000
https://doi.org/10.1006/clin.1995.1069
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhang et al. 10.3389/fneur.2023.1055456

24. Huang Y, Jaffa A, Koskinen S, Takei A, Lopes-Virella MF. Oxidized LDL-
containing immune complexes induce Fc gamma receptor I-mediated mitogen-
activated protein kinase activation in THP-1 macrophages. Arterioscler Thromb Vasc
Biol. (1999) 19:1600–7. doi: 10.1161/01.ATV.19.7.1600

25. Muhammad S, Chaudhry SR, Dobreva G, Lawton MT, Niemelä M, Hänggi D.
Vascular macrophages as therapeutic targets to treat intracranial aneurysms. Front
Immunol. (2021) 12:630381. doi: 10.3389/fimmu.2021.630381

26. Lopes-VirellaMF, Binzafar N, Rackley S, Takei A, La ViaM, Virella G. The uptake
of LDL-IC by human macrophages: predominant involvement of the Fc gamma RI
receptor. Atherosclerosis. (1997) 135:161–70. doi: 10.1016/S0021-9150(97)00157-3

27. Shah K, Al-Haidari A, Sun J, Kazi JU. T cell receptor (TCR)
signaling in health and disease. Signal Transduct Target Ther. (2021)
6:412. doi: 10.1038/s41392-021-00823-w

28. Tacke F, Alvarez D, Kaplan TJ, Jakubzick C, Spanbroek R, Llodra J, et al.
Monocyte subsets differentially employ CCR2, CCR5, and CX3CR1 to accumulate
within atherosclerotic plaques. J Clin Invest. (2007) 117:185–94. doi: 10.1172/JCI28549

29. Cipriani S, Francisci D, Mencarelli A, Renga B, Schiaroli E, D’Amore C,
et al. Efficacy of the CCR5 antagonist maraviroc in reducing early, ritonavir-induced
atherogenesis and advanced plaque progression in mice. Circulation. (2013) 127:2114–
24. doi: 10.1161/CIRCULATIONAHA.113.001278

30. Joy MT, Ben Assayag E, Shabashov-Stone D, Liraz-Zaltsman S, Mazzitelli J,
Arenas M, et al. CCR5 Is a therapeutic target for recovery after stroke and traumatic
brain injury. Cell. (2019) 176:1143–57.e13. doi: 10.1016/j.cell.2019.01.044

31. Wang J, Cao Y. Characteristics of circulating monocytes at baseline and after
activation in patients with intracranial aneurysm. Hum Immunol. (2020) 81:41–
7. doi: 10.1016/j.humimm.2019.11.003

32. Poitou C, Dalmas E, Renovato M, Benhamo V, Hajduch F, Abdennour M, et al.
CD14dimCD16+ and CD14+CD16+ monocytes in obesity and during weight loss:
relationships with fat mass and subclinical atherosclerosis. Arterioscler Thromb Vasc
Biol. (2011) 31:2322–30. doi: 10.1161/ATVBAHA.111.230979

33. Zhang HF, Zhao MG, Liang GB Yu CY, He W, Li ZQ, et al. Dysregulation
of CD4(+) T cell subsets in intracranial aneurysm. DNA Cell Biol. (2016) 35:96–
103. doi: 10.1089/dna.2015.3105

34. Cagnin S, Biscuola M, Patuzzo C, Trabetti E, Pasquali A, Laveder P, et al.
Reconstruction and functional analysis of altered molecular pathways in human
atherosclerotic arteries. BMC Genomics. (2009) 10:13. doi: 10.1186/1471-2164-10-13

35. Okuno K, Cicalese S, Eguchi S. Depletion of CD11c+ cell attenuates progression
of abdominal aortic aneurysm. Clin Sci. (2020) 134:33–7. doi: 10.1042/CS20191083

36. Edsfeldt A, Swart M, Singh P, Dib L, Sun J, Cole JE, et al. Interferon
regulatory factor-5-dependent CD11c+ macrophages contribute to the
formation of rupture-prone atherosclerotic plaques. Eur Heart J. (2022)
43:1864–77. doi: 10.1093/eurheartj/ehab920

37. Xia M, Wu Q, Chen P, Qian C. Regulatory T cell-related gene
biomarkers in the deterioration of atherosclerosis. Front Cardiovasc Med. (2021)
8:661709. doi: 10.3389/fcvm.2021.661709

38. Hosaka K, Downes DP, Nowicki KW, Hoh BL. Modified murine intracranial
aneurysm model: aneurysm formation and rupture by elastase and hypertension. J
Neurointerv Surg. (2014) 6:474–9. doi: 10.1136/neurintsurg-2013-010788

39. Wang Y, Chen L, Tian Z, Shen X, Wang X, Wu H, et al. CRISPR-Cas9 mediated
gene knockout in human coronary artery endothelial cells reveals a pro-inflammatory
role of TLR2. Cell Biol Int. (2018) 42:187–93. doi: 10.1002/cbin.10885

40. Zhang X, Wan Y, Feng J, Li M, Jiang Z. Involvement of TLR2/4-MyD88-NF-κB
signaling pathway in the pathogenesis of intracranial aneurysm. Mol Med Rep. (2021)
23:230. doi: 10.3892/mmr.2021.11869

41. Wang HM, Gao JH, Lu JL. Pravastatin improves atherosclerosis in mice
with hyperlipidemia by inhibiting TREM-1/DAP12. Eur Rev Med Pharmacol Sci.
(2018) 22:4995–5003. doi: 10.26355/eurrev_201808_15640

42. Hinterseher I, Schworer CM, Lillvis JH, Stahl E, Erdman R, Gatalica
Z, et al. Immunohistochemical analysis of the natural killer cell cytotoxicity
pathway in human abdominal aortic aneurysms. Int J Mol Sci. (2015) 16:11196–
212. doi: 10.3390/ijms160511196

43. Georgopoulos K, Winandy S, Avitahl N. The role of the Ikaros gene in
lymphocyte development and homeostasis. Annu Rev Immunol. (1997) 15:155–
76. doi: 10.1146/annurev.immunol.15.1.155

44. Hu SJ, Wen LL, Hu X, Yin XY, Cui Y, Yang S, et al. IKZF1: a critical role in
the pathogenesis of systemic lupus erythematosus? Mod Rheumatol. (2013) 23:205–
9. doi: 10.3109/s10165-012-0706-x

45. Esperança JC, Miranda WR, Netto JB, Lima FS, Baumworcel L, Chimelli L, et al.
Polymorphisms in IL-10 and INF-γ genes are associated with early atherosclerosis in
coronary but not in carotid arteries: a study of 122 autopsy cases of young adults. BBA
Clin. (2015) 3:214–20. doi: 10.1016/j.bbacli.2015.02.005

46. McLaren JE, Ramji DP. Interferon gamma: a master regulator of atherosclerosis.
Cytokine Growth Factor Rev. (2009) 20:125–35. doi: 10.1016/j.cytogfr.2008.
11.003

47. Tabas I, Lichtman AH. Monocyte-macrophages and T cells in atherosclerosis.
Immunity. (2017) 47:621–34. doi: 10.1016/j.immuni.2017.09.008

48. Pan Y, Yu C, Huang J, Rong Y, Chen J, Chen M. Bioinformatics analysis of
vascular RNA-seq data revealed hub genes and pathways in a novel Tibetan minipig
atherosclerosis model induced by a high fat/cholesterol diet. Lipids Health Dis. (2020)
19:54. doi: 10.1186/s12944-020-01222-w

49. Zhao H, Li ST, Zhu J, Hua XM. Wan L. Analysis of peripheral
blood cells’ transcriptome in patients with subarachnoid hemorrhage from
ruptured aneurysm reveals potential biomarkers. World Neurosurg. (2019)
129:e16–22. doi: 10.1016/j.wneu.2019.04.125

Frontiers inNeurology 14 frontiersin.org

https://doi.org/10.3389/fneur.2023.1055456
https://doi.org/10.1161/01.ATV.19.7.1600
https://doi.org/10.3389/fimmu.2021.630381
https://doi.org/10.1016/S0021-9150(97)00157-3
https://doi.org/10.1038/s41392-021-00823-w
https://doi.org/10.1172/JCI28549
https://doi.org/10.1161/CIRCULATIONAHA.113.001278
https://doi.org/10.1016/j.cell.2019.01.044
https://doi.org/10.1016/j.humimm.2019.11.003
https://doi.org/10.1161/ATVBAHA.111.230979
https://doi.org/10.1089/dna.2015.3105
https://doi.org/10.1186/1471-2164-10-13
https://doi.org/10.1042/CS20191083
https://doi.org/10.1093/eurheartj/ehab920
https://doi.org/10.3389/fcvm.2021.661709
https://doi.org/10.1136/neurintsurg-2013-010788
https://doi.org/10.1002/cbin.10885
https://doi.org/10.3892/mmr.2021.11869
https://doi.org/10.26355/eurrev_201808_15640
https://doi.org/10.3390/ijms160511196
https://doi.org/10.1146/annurev.immunol.15.1.155
https://doi.org/10.3109/s10165-012-0706-x
https://doi.org/10.1016/j.bbacli.2015.02.005
https://doi.org/10.1016/j.cytogfr.2008.11.003
https://doi.org/10.1016/j.immuni.2017.09.008
https://doi.org/10.1186/s12944-020-01222-w
https://doi.org/10.1016/j.wneu.2019.04.125
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Identification of co-expressed central genes and transcription factors in atherosclerosis-related intracranial aneurysm
	1. Introduction
	2. Materials and methods
	2.1. Data source
	2.2. Differential expression analysis
	2.3. Enrichment analyses of DEGs
	2.4. Protein–protein interaction network construction and module analysis
	2.5. Selection and analysis of candidate hub genes
	2.6. Verification and analysis of hub genes
	2.7. Prediction and verification of transcription factors

	3. Results
	3.1. Differential expression analysis
	3.2. Enrichment analyses of DEGs
	3.3. Construction and module analysis of the PPI network
	3.4. Selection and analysis of candidate hub genes
	3.5. Verification and analysis of hub genes
	3.6. Exploration and authentication of TFs

	4. Discussion
	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


