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Abstract. Intracranial aneurysm (IA) is a devastating disease, 
the pathogenesis of which remains to be elucidated. The 
present study aimed to determine the molecular mechanism 
of IA and to identify potential therapeutic targets using bioin-
formatics analysis. The GSE54083 dataset, which includes 
data from patients with ruptured IA and superficial temporal 
artery controls, was downloaded from the Gene Expression 
Omnibus, and differentially expressed genes (DEGs) were 
identified in the ruptured IA samples using the limma package 
in R. Subsequently, the Database for Annotation, Visualization 
and Integrated Discovery software was used to perform func-
tion and pathway enrichment analyses and the Search Tool 
for the Retrieval of Interacting Genes database was used 
to construct the protein‑protein interaction (PPI) network. 
Then, microRNA (miRNA) target and transcription factor 
(TF) target pairs were identified using the miR2Disease, 
MiRwalk2, ITFP and TRANSFAC databases. Finally, an inte-
grated network of TF‑target‑miRNAs was constructed using 
Cytoscape. A total of 402 upregulated DEGs and 375 down-
regulated DEGs were identified from the ruptured IA samples 
compared with the superficial temporal artery samples. The 
majority of the upregulated DEGs were significantly enriched 
in the immune system development category, including CD40 
ligand (CD40LG) and CD40 and the downregulated DEGs, 
such as striatin (STRN), were enriched in neuron projection 
development. In addition, nitric oxide synthase 1 (NOS1), a 
target of miRNA‑125b, and myosin heavy chain 11 (MYH11), a 
target of minichromosome maintenance complex component 4 
(MCM4), had higher degree scores in the integrated network. 
These findings suggest that CD40, CD40LG, NOS1, STRN, 
MCM4, MYH11 and miR‑125b may be potential therapeutic 
targets for the treatment of IA.

Introduction

Intracranial aneurysm (IA), also termed cerebral aneurysm, is 
a localized abnormal widening of a cerebral artery lumen or 
arterial wall due to increased intracranial pressure (1). The esti-
mated prevalence of IA is 2.3% worldwide (2). Usually, IAs can 
be divided in two subtypes: Unruptured IAs (UIA) and ruptured 
IAs (RIA). An estimated 50‑80% of IAs will not rupture during 
a person's lifetime (3). As aneurysmal rupture is the main event 
leading to the occurrence of subarachnoid hemorrhage (4) and 
it often results in high disability or death rates (5), the manage-
ment of UIAs for preventing RIAs is crucial (6). Genetic factors 
have a crucial role in regulating RIA pathogenesis (7); therefore, 
it is important to identify the genetic risk factors and elucidate 
the molecular mechanisms involved in IA.

Many genes, microRNAs (miRNAs) and transcription 
factors (TFs) have been associated with the progression of 
IA. Previous studies have revealed that the downregulation 
of elastin and lim domain kinase  1 may increase the risk 
of IA by weakening the altered arterial wall (8). In addition, 
the expression levels of colony stimulating factor 3 and AXL 
receptor tyrosine kinase are increased in patients with RIA (9). 
The upregulated ATP binding cassette subfamily A member 1, 
which is associated with intracellular lipid accumulation, may 
lead to IA by increasing the occurrence of inflammation in the 
IA wall (10). Additionally, the dysregulation of miRNA‑9 is 
involved in IA by suppressing the proliferation and reducing the 
contractility of smooth muscle cells (11) and the upregulation 
of miRNA‑92a, which negatively regulates the expression of 
kruppel‑like factor 2 in a rabbit model, is also responsible for IA 
progression (12). The ETS proto‑oncogene 1 TF promotes the 
development of IA via mediating the overexpression of mono-
cyte chemoattractant protein‑1 in IA walls (13). However, current 
research only partially explains the pathogenetic mechanisms 
of IA and further studies aimed at identifying IA‑associated 
genes, miRNAs and TFs and elucidating their involvement in 
molecular mechanisms are required.

Nakaoka et al (14) have generated a gene expression profile 
of patients with IA and identified the differentially expressed 
genes (DEGs), revealing that the majority of DEGs are asso-
ciated with inflammatory and immune responses. However, 
they did not use bioinformatics tools for an in‑depth analysis 
of the miRNAs and TFs associated with IA. Therefore, the 
present study re‑analyzed their expression data using a series 
of bioinformatics methods to identify crucial IA‑associated 
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genes, miRNAs and TFs that will allow the identification of 
the underlying mechanisms associated with IA.

Materials and methods

Affymetrix microarray data. The microarray dataset 
GSE54083, downloaded from the Gene Expression Omnibus 
(www.ncbi.nlm.nih.gov/geo), was analyzed using the GPL4133: 
Agilent‑014850 Whole Human Genome Microarray 4x44K 
G4112F (Agilent Technologies, Inc., Santa Clara, CA, USA) 
platform. A total of 18 samples were present in this dataset, 
including 8 ruptured IA (RIA) and 10 superficial temporal 
artery (STA) samples. All 8 RIA samples were from females 
(age, 28‑88 years) and the 10 STA samples included 8 females 
and 2 males (age, 34‑61 years). All specimens were obtained 
through surgery at the Tokyo Metropolitan Fuchu Hospital 
(Tokyo, Japan), and all patients enrolled in the experiment 
provided written informed consent approved by the Ethics 
Committee of Tokyo Metropolitan Fuchu Hospital, Tokyo 
Women's University (Tokyo, Japan) (14).

Data preprocessing. Raw probe‑level data was downloaded, 
and expression profile data preprocessing was performed 
using a robust multiarray average method based on the 
affy package (version 1.52.0; www.bioconductor.org/pack-
ages/release/bioc/html/affy.html) in R version 3.3.2 (15). Data 
preprocessing included background correction, filling in of 
missing data and quartile normalization.

Identification of DEGs and hierarchical clustering analysis. 
Following data preprocessing, DEGs between RIA and STA 
samples were analyzed using Bayes methods based using the 
limma package version 3.30.3 (www.bioconductor.org/pack-
ages/release/bioc/html/limma.html) in R (16), and raw P‑values 
were revised using the Benjamini and Hochberg method (17). 
The cut‑off criteria for defining DEGs were adjusted P<0.05 
and |log2 fold change (FC)| >2. Clustering analysis was then 
conducted using the pheatmap package in R (cran.r‑project.
org/web/packages/pheatmap/index.html).

Functional and pathway enrichment analyses of DEGs. 
The Database for Annotation, Visualization and Integrated 
Discovery version 6.8 (DAVID; david‑d.ncifcrf.gov) provides 
functional classification and annotation analyses of associated 
genes (18). In the present study, the DAVID database was used 
to perform Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analyses of upregu-
lated and downregulated DEGs. The significant GO terms and 
KEGG pathways enriched with upregulated and downregu-
lated DEGs were selected with a criterion of P<0.05.

Protein‑protein interaction (PPI) network construction. The 
Search Tool for the Retrieval of Interacting Genes version 9.1 
(STRING; www.string‑db.org) database can annotate all 
functional interactions among proteins by computational 
prediction methods (19), and the present study used STRING 
to predict the interactions among proteins encoded by DEGs. 
The PPI pairs with a combined score >0.4 were identified, and 
the interaction pairs were visualized by constructing a PPI 
network using Cytoscape version 3.0. Subsequently CytoNCA 

version 2.1.6 (apps.cytoscape.org/apps/cytonca), a Cytoscape 
plugin, was used for centrality analysis by examining the 
network topology (20), and the hub nodes were identified by 
a high score based on the scale‑free property of the network.

Integrated network construction of TF‑target‑miRNA. Prior to 
integrated network construction, the TF and miRNA targets 
were identified. The miR2Disease database (www.mir2dis-
ease.org) was used to search for IA‑associated miRNAs (21) 
and the miRNA target genes were predicted from MiRwalk2, 
MiRDB, RNA22, miRanda, RNAhybrid and TargetScan 
databases. A gene was categorized as a miRNA target when 
identified in at least 4 out of the aforementioned 6 databases. 
Genes shared between predicted miRNA targets and DEGs 
were selected for analyses to predict whether TFs were among 
DEGs and miRNA targets, which were performed based on 
ITFP (itfp.biosino.org/itfp) and TRANSFAC (www.gene‑regu-
lation.com/pub/databases.html) databases. Subsequently, TF 
targets that overlapped between the predicted TF target and 
TF DEGs were screened. Finally, the regulation relationships 
between the TF‑target and miRNA‑target were integrated, 
and the TF‑target‑miRNA network was constructed using 
Cytoscape (www.cytoscape.org).

Results

DEG screening and hierarchy cluster analysis. Based on the 
aforementioned criteria, a total of 777 DEGs were identified 

Figure 1. Hierarchical clustering map of DEGs. The horizontal axis shows the 
names of each sample and the right vertical axis shows the clusters of DEGs. 
The colored bars between the dendogram and heatmap indicate superficial 
temporal arteries samples in dark purple and RIA samples in light purple. 
Colors towards red represent high expression values and colors towards 
green represent low expression values. DEGs, differentially expressed genes; 
RIA, ruptured intracranial aneurysm.
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when the RIA samples were compared with the STA samples, 
including 402 that were upregulated and 375 that were down-
regulated. In addition, the hierarchy cluster analysis indicated 
that DEGs could correctly distinguish between RIA and STA 
samples based on significantly different expression patterns, 
confirming that the results were reliable and could be applied 
to subsequent analyses (Fig. 1).

Functional and pathway enrichment analyses of DEGs. With 
a threshold of P<0.05, the upregulated DEGs were enriched 
in 37 GO terms and 4 KEGG pathways. The top 5 GO terms 
and 4 KEGG pathways are presented in Fig. 2A and mainly 
involved immune system development (GO terms, P=0.006), 
regulation of programmed cell death (GO terms, P=0.007) and 
primary immunodeficiency (KEGG, P=0.047) categories. The 
downregulated DEGs were closely associated with 135 GO 
terms and 3 KEGG pathways, which included natural killer 
cell‑mediated cytotoxicity (KEGG, P=0.029) and neuron 
projection development (GO terms, P=1.828x10‑5) (Fig. 2B).

PPI network analysis. PPIs encoded by DEGs were identified 
using the STRING database and a subset of 239 upregulated 
DEGs with 440 interactions was included in the upregulated 
PPI network (Fig. 3). For the downregulated PPI network, there 
were 202 DEGs and 374 interactions (Fig. 4). In addition, the 
top 10 upregulated nodes, including CD40 and CD40LG and 
downregulated nodes, such as DRD2 and TGFB1 with a high 
degree score are presented in Table I.

Integrated network analysis. Based on the miR2Disease data-
base, 12 IA‑associated miRNAs were identified, and among 
these miRNAs, 9, including hsa‑miR‑125a, hsa‑miR‑125b, 
hsa‑miR‑145, hsa‑miR‑146a, hsa‑miR‑21 and hsa‑miR‑214 
were confirmed to be regulators of the aforementioned DEGs. 
Additionally, a total of 18 upregulated DEGs, such as MCM4, 

Figure 2. Function and pathway enrichment analysis. The functionally enriched GO terms and enriched pathways of (A) upregulated and (B) downregulated 
DEGs. GO, Gene Ontology; DEGs, differentially expressed genes.

Table I. Top 10 upregulated and downregulated nodes of the 
protein‑protein interaction network centrality analysis.

A, Upregulated

Gene	 Degree	 Betweenness	 Closeness

KIT	 20.0	 4938.772	 0.07957205
MAPK14	 17.0	 9604.479	 0.08109029
CD40	 17.0	 6098.7065	 0.08153477
CD79A	 14.0	 4231.3047	 0.0800269
CD36	 13.0	 4260.1753	 0.07986577
CHD4	 12.0	 5844.3154	 0.07989258
POLR2K	 11.0	 3625.8403	 0.0771725
SF3A2	 11.0	 1057.66	 0.07345679
SF3B3	 11.0	 1219.1407	 0.073615834
CD40LG	 10.0	 4938.772	 0.07957205

B, Downregulated

Gene	 Degree	 Betweenness	 Closeness

TGFB1	 16.0	 3138.2646	 0.03716029
EDN1	 14.0	 3436.2148	 0.037284363
ADCY2	 14.0	 3696.108	 0.037353653
SAA1	 14.0	 2775.5098	 0.036921382
UBL4A	 14.0	 4874.1514	 0.03745807
CCT5	 13.0	 2006.9825	 0.03694853
PRKCA	 13.0	 5347.6064	 0.037486013
DRD2	 13.0	 1943.1166	 0.036914602
HSPD1	 13.0	 2716.8848	 0.037249815
RPS20	 12.0	 1213.8475	 0.03707119
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Figure 3. Protein‑protein interaction network of upregulated differentially expressed genes. The nodes indicate the genes and the lines represent the corre-
sponding interactions.

Figure 4. Protein‑protein interaction network of downregulated differentially expressed genes. The nodes indicate the genes and the lines represent the 
corresponding interactions.
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MRPS12 and SF3B2 and 15 downregulated DEGs, including 
TRIM28 that had a regulatory function were categorized as 
TFs (Table II). Additionally, several DEGs with a high degree 
score, such as STRN and NOS1 are presented in Fig. 5.

Discussion

In the present study, 402 upregulated and 375 downregulated 
DEGs, were identified in the RIA samples. The majority of the 
DEGs were predicted to be associated with immune system 
development (e.g., CD40LG and CD40) and neuron projection 
development (e.g., STRN) functions and in terms of pathways, 
such as primary immunodeficiency (e.g.,  CD40LG) and 
natural killer cell‑mediated cytotoxicity (e.g., MCM4). In addi-
tion, CD40 (adjusted P=0.00001) and NOS1 were hub genes 

in the constructed PPI networks. Additionally, DEGs, such as 
CD40LG (adjusted P=0.0023), NOS1 (adjusted P=0.00021), 
STRN (adjusted P=0.00011) and MYH11 (adjusted P=0.0011), 
the miRNA hsa‑miR‑125b and the TF MCM4 were highlighted 
in the TF‑target‑miRNA networks.

Inflammation has an important role in IA formation and 
rupture (22,23). Prior to IA rupture, inflammatory changes 
in the IA walls, such as T cells and macrophage infiltra-
tion and complement activation, are major events  (24,25). 
Pyysalo et al (26) have reported that the etiology of the inflam-
matory alteration in patients with IA may be associated with 
odontogenic bacteria. Bacterial DNA was detected in 58% IA 
samples from the ruptured IA sac tissue, and the overexpres-
sion of toll‑like receptor 2 (TLR2) has also been reported (26), 
suggesting that the inflammation was bacteria‑driven. Similarly, 

Figure 5. Integrative regulatory network of TF‑target‑miRNA. The circular nodes represent upregulated DEGs and the octagon nodes represent downregulated 
DEGs. The triangle‑shaped nodes represent upregulated TFs, hexagon‑shaped nodes represent downregulated TFs and diamond‑shaped nodes represent 
miRNAs. DEGs, differentially expressed genes; TF, transcription factor; miRNA, microRNA.

Table II. Upregulated genes and the downregulated genes that could also be taken as transcription factors. 

Upregulated	 Downregulated

ARHGAP25, CCNE1, CIAO1, CIRBP, STF, CSTF2,	 ATXN7, BAZ2B, DDX18, EML4I, GF2BP3, KLHL3, 
GRSF1, GTF3C3, HOMER3, KLC1, MCM4, MRPS12,	 NCAPD2, NCL, PA2G4, POLD1, PRH1, PRMT3, 
POLL, SF3A2, SF3B2, SF3B3, SSBP1, TCF19	 PSMD10, TANK, TRIM28
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the findings of the present study revealed that the expression 
of TLR2 (adjusted P=0.00002) was upregulated in IA samples. 
In addition, the present study revealed that the majority of the 
upregulated DEGs were enriched in the function of ‘immune 
system development’ (e.g.,  CD40LG and  CD40) and the 
pathway of ‘primary immunodeficiency’ (e.g., CD40LG). The 
CD40 molecule (CD40) is expressed on macrophages, and 
matrix metalloproteinase‑2 activation in the CD40LG pathway 
is crucial for abdominal aortic aneurysm (27). In addition, 
Ochs et al (28) have indicated that mutation of CD40LG may 
lead to primary immunodeficiency, and T‑cell immunodefi-
ciency may function as a key player in the formation of IA. 
Therefore, this suggested that CD40 and CD40LG contribute 
to the progression of IA by participating in immune system 
development and primary immunodeficiency. Additionally, 
striatin (STRN), a neuronal calmodulin‑binding protein, was 
downregulated in neuronal dendrites and spines (29), and the 
present study found 17 downregulated DEGs (e.g., STRN) that 
were predicted to be enriched in neuron projection develop-
ment. Therefore, the present study suggested that STRN may 
be associated with the development of IA via influencing the 
neuron projections development of IA cells.

Liu et al (30) have demonstrated that miR‑125b, which 
is involved in modulating the cell proliferation of vascular 
smooth muscle cells, is closely associated with IA. The inte-
grated network analysis revealed that nitric oxide synthase 1 
(NOS1), a target gene of miR‑125b, was predicted to be 
associated with IA. The overexpression of NOS1 (also termed 
neuronal NOS) may promote vascular nitric oxide (NO) 
release, and NO is responsible for macrophage‑mediated 
vascular smooth muscle cell apoptosis (31,32). Therefore, the 
present study proposed that regulation of NOS1 by miR‑125b 
may contribute to the progression of IA via modulating cell 
proliferation and apoptosis of vascular smooth muscle cells. 
Additionally, the mutation of minichromosome maintenance 
complex component 4 (MCM4) is involved in natural killer 
cell deficiency in humans  (33), and the natural killer cell 
cytotoxicity pathway is closely associated with abdominal 
aortic aneurysms (34). In the present study, the MCM4 TF was 
shown to be at a high degree in the integrated network and was 
predicted to regulate the expression of MYH11. Additionally, 
mutation of myosin heavy chain 11 (MYH11) was inversely 
correlated with RIA (35), which suggested that the MCM4 TF 
regulates MYH11 for participating in the development of IA.

In conclusion, immune system development‑associated 
DEGs, such as CD40LG and CD40, and regulation of cell 
proliferation and apoptosis of vascular smooth muscle cells 
by DEGs and miRNAs, such as NOS1 and miR‑125b, as well 
as neuron projection development‑associated DEGs, such as 
STRN, may contribute to the progression of IA. Additionally, 
these may provide potential therapeutic targets and act as 
diagnostic biomarkers for IA. However, further studies are 
required to verify these findings.
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